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P rio r i s ch e m ia le ad s to re si s tan c e ag ain st s u b s e q u e n t

i s c h e m ic in s u lt s . Th e m e c h a n i s m s t h a t u n d e rli e t h i s

a d a p t iv e re s p o n s e re m a in u n id e n t i f i e d . Th u s , w e

s t u d ie d w h e t h e r t h e re d u c e d s u s c e p t ib i l i t y o f m ic e

p r e v io u s ly s u b je c t e d t o t h e i s c h e m ia t o i s c h e m ia /

re pe rfu sion in ju ry is re la te d w i th alte re d in fla m m a t o ry

re sp on s e s . Th irt y m in u t e s of b i la te ra l k id n e y i s c h e m ia

re s u lt s in s ig n i f i c a n t ly in c re a s e d p la s m a c re a t in in e

a n d b lo o d u re a n i t ro g e n le v e ls in B ALB /c m a le m ic e .

Th e re i s s e v e re d i s ru p t io n o f a c t in c y t o s k e le t o n o f

p r o x im a l t u b u la r c e l ls in t h e o u t e r s t r ip e o f t h e o u t e r

m e d u l la 24 h o u rs p o s t -i s c h e m ia . Wh e n m ic e a re

s u b je c t e d t o 30 m in u t e s o f b i la t e ra l i s c h e m ia 8 d a y s

la t e r , t h e re i s n o in c re a s e in p la s m a c re a t in in e a n d

b lo o d u r e a n i t ro g e n le v e l s a n d t h e p o s t -i s c h e m ic

d i s ru p t io n o f a c t in c y t o s k e le t o n o f p ro x im a l t u b u la r

c e lls i s m u c h le s s . In fla m m a t o ry re s p o n s e s h a v e

h ig h ly im p li c a t e d w i t h i s c h e m ia /re p e rfu s io n in ju ry .

Is c h e m ia re s u lt s in t h e in c re a s e d t i s s u e m y e lo p e r-

o x id a s e (MP O) a c t iv i t y t h a t i s a m a rk e r o f l e u k o c y t e

in fi lt ra t io n . Th e re i s , h o w e v e r , n o t h e p o s t -i s c h e m ic

incre ase of MPO activity in k idneys previously s u b je c t e d

t o i s c h e m ia . P o s t -i s c h e m ic e x p re s s io n o f t i s s u e

in t e rc e llu la r a d h e s io n m o le c u le -1 (IC AM -1) i s g re a t e r

in t h e k id n e y p re v io u s ly s h a m -o p e ra t e d t h a n in t h e

kidn e ys pre viou s ly s u bje c te d to i s ch e m ia . In c o n c lu s io n ,

prior ische mia protects k idney function and m o r p h o lo g y

against subsequent ischemia 8 days later. The re s i s t a n c e

is a ss o ciat e d w i th t h e re du c e d po st -is c h e m ic le u k o c y t e

in fi lt ra t io n d u e t o t h e r e d u c e d p o s t -i s c h e m ic ICAM-1

e x p re s s io n .
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Introduction

Prior ischemic insult renders organs resistant to subsequent
ischemia (1-5). We have previously reported that prior
ischemia or ureteral obstruct ion prevents kidney against
subsequent ischemia in the mouse kidney (6, 7). The
mechanisms that underlie this adaptive response remain
unidentified. Neutrophils are recruited to the sites of
inflammation and play important roles in defense against
infect ious microorganisms by releasing superoxide and
related radicals and enzymes such as proteases (8, 9).
However, the excessive presence of these cells often augments
injury by damaging surrounding normal t issues. Infilt ration
of neutrophils has been correlated with ischemia/reperfusion
in ju r y of s ever a l or ga n s (10-12). Redu ct ion of r en a l blood

