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RESUMO

Antecedentes: Recentemente introduzimos o Labirinto Radial Awers(AvRM) para
mensurar os efeitos da Isquemia Cerebral Globahesitoria (TGCI) sobre a aprendizagem e
memoria de ratos. Subsequentemente, reprojetardadki para dificultar o uso de pistas
cinestésicas intralabirinto pelo rato, melhorandotgmto a natureza espacial do AvRM.
Objetivo: O presente estudo € dividido em duas partes,as tfm 0s seguintes objetivos: 1)
avaliar os efeitos de diferentes modelos animailipi@ia/isquemia sobre o desempenho de
aquisicao e retencdo medidos na versao confinadevB® (Parte 1), e 2) avaliar se o efeito
neuroprotetor do tacrolimus (FK506), usualmenteepl@lo no hipocampo, poderia ser
acompanhado por uma reducédo nos déficits compaontameinduzidos pela isquemia no
AVRM (Parte Il). Métodos: Ratos wistar, machos foram submetidos a a) isquesriebral
global e transitéria (TGCI, modelo 4-VO agudo); isjuemia cerebral focal e transitoria
(TFCI, modelo de oclusdo da artéria cerebral mgdia)c) hipoperfusdo cerebral cronica
(CCH, modelo 4-VO crénico). As sessodes de treinamenetencdo comecaram 20 dias apds
a isquemia cerebral e 0 desempenho comportamentekdminado durante 9 (experimento
da TFCI) ou 15 dias consecutivos (experimentos @&ITe CCH), e expressos por laténcia
para encontrar o esconderijo, numero de erroserefezis e operacionais. FK506 (1.0 mg/kg)
foi administrado intravenosamente no inicio da meggéo, seguido de doses intraperitoniais
aplicadas 6, 24, 48 e 72 h poés-isquemia. A pertidacena regido CA1 do hipocampo ou o
tamanho do infarto foram avaliados ao final dotetkesomportamentaiResultados:(Parte 1)
Durante as sessfes de treinamento, a laténciaepacatrar o abrigo e o numero de erros
referencias e operacionais aumentaram apos TGE&I ®»001- 0.05), CCH (p< 0.0001 -
0.01) e TFCI (p < 0.05 — “0.068"). Foi obtido ungsificativo efeito de “treino” para todos os
grupos e parametros (p <0.0001). Um prejuizo, apemeente, irreversivel e estavel para

aquisicao foi observado no grupo submetido a CQin oclusdo das artérias carotidas



comuns mais artérias vertebrais (CCH/CCA, p < 6.@05). Nenhum prejuizo na aquisi¢cao
foi encontrado quando as artérias carétidas insemeis as artérias vertebrais foram gradual e
permanentemente ocluidas (CCH/ICA, p > 0.05). A T@&tbém afetou acentuadamente a
capacidade de retencdo da tarefa aprendida aniegugenia, um efeito expresso por todos os
trés parametros, ou seja, laténcia, nimeros de ezferencias e operacionais (p< 0.0001 —
0.001). Estes efeitos da TGCI, CCH ou TFCI sobmaisicdo e retencdo também foram
fortemente manifestados quando os parametros faratisados como laténcia total e nimero
total de erros, a soma ao longo de todo o periedtyainamento ou retencdo (p < 0.001 —
0.05). Um profundo dano hipocampal foi observadasapGCl (81%, p<0.0001), enquanto
que a CCH ocasiou uma perda celular na regido CAllesle a moderada, embora
significativa (23.2% e 37%, p < 0.001 — 0.01). itdacerebral, unilateral (23%) foi visto apos
TFCI (p < 0.0001vs. contralateral hemisfério). No estudo com FK506rates submetidos a
TGCI e tratados com veiculo revelaram um défigh#icativo na aquisicao e retencao. (Parte
II) O tratamento com tacrolimus ndo reduziu osteteda TGCI sobre o desempenho na
aquisicao tampouco na retencao (p > 0.06hncluséo: As presentes descobertas provéem
evidéncias adicionais a favor da utilidade do AvRId avaliacdo dos efeitos do dano
isquémico cerebral sobre a aprendizagem e memiria®s. Uma vez que o modelo exclui
a necessidade de privacdo alimentar ou imersd@miosais em agua, ele serve como uma
alternativa sensivel e pratica de teste comport@hpara avaliar os efeitos neuroprotetores
de farmacos apos o dano cerebral isquémico ousotipas de disfuncdes cerebrais. Estudos
adicionais sao necessarios a fim de melhor inwastlg efeitos do FK 506 sobre o prejuizo

cognitivo causado pelos diferentes modelos anid@isquemia cerebral.

Palavras-chave Isquemia Cerebral, Dano Neuro-cerebral, LabirirRadial Aversivo,

Prejuizo de aprendizagem e memoria, Tacrolimus QBK3Neuroprotecéo.



ABSTRACT
Background: Recently, we introduced the aversive radial mazs& {AvRM) to measure the
effects of transient, global cerebral ischemia (TG@n learning and memory of rats.
Subsequently, we redesigned the AvRM to hinderdhef using intra-maze, kinesthetic cues,
thus improving the spatial nature of the AvRMbjective: The present study is divided in
two parts, which has the following objective: 1) @waluate the effects of different animal
models of hypoxia/ischemia on the acquisition atdmntion performances, as measured in the
confined version of the AvRM (Part ), and 2) taakiate whether the neuroprotective effect
of tacrolimus (FK506) usually observed in the hipgmpus could be accompanied by
reduction of the ischemia-induced behavioral defitithe AvRM (Part 1l).Methods: Male,
Wistar rats were subjected to a) transient, globaftebral ischemia (TGCI, acute 4-VO
model); b) transient, focal, cerebral ischemia (T Fddle cerebral artery occlusion model);
or c) chronic, cerebral hypoperfusion (CCH, chrofi¢O model). Training or retention trials
begun at least 20 days after cerebral ischemidahdvioral performance was examined for 9
(TFCI experiment) or 15 consecutive days (TGCI @&H experiments), and expressed by
latency to find the goal box, number of referencenmary errors, and number of working
memory errors. FK506 (1.0 mg/kg) was given intrauesly at the beginning of reperfusion,
followed by doses applied intraperitoneally 6, 28,and 72 h postischemia. Hippocampal,
CA1 cell loss or infarct size were assessed attiteof behavioral testingResults: (Part 1)
Over the training sessions, the latency to findgbal box, and the number of reference and
working memory errors increased after TGCI (p <003 0.05), CCH (p< 0.0001 - 0.01) and
TFCI (p < 0.05 - “0.068"). A highly significant ‘Seion’ effect was found for all groups and
parameters (p <0.0001). An apparently irreversilsiesady state acquisition impairment
resulted in the group subjected to CCH, with odolusof the common carotid arteries plus

the vertebral arteries (CCH/CCA, p < 0.01 — 0.0%). acquisition impairment was found
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when the internal carotid arteries plus vertebraérees were gradually and permanently
occluded (CCHI/ICA, p > 0.05). TGCI also affectedrkealy the capacity of retention of the
pre-ischemic acquired task, an effect expressedlbyhe three parameters, i.e., latency,
number of reference errors and number of workimgrer(p< 0.0001 — 0.001). These effects
of TGCI, CCH or TFCI on acquisition and retentioere also strongly manifested when the
parameters analyzed were total latency and totaibew of errors, summed over the entire
training or retention sessions (p < 0.001 — 0.0™pfound, hippocampal damage was
observed after TGCI (81%, p<0.0001), while mildatederate, although significant, CAl
pyramidal cell loss was caused by CCH (23.2% arfh,3F < 0.001 — 0.01). Unilateral,
cerebral infarct (23%) was seen after TFCI (p <0010vs. contralateral hemisphere). In the
study with FK506, the rats subjected to TGCI amated with vehicle revealed a significant
acquisition and retention deficit. (Part Il) Thedtment with tacrolimus did not reduce the
effects of TGCI on neither acquisition nor retentiperformances (p > 0.05Jonclusion:
The present findings provide additional evidencéawvor of the usefulness of the AvRM in
assessing the effects of ischemic brain damageatimatlearning and memory in rats. Since
the method excludes the need for food deprivatiommnersion of the subject in water, it
should provide an alternative, sensitive and peattibehavioral test to evaluate the
neuroprotective effects of drugs after ischemicirordamage or other kinds of brain
dysfunction. Further studies are needed to betiegstigate the effects of FK 506 on the

cognitive disruption caused by different animal mledf cerebral ischemia.

Keywords Cerebral ischemia, Neuronal brain damage, Aversadial maze, Learning an

memory impairment, Tacrolimus (FK506), Neuropratatt



1. INTRODUCTION

Learning and memory impairments are major outcoofi€grebral ischemia, an event that
occurs during cardiac arrest and cardiopulmonapaby surgery (Cummings et al., 1984),
stroke (Gavrilescu & Kase, 1995), and chronic, loexehypoperfusion (Farkas & Luitten,
2001). The use of chronic animal models of neurdpsipgical symptoms resulting from
ischemic brain damage is necessary to understariggngathophysiology of such symptoms,
and to develop protective drug therapies (Nunn &lg#s,1994; Hunter et al.,1998; Corbett
& Nurse, 1998).

