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Abstract Caveolin-1, a principal component of caveolae,
modulates growth signaling, endocytosis, and intracellular
transport. We examined the expression of caveolin-1α and
its relation to cell cycle and caveolin-interacting growth
factor receptors in regenerating proximal tubules (PTs) after
gentamicin-induced acute renal failure in rats. Caveolin-1α
appeared in regenerating PTs as early as day 4 after last
gentamicin, peaked at days 6 to 8, and showed cytoplasmic
pattern after day 8. Immunoelectron microscopy revealed
caveolin-1α-positive caveolae on the cell membrane and in
cytoplasms in regenerating PTs at days 4 to 8 and caveolin-
positivity confined to cytoplasms after day 10. The number
of PT cells with proliferation markers peaked at day 6 and
decreased afterwards as expression of cyclin-dependent
kinase inhibitors increased. Platelet-derived growth factor
receptor-β (PDGFR-β) and epidermal growth factor recep-
tor (EGFR) were colocalized with caveolin-1α in prolifer-
ating PTs as early as day 4. Phosphorylated EGFR
increased at day 8 and afterwards when caveolins dissoci-
ated from EGFR or decreased. In case of PDGFR-β,
phosphorylation seemed to be associated with the increase
and association of caveolins to the receptors. Our results
suggest that transient expression of caveolin-1α in early
regenerating PTs might contribute to the regenerating
process of PTs through modulating growth factor receptors.
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Introduction

Caveolae are described as 50- to 100-nm flask-shaped
invaginations within the plasma membrane and are thought
to play a role in important physiological functions such as
cell surface signaling, endocytosis, and intracellular cho-
lesterol transport [20]. Caveolin-1, caveolin-2, and caveolin-
3, a family of ∼22 kD integral membrane proteins, are the
main components of caveolae [20]. Caveolin-3 is expressed
exclusively in myocytes, whereas caveolin-1 and caveolin-2
are often coexpressed and are found in many tissue types
[20]. Caveolins interact with multiple caveolae-associated
molecules [20], such as hormones, growth factor receptors
including platelet-derived growth factor (PDGF) [8], and
epidermal growth factor (EGF) [14], and signaling mole-
cules, which are involved in cell growth and proliferation,
suggesting that caveolae may function as unique cell surface
signal transduction domains. It is also known that the signal
transducing proteins are rapidly recruited into caveolae upon
PDGF [8] and EGF [14] stimulations and that caveolin-1 and
caveolin-3 but not caveolin-2 directly bind to PDGF
receptor-β (PDGFR-β) and EGF receptor (EGFR), inhib-
iting their autophosphorylation in vitro as kinase inhibitors
[2, 23].

Under normal condition, terminally differentiated, senes-
cent cells such as adipocytes, endothelial cells, and
fibroblasts [20] contain high caveolin-1 levels and therefore
exhibit a marked insensitivity to growth factor-mediated
stimulation. Renal proximal tubules (PTs) are highly
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differentiated but do not exhibit immunoreactive caveolin-1
[1]. Zager et al. [24] and Mahmoudi et al. [10] have
reported marked increases in caveolin-1 in rat PT cells
during the induction and maintenance phases of ischemia/
reperfusion and myoglobinuric models of acute renal failure
(ARF), suggesting that caveolin-1 expression may mediate
PT cell death or survival of injured PT cells. However, it is
not clear whether caveolins participate in regenerating PT
cells after ARF. During cellular recovery after ARF, various
growth factors/cytokines including EGF and PDGF [15, 16]
have been reported to contribute to the tubular regeneration.
As receptor tyrosine kinases, EGFR and PDGFR are
caveolin-interacting molecules [2, 8, 14, 23]; caveolin might
participate in the regenerating process of PT cells after ARF.

In the present study, we used a model of gentamicin-
induced ARF in rats. This model is a well-established toxic
ARF model known to induce PT damage followed by
recovery mainly in the renal cortex [5]. We determined the
expression and kinetics of caveolin-1α and defined the
spatial and temporal correlations between caveolin-1α
expression, state of cell cycle, and caveolin-interacting
signaling molecules (PDGFR-β and EGFR) in regenerating
PT cells after induction of ARF.