flow is on e of im por t a n t fa ct or s in pos t -isch em ic a cu t e r en a l

fa ilu r e (13). T h e r edu ct ion of r en a l b lood flow is a ffect ed by

r es u lt s of in fla m m a t or y r ea ct ion s s u ch a s en d ot h e lia l

dysfu n ct ion , leu k ocyt e a dh esion , a n d leu k ocyte-en d ot h e lia l

a dh es ion (14 , 15). C on sider a ble eviden ce su ggest s t h a t

inh ibit ion of the inflammator y react ion r educe the per t u r ba t ion

of r en a l b lood flow a n d t h e t u bu la r dysfu n ct ion in du ced by

isch em ia /r eper fu s ion (16, 17). W e pr eviou sly r epor t ed t h a t

p r ior t r a n s ien t u r e t e r a l obs t r u ct ion r en der s t h e k idn ey

r es is t a n t t o is ch em ia a n d th a t th e k idn ey h a s r edu ced

pos t -isch em ic leu k ocyte in filt r a t ion (6). P os t -isch em ic t issu es

gen er a t e in fla m m a t or y m edia t or s a n d u p r egu la t e leu kocyt e-

en dot h e lia l a dh es ion m olecu les , s u ch a s IC AM -1 w h ich ca n

a t t r a ct a n d /or a ct iva t e leu k ocytes , pot en t ia t e sm a ll ves se l

occlusion, and promote further production of inflammatory
mediators. Thus, we studied whether the reduced susceptibility
of mice previously subjected to the ischemia to ischemia/
reperfusion injury is related with altered inflammatory
responses. Our findings reveal that the kidneys previously
exposed to ischemia are much less susceptible to subsequent
ischemia than the kidneys previously sham-operated. This
reduced injury is correlated with less leukocyte infiltration
and lower post-ischemic ICAM-1 expression.

Methods

Anima l prepa ra t ion
All experiments were performed in male BALB/c mice
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(Charles River Laboratory) weighing 20-25g. Mice were
allowed free access to water and standard mice chow. Blood
was drawn and a baseline level of serum creatinine deter-
mined. Animals were anesthetized with pentobarbital sodium
(50 mg/kg, ip) and administered 1 ml of 0.9 % NaCl (37℃)
on the day of surgery (day 0). Body temperature was
maintained at 36-38℃. Kidneys were exposed through flank
incisions. Animals were divided into 4 groups (Table 1). On
day 0, mice were subjected to 30 minutes of bilateral renal
ischemia by clamping both renal pedicles with non-
traumatic microaneurysm clamps (preconditioned; Roboz).
Some animals underwent sham surgery (non-precondit ioned).
The incisions were temporarily closed during ischemia or
sham surgery. After 30 minutes the clamps were removed
and reperfusion of the kidneys was visually confirmed.
Animals were exposed to 30 minutes of either bilateral
ischemia or sham surgery on day 8.

Kidneys were harvested at indicated times on Figures.
Kidneys were snap frozen in liquid nitrogen to use Western
analysis or MPO activity, or were rinsed in phosphate
buffered saline (PBS), and fixed in 4% paraformaldehyde for
histological analysis.

Renal functiona l parameters
Seventy microliters of blood were taken from the

retroorbital vein plexus at the times indicated on the
Figures. Plasma creat inine or blood urea nitrogen (BUN)
concentrat ion was measured using a Beckman Creatinine
Analyzer II or a spectrophotometer, respectively.

Im munocytochemist ry
Sections were prepared from kidney fixed with 4%

paraformaldehyde and were stained with phalloidin, which
stains the actin cytoskeleton, or ICAM-1 as previously
described(16, 18). Fluorescein isothiocyanate-labeled phalloidin
(Phalloidin; 1:100) was obtained from Sigma(st . Ldlis, MO).
Kidneys were perfused via the left ventricle with 30 ml of
PBS for 2 minutes at 37℃ and then PLP (4%
paraformaldehyde-75 mM L-lysine-10 mM sodium periodate)
fixat ive. Kidneys were excised and placed in PLP overnight
at 4℃. Kidneys were then washed and stored in PBS
containing 0.02% sodium azide at 4℃. Fixed tissue was
washed with PBS three t imes for 5 minutes each, placed

overnight in PBS containing 30% sucrose, embedded in
oxytetracycline compound (Sakura FineTek, Torrance, CA),
frozen in liquid nitrogen, and then cut into 5μm sections
using a cryotome. Sections were mounted on Fisher
Superfrost Plus (Fisher LA, USA) microscope slides, dried in
air and stored at -20℃.