In rodent models, the nature of the cognitive disances following cerebral ischemia has
been widely studied using Morris’s water maze taskhe 8-arm, radial maze task (Nunn &
Hodges 1994; Hunter et al. 1998; Corbett & Nurs®8l90kada et al., 1995; Block &
Schwarz, 1995; Hodges 1996; Cain & Boon, 2003gMaluating drugs potentially useful in
treating the outcome of cerebral ischemia, the doetbuse of histological and behavioral
end-points is highly recommended (Corbett & Nurd@8 STAIR 1999 ). Thus and owing to
difficulty with the water maze model in our labamat, in a previous study we employed the
circular platform task (CPT) to provide a base lioethe effects of transient, global forebrain
ischemia (TGCI) in rats (Milani et al., 1998). TER®T was first used by Barnes (1979) to
examine the effect of aging on spatial learning ar@mnory function, and is considered to be
conceptually similar to the water maze task, wile advantage that it does not require
immersion of the subjects in water. The CPT wasliped on the basis of the rat’s natural
behavior of avoiding aversive places, mainly oped gluminated areas, and its preference
for a darkened, enclosed shelter (Barnes 1979,)19&&pired by our previous experience
with the CPT (Milani et al., 1998) we developedan+iood rewarded version of the 8-arm
radial maze, referred to as the “aversive” radrah anaze (Paganelli et al., 2004; see also

Appendix A), since it uses the same principle as @PT. In contrast to the appetitive
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(conventional) radial maze paradigm, the aversidkgat maze (AvRM) does not require food
deprivation. Differently from the water maze, theRM does not need immersion of the rat
in water. In principle, these characteristics mapresent an important advantage of the
AVRM model. Therefore, the sensitivity of the AvRid different animal models of brain
injury and the reproducibility of data should bgestigated to ensure its applicability.

In our original study (Paganelli et al., 2004), #&&RM was used as an unconfined maze,
i.e., the central arena and the radial arms comstita single compartment (see Appendix A
for figure of the unconfined AvRM). This framewogkovides the animal with free and
immediate access to each of the eight arms, atiar@y¢point within a training session, and
allows the animal to use egocentric guidance gjiedeto solve the task. Perhaps one of the
most efficient tactics that many subjects employinol the shelter or other reward in the
unconfined radial maze entails a series of seqaleetitries into arms adjacent to that
previously visited. After returning from an armttee central area of the maze, most animals
entered the arm adjacent to that previously visated so on (Hodges 1996; Dale 1986; Crusio
et al. 1987; Lassale et al. 1994; Roullet & Las4&85). This behavioral response was also
observed and quantified by us in the unconfinedysave radial maze (Paganelli et al., 2004;
see Figure 3 in Appendix A). The rate of sequergiatry increased progressively across
training, reaching a maximum when the rat perforraeskeries of sequential entrances and
maintained this behavior uninterruptedly until fimgl the goal box. This behavior clearly
indicates that the animal learns about the efficatythis egocentric strategy and takes
advantage of it. Therefore, it has been arguedvihan the rat adopts such a sequential entry
strategy, it may use sensory (kinesthetic) cudserathan spatial navigating capabilities to
guide behavior (Roullet & Lassalle, 1995).

Despite of this, and considering our previous figdi showing an neuroprotective effects

of tacrolimus (FK506) in the hippocampus (Giordati al., 2003; Appendix B), in a
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subsequent study we wused the unconfined AVRM to luated whether the
immunosuppressant agent tacrolimus (FK506, Pragyaffould improve the ischemia-
induced learning and memory impairments (Benetadil.e 2004; see Appendix C for results).
Tacrolimus is a fungal-derived macrolide exhibitagotent immunosuppressant action, and
has been recently introduced in clinical pract@revent allograft rejection. A more detailed
description about the neuroprotective propertiemofolimus is found in Appendix C.

In the Benetoli’'s study, however, interpretationtbé effect of tacrolimus (FK506) on
acquisition performance by ischemic rats was hiedesince ischemia did not affect learning
acquisition compared to sham-operated rats. Thdirfg did not reproduce our previous one
(Paganelli et al., 2004), probable because thaenfie of the extra-maze cues, which number,
nature and spatial location were changed randomdyi@advertently in the Benetoli's study,
as compared to that used in the Paganelli’s stlioig. may have affected the sensitivity of the
behavioral taskbetween the two studies, since performance in #ualr maze is highly
influenced by the presence and distribution patbéthe cues.

In view of this apparent difficulty with the uncaméd AvRM, we have made efforts to
improve it, mainly by abolishing that strategy efjsential entry adopted by many rats. 1t is
well known that the sequential entry behavior obsérin the unconfined radial maze can be
abolished by introducing a door at the entranceatch arm of the maze (Olton et al., 1977;
Schwegler & Crusio, 1995). This arrangement allthnes experimenter to confine the animal
in the central arena before releasing it to explive various arms and find the reward
(pellets), or the shelter as in AvRM. Thus, thecanfined AVRM was changed to the
confined version by adding guillotine-doors at #rgrance of each arm. The figure 1 shows
an illustration of the confined AvRM as developadur laboratory (compare it with figure 1
in the Appendix A). A detailed description of thenfined AvRM is given below (section

2.6).
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Thus, the objective of the present work is to destraite, firstly, that the confined AVvRM
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Figure 1. Schematic representation
of the confined version of the
AvRM. Each arm has a box just
beneath the opening at the distal
extremity; however, only one is the
true goal box (close-ended box). In
the remaining seven arms, the
boxes are open-ended, i.e., they
have walls like the true goal box,
but lack the bottom. The central
area is separated from the arms by
transparent, acrylic  guillotine
doors, operated from a separate
room by a pulley system. The sides
located between arms are also
walled. Above the central area are
two spotlights which render the
maze well illuminated.

is a simple and sensitive behavioral test to meathe effects of ischemic brain damage on

learning and memory function in rats. To this epalit of the results obtained previously in

our laboratory was reorganized and the analysibeflata was expanded. These experiments

were carried out to evaluate the effects of difiersmodels of ischemic brain damage on

learning and memory of rats tested in the AvRM.eSéhmodels include: a) transient, global

cerebral ischemia (TGCI, acute 4-VO model); b) aiwp cerebral hypoperfusion (CCH,

chronic 4-VO model; see Appendix D) and c) transitacal cerebral ischemia (TFCI, middle

cerebral artery occlusion model). In addition, weedi the confined AVRM to reassess the

effects of the immunosuppressant agent tacroli(fi’s 506, Prograf®) on the ischemia-

induce behavioral and histological changes (seeudgon for a more detailed description on

the neuroprotective properties of FK506).
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2. MATERIALS AND METHODS
2.1. Subjects
Male, Wistar rats, arrounding 3 months of agehatttme of surgery were used. The rats
were housed at a controlled temperature £2PC) on a 12 hour-alternate light/dark cycle
(lights on at 0700 h). Food and water were provideédibitumuntil the day of surgery. The
experimental procedures described below adheréecethical principles set down by the

Brazilian College of Animal Experimentation (COBEALttp://www.cobea.org.br and

approved by the Ethics Committee on Animal Expentagon of the State University of

Maringa, Parand, Brazil (Protocol No. 029/2004tifagonal Research Project).

2.2. Transient, global cerebral ischemia (TGCI)

The 4-vessel occlusion (4-VO) model (Pulsinelli &idBley, 1979) was used with
modifications. Under anesthesia (ethyl ether), tretebral arteries were permanently
electrogoagulated, and a silk thread was loosedyesharound the common carotid arteries.
Five to six hours later the carotid arteries warelwded for 15 minutes by carefully tightening
the thread. Throughout occlusion and also durimgfitst hour of reperfusion, the rats were
maintained normothermic in a warming box with tamperature set to 30°C (Seif el Nasr et
al., 1992). Loss of the righting reflex within 2mies of carotid occlusion, unresponsiveness
to gentle touch, mydriasis, and tonic extensiorthef paws were considered indicative of
effective ischemia. These signals were registenetithe rat was excluded from the study if
during occlusion it recovered the righting reflékectal temperature was monitored during
and after ischemia with a digital thermometer (MaiAPPA, MT-520, Sdo Paulo, Brazil),
using a rectal probe inserted to approximately 6dapth. Animals assigned to the sham-
operated group were submitted to the same surgroaledure without vertebral and carotid

occlusion.
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2.3. Chronic cerebral hypoperfusion (CCH)

Using the same anesthesia and surgical technigaissyere subjected to permanent, 3-
stage 4-VO, according the following sequence ofgkecclusion: bilateral vertebral arteries
(VA), right common carotid artery (CCA) and left 8Ci.e., VA -~ CCA - CCA, with 1-
week inter-stage intervals. These rats were kape &r 4 weeks after the final occlusion
stage or sham operation. In a second group ofirestigad of occluding the CCA, the internal
branches of the carotid arteries (ICA) were ligadé¢da point posterior to the origin of the
pterygopalatine arteries (PPA), i.e., VA ICA - ICA. In this group, the rats survived for 8
weeks after the last stage of 4-VO. Animals assigte the sham-operated group were

submitted to the same surgical procedure withos$eleocclusion.