Materials and methods

Induction of gentamicin-induced acute tubular injury

A total of 42 male Wistar rats (200–250 g, SLC, Shizuoka,
Japan) were used in the present study. Thirty-five rats were

injected subcutaneously with 400 mg/kg body weight/day of
gentamicin sulfate solution (Sigma-Aldrich, St. Louis, MO,
USA) for 2 days in divided doses (every 8 h). We previously
reported [5] that subcutaneous injection of gentamicin at this
dose in rats increased serum creatinine levels and induced
proximal tubular damage only in the cortex, which reached
peak levels at day 6 after the end of gentamicin (day 0 falls
at 8 h after the last gentamicin). On the other hand, Ki67-
positive proliferating PTs were found as early as day 4 and
peaked in number at day 6. Regenerating PTs almost
covered the denuded tubular basement membrane by
day 10 [5]. Therefore, in the present study, rats were killed
at days 4, 6, 8, 10, and 12 during the repair phase after PT
injury. Rats at each time point and normal rats as controls
were anesthetized with intraperitoneal pentobarbital sodium
(30 mg/kg), then both kidneys were removed after flushing
phosphate-buffered saline (PBS) for immunohistochemistry,
immunofluorescence, conventional electron microscopy,
immunoelectron microscopy, and Western blot analysis.

The experimental protocol was approved by the Ethics
Review Committee for Animal Experimentation of Hama-
matsu University School of Medicine.

Immunohistochemistry

The kidneys were bisected through the longitudinal axis,
fixed with 4% paraformaldehyde, and embedded in paraf-
fin. Three-micrometer-thick sections were deparaffinized,
and endogenous peroxidase was blocked by treatment with
3% H2O2 for 30 min. The sections were then incubated
with the primary antibody listed in Table 1 and reacted with

Table 1 Antibodies used to detect specific antigens

Primary antibody (Ab) Supplier

Rabbit polyclonal Ab against caveolin-1α (N-20, sc-894), epitope mapping at the N terminus of
human origin

Santa Cruz Biotechnology, Santa Cruz,
CA, USA

Rabbit polyclonal Ab against caveolin-2 (H-96, sc-7942), epitope corresponding to amino acids 54-
149 of caveolin-2 of human origin

Santa Cruz

Rabbit polyclonal Ab against cyclin D1 (H295, sc-753) Santa Cruz
Rabbit polyclonal Ab against p53 (FL-393, sc-6243) Santa Cruz
Rabbit polyclonal Ab against p27 (M-197, sc-776) Santa Cruz
Mouse monoclonal Ab against p21 (F-5, sc-6246) Santa Cruz
Mouse monoclonal Ab against Ki67 Novocastra Laboratories, Newcastle

upon Tyne, UK
Goat polyclonal Ab against EGFR (1005, sc-03G) Santa Cruz
Rabbit polyclonal Ab against EGFR (membrane 2232) Cell Signaling Technology, Beverly,

MA, USA
Goat polyclonal AB against p-EGFR (phospho-specific Tyr 1173, sc-12351) Santa Cruz
Goat polyclonal Ab against PDGFR-β (M-20, sc-1627) Santa Cruz
Goat polyclonal Ab against p-PDGFR-β (Tyr857, sc-12907) Santa Cruz
Goat polyclonal Ab against megalin (p-20, sc-16478) Santa Cruz

PDGFR Platelet-derived growth factor receptor, p-PDGFR phosphorylated-PDGFR, EGFR epidermal growth factor receptor, p-EGFR
phosphorylated-EGFR
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the corresponding biotinylated secondary antibody (donkey
polyclonal antibody against rabbit IgG, goat IgG, or mouse
IgG, Chemicon International, Temecula, CA, USA) for
30 min at room temperature. Then, avidin-conjugated
peroxidase (Nichirei, Tokyo, Japan) was added for 30 min.
The reaction products were visualized by diaminobenzidine.

