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Ischemic Preconditioning of the Rat Brain as a Method
of Endothelial Protection from Ischemic/Repercussion Injury
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The studies reported here addressed the endothelium-protecting action of local and remote ischemic pre-
conditioning of the brain in rats. Cerebral ischemia lasting 30 min was reproduced by thermocoagulation
of the vertebral arteries with simultaneous clamping of the carotid arteries, the procedure being followed
by reperfusion via the carotid arteries for 120 min (controls). The early and late phases of ischemic pre-
conditioning and remote preconditioning were reproduced. Brain blood flow was recorded using high-fre-
qguency Doppler ultrasonography. The early and late phases of local ischemic preconditioning and the late
phase of remote ischemic preconditioning were found to have endothelium-protecting actions apparent as
improvements in the recovery of brain blood flow in the post-ischemic period in preconditioned rats, with
lower levels of endothelial desquamation and cerebral edema. Blockade of nitric oxide synthesis elimi-
nated the protective effects of both phases of preconditioning.
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Ischemic preconditioning is one of the most important some reports identifying the infarct-limiting action of
endogenous mechanisms for protecting cells against ischemigezmote ischemic preconditioning as a mechanism protect-
and reperfusion injury [18]ncreases in the resistance of an ing the myocardium [18]. However, remote ischemic pre-
organ’s cells to ischemia arise after one or several transientonditioning of the brain has not been studied.
episodes of ischemia/reperfusion. Early and late phases of  The aims of the present work were to demonstrate the
ischemic preconditioning are identified [6]. The early (“clas- possible endothelium-protecting actions of the early and
sical”) phase of ischemic preconditioning starts immediate-late phases of local and remote ischemic preconditioning
ly after transient ischemia and lasts up to 180 min. If theand to study the role of nitric oxide (NO) in this process.
time between transient occlusion and prolonged ischemia is
12-72 h, then the late phase of ischemic preconditioning

becomes active (the second window of protection). METHODS
The literature contains only a few reports addressing
the cytoprotective effects of local and remote ischemic pre- Studies were performed using mongrel male rats (from

conditioning [3, 4, 6, 17-20]. Local ischemic precondition- the Rappolovo supplier) weighing 250-300 g; animals were
ing acts after transient occlusion of the major vessels supanesthetized with urethane (1200 mg/kg i.p.). Local
plying blood to the organ of interest before long-term ischemic preconditioning was reproduced by 5-min clip-
ischemia. Remote (inter-organ) preconditioning occurs as ging of the carotid arteries. Remote ischemic precondition-
result of transient ischemia of another organ. There ardng consisted of clipping the femoral arteries for 30 min.

Prolonged four-vessel cerebral ischemia was reproduced by

1Academician Pavlov St. Petersburg State Medical University, thermocoa_gulation of the_verteb_ral arteries and simultane-
6/8 Lev Tolstoy Street, 197022 St. Petersburg, Russia. ous clamping of the carotid arteries [9]. Blood flow was re-
2|nstitute of Experimental Medicine, Russian Academy of Medical established via the carotid arteries after 30 min of four-ves-

Sciences, 12 Academician Pavlov Street, 197022 St. Petersburg, S€l ischemia. Animals were divided into the following
Russia. experimental groups (Fig. 1):
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Cerebral ischemia, : :
Group 1 ) 30 min ‘Reperfusmn, 120 mln‘
i T 1
Cerebral ischemial : : Cerebral ischemia, . :
Group 2 ? 5 min Reperfusion, 30 min 30 min ? |Reperfusmn, 120 m|n?
{ [TaNA ]
Cerebral ischemia| ; ; Cerebral ischemia, ; :
Group 3 R 5 min Reperfusion, 30 min 30 min A Reperfusion, 120 mln‘
i Pl |
Group 4 Limb ischemia, 30 min| Reperfusion, 15 min Cere%rgl ischemia, Reperfusion, 120 min
A min 4 A
I o '
Cerebral ischemig, : Cerebral ischemia, . :
Group 5 ? 5 min Reperfusion, 48 h 30 min 1 IReperfusmn, 120 m|nI
d [swmru]
Cerebral ischemig, : Cerebral ischemia, . :
Group 6 . 5 min Reperfusion, 48 h 30 min R ‘Reperfusmn, 120 m|rl
! R I
S . : . Cerebral ischemia, : :
Group 7 % Limb ischemia, 30 min{  Reperfusion, 48 h 30 min s Reperfusion, 120 mlrl

t = measurement of blood flow
LNNA = N®-nitro-4-arginine

1 ] I

| = administration of agents
S-MITU = S-methylthiosulfourea

Fig. 1. Expeimental potocols.