2.4. Transient, focal, cerebral ischemia (TFCI)

Focal, cerebral ischemia was induced by proximalusion of the left, middle, cerebral
artery (MCA) according to the method described lopnga et al. 1989, with modifications.
Under ether anesthesia, the MCA was occluded far hours by inserting a 4-0 nylon
monofilament suture (Ethicon) into the ICA, via te&ternal carotid artery (ECA), and
advancing gently until weak resistance was feltc®tine monofilament was inserted into the
ECA and advanced close to the ICA/ECA bifurcatianesthesia was interrupted and 3 to 4
minutes later the filament was advanced to occltlt®e MCA. Core temperature was
controlled only during the period of surgery, andimained at around 37% by a heating
blanket. During ischemia and also during the fingtur of reperfusion, the rats were
maintained normothermic in a warming box with temperature set to 30°C (Seif el Nasr et
al., 1992). At the end of ischemia, the rat wasflyrre-anesthetized and reperfusion initiated

by retracting the filament from the ICA, into th€&. The suture was closed and the animal
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was kept alive for 35 days before behavioral tgstifhe rectal temperature was monitored
each 30 minutes in the first seven hours post-raideand once a day during the next 7 days

of reperfusion.

2.5. Drug treatment

FK506 (1.0 mg/kg) was given intravenously (i.v.) atperfusion, followed by
intraperitoneal (i.p.) injections applied 6, 24,a&& 72 hours post-ischemia. Repeated FK506
application, in contrast to a single injection rmegn, reduces ischemia-induced, CA1l
pyramidal cell loss, an effect sustained up to 8@sdafter ischemia (Giordani et al., 2003).
Ischemic control animals received vehicle aloné (@l/100 g body weight). Sham-operated
rats received no treatment. Both FK506 (solutio®, rhg/ml ampoule) and vehicle
(polyoxyethylenehydrogenated castor oil 60 and drdwys ethanol) were kindly supplied by

the Fujisawa Pharmaceutical Co., Osaka, Japan.

2.6. Behavioral testing apparatus

A schematic representation of the confined versibthe aversive, 8-arm radial maze is
illustrated in Figure 1. Eight arms (55 cm X 15 amdliate outward from alternate sides of a
central polygonal platform (71 cm across, sixtedes). At the end of each arm, an opening 9
cm in diameter provides access to a darkened (lesttte), wooden box (23 x11 x 9,5 cm)
that can be inserted and removed like a drawembalty opening, serving as a refuge for the
rat the goal box Of the 8 arms, however, only one contained the tefuge, i.e., a close-
ended box, that can be shifted from one arm tohammoin the remaining seven arms, the
boxes were open-ended, i.e., they have walls likearue goal box, but lack the bottom. When
visiting a false goal box, the rat inserts its hadd the open-ended box, detects the absence

of the bottom, and returns to the central arenangparent, acrylic rails 2.5 cm high bordered
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each arm to prevent the animal from falling. Thetd arena is separated from the arms by
transparent, acrylic guillotine doors (19-cm he)gfithe rotatable maze was elevated 90 cm
above the floor on a metal stand. From a sepacate,ra pulley system connects to each
individual guillotine door, allowing the experimento confine the animal in the central arena
before release to explore the arms. Several exézentues (e.g., posters on the walls, a
closed door, a window and some three-dimensiongdctd) were available in the room. A

small ventilator located on the floor generatedstant noise in the testing room throughout
the experiment. Two spotlights of 200 W each, @upgair of ordinary, 40W incandescent

lamps were fixed to the ceiling, 180 cm above trezen The video camera was positioned
220 cm away from, and 130 cm above, the maze. Escripptive data analysis, the 8 arms
were numbered according to their location in relatio the extra-maze cues such that the

sequence and frequency of visits to each diffdoaattion could be recorded.

2.7. Behavioral Procedures

2.7.1. Post-operative acquisition trial

The effects of ischemia on the performance of ACRIUION (here defined as the process
of acquiring information and processing it to meynfmrmation, i.e., learning) was evaluated
in rats subjected either to TGCI, CCH or TFCI. Omice animals recovered from surgery,
they were habituated to the testing apparatus éestarting the training sessions. During
habituation, all the arms were opened and the est placed in the center of the maze and
allowed to explore until it found the shelter, ottiba 4-min period had elapsed. If the rat did
not find the goal box within 4 min, it was placeda the arm containing the correct goal box
into which it was gently introduced by the expenmee. The rat was left for 4 min in the goal
box, then returned to its home cage. The extra-reaes were removed during habituation,

and the spatial position of the goal box was rarlgarhanged between subjects and trials.
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This procedure was repeated for 3 days. On thesdhgequent to habituation, training for
acquisition of the task was begun for 9 (TFCI ekpent) or 15 days (TGCI and CCH
experiments). The rats were trained using thresstsession, one session per day. For
training, the rat was placed into the center ofdhena, all arms being closed, and the video
camera was turned on. Thirty seconds later, thes avere opened simultaneously, and the
animal allowed to explore the entire maze. When rdteentered half way down a non-
rewarded arm (containing a false goal box), théla@ine doors of the remaining arms were
simultaneously lowered. After returning to the caharea, the newly-visited arm was closed
immediately, and the animal was again confinechadrena for a further 30-second period.
When the rat found and entered half way down thearded arm (containing the true goal
box), the guillotine door of that arm was lowergaicing the animal to enter the correct goal
box, where it was left for 1 min. If the rat didtrfind the correct arm within 4 min, it was
placed in it and gently introduced into the shelghen the rat inserted only its head into an
incorrect opening and remained there for more thamn, it was replaced at the center of the
maze and the trial re-started. If an animal peedisvith this behavior for more than 4
consecutive sessions (days), it was excluded flmnekperiment. Between trials, the maze
was cleaned of excrement, and randomly rotatedt®rcentral axis; the goal box was
randomly changed to another arm, maintaining i&iapposition unchanged in relation to the
extra-maze cues.

The latency to find the goal box, the number oérefice memory errors, and the number
of working memory errors were the parameters ssedeasure behavioral performance. For
the rat tested in mazes, such as the radial maaking memory has been defined as a
“...short term memory for an object, stimulus, or lomathat is used within a testing session,
but not typically between sessions. It is distisgable from reference memory, which is a

memory that would typically be acquired with remehtraining, and would persist from days
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to month...Working memory, in contrast, is typicallydelay-dependent representation of
stimuli that are used to guide behavior within @ka (Dudchenko, 2004). In the present
experiments, a reference memory error was regaéstehen the rat visited an wrong arm for
the first time within a trial. However, if the regturned to an arm which had been previously
visited during that trial, a working memory erroasvrecorded. An arm was considered to be
visited when the rat entered half way down its tanghe animal was considered to have left

an arm when its entire body, including the tailureed the central area of the maze.

2.7.2. Post-operative retention trial

The effect of ischemia on the performance retenfimre defined as being the process of
memory consolidation) was evaluated in rats subgetd TGCI. Naive, intact animals were
habituated and trained for acquisition of the spatisk for 10 days, as described above. On
the day after the last training session"(&kperimental day) the rats were subjected to TGCI
and allowed to recover from surgery for 20 daysemlthey were tested for retention of

cognition on days 31, 35 and 39 post-ischemia.

2.8. Histological analysis of the hippocampus (TGCand CCH experiments)

On the day after behavioral testing, the animalsewdeeply anesthetized and the brain
fixed by intracardiac perfusion or immersion in firative solution as described previously
for rats subjected to TGCI (Appendix A) or CCH (Agmalix D), respectively. After fixation,
paraffin-embedded, coronal sections ofiré-thickness were taken from each brain (-4.52
mm) and stained with celestine blue/acid fuchsihre& sections were used for bilateral
counts of normal-appearing neurons in the hippocanPAl subfield. The number of intact-
appearing pyramidal cells with a distinct nuclewsl aucleolus, in each hemisphere, was

counted along a transect of 1.35 mm length (magatibn 400x, field diameter: 450m,
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Olympus). For each individual, the number of pymdahicells was expressed as the mean of
the three coronal sections. The identity of theugsowas not revealed during histological

assessment.