To examine the relationship between expression of
caveolin-1α and state of cell cycle in PT cells, double-
immunostaining only for caveolin-1α and cyclin D1 or
caveolin-1α and Ki67 was performed using the method by
Lan et al. [7]. After staining the sections with cyclin D1 or
Ki67 as above, they were treated by microwave oven-
heating for 2×5 min in 0.01 M sodium citrate, pH 6.0, at
800 W, then incubated with caveolin-1α antibody and with
biotinylated secondary antibody. Then, Vectastain ABC-AP
reagent (Vector Laboratories, Burlingame, CA, USA) was
added, and the Vector Red alkaline Phosphatase Substrate
Kit I (Vector Laboratories) was used as chromogen.

For control sections, the first antibodies were omitted or
replaced by normal mouse or rabbit IgG. Signals in both
control and experimental sections were negative or negligible.

Immunofluorescence studies

Portions of renal cortex were snap frozen in cold N-hexane
and stored at −70°C for immunofluorescence studies.
Immunofluorescence studies were performed on 4-μm-thick
cryostat sections fixed in cold acetone. Sections were stained
with rabbit polyclonal anti-caveolin-1α (Santa Cruz) fol-
lowed by Alexa Fluor 488R donkey anti-rabbit IgG
(Molecular Probes Eugene, OR, USA) for 30 min. After
staining the sections for caveolin-1α, they were incubated
with polyclonal goat anti-EGFR or goat anti-PDGFR and
with Alexa Fluor 546R donkey anti-goat IgG (Molecular
Probes) for 30 min at room temperature. All sections were
observed under immunofluorescent microscopy.

Conventional electron microscopy

Small portions of renal tissues were fixed in 2% glutaral-
dehyde in 0.1 M phosphate buffer (pH 7.4) at 4°C for 2 h,
postfixed in 1% OsO4 resolved in the same buffer for 1 h,
and then embedded in Epon. Ultra-thin sections were
counterstained with uranyl acetate and lead citrate, then
examined under an electron microscope (JEM-1220, JEOL,
Japan).

Immunoelectron microscopy

Renal tissues were immersed in 4% paraformaldehyde for
9 h, cryoprotected in graded sucrose solution, and then snap
frozen in cooled N-hexane. Eight-micrometer cryostat

sections were incubated with caveolin-1α antibody. After
the sections had been fixed in 2% glutaraldehyde for
10 min, the reaction products were visualized by diamino-
benzidine, then the sections were postfixed in 1% OsO4 for
2 h. Epon 812-embedded ultrathin sections were stained
with lead citrate and examined with a JEM-1220 electron
microscope.

Western blot analysis of caveolin-1α

Immunoblotting was repeated at least three times with
samples from a minimum of three animals for each time
point. Protein extracts were prepared from cold Triton X-
100 insoluble extracts (detergent resistant membranes) of
isolated renal cortical tissue using the method of Mendez et al.
[13]. Equal amount of extracted protein (7.5 μg) were
subjected to electrophoresis on 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels, then transferred onto polyvinylidene fluoride micro-
porous membranes. The membranes were incubated over-
night in 5% skim milk in Tris-buffered saline with Tween
(TBS-T) buffer (20 mM Tris–HCl, pH 7.6; 150 mM NaCl;
and 0.1% Tween-20) at room temperature for 1 h. Immu-
noblotting (caveolin-1α or β-actin) was then performed as
described previously [25].

Semiquantitative analysis of immunohistochemically
stained sections

The numbers of cyclin-D1-, Ki67-, p21-, p27- and p53-
positive PT in the cortex in single immunostaining sections
were counted at ×400 magnification.

Discrimination between proximal and distal tubules,
even in conditions of regeneration, was performed by
adapting the following criteria [18]: (a) PTs were charac-
terized by the absence of clearly recognizable intercellular
delineations and eventually by the presence of a brush
border; (b) distal tubules were identified on the basis of
clearly recognizable intercellular delineations and by the
presence of stripes, originating from the basal cell surface
and extending towards the cell apex. The number of
immunoreactive cells in each rat represented the average
number of 40 fields examined and the mean numbers
before and at days 4, 6, 8, 10, and 12 after gentamicin
injection were displayed in histograms.

