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Abstract. Polycystin-2 represents one of so far two proteins
found to be mutated in patients with autosomal-dominant poly-
cystic kidney disease. Evidence obtained from experiments
carried out in cell lines and with native kidney tissue strongly
suggests that polycystin-2 is located in the endoplasmic retic-
ulum. In the kidney, polycystin-2 is highly expressed in cells of
the distal and connecting tubules, where it is located in the
basal compartment. It is not known whether the expression of
polycystin-2 in the kidney changes or whether it can be ma-
nipulated under certain instances. Therefore, the distribution of
polycystin-2 under conditions leading to acute and chronic
renal failure was analyzed. During ischemic acute renal failure,
which affects primarily the S3 segment of the proximal tubule,
a pronounced upregulation of polycystin-2 and a predomi-
nantly combined homogeneous and punctate cytoplasmic dis-
tribution in damaged cells was observed. After thallium-in-
duced acute injury to thick ascending limb cells, polycystin-2

staining assumed a chicken wire-like pattern in damaged cells.
In the (cy/+) rat, a model for autosomal-dominant polycystic
kidney disease in which cysts originate predominantly from the
proximal tubule, polycystin-2 immunoreactivity was lost in
some distal tubules. In kidneys from (pcy/pcy) mice, a model
for autosomal-recessive polycystic kidney disease in which
cyst formation primarily affects distal tubules and collecting
ducts, a minor portion of cyst-lining cells cease to express
polycystin-2, whereas in the remaining cells, polycystin-2 is
retained in their basal compartment. Data show that the ex-
pression and cellular distribution of polycystin-2 in different
kinds of renal injuries depends on the type of damage and on
the nephron-specific response to the injury. After ischemia,
polycystin-2 may be upregulated by the injured cells to protect
themselves. It is unlikely that polycystin-2 plays arole in cyst
formation in the (cy/+) rat and in the (pcy/pcy) mouse.

Autosomal-dominant polycystic kidney disease (ADPKD) has
an approximate prevalence of 1:1000 (1,2) and accounts for 8
to 10% of all cases of end-stage rena disease in Western
countries (3-7). Although this hereditary disorder affects pri-
marily the kidney, additional extrarenal manifestations empha-
size the systemic character of the disease. As a result of major
efforts over the last few years, the two most frequently mutated
genes in ADPKD, PKDL1 (8) and PKD2 (9), have been iden-
tified. Mutations in the PKD1 gene are responsible for approx-
imately 85% of all ADPKD cases, whereas the majority of the
remaining patients experience mutations in the PKD2 gene
(10-13). A very small group of ADPKD patients possibly
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carry mutations in genes that are as yet unidentified (14-17).
Although thereis ahigh degree of similarity with respect to the
spectrum of renal and extrarena disease manifestations be-
tween the two forms, patients with PKD2 mutations have a
milder phenotype and a delayed onset compared with patients
with mutations in the PKD1 gene (13,18—22). Moreover, the
organ-specific phenotypes of Pkdl (23-25) and Pkd2 (26,27)
knockout mice show striking similarities. Current data support
the view that the loss of function of PKD1 and PKD?2 is the
responsible mechanism for cyst development in patients with
ADPKD (28), but the definite roles of both proteins in cysto-
genesis is till unclear.

The PKD2 gene, located on chromosome 4, spans approxi-
mately 68 kbp and encodes a 5.4-kb transcript. The resulting
protein product, polycystin-2, isa968—amino acid protein with
a predicted size of 110 kD. Polycystin-2 is an integral mem-
brane protein with six putative transmembrane spanning do-
mains and intracellular NH,- and COOH-termini. It shows
sequence similarities to voltage-activated calcium channels, to
calcium channels of the transient receptor potential (Trp) fam-
ily, and also to polycystin-1 (9). A number of studies have
examined the distribution of polycystin-2 by immunochemistry
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in rodent as well as in human tissues, and both during devel-
opment and in differentiated organs (29-32). There is now
strong evidence that in the kidneys of several species, poly-
cystin-2 is strongly expressed in the basal compartment of the
entire distal tubule and of the collecting duct. In many other
organs, however, polycystin-2 immunoreactivity shows amore
punctate cytoplasmic expression pattern (30). Moreover, in
vitro and in vivo studies have demonstrated that polycystin-2 is
located in the endoplasmic reticulum (33-35) and at the same
time is linked to the actin cytoskeleton (34), a fact that could
explain the formation of cysts in the kidney and in other
organs.