2.9. Quantification of Infarct Size (TFCI experimert)

On the day after behavioral testing (45 days aft€Ao0), the rat was deeply anesthetized
with ether, decapitated and the brain quickly reetband immersed in ice-cold saline CGP
for 10 min. Using a chilled brain matrix, the brawas sectioned coronally into eight or nine,
1.5-mm thick slices starting from the frontal paed processed for histochemical staining by
TTC as described in detail elsewhere (Bartus et18194). The infarcted, necrotic tissue
(white in color) was separated from the adjacertgat tissue (carmine red in color) using a
using a #11 microscalpel blade. After separatiba,rtormal tissues from both the intact and
the affected hemispheres, and the ischemic tisawaee transferred to Eppendorf tubes
containing 10% buffered formalin and held al@® until weighing. For weighing, the tissue
portions were transferred to Petri dishes, and sxdermalin on the tissue was carefully
blotted with a swab. The ischemic tissue was theaiglhed using an analytical balance
(Mettler-Toledo GmbH, Mod. AB204-S, Switzerland) cffdichting et al., 2004). The
hemispheric, infarct size was calculated usingetingation: L (%) = 100> R) / P, where: L
= infarct size (%), expressed as the amount of tisstie; R = weight of the contralateral
(intact) hemisphere;; B weight of the ischemic hemisphere (remainingahtissue) (adapted
from ref. Swanson et al., 1990). Microscopic, Hegcal analyses of the hippocampus or
other brain regions were not performed in the rsibjected to MCA occlusion. A
comparative analysis of the weighing method forngifiaation of infarct size was published

(Schilichting et al., 2004).
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2.10. Data Analysis

Multifactorial Analysis of Variance for repeated aseres (MANOVA) was used to quantify
acquisition and retention performance, with Groagsthe ‘between’ and Sessions as the
‘within’ subjects factors. Therefore, the parame®itudent’s t-Test or the Duncan’s Multiple
Comparison Test were used past-hoctests, when appropriate, to locate the time paint
which the ischemic and control groups were sigaifity different, or to distinguish the effects
of different treatments (drug experiments). The Mavhitney, or the Kruskal-Wallis
Analysis of Variance, followed by Dunnp®st-hoctest were used to compare the groups when
the parameters ‘total latency’ and ‘total numbereobrs’ were computed. Simple ANOVA
(one-way) was used to quantify the results of tiséotogical analysis. Statistical significance

was defined as B value< 0.05.
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3. RESULTS

3.1 Part I: The effects of TGCI, CCH or TFCI on the behavioral performance

measured in the AvRM task
3.1.1 Overall Behavior

Independently of the model of cerebral ischemidh loe control and ischemic rats seemed
well motivated to avoid the illuminated, centrakaa of the maze, and to search for the
enclosed, darkened shelter after the guillotinerslawere raised. In the present, confined
AVRM, the behavior of sequential entry into theam@jnt arms, prominent in our previous
study with the unconfined maze, was not observéitr Aeturning from an arm to the central
arena, the rat encounters the other arms closesl disrupting the chaining response. During
the final training sessions (Days), however, sonigests tend to circle close to the walls of

the central arena until the guillotine doors arsa

3.1.2 Effects of transient, global cerebral ischerai on acquisition and retention

performance.

The upper panels of Figure 2 show the effects oClT@n acquisition performance as
measured daily in the confined AvRM. Acquisitionsnagistered from day 23 to day 38 after
TGCI and plotted as trial blocks (three days peck). Fifteen minutes of 4-VO disrupted
acquisition performance as revealed by a signifiGaroup’ effect on latency (F200= 6.65, p
< 0.001), number of reference memory errorg £fp = 6.25, p < 0.0001) and number of

working memory errors (F00= 4.10, p < 0.05).
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FIGURE 2. Upper panels: the effect of 15-min TG@lazquisition in the AVvRM . Acquisition
performance was registered for 15 consecutive dayseach subject, the mean value measured
in three trials within each session (day) was usedxpress performance in terms of latency
(left), number of reference memory errors (middd@d number of working memory errors
(right panel). Values are the group mean (x SEjtgdbas trial blocks (three days per block). *
p < 0.05; * p < 0.01; ** p < 0.001, for point-tpeint comparisons (Student’s t-Test). The
numbers in parentheses indicate sample size. Lpaeels: total latency and total number of
errors summed}() over 15 days training (p** < 0.01; ***p < 0.001)his data is derived from
the study reported in the Appendix E.

A highly significant ‘Session’ effect was evideR (200= 26.34 — 49.90, p < 0.0001), and a
Groupvs. Session interaction appeared for the parametiréece errors’ (F200= 2.09, p <

0.01). Thepost hoctest (Student t-test, point-to-point comparis@vealed that the ischemic

group differed from the control group during atdethree consecutive training blocks (p <
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0.01 — 0.0001), indicating that although the iscitenats do benefit from training, their
performance was significantly inferior to that béir sham-operated counterparts.

The lower panels of Figure 2 show the effect ohé&muia on acquisition performance
expressed as total latency and total number ofrgrice., the sum2{) across the entire
training period (Student’s t-test, p < 0.0001 -10.We include this analysis since the overall
extent to which the ischemic group differs fromnten-ischemic counterpart becomes more
quantitatively palpable when the total latency aothl number of errors are provided.
Moreover, it may reveal additional information suahgroup differences that cannot be seen
in the daily performance analysis (see other reqidtow).Rectal temperature was unaffected
by TGCI, at least up to 3 and half hours of repgdn (37.3+ 0.08 — 37.8 0.11, figure not
shown).

The effect of TGCI on retention performance is show Figure 3. Compared to the
performance acquired on the last 3 days of presimoti training (days 8, 9 and 10 in average),
15-minutes ischemia disrupted retention measure®@3Aand 39 days later (paired t-test: p <
0.001-0.05, for the parameters “latency” and “numbiereference errors”. Corrected =
0.017). The sham-operation procedure did not affgteintion performance at all. The effects
of ischemia on retention of cognition were alsodewt when the ischemic group was
compared to the control group across the entirentiein test period (MANOVA: F 66 =
13.61 — 22.42, p < 0.0001 - 0.001; Student’s t-tesk 0.05 — 0.001 for point-to-point
comparison of latency and number of errors). Theelopanels of Figure 3 show the effect of
ischemia on retention performance measured by tatehcy and total number of errors
registered both before ischemia (the last threes déytraining) and after ischemia. Also by
this analysis, the disruptive effect of ischemiareiention was clearly evident for all the three
parameters (Sham-operation vs. TGCl: p < 0.001.05)0 while the sham-operation

procedure did not affect retention negatively.
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Figure 3. Upper panels: Daily analysis of the dftdfcTGCI on retention of acquired cognition.
Before ischemia, the rats received 3 trials/daylfbdays, and on day 11 they were subjected to
TGCI. The pre-ischemic, asymptotic performance eadd by each group in the last three days
of training (8" -10" day) was averaged and used for statistical cosmasito that measured
post-ischemia on days 31, 35 and 39. Values argrthg mean (£ SE). #p < 0.05, ##p < 0.01,
###p < 0.001 for paired t-test (day 8-1€) day 26, 30 or 34; corrected= 0.017); *p < 0.05,
**p < 0.01, *p < 0.001 for unpaired t-test (TGC¥s. Sham-operation, point-to-point
comparisons during the retention test). The numimepsrentheses indicate sample size. Lower
panels: total latency and total number of errorarsed §.) over the last 3 days of training (Pre)
and the entire retention period (Post), respegti@aired t-test, *p < 0.05; **p < 0.01 ***p <
0.001). This data derives partially from the stadsath EGb 761 (Appendix E) and FK506 (see
results below, unpublished), as they were pooled.
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3.1.3 Effects of chronic, cerebral hypoperfusion oacquisition performance

Figure 4 shows the effect of chronic, cerebral Ipgrtusion when the vertebral arteries
(VA) plus the common carotid arteries (CCA) werenpanently occluded following the
sequence VA- CCA - CCA, with a 1-week inter-stage intervals. Four keeafter the last
stage of vessel occlusionpeofound and sustained disruption of acquisitiorigyenance was
revealed by a significant ‘Group’ effect on lateny, ¢ = 10.0, P < 0.01), number of
reference memory errors y(Fe = 19.30, P < 0.001) and number of working memargre
(F1, 76 = 24.89, P < 0.0001). Although a global, significs&session’ effect was detected, (fs
=5.41 — 15.72, p < 0.0001 - 0.001), the rats subgeto chronic 4-VO with CCA occlusion
(4-VOICCA) were profoundly and persistently impdire learning the task (p < 0.0001 —
0.05; Student’s t-Test, point-to-point comparisoms)significant ‘Group’versus‘Session’
interaction (i, 76 = 4.47 — 11.32, P < 0.001 — 0.0001) occurred fqraaameters. The notable
effect of chronic 4-VO/CCA on acquisition perforneancan be further visualized by using the
total latency and total number of errors showrhmlbwer panels of Figure 3 (Student’s t-test:
p < 0.0001 — 0.01).

In contrast to CCA occlusion, however, Figure Bvgb the results when the internal
carotid arteries (ICA) plus the vertebral arterfés) were occluded following the sequence
VA - ICA - ICA (Figure 5). Even assessed 8-week after perntane/O, the daily
acquisition performance of “hypoperfused” rats dad differ significantly from their controls
(upper panel, Fe4 = 0.11 — 2.50, p > 0.05 for all the three paramsgtelhis result was
unchanged when total latency and total number afrewere computed (p > 0.05, lower

panel).
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FIGURE 4. Upper panels: The effect of chronic, stiep 4-VO on daily acquisition
performance. The CCA were occluded, together with YA, following the sequence VA,
CCA - CCA, with a 1-week inter-stage interval. Acqusitiperformance was analyzed 4
weeks after the 4-VO stage, and extended for 1Semrtive days. For each subject, the mean
value measured in three trials in each sessior) (@ay used to express performance in terms of
latency, number of reference memory errors, andbauraf working memory errors. Values are
the group mean (x SE) plotted as trial blocks @hdays per block). * p < 0.05; **p < 0.01;
***p < 0.001 for point-to-point comparisons (Studsnt-Test). The numbers in parentheses
indicate sample size. Lower panels: total latenuy #tal number of errors summed over 15
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days training (**p < 0.01; ***p < 0.001).. (Modifeefrom Appendix D).
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FIGURE 5. Upper panels: The effect of chronic 4-¥®daily acquisition performance, in rats
with occlusion of the ICA and VA, following to theequence VA- ICA - ICA. Lower
panels: total latency and total number of errorarmed over 15 days training. The numbers in
parentheses indicate sample size (Modified from elplix D). Additional details follow as
described in figure 4.