Statistical analysis

Data are expressed as mean±SD. Differences between data
sets were examined for statistical significance using one-
way analysis of variance followed by Fisher’s t test. A p
value of <0.05 was accepted as statistically significant.

Virchows Arch (2007) 450:671–681 673



Results

Cell-cycle-related molecules in regenerating PTs

Cyclin-D1 (G1 phase marker)-positive and Ki67 (S phase
marker)-positive proliferating PTs were found as early as
day 4, and both peaked in number at day 6, then decreased
(Fig. 1a–d,k,l). Cyclin-dependent kinase inhibitors p21 and
p27 were found in PTs, peaked in number at days 10 and 8–
10, respectively (Fig. 1e–h,m,n). p53 was also increased in
PTs and peaked in number at day 8 (Fig. 1i,j,o).

Redifferentiation of regenerating PTs

Megalin, as a differentiated phenotype of PT, was found in
the brush-border of PT in the normal kidney and reappeared
in the reappeared brush-border of some regenerating PTs
after day 8 and in almost all PTs by day 12 (Fig. 2 and
Table 2).

Immunohistochemistry of caveolin-1α and caveolin-2
and relation between caveolin-1α and cell cycle
in regenerating PTs

As reported by other investigators [1, 24], immunoreactive
caveolin-1 was detected in glomerular/vascular or distal
tubule structures but not in PT cells in the cortex of normal
rat kidneys (Fig. 3a,f). Peritubular capillary endothelial
cells showed a faint staining of caveolin-1α in normal rat
kidneys, and such staining did not change after ARF
(Fig. 3f,g). Caveolin-1α was found in injured PTs and
exfoliated PTs after induction of ARF in the cortex (Fig. 3b,
c,g). The regenerating PTs showed a weak expression of
caveolin-1α as early as day 4 (Fig. 3b) and strong
expression at days 6 to 8 (Fig. 3c,d,g) as membrane/
cytoplasmic pattern (Table 2). Caveolin-1α staining began
to be confined in the cytoplasm exhibiting a coarse granular
pattern and with reduced intensity after day 8 (Fig. 3d,e).
Double immunohistochemical staining for caveolin-1α and
cyclin D1 revealed that cyclin-D1-positive (G1 phase
marker) PT cells were also positively stained for caveolin-
1α (Fig. 3h), indicating that early regenerating PT cells
expressed caveolin-1. Double immunohistochemistry of
caveolin-1α and Ki67 (S phase marker) revealed that
caveolin-1α showed a tendency for weak intensity and
granular staining in the cytoplasm of Ki67-negative PT
cells after day 8 compared to that in Ki67-positive PT cells
(Fig. 3i).

Immunoreactive caveolin-2 showed a distribution pattern
similar to that of caveolin-1α in the normal kidneys
(Fig. 3a,j). After induction of acute tubular injury, the
regenerating PTs showed moderate caveolin-2 expression at
day 4 (Fig. 3k) and strong expression at day 6 (Fig. 3l;

Table 2). Caveolin-2 staining rapidly decreased on day 8
(Fig. 3m) and became almost negative without coarse
granular pattern in the cytoplasm (Fig. 3n; Table 2).

Ultrastructural findings of caveolae and caveolin-1α−positive
structures in regenerating PTs

Conventional electron microscopy revealed almost no
caveolae formation in normal PT cells (not shown).
However, flask-like structures of about 100 nm diameter
could be focally found, some of which were open to the
apical or basal fronts of the regenerating PT cells at days 4
to 6, suggesting caveolae formation (Fig. 4a). Possible
caveolae-derived vesicles including interconnected struc-
tures could also be found in cytoplasm in the regenerating
PT cells at days 4 to 8 (Fig. 4b), but apparent caveolae-
derived structures could not be identified after day 10.
Immunoelectron microscopy supported the conventional
electron microscopic findings. There was almost no
caveolin-1-positive structures in the normal PT (Fig. 4c);
however, caveolin-1α-positive flask-like structures with or
without opening to the free or basal fronts of cells or
apparently free in the cytoplasm could be found at days 4 to
6 (Fig. 4d,e). The majority of the caveolin-1α-positive
structures were part of large clusters of interconnected
structures, grape-like structures, or with unusual shapes,
accumulated at the cell periphery and in the cytoplasm
(Fig. 4d,e). With time, the caveolin-1α-positive structures
at the cell periphery were decreased in density and were not
found in the regenerated brush-border at day 8 (Fig. 4f).
After day 10, most caveolin-1 positivity was limited to
certain intracellular compartments including mitochondria
(Fig. 4g).