The possible involvement of polycystin-2 in cell-matrix
complexes raises the question whether the expression and/or
subcellular distribution of this protein is affected by specific
insults. A characterization of polycystin-2 during such events
could offer new insights for its role in polycystic kidney
disease (PKD) and other disease states, but so far, no investi-
gations have been performed to address this issue. Therefore,
the immunohistochemical expression pattern of the polycys-
tin-2 protein was examined in two acute forms of tubular
insults in the rat kidney: ischemic acute rena failure and
thallium-induced nephrotoxicity. In addition the expression of
polycystin-2 was evaluated in two rodent models for PKD, the
(cy/+) rat and the (pcy/pcy) mouse, which represent chronic
types of tubulointerstitial disease.

Materials and Methods
Animals

Animals were kept under standard laboratory conditions in an
animal care facility in Mannheim, Germany. All animals were al-
lowed free accessto tap water and chow containing 19% protein. Male
adult Sprague-Dawley rats (70 to 100 d old), male (cy/+) rats (4 to 6
mo old) aswell as male (pcy/pcy) mice (5 and 13 wk old) were chosen
for the different experimental procedures. The (cy/+) rats are origi-
nally derived from the Han:SPRD rat strain (36—38). This colony has
now been inbred for more than 20 generations in Mannheim and has
been registered as follows: polycystic kidney disease, Mannheim
(PKD/Mhm, Inbred Strains of Rats, http://www.informatics.jax.org/
external/festing/rat/docs/PKD.shtml). All experiments were per-
formed in accordance with federal and local laws, as well as institu-
tional regulations. Male (pcy/pcy) mutant mice used in this study were
a gift from Dr. J. Grantham, Kansas City, KS, and have been char-
acterized elsewhere (39,40).

Induction of Bilateral Ischemic Acute Renal Failure
This procedure was performed as previously described (41).
Sprague-Dawley rats were deeply anesthetized by an intramuscular
injection of ketamine (100 mg/kg) and xylazine (5 mg/kg). After a
midline incision was made, the left and right renal pedicles were
located. Next, 100 1U of heparin (in 1 ml of 0.9% NaCl) were injected
into the tail vein, and both renal arteries were occluded with a
microaneurysm clamp for a period of 45 min. To balance the fluid loss
caused by evaporation, 1 ml of 0.9% NaCl was administered to the
peritoneal cavity. Sham-operated animals were treated similarly to the
ischemic animals, with the exception that the renal pedicles were not
clamped; instead, both renal hila were softly touched. At the end of
the ischemic period, clamps were removed, and the successful and
homogeneous reperfusion of the kidneys was documented by inspec-
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tion before the abdominal incisions were sutured. Animals then re-
celved an intramuscular injection of 0.02 mg buprenorphine/kg as
analgesia

After defined periods of reperfusion (0, 4, 12, and 18 h as well as
1, 2, and 16 d after ischemia, n = 2 to 4) the animals were subjected
to perfusion fixation. Blood samples were taken from the animals 1 d
before and 24 h after ischemia and at the end of the different reper-
fusion times to assess the transient peaks of serum creatinine and urea
levels in the postischemic animals. In postischemic rats, serum cre-
atinine and urea levels returned to baseline values 7 d after the
ischemic insult.

Thallium-Induced Nephrotoxic Damage in the Thick
Ascending Limb

These experiments were performed with minor modifications as
described earlier (42). Thallium sulfate (Fluka Chemie, Taufkirchen,
Germany) was dissolved in a0.9% NaCl solution at a concentration of
0.4 mg TI,SO,/ml. Rats received intraperitonea injections of 20 mg
TI,S0,/kg. The administration of this dose has been shown to result
in severe morphologic changes in thick ascending limb cells (42).
Control rats received corresponding saline volumes without thallium
sulfate. Thallium- or vehicle-treated rats were housed in pairs in
cages. No evident abnormalities in the behavior of the rats due to
potential systemic effects of T1,SO, were noticed. Only 8 d after
thallium sulfate administration, rats showed restricted areas of hair
loss in their neck regions.

