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Abstract

Ischemic injury is characterized by a loss of cell polarity and a release of proximal tubule epithelial cells resulting from cytoskel-
etal reorganization. This study used a reversible unilateral renal ischemia-reperfusion model to investigate the expression and dis-
tribution of cytoskeletal components and Rho GTPases at protein and mRNA levels in proximal tubule fractions. Ischemia strongly
increased B-actin and a-tubulin expressions that were predominantly found in nuclear fractions. Rho GTPases and caveolin-1
expression were upregulated by ischemia and were enriched mainly in Triton-soluble membranes. Racl expression was stimulated
in the soluble fractions during reperfusion. Rho GTPases mRNA levels were similarly regulated by ischemia-reperfusion suggesting
that changes in their expressions could occur at gene or mRNA levels. ERM protein expression and distribution were unaffected by
ischemia—reperfusion. Together, these data show that renal ischemia—reperfusion induced expression and redistribution of actin and
microtubule cytoskeleton components in addition to Rho GTPases in proximal tubules, suggesting that they participate in an adap-
tive response to cellular lesions.
© 2004 Published by Elsevier Inc.
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In adults, ischemia remains the leading cause of acute
renal failure [1]. Thus, kidney injury caused by ischemia
and reperfusion is a major focus for both fundamental
and clinical research. The epithelial cells of proximal tu-
bules are particularly sensitive to ischemic injury [2]. In
vivo, ischemic acute renal failure has been shown to in-
duce apical membrane disruption by a collapse of micro-
villi, leading to a loss of cell polarity in proximal tubules.
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In addition, renal ischemia reduces cell attachment that
leads to renal tubular obstruction by released epithelial
cells and vasoconstriction of afferent arterioles to glome-
ruli [3]. All these changes are accompanied, to some de-
gree, by a reorganization of the actin cytoskeleton. In
epithelial cells, the actin network is a major regulator
of cell morphology [4]. Several studies used immunohis-
tochemical techniques to demonstrate that kidney ische-
mia induced actin depolymerization and collapse, and
that this occurs within 5min of ischemia [5,6]. However,
the mechanism by which ischemia-reperfusion regulates
actin expression at the mRNA and protein levels re-
mains unknown.
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Ezrin, moesin, and radixin (ERM)' are members of a
family of proteins that link the plasma membrane to the
actin cytoskeleton and are a primary constituent of
microvilli [7]. It has been demonstrated that renal anoxia
and chemical ATP depletion in isolated proximal tu-
bules results in ezrin-cytoskeleton dissociation, initiating
microvillar breakdown [8,9]. However, the behavior of
ERM proteins during kidney ischemia in living animals
remains to be established.

Microtubules are filamentous structures composed of
heterodimers of polymerized a- and B-tubulin subunits
[10]. They are dynamic structures, continuously polymer-
izing and depolymerizing using a microtubule-organiz-
ing center with y-tubulin as the starting point for
polymerization [11]. This polymerization dynamic allows
microtubules to adopt spatial arrangements that can
change rapidly in response to cellular needs and, in some
cases, to perform mechanical work [12]. Microtubules
utilize the energy of GTP hydrolysis to fuel a unique
polymerization mechanism [13]. It has been demon-
strated immunohistochemically that 40 min of kidney
ischemia induced a mild disruption of the microtubular
network [14]. Heat shock proteins (HSP) are structurally
and functionally related stress proteins induced by a vari-
ety of insults, including heat and ischemia [15]. More-
over, HSP73, a member of the HSP70 family, has been
recently shown to colocalize with microtubules and with
perinuclear and centrosomal tubulin following cardiac
ischemia [16]. However, no study has yet studied the
impact of reversible ischemia on the expression and
distribution of different tubulin subunits.

Key regulators in cytoskeleton organization, the Rho
GTPases are members of the Ras superfamily of GTP-
binding proteins. Like all members of this superfamily,
the Rho proteins function as molecular switches by cy-
cling between an active state bound to GTP and an inac-
tive state bound to GDP [17]. Rho family proteins are
key players in the organization of the actin cytoskeleton
into various structures [18]. In fibroblasts, Cdc42 in-
duces filopodia formation [19], Racl induces membrane
ruffling and lamellipodia [20], and RhoA induces stress
fibers and focal adhesion [21]. Thus, Rho proteins are
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involved in the regulation of cell morphology, cell motil-
ity, cytokinesis, and apoptosis [22]. In addition, some
GTPases such as Racl have been described to directly
bind tubulin [23]. ATP depletion is known to cause
Rho inactivation in renal epithelial cells, resulting in dis-
ruption of stress fibers [24,25]. RhoGDI (GDP dissocia-
tion inhibitor) is a regulator that binds to GDP-loaded
Rho GTPases, preventing them from being converted
to GTP-bound forms [26]. Recently, we reported that
the phosphorylation state of certain Rho proteins regu-
lates their interactions with RhoGDI and their extrac-
tion from membranes [27], suggesting new molecular
mechanisms for the inhibition of Rho GTPases. Fur-
thermore, we demonstrated that in cultured renal cell
carcinoma (Caki-1), hypoxia (1% O,) rapidly upregu-
lated Rho protein expression and that RhoA was re-
quired for the accumulation of transcription factor,
hypoxia inducible factor-1oo (HIF-1a), essential to hyp-
oxic response [28]. However, little information is avail-
able about the impact of ischemia-reperfusion injury
on the expression and distribution of Rho GTPases in
kidney.

Occludin is an extracellular component of tight junc-
tions [29]. It has been reported that ATP depletion, an-
oxia, and ischemia resulted in an alteration of the
functional integrity of tight junctions [30-32]. Tight
junction protein affiliation with the apical actin cytoskel-
eton is crucial in regulating tight junction function. Reg-
ulation of tight junction permeability and occludin
phosphorylation occur by a RhoA-dependent mecha-
nism [33].

We previously reported that RhoA and Cdc42 are lo-
cated in caveolae [34]. Caveolae are specialized mem-
brane invaginations enriched in cholesterol and
sphingolipids, which are also marked by the presence
of caveolin-1 protein [35]. Furthermore, caveolae are
thought to play an important role in signal transduction
since several receptors for growth factors and signaling
molecules are located in these structures [36]. The actin
network seems to be directly involved in the organiza-
tion of caveolae and Rho activation reorganizes caveo-
lae localization [37]. In addition, the actin cytoskeleton
and microtubules regulate the caveolar membrane traffic
[38]. It has been demonstrated that acute proximal tubu-
lar injury damages caveolar/detergent resistant microdo-
main structures, characterized by deranged cholesterol
distribution and caveolin release from plasma mem-
branes [39].

There is considerable interest in understanding the
cellular and biochemical mechanisms underlying ische-
mia-reperfusion injury. For the first time, this study used
a reversible unilateral ischemia-reperfusion model to
investigate the expression and distribution of the actin
cytoskeletal, microtubular proteins and Rho GTPases
at the mRNA and protein levels in living animals in
proximal tubules during ischemic injury. Furthermore,
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the expression of RhoGDI, which regulates Rho GTP-
ases activity and subcellular localization, and of caveo-
lin-1, which binds some Rho GTPases, has also been
examined in kidney proximal tubules during acute ische-
mia-reperfusion.