Western blot analysis of caveolin-1α

Western blot analysis of Triton X-100 insoluble fraction
showed marked increase in caveolin-1α levels in the renal
cortex after induction of ARF and peaked at day 6 (Fig. 5).

Expression of PDGFR-β and EGFR and their phosphorylated
forms in regenerating PTs

Immunoreactive PDGFR-β was negative in normal PTs but
was found in the regenerating PTs as early as day 4 and
peaked at days 6 to 8, then decreased rapidly (Fig. 6a–e and
Table 2). p-PDGFR-β was found as early as day 4, peaked
and concentrated at the apical membrane at day 6, then
almost disappeared by day 10 (Fig. 6f–j and Table 2).

Immunoreactive EGFR was constitutively positive in the
brush-border in normal PTs (Fig. 6k). It was also positive in
the regenerating PTs as early as day 4, and peaked at days 6
to 8 (Fig. 6l-n). It increasingly reappeared in the brush-
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border after day 8 (Fig. 6n,o). Two different antibodies
against EGFR used in this study provided similar results. p-
EGFR was constitutively positive in the brush-border in
normal PTs (Fig. 6p). p-EGFR was almost negative at day 4
but was found weakly at day 6 and increasingly reappeared
in the brush-border after day 8 (Fig. 6q–t and Table 2).

Relationship between caveolin-1α and PDGFR-β or EGFR
in regenerating PTs

Caveolin-1α colocalized with PDGFR-β partially on the
cell membrane at days 4 to 8 and in the cytoplasm of the
regenerating PTs at day 8 (Fig. 7a–c). Caveolin-1α was also

Fig. 1 a–j Immunohistochemis-
try of cell-cycle-related mole-
cules (cyclin D1, Ki67, p21,
p27, and p53) in PT cells before
(left column) and at days 6 (b,
d), 8 (h, j), and 10 (f) after
(middle column) induction of
acute tubular injury. Asterisks
PTs; DT distal tubules; brown
nuclei indicate positive immu-
noreaction. k–o The number of
cyclin D1+, Ki67+, p21+, p27+,
or p53+ PT cells per field before
(n) and days after induction of
acute tubular injury (right col-
umn). Data are expressed as
mean±SD of five rats. *p<0.05,
**p<0.01 vs normal control. NS
Not significant
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colocalized with EGFR partially on the cell membrane and
in the cytoplasm of regenerating PTs at days 4 to
8 (Fig. 7d–f). After day 10, most EGFR was found on the
apical surface of PT (corresponding to the brush-border)
without caveolin-1α colocalization (Fig. 7g–i). EGFR
transiently localized in the nuclei at days 4 to 6 (Fig. 7h).

Discussion

In the present study, induction of acute tubular injury by
gentamicin resulted in appearance of caveolin-1α expres-
sion in cyclin-D1-positive PT cells at day 4. As we
previously found almost no proliferating PT cells at day 2
after ARF in this model [5], cyclin-D1-positive PT cells at
day 4 were early regenerating PT cells in this study.
Caveolin-1α expression peaked at day 6, as shown by
immunohistochemistry, at the time of peak PT proliferation,
judged by the number of Ki67-positive PT cells. Western
blotting also showed increased caveolin-1α levels in the
cortex as early as day 4, peaking at day 6. However, the
strong increasing of caveolin-1α at day 4 displayed by