At different time points after the administration of thallium sulfate
(days 1, 2, 3, 4, 5, 6, and 8; n = 3 of each time point), rats were
subjected to perfusion fixation. For the biochemical analysis, kidneys
were removed 2 d after the injection of thallium and homogenized as
described before (33). Approximately 350 ng of total protein was
digested with endoglycosidase H (New England Biolabs, Beverly,
MA) and then analyzed by Western blot test with the polyclonal
anti—polycystin-2 antibody Y CC2 (diluted 1:5000) (33).

Perfusion-Fixation

Male Sprague-Dawley rats as well as male (cy/+) rats and (pcy/
pcy) mice were anesthetized by an intramuscular injection of ketamine
(100 mg/kg) and xylazine (5 mg/kg). Animals were perfused retro-
gradely through the infrarenal abdominal aorta. The perfusion was
conducted with 4% freshly depolymerized paraformaldehyde in phos-
phate-buffered saline (PBS), pH 7.4, for 3 min at a pressure level of
180 mmHg. Kidneys were removed, cut into slices, and immersed in
the same fixative overnight before being embedded in paraffin for
subsequent histologic examination by immunohistochemistry and he-
matoxylin and eosin (HE) staining. In addition, thin kidney slices
from rats treated with thallium sulfate were immersed in 2% glutar-
aldehyde/2% paraformaldehyde in PBS, pH 7.4, overnight for subse-
quent ultrastructural analysis.

High-Resolution Light Microscopy and Transmission
Electron Microscopy

Kidney samples were incubated in 1% osmium tetroxide and em-
bedded in Epon-812. One-micron-thick sections were cut on an ultra-
microtome, stained with azure I1/methylene blue, and examined by
light microscopy. Ultrathin sections were cut with a diamond knife on
an ultramicrotome and placed on Formvar-coated copper grids. The
sections were first stained in 5% uranyl acetate for 15 min and
subsequently for 2 min in Reynold lead citrate before being viewed
under a Philips EM301 electron microscope.
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I mmunohistochemistry

Sections (3 to 4 um thick) from which the paraffin had been
removed were washed in PBS and incubated with blocking solution
(2% bovine serum abumin in PBS) at room temperature in a humid
chamber. The sections were then incubated with one of the following
antibodies: the rabbit polyclonal anti—polycystin-2 antibody YCC2,
directed against amino acids 687 to 962 of human polycystin-2
(diluted 1:400) (26); a rabbit polyclonal antibody against the «,
subunit of Na*/K*-ATPase (diluted 1:200; Upstate Biotechnology,
Lake Placid, NY); a polyclona antibody against E-cadherin (diluted
1:200; Sigma, Deisenhofen, Germany).

For immunohistochemistry with E-cadherin, sections were sub-
jected to microwave treatment before the normal immunostaining
protocol. In brief, after washing in PBS, sections were placed in 10
mM citric acid pH 6.0 and heated in a microwave oven at 600 W for
5 X 5 min. Thereafter, slides were allowed to cool to room temper-
ature before the blocking step commenced. The primary antibodies
were applied for 2 h at room temperature and subsequently overnight
at 4°C. Thereafter, slides were rinsed twice for 10 min in PBS and
incubated with a Cy3-coupled secondary antibody (Dianova, Ham-
burg, Germany) for 1 h at room temperature. After washing in PBS,
sections were mounted in PBS-buffered glycerol. For a better mor-
phologic analysis of the immunohistochemical results, some sections
were subjected to HE staining after documentation of the immuno-
fluorescence results.

Control incubations on adjacent sections were performed with
normal rabbit serum instead of the primary antibody. To further
control for the specificity of the anti—polycystin-2 antibody Y CC2, the
antibody was preabsorbed for 30 min with either glutathione S-trans-
ferase (2 ng/ul) or the glutathione S-transferase—polycystin-2 fusion
protein (4 ng/ul) used to generate the polyclonal antibody (these
concentrations correspond to approximately equimolar amounts of
both proteins). After the preabsorption step, the antibody was applied
to the sections; otherwise, the staining protocol was followed as
described above.

