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Abstract

Cisplatin, a widely used chemotherapeutic agent, is characterized by a dose-limiting renal toxicity. Cystic
tubular dilatation is the most typical histopathological alteration encountered in cisplatin-treated rats.
The purpose of the present study was to explore by a morphometric approach the development of cystic
degeneration and, in particular, to analyse, by computer-assisted tridimensional reconstructions, the
spatial structure and the tubular origin of cisplatin-induced renal cysts. This study was performed on rats
given 8 mg/kg cisplatin i.p. for four days and sacrificed 4, 7, 14, 21, 50 and 60 days after last drug adminis-
tration. The relative area occupied by cystic tubules increased rapidly in the outer stripe of outer medulla
{OSOM) and reached a maximum 2| days after the end of treatment. Cystic dilatations appeared later
in the kidney cortex and the inner stripe of outer medulla {ISOM). The tridimensional study of cystic
tubules located in OSOM confirmed previous reports indicating that they arise from proximal straight
tubules and showed that cystic degeneration was not associated with atrophy or degeneration in more
proximal parts of the nephron. Moreover, cystic tubules located in 1SOM were found to originate from
distal straight tubules and/or the loop of Henle, an observation which, te our knowledge, has not been
reported so far in cisplatin-treated rars.
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Introduction

Cisplatin [cis-diamminedichloroplatinum (II)], an important chemotherapeutic
agent, is principally used in clinics for the treatment of testicular and ovarian cancers
but is also active against a variety of other human neoplasms [15,21,27,32--34].
Despite the application of preventive therapies such as hyperhydration and mannitol
pretreatment to reduce nephrotoxicity [21,38], renal insufficiency is recognized as
the dose-limiting toxicity of this drug [15]. The clinical manifestations of cisplatin
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nephrotoxicity consist of a rapid decrease in glomerular filtration rate leading to a
rise in urea and serum creatinine. These physiological alterations are accompanied
by an important polyuria. This phase of acute renal failure is followed by chronic
renal dysfunction characterized by calcium and magnesium wasting [1,7,10,22,
24,25.35,41].

Acute and chroanic renal failures due to cisplatin are associated with typical
tubular alterations. Shert-term clinical and animal investigations reveal that cispla-
tin induces an acute tubular necrosis invelving mainly the pars recta of the proximal
tubules (segment 83) in the cuter stripe of outer medulla (OSOM) [6,12,18]. Long-
term studies show that necrotic tubules degenerate progressively into cystic tubules
that persist over a long period of time after drug exposure [13,14,20,28—-30,37). How-
ever, previous work mostly focused on the morphological description of this mor-
phological alteration and did not analyse its development on a quantitative basis,
Moreover, the spatial structure of cystic tubules as well as their relationships with
other parts of the nephron remain largely unexplored.

The present time-course study was undertaken to evaluate, by a computer assisted
merphometric approach, the evolution of cisplatin-induced cystic degeneration in
rat kidneys. Moreover, a tridimensional reconstruction of ¢ystic tubules has allowed
us to obtain original data on the origin and structure of cystic tubules.

Material and Methods

Animals

All experiments were performed on female Sprague—Dawley rats weighing
180-200 g. Animals were purchased from a commercial breeding farm (Iffa Credo,
I’Arbresle, France). Immediately after their arrival, they were distributed at random
into seven experimental groups of four animals. During the whole duraticn of the
study, animals were maintained in an animal facility submitted to a regular 12-h
light/dark cycle and received food (Rodent chow type AO4, UAR Villemoisson-sur-
Orge) and tap water ad libitum.

Treatment

Six experimental groups were exposed to cisplatin. The drug formulation used to
treat animals (PLATINOL; Laboratoires Bristol Bénélux, Brussels, Belgium) was
that available for clinical practice. Cisplatin was given i.p. at a daily dose of 2 mg/kg,
the volume of solution delivered being calculated on the basis of body weight deter-
mined just before injection. A total dose of cisplatin (8 mg/kg) was administered by
four daily consecutive injections. Rats of the different groups were terminated at
selected time intervals (4, 7, 14, 21, 50 and 60 days) after the end of the treatment.
In parallel, one centrol group received 0.9 % NaCl 1.p. and was processed along with
the treated rats.