Western blot did not seem to correlate well with the results
of corresponding immunostains in PT cells. As there were
many caveolin-1α-positive injured PT cells within the
tubular lumen at day 4 (Fig. 3b), it is possible that the
results of the Western blot may reflect caveolin-1α protein
not simply in regenerating PT cells but also in injured PT
cells and other cell types. Coarse granular cytoplasmic
staining of caveolin-1α was found in the late regenerating
PT cells after day 8 and tended to become weaker in Ki67-
negative PT cells. Some PT cells were redifferentiated after
day 8, judged by megalin-positivity. Conventional electron
microscopy and immunoelectron microscopy revealed the
presence of caveolin-1α-positive flask-like structures, rep-
resenting caveolae [20], on the plasma cell membranes of
early regenerating PT cells and caveolin-1α-positive struc-
tures were increasingly internalized with time in the
cytoplasm as grape-like vesicles. Caveolin-1α-positive
vesicles were almost confined in various intracellular
compartments in the late regenerating PT cells after day 10.
The findings showed that the early proliferating, regener-
ating PT cells transiently expressed caveolae/caveolin-1α on
the plasma membrane, and the subsequent internalization of

Fig. 2 Immunohistochemistry of megalin in PT cells in normal (a) and during repair phase of acute tubular injury at days 4 (b), 6 (c), 8 (d), and
10 (e). Arrows indicate positive immunoreaction

Table 2 Summary of staining for caveolin-1α, caveolin-2, EGFR, p-EGFR, PDGFR-β, p-PDGFR-β, and megalin in proximal tubular cells in the
renal cortex of control (N=5) and gentamicin-injected rats (N=5)

Protein Pattern Control Days after gentamicin injection

4 6 8 10 12

Caveolin-1α M/C −/− + ++ to +++a ++ to +++b + to ++b −/±b

Caveolin-2 M/C −/− ++ +++ −/± to +a −/± −/±
PDGFR-β M/C − + to ++ ++ to +++a ++ to +++a −/± to + −/±
p-PDGFR-β M − − to ± + to ++ ± to + − to ± −
EGFR B +++ ND ND − to + + to ++ +++

M/C − + to ++ ++ to +++a ++ to +++a ± to + − to ±
p-EGFR B + ND ND + + to ++ ++

M/C ± − ± to + + − to ± −
Megalin B +++ ND ND − to + + to ++ +++

Staining intensity: −, negative; ±, trace; +, weak; ++, moderate; +++, strong. Staining intensity was graded by comparison with maximal staining
in normal control and/or regenerating PT cells. The staining intensity of phosphorylated forms was evaluated by comparison with that of non-
phosphorylated forms.

M Membrane pattern, C cytoplasmic pattern, B brush-border, ND brush-border was not detectable. See Table 1 for other abbreviations.
a Fine granular pattern
b Coarse granular pattern
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the caveolin-1α was suggested in the regenerating process
of PT cells.

Caveolin-1 expression was demonstrated to arrest NIH
3T3 cells in the G0/G1 phase of the cell cycle through a
p53/p21-dependent pathway [4]. During the process of
reduction in PT proliferation in this model, p53 and p21
expression levels were significantly increased, and the p53-
and p21-expressing cells reached peak numbers among
regenerating PT cells at days 8 and 10, respectively.
Furthermore, the expression level of p27 increased, and
the p27-positive cells reached peak numbers from days 8 to
10. The number of p27-positive PT cells was higher than
that of p21-positive PT cells. These results suggest that it is
unlikely that caveolin-1α expression in the regenerating PT
cells mainly contributed to the induction of PT cells to exit

the S-phase of the cell cycle through a p53/p21-dependent
pathway in this model.

It was reported that formation of caveolae is polarized in
basolateral distribution in wild-type MDCK II and caveolin-
1 transfected Caco-2 cells [21]. Moreover, in nontrans-
formed NIH 3T3 cells, as cells become confluent, caveolin-1
was found to be concentrated at the areas of cell–cell
contact, suggesting the ability of caveolin-1 to regulate
contact inhibition and growth arrest in nontransformed cells
[22]. However, in our model, caveolae were distributed
focally both on the basal and free (apical) plasma
membranes of early regenerating PT cells but disappeared
from the plasma membrane, suggesting that caveolin-1α
does not seem to play a role in regulation of contact
inhibition in our model.