Processing of Images

Black-and-white photographs from HE- and azure 1l/methylene
blue-stained sections as well as from immunof|uorescence-labeled
sections were scanned with a Nikon Coolscan LS-2000 via Silverfast
4.1 software (LaserSoft, Kiel, Germany). Transmission electron mi-
crographs were scanned with a Linotype Saphir ultrascanner by Li-
nocolor 5.1 software. All files were thereafter processed with Photo-
shop 5.5 (Adobe Systems, San Jose, CA).

Results

Under normal conditions, polycystin-2 expression in the rat
kidney is strong in distal tubules but weak or undetectable in
proximal tubules (30). To investigate the expression of poly-
cystin-2 under conditions of acute renal failure, the injurious
effect of ischemia, which mainly affects proximal tubular cells,
and the toxic effect of thallium sulfate on thick ascending limb
cells were analyzed.

Immunohistochemical Distribution of Polycystin-2 in
the Postischemic Kidney

Four hours after the ischemic insult, the distribution of
polycystin-2 did not vary from that in sham-operated animals
(Figure 1i)—that is, a strong basal expression of the protein in
distal tubules of the adult rat kidney was observed as described

Polycystin-2 Expression in Renal Failure 1857

recently (30). At 12, 18, and 24 h after ischemia, a strong
basal-to-basolateral signal was still detected in cells of the
distal tubule; however, an increasingly prominent expression
of the protein could now be found in tubular cells of the S3
segment in the outer stripe, the major site of injury (43). This
was evident in profiles, which showed the characteristic signs
of acute tubular damage—for example, rounding of cells, cells
detaching from the basement membrane, and accumulation of
cellular debris in the lumen (Figure 1a and b). Polycystin-2
immunoreactivity was not found uniformly in damaged cells
but rather showed distinct patterns. In some proximal tubular
cells, which still appeared to line the basement membrane, a
strong basal-to-basolateral expression could be observed (Fig-
ure 1c), which resembled the distribution known from regular
distal tubular cells. Cells aready floating in the tubular lumen
sometimes still exhibited a polarized staining pattern, but in
numerous detached cells, a pronounced punctate distribution of
polycystin-2 was noted (Figure 1c). Apart from the increased
expression of polycystin-2 in postischemic proximal tubular
cells of the S3 segment, strong immunoreactivity was aso
observed in proximal tubular cells of the S1 segment (Figure
1g and h). This observation was aready found on kidney
sections 12 h after the ischemic insult, but was a much more
frequent finding at 18 and 24 h after ischemia.

Two days after the ischemic insult, the polycystin-2 protein
was still present in detached tubular cells floating in the lumi-
nal space of proximal tubulesin the outer stripe (Figure 1d and
€). The immunohistochemical staining pattern demonstrated a
combined homogeneous and punctate cytoplasmic distribution
of polycystin-2 (Figure 1f). In contrast, distal tubular profiles
showed a very faint or even absent immunohistochemical
signal for polycystin-2 at this time point. At 16 d after isch-
emia, the characteristic intrarenal distribution of polycystin-2
with abasal staining pattern in distal tubules could be observed
a a strength comparable to sham-operated or normal adult
animals.

Omission of the polyclona anti—polycystin-2 antibody, or
preabsorbing it with the recombinant peptide used for immu-
nizing the rabbits abolished the staining in the damaged S3
segments (data not shown), thus corroborating the immunohis-
tochemical results.

Immunohistochemical Distribution of Polycystin-2 after
Thallium-Induced Injury

Thallium is similar in its physicochemical characteristics to
potassium, and thus it substitutes for potassium in a variety of
physiologic reactions. Moreover, its affinity for the Na“/K -
ATPase is 10 times higher than that of potassium. Previous
studies have shown that trestment with thallium leads to dis-
tinct pathologic changes—in particular, in the thick ascending
limb—approximately 2 d after administration of the chemical
(42).