3.1.4 Effects of transient, focal, cerebral ischemi(TFCI) on acquisition performance

The effect of regional brain ischemia on the capaaif the rats to solve the spatial task in

the aversive radial maze is illustrated in Figure 6
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FIGURE 6. Upper panels: The effect of transient M@#lusion (2 hours) on daily acquisition

performance in the confined AvRM. The animals wissted from day 35 to day 44 post-

ischemia. For each subject, the mean value measuriuee trials in each session (day) was
used to express performance in terms of latencyben of reference memory errors and
number of working memory errors. Values are theugrmmean (x SE) plotted as trial blocks
(three days per block). Sample size is indicatgolairentheses. *p < 0.05; **p < 0.01 for point-

to-point comparisons (Student’s t-Test). Lower psnital latency and total number of errors
summed over 15 days training (**p < 0.01).

Acquisition performance was measured from day 38ap 44 after unilateral MCAo. The
group subjected to 2-h MCAo took longer to find steelter (k. 7> = 4.14; p < 0.05) and
committed more reference memory errorg, ( = 4.84; p < 0.05). Working memory

performance was also affected, but not at 5% Iével;, = 3.55; p < 0.068). Significant,

global ‘Session’ effects were found for both refere and working memory errors,(F, =
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12.73 — 18.59, p < 0.0001), but not for latency {F= 1.92, p > 0.05). A Group x Session
interaction was found for latency{F, = 4.75, p < 0.05). Working memory performance was
significantly impaired, however, when the total raenof errors was considered (lower panel:
p < 0.05).

Rectal temperature increased to 38.0.12°C at the end of MCAo (2-h period) (p < 0.01
vs. basal), but decreased abruptly to 380113°C immediately after reperfusion, when the rat
was briefly re-anesthetized to remove the filam&his temperature level was maintained at
least for seven hours of reperfusion, and retutnduasal values (368 0.15) at 24 hours of
reperfusion (figure not shown). This data on terapee reproduces our previous one

(Schilichting et al, 2004; Lima et al., 2006).

3.1.5 Magnitude of brain damage after TGCl , CCH o TFCI

Figure 7 shows the magnitude of hippocampal, CAamydal cell loss induced by TGCI
or CCH, and the size of hemispheric infarct (%)sealiby TFCI. Fifteen minutes of acute, 4-
VO caused marked neurodegeneration in the CAl rsemftothe hippocampus (81%;
p<0.0001). After chronic, cerebral hypoperfusiohe tnumber of intact-appearing CAl
pyramidal cells was most reduced in the group stjeto 4-VO with CCA occlusion (group
4-VO/CCA/4Aw; 37% cell loss; p < 0.001 vs. Sham).lesser degree of CAL lesioning
occurred after 4-VO with ICA occlusion (group 4-MOA/8w; 23.2% cell loss; p < 0.01 vs.
Sham) Two hours MCAo0 caused around 23% hemispheric ibfgre 0.0001), the location
of which varied from a single striatal or cortidalcus to a broad cortico-striatal zone of

necrosis, enveloping the medio-frontal and dorserdd portion of the affected hemisphere.
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FGURE 7. Left and middle portions: the number (mearSEM) of intact-appearing,
pyramidal cells in the hippocampal CA1l subfieldeafl5 min global, cerebral ischemia
(TGCI) or chronic, cerebral hypoperfusion (CCH)spectively. Right portion: Size of
hemispheric infarct induced by transient (2-h),alocerebral ischemia (TFCI). Histological
analysis was performed 39 days after TGCI, 49 ddigs CCH (4-VO/CCA/4w) or 79 days
after CCH (4-VO/ICA/8w), and 45 days after TFCl.the TGCI and CCH experiments, the
CA1 pyramidal cells were counted along a transett3b mm length in each hemisphere. For
each subject, the number of cells represents tlanmaethree, coronal brain sections. In the
TFCI experiment, infarct size was estimated by Wweig the ischemic tissue, then expressed
as a percentage of hemispheric infarct. Histoldgacslysis of the hippocampus was not
performed in the rats subjected to TFCIL. **p <10.G**p < 0.001, compared to the
respective sham-operated group. (Four brains fremicle-treated rats in the acquisition
experiment were lost during histological procesking

There was no correlation between behavioral peidoca, as measured by total latency
and total number of errors, and the extent of legnoluced either by TGCI (‘r' = 1.45 — 1.67,
p > 0.05), CCH (‘r = 0.036 — 0.23, p > 0.05) ordIK'r = 0.08- 1.35, p > 0.05; figures not

shown).
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3.2 Part II: The effects of tacrolimus (FK506) on TCl-induced behavioral and

histological changes

Figure 8 shows the effects of tracrolimus on adtjors impairment resulting from
transient, global cerebral ischemia (TGCI). Examgnperformances across training Sessions
(upper panels the repeated measures ANOVA revealed a signifi¢@roup’ effect on
‘latency’ R 296 = 6.3, p < 0,01) and ‘number of working memorsoes’ (F 206 = 3.26, p <
0,05). TGCI affected also the performance of exiee memory, but not at the level of 5%
(F2, 206 = 2,70, p <_0,0¢ A highly significant ‘Session’ effect was evidefor all three
parameters (F296= 100.12 — 142.24, p < 0.0001), indicating thatgatiups learned the task
very well. A Groupvs. Session interaction appeared for the parametefsrénce memory
errors’ (Fs, 206= 2.68, p < 0.01) and ‘working memory errors’ g (ks = 3.11, p < 0.01).
Duncan’s multiple range test showed that acquisifierformance was impaired for all three
parameters in the group subjected to TGCI andedeadth vehicle (p < 0.01- 0.05, Vehicle
vs. Sham), thus indicating that ischemia disruptedussitipn in the AVRM. The disruptive
effect of ischemia was also evident when the resuéire analysed as the ‘total latency’ (K-W
= 12.08, p < 0.01) and ‘total working errors’ (K-w7.13, p < 0.05) summed from day 1 to
day 15 of traininglpwer panel¥. The treatment with FK506 failed to reduce therajptive
effect of ischemia on acquisition as measured byhate parameters (p > 0.05, FK 5@&

vehicle).
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Figure 8. The effect of FK506 (1.0 mg/kg, 1 injeatiiv + 4 injections ip) on acquisition

performance of rats subjected to TGCI (15 min) &stied in the confined AvRM. FK506 was
given 0, 6, 24, 48 or 72 h postischemia. For eadhvidual, the mean value obtained from
three trials/day expresses performance in terniatehcy (left), number of reference memory
errors (middle), and number of working memory esr@ight panel). Acquisition performance
was registered from day 23 to day 37 post-ischeamd,plotted as trial blocks (3 days/block,
upper panels The total latency and total number of erroreém+ SEM) are represented in
thelower panelsischemia disrupted acquisition performance (*.685; **p < 0.01 sham vs.

vehicle). This effect was not reduced by FK 506>(p.5, FK 506vs. vehicle. Data are the

group mean + SEM. Sample sizes: Sham = 30; Vehi@#; FK 506 = 26.
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The effect of TGCI on retention performance anditffleience of tacrolimus (FK506) thereon is

showed in Figure 9.

i DAILY LATENCY (sec) DAILY REFEREMNCE ERRORS Sk DAILY WORKING ERRORS
-8-Sham (8) Morm Sham (8) 7 |-= Sham (8)
= isch+Veh (8) -=~[sch+veh (8) - |sch+veh (8)
-#-Isch+FK (3) 2 5] *Isch+FK (3) 1.254-sIsch+FK (8)
904

s 1.0 1 0.50

304

2.0 1.00
0.75
60 1.5 %
E\

0.25
E_‘. __E 0.5 1 "
e \i_,___‘ﬂ £ - o
Training isch Retention 0.0 Training isch Retention “on Training isch e
810 11 31 35 39 810 11 31 35 39 810 11 31 35 39
PRE- AND POST-ISCHEMIC TESTING DAYS (in block)
200 TOTAL LATENCY (s) TOTAL REFERENCE ERRORS 2, TOTAL WORKING ERRORS
I:I_Sham ) CIsham e " | O sham
-f“h + vehicle M isch + vehicle Mlisch + vehicle v
250{ Elisch + FK506 . s{ Eisch + FK506 Eisch + FK506
s 15 .
200 &
150 34 1.0
100 T 24
0.5
S0 14
0 o 0.0
Training Retention Training Retention Training Retention