For staining with phalloidin which stains actin cytoskeleton,
sect ions were incubated in blocking buffer containing
FITC-labelled phalloidin for 20 minutes at room temperature,
washed three t imes in PBS for 5 minutes each and mounted
with a 1:1 m ixt u r e of Vect a s h ield (Vector Laboratories LA,
USA) and 0.3 M Tris HCl, pH 8.9.

To detect ICAM-1, sect ions were dried, incubated in PBS
containing 0.1% SDS for 5 minutes, washed in PBS for 10
minutes, and incubated in blocking buffer (PBS containing
2% BSA) for 20 minutes at room temperature. Sections were
then incubated with antibody to ICAM-1, diluted in blocking
buffer in a humidified chamber for 1 hour at room temperature.
Sections were washed with PBS twice for 5 minutes each,
with PBS containing 1.9% NaCl (high salt PBS) for 5
minutes and with PBS for 5 minutes. For negative controls,
primary antibody was replaced with blocking buffer .

Secondary antibodies were diluted in blocking buffer and
placed on sections for 1 hour at room temperature, then
washed twice in high salt PBS, once in PBS and mounted
as described above. Images were viewed on a Nikon FXA
epifluoescence microscope and collected using a digital
camera (Hamamatusa Digital Camera).

Myeloperoxida se (MPO) activi ty
MPO activity, an index of t issue leukocyte infilt rat ion,

was measured in 24 hours post-ischemic kidney as previously
described(6). Activity was normalized to protein concentrat ion.

Western Blot Ana lysis.
Immunoblot were performed as previously described(7).

ICAM-1 antibody was obtained from M.A. Arauot (Massa-
chusetts General Hospital).

Sta tist ica l ana lysis
All results were expressed as mean ± S.E.M. The

difference between two mean values was analyzed by
ANOVA. A p<0.05 was taken as statistically significant .

Table 1. Animal groups and procedures

Groups n In itial procedure (day 0) Second procedure (day 8)

Ⅰ
Ⅱ
Ⅲ
Ⅳ

7
7
7
7

Sham bilateral ischemia
Sham bilateral ischemia

Bilateral ischemia
Bilateral ischemia

Sham bilateral ischemia
Bilateral ischemia

Sham bilateral ischemia
Bilateral ischemia

On day 0, animals were subjected to either 30 minutes of bilateral renal ischemia (preconditioned) or sham surgery (non-
precondit ioned) on day 0. Eight days after the first surgery, the animals were exposed to either 30 minutes of bilateral
ischemia or sham-operat ion.
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Each group consisted of 7 animals as indicated in the Table 1.

Resu lts

Prior ischem ia preserves rena l funct ion and
morphology from subsequent ischemia /reperfusion
insult
Renal ischemia/reperfusion results in severe loss of renal

function. There are no changes of plasma creat inine and
BUN levels on animals 24 hours after sham operat ion (Fig.
1). Thirty minutes of bilateral ischemia significantly
increases the levels of plasma creatinine and BUN in the
Group II animals (which is non-precondit ioned). In the
Group IV (which is precondit ioned), ischemia on day 8 does
not increase the levels of plasma creat inine when compared
with the baseline levels (Fig. 1A). Before the subsequent
ischemia on day 8, creat inine levels were indist inguishable
from those at baseline in the all groups. The patterns of
change in BUN closely paralleled those in creat inine in all
experimental groups (Fig. 1B). On day 5 after second
ischemic insult , the survival rate is 80% and 100% in the
Group II and the Group IV animals, respectively.

