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Proliferation and dedifferentiation of tubular
cells are the ballmark of early regeneration after
renal ischemic injury. Vimentin, a class III inter-
mediate filament expressed only in mesenchymal
cells of mature mammals, was shown to be tran-
siently expressed in post-ischemic renal tubular
epitbelial cells. Vimentin re-expression was inter-
preted as a marker of cellular dedifferentiation,
but its role in tubular regeneration after renal
ischemia bas also been bypotbesized. This role
was evaluated in mice bearing a null mutation of
the vimentin gene. Expression of vimentin, pro-
liferating cell nuclear antigen (a marker of cellu-
lar proliferation), and villin (a marker of differ-
entiated brusb-border membranes) was studied
in wild-type (Vim*’*), beterozygous (Vim*'~),
and bomozygous (Vim ’~) mice subjected to
transient ischemia of the left kidney. As ex-
Dpected, vimentin was detected by immunobisto-
chemistry at tbe basal pole of proximal tubular
cells from post-ischemic kidney in Vim*’* and
vim*’/~ mice from day 2 to day 28. The expres-
sion of the reporter gene [-galactosidase in
Vim*’~ and Vim™’~ mice confirmed the tubular
origin of vimentin. No compensatory expres-
sion of keratin could be demonstrated in
Vim ™/~ mice. The intensity of proliferating cell
nuclear antigen labeling and the pattern of vil-
lin expression were comparable in Vim™’'~,
vim*’/~ and Vim*’* mice at any time of the
study. After 60 days, the structure of post-isch-
emic kidneys in Vim™’~ mice was indistinguisb-

able from that of normal non-operated kidneys
in Vim*’* mice. In conclusion, 1) the pattern of
post-ischemic proximal tubular cell prolifera-
tion, differentiation, and tubular organization
was not impaired in mice lacking vimentin and
2) tbese results suggest that the transient tu-
bular expression of vimentin is not instrumen-
tal in tubular regeneration after renal ischemic
injury. (Am J Patbol 1997, 150:1361-1371)

Vimentin is an intermediate filament of class Ill that is
expressed, in the adult and under normal conditions,
mainly in cells of mesenchymal origin. In the mature
kidney, vimentin is detected in glomeruli, vessels,
and interstitial cells but not in tubular epithelial
cells.”2 However, vimentin expression has been ob-
served in tubular epithelial cells under three different
conditions: 1) in the early stage of renal develop-
ment,2 2) in renal cell carcinomas that are derived
from the cortical tubules,®>=® and 3) in the regenerat-
ing phase after ischemic or toxic renal injury char-
acterized by tubular necrosis.” "2 In the post-isch-
emic kidney, vimentin expression was recently
reported to be restricted to the late proximal tubule
and to disappear by 2 weeks after ischemia.® In all
three conditions mentioned above, in which cellular
proliferation is higher than in the normal mature kid-
ney, the transient vimentin expression in tubular cells
was interpreted as a marker of cell dedifferentiation.

Like other intermediate filament proteins of the
cytoskeleton, vimentin has been suspected to be
involved in transcription,*® in mRNA tracking,'* and
in the cell cycle.’*'® Indeed, vimentin is considered
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as an intermediate-early gene, as its expression is
increased in GO/G1 transition.'®

Despite the numerous studies reporting coinci-
dence between tubular vimentin expression and tu-
bular regeneration, the question still remains of
whether vimentin is instrumental in cell proliferation
or is only a marker of cellular dedifferentiation. To
address this question, we studied the impact of vi-
mentin inactivation on the early and late events after
renal ischemic injury. For this purpose, we used mice
bearing a null mutation in the vimentin gene. This
strain was recently established using homologous
recombination by Colucci-Guyon et al,' and mice
appear to be normal and are fertile.

We show that cellular proliferation, cellular differ-
entiation, and structural organization of the renal pa-
renchyma after renal ischemia were not impaired in
homozygous mutant animals as compared with wild-
type mice. These results rule out a predominant role
for vimentin in tubular regeneration in the post-isch-
emic kidney.