Morphological methods

The animals were sacrificed by decapitation and the kidneys rapidly excised after
opening of the abdominal cavity. The kidneys were bisected longitudinally and
immediately fixed in Duboscq-Brazil fluid. The specimens were rinsed in 70° ethanol,
dehydrated in graded ethanol and butanol and finally embedded in paraffin. The tis-
sue blocks were sectioned at 4-5 um on a Reichert Autocut 2040 microtome equip-
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ped with a glass knife. Some samples, selected for the tridimensional analysis, were
sectioned serially (approx. 160 consecutive sections of 10 gm thick). All sections were
stained with periodic acid-Schiff, hemalum and luxol fast blue.

The terminology of the zones of the kidney and nephron segments is in accordance
with standard abbreviations [19]. The definition of renal cyst is based on the obser-
vation of the tubular lumen and refers to the terminology used by Gardner [16].

Computer-assisted morphometric analysis

The SAMBA system (TITN-Alcatel Grenoble, France) was used to make area
measuremenis of tubular lumens. Kidney sections were analyzed at 30 X magnifi-
cation on a Zeiss Axioplan microscope connected to a color high-resolution JVC
KY.15 video camera. Images of microscopic fields were digitalized, displayed on a
color monitor (512 x 512 pixels) and stored on an IBM-compatible microcomputer
(COMPAQ 80386 reinforced with a coprocessor 80387). After interactive selection
of grey level corresponding to tubular lumens (well-defined unstained area con-
trasting with other kidney structures) the luminal area was automatically measured
in pixels with an appropriate program, One slide per experimental animal was used
for the morphometric evaluation and ten 0.763 mm? fields were scanned at random
in kidney cortex and, similarly, in OSOM. The total luminal area was obtained by
recording, for each of the ten fields, the number of pixels corresponding 1o the
tubular lomina (total number of pixels is 262,144 for one field). These values are
pooled to obtain individual values from which the area density is calculated {(percen-
tage of the total scanned area occupied by tubular lumina). The mean area density
for each experimental group (# = 4) is then obtained from the individual values of
area densities.

To calculate the frequencies of tubular profiies in OSOM, the area of each tubular
lumen larger than 1000 gm? was recorded. A total area of 7.63 mm? (ten fields) was
scanned for ¢ach animal. The tubular profiles located in each field were sorted accor-
ding to their size and were finally distributed into 4 groups corresponding to the
following size intervals: 1000-4000 pm?, 4001-10 000 xm?, 10 001-30 000 gm? and
>30 000 wm?’. Individual values were pooled for each experimental group (n = 4).
The lower limit of 1000 xm? has been chosen arbitrarily and corresponds to 10-fold

the mean luminal area of normal straight proximal tubules (observed in transverse
section).

Statistical analysis
Individual values of area density recorded for each treated group were compared
to control values by the non-parametric Mann-Whitney U-test.

Tridimensional reconstruction of cystic tubules

Spatial reconstructions of cystic tubules have been realized from serial kidney sec-
tions of animals sacrificed two months after cisplatin administration. Consecutive
sections (10 xm thick) of renal tissue were processed at 63 X magnification by the
SAMBA system. The serial images of region with a cystic tubule to be reconstructed
were digitalized and printed on a printer HP laser ITI. The software used to visualize
the architecture of cystic tubules was developed for Macintosh computers by Yves
Usson (1988-Alcatel TITN-Grenoble, France). The program ‘Acquisition® allows
one to create the data files required for the reconstruction with a graphic tablet (an



350

input device that converts two dimensional information, such as drawing, into a
computer readable format). The consecutive tubular profiles obtained from the
digitalized microscopic images were successively recorded on a Macintosh 11 ci, via
the graphic tablet. After interactive ‘fitting’ of the successive sections (glomeruli
observed on successive sections were used as markers for translations and rotations),
the program ‘Colour reconstruction’ was used to display on the screen the tridimen-
sional view of cystic tubules. A total of seven cystic tubules chosen at random in the
different zones of the kidney have been submitted to this analysis.