Materials and methods
Materials

Male Sprague-Dawley rats (250-300 g body wt) were
obtained from Charles River (Saint-Constant, Que.).
Acepromazine and ketamine-HCl were from Ayerst
Laboratories (Montréal, Que.) and xylazine-HCI was
from Bayer (Etobicoke, Ont.). Rabbit polyclonal anti-
bodies against Cdc42 (SC-87), RhoGDI (SC-360), and
v-tubulin (SC-10732), mouse monoclonal antibodies
against RhoA (SC-418) and RhoB (SC-8048), goat poly-
clonal antibody against ezrin (SC-6407), against HSP70
(SC-1060), and donkey anti-goat horseradish peroxi-
dase-conjugated antibody were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Rabbit poly-
clonal antibody against Caveolin (610059) and mouse
monoclonal antibody against Racl (610651) were from
BD Biosciences (Mississauga, Ont.). Mouse monoclonal
antibodies against a-tubulin (CP06-100UG) and B-tubu-
lin (CP007-100UG) were obtained from Oncogene
(Uniondale, NY). Mouse monoclonal antibody against
HIF-1a (NB 100-123) was purchased from Novus Bio-
logical (Littleton, CO). Rabbit polyclonal antibody
against occludin (71-1500) was from Zymed Laborato-
ries (San Francisco, CA). Donkey anti-rabbit and anti-
mouse horseradish peroxidase-conjugated antibodies
were from Jackson ImmunoResearch Laboratories
(West Grove, PA). The Western Lightning chemilumi-
nescence Reagent Plus (ECL) detection system was from
NEN Life Science Products (Boston, MA). Mouse
monoclonal antibody against B-actin (A5316) and
against B-Cop (G2279) and diethylpyrocarbonate
(DEPC) were from Sigma (St. Louis, MO). TriZol and
Superscript One-Step RT-PCR with platinum 7ag were
from Invitrogen Life Technologies (Burlington, Ont.).

Ischemic and reperfusion treatments

Approval for rat experiments was obtained from
CIPA (Comité institutionnel de bonnes pratiques ani-
males en recherche, University of Québec at Montréal).
Rats were anesthetized by subcutaneous injection of ace-
promazine (2.5mg/kg) followed by intraperitoneal injec-
tion of ketamine-HCl (87mg/kg) and xylazine—HCI
(7mg/kg). A ventral incision was made. The renal artery
and vein of the left kidney were dissected and a non-
traumatic Schwartz vascular clamp was placed around
them to induce acute ischemia for 30 min. Ischemic kid-

neys were decapsulated to prevent collateral circulation
to the superficial cortex through capsular vessels. To
avoid reflow after ischemia, the clamps were left until
kidneys were removed. In some cases, the clamp was re-
moved and kidneys were reperfused for 60 min. The ani-
mals were placed on a heating pad to maintain a
constant body temperature (37°C). The sham groups
were anesthetized and ventrally operated for 30 or
90min. Rats were sacrificed by lethal exposure to carbon
dioxide followed by decapitation. Kidneys, the left trea-
ted, were quickly removed and placed in ice-cold 0.85%
NaCl solution. Experiments were done with kidneys
pooled from six rats per group.

Evaluation of renal failure by creatinine levels

Creatinine levels were measured using the manufac-
turer’s directions. Briefly, 300 pL serum was mixed with
an alkaline picrate solution. Samples were then incu-
bated at room temperature for 10min. Measurements
were done with a spectrophotometer at a wavelength
of 500nm. To remove any interference, 100 uL. of a mix-
ture of sulfuric and acetic acid was added to samples
that were then incubated for another 5min and read
again at 500nm. Serum creatinine levels were calculated
as (mg/L) for each animal using a creatinine standard.

Isolation of proximal tubules

To isolate proximal tubules, minced kidney cortex
was homogenized with a Dounce homogenizer (No. 7)
in Hanks® balanced saline solution (HBSS) (1mM
CaCl,, 5mM KCl, 0.4mM KH,PO,4, 0.5mM MgCl,6-
H,0, 0.5mM MgSO,47H,0, 137mM NacCl, 4mM NaH-
CO3, 0.3mM Na,HPO,, and 6mM p-glucose) at pH 7.4
and then collected on 103 um Nylon mesh [40]. Tubules
were resuspended in 250mM sucrose, 10mM Hepes—
Tris, pH 7.4, and lysed with a Potter—Elvehjem motor-
ized homogenizer followed by homogenization with a
Polytron. Purity of isolated proximal tubules was con-
firmed by microscopic examination. To further validate
proximal tubule preparations, alkaline phosphatase
activity was assayed and its specific activity in proximal
tubules was enriched 5-fold (data not shown) compared
to cortex homogenates, in all preparations.

Biochemical fractionation of proximal tubules

Lysed proximal tubules were centrifuged at 3000g for
10min at 4°C to separate nuclei and unbroken cells
from post-nuclear supernatants. These supernatants
were then centrifuged at 100,000g for 1h at 4°C in order
to separate crude membranes (pellets) from soluble frac-
tions. Crude membranes were resuspended in 20mM
Hepes—Tris, pH 7.4. To prepare nuclear fractions, pel-
lets obtained after the first centrifugation at 3000g were
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incubated in a solution containing 250mM sucrose,
10mM Hepes—Tris, pH 7.4, and 0.2% (w/v) Triton X-
100 for 10min at room temperature and then centri-
fuged at 3000g for 10min at 4°C. Pellets contained the
nuclear fractions. Proximal tubule homogenates, soluble
fractions, crude membranes, and nuclear fractions were
kept at —80°C.

Solubilization of crude membranes in Triton X-100

Crude membranes (40 pug of protein) were incubated
in 30uL of 20mM Hepes-Tris, pH 7.0, with 2% (w/v)
Triton X-100 for 60min at 37 or 4°C. In some experi-
ments, 150mM KCI was added to the incubation buffer.
After the incubation, membranes were centrifuged at
40,000g for 30min at 4°C to separate Triton-soluble
membranes in supernatants from Triton-insoluble mem-
branes in pellets as described previously [41].

Gel electrophoresis and immunoblotting

Proteins were quantified using the bicinchoninic acid
micro-assay using a kit from Pierce (Rockford, Illinois)
[42]. Proximal tubule fractions were incubated in sample
buffer composed of 62.5mM Tris—HCI, pH 6.8, 10% (v/
v) glycerol, 5% (v/v) B-mercaptoethanol, 2% (w/v) SDS,
and 0.00625% (w/v) bromophenol blue. Samples were
heated at 100°C for 3min and then loaded onto poly-
acrylamide gels. SDS-PAGE was carried out according
to Laemmli [43] at a constant 100V. Proximal tubule
proteins were transferred electrophoretically onto
0.45pum  pore diameter polyvinylidene difluoride
(PVDF) membranes (Roche Molecular Biochemicals,
Que., Canada) using a MilliBlot Graphite Electroblot-
ter I apparatus (Millipore, Bedford, MA). The transfer
buffer contained 96mM glycine, 10mM Tris, and 10%
(v/v) methanol. Protein transfer was carried out for
1.5h at a constant current of 1mA/cm?. Hydrophobic
or non-specific sites were blocked with 5% (w/v) pow-
dered skim milk in Tris-buffered saline (50mM Tris
and 137mM NacCl) containing 0.3% (v/v) Tween 20
(TBS-T) for 1h at room temperature. Membranes were
washed three times for 15min in TBS-T. PVDF mem-
branes were incubated with antibodies in TBS-T con-
taining 3% (w/v) bovine serum albumin (BSA) and
0.01% (w/v) NaNj3 overnight at 4°C. Membranes were
washed three times for 15min and incubated for 1h at
room temperature with peroxidase-conjugated donkey
anti-mouse IgG or donkey anti-rabbit IgG (1:2500) in
TBS-T containing 5% (w/v) milk powder. PVDF mem-
branes were washed three times for 15min and localiza-
tion of immunoreactive proteins with ECL Plus was
performed as described previously [44]. Blots were ex-
posed to Fuji films and autoradiograms were scanned
with a Personal Densitometer (Molecular Dynamics,
Sunnyvale, CA).