Figure 9. The effect of FK506 (1.0 mg/kg, 1 injeatiiv + 4 injections ip) on retention
performance of rats subjected to TGCI (15 min) tasted in the confined AvRM. Ischemia
was induced after 10 days of training (on day amhy retention performance was assessed on
days 31, 35 and 39 post-ischemigoder panels Pre-ischemic performance is given as the
mean for the last three days of training (days B-TI0e total latency and total number of
errors (mean + SEM), summel)(over the last 3 days of training and the entamtion
period, are represented in tlogver panels Retention of cognition was disrupted by TGCI as
measured by all three parameters; this amnesicteffel GCI was lower in the FK506-treated
group, but without reaching statistical significan¢p < 0.05; **p < 0.01; **p < 0.001
(Vehicle vs. Sham or FK506 vs. Shan). Values are the group me3&M. Sample sizes:
Sham = 8; Vehicle = 8; FK506 = 9.
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Animals were trained for 10 days before ischemiajnd) this phase, the groups assigned
to each treatment did not differ from each othertf® parameters ‘latency’ and ‘number of
errors’ (Group effect: 3= 0.21 — 0.68, p > 0.05). In thgoper panelsthe pre-ischemic,
asymptotic performances are represented by the foedhe final 3 days of training (day 8-
10). Comparing the groups during the retentioristrean days 31, 35 and 38pper panels
the repeated measures ANOVA revealed a significanoup’ effect for ‘latency’ (Eg2= 15,

p < 0.0001), ‘number of reference errors; ¢= 18.8, p < 0.0001) and ‘number of working
errors’ (Rg2=9.24, p < 0.0001). Thaost-hocanalysis revealed that retention performance in
the ischemic, vehicle-treated group was signifilyadisrupted by TGCI (p < 0.001 — 0.01,
Vehicle vs. Sham). The amnesic effect of TGCI is also cleaxident when the results are
examined using ‘total latency’ and ‘total numberesfors’ {ower panels K-W = 22.52 —
35.82, p < 0.01, Vehiclgs. Sham). The treatment with FK506 did not preveset dmnesic

effect of TGCI (p > 0.05, FK506 vs. Vehicle, fof tdree parameters).

Figure 10 illustrates the pyramidal cell densitytie CA1 sector of the hippocampus of the severe
experimental groups. Fifteen minutes 4-VO induc®d’% neuronal loss in the group used in the
acquisition experiment g6 = 39.91; p<0.001 Shaws.Vehicle), but only 24.2% cell death during
the retention experiment {kzs = 3. 82, p < 0.05 Shans. Vehicle). FK506 reduced CA1 cell death
significantly in the acquisition experiment (p <08), an effect which should be considered weak
since cell loss was reduced 23.7% only. In contthgt degree of CA1 cell loss was minimal, but
statistically significant in the group treated witbhicle during the retention experimens = 3.82,

p < 0.05 sham vs. vehicle). In the group treat Wikh506, the number of intact-appearing cells wa:
at the level to the sham-operated rats. On thesbasiour previous findings, this result was

unexpected and the influence of some uncontroléelle may have occurred (see Discussion).
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Figure 10. Effect of FK 506 on ischemia-induceghpoicampal pyramidal CA1
cell loss. Cells were counted along a transect in8% in length. Histological
analysis was performed one day after the end och\etal testing. Values are
the mean + SEM. *p < 0.01; ***p < 0.001. Sample esiz Acquisition

experiment: Sham = 30; Vehicle = 21; FK 506 = 2@tdRtion experiment:
Sham = 8; Vehicle = 8; FK506 = 9.

Finally, the rectal temperature was unaffected ®CT in both experiments, at least up to
3,5 hours reperfusion (3780.08 — 37.8+ 0.11°C, data not shown). This data reproduces

that reported previously (Benetoli et al., 2004 Begure 5 in Appendix C).
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4. DISCUSSION

The present data extend our previous findings toatestrate that the AVRM constitutes a
useful model to evaluate spatial learning and megrmorats, and the effects of ischemic brain
damage, with the advantages that it does not reqgither food deprivation nor immersion
of the animal in water, as is the case in the cotiweal, appetitive radial maze or water
maze, respectively. The apparatus used here gigtencturally from that reported originally
(Paganelli et al, 2004) in that the central aremaseparated from the radial arms by
transparent, acrylic walls and guillotine doorscpld at the entry to each arm. This allows the
experimenter to confine the animal in the centethef maze before release to explore the
arms and find the safe location (shelter). Althoagtystematic, comparative analysis was not
made here, the use of confinement may have rendix@dAvRM task more difficult.
Comparing the groups subjected to TGCI in the priestidy with that examined previously
in the unconfined maze (Paganelli et al., 2004;ase Appendix A), the number of training
sessions (days) increased from eight days in tlnimed maze to fifteen days in the
present, confined maze, before a similar level efggmance was reached in both studies.
Most important, however, the use of guillotine doefiminated the sequential entry strategy
adopted by many rats when they are tested in tlwonimed maze. This behavior was
quantified in our early study, in which we observibdt some rats perform a vigorous,
uninterrupted series of sequential entries unidifig the shelter (Paganelli et al., 2004). This
agrees with the notion that such a response maw lheghly efficient strategy in the
unconfined radial maze, and may involve superimgoassociative, tactile and/or olfactory
modes of information processing (Hodges, 1996; RoW& Lassalle 1995, Schwegler &
Crusio, 1995). Despite the possible role of seasamputs for processing spatial information

(Gallistel, 1989), it has been argued that whes type of response is well developed, the rat
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may use sensory, kinesthetic cues rather thanaspwtvigating capabilities to perform the
task (Dale, 1986, Roullet & Lassalle 1995, Schwe§le€rusio, 1995). Thus, the strategy of
sequential arm choice used by some individualfénunconfined radial maze may influence
the nature and magnitude of the parameters usepidatify spatial learning and memory
performance, particularly reference and working rogmerrors. This may partially explain
why the number of reference memory errors measuréde unconfined AvRM after TGCI
(Paganelli et al, 2004; see Figure 2 in Appendixwi&s higher than that observed in the
present, confined maze. Therefore, the implicatisnthat such ‘kinesthetically’-guided
behavior renders the parameters less informativeerasasure of spatial learning and memory
processes. Accordingly, if the strategy of seqaératim choices demands kinesthetic rather
than spatial capabilities, then the use of confielinmay have improved the sensitivity of the
aversive radial maze. Although the use of the cafiradial maze was reported several years
ago (Olton et al.,, 1977; Schwegler & Crusio, 19@b)d has become routine in many
laboratories, other recent studies have employeduticonfined, radial maze to assess the
effects of ischemia for example (Block & Schwar@94%, Sakai et al., 1996, Lee et al., 2003).
This may be justified, given that sequential arroich is not an efficient strategy in partially
rewarded mazes, as for example when four armbaired in the conventional, 8-arm radial

maze (Hodges, 1996).

It is important to note that the AvRM was sulffitily sensitive to distinguish the effects of
different animal models of cerebral hypoxia/iscienThis is notorious in the experiment of
chronic 4-VO, in which the occlusion of differenessels were combined. In the group
subjected to permanent occlusion of the verte®fal) @nd common carotid arteries (CCA)
(4-VOICCA group), acquisition performance was psesitly impaired, i.e., the animal did

not learn the task throughout the training sess{ees Figure 4). In contrast, when occlusion
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of the internal carotid arteries (ICA) and VA we@ambined (4-VO/ICC group), there was no
acquisition deficit in the AvVRM. A significant CAhippocampal lesion occurred in both
permanent 4-VO/CCA and 4-VO/ICA groups, althouglailesser extent in the last group. In
contrast, the degree of CA1 cell loss in the TG®OLQYs was too much greater than that in the
chronic 4-VO/CCA group (see Figure 7 for compar)sdinerefore, the CA1l lesion alone can
not account for the profound, sustained learninficileoccurred after chronic 4-VO/CCA
(compare Figure 4 with Figures 2 and 5). An adddip if not the principal factor may
concern the disruption of visual acuity caused &ynyanent occlusion of the common carotid
arteries (Slakter et al., 1984; Davidson et alQ@®0Occlusion of the common carotid arteries
interrupts blood flow through the pterygopalatimeeaes (PPA), the main source of blood to
the eyes and optic nerves (Davidson et al., 20@0kontrast, permanent occlusion of the
internal carotid arteries (ICA) does not resultvisual disturbances (Ohta et al., 1997).
Accordingly, chronic 4-VO with ICA occlusion (4-V@A group) did not disrupt acquisition
performance, even after 8 weeks of permanent 40®[see Figure 5). Whether acute, 15-
min 4-VO (TGCI group) caused visual dysfunction andze learning deficit is unknown.
Therefore, and considering that spatial learningh radial maze is highly dependent on
visual, extra-maze cues, at least when these aitable (Hodges, 1996), the steady-state
deficit observed here after permanent, graded 4B CCA occlusion, may result partially,

if not largely, from visual dysfunction. This isrtber supported by other findings, since rats
subjected to CCA ligation (2-VO model) for 3 montlasd exhibiting important atrophy of
the optic nerves, were impaired in the conventioradial maze task, despite the absence of
hippocampal lesioning (Ohta et al., 1997). Furteerdies are being carried out in our
laboratory to better characterize the influenceclmfonic 4-VO/CCA or 4-VO/ICA on the