Results

Morphometric analysis of morphological alterations

Light microscopy examination of kidneys reveals prominent tubular injury four
days after cisplatin administration. As shown in Fig. la, acute tubular necrosis prin-
cipally involves 83 segments present in the outer stripe of outer medulla (OSOM).
One week after treatment, most necrotic tubules undergo cystic dilatation, Cystic
tubules which progressively develop in OSOM between 1 and 3 weeks following cis-
platin treatment (Figs. 1¢ and 1d), are characterized by a wide lumen lined by a flat-
tened epithelium, and exhibit a thickened basement membrane (Fig. 1b). After 2
months, cystic degeneration progresses toward the kidney cortex and the inner stripe
of outer medulla {(ISOM).

The development of cystic tubules has been evaluated by the morphometric analy-
sis of the area occupied by tubular lumens in OSOM and renal cortex, Evidence of
tubular dilatation appears early in OSOM since the values registered after 4 days are
already statistically higher than controls. The surface occupied by cystic tubular sec-
tions reaches its maximum value 3 weeks after sacrifice. From this point and up to
60 days, the area density of tubular lumens represents 50% of OSOM tissue surface
versus only 10% in control group (Table 1). Compared with OSOM, cystic tubular
dilatation in kidney cortex is much less severe and appears later on (Table 1). The
increase of tubular luminal area after exposure to cisplatin results from a progressive
dilatation of tubules themselves. As shown in Fig. 2, the development of cisplatin-
induced tubular injury in OSOM can be split into four arbitrary stages. The first
stage (Fig. 2a) is observed during the first week after cisplatin treatment and cor-
responds to the acute tubular necrosis which precedes cystic dilatation. After epithe-
lium desquamation, all necrotic tubules exhibit a wide lumen (approx. 1000—4000
pm?) lined by a denuded basement membrane. During the second stage (second
week after treatment), the number of necrotic tubule decreases. This phenomenon
is due to some extent to a repair of necrotic tubules, but mostly results from a pro-
gressive degeneration into microcystic tubules. As shown in Fig, 2b, microcystic
tubules (lumen area between 4000 and 10 000 um?) are prominent during the two
first weeks after the treatment. The third stage (Fig. 2c) corresponds to the progres-
sive dilatation of micrecystic tubules into medium size cystic tubules (lumen area be-
tween 10 000 and 30 000 xm?). The latter reach a maximum value 21 days after the
end of the treatment. The fourth stage, which develops 1-2 months after cisplatin
administration is characterized by the development in OSOM of true renal cysts with
a diameter >200 pm (lumen area > 30 000 um?) (Fig. 2d). Animals sacrificed two
months after cisplatin injection present a significant increase of renal cysts as com-
pared to those observed at one month. Some renal cysts have a luminal area superior
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Fig. 1. Light micrographs (paraffin sections) of kidney tissue in rats treated with cisplatin (8 mg/kg) and
sacrificed, respectively 4 days (a), 7 days (c), or 21 days (b,d) after the last drug injection. (a} Necrotic
straight proximal tubules (NT) lined by a denuded basement membrane are present in OSOM. Des-
quamated cells can be seen in the lumina of necrotic tubules. Seemingly intact proximal tubules (P) are
also present. (b) Clusters of cystic tubules (CT) characterized by a widely dilated lumen lined by a flatten-
“ed epithelium and a thickening of basement membrane (arrows). (c,d) Sagittal sections of kidneys renal
cortex (C), OSOM (O) and ISOM (I) showing the development of tubular cysts and the progression
of cystic dilatations from OSOM to kidney cortex and ISOM. Arrows indicate the renal capsule. Scale
bars = 20 um (a,b) and 400 um (c.d).
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Table 1. Area density of tubular lumina

Time of Contrels 4 days 7 days 14 days 21 days 50 days 60 days
sacrifice?