Analysis of semithin sections obtained from kidneys 2 d
after thallium administration showed that almost al thick as-
cending limb profiles of the inner stripe were swollen and
contained vacuoles (Figure 2a and b). The typical architecture
of the basolateral interdigitations was drastically reduced or
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Figure 1. Expression of polycystin-2 after ischemic injury. (ato c) Twenty-four hours after bilateral clamping of the renal pedicles for 45 min.
An overview of the outer stripe stained with the anti—polycystin-2 antibody Y CC2 demonstrates a strong expression of polycystin-2 in tubular
cells of the S3 segment, which are in the process of lifting off the basement membrane (immunofluorescence in a, hematoxylin and eosin [HE]
staining in b). At higher magnification, different distributions of polycystin-2 can be seen. Some cells still showed a lateral (small arrows) or
basal (large arrows) staining with the anti—polycystin-2 antibody, whereas in many cells, a combined homogeneous and punctate distribution
of polycystin-2 in the cytoplasm was observed (arrowheads) (c,, C,). (d to f) Forty-eight hours after bilateral clamping of the renal pedicles
for 45 min. The luminal debris originating from detached tubular cells stains brightly with the anti—polycystin-2 antibody (immunofluorescence
ind, HE staining in €). A higher magnification demonstrates the combined homogeneous and punctate distribution in the cytoplasm of all those
cells (). (g, h) Eighteen hours after the ischemic insult. These panels demonstrate the induction of polycystin-2 in the initial portion of the S1
segment of the proximal tubule (g). Counterstaining with HE shows the foamy appearance of the cells expressing polycystin-2, indicating that those
cellsareinjured (h). (i) Forty-eight hours after a sham operation. Polycystin-2 islocated in the basal compartment of distal tubules traversing the outer
sripe. G, glomerulus, S1, S1 segment of the proximal tubule. Bars, 100 um (&, b, d, €), 20 um (c,, f to h), 40 um (c,, i).
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Figure 2. Expression of polycystin-2, E-cadherin, and Na* /K *-ATPase 48 h after injection of thallium. (a, b) The administration of thallium
results in the vacuolar appearance of thick ascending limb cells in the inner stripe (overview of a semithin section in a, higher magnification
in b), whereas a collecting duct (asterisk) is not damaged. (c, d) Staining with the anti—polycystin-2 antibody demonstrates the chicken wire-like
distribution of the protein. (e to h) Further characterization of the injured thick ascending limb cells revealed that E-cadherin (e, f) and
Na*/K*-ATPase (g, h) are also located on the cell periphery. (i, j) Longitudinal profiles and cross sections of thick ascending limbsin the inner
stripe 2 d after the intraperitoneal injection of a 0.9% NaCl solution. Immunofluorescence staining demonstrates the location of polycystin-2
in the basal compartment of these cells. Bars, 50 um (g, ¢, €, g, i, j), 20 um (b, d, f, h).

even absent in many cells. In the vast majority, despite the
drastic morphologic changes, the thick ascending limb cells
still seemed to adhere to the basement membrane and to each
other. Collecting duct profiles traversing the inner stripe did
not show marked morphologic changes (Figure 2b). Already
3 d after thallium administration, most of the thick ascending
limb profiles exhibited an amost normal cellular structure. In
many cells, the prominent vacuoles had disappeared, and the
typical basolateral cell architecture had been reestablished. In
some areas, however—for example, at the transition to the
inner medulla—thick ascending limb profiles with still-swollen
cells or a regenerating thin epithelial cell layer were still
observed (data not shown).

The immunohistochemical analysis of polycystin-2 expres-
sion 2 d after the administration of thallium showed a pro-
nounced staining at the cell periphery of numerous thick as-
cending limb cellsin the inner stripe (Figure 2c and d), which
isin stark contrast to its normal basal distribution (Figure 2i
and j). To learn more about the intracellular distribution of
polycystin-2, serial sections of the inner stripe were stained
with antibodies against the Na"/K "-ATPase and E-cadherin,
two proteins located in the basolateral plasma membrane.

Figure 2 shows that both proteins are expressed in the thick
ascending limb cells in a pattern resembling that of polycys-
tin-2 (Figure 2e to h).