Renal ischemia/reperfusion results in disruption of act in
cytoskeleton, fragmentat ion of microvilli and loss of cell
polarity (19-22). We evaluated the effect of prior ischemia on
post-ischemic histological changes using immunocytochemistry
techniques. Sections were stained for phalloidin to identify
the actin cytoskeleton (Fig. 2). There is normal phalloidin
staining in sham-operated animals (Fig. 2). Ischemia on
day 8 in the kidney non-precondit ioned results in very
severe widespread loss of the brush border actin in the S3
proximal tubular cells in the outer stripe of outer medulla
(Fig. 2). In the animals precondit ioned, changes in the
post-ischemic kidney cytoskeleton actin staining is much
less when compared with changes in the non-precondit ioned
(Fig. 2).

Prior ischemia reduces post-ischemic myeloperoxid ase
(MPO) activi ty
To evaluate whether leukocyte infiltrat ion is associated

with the increased resistance on the animals precondit ioned,
extent of t issue leukocyte infilt ration was determined by
tissue MPO activity which is an index of leukocyte infilt rat ion.
Twenty-four hours after ischemia, there is a dramatic
increase in MPO activity in the animals non-preconditioned.
By contrast , the ischemic preconditioning prevents most of
the post-ischemic increase in tissue MPO activity (Fig. 3).
There are no changes of MPO activity in the kidneys
sham-operated on day 8 (Fig. 3).

Prior ischem ia red uces post -ischemic expression of
t issue intercel lula r ad hesion m olecule-1 (ICAM-1)
Since ICAM-1 can attract and/or act ivate leukocytes,

potentiate small vessel occlusion, and promote further
production of inflammatory mediators (16, 23, 24), we

evaluated tissue ICAM-1 expression using Western blot and
immunocytochemical analysis. Ischemia results in an increased
expression of t issue ICAM-1. Six hours after ischemia on
day 8, post-ischemic tissue ICAM-1 expression is greater in
the kidneys non-precondit ioned than in the kidneys pre-
condit ioned (Fig. 4). Sham-operat ion does not increase the
tissue expression of ICAM-1 (Fig. 4). When the post-
ischemic expression of ICAM-1 was immunohistologically
evaluated, the expression levels is less in the kidneys
preconditioned than in the kidneys non-precondit ioned (Fig.
5). After ischemia, ICAM-1 is expressed in the outer str ipe
of the outer medulla which is most susceptible region to
ischemia/reperfusion insult (Fig. 5). The post-ischemic
expression of ICAM-1 is greater in the outer medullar than
in the cortex. The post-ischemic expression of ICAM-1 is
positively correlated with MPO activity. The post-ischemic
ICAM-1 expression and MPO activity negatively correlates
with the ischemia/reperfusion-induced renal functional and
morphological injury.

Discussion

Our studies demonstrate that prior ischemia renders
kidney resistant to the remote subsequent ischemia/
reperfusion insult 8 days later . Ischemia results in the
increased leukocyte infilt ration and ICAM-1 expression.
Prior treatment of ischemia mitigates the post-ischemic
leukocyte infilt rat ion and ICAM-1 expression. Protect ive
effects of preconditioning are transient and initially last
only for a short period of time, i.e. less than 2 hours. A
so-called "second window of protect ion" has been observed in
some species, occurring 24 hours after the precondit ioning
st imulus in neurons and cardiomyocytes (25-27). Recent , we
reported in mouse kidneys that the resistance induced by
prior ischemia or transient ureteral obstruction was seen up
to 15 or 8 days after the init ial insults, respectively (6-7). In
those studies, we have found that the protect ion is
associated with the reduced post-ischemic activat ion of
stress-act ivated protein kinase (SAPK) 1/2 or p38 and the
increased actin cytoskeleton stability due to the increased
heat shock protein-25 expression (6, 7).