Cortex

Mean® 12.04 11.78 13.32 19.23* 21.84* 18.45 25.57*
Median 11.83 10.86 13.30 19,74 19.24 17.87 2591
S.E. 0.96 1.03 0.97 2.56 2,96 278 3.83
95% conf.® 3.07 328 3.09 g.16 2.44 8.86 12.19
Maxd 14.29 14.87 15.24 24.22 30,70 24.55 .12
Mind 10.21 10.55 11.45 13.23 I8.18 13.50 16.33
0SOM

Mean® 9.53 35,73+ 29.30* 36.86* 50.65* 48.05* 48.47*
Median 8.67 35.69 28.05 35.81 49.94 49.78 49,99
S.E. 1.69 293 291 7.66 8.30 522 3182
95% conf.* 5.38 9.34 9.28 24.39 26.43 16.63 12.16
Maxd 14.11 41 .83 36.92 52492 69.43 58.77 55.75
Min* 6.67 29.7 24.2 23.05 3324 33.88 3815

Computer-assisted morphometric evaluation of tubular lumen area density determined on paraffin sec-
tions by light microscopy morphometry {50x magnification), using a video camera connected 1o the
SAMBA systern (see Material and Methods lor details): Y4 occupied by tubular lumina in cortex or OSOM
on a total tissue scanned surface of 7.63 mm2.

*The non-parametric Mann-Whitney U test was uscd to compare statistically individuai values obtained
from each experimental group (# = 4). The asterisks indicate values significantly different (P < 0.05) from
controls.

*Treated animals were injected with cisplatin (8 mg/kg) and sacrificed 4-60 days after the end of treat-
ment. Controls were treated with 0.9% NaCl and processed in parallel {n = 4},

PMean arca density value is calculated on 4 animals.

“Values for a 95% confidence interval,

9Limit values observed in each experimental group.

to 60 000 pm?, equivalent to 500-fold the mean value of luminal tubular area in
controls, However, the total number of these large cysts is limited compared with
medium size cystic tubules,

Tridimensional reconstructions of eystic tubules

As shown in stereoscopic picture (Fig. 3a) and in Figs. 3b and 3¢, cystic tubules
reconstructed in OSOM show some circonvolutions. Fig. 3b also shows that the
transition between the dilated segment and the nephron located just above and
below occurs in an abrupt manner. The observation of paraffin sections selected
among those used for the tridimensional reconstruction illustrated in Fig. 3 (b.c)
reveals that the cystic part of the nephron (Fig. 4a) is flanked above by the proximal
convoluted tubule (Fig. 4b) and below by a descending loop of Henle (Fig. 4¢), a
fact which allows one to identify the dilated segment as a straight proximal tubule.
The part of the proximal convoluted tubule located just above the cystic dilatation
displays histopathological alterations such as single-cell necrosis, loss of brush
border and a thickening of the basement membrane (Fig, 4b) on a length of approx.
70 um, Beyond this peint the proximal convoluted tubule (Fig 4b) and glomerulus
show a normal morphology. On the opposite site of cystic dilatation, the beginning
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Fig. 2. Frequency of tubular profiles (luminal surface). The four histograms represent, for each experi-
mental group, the incidence of tubular profiles with a luminal area ranging from 1000 to 4000 pm? (a);
4001 to 10000 gm? (b); 10001 to 30 000 um? (c} and larger than 30000 um? {d). For each animal the
average number of tubular profiles was evaluated in OSOM on a total surface of 7.63 mm? (see Material
and Methods for details). Four animals per experimental group were used for the analysis and the data
are expressed as means + 8.D. The abcissa gives, for each experimental group, the time interval after the
last cisplatin injection. Some tubular profiles with an abnormally enlarged luminal area (1000 to LD 000
wm?) were observed in control animals (C) and correspond to a few number of tubules sectioned oblique-
Iy or longitudinally.

of the descending loop of Henle is also altered and shows a wide lumen and a
thickening of the basement membrane (Fig. 4c}.

Compared with OSOM, the cystic tubules present in ISOM are less convoluted
(Figs. 3d and 3e). The histological examination of the anterior and posterior poles
of the cystic tubule appearing in Fig. 5 (a,c) indicates that this dilated tubule derives
originally from a thin ascending loop of Henle or from a distal straight tubule or
both, since the cystic tubule is limited on one side by an ascending loop of Henle
(Fig. 5d) and on the opposite side by a distal straight tubule (Fig. 5b). Both struc-
tures present a thickening of the basal membrane.