Materials and Methods

Animals
Mice Lacking Vimentin

The details of targeted inactivation of the vimentin
gene in mice have been reported previously.'” We
used the Vim" mice, in which the endogenous vimen-
tin gene has been disrupted by an in-frame insertion
of Escherichia coli B-galactosidase coding se-
quences into exon 1 of vimentin gene. Thus, X-gal
staining, which reveals B-galactosidase activity (see
below), could permit analysis of the pattern of renal
vimentin expression during the post-ischemic regen-
eration phase.

To identify wild-type (Vim*'*), heterozygous
(Vim*'~), and homozygous (Vim~'~) mice of differ-
ent crosses, DNA from mouse tail was extracted, and
the presence of targeted vimentin alleles was de-
tected using the polymerase chain reaction (PCR)
method. A mixture of three oligonucleotide PCR
primers was used; primer 1 (5’-TGTCCTCGTCCTC-
CTACCGC-3’) and primer 2 (5'-AGCTGCTC-
GAGCTCAGCCAGC-3') are located upstream and
downstream, respectively, of the Narl site in exon 1
of the vimentin gene, and primer 3 (5'-CTGTTCGC-
CAGGCTCAAGGC-3’) is located in the neo coding
sequence (for details on the targeting construct, see
Colucci-Guyon et al'”). The primer 1 and primer 2
pair allows the amplification of a 398-bp fragment
when a wild-type allele is present and of a 4.8-kb

fragment, usually not detected, when the Vim' dis-
rupted allele is present. The primer 2 and primer 3
pair allows the amplification of a 530-bp fragment
when a disrupted allele is present. PCR amplification
was performed with Tag polymerase (Eurobio, Les
Ulis, France) under the conditions recommended by
the supplier on a Hybaid thermal reactor (Cesa
Labo, Aubervilliers, France) and involved 30 cycles
consisting of 1 minute at 94°C, 1 minute at 65°C, and
1 minute at 72°C.

Protocol

Adult (3 to 4 months) Vim*/*, Vim*/~ and Vim~'~
mice, originating from the same litter, were studied.
Animals were anesthetized with an intraperitoneal
injection of 2,2,2-tribromoethanol (Janssen, Beerse,
Belgium; 37 ung/g of body weight). A left flank inci-
sion was made and the renal pedicle was clamped
with a microaneurysm clamp (Moria, Paris, France).
Blood vessel clamping was maintained for 50 min-
utes. Reperfusion was assessed by visual examina-
tion of the kidney, which recovered the usual color,
within 20 to 30 seconds.

Mice were sacrificed at 2, 7, 14, 28, 42, and 60
days after surgery. At each time, five Vim*'*, five
Vim*/~, and five Vim~/~ mice were examined.

To determine the rate of cellular proliferation in
normal kidney, three normal non-operated litter-
mates were studied at 2, 7, 14, and 28 days after
surgery.

At the time of sacrifice, the left post-ischemic kid-
ney and the right control kidney were removed, cut
into two halves, and either immediately frozen (one
half) in 2-methylbutane (Sigma-Aldrich, St. Quentin
Fallavier, France) for further X-gal staining or fixed in
Kryofix (Merck, Nogent-sur-Marne, France) for mor-
phological and immunohistochemical studies.

In animals sacrificed at day 7, urine samples were
collected using Tecniplast metabolic cages during
the 24 hours before sacrifice and blood samples
were obtained by intracardiac puncture at the time of
sacrifice for determination of creatinine, urea, and
electrolyte concentrations. Values were compared
with those obtained from five normal non-operated
littermates.

Methods
Localization of B-Galactosidase Activity

The renal tissue, frozen in 2-methylbutane and
kept at —80°C, was cut on a cryostat (Shandon,
Dublin, Ireland) to obtain 7-um-thick sections. Sec-



tions were put on poly-L-lysine-coated glass slides
and immediately fixed in fresh 2% formaldehyde/
0.2% glutaraldehyde for 15 minutes at 4°C. After
three rinses in phosphate-buffered saline (PBS), the
slides were incubated overnight at 35°C in a staining
solution containing 2 mmol/L MgCl,, 4 mmol/L
KsFe(CN)g, 4 mmol/L K,Fe(CN)g, and 0.4 mg/ml
4-chloro-5-bromo-3-indolyl-B-b-galactopyranoside
(X-gal, Gibco BRL, Cergy Pontoise, France) buffered
with PBS. The slides were then washed in PBS, coun-
terstained with eosin, and mounted in Eukitt (Labo-
nord, Villeneuve d’'Ascq, France).