RNA isolation and RT-PCR

Proximal tubule isolation for RNA extraction was
performed as described above with the exception that
all solutions contained 0.1% diethylpyrocarbonate
(DEPC) to inhibit RNases. Total RNA from proximal
tubules was extracted with TriZol reagent using the
manufacturer’s directions and quantified by the ODg¢p.
Reverse transcription, using SuperScript II RNAse H-
Reverse Transcriptase, was done at 50°C for 30min
with 1pg RNA from proximal tubules. cDNA was
amplified using Superscript One-Step RT-PCR with
Platinum 7ag from Invitrogen Life Technologies (Bur-
lington, Ont.). The PCR primers used for B-actin, o-tu-
bulin, B-tubulin, RhoA, RhoB, Racl, Cdc42, and
RhoGDI cDNA amplification and number of cycles
done are listed in Table 1 and were derived from rat se-
quences (GenBank). Samples had a initial denaturation
at 94°C for 2min and then amplified with the following
parameters: denaturation at 94°C for 30s, annealing be-
tween 57.4 and 59.6°C for 30s, and elongation at 72°C
for 30s. Samples had a final elongation at 72°C for
10min. cDNA fragments were analyzed on 1.8% aga-
rose gels and then stained with ethidium bromide.

Statistical analysis

The results are expressed as means £ SEM of two
experiments done in duplicate and analyzed with Stu-
dent’s ¢ test. In the figures, only significant differences
between treated kidneys and their corresponding sham
kidneys are indicated.

Results

Serum creatinine levels as indicator of acute renal failure
during ischemia—reperfusion

The hallmark of acute renal failure is a decreased glo-
merular filtration rate [3]. This diminution was assessed
by measuring serum creatinine levels. During ischemia,
creatinine levels were 1.3-fold higher compared to
sham-operated controls (p < 0.001). During reperfusion,
creatinine levels increased by 2.6-fold (p <0.001) com-
pared to controls (Table 2). Importantly, these data
demonstrate that our reversible unilateral ischemia—rep-
erfusion model in rats stimulated serum creatinine levels,
indicating that renal failure occurred during treatments.

Ischemia—reperfusion induces [-actin expression and its
release from membranes in proximal tubules

Proximal tubules were specifically chosen for this
study due to their sensitivity to the well-documented
cytoskeleton disruption caused by ischemic injury
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Table 1

Sequences of oligonucleotides used as primers for RT-PCR assays

Target Sequence Hybridization temperature (°C) Number of cycles Product size (bp)
B-Actin fw 5'-GGCACCACACTTTCTACAATGAG-3’ 57.2 25 178
B-Actin bw 5'-AGGCATACAGGGACAACACAGC-3’

a-Tubulin fw 5'-GCCATTGCCACCATCAAGAC-3’ 58.3 25 321
o-Tubulin bw  5-CACACCAACCTCCTCATAATCCTTC-3’

B-Tubulin fw 5'-TCACCTTCATCGGAAACAGCAC-3’ 58.1 30 324
B-Tubulin bw  5'-CAGAGGCAGCAGAAAGAAACAAAG-3’

RhoA fw 5'-CAGGTAGAGTTGGCTTTATGGGAC-3’ 55.8 25 344
RhoA bw 5'-CCGTCTTTGGTCTTTGCTGAAC-3’

RhoB fw 5'-GCATAAGGCAGCATTTTGACCAC-3’ 52.9 25 323
RhoB bw 5'-GGAGGGGAATAAGGAAGAAGAAGC-3’

Racl fw 5'-ACCGTCTTTGACAACTATTCTGCC-3' 56.5 25 366
Racl bw 5'-CTCCAGGTATTTGACAGCACCG-3’

Cdc42 fw 5'-GTTGTTGTTGGTGATGGTGCTG-3’ 54.4 25 372
Cdc42 bw 5'-GGCAAGTTTCTCAATAGTAGAGGGG-3’

RhoGDI fw 5'-CGTTTGTGTTTGTCTGTGTGCG-3' 57.2 25 350

RhoGDI bw 5'-TCCACCCCATCACTTCCATTC-3’

Table 2
Serum creatinine levels in ischemic and reperfused animals

S30 130 S90 R60
Creatinine (mg/L) 6.18 £0.23 8.22 +0.20* 6.41 £0.25 16.48 * 0.28*
Animals (n) 6 12 6 12

Immediately after ischemia and reperfusion, blood was collected by intracardiac punction and serum was prepared. Serum creatinine levels were
measured as indicated under Materials and methods and calculated as (mg/L) for each animal. The treatments undergone by the kidneys are S30 and
S90: sham groups anesthetized and ventral operated for, respectively, 30 and 90 min, 130: ischemia for 30 min, R60: ischemia for 30 min followed by a
reperfusion for 60min. These results are expressed as means + SEM. Significant differences (*p < 0.001) compared their respective sham-operated
rats.

[2,4,14]. To ensure the quality of isolated proximal tu- pared to sham-operated rats (Fig. 1B). The upregula-
bules, their purity was confirmed by microscopic exam- tion of B-actin expression was primarily located in
ination. In addition, enrichment of proximal tubule nuclear fractions and increased 2.5-fold (p <0.01). B-
preparations was determined by measuring alkaline Actin levels were also examined in membrane fractions,
phosphatase activity, which was enriched 5-fold com- Triton-soluble or not, since cytoskeletal proteins are ex-
pared to cortex homogenates, without any difference be- pected to be enriched in Triton-insoluble fractions. In
tween sham-operated and ischemic or reperfused contrast to results seen with the nuclear fractions, there
kidneys (data not shown). As we reported, the transcrip- was a strong decrease in B-actin expression in crude
tional factor HIF-1a is induced by hypoxia in kidney membranes and in detergent-insoluble membranes by
cells [28]. We noted in the nuclear fractions from proxi- 47% (p <0.01) and 42% (p < 0.001), respectively. Dur-
mal tubules a 3-fold increase (p < 0.05) of HIF-1a level ing kidney reperfusion, B-actin levels in proximal tubule
during ischemia (Fig. 1A). Thus, hypoxia is a key com- homogenates were about 2.2-fold (p < 0.05) those ob-
ponent in the unilateral reversible ischemic response and served in sham-operated rats. This overexpressed B-ac-
validates the model. Indeed, during reperfusion, HIF-1a tin during reperfusion was also present in nuclear
returned to basal levels (Fig. 1A) since O, induced its fractions, which showed a 1.9-fold (p <0.05) increase
proteolysis by the proteasome. over the controls. Interestingly, reperfusion further