in the kidney cortex, the spatial organization of cystic tubules shows more con-
volutions, as compared to those present in outer medulla. These cystic tubules most
probably derive from proximal convoluted tubules. In contrast with cystic tubules
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Fig. 3. Computer-assisted tridimensional reconstructions of cystic tubules, obtained from consecutive
digitalized microscopic fields {see Material and Methods for details). Tridimensional analysis was per-
formed on rats treated with cisplatin (8 mg/kg) and sacrificed 2 months after the end of treatment. {a)
Stereoscopic view of cystic tubule localized in OSOM (same nephron as in Fig. 4). Cystic wbular dilata-
tion shows some circonvolutions. The cystic segment shows a length of 900 um and a maximum diameter
of approx. 300 um. Proximal conveluted portion (segments S1 and 82) of the same nephren and its
glomerulus (cross-hatched area) can also be seen in three dimensions. The length of proximal convoluted
tubule is 5200 um and the diameter of glomerulus approx. 125 um. (b) Tridimensional reconstruction of
the same cystic tubule after a 180° rotation. This view shows the connections between cystic segment {CT)
and a descending Henle's loop (H) and also between the cystic tubule and z proximal convoluted tubule
(PT). Glomerulus {G) appears as a size reference. {c) Diagram of the same tubule partially reconstructed.
(d) Tridimensional reconstruction of a cystic tubule localized in 1SOM (same nephron as in Fig. 5). This
view shows the transition between cystic dilatation (CT) and the loop of Henle {H) and the connection
with a distal tubule (DT). As shown on the partially reconstructed diagram in ¢, the cystic tubular dilata-
tion is straighter than in OSOM. Scale bars = 200 pm.
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Fig. 4. Light microscope appearance of cystic tubule submitted to tridimensional analysis (Figs. 3a—3c).
(a) The cystic tubule (CT) is located in OSOM and characterized by a flattened epithelium lined by a thick
basement membrane {arrow heads). The transition between cystic segment and proximal convoluted
tubule can be seen in Fig. 3b. The segment of proximal convoluted tubule located just before cystic dilata-
tion (tubular sections 1 and 2) shows morphological alterations such as cell necrosis, loss of brush border
and an important thickening of the basement membrane (arrow head). Tubular profiles corresponding
to a more proximal portion of the same nephron (tubular sections 3—5), thus more distant from cystic
dilatation, show a normal morphology. (¢) Transition between cystic tubule (CT) and the beginning of
the descending loop of Henle (H). Scale bars = 100 gm (a), 40 um (b) and 30 pm (c).
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Fig. 5. Light microscope appearance of tridimensional cystic tubule in Fig. 3 (d,e). (a,c) Low magnifica-
tion of a cystic tubule (CT) located in the inner stripe of outer medulla (ISOM). Arrows point to the junc-
tions with the non-cystic parts of the nephron. (b} High magnification of the top pole of cystic tubule
(CT). The distal straight tubule (DT), in continuity with the cystic dilatation, shows a thickening of the
basement membrane (arrow heads). (d) High magnification of the transition between cystic tubule (CT)
and the thin ascending loop of Henle (arrow). Scale bars = 100 ym (a,c), 20 pm (b) and 40 pm (d).
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located in outer medulla, cortical cystic tubules are less dilated with a maximum
diameter < 100 am (data not shown).

Discussion

The dosage of cisplatin (8 mg/kg) used in this study is within the range admin-
istered in clinical practice [15,21]. Under these experimental conditions, cisplatin
rapidly induces an acute tubular necrosis affecting principally 83 segments. In addi-
tion to necrotic injury, the most typical alteration encountered in cisplatin-treated
rats consists of a progressive cystic tubular degeneration primarily involving tubules
located in OSOM. Two months after cisplatin administration, these cystic tubules
are no longer restricted to OSOM but progress into kidney cortex and ISOM. This
time interval has thus been chosen to compare, by spatial reconstructions, the struc-
ture and origin of cystic tubules present in these three zones of the kidney.

The morphometric study of cyst development in rat kidney largely confirms
qualitative morphelogical observations reported in previous studies [7,12-14,18,20].
The tissue area occupied by cystic tubules reaches a maximum 3 weeks after the end
of the treatment. Our quantitative data show that the number of altered tubules in
OSOM remains approximately the same during the whole period of observation.
This result suggests that the cystic expansion results of a progressive dilatation of
primarily altered tubules. After 2 months, despite the fact that the total cystic area
1s stabilized, some cystic tubules continue to increase in size, This apparent con-
tradiction probably arises from a slow reversal of some tubules to normal morpholo-
gy whereas cystic dilatation is still in progress in other tubules [20,29,30].