For a more comprehensive analysis of the immunohisto-
chemical results, the ultrastructure of thick ascending limb
cells 2 d after thallium-induced injury is shown in Figure 3.
Apart from a rarefied basolateral plasma membrane, an intra-
cellular membrane could often be identified immediately be-
neath the plasma membrane. The latter membrane lined large
vesicular structures, which probably correspond to the endo-
plasmic reticulum and which could explain the immunohisto-
chemical staining pattern with the anti—polycystin-2 antibody
(Figure 3, a and b). To provide further evidence for the as-
sumption that polycystin-2 still resided in the endoplasmic
reticulum, total kidney extracts were subjected to a treatment
with endoglycosidase H (endo H). Endo H can only remove
sugars from glycoproteins that have not progressed beyond the
cis compartment of the Golgi apparatus. As shown recently,
endogenous polycystin-2 from native kidneys is sensitive to a
digest with endo H (35), consistent with its location in the
endoplasmic reticulum. Polycystin-2 isolated from kidneys 2 d
after the administration of thallium showed the same mobility
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Figure 3. Evidence for the location of polycystin-2 in the endoplasmic
reticulum after thallium-induced damage. (a, b) Ultrastructural
changes in thick ascending limb cells after administration of thallium.
A low-power magnification demonstrates many vacuoles (asterisks)
in two adjacent cells (arrow indicates the border between cells A and
B) (a). At a higher magnification, it is possible to note that those
vacuoles (asterisks) are lined by a membrane (arrowheads) such that
this membrane comes to lie immediately below the plasma mem-
branes (arrows) of cells A and B (b). (c, d) Western blot analysis of
polycystin-2. Polycystin-2 from kidneys of both saline- and thallium-
treated rats shows the same mobility (c) and is sensitive to treatment
with endoglycosidase H (d). The numbers on the left represent the M,
(kD). M, mitochondria; C, rats injected with a 0.9% NaCl solution;
Th, rats injected with thallium. Bars, 1 um (a), 0.5 um (b).

as that from kidneys of saline-injected rats (Figure 3c); fur-
thermore, it was fully sensitive to endo H (Figure 3d). These
findings therefore argue that polycystin-2 is till located in the
endoplasmic reticulum, even after thallium-induced injury.

Distribution of Polycystin-2 in (cy/+) Rat and (pcy/
pcy) Mouse Kidneys

Although a number of spontaneous rodent models for PKD
have been described, none of them arise from mutations in

J Am Soc Nephrol 13: 1855-1864, 2002

Pkdl and Pkd2. It is possible, however, that the intracellular
location and the activity of polycystin-1 and -2 are influenced
by the proteins mutated in those animal models, and therefore
the expression pattern of polycystin-2 in such models may
provide valuable information. For our analysis, we chose the
(cy/+) rat, a model for autosomal-dominant PKD, and the
(pcy/pcy) mouse, a model for autosomal-recessive polycystic
kidney disease.

In the (cy/+) rat, cysts originate almost exclusively from
proximal tubules (36—38). Neither epithelial cells of normal
nor of cystic proximal tubules were stained by the anti—poly-
cystin-2 antibody. Comparable to the situation in normal adult
rat kidneys, the immunohistochemical analysis of polycystin-2
showed a strong basal staining in distal tubules of 4-mo-old
(cy/+) rats. Occasionally occurring dilated distal tubulesin the
cortex also exhibited the typical basal expression of the pro-
tein. Interestingly, some moderately dilated thick ascending
limb profiles in the inner stripe showed a very intense signa
when compared with the fluorescence intensity of thick as-
cending limb profiles of wild-type or normal kidneys. In ad-
dition, in some thick ascending limb profiles located in the
inner stripe, polycystin-2 immunoreactivity had disappeared in
a mosaic pattern (Figure 4a). Serial sections labeled with an
anti-Na"/K " -ATPase antibody and with the anti—polycystin-2
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Figure 4. Expression of polycystin-2 and Na* /K" -ATPasein a distal
tubule of the (cy/+) rat kidney. (8) Whereas most cells of this distal
tubule show the typical basal distribution of polycystin-2, some cells
have ceased to express polycystin-2 (arrows). (b) Neighboring section
stained with an antibody against Na™/K *-ATPase, demonstrating that
the same cells, which do not express polycystin-2, have also drasti-
caly downregulated the expression of Na*/K*-ATPase. (¢) Hema-
toxylin and eosin staining of the section shown in (a). Bar, 40 um.
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antibody showed that those epithelial cells, which did not
express polycystin-2 any longer, also had lost the ability to
express Na" /K " -ATPase (Figure 4b).