Actin cytoskeleton organization has been character- inhibited B-actin levels in crude membranes by 74%
ized by immunohistochemical techniques in renal epi- (» <0.01) and in Triton-insoluble membranes by 69%
thelial cells upon ATP depletion [2]. Thus, the B-actin (p <0.001). The decrease of B-actin in membranes was
expression remained to be established during in vivo not accompanied by its accumulation in the soluble
kidney ischemia. In whole proximal tubule homogen- fractions during reperfusion. Together these data show
ates, a reversible 30min kidney ischemia significantly that kidney ischemia stimulates B-actin expression in

induced B-actin expression by 2.7-fold (p <0.01) com- proximal tubules that accumulates in the nuclei and
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Fig. 1. Augmentation of HIF-la and B-actin expression and redistribution of B-actin following kidney ischemia-reperfusion injury in proximal
tubules. Proteins (25 pug) from proximal tubule fractions were separated by SDS-PAGE and analyzed by Western blotting to immunodetect HIF-1a
(A) and B-actin (B) as described in Materials and methods. Representative blots of each proximal tubule fraction are shown. For each fraction,
exposure times were different and signal produced on the blots was linear with respect to the protein loaded. The treatments undergone by the kidneys
are identified at the top of the blots: S30 and S90: sham groups anesthetized and ventral operated for, respectively, 30 and 90 min, 130: ischemia for
30min, and R60: ischemia for 30 min followed by a reperfusion for 60 min. B-Actin in brain was used as a positive control. The relative amounts of -
actin in proximal tubule fractions were determined by densitometric analysis. These data are expressed as percentages of respective sham controls and
are means + SEM of two experiments done in duplicate. (M) Ischemia and (O0) reperfusion. *p < 0.05; **p < 0.01; and ***p < 0.001.

that membrane-bound f-actin is reduced under these nuclear fractions that experienced an increase of 8.8-fold
conditions. (p <0.001). There was also an increased expression, by
2-fold, in both crude membranes and Triton-insoluble
Specific effect of ischemia—reperfusion on tubulin subunit membranes (p < 0.001). During kidney reperfusion, the
expression and distribution in proximal tubules o-tubulin level in proximal tubule homogenates was
about 3.3-fold (p <0.001) that in the sham-operated
In whole homogenates, a very strong induction of a- controls. On the other hand, there was a reduction in
tubulin expression occurred during kidney ischemia, the amount of a-tubulin by about 25% (p <0.001) in
where an increase of about 8.5-fold (p < 0.001) was ob- crude membranes, and in detergent-insoluble mem-
served (Fig. 2). This upregulation was also observed in branes (p < 0.05) compared to its sham-operated rats.
Ischemia Reperfusion ctubulin expression (% of control)
WWW‘\ O 100 200 30 400 SO 0 70 800 900 1000

Proximal tubule

e S e o— —
I | homogenates

l —_— — — - —l Soluble fractions
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Crude

T U N membranes
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b o membranes

Triton-insoluble
membranes

Fig. 2. Regulation of a-tubulin expression and distribution in proximal tubule fractions following kidney ischemia-reperfusion injury. Proteins
(25pg) from proximal tubule fractions were analyzed by Western blotting to immunodetect o-tubulin as described in Materials and methods.
Representative blots of each proximal tubule fraction are shown. Exposure times were adjusted to each proximal tubule fraction and signal produced
on the blots was linear with respect to the protein loaded. The treatments undergone by the kidneys are identified at the top of the blots as described
in the legend to Fig. 1. a-Tubulin in brain served as positive control. The relative amounts of a-tubulin in proximal tubule fractions were measured by
densitometric analysis. These data are expressed as percentages of respective sham controls and are means + SEM of two experiments done in
duplicate. (M) Ischemia and ((J) reperfusion. *p < 0.05; and ***p < 0.001.
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Ischemia and reperfusion exhibited different effects on
B-tubulin expression and distribution. In proximal tu-
bule homogenates, there was a slight increase in B-tubu-
lin expression of 1.5-fold (p <0.001) during ischemia
compared to sham-operated rats (Fig. 3). Contrary to
results obtained with a-tubulin, where the upregulated
protein was observed in the nuclear fractions, the in-
duced B-tubulin was found in soluble fractions where
it increased by 1.4-fold (p < 0.001). As seen for a-tubu-
lin, ischemia caused an inhibition of B-tubulin expres-
sion in crude and in Triton-insoluble membranes,
where it diminished by 38 and 40% (p < 0.01), respec-
tively, compared with controls. There are no significant
differences in B-tubulin expression within the nuclear
fractions during ischemia and reperfusion compared to
their sham-operated controls. During reperfusion, p-tu-
bulin levels were decreased by 24% (p < 0.001) in proxi-
mal tubule homogenates. Decreased expression was also
seen in crude and in Triton-insoluble membranes, where
B-tubulin levels diminished by about 25% (p < 0.01 and
p <0.001, respectively) during reperfusion. On the other
hand, a small reperfusion-induced increase of 1.2-fold
(p <0.05) was observed in the soluble fractions of prox-
imal tubules.

v-Tubulin is the main component of the microtubule
organizing center, the starting point of microtubule
polymerization. The expression and distribution of -
tubulin were not affected by ischemia or reperfusion
in all proximal tubule fractions examined (Fig. 4).
The lack of effect on y-tubulin further demonstrates
that ischemia and reperfusion specifically modulate
each tubulin form in proximal tubules as well as
B-actin expression.

Ischemia Reperfusion
P P P & o

Proximal tubule homogenates | L 4 4 3 4 ! I -
Soluble fractions | - e > - ! |4—

Crude membranes | ---g |4—

Nuclei | -’.El Iq—

Fig. 4. Lack of effect of kidney ischemia-reperfusion injury on
expression and distribution of y-tubulin in proximal tubule fractions.
Proteins (25pg) from proximal tubule fractions were analyzed by
Western blotting to immunodetect y-tubulin as described in Materials
and methods. Representative blots of each proximal tubule fraction
are presented. Appropriate exposure times were different for each
fraction and signal produced on the blots was linear with respect to the
protein loaded. Kidney treatments are identified at the top of the blots
as described in the Fig. 1 legend. y-Tubulin in brain served as a positive
control and it is identified by an arrow. These results are representative
of two experiments done in duplicate.

Analysis of mRNA expression of f-actin, o-tubulin, and
p-tubulin by RT-PCR in proximal tubules during ische-
mia—reperfusion injury

To gain insight into the molecular mechanisms upre-
gulating cytoskeletal proteins in proximal tubules during
renal ischemia, we next examined the effect of ischemia
on mRNA levels. RNA was extracted from proximal tu-
bules and analyzed by RT-PCR (data not shown). There
was no difference in B-actin mRNA expression during
ischemia and reperfusion between treated rats and their
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Fig. 3. Expression and distribution of B-tubulin in proximal tubule fractions during kidney ischemia-reperfusion injury. Proteins (25ug) from
proximal tubule fractions were analyzed by Western blotting. f-Tubulin was immunodetected as described in Materials and methods. Representative
blots of each proximal tubule fraction are shown but exposure times varied and signal produced on the blots is linear with respect to the protein
loaded. The treatments undergone by the kidneys are shown at the top of the blots and identified as described in the legend to Fig. 1. f-Tubulin in
brain was employed as a positive control. The relative amounts of B-tubulin in proximal tubule fractions were determined by densitometry. These
data are expressed as percentages of respective sham controls and are means * SEM of two experiments done in duplicate. (M) Ischemia and (CJ)

reperfusion. *p < 0.05; **p < 0.01; and ***p < 0.001.
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sham-operated controls. Similarly, B-tubulin mRNA
expression was stable during ischemia and reperfusion
compared to sham-operated controls. In contrast, there
was a strong increase in mRNA levels for a-tubulin in
ischemia and, to a lesser degree, in reperfused proximal
tubules. These data indicate that kidney ischemia upreg-
ulated B-actin and B-tubulin at the protein levels only,
while a-tubulin expression was stimulated at both the
mRNA and protein levels.