Immunohistochemistry

Immunostaining:  Immunostaining was performed
using the ABC procedure'® as modified by Mau-
noury et al.' Briefly, kidneys were fixed in Kryofix
(Merck), ethanol dehydrated, and paraffin embed-
ded with an automated Tissue-Tek Vip (Bayer Diag-
nostic, Puteaux, France). The 5-um-thick sections
were cut and mounted on silane-coated glass slides.
Then, sections were incubated for 30 minutes with
10% donkey nonimmune serum to reduce nonspe-
cific background staining, followed by an overnight
incubation at room temperature with the specific an-
tibody diluted in 10% donkey serum. After a 10-
minute rinse in PBS, sections were incubated for 30
minutes at room temperature with a biotinylated don-
key anti-rabbit antibody (Jackson Research Labora-
tories, West Grove, PA) diluted 1/200, followed by
the avidin-biotin-peroxidase complex (Vector Labo-
ratories, Burlingame, CA). After extensive washing,
sections were incubated for 4 minutes in 0.05% 3,3’-
diaminobenzidine tetrahydrochloride (Fluka, Mul-
house, France) and 0.01% freshly prepared hydro-
gen peroxide (Perhydrol; Merck). As proliferating cell
nuclear antigen (PCNA) antibody was conjugated
with peroxidase, sections treated with this antibody
were directly incubated with diaminobenzidine. The
sections were counterstained with alcian blue and
mounted in Eukitt (Labonord).

Negative controls were obtained by replacing
specific antisera with normal nonimmune sera; no
labeling was observed, indicating that all of the pro-
cedures and reagents used resulted in specific la-
beling.

Antibodies: The primary antibodies used in the
present study were 1) a rabbit polyclonal anti-mouse
villin antibody (reported by Maunoury et al?°), diluted
1/1000 (the specificity of this antibody was assessed
in a previous study),’®2° 2) a mouse monoclonal
anti-rat PCNA antibody (PC10 Epos; Dako, Trappes,
France), diluted 1/20, 3) a rabbit polyclonal anti-
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human keratin antiserum (Europa, Cambridge, UK),
diluted 1/500, and 3) a rabbit polyclonal anti-rat vi-
mentin antiserum (provided by Dr. A. M. Hill), diluted
1/2000. To eliminate undesired cross-reacting anti-
bodies of this anti-vimentin antiserum, we purified
the anti-vimentin antibodies. Briefly, organs from
mice lacking vimentin were dissected, fixed in Kryo-
fix, and homogenized (Polytron; Bioblock Scientific,
llikirch, France). After centrifugation and washing in
PBS, the pellet was incubated with anti-vimentin an-
tibodies for 24 hours at 4°C and the supernatant was
collected. After this treatment, an absolute negative
staining was observed by immunohistochemical
analysis on sections from Vim™'~ mice, whereas a
specific labeling was preserved on sections from
normal mice.

Quantification of Immunostaining: The number of
tubular PCNA-labeled nuclei was determined in 25
randomly selected microscopic fields moving from
cortex to medulla by direct examination in a Micro-
phot-Fxa microscope (Nikon, Charenton-le-Pont,
France) with a 20X objective. All sections were eval-
uated by a pathologist who was unaware of the
group examined.

Renal Morphology

Serial sections, processed as for immunohisto-
chemistry, were stained with hematoxylin and eosin
and periodic acid Schiff.

Renal Function

All plasma and urine determinations were per-
formed with a multiparametric autoanalyzer Hitachi
717 (Boehringer-Mannheim, Melun, France).

Expression of Data and Statistical Analysis

Data are expressed as means * SEM. Differences
between the experimental groups were evaluated
using one-way analysis of variance, which was fol-
lowed, when significant, by the Dunnett test.