1) Ceebral ischemia (CI) br 30 min bllowed ly
reperfusion via the catid ateries for 120 min (contls),
n =8 (nis the umber of animals in thergup);

2) ceebral ischemia br 5 min bllowed ty reperfusion
via the caotid ateries for 30 min (to model the dgrphase
of local istvemic peconditioning)n = 7;

3) ceebral ischemia br 5 min bllowed Ly reperfusion
via the caotid atteries for 30 after adminisétion of
N®-nitro-L-arginine (LNNA) at a dose of 10 mg/kaiven
i.v. (to model the ely phase of local iseemic pecondi
tioning on the baground of non-seleate Hockade of NO
synthase)n = 6;

4) hindlimb ist©yemia br 30 min bllowed ty reperfu-
sion for 15 min (to model the €lgr phase of emote
ischemic peconditioning) h = 6;

5) ceebral ischemia br 5 min bllowed Ly reperfusion
via the caotid ateries for 48 h (to model the fa phase of
local isthemic peconditioning)n = 8;

6) ceebral ischemia br 5 min bllowed Ly reperfusion
for 48 h after adminisétion of S-metlylthiosulfourea
(S-MITU) at a dose of 3 mg/kagjiven i.p. (to model the ta
phase of local idtemic peconditioning in conditions of
blockade of induced NO synthase)z 6;

7) hindlimb istiemia br 30 min ly clipping the
femoul ateries Pllowed by reperfusion ér 48 h (to model
the lde phase ofemote isbemic peconditioning)n = 7.

The peconditioning stirali were followed in goups
2—7 ty cerebral ischemia br 30 min bllowed by reperfusion
for 120 min (using the ptocol for contol group 1) (fg. 1).

In expeliments adressing the l& phase of local and
remote isbemic peconditioning (goups 5-7)the pecon
ditioning piocedues (48 h bedre piolonged ishiemia) vere
performed under Nemital anesthesia (6 mg/100 g lyod
weight, given i.m.).

Cerbral mictohemognamics vere recoded ly high-
frequeny Doppler ultasongraphy (Minimax-DopplerK
appaetus from MiniMaks,St. Reteshurg) with a ppbe work-
ing zone diameter of 0.65 mm and an @iag frequenyg of
20 MHz [5]. Blood fow measuements were made ginsce
nially with the pobe placed on the petal bone Blood 1ow
was measid d eah staye of the &peliment (initially, after
ischemia,and duing the eperfusion peod) (Hg. 1).

The etent of post-ishemic ceebral edema s
assessed in ters of the vater content of kain tissueBrains
were removed 120 min after eperfusion and the gr
weight:wet weight iatio was measwd as a peentae [14].

The etent of desquantemn of endotheliogtes was
assessed in ters of the mmber of ciculaing endothelial
cells in the bod [8]. These measaments wre also made
in healtly, sham-opeated animals to mvide contols for
compaison with the namal levels of endothelioges in the
circulaing blood (h = 7).



Ischemic Preconditioning of the Ra Brain

569

TABLE 1. Volume Blood Flav (ml/sec-crd) in the Brins of Rés Measued Lty Doppler Ultasongraphy

onnr):tg Model Baseline d&a Endiggq%?:]ci);lgad Reperfusion,5 min | Reperfusion,120 min
No. 1 Local isthemia without peconditioning 0.0136 | 0.0007 | 0.0013 | 0.0003 | 0.0025 | 0.0005 | 0.0108 | 0.0005
No. 2 Eary phase of local grconditioning 0.0136 | 0.0007 | 0.0073 | 0.0007**| 0.0087 | 0.0013**| 0.0134 | 0.0004*
No. 3 | Eady phase ofemote peconditioning + LNM | 0.0136 | 0.0007 | 0.0014 | 0.0003 | 0.0033 | 0.0005 | 0.0080 | 0.0008**
No. 4 Ealy phase ofemote peconditioning 0.0136 | 0.0007 | 0.0020 | 0.0002 | 0.0028 | 0.0005 | 0.0109 | 0.0005
No. 5 Late phase of local pconditioning 0.0136 | 0.0007 | 0.0027 | 0.0003 | 0.0077 | 0.0005*| 0.0133 | 0.005*
No. 6 | Late phase ofamote peconditioning + S-MITU| 0.0136 0.0007 | 0.0018 0.0005 | 0.0027 0.0007 | 0.0101 0.0003
No. 7 Late phase ofemote peconditioning 0.0136 | 0.0007 | 0.0021 | 0.0005 | 0.0050 | 0.005* 0.0126 | 0.0005*