Upregulation of HSP70 in proximal tubules during
ischemia—reperfusion

HSP73 has been recently shown to colocalize with
microtubules and with perinuclear tubulin following
cardiac ischemia [16]. During renal ischemia, HSP70
family protein expression was decreased in proximal
tubule homogenates by 35% (p < 0.05) (Fig. 5). In con-
trast, its expression was strongly upregulated by 4.1-fold
in the nuclear fractions (p <0.001) and by 1.2-fold
(»<0.01) in crude membranes. During reperfusion,
HSP70 expression was increased significantly in soluble
fractions and in crude membranes by 1.6-fold (p < 0.05)
and by 1.7-fold (p < 0.01).

Increased expression and redistribution of Rho GTPases
in proximal tubules during ischemia—reperfusion

Since the Rho family of GTPases regulates actin cyto-
skeleton organization, their expression and distribution
were analyzed in proximal tubules following kidney
ischemia and reperfusion. In homogenates, RhoA expres-
sion was increased 2.8-fold (p < 0.001) by ischemia (Fig.
6A). In Triton-soluble membranes, RhoA levels were
increased by 1.5-fold (p < 0.05) while ischemia reduced
the amount of RhoA bound to detergent-insoluble mem-
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branes by 48% (p < 0.001). During reperfusion, RhoA
levels decreased in homogenates by 31% (p < 0.05), in
membrane fractions with an inhibition by 60% in crude
membranes (p < 0.01), by 63% in Triton-soluble mem-
branes (p < 0.001), and near-disappearance in Triton-in-
soluble membranes with an expression of only 6%
(» <0.001) compared to sham-operated controls.

We recently showed that RhoGDI is a key regulator
for the inhibition of Rho GTPase activity, by extracting
the phosphorylated Rho from biological membranes
[27]. Ischemia caused a 4-fold increase (p < 0.05) in Rho-
GDI expression in homogenates. RhoGDI expression
returned to control values during 60 min reperfusion in
proximal tubule homogenates (Fig. 6B).

RhoB expression in proximal tubule homogenates
tended to rise during ischemia (Fig. 7). This was ob-
served in crude and in Triton-soluble membranes with
a significant increase in RhoB expression by 1.8-fold
(p <0.05) and 1.7-fold (p <0.01), respectively, com-
pared to controls. Indeed, RhoB was completely absent
in soluble fractions. During reperfusion, there is a de-
creased expression of 30% in the nuclear fraction
(p <0.05), of 49% in crude membranes (p < 0.01), and
of 36% in membranes which are soluble in detergent
(» <0.01). RhoB was not present in Triton-insoluble
membranes, suggesting that this GTPase is not associ-
ated with the cytoskeleton.

Cdc42 expression and distribution were studied in
proximal tubules and are shown in Fig. 8. Ischemia trig-
gered an increase in Cdc42 expression in crude mem-
branes by 1.9-fold (p <0.001). This upregulation was
primarily found in Triton-soluble membranes which
exhibited an increase of 1.6-fold (p < 0.001). In contrast,
Cdc42 expression was diminished in Triton-insoluble
membranes by 41% compared to sham-operated con-
trols (p <0.01). Reperfusion reduced the level of this
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Fig. 5. Alteration of HSP70 expression and distribution in proximal tubule fractions following kidney ischemia-reperfusion injury. Proteins (25 pg)
from proximal tubule fractions were analyzed by Western blotting. HSP70 was immunodetected as described in Materials and methods.
Representative blots of each proximal tubule fraction are shown but exposure times varied and signal produced on the blots was linear with respect to
the protein loaded. The treatments undergone by the kidneys are shown at the top of the blots and identified as described in the legend to Fig. 1.
HSP70 in brain was employed as a positive control. The relative amounts of HSP70 in proximal tubule fractions were determined by densitometry.
These data are expressed as percentages of respective sham controls and are means = SEM of two experiments done in duplicate. (M) Ischemia and

(O) reperfusion. *p < 0.05; **p <0.01; and ***p < 0.001.
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Fig. 6. Upregulation of RhoA and RhoGDI expression and distribution following kidney ischemia—reperfusion injury in proximal tubule fractions.
Proteins (25pg) from proximal tubule fractions were analyzed by Western blotting to immunodetect RhoA (A) and RhoGDI (B) as described in
Materials and methods. Representative blots of each proximal tubule fraction are shown with appropriate exposure times for each and signal
produced on the blots was linear with respect to the protein loaded. Treatments of kidneys are identified at the top of the blots as described in the
legend to Fig. 1. RhoA and RhoGDI in brain were used as a positive control. The relative amounts of RhoA in proximal tubule fractions were
quantified by densitometric analysis. These data are expressed as percentages of respective sham controls and are means £ SEM of two experiments
done in duplicate. (M) Ischemia and (OJ) reperfusion. *p < 0.05; **p < 0.01; and ***p < 0.001.
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Fig. 7. Regulated expression of RhoB in proximal tubule fractions by kidney ischemia-reperfusion injury. Proteins (25pg) from proximal tubule
fractions were analyzed by Western blotting to immunodetect RhoB as described in Materials and methods. Representative blots of each proximal
tubule fraction are shown. For each fraction, appropriate exposure times were used and signal produced on the blots was linear with respect to the
protein loaded. Kidney treatments are identified at the top of the blots as described in Fig. 1 legend. RhoB in brain was used as a positive control. The
relative amounts of RhoB in proximal tubule fractions were evaluated by densitometric analysis. These data are expressed as percentages of
respective sham controls and are means = SEM of two experiments done in duplicate. (M) Ischemia and (J) reperfusion. *p < 0.05; and **p < 0.01.

GTPase by 46% in crude membranes (p < 0.01), by 58%
in Triton-soluble membranes (p < 0.001), and led to its
disappearance in Triton-insoluble membranes with an
expression of only 5% (p < 0.001) compared to controls.