visual structures and behavioral performance medsarthe AVRM.
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The aversive radial maze was also sensitive inctete an apparently sustained
impairment of acquisition after focal, ischemic ibralamage (TFCI group, Figure 6). In
animal models of regional brain ischemia, only\a udies have used the radial maze task to
assess cognitive outcomes, perhaps because offticelties typically associated with the
conventional paradigm, particularly the need foodadeprivation and the requirement for
long-term training. However, consistent resultsehbeen obtained from radial maze (Okada
et al., 1995; Sakai et al., 1996, Lee et al., 2@B8) indicate the sensitivity of the method in
detecting the effects of experimental stroke ortigpkearning and memory. The water maze
model, which has been more frequently used, alsectfeconsistent, sustained disruption of
cognitive function after MCA occlusion in rats (@a& Boon, 2003; Green et al., 1992;
Olsen et al., 1994; Sun & Alkon, 2004; Markgreffal., 1992; Dahlquvist et al., 2004). Our
behavioral data agree with these studies, andeduehktablish that the aversive radial maze
(AVRM) may be as sensitive as both the conventioadial maze and the water maze tasks.
However, the extent to which acquisition perfornmearscassociated with hippocampal damage
after MCA occlusion cannot be concluded from thespnt experiment. Since the stroke
model used here is currently being establishedumaboratory, the method of dissecting and
weighing the remaining, intact brain tissue wasduse estimating infarct size. Percentage of
infarct as measured by this method correlates waly with that assessed by computer-
assisted image analysis (Schilichting et al., 2004¢ recognize, however, this method
prevents the detailed analysis of brain damageeimg of specific structures damaged by
MCA occlusion. Although the hippocampus was not apptly affected in the present
experiment, at least macroscopically, sporadicpdgampal cell death has been observed
after MCA occlusion in rats (Dahlquvist et al., 200However, the presence of long-term
spatial memory impairment also occurs in the abse@fdoth structural (Okada et al., 1995;

Sakai et al., 1996) and biochemical (Okada et1#195) alterations of the hippocampus,
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suggesting that other brain regions or disruptibtamger neuronal networks determine the
learning impairment after MCA occlusion (OkadaletE995; Sakai et al., 1996).

The effect of TGCI on retention performance is welhsistent (see Figure 3) either by the
daily analysis of performance or by computing tbilt performance. This further support our
assumption that the AVRM may represent a suitableabioral model to study learning and
memory after brain damage in rats. These datac@msistent with others described for the
conventional, radial maze (lwasaki et al., 199@)e Ppresent data indicate that the confined
AVRM was sufficiently sensitive to detect the dgiue effect of ischemia on hippocampal-
dependent memory retrieval processes, and/or ommiaghanisms of memory consolidation
shared by other brain regions. Extending our previindings, here we observed that ischemia-
induced retention deficit can be sustained for sdveays (‘steady-state deficit’), which is

particularly useful to measure the neuroproteatifects of drugs.

The results of the present study (Part 1) suggeat the aversive radial maze may
incorporate characteristics of both the water maz# radial maze tasks. In fact, the use of
aversive incentives, simple place learning, andpifa acquisition rate are principal
characteristics of the water maze task, and aneghzy the present AvRM model. However,
the need for learning a complex sequence of chotbesgreater availability of associative
mechanisms, the use of other intra-maze strategiiber alone (e.g., sequential entry into
adjacent arms in the unconfined maze) or togethtr the use of allocentric, visuospatial
cues, are characteristics typically described fue appetitive, 8-arm, radial maze task
(Hodges, 1996), and also may operate in the preaeatsive radial maze. When compared to
the water maze task, however, the AvRM task hasmaortant, methodological limitation. In
the AVRM, the rat starts from a constant locatioe,, the central arena. This procedure

characterizes the so called ‘simple place leartasl’. In the water maze, however, the
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starting position can be changed randomly betvgessions. This procedure characterizes the
so called ‘variable place learning task’. This isimportant aspect of the task, since it has
been observed that when the water maze is usedsaspe place learning task, it is unable
to detect the effect of ischemic (Auer et al., 198%net et al., 1991; Kiyota et al., 1991),
traumatic (Hamm et al., 1993) or septal brain legfor review see Hodges, 1996). However,
when the starting position is changed between @essthe water maze is well sensitive to
ischemia (Green et al., 1992; Markgraff et al., Z,99Isen et al., 1994; Cain & Boon, 2003;
Sun & Alkon, 2004; Dahlquvist et al., 2004). Altigh the AVRM is sensitive to ischemia
even used as a ‘simple place learning task’, itld/doe very interesting to investigate the

possibility to use it as a ‘variable place learniagk’. This is our plan for future studies.

Finally, the effect of tacrolimus (FK506) on thehemia-induced learning and memory
deficit, as measured in the confined AVRM, was eatd. The first evidence on the
neuroprotective effects of tacrolimus emerged frobyservations inin vitro model of
glutamate-induced neurotoxicity (Dawson et al., 3)9%Bubsequent studies confirmed its
action inin vivo models of focal (Sharkey and Bucher, 1994; Butehex., 1997; Arii, et al.,
2001) or global, cerebral ischemia in the gerlig(let al., 1996; Tokime, et al., 1996; Yagita,
et al., 1996) and rat (Drake et al., 1996). Regemik extended these findings to the 4-VO
occlusion model of TGCI in rats, and suggested thatneuroprotective efficacy of FK506
can be sustained over time (Giordani et al., 209%endix B). The beneficial effect of
FK506 in reducing the functional deficits that &ll brain damage has also been observed
after focal brain ischemia (Sharkey et al., 199d)cloronic cerebral hypoperfusion in rats
(Tanaka et al., 2001). In a previous study we fothad FK 506 reduced the TGCI-induced
retention deficit as measured in the unconfined WMvRThe effect of FK 506 on the

acquisition performance, however, could not berpreted in that study, since the vehicle-
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treated ischemic group did not differ from the attssham-operated animals (Benetoli et al.,

2004; Appendix C).

Here, we reassessed the putative efficacy of tawwsl in preventing the TGCI-induce
learning and memory disruption. Compared to ouwviptes study (Benetoli et al., 2004;
Appendix C), here we extended the analysis by ufiegtotal latency’ and ‘total number of
errors’, summed across the entire acquisition tenteon training session (Figures 8 and 9,
lower panels, respectively). Also, the retentionrfgrenance was measured for three
consecutive sessions (Figure 9), in contrast faglessession in the previous study (see figure
2 in Appendix C). In the present study, the adtjais performance of the vehicle-treated
group was significantly impaired after TGCI, altighuto a modest degree. The treatment with
FK506 did not prevent the disruptive effect of TGII acquisition performance. FK 506 also
failed to reduce significantly the effect of TGCh dhe retention performance, despite an
apparent tendency to improvement, mainly on tharpaters ‘latency’ and ‘reference errors’.
This lack of efficacy by FK506 is better interptdtin the retention experiment, since the
retention performance was clearly disrupted by TGOl effect expressed either by the daily
analysis of performance or when examined as the prformance (see Figure 9). It is
possible, however, that the small sample size fmedoth vehicle- and drug-treated groups
may have accounted for the lack of statistical ifigance. Similar finding was obtained
recently with the Ginkgo biloba extract, EGb 76hieth reduced significantly the acquisition
deficit (great sample size), but not the retentieficit (small sample size) (Paganelli et al.,
2006; Appendix E).

The effect of FK506 on TGCI-induced hippocampal delath reproduced those observed
previously (Giordani et al., 2003, Appendix B; Btaleet al, 2004, Appendix C), at least

partially. In the group tested for acquisition penhance, FK506 reduced the CA1 hippocampal
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lesion slowly, with a modest 23.7% reduction ofl dglath. Unexpectedly, however, there was
no cell death in the FK506-treated group testedthe retention experiment (100%
neuroprotection?). In the same retention experintba effect of ischemia in the vehicle group
was too small (24.2% cell loss). This is negligitalben compared to 80-90% cell loss usually
observed in our laboratory. This small degree ofld&sion in the vehicle-treated group suggest
that 4-VO was either ineffective or some otherdattave acted to reduce the effect of ischemia.
Looking for a plausible explanation for these resule detected an accidental, methodological
failure occurred during ischemia with the animadsigned to the retention experiment. In that
occasion, the warming box could not be used for rifggority of animal, as described in
materials and method. In the setting of experimentarebral ischemia, the control of
intracerebral temperature is an important varialsimce hypothermia (3€ or less) is
neuroprotective when applied during ischemia (Buett@l., 1989; Ginsberg et al., 1992). In
addition, rectal temperature is not a reliable wheteant of brain temperature, since during
ischemia there is a large temperature gradientdmivibody and brain temperature (Busto et al.,
1987). It has been demonstrated, however, than Im@imothermia (36-37T) can be achieved
during ischemia if the rat is maintained in a warghbox with inner temperature regulated at
30°C (Seif el Nasr, et al., 1992). This method hashgesed routinely in our laboratory, but it
did not work for the rats assigned to the retentsperiment. It is possible; therefore, that
cerebral hypothermia occurred in those animalsréfbee, the lack of CA1 cell loss observed in
the group treated with FK506 may resulted from rgesgistic interaction between the first dose
of FK506 given at the beginning of reperfusion anttacerebral hypothermia. It should be
noted, however, that despite the absence of hipppablesion in the FK506-treated group, the
TGCI-induced retention deficit was not significgnthproved.