Notes.Differences compad with goup 1:*p < 0.05; **p < 0.01. LNNA = N®-nitro-L-amginine; S-MITU = S-metflthiosulfourea.
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Fig. 2. Brain Hood flow in a =t after 120 min of eperfusion. Signitant difer-
ences with gpup 1 < 0.05) vere seen in alligpups @art from 4 and 6. p < 0.05.
1-7) Rat group identifcation numbes. The \ettical axis shas Hood flow 120 min

after ieperfusion,% of baseline

Ras were decaitated & 120 min and the celbral cor
tex was emoved and placed in 2.5% glutddelyde in
phosphée huffer, with post-fxation in 1% OsQ for prepa
ration of electon micloscope specimens. Specimewns f
light microscoyy (stained with hentaxylin) were pepared
using standat methods. Neoctical and hippocampal
zones vere studied

The staistical signifcance of diferences beteen
seiies of \alues vas @aluaed using théVilcoxon—Mann—
Whitney test un on Stéistica 97.

RESULTS

In the contol group (goup 1),ocdusion of the erte-
bral ateries deceased lmod flow to 11% compard with
baseline Subsequenti@mping of the cantid atteries led to
a decease in lood flow by 89.8% of baselinéAt the star
of reperfusion (5 min)prain Hood flow began to ecover,
reading 79.4% of initial lp 120 min (Eble 1).

In rats with ealy local ishemic peconditioning
(group 2),blood flow was signiicantly greder than in the

contol group both athe starand @ 120 min of eperfusion
(p < 0.01). Similar bod flow dynamics in the posteper
fusion perod were seen in the rgup with lae local
ischemic peconditioning (goup 5) (Eble 1).

In conditions of lockade of nitic oxide synthesis with
N@-nitro-L-arginine (goup 3),the potective efect of ealy
local isthemic peconditioning vas completsi eliminaed
Use of the inhibitor of induclb NO synthaseS-metlylth-
iosulfourea (goup 6),also shawved loss of the mtectve
effect of the lée phase of local isemic peconditioning;
brain Hood flow in these gpups vas no diferent fom con
trols & 120 min of eperfusion.

The ealy phase of emote ishemic peconditioning
(group 4) had no éct on the sta of post-ishemic bain
blood flow, values not being diérent from contol, while
the lae phase ofemote isbhemic peconditioning (goup 7)
facilitated recovety of blood flow a 120 min of eperfusion
as compard with the contil group,i.e., to 91.6% p < 0.05)
(Table 1; Hg. 2).

Cerbral edema pvides a measarof isthiemic bain
damaye. Brain tissue \ater content in the cordl group was
78.1+ 0.35%.The ealy phase of local and thetéaphase of
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TABLE 2. Degree of Hydetion of the Bains of Rés of theVarious Goups

Vlasov, Korzhevskii, and Polyakova

Measue

Group of |ts

1 2 3

4 5 6 7

Water content% | 78.10 | 0.35 | 77.46 | 0.32* | 78.15| 0.15

77.74| 0.01 | 7795| 0.16 | 78.35| 0.30 | 77.25| 0.29*

Notes.Difference compad with goup 1:*p < 0.05.
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* p < 0.05 compared with group 1

Fig. 3. Numbes of circulaing endothelial cells (Hiter) in the Bood of
rats of the warious goups.

remote ishemic peconditioning de@ased the ater con
tent of the bain, while administetion of N®-nitro-L-argi-
nine to ets with ishiemic peconditioning bcked their
protective efects (Bble 2).

The etent of endothelioge desquam@n shaved a
patial corelaion with brain Hood flow, though this
method vas less sensit¢ than fpbod flow measuements
(Fig. 3).