Finally, in proximal tubule homogenates, Racl
expression was increased nearly 2-fold by a 30min
reversible ischemia (p < 0.01) (Fig. 9). Racl expression
was also slightly increased in Triton-soluble membranes
during ischemia, by 1.5-fold (p < 0.01). However, Racl
expression decreased by 65% (p < 0.001) in Triton-insol-

uble membranes, compared to sham-operated rats, dur-
ing ischemia. In contrast to other Rho GTPases,
reperfusion triggered a marked expression of Racl in
soluble fractions by more than 4-fold (p <0.05). On
the other hand, Racl expression was diminished by
42% in crude membranes (p < 0.05) and by 65% in deter-
gent-soluble membranes (p < 0.01). Moreover, Racl al-
most disappeared in Triton-insoluble membranes since
an expression of only 20% of the control levels
(p <0.001) was observed during reperfusion.
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Fig. 8. Upregulation of expression and distribution of GTPase Cdc42 in proximal tubule fractions by kidney ischemia-reperfusion injury. Proteins
(25pug) from proximal tubule fractions were analyzed by Western blotting to immunodetect Cdc42 as described in Materials and methods.
Representative blots of each proximal tubule fraction are presented. Exposure times were adjusted for each fraction and signal produced on the blots
was linear with respect to the protein loaded. Treatments undergone by the kidneys are identified at the top of the blots as described in Fig. 1 legend.
Cdc42 in brain was used as a positive control. The relative amounts of Cdc42 in proximal tubule fractions were assessed by densitometric analysis.
These data are expressed as percentages of respective sham controls and are means £ SEM of two experiments done in duplicate. (M) Ischemia and
(O) reperfusion. **p < 0.01; and ***p < 0.001.
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Fig. 9. GTPase Racl expression and distribution in proximal tubule fractions during kidney ischemia-reperfusion injury. Proteins (25pug) from
proximal tubule fractions were analyzed by Western blotting and then Racl was immunodetected as described in Materials and methods.
Representative blots of each proximal tubule fraction are shown. For each fraction, an appropriate exposure time was used and signal produced on
the blots was linear with respect to the protein loaded. Treatments to which kidneys were submitted are identified at the top of the blots as described
in the legend to Fig. 1. Racl in brain was used as a positive control. The relative amounts of Racl in proximal tubule fractions were determined by
densitometric analysis. These data are expressed as percentages of respective sham controls and are means + SEM of two experiments done in
duplicate. (M) Ischemia and (0J) reperfusion. *p < 0.05; **p < 0.01; and ***p < 0.001.

mRNA expression of Rho GTPases is regulated by mRNA level appeared slightly stimulated by ischemia.
ischemia—reperfusion in proximal tubules B-Actin mRNA levels were unaffected by ischemia and
reperfusion compared to their controls, showing the
RT-PCR analysis of Rho GTPases mRNA expression specificity of Rho GTPases and RhoGDI mRNA regula-
is shown in Fig. 10. For each GTPases, RhoA, RhoB, tion under these conditions.
Racl, and Cdc42, ischemia increased mRNA expression

compared to their sham-operated controls. In contrast, ERM protein expression is not regulated by ischemia—
there were no differences in RhoA and Racl mRNA lev- reperfusion in proximal tubules

els between reperfused and control proximal tubules.

There was a slight diminution in the RhoB mRNA level ERM proteins function as plasma membrane-actin
during reperfusion. However, Cdc42 mRNA was higher cytoskeleton linkers and participate in the formation
in reperfused proximal tubules than in controls. Thus, of specialized domains of the plasma membrane in prox-
changes at the mRNA levels of Rho GTPases agreed imal tubules known as microvilli. The antibody used for

with those seen at the protein levels. For RhoGDI, immunodetection recognized both ezrin and radixin
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Fig. 10. RT-PCR analysis of mRNA expression for Rho GTPases and
their regulator RhoGDI during ischemia-reperfusion injury. Total
RNA extracted from proximal tubules (1 pg) was analyzed by RT-PCR
to assess mRNA levels of RhoA, RhoB, Cdc42, Racl, RhoGDI, and
B-actin as described in Materials and methods and Table 1. Treated
kidneys are: S30 and S90: sham groups, anesthetized and ventral
operated for, respectively, 30 and 90min, 130: ischemia for 30 min, and
R60: ischemia for 30min followed by a reperfusion for 60 min. These
results are representative of three experiments.

A ERM family

co-migrating at a molecular weight of 80kDa as well as
moesin at 78 kDa. The expression and distribution of ez-
rin—radixin and moesin were not affected in the soluble
fractions or crude membranes from proximal tubules
following ischemia and reperfusion injury (p > 0.05)
(Fig. 11A). Although total ezrin-radixin levels immuno-
detected at 80kDa remained stable during ischemia—rep-
erfusion, this did not exclude the possibility, but it is
unlikely, that their individual expression could be regu-
lated in an opposite manner that exactly compensated
for the expression of each other protein. Thus, ERM
proteins responded differently in a living animal com-
pared to previous studies where they were released from
membranes in isolated proximal tubules incubated upon
anoxia and chemical ATP depletion [8,9].

Occludin is a protein component of tight junctions
[29] and ischemia has been reported to alter functional
integrity of tight junctions [30-32]. RhoA can regulate
occludin phosphorylation and tight junction permeabil-
ity [33]. Occludin expression decreased in proximal
tubule homogenates and in crude membranes by 32%
(» <0.05) and by 29% (p <0.01), respectively, during
ischemia (Fig. 11B). During reperfusion, occludin
expression was strongly decreased by 63% (p <0.01) in
crude membranes while the level of this tight junction
protein was not affected during reperfusion in proximal
tubule homogenates. Occludin was not detected in the
soluble fractions.
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Fig. 11. Impact of kidney ischemia-reperfusion injury on expression and distribution of ERM proteins and occludin in proximal tubule fractions.
Proximal tubule fractions (proteins 25 ug) were analyzed by Western blotting to immunodetect ezrin-radixin and moesin (A) and occludin (B) as
described in Materials and methods. Representative blots of each proximal tubule fraction are shown with appropriate exposure times for each and
signal produced on the blots was linear with respect to the protein loaded. Treatments of kidneys are identified at the top of the blots as described in
the legend to Fig. 1. Ezrin—radixin—moesin and occludin in brain were used as a positive control. The relative amounts of occludin in proximal tubule
fractions were quantified by densitometric analysis. These data are expressed as percentages of respective sham controls and are means + SEM of two
experiments done in duplicate. (W) Ischemia and (OJ) reperfusion. *p < 0.05; **p < 0.01.
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Upregulation of caveolin-1 expression and its distribution
in proximal tubules during kidney ischemia—reperfusion