Rena cysts in (pcy/pcy) mice develop predominantly from
distal tubules and collecting ducts (40). In kidney sections of
13-wk-old (pcy/pcy) mice, the typical basal distribution of
polycystin-2 expression could be detected in nondilated distal
tubules (Figure 5a). At this age, numerous cysts were found
throughout the kidney. Some cystic profilesin the cortex and in
the medulla, especialy larger cysts with flattened epithelial
cells, were completely devoid of an immunohistochemical
signal for polycystin-2 (Figure 5b). Other cysts demonstrated
the typical basal distribution of polycystin-2 in one part of the
cyst-lining epithelium, but no polycystin-2 immunoreactivity
in other portions of the cyst (Figure 5¢c and d). The findings in
5-wk-old (pcy/pcy) mouse kidneys were similar, although cysts
were found less frequently (data not shown).

Discussion

These data here describe the expression pattern of polycys-
tin-2 in acute and chronic forms of renal failure. Because the
exact role of polycystin-2 in normal tubular cells and during
cystogenesis has not been determined yet, the examination of
its expression pattern in various pathologic situations may help
to shed some light on its function.

In postischemic kidneys, we demonstrated an increased ex-
pression of polycystin-2, mainly in cells originating from the
S3 segment of the proximal tubule. This was most evident
between 12 and 48 h after ischemia, when maximal damage
develops in the outer stripe (43,44). At early time points,
injured cells of the S3 segment showed an increased basal to
basolateral staining pattern, which later changed to a more
homogeneous and punctate cytoplasmic polycystin-2 distribu-
tion, when the cells had lost contact to the basement membrane
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and were present in the tubular lumen. It can therefore be
assumed that the changes in the intracellular distribution of
polycystin-2 correlate with the complex cascade after acute
ischemia—that is, cellular injury, detachment from the base-
ment membrane and cell death. The distinct intracellular dis-
tribution of polycystin-2 (basal-to-basolateral versus homoge-
neous and punctate cytoplasmic) observed in proximal tubules
may be due to the loss of cell polarity, the disintegration of the
cytoskeleton, and the disruption of cell contacts, which are al
associated with ischemia-reperfusion injury. In the setting of
the postischemic kidney, the upregulation of polycystin-2 may
serve to maintain crucial cell structures such as cell-cell or
cell-matrix contacts, as has been proposed for this protein.

It has long been documented that the S3 segment is the
portion of the proximal tubule most susceptible to ischemic
injury (43). However, during our immunohistochemical anal-
ysis, we consistently noted an increased expression of poly-
cystin-2 in the initial portion of the proximal convoluted tu-
bule. Also at this location, tubular damage, which ultimately
leads to cell detachment, was associated with the strong ex-
pression of polycystin-2, thus mimicking the situation ob-
served in the outer stripe. These data show that proximal
tubular cells from different segments (the S1 and the S3 seg-
ment) are capable of strongly expressing polycystin-2 in re-
sponse to an ischemic insult. The fact that polycystin-2 expres-
sion could not be detected in the less compromised S1 and S2
segments suggests that the protein is only upregulated under
conditions of severe cell damage.