In healtly rats, the mean Ieel of endotheliogtes cir
culaing in the bood was 9.8t 1.1-1@/liter. Ischemia/eper
fusion (goup 1) wvas accompaniedyla six-bld increase in
this measus, which is ezidence br endothelial dange
(Fig. 3).As shavn in Fg. 3,the most mdeed deceases in
the level of circulaing endotheliogtes in the od (as
compaed with goup 1) were seen in the elgr and lde
phases of local isemic peconditioning (goups 2 and 5)
(p<0.01). Blo&kade of nitic oxide synthesis with Rnitro-
L-arginine completef eliminaed the potective efect of
the ealy phase of local istemic peconditioning though
this did not occur after administion of S-metlylthiosul
fourea in &peliments adressing the ke phase of gcon
ditioning. The level of circulating endothelial cells inxger
iments with emote ishemic peconditioning pproacded
the level seen in the cordl group (Rg. 3).

Histological studies sheed tha there were no signii-
cant diferences beteen goups of animalswhich is piob-
ably associted with the shdrdurations of the eperfusion

periods. Mopholagical assessment of thetoprotectve
action of isbemic peconditioning and the sigiiince of
nitric oxide in this mebanism is thesfore not possile.
Light and electmn-microscopic studies of the&in revealed
diffuse d/strophic dangs (mainy shiinking of neuons
without ary glial reaction) in all peparations without
martked focal dharmacteistics. Signs of dange to the bbod-
brain and bbod-CSF baiers (peicapillary microhemor
rhages in the cebral cotex and intaventicular hemor
rhages) were seenprobably associted with damge to the
villous microcirculaory system in the ascular plgus of
the endbain in conditions of post-isemic eperfusion.
Because of theefatively uniform damae, seen gen with
in a goup of animalsit was not possie to detect signif
cant diferences in the el of isdhemic damge betveen
groups of animals.

DISCUSSION

Control of regional Hood flow, paticulaly the mico-
circulaion, has seeral componentsthe most impdant of
which is endothelium-deendent humal regulation.
Endothelial cells & knavn to hare a patrin contolling the
tone of \esselstheir pemeaility, and their thombaenig
thromhus-resistanceadhesie, and some other ppeties.
Ischemia and post-i$emic eperfusion lead to mied dis
turbances of lbod flow in the \essels of @ans,inducing
the “no-reflow” phenomenon. Delopment of thé'no-
reflow” phenomenon is assotgd with inceases in the per
meaility of microvessels and edema of the ipascular
glia [11], adhesion of leukcytes to the endothelium [15],
edema of endothelial cells [2nd inceases in tlmmbo
genicity and de@ases in the tbmbosis esistance of es
sels [2,16]. Disturbances to the functionabpeties of the
endothelium of the essels in the i$emic ogan pobably
have major functional impdance in the mdw@nisms of this
stae [7]. Ishhemic peconditioning is one of the mostyo
erful medanisms potecting ogans fom ischemic and
reperfusion damge, especialf in the hear [4, 17]. The
major efect of istiemic peconditioning is a deease in the
extent of iskiemic damge to cells,i.e., a ostoprotectve
effect,which is seen in aarety of oigans. Studies irecent
yeas hae diawn dtention to a futher efect of istiemic
preconditioningi.e., prevention of the deelopment of post-
ischemic endothelial ysfunction [19]. This action of
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ischemic peconditioning on gssels deeases leubcyte
and thombogte adhesion to the endothelium of tkehe-
mic oigan, preseves \ascular tongand pevents deelop
ment of the“no-reflow” phenomenonThe endothelium-
protecting action of idgemic peconditioning has been
descibed in the small intestine [20] and the he&af19].

Apat from the“classical”ischemic peconditioning
the efects of emote or interorgan, preconditioning hee
been desdbed in the mocadium — this is peconditioning
of an ogan to istemia ly creaing transient ishemia/
reperfusion of another gan. Infarct-limiting and antiar
rhythmic actions hae been seen witlemote pecondition
ing [6, 18].