We have shown that some GTPases are located in
caveolae, which are membrane microdomains enriched
in signaling molecules [32]. Consequently, caveolin-1
expression and distribution were assessed during kidney
ischemia and reperfusion. Ischemia induced caveolin-1
expression by 2.8-fold (p <0.001) in proximal tubule
homogenates (Figs. 12A and B). More specifically, cave-
olin-1 upregulation occurred in membranes. Caveolin-1
expression was increased in crude membranes by 3.1-
fold (p <0.001) and in Triton-soluble membranes by
3.2-fold (p <0.001) compared to sham-operated rats.
However, caveolin-1 expression was reduced in Triton-
insoluble membranes by 55% during reversible ischemia
(p <0.001). During reperfusion, the caveolin-1 level was
1.6-fold (p <0.01) greater than in controls. In crude
membranes and in Triton-soluble membranes, caveo-
lin-1 expression was upregulated by 1.6-fold (p < 0.01).
In Triton-insoluble membranes, caveolin-1 almost dis-
appeared with an expression of only 16 % (p <0.001)
of that found in sham-operated controls. Expression of
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both a- and B-caveolin-1 isoforms was similarly modu-
lated by ischemia and reperfusion (Fig. 12A).
Although Triton-insolubility of caveolae is criterion
for their purification [45], our results in proximal tubules
indicated that membrane-bound caveolin-1 was pre-
dominantly in the Triton-soluble fractions and that the
upregulated caveolin-1 during ischemia was also associ-
ated with Triton-soluble membranes. To support our
observations on caveolin-1 cellular distribution, we
examined various conditions for preparing the Triton-
soluble and Triton-insoluble membranes from proximal
tubules as shown in Fig. 12B. The partition of caveolin-1
and B-actin, used as a control, between the two mem-
brane fractions was not affected by the incubation tem-
perature (4 or 37°C) and by the ionic strength (0 or
150mM KCI) where 4°C and 150mM are representing
caveolae usual preparation conditions [45]. These data
demonstrate that the presence of caveolin-1 in Triton-
soluble membranes was independent of the method used
for preparing the membranes, but was a property of
caveolin-1 in proximal tubule membranes. In some cell
lines, caveolin-1 is associated with the Golgi membranes
in addition to caveolae [46]. We therefore determined
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Fig. 12. Increased expression and distribution of caveolin-1 in proximal tubule fractions following kidney ischemia-reperfusion injury. Proximal
tubule fraction proteins (25pg) were analyzed by Western blotting to immunodetect caveolin-1 as described in Materials and methods. For each
fraction, an appropriate exposure time was used and signal produced on the blots was linear with respect to the protein loaded. (A) The relative
amounts of caveolin-1, a- and B-subunits together in proximal tubule fractions were determined by densitometric analysis. These data are expressed
as percentages of respective sham controls and are means = SEM of two experiments done in duplicate. (M) Ischemia and ([J) reperfusion. *p < 0.05;
**p <0.01 and ***p < 0.001. (B) Effects of salt and temperature on solubilization of caveolin-1 from crude membranes incubated in Triton X-100.
(C) Localization of B-Cop, a Golgi marker, in solubilized crude membranes in the presence of Triton X-100.
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whether Golgi proteins were localized in Triton-soluble
or Triton-insoluble membranes by monitoring the
immunodetection of B-COP, a Golgi marker (Fig.
12C). B-COP was only observed in Triton-insoluble
membranes, indicating that most of the caveolin-1 in
proximal tubules was not associated to Golgi but to Tri-
ton-soluble membranes.

Discussion

The animal model used in this study employs acute
renal ischemia for 30min followed, or not, by a brief
60min period of reperfusion. Thirty minutes ischemia
was selected because it is below the 45min limit previ-
ously reported as the longest period of renal warm ische-
mia allowing reversible injury and compatible with
survival [47]. Purity of isolated proximal tubules was
confirmed by microscopic examination. We showed that
combined ischemia-reperfusion treatment led to renal
failure since the serum creatinine level increases under
these conditions (Table 2). Moreover, this well-charac-
terized and documented model has been used in several
studies measuring the impact of ischemic-reperfusion
injury at the histological, physiological, biochemical,
and molecular levels [2,4,14]. In some proximal tubule
fractions, levels of immunodetected proteins or mRNA
differ between animals that have been sham-operated
for 30min (S30) and for 90 min (S90). This is likely ex-
plained by the different quantities of anesthetic adminis-
tered to the rats. Since ischemic and sham S30 rats were
anesthetized for only 30min, they required less anes-
thetic than did the reperfused and sham S90 animals
that were anesthetized for a total of 90 min. There were
no differences in anesthetic quantity between ischemic
and S30 rats or between reperfused and S90 rats, allow-
ing direct comparison between treated and control rats.

The increased levels of HIF-1a were known to be in-
duced by hypoxia in cultured renal cells [28] and we ob-
served it in the nuclear fractions of proximal tubules by
ischemia (Fig. 1A), indicating a hypoxic component in
the ischemic response. Its presence at low levels in
sham-operated animals could arise from either the xyla-
zine anesthesia or the carbon dioxide lethal exposure.
Adverse effects of xylazine include acidosis, hypercardia,
hypotension, and hypoxia, even at a dosage as low as
7mg/kg [48]. Moreover, CO, exposure has been demon-
strated to induce HIF-1a levels in rat kidneys [49]. Dur-
ing reperfusion, HIF-loo disappearance could be
explained by its proteasomal degradation following the
massive oxygen arrival in kidney. The HIF-1a reperfu-
sion-induced degradation has also been observed in
other tissues such as the lung [50] and the liver [51].

Previous studies used immunohistological techniques
to analyze ischemic effects on actin polymerization and
organization [5,6]. Our findings, showing an upregula-

tion of B-actin levels, are the first observations demon-
strating that not only B-actin distribution but also its
expression is regulated by ischemia. Ischemia-induced
B-actin accumulates in nuclear fractions. Interestingly,
this observation is supported by data showing that prox-
imal tubule injury leads to actin depolymerization where
actin microfilaments collapse on the nuclei. For in-
stance, an induced chemical ATP depletion for 30 min
causes a thinning of F-actin in microvilli, cortical region,
and basal stress fibers, with the concurrent appearance
of F-actin patches near the nucleus [52]. This actin col-
lapse could be a physiological mechanism of nuclear
protection. Among other mechanisms, actin microfila-
ment depolymerization and collapse is likely mediated
by actin depolymerizing factor (ADF). ADF, also
known as cofilin, binds to actin in order to depolymerize
it and it has been reported that ischemia caused ADF
activation through dephosphorylation [2]. Moreover,
ADF activation and relocalization toward apical actin
was characterized as an early event occurring before ac-
tin alterations [53]. Thus, ADF appears as a key player
for actin depolymerization during renal ischemia.

An additional cytoskeletal component important for
cellular polarity and protein trafficking is microtubules.
A previous study demonstrated that a light depolymer-
ization of microtubules in epithelial cells occurs after
40min kidney ischemia and that this alteration is still
detectable after 1h of reperfusion [14]. A similar obser-
vation has been made in liver after ischemia-reperfusion
injury [54]. In this study, we investigated the effects of
kidney ischemia on the expression of a-, B-, and y-tubu-
lin at the protein and mRNA levels as well as their sub-
cellular location in proximal tubules following the
injury. Tubulin polymerization is an intricate phenome-
non under complex regulation where an initiation step
precedes the nucleation step. Microtubule formation oc-
curs by continuous assembly and disassembly of a- and
B-tubulin heterodimers. Our results suggest that the in-
duced o~ and B-tubulin do not participate in microtu-
bule polymerization during ischemia because there is
much more induction of a-tubulin than B-tubulin, with
increases of 8.5-fold and 1.6-fold, respectively (Figs. 2
and 3). In addition, their localizations are different with
o-tubulin accumulating in nuclear fractions while p-tu-
bulin remains in soluble fractions. Supporting this
assumption, GTP levels are depleted by 90% after
30min kidney ischemia in rats [55], likely impairing
microtubule polymerization.

A possible mechanism explaining the presence of o-
tubulin in the nuclear fractions could be the formation
of a-tubulin-HSP complexes. For example, tubulin and
microtubules are associated with HSP27 in HeLa cells
[56]. It has also been noted that HSP90 binds in vitro
to tubulin dimers [57], and that tubulin complexes with
HSP73 in canine myocardium [16]. These complexes are
mainly observed in the perinuclear region [26,56,57].
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Moreover, several HSP are known to collapse toward
nuclei during ischemic insults in different tissues [58].
In our current study, we observed an increase of
HSP70 in nuclear fraction from ischemic proximal tu-
bules which is consistent with our hypothesis.

v-Tubulin is the main component of the microtubule
organizing center, the starting point of microtubule
nucleation in vivo [59]. While a-tubulin is upregulated
at both the mRNA and protein levels and B-tubulin is
slightly stimulated at the protein level only, y-tubulin
expression and distribution are unaffected by ische-
mia-reperfusion injury. Thus, microtubule organizing
centers containing y-tubulin should retain their microtu-
bule nucleation capacity upon ischemia and reperfusion.
Finally, the absence of regulation by ischemia and reper-
fusion on this housekeeping protein is showing the spec-
ificity of B-actin, a-tubulin, B-tubulin, and Rho GTPases
regulation under these conditions.