Results

All the experiments described hereafter were per-
formed on animals from intercrosses between
Vim*/~ mice, which bear a mutated allele of the
vimentin gene from which bacterial B-galactosidase
was expressed in place of vimentin.
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Figure 1. Vimentin expression in contralateral control kidney(a and d) and post-ischemic kidney (b toc and e tof) SfromVim™’'~ mice, 7 days after
ischemia. a to C: Vimentin immunostaining. d tof. X-gal staining (B-galactosidase activity was put under the control of the vimentin promoter). Note
the marked increase in staining of proximal tubules in post-ischemic kidney (compareb with a and e withd as regards immunostaining and X-gal
staining, respectively). At higher magnification (¢ and ), X-gal staining of tubular nuclei (f) confirms the tubular origin of the basolateral vimentin
expression (C). Ina toC, the blue nuclear labeling results from counterstaining with alcian blue, whereas ind tof, it results from X-gal staining (these
sections were counterstained with eosin, exclusively). Magnification, X 75 (a, b, d, and e) and X300 (¢ and f).

Vimentin Expression

Vimentin expression was evaluated in Vim*/*,
Vim*/~, and Vim~/~ animals by immunohistochemis-
try. As expected from the original study,'” reporting

the establishment of the vimentin-null mice strain,
vimentin protein could not be detected by anti-vi-
mentin antibodies in any structure of both contralat-
eral control and post-ischemic kidneys from Vim™/'~
mice. In contrast, vimentin was revealed in glomeruli,



vessels, and interstitial cells of both post-ischemic
and contralateral control kidney in Vim*/* (data not
shown) and Vim™/~ mice (Figure 1, a and b). In both
groups, vimentin expression was also detected in
most proximal tubules and in a few distal tubules and
was found to increase in glomerular parietal cells of
Bowman’s capsule of post-ischemic kidney (Figure
1b). The staining predominated in the deep cortex
and the outer stripe of outer medulla and was lo-
cated at the vicinity of the basal cell membrane
(Figure 1c). The distribution and the intensity of stain-
ing were maximal at day 7 after ischemia. Vimentin
tubular staining was decreased at 28 days after isch-
emia and could not be detected in any renal section
at 42 days after ischemia. This time course was
similar in Vim*’* and Vim*/~ animals. In contrast,
vimentin was undetectable in tubules of contralateral
control kidney of both Vim*/* and Vim*/~ mice at
any time of the study (Figure 1a).

To further assess the cellular origin of vimentin,
X-gal staining was performed in Vim*/~ (Figure 1,
d-f) and Vim~'~ mice (Figure 2, a and b). As ex-
pected, glomerular, vascular, and interstitial cells
showed pB-galactosidase activity in both kidneys
(Figures 1, d and e, and 2, a and b). In contrast,
intense nuclear labeling of tubular cells was ob-
served exclusively in post-ischemic kidneys (Figures
1, e and f, and 2b).

PCNA Expression

PCNA staining was used as a marker of cellular
proliferation. In Vim*/* mice, the number of PCNA-
labeled tubular nuclei increased significantly after
ischemia (Figure 3, a and b). Proliferative activity
concerned mainly the proximal tubules. As shown in
Figure 4, the increment was maximal at day 2 in the
injured kidney. The labeling was still higher than in
the contralateral control kidney at day 14 after sur-
gery and returned to normal values by 28 days after
ischemia. Labeling remained unchanged thereafter.
A similar pattern in terms of time course and intensity
of staining was observed in Vim*/~ and Vim~/~ ani-
mals, in which the number of labeled nuclei was not
different from that of Vim*/* mice at any time of the
study (Figures 3, b—d, and 4).

Because the number of labeled tubular nuclei in
contralateral control kidney seemed higher than
those reported in normal kidney,?' we compared
these values to those of intact non-operated kidneys
from animals of the same litter. Tubular PCNA stain-
ing was comparable in Vim™'~, Vim*'~ and Vim*/*
non-operated animals at any time of the study. As
shown in Figure 4, PCNA labelling of the right control
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Figure 2. X-gal staining (B-galactosidase activity was put under the
control of vimentin promoter) in contralateral control kidney (a) and
post-ischemic kidney (b) from Vim™'~ mice, 7 days after ischemia.
Note the strong staining of proximal tubular nuclei in post-ischemic
kidney. Magnification, X 75.

kidney was significantly higher than that of non-op-
erated animals at day 2, but not at any other time of
the study.