The daa obtained in the stydreported hee piovide
evidence tha stimulation of nitric oxide formation in the
endothelium is one of the most impamt metanisms
maintaining bain Hood flow in the post-iskemic peiod.
The impotance of nitic oxide in the pthogenesis of isice-
mic/reperfusion bain damage is unknan. It is nav gppar
ent tha nitric oxide induces dfferent efects deending on
the duetion of ischemia and eperfusion and mahave a
doule action — both danging and potective [1, 10, 12].
Which of these décts nitic oxide will have in ary paticu-
lar episode of ishemia/eperfusion dpends on the quanti
ty of NO formed and the dation of reperfusion. In the ner
vous systemnitric oxide can bedrmed ly means of thee
NO synthasesendothelial (eNOS)neuional (nNOS),and
inducide (iNOS). In conditions of mlonged ishe
mia/reperfusion,the quantity of nitic oxide formed ly
iINOS can be xcessie, and it stais to shav its gytotoxic
action [10]. On the other handt the ealy peliods of
ischemia/eperfusion damge, nitric oxide is ormed main
ly in endothelium $ eNOS and this is impdant as a
medanism deaasing the adhes popeties of the
endothelium,deceasing ascular tongand at the ealy
stages of post-iseemic eperfusion nitric oxide has potec
tive actions [12].

The positve efect of istiemic peconditioning eport-
ed hee was associad with the érmation of nitric oxide,
which prevented the deelopment of théno-reflow” phe
nomenon,improving measugs of bain Hood flow in the
post-ishiemic peiod. Blockade of NO synthesis ineased
the seelity of impairments to lbod flow in ischemia and in
the post-ishemic peiod. Both the edy and lae phases of
local ishemic peconditioning had maed potective
effects,improving all measugs of the st@ of the micocir-
culaion. Eaty remote isbemic peconditioning had no
effect on tood flow measues,which is in geneal agree
ment with our pevious dda on isbiemic peconditioning of
the intestine bt contadicts d#a on the dfcagy of remote
ischemic peconditioning of the wocadium. Thus,
ischemia/eperfusion of the limb (the dgrphase)pattially
protecting the mpocadium from subsequent ieemic dam
age [18],had no action in iseemia of the intestine [3pr in
ischemia of the kain, as demonséted by the pesent stud
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ies.This is ppbaly associted with the diferent piotocols
for reproducing emote isbemia and dferent citeria for
assessing isemic peconditioning of the hegrintestine
and bain. Havever, the lae phase ofamote isbhemic pe-
conditioning signifcantly improved Hood flow in the bain
during the eperfusion pepod.

The involvement of nitic oxide in istyemic pecondi
tioning is a ery contoversial questionThus,blockade of
nitric oxide synthesis has been shonot to afect local
[15] or remote [18] isbhemic peconditioning of the
myocadium, while in the intestine [320] and bain (pre-
sent esults),activation of NO synthesis is sggsted as an
important mebanism of ishemic peconditioning This
appaent contadiction should beeasohed ly selection of
identical citeria for assessing thefefagy of ischemic pe-
conditioning Studies of the heawere perbrmed to ives
tigate the main} cytoprotective efect of ishemic pecon
ditioning, while the pesent stug as well as &peliments on
the intestine [320], used its endothelium-ptecting action
as one of the major iteria for assessment. Stiration of
endothelial NO synthase and ieases in theofmation of
nitric oxide play a leading ole in the mebanisms of
endothelial potection induced Y ischemic pecondition
ing, which is suppaed ty numeiwous studies of the endothe
lium-protecting effect of istiemic peconditioning in the
myocadium [17],intesting and bain.

The ealy phase of emote ishemic peconditioning
was not dfective in our &peiiments.This would gpear to
be associ®d with the &ct tha ischemia-eperfusion of dif
ferent ogans inducesysfunction of the endotheliunt the
system lgel. The main meleanism of this gsfunction is
impaiment of the érmation and/or biowailability of nitric
oxide [2, 16]. Deceases in NOdrmation gpaently also
occur in the bain vessels. Edy remote peconditioning did
not theefore hare ary endothelium-potecting action.

Thus,the d#a obtained her demonstte the potective
effect of nitic oxide both &the edy and lae phases of post-
ischemic eperfusion of the lain and its imolvement in the

endothelium-potecting actions of both phases of local and the

late phase ofamote ishemic peconditioning of the fain.

Thus,the ealy and lae phases of local ieemic pe-
conditioning had endothelium-ptecting actions in
ischemia/eperfusion of the tain. Nitric oxide (NO) is one
factor pptecting the endothelium in local leemic pecon
ditioning of the bain; duing the time peod of the second
protectve windaw, the positve action of peconditioning is
associged with inducile NO synthaselLate hut not ealy
remote isbemic peconditioning had a sigmifant endothe
lium-protecting efect.
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