Ischemia and reperfusion in the kidney is characterized
by marked structural and functional disruption of the
proximal tubular epithelial cells in the outer str ipe of the
outer medulla (21, 22). Ischemia-induced functional damage
is direct ly linked with disruption of act in cytoskeleton, since
actin filament support brush-border or membrane solute
transporters (19, 21). In these studies, we observed less
post-ischemic disruption of the actin cytoskeleton in the
proximal tubular cells in the outer str ipes of the outer
medulla in the kidneys previously subjected to ischemia
when compared with the kidneys previously sham-operated.
The increased cytoskeleton stability might preserve the
polarity of proximal epithelial cells from ischemia/reperfusion
injury and then reduce the renal functional disorders
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F ig . 2 . I m m u n ocyt och em ica l a s sessm en t of a ct in cyt os k ele ton on k idn ey sect ion s . An im a ls w er e su b ject ed t o eit h er sh a m

oper a t ion (a a n d b) or 30 m in u t es of b ila t er a l isch em ia (c a n d d) on da y 0. E igh t y da ys a ft e r t h e fir s t su r ger y, s om e a n im a ls

w er e expos ed t o eit h er s h a m -oper a t ion (a a n d c) or 30 m in u tes of bila t e r a l isch em ia (b a n d d). T h e k idn eys w er e h a r vest ed

24 h ou r s a ft er t h e secon d s u r ger y. T h e k idn ey sect ion s w er e s t a in ed wit h a n t i-ph a lloid in a n t ibod ies a s des cr ibed in M eth ods .

S ect ion s w er e t a k en fr om ou ter m edu lla .

F ig . 1 . E ffect of pr ior t r ea t m en t of isch em ia on th e leve ls of (a ) p la s m a cr ea t in in e a n d (b) blood u r ea n it r ogen (B U N ) a ft er

a n isch em ia /r eper fu s ion . An im a ls wer e s u b ject ed t o e it h er sh a m -op er a t ion (S) or 30 m in u t es of bila t e r a l is ch em ia (I) on da y

0. E igh t y da ys a ft e r fir s t su r ger y, a n im a ls wer e su b ject ed t o eit h er s h a m -oper a t ion or 30 m in u tes of b ila t er a l isch em ia .

P la sm a cr ea t in in e a n d B U N levels w er e m ea su r ed 24 h ou r s a ft e r isch em ia . Va lu es a r e expr ess ed a s m ea n ± S .E .M . *, p

< 0.05 ver s u s I -I .
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in du ced by isch em ic in ju r y.

Ischem ia /r eper fus ion r esu lt s in cytok in e pr odu ct ion wh ich ,

in tu rn , can enhance leukocyte-endothelia l adhesion in t er a ct ion s

in th e sm a ll vesse ls of t h e ou t er m edu lla w it h a ss ocia t ed

pla t elet a ct iva t ion , leukocyte adhesion , leukocyte in filt r a t ion ,

a n d r es u lt a n t obst r u ct ion (17). F ollow in g r en a l is ch em ia ,

n eu t r oph ils a ccu m u la t e in t h e ou t er s t r ipe of ou t er m edu lla .

Th e in filt r a t ed n eu t r op h ils h a r m cell s t r u ct u r es or ce ll

fu n ct ion (28), p lu g th e a s cen d in g va sa r ect a in t h e ou ter

s t r ipe of t h e ou t er m ed u lla , a n d fu r t h er im p a ir t h e oxygen

su p ply t o t h e pr oxim a l s t r a igh t tu bu le, t h e m a jor s it e of

in ju r y in ischem ic r en a l fa ilu r e (28-32). Con sider able eviden ce

su ggest s t h a t t h e in h ibit ion of in fla m m a tor y r ea ct ion r edu ce

isch em ic in ju r y (16, 17). An t i-n eu t r oph il ser u m t r ea t m en t

F ig . 4 . E ffect of pr ior t r ea t m en t of isch em ia on

post -is ch em ic expr ess ion of t is su e in t e r ce llu la r a dh esion

m olecu le-1 (ICAM -1). On d a y 0, a n im a ls wer e su bject ed to

eit h er sh a m su r ger y (S ) or 30 m in u tes of b ila t er a l isch em ia

(I). E igh t da ys a ft er t h e fir s t isch em ia , t h e a n im a ls w er e

su bject ed to either sh a m -oper a t ion or 30 m in u tes of bila t er a l

isch em ia . S ix h ou r s a ft e r t h e secon d s u r ger y, k idn eys w er e

h a r vest ed a n d I CAM -1 expr es s ion w a s det er m in ed w ith

a n t i-I CAM -1 a n t ibod y on West er n b lot a n a lys is .