Villin Expression

Villin staining was used as a marker of differentiation
of polarized proximal tubular cells. Villin expression
was similar in contralateral control and in normal
non-operated kidneys, and no difference could be
detected when comparing Vim*'* and Vim=/'~ ani-
mals (Figure 5, a and b). In both Vim*/* and Vim =/~
mice, the number of villin-labeled tubules was dra-
matically reduced in the first days after ischemia.
Villin staining was heterogeneous among tubules,
from the almost complete absence to marked ex-
pression. The reduction was maximal at day 7 (Fig-
ure 5c¢), at the time when vimentin expression was
highest, and was accompanied by a staining of tu-
bular casts resulting from shedding of brush borders
into the lumen. Villin expression was progressively
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Figure 3. Immunohistochemical analysis of PCNA expression of cortex and outer stripe of outer medulla in contralateral control kidney from Vim*/*
mice (@) and in post-ischemic kidney from Vim*'* (b), Vim*/~ (), and Vim™/~ (d) mice, 2 days after ischemia. The number of labeled nuclei (dark

dots) in post-ischemic kidney, increased when compared with contralateral control kidney, was comparable in Vim

Magnification, X 300.

restored (Figure 5d) and had returned to normal in
post-ischemic kidney by 28 days after ischemia (Fig-
ure 5e). The aspect remained unchanged until 60
days after ischemia (Figure 5f) and was comparable
in Vim*'* and Vim™'~ mice throughout the study
(Figure 5, c—€). In Vim*'~ mice, the pattern of villin
expression was comparable to those observed in the
other two groups.

Keratin Expression

To investigate whether the absence of vimentin was
compensated by other intermediate filaments, we
analyzed the expression of keratin in Vim*/*, Vim*/~,
and Vim~'~ contralateral control and post-ischemic
kidneys. As previously reported,® the anti-keratin an-
tibodies used reacted with collecting ducts but not
with other epithelial structures of normal non-oper-
ated kidneys. The staining was not affected in
Vim*/* contralateral control kidney (Figure 6a). By
contrast, the intensity and the number of labeled

+/+ +/= —/=

, Vim , and Vim mice.

collecting ducts increased progressively from day 2
to day 14 (Figure 6b) in post-ischemic kidneys from
Vim*'* mice. Moreover, keratin reactivity was de-
tected in several damaged proximal tubules, partic-
ularly at day 2 after ischemia. Like vimentin, keratin
staining returned to normal by 42 days after surgery.
The changes in keratin expression were similar for
intensity and distribution in Vim*/*, Vim*/~, and
Vim~™'~ animals (Figure 6, b—d) at any time of the
study.

Renal Structure

We then evaluated whether the absence of vimentin
influenced the severity of early lesions and the long-
term completion of tubular regeneration. Tubular le-
sions were comparable in terms of distribution, se-
verity, and timing in the three experimental groups at
any time of the study. In the first week after ischemia,
numerous tubular sections exhibited evidence of ne-
crotic lesions, with dying cells desquamating and
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leaving denuded sites on the basement membrane.
Cell debris and intratubular proteins formed casts
and obstructed tubules. A marked interstitial inflam-
matory cell infiltrate was evident, particularly at day
2. Tubular necrosis culminated at day 7 and was
followed by a progressive restoration to tubular epi-
thelial integrity. By that time, most tubular profiles
were lined by a flattened epithelium devoid of brush
border. By day 28, the histological appearance of
post-ischemic kidney was comparable to that of con-
tralateral control kidney in most microscopic fields,
although patches of interstitial hyperplasia and de-
generated tubules still appeared focally in the in-
jured kidney. By 2 months after ischemia, the kidney
structure of Vim~'~ mice was restored ad integrum
(Figure 7b) and could not be distinguished from that
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of a contralateral control kidney or of a normal non-
operated Vim™*’* kidney (Figure 7a).

Renal Function

Finally, parameters of renal function were evaluated
in Vim™'* and Vim~'~ mice, at day 7 after surgery,
when tubular vimentin expression was maximal, and
were compared with those obtained from normal
non-operated littermates. Plasma creatinine, urea,
and electrolytes were not significantly affected by
unilateral ischemia in Vim*/* animals. Moreover, val-
ues obtained from operated Vim™/~ mice were not
different from those of the two other groups. Simi-
larly, glomerular filtration rate, as assessed by cre-
atinine clearance, was similar in non-operated
Vim*/* (0.12 = 0.01 ml/minute), in operated Vim*/*
(0.14 * 0.01 ml/minute), and in operated Vim~/~
(0.11 = 0.01 ml/minute) mice.