Cystic diseases of kidney are common pathologies present in approx. 10% of all
end-stage renal diseases [16]. Recent studies on the etiology of renal tubular cystic
degeneration show two major causes. On the one hand, some renal cysis are heredi-
tary in nature [16,39]). On the other hand, cystic tubular dilatations can be induced
by the administration of nephrotoxic compounds such as 2-amino-d,5-diphenyl
thiazole [3], lithium chloride [17} or cisplatin [14,20]. Depending on the etiology (in-
herited versus acquired) and the nature of the causative agent, cystic degeneration
can affect different portions of the nephron,

Previous studies suggest that cisplatin-induced cysts derive from proximal straight
tubules [13,14,20,23]. This is largely confirmed by our tridimensional reconstruc-
tions of cystic tubules, Indeed, all cystic tubules analysed in OSOM were identified
as 83 segments. The anatomical localization of the tubular cystic dilatations appears
consistent with the intrarenal distribution of cisplatin. The observation of kidney
sections, after injection of ['P>™Pt]cisplatin followed by histoautoradiography,
demonstrate a preferential accumulation of cisplatin within proximal straight
tubules [36]. Some authors suggest that drug accumulation in this part of the
nephron results from an active transport into the epithelium through the organic
cation transport [34,35,40].

Some studies suggest that tubular dilatation of S3 segment leads to the atrophy
or disappearance of the corresponding nephrons with formation of atubular
glomeruli [23]. Our observations on convoluted proximal tubules and glomeruli
belonging to nephrons undergoing cystic dilatation does not confirm this hypothesis.
Although we have observed histopathological alterations in tubular sections directly
connected with ¢ystic tubules, these alterations disappear rapidly along the nephron.
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Thus, in affected nephrons proximal convoluted tubules and glomeruli remain most-
ly intact and probably continue to assume physiological functions.

In contrast with previous studies, cystic tubules reconstructed in ISOM reveal that
cisplatin-induced cystic degeneration in rat kidney is not restricted to proximal
straight tubules but can also appear in the long term in distal straight tubules and/or
in loops of Henle. Some authors have observed moderate histopathological altera-
tions in these segments soon after cisplatin exposure [2,9,20], but no ¢yst formation.
The late development of cystic dilatation in this part of the nephron could be due
to some cisplatin accumulation in distal tubules in addition to S3 segments. The
cystic degeneration of distal tubules might play a role in the chronic hypokalaemia
and hypocalciuria (Gitelman's syndrome) found in animals and patients treated with
cisplatin [1,22].

The pathogenesis of cystic tubules remains largely unknown, although three
distinct factors have been identified as critical components in the development of
renal cysts. First an important cellular proliferation is present prior to cystic degene-
ration. In previous studies [20,28—31], our group showed a rapid increase of cell pro-
liferation in 83 segments, occurring before cystic degeneration. A cell hyperplasia,
albeit moderate, has also been detected in distal tubules [20] and could lead to a late
cystic expanston of this tubule. Secondly an accumulation of fluid within the nascent
cyst could be responsible for the progressive dilatation of the altered tubule, How-
ever intratubular pressure is not always present as a causative factor. Indeed, studies
performed on proximal tubule cells in cultures exposed to cisplatin have
demonstrated the formation of cystic dilatations in absence of intra-tubular fluid
pressure [37]. Moreover, structural modifications of the tubule basement membrane
of cystic tubule may play an prominent role in the development of this alteration
[3—-35,16,26]. Abnormal basement membrane components have been attributed to de-
fective gene expression. Cisplatin is well known to produce covalent adducts in the
DNA molecule [8,11]. High concentrations of this compound in renal tubular cell
might disturb normal DNA transcription and most probably induce abnormatlities
in the proteins of the basement membrane. In our study we have shown that abnor-
mal merphology of the basement membrane is not only restricted to the cystic part
but is also present in tubular segments in continuity with cystic tubutes. However
the thickening of the basement membrane progressively becomes less apparent when
the distance increases from the tubular cysts. This observation suggests that an al-
teration of the basement membrane occurs as a prerequisite to the cystic dilatation
and might plav a major role in the pathogenesis of cisplatin-induced renal cysts.
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