Fig. 3 a–g Immunohistochemistry of caveolin-1α in PT cells in
normal (a, f) and at days 4 (b), 6 (c, g), 8 (d), and 10 (e) after last
gentamicin injection. Brown color indicates positive immuno-
reaction. Asterisks PT cells; DT distal tubular cells; g glomerulus;
a small artery; c peritubular capillary. Double arrows indicate
injured PT cells with positive caveolin-1α. h, i Double immuno-
histochemistry of caveolin-1α (pink color) and cyclin D1 (brown

nuclei) at day 4 (h), or caveolin-1α (pink color) and Ki67 (brown
nuclei) at day 8 (i). Arrows indicate positive immunoreactive
nuclei and arrowheads indicate negative immunoreactive nuclei.
j–n Immunohistochemistry of caveolin-2 in PT cells in normal (j)
and at days 4 (k), 6 (l), 8 (m), and 10 (n) after induction of acute
tubular injury. Brown color indicates positive immunoreaction.
Asterisks PT cells
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In the process of caveolin-1 recycling, caveolin-1
normally moves with caveolae-derived vesicles to various
intracellular compartments, such as endoplasmic reticulum

and Golgi apparatus, and then recycles back to the cell
surface [9]. In addition, it is suggested that caveolin-1 can
enter the cytoplasm as a soluble protein embedded in lipid

Fig. 4 Conventional electron micrographs of PT cells days 4 (a) and
8 (b) after induction of acute tubular injury. Arrowheads Caveolae;
arrows possible caveolae-derived vesicles. Immunoelectron micro-
scopic findings of immunoreactive caveolin-1α (black color) in PT
cells in normal (c) and days 4 (d), 6 (e), 8 (f), and 10 (g) after
induction of acute tubular injury. Arrowheads Caveolin-1α-positive
caveolae; double arrows caveolin-1α-positive vesicles or interior

compartments in cytoplasm; arrows caveolin-1α-positive caveolae or
clusters of interconnected structures, grape-like structures or with
unusual shapes; asterisks brush-border; inset caveolin-1α-positive
interior compartment. N Nucleus; m mitochondria; Bm tubular
basement membranes; En endothelial cells. a, b, d Bars=0.5 μm; c,
e–g Bars=5.0 μm
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particles. Soluble caveolin-1 may translocate to the endo-
plasmic reticulum, remain in the cytosol, or to mitochondria
[9]. Thus, it is possible that caveolin-1α-positive vesicles
could be found in endomembranes and mitochondria in the

present model. However, loss of caveolae on the plasma
membrane of the redifferentiated PT cells may rather
suggest that caveolin-1α-positive vesicles formed in Golgi
apparatus were not sorted into the plasma membrane in the
process of reduction in caveolin-1α synthesis, although the
messenger RNA level of caveolin-1α was not examined.

Caveolin-1 and caveolin-2 are often coexpressed and are
found in many tissue types because caveolin-2 seems to
interact with caveolin-1, forming hetero-oligomers [20] that
determine the localization of these proteins within the cell
[19]. In the present study, caveolin-1α and caveolin-2 were
coexpressed in proliferating PT cells; however, unlike
caveolin-1α, caveolin-2 was not found in significant
amounts in the cytoplasm of redifferentiating PT cells. This
might reflect the dependence of caveolin-2 on caveolin-1
for plasma membrane localization [19].

Fig. 5 Western blots of protein from the detergent-resistant membrane
fraction of the renal cortex before (NC) and during the repair phase
after acute tubular injury incubated with antibodies for caveolin-1α
and β-actin