Discussion

In the present study, we have demonstrated that the
absence of vimentin did not affect cellular prolifera-
tion, differentiation, and tubular organization in the
post-ischemic kidney.

As expected in Vim '~ mice, which were obtained
by targeted mutagenesis in embryonic stem cells,'”
vimentin could not be detected by immunohisto-
chemistry in any structure of the kidney either under
basal conditions or after ischemia. However,
changes in B-galactosidase activity, which mimicked
vimentin expression in Vim™'~ mice, assessed vi-
mentin promoter stimulation by ischemia in these
animals. Therefore, Vim ™'~ mice are the adequate
tool to address the question of the role of vimentin in
proliferation and differentiation after ischemia.

As noted previously by other groups,'®'2 orga-
nization of vimentin filaments in post-ischemic tu-
bules was strikingly different from that reported in
mesenchymal cells. Thus, the accumulation of vi-
mentin at the basal pole of the cells could raise the
question of the cellular origin of vimentin filaments.
Because B-galactosidase was put under the con-
trol of the vimentin promoter, data from Vim*/~
mice provided the unique opportunity to demon-
strate unambiguously that proximal tubular cells
were indeed expressing vimentin. First, the vimen-
tin synthesis in tubular cells was attested by the
fact that the majority of proximal cells exhibited
X-gal nuclear staining, and second, nuclear X-gal
labeling was apparent in those cells that were
stained with anti-vimentin antibody at their basal
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Figure 5. Immunobistochemical analysis of villin expression in normal non-operated (@) and in contralateral control (b) kidney by 7 days after
ischemia, and in post-ischemic kidney (¢ tof) by 7(c), 14(d), 28 (e), and 60 () days after ischemia from Vim*'* and Vim™'~ mice. Villin staining
was unchanged in contralateral control kidney (b) as compared with normal non-operated kidney (). By contrast, the staining of post-ischemic
kidney changed progressively after reperfusion; markedly reduced at day 7(C), it increased thereafter (d) to restore the normal pattern at day 28 (e).
This pattern remained unchanged until 60 days (f). At any time of the study, the staining of both contralateral control and post-ischemic kidneys
was comparable in Vim*'" and Vim™'~ mice (b to t). Magnification, X 75.

pole. That interstitial cells may participate in vi- stitial cells attached to tubules. It is noteworthy that
mentin accumulation at the basal tubular pole can- vimentin expression was not restricted to proximal
not be definitely ruled out as X-gal-stained inter- tubular epithelial cells in the post-ischemic kidney
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Figure 6. Immunobistochemical analysis of keratin expression in contralateral control kidney from vim*’* mice (@) and in post-ischemic kidney

Sfrom Vim*/* (b), Vim™/~ (¢), and Vim™’'~ (d) mice, 7 days after ischemia. The intensity of staining and the

ber of labeled tubules increased

in post-ischemic kidney when compared with contralateral control kidney and were comparable in Vim*’'*, Vim*/~, and Vim~™/~ mice. Magnifi-

cation, X 75.

but was also present in, to a smaller extent, distal
tubular cells and glomerular epithelial parietal
cells of Bowman'’s capsule. In the latter, the label-
ing was weak in normal kidney, but it increased in
terms of distribution and intensity after ischemia.
This pattern is slightly different from that reported
by Witzgall et al,'® who detected vimentin expres-
sion in S; segments of proximal tubules exclu-
sively. These apparent discrepancies may be ac-
counted for by differences in animal species, in
duration of ischemia, and/or in sensitivity of meth-
ods used.

As regards proliferation, previous studies”'®""
showed that vimentin and PCNA, a widely used
marked of cellular proliferation, were co-localized in
the same cells of regenerating tubules, raising the
possibility that expression of vimentin could be in-
strumental in cell proliferation. This possibility was
also suggested by indications that vimentin could
play a role in the cell cycle.*® That both the mag-
nitude and time course of PCNA expression were

similar in Vim*/*, Vim*/~, and Vim~'~ mice rules out
this possibility and demonstrates that vimentin is not
a major determinant of tubular cell proliferation after
ischemia.