Compared with the postischemic expression of polycystin-2
in proximal tubules, its expression in distal tubules was found
to be reduced 48 h after ischemia. This reduced staining was
not accompanied by achangein theintracellular distribution. It
iswell known that distal tubules react differently to acute rena
failure than proximal tubules (45). A temporarily decreased

Figure 5. Expression of polycystin-2 in a 13-wk-old (pcy/pcy) mouse kidney. (a) Overview of the inner stripe demonstrating the strong
expression of polycystin-2 in the basal compartment of noncystic thick ascending limbs. (b) At the transition from asmall to alarge cyst profile
(arrows), the abrupt loss of polycystin-2 can be seen. (c, d) In this cyst, a mosaic distribution of polycystin-2 was detected, with some cells
expressing polycystin-2 and others not. Polycystin-2 is still detected in the basal compartment of these cells (immunofluorescence in c,

Nomarski optics in d). Bars, 50 um (@), 300 um (b), 40 um (c, d).
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expression of polycystin-2 in the distal tubuleis consistent with
the fact that the synthesis of other proteins such as EGF (46)
and Tamm-Horsfall protein (47) is drastically reduced in this
segment in response to ischemic injury.

The polycystin-2 expression pattern after thallium-induced
injury to thick ascending limb cells was strikingly different
from that in postischemic proximal tubules because we did not
see a decreased expression, but rather a transient redistribution
of polycystin-2 to the cell periphery. Thallium administration
induces severe morphologic changes in thick ascending limb
cells, which are reversible after a short period. A genera
breakdown of cellular structures and function, which may
ultimately lead to cell death, does not occur. Even 2 d after
thallium administration, at the time of maximal damage, tubu-
lar cells were resting on the basement membrane and cell-cell
contacts were dtill existing as demonstrated by the chicken
wire-like distribution of the cell adhesion molecule E-cadherin
in injured thick ascending limb cells. The intracellular distri-
bution of polycystin-2 in those cells resembled that of E-
cadherin, but for technical reasons, it was not possible to
determine whether both proteins colocalize.

So far, most experimental data support the notion that poly-
cystin-2 is located in the endoplasmic reticulum (33-35). Al-
though at first sight its distribution in injured thick ascending
limb cells suggests that polycystin-2 has moved into the plasma
membrane, the following findings suggest otherwise. We were
able to detect an intracellular membrane immediately below
the plasma membrane in injured cells, which probably corre-
sponds to the membrane of the endoplasmic reticulum. Normal
thick ascending limb cells are connected by lateral interdigita-
tions, into which the endoplasmic reticulum extends (48,49).
Upon thallium-induced injury, the lateral interdigitations dis-
appear, and with them the infoldings of the endoplasmic retic-
ulum. The large amounts of intracellular membranes have to be
redistributed, and we therefore suggest that the vacuoles, which
appear in the injured cells, represent the distorted endoplasmic
reticulum. Although we were not able to localize polycystin-2
by immunogold electron microscopy, we could demonstrate
that it was still sensitive to a treatment with endo H, thus
strongly arguing that indeed it has not left the endoplasmic
reticulum. Of course, polycystin-2 is also present in undam-
aged tubules, but a substantial portion, if not the majority of it,
is found in the inner stripe (30), where most of the damage
occurs after administration of thallium. For this reason, we
believe that we would have detected endo H—resistant poly-
cystin-2 had it been present, but all of it was endo H sensitive.

When compared with the situation in acute rena failure, the
behavior of polycystin-2 in two forms of chronic renal failure,
i.e, the (cy/+) rat kidney and the (pcy/pcy) mouse kidney, was
quite different. Although a strong expression of polycystin-2
was easily detectable in most distal tubules, individual distal
tubular cells had apparently lost the ability to express polycys-
tin-2 in both animal models. In the (cy/—) rat kidney, this was
most evident in areas with advanced tubulointerstitial remod-
eling. The finding that those tubular cells, which did not
express polycystin-2 any longer, also showed a pronounced
downregulation of a typical segment-specific marker such as
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Na/K "-ATPase suggests that the loss of those proteins rep-
resents a general dedifferentiation phenomenon. We empha-
size, however, that some thick ascending limb profiles, which
exhibited an obviously normal architecture, were stained very
brightly with the anti-polycystin-2 antibody. In the (pcy/pcy)
mouse kidney, where most cysts originate from distal tubules
and collecting ducts (40), the majority of cysts still expressed
polycystin-2, and no missorting of polycystin-2 could be ob-
served in cyst-lining cells. These results argue against arole of
polycystin-2 in cyst formation in either animal model.
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