Fig. 6 Immunohistochemistry of PDGFR-β (a–e), p-PDGFR-β (f–j),
EGFR (k–o), and p-EGFR (p–t) in PT cells in normal (a, f, k, p) and
during repair phase of acute tubular injury at day 4 (b, g, l, q), 6 (c, h,

m, r), 8 (d, i, n, s), and 10 (e, j, o, t). Brown color indicates positive
immunoreaction
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During cellular recovery after acute tubular injury,
various growth factors/cytokines have been reported to
contribute to tubular regeneration [6, 16]. Given the roles of
caveolins in modulating/integrating signal transduction in
diverse cell types [20], we speculated that transient
expression of caveolins on the plasma membrane might
play roles on regenerating process of the PT cells by
regulating signal transduction of growth factors. PDGF-b
and EGF are known as renotropic growth factors [15, 16],
and their receptors, receptor tyrosine kinases (PDGFR [8,
23] and EGFR [2, 14]) are caveolae-localized and caveolin-
interacting molecules. In the present study, both EGFR and
PDGFR-β were found in the early regenerating PT cells
(Table 2). Phosphorylated EGFR increased at day 8 and
afterwards (Table 2) when caveolins dissociated from
EGFR (Fig. 7l) or decreased (Table 2). This consists with
the traditional hypothesis that caveolins inhibit activation of
various cell surface receptors as seen in the mesangial cells
[3]. In case of PDGFR-β, phosphorylation seemed to be
associated with the increase and association of caveolins to
the receptors in the regenerating PT cells from the very

early phase of proliferation (Table 2). Caveolin-1 was
demonstrated to inhibit the autophosphorylation of PDGFR
and EGFR in a dose-dependent manner in vitro [2, 23]. It
was reported that only in the presence of ligands, EGFR
and PDGFR transiently associate with caveolae and that
ligand-induced stimulation of EGFR or PDGFR can cause
heterologous desensitization of other receptors by seques-
tration in caveolin-containing membranes or caveolae [3,
12]. Thus, it might be possible that EGFR and PDGFR are
differentially phosphorylated in this model because con-
centration and/or kinetics of ligands for EGFR and PDGFR
should be differently regulated in vivo. However, only
immunohistochemical methods in this study limit drawing
any functional roles of caveolins.

Several reports indicate that clathrin-independent uptake
of various endogenous plasma molecules, including signal-
ing receptors to a distinct class of caveolin-1-containing
endosome, termed a caveosome, allows different types of
endocytic mechanisms to have different functional con-
sequences for the cell [17]. Together with the immunoelec-
tron microscopic findings that caveolin-1α was translocated

Fig. 7 Double fluorescence staining for caveolin-1α and PDGFR-β
at 6 days (a–c) and 8 days (d–f) after last gentamicin injection, and for
caveolin-1 and EGFR at 6 days (g–i) and 10 days (j–l) after last
gentamicin injection. Caveolin-1α expression (green) (a, d, g, j) and
PDGFR-β expression (red) (b, e) or EGFR (red) (h, k) were observed

in regenerating PT cells. Superimposition of caveolin-1α and PDGFR-
β images and caveolin-1α and EGFR produced by immunofluores-
cence staining showed yellow fluorescence on the membrane (c, i) and
in the cytoplasm (c, f, i), indicating colocalization of caveolin-1α and
PDGFR-β (c, f) or EGFR (i). Asterisks Tubular lumen; N nuclei
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from the plasma cell surface to intracellular compartments
of regenerating PT cells, the immunohistochemistry of
caveolin-1α, EGFR, and PDGFR indicates the possibility
that caveolins may play a role in endocytosis of these cell
surface receptors, or that caveolins may play as an
intracellular transporter of cell surface receptors in this
model. We also found that EGFR localized in the nuclei.
Although transient nuclear localization of EGFR has been
reported in regenerating rat liver [11], it cannot be excluded
that it is just an artifact.

In conclusion, caveolin-1α expression and caveolae
formation appeared on the plasma cell membrane exclu-
sively in the early proliferating phase of regenerating PT
cells in association with caveolin-interacting receptors for
renotropic growth factors, then caveolin-1α might associate
with endocytosis or intracellular transport of these cell
surface receptors, suggesting that caveolin-1α may play a
role in the regenerating process of PT cells after ARF. As
caveolin has multifunctional roles, further studies such as
inhibition of caveolin-1α expression are necessary to eluci-
date the physiological significance of transient caveolin-1α
expression in regenerating PT cells in this model.
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