Extensive tubular necrosis, such as that
achieved in our model, is associated with partial
denudation of basement membrane. Regeneration
is therefore accomplished by combination of cel-
lular proliferation, spreading, and/or migration.
Zhu et al®® suggested in a recent study on toxic
tubular injury that vimentin expression may be im-
portant in cell mobility. Although we cannot ex-
clude that vimentin expression is linked to partial
denudation of the basement membrane rather than
to cell proliferation in proximal tubules, our results
argue against a major role of vimentin in cell mi-
gration, at least in the model used. Indeed, the
re-epithelialization of denuded proximal tubules
was complete and the rate of restitution ad inte-
grum of tubular structure was normal in Vim~=/~
mice, in which the appearance of the experimental
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Figure 7. Renal structure at 6O days after ischemia of normal non-
operated kidney from Vim*'* mice (a) and of post-ischemic kidney
Srom Vim~ " mice (b). The structure of the two kidneys was similar.
Periodic acid Schiff; magnification, X 300.

kidney was indistinguishable from that of control
kidneys by 2 months after ischemia.

A hallmark of tubular ischemic injury is the loss of
surface membrane polarity.>® During recovery, prox-
imal tubular cells undergo remodeling of membrane
surface and reconstitution of apical and basolateral
domains of the plasma membrane.?* Villin, a specific
constituent of brush-border membranes, was used
as a marker of differentiated apical membranes. As
expected, a drastic and progressive loss of apical
staining with anti-villin antibodies was observed in
most tubules after ischemia, whereas cellular debris
were detected in the tubular lumen, indicating the
presence of microvilli fragments. However, villin
staining was completely recovered 28 days after
ischemia. That recovery of villin expression was de-
layed to that extent may result from the combination
of proliferation and migration of regenerating tubular
cells. Vimentin inactivation affected neither dediffer-
entiation nor remodeling. This suggests that, in ded-
ifferentiated cells, expression of vimentin cannot be

proposed as a causative factor for loss of cell
polarity.

Surprisingly, villin staining was detectable not only
in brush border membranes but also in cytoplasm of
proximal tubular cells. This pattern was already re-
ported in normal embryonic renal cells®® and in renal
cell carcinomas?® and may probably result from the
detection of newly synthesized villin before it is tar-
geted to the apical membrane. It is noteworthy that,
in our study, tissue was fixed with Kryofix, at variance
with other studies in which acetic acid or Methacarn
were used.

As regards renal function, it should be pointed out
that minimal changes had to be expected after uni-
lateral ischemia. However, the important observation
that glomerular filtration rate, as assessed by creat-
inine clearance, was not altered in Vim™'~ animals
suggests that the contralateral kidney compensates
the function of the ischemic one as efficiently as in
Vim*'* mice.

The absence of a pathological phenotype after
ischemia in mice lacking vimentin raised the ques-
tion of whether another cytoplasmic intermediate fil-
ament could compensate the absence of vimentin.
This issue was already addressed by Colucci-Guyon
et al'” in tissues that normally express vimentin.
These authors could not detect the presence of other
intermediate filaments by immunohistochemistry and
Western blot or of the corresponding network by
electronic microscopy in both fibroblasts and lens
cells of Vim™'~ mice, whereas these cells frankly
expressed vimentin in Vim*/* animals. It should be
pointed out that, in the present study, the model
used (paraffin-embedded sections of mouse kidney)
limited the use of available anti-keratin antibodies,
precluding any definitive conclusions as regards the
expression of keratin subtypes present in the proxi-
mal tubules. However, we show that ischemia in-
creased keratin expression in distal segments of the
nephron and that this increment was similar whether
vimentin was present or absent. This suggests that
the normal phenotype observed during the reperfu-
sion phase is not due to compensatory expression of
another intermediate filament.

In summary, although vimentin is usually ex-
pressed in tubular cells during the recovery of isch-
emic tubular necrosis, cell proliferation, differentia-
tion, and tubular organization are not impaired in
mice lacking vimentin. These data suggest that, after
acute tubular necrosis, the transient tubular expres-
sion of vimentin is not instrumental in the tubular
regeneration process. The role of tubular vimentin
expression during regeneration, if any, remains to be
elucidated.
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