Ischemia increases the expression of RhoA, RhoB,
Cdc42, and Racl at the mRNA and protein levels, but
these induced Rho GTPases are mainly associated with
Triton-soluble membranes. In addition, this is accompa-
nied by a reduction of Rho GTPases found in Triton-in-
soluble membranes suggesting that they are released
from caveolae or cytoskeleton during ischemia. Data
supporting that Rho GTPases may be inactivated is ac-
tin depolymerization observed during ischemia [5,6].
Published reports also support this assumption that
RhoA, Racl, and Cdc42 are inactivated by ischemia.
First, chemical ATP depletion was reported to cause
Rho GTPases inactivation [24]. Moreover, during ische-
mia, GTP depletion could inactivate Rho GTPases func-
tions [25]. Furthermore, during chemical ATP depletion
of cells transfected with a constitutively active form of
RhoA there is a protection against actin depolymeriza-
tion; supporting the hypothesis that ischemia induces
Rho GTPases inactivation [60]. Finally, when associated
with caveolae which are Triton-insoluble membranes,
Ras or Rho GTPases are shown to be inactive. Upon
cell stimulation, Rho and Ras proteins are released from
caveolae and they are activated [61-63]. However, cave-
olar disruption has been demonstrated to prevent such
activation [64] and caveolae have been reported to be
disrupted upon ischemia [39], supporting that Rho
GTPases could be inactivated under these conditions.
Thus, the upregulation of Rho GTPases in proximal tu-
bules during kidney ischemia is possibly a compensating
response to overcome their inhibition resulting from cel-
lular stresses.

Besides the effect on the regulation of cytoskeleton
organization, inhibition of Rho proteins during ische-
mia-reperfusion should disrupt several cell processes
since these small GTPases control and integrate several
downstream pathways involved in cell cycle progression,
apoptosis and modulate the transcription of specific
genes. However, the consequences of Rho inactivation

on these processes remain to be characterized during re-
nal ischemia-reperfusion injury. Interestingly, our labo-
ratory recently demonstrated that 1-4h of hypoxia (1%
0,) treatments lead to the increased expression of
Cdc42, Racl, and RhoA by 2-4-fold in cultured renal
cell carcinoma. In addition, we showed that this increase
of Rho GTPases is a necessary regulator of the cascade
leading to HIF-la accumulation [28]. Thus, hypoxia
could be a critical factor for the stimulation of Rho
GTPases expression in renal ischemic response.

Previously, we reported that RhoA is associated with
caveolae and binds to caveolin-1 [34]. During kidney
ischemia, there is a 2.8-fold increase in caveolin-1
expression. In addition, there is a reduction of caveo-
lin-1 in Triton-insoluble membranes accompanied by
an increase in Triton-soluble membranes as observed
here for Rho GTPases. Similar results have been ob-
served during acute renal failure [39]. Caveolin-1 has
been described as cycling between the plasma mem-
branes and the Golgi by a multi-step process requiring
microtubules in one of the steps [46]. The accumulation
of caveolin-1 in Triton-soluble membranes could result
from microtubule network depolymerization, impairing
its transport. Furthermore, caveolin-1 release from Tri-
ton-insoluble membranes also suggests caveolar disrup-
tion during ischemia. This possible disruption of
caveolae during ischemia supports our hypothesis of
inactivation of Rho GTPases under these conditions.

Ischemia induced a profound accumulation of RhoA,
RhoB, and Cdc42 in crude membranes of proximal
tubules. Upon reperfusion, these amounts were strongly
reduced, not to basal levels, but to levels half those of
sham-operated rats. For instance, the decrease for mem-
brane-bound RhoA is not accompanied by a concomi-
tant increase in the soluble fraction since this GTPase
also decreases in this fraction. These observations suggest
that during reperfusion there is a rapid proteolysis of
ischemia-induced and also some constitutively expressed
Rho GTPases. Since most of Rho GTPases are likely
under an inactive state, their proteolysis should be an
attempt to regulate their level and activity, allowing a
fine-tuning of the cytoskeleton organization under these
new physiological conditions associated to reperfusion.

RhoB differs from the other Rho family GTPases
since it is exclusively found in membranes [65]. In our
study, RhoB mRNA and protein are induced slightly
but not significantly. In agreement with our observa-
tions in proximal tubules, RhoB was shown elsewhere
to be rapidly upregulated, as measured by cDNA
expression array, in ischemic mouse brain and this
upregulation was also observed at the protein level
[66]. Interestingly, our study demonstrates, for the first
time, that RhoB is found in Triton-soluble membranes
in controls and in ischemic proximal tubules, suggesting
that these membranes contain both active and inactive
forms of RhoB.
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During reperfusion, Racl expression strongly in-
creases in the soluble fractions (4.5-fold) but its mRNA
level is induced during ischemia only. In contrast to
other Rho proteins, Racl is the only Rho GTPase that
seems to undergo a translocation from membranes to
the soluble fraction during reperfusion. Several lines of
evidence suggest that a burst of reactive oxygen species
(ROS) generation coincides with reperfusion [67]. This
production of ROS appears to require the participation
of Racl [68]. Inhibition of Racl by the use of a domi-
nant negative form of Racl protects against ROS [69].
Thus, the upregulation of Racl levels in the soluble frac-
tion during reperfusion could be related to ROS gener-
ation in reperfused proximal tubules.

ERM proteins bind to actin and are regulated by Rho
GTPases. Hypoxia or chemical ATP depletion resulted in
ERM family protein redistribution from membranes to
the soluble fraction in isolated proximal tubules [7]. This
phenomenon is not observed in proximal tubules purified
from rat ischemic kidneys. The ERM phosphorylation
state regulates their localization since they are found in
the soluble fractions when dephosphorylated [70]. The
threonine phosphatase responsible for ERM dephospho-
rylation has been identified as protein phosphatase 2A
(PP2A) [71]. It has been demonstrated that PP2A activity
decreases during ischemia and reperfusion [72]. There-
fore, these data suggest that ERM proteins may not be
dephosphorylated since PP2A should be inhibited during
ischemia and reperfusion in this in vivo model.

Component of tight junctions, occludin, was reduced
in crude membranes upon ischemia and reperfusion.
This reduction may be explained by MMP-9 activity
which is known to be increased during ischemia
[32,73,74]. This conclusion is supported by the observa-
tion that the extracellular domain of tight junction pro-
teins was degraded during cerebral ischemia, but that
this was reduced in MMP-9 knock-out mice [32]. More-
over, occludin has been recently associated with the
MMP-9 induced perturbation of tight junction barrier
in rats’ testis [75]. Furthermore, ischemia, by other
mechanisms, impaired tight junction integrity whether
by an upregulation in calcium efflux [76] or by tight
junction proteins becoming less soluble [77].

In conclusion, reversible renal ischemia and reperfu-
sion noticeably induced actin and microtubule cytoskel-
eton components in addition to Rho GTPases regulating
actin cytoskeleton, suggesting that they participate in an
adaptive response to cellular lesions.
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