F ig . 3 . E ffect of p r ior t r ea t m en t of isch em ia on

pos t -isch em ic leu k ocyt e in filt r a t ion . An im a ls wer e su bject ed

to eit h er sh a m -oper a t ion (S) or 30 m in u t es of bila t e r a l

isch em ia (I ) on da y 0 . E igh t d a ys a ft e r th e fir s t su r ger y, t h e

a n im a ls w er e su bject ed t o eit h er sh a m -oper a t ion or 30

m in u t es of bila t e r a l isch em ia . Tw en ty-fou r h ou r s a ft e r t h e

secon d su r ger y, on da y 9, k id n eys w er e h a r vest ed a n d

m yeloper oxida s e (M P O ) a ct ivit y wa s det er m in ed . M P O

a ct ivit y w a s n or m a lized t o pr ot ein con cen t r a t ion . Va lu es

pr esen t ed a r e exp r essed a s m ea n ± S .E .M in 6 a n im a ls . *,

p< 0.01 vs I-I .

Fig . 5 . P os t -isch em ic exp r ess ion of in t er cellu la r a dh es ion m olecu le-1 (ICAM -1) on k idn ey sect ion s . O n da y 0, a n im a ls wer e

su b ject ed t o e ith er s h a m su r ger y (A) or 30 m in u t es of b ila t e r a l isch em ia (B). E igh t da ys a ft e r t h e fir s t isch em ia , t h e a n im a ls

wer e s u b ject ed t o 30 m in u t es of b ila t er a l isch em ia . E igh t h ou r s a ft e r t h e secon d su r ger y, k id n eys w er e fixed w ith 4 % P L P

fixa t ive a n d s ect ion s wer e pr epa r ed for im m u n ocyt och em ica l s t a in in g. Sect ion s w er e s t a in ed wit h a n t i-IC AM -1 a n t ibody a s

des cr ibed in M eth od s. Ar r ows in d ica t e IC AM -1 expr ess ion .
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r educes neu t r oph il cou n t an d th e n eu t r oph il-deplet ed a n im a ls

a r e pr ot ect ed a ga in st ischem ic r en a l fa ilu r e (16). F u r th er m or e

we pr eviou s ly obser ved th a t a n t i-ICAM -1 a n t ibody p r ot ect ed

m ice a ga in st isch em ia /r ep er fu s ion in su lt a n d t h a t m ice

dep let ed of I CAM -1 gen e a r e les s su scep t ible to isch em ic

r en a l in ju r y (33). I n t h e pr esen t s t u d ies , w e obs er ve t h e

pr ofou n d r edu ct ion of p ost -isch em ic leu k ocyte- in filt r a t ion

a n d expr es s ion of ICAM -1 in k idn eys pr eviou s ly su bject ed t o

ischemia . In recent , we observed tha t prior ureter a l obst r u ct ion

r esu lt s in t h e r edu ced post -isch em ic leu kocyt e in filt r a t ion

a n d con gest ion in th e ou t er m edu lla in t h e k id n ey (6).

In con clu sion , we h a ve dem on s t r a t ed t h a t p r ior isch em ia

r en der s t h e k idn ey r es is t a n t t o isch em ia . Th e r edu ced

su scept ibilit y in the a n im als pr eviou sly su bject ed to is ch em ia

m igh t be m edia t ed by t h e m it iga t ed pos t -isch em ic in fla -

m m a t ion s , lea d in g to isch em ia /r eper fu s ion -in du ced k idn ey

da m a ges . Th ese fin d in gs h a ve im por t a n t im plica t ion s for

u n der s t a n d in g of th e pa t h oph ys iology of is ch em ia -in du ced

in ju r y a n d pr ovid e a n ew pa r a d igm for t h e des ign of

t h er a p ies for isch em ic d isea ses .
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