In conclusion, the findings reported here confiran assumption that the aversive radial maze

is a reliable, sensitive and simple method to stleirning and memory in rats, with the
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advantages that it does not require food deprimadioimmersion of the animal in water. It was
sufficiently sensitive to distinguish e effectsdifferent models of cerebral ischemia on learning
and memory. Although the compound FK506 failed totgrt against the ischemia-induced
cognitive disruption measured in the AvRM task, eotihecent findings from our laboratory
demonstrate that the AvRM model is useful to evalube effects of drugs in modifying the

behavioral effect of ischemia.



47

5. REFERENCES

ARII T, KAMIYA T, ARIl K, UEDA M, NITO C, KATSURA KI, KATAYAMA, Y (2001).
Neuroprotective effects of immunosuppressant FK&®6transient focal ischemia in rat:
therapeutic time window for FK506 in transient foisghemia.Neurological Researgi23:755-
760.

AUER RN, JENSEN ML & WHISHAW, 1Q (1989).Neurobehaval deficit due to ischemic
brain damage limited to half of the CA1 sector lué hippocampuslournal of Neuroscience
9(5):1641-7.

BARNES CA (1979). Memory deficits associated widnascence: A neurophysiological and
behavioral study in the ratournal of Comparative Physiology and Psycho|@&f(1):74-104.

BARNES CA (1988). Spatial learning and memory psses: the search for their
neurobiological mechanisms in the ratends in Neurosciencé1(4):163-169.

BARTUS RT, BAKER KL, HEISER AD, SAWYER SD, DEAN RLELLIOTT PJ, STRAUB
JA (1994). Postischemic administration of AK275Calpain Inhibitor, Provides substantial
protection against focal ischemic brain damadeurnal of Cerebral Blood Flow and
Metabolism 14:537-544.

BENETOLI A, PAGANELLI RA, GIORDANI F, LIMA KCM, FAVERO-FILHO LA,
MILANI H (2004). Effect of tacrolimus (FK506) on éeemia-induced brain damage and
memory dysfunction in rat®harmacology Biochemistry and Behavio(#7) 607-615.

BLOCK F, SCHWARZ M (1995). Global ischemic neuromiEmage relates to behavioural
deficits: a pharmacological approadteuroscience82(3):791-803.

BUSTO R, DIETRICH DW, GLOBUS MY-T, GINSBERG MD (89). The importance of
brain Temperature in cerebral ischemic inj8iroke 20(8):113-114.

BUSTO R, DIETRICH WD, GLOBUS MY-T, VALDES |, SCHRIBERG P, GINSBERG
MD (1987) Small differences in intraischemic bré&@mperature critically determine the extent
of ischemic neuronal injurylournal of cerebral blood flow and metabolisiif29-738.

BUTCHER SP, HENSHAL DC, TERAMURA Y, IWASAKI K, SHAREY J (1997)
Neuroprotective actions of FK506 in experimentablgt: in vivo evidence against an
antiexcitotoxic mechanisnthe Journal of neuroscience5(18):6939-6946.

CAIN DP, BOON F (2003).Detailed behavioral analysigeals both task strategies and spatial
memory impairments in rats given bilateral middkrebral artery strokeBrain Research,
972:64-74.

CORBETT D, NURSE S (1998).The problem of assessffgctive neuroprotective in
experimental cerebral ischenitaogress in Neurobiologyp4:531-548.

CRUSIO WE, SCHWEGLER H, LIPP H-P (1987).Radial-maerformance and structural
variation of the hippocampus in mice: a correlatwith mossy fibre distributionBrain
Research425(1):182-5.



48

CUMMINGS JL, TOMIYASU U, READ S, BENSON DF (1984)Amnesia with
hippocampal lesions after cardiopulmonary arfdstirology 34:679-781.

DAHLQUVIST P, RONNBACK, BERGSTRO S-A, SONDERSTROM & OLSSON T
(2004). Environmental enrichment reverses learmmgairment in the Morris water maze after
focal cerebral ischemi&uropean Journal of Neurosciend®:2288-2298.

DALE RH (1986). Spatial and temporal response padteon the eight-arm radial maze.
Physiology and BehavipB6(4):787-790.

DAVIDSON CM, PAPPAS BA, STEVENS WD, FORTIN T, BENNE SAL (2000).
Chronic cerebral hypoperfusion: loss of papillasflex, visual impairment and retinal
neurodegeneratioBrain Research859:96-103.

DAWSON TM, STEINER JP, DAWSON VL, DINERMAN JL, UHIGR, SNYDER SH
(1993).Immunosuppressant FK506 enhances phospimrilaf nitric oxide synthase and
protects against glutamate neurotoxiciBroceedings of National Academy of Science of
U.S.A.,90: 9808-9812.

DRAKE M, FRIBERG H, BORIS-MOLLER F, SAKATA K, WIEL@H T (1996). The
immunosuppressant FK506 ameliorates ischaemic damattpe rat brainActa Physiologica
Scandinavical58: 155-159.

DUDCHENKO, PA (2004). An overview of the tasks uskdtest working memory in
rodentsNeuroscience and biobehavioral reviewov; 28 (7):699-709.

FARKAS L, LUITTEN PGM (2001).Cerebral microvasculgrathology in aging and
Alzheimer’s diseasd?rogress in Neurobiology64:575-611.

GALLISTEL CR (1989). Animal cognition: the represation of space, time and number.
Annual Review of Psychologd0:155-189.

GAVRILESCU T, KASE CS (1995).Clinical stroke syndres: Clinical-anatomical
correlationsCerebrovascular Brain Metabolism Revig&i218-239.

GINSBERG MD, STERNAU LL, GLOBUS MY-T, DIETRICH DWBUSTO R (1992)
Therapeutic modulation of brain temperature: rabeea to ischemic brain injury.
Cerebrovascular and brain metabolism reviewd,89-225.

GIONET TX, THOMAS JD, WARNER DS, GOODLETT CR, WASBKAN EA, WEST
JFR (1991). Forebrain ischemia induces selectiieavieral impairments associated with
hippocampal injury in ratsStroke 22:1040 — 7.

GIORDANI F, BENETOLI A, FAVERO-FILHO LA, LIMA KCM, CESTARI JL, MILANI H
(2003). Tacrolimus (FK506) reduces ischemia-indugggocampal damage in rats: a 7- and
30-day studyBrazilian journal of medical and biological rese&r36(4):495— 502.

GREEN EJ, DIETRICH WD, VAN DIJK F, BUSTO R, MARKGRACG, MCCABE PM,
GINSBERG MD, SCHNEIDERMAN N (1992). Protective efts of brain hypothermia on
behavior and histopathology following global cesdbischemia in ratsBrain Research
580:197-204.



49

HAMM RJ, LYETH BG, JENKINS LW, O'DELL DM, PIKE BRX993). Selective cognitive
impairment following traumatic brain injury in raBehavioural brain researgiDec 31;59(1-
2):169-73.

HODGES H (1996). Maze procedures: the radial-arch \@ater maze compare@ognitive
Brain Research3(3-4):167-181.

HUNTER AJ, MACKAY KB & ROGERS DC (1998). To what #nt have functional studies
of ischaemia in animals been useful in the assesswiepotential neuroprotective agents?
Trends in Pharmacological Scien¢cd9:59-66.

IDE T, MORIKAWA E, KIRINO T (1996). An immunosuppssant, FK506, protects
hippocampal neurons from forebrain ischemia inNtengolian gerbil. Neuroscience Letters
204:157-160.

IWASAKI K, KITAMURA Y, OHGAMI Y, MISHIMA K, FUJIWAR A M (1996). The
disruption of spatial cognition and changes intinino acid, monoamine and acetylcholine
in rats with transient cerebral ischemBrain Research709:163-172.

KIYOTA Y, MIYAMOTO M, NAGAOKA A (1991). Relationshp between brain damage and
memory impairment in rats exposed to transientbi@i@ ischemiaBrain Research538:295-
302.

LASSALLE JM, HALLEY H, ROULLET P (1994). Analysisfdehavioral and hippocampal
variation in congenit albino and pigmented BALB miBehavior Genetic24(2):161-9.

LEE B, CHOI Y, KIM H, KIM SY, HAHM DH, LEE HJ, SHIMI (2003). Protective effects of
methanol extract of Acori graminei rhizoma and Urem Ramulus et Uncus on ischemia-
induced neuronal death and cognitive impairmentherrat.Life Sciences/4(4):435-50.

LIMA KCM, SCHILICHTING CLR, CESTARI LA, SILVA F M, BENETOLI A, MILANI

H (2006). The Ginkgo biloba Extract, EGb 761, FadsReduce Brain Infarct Size in Rats
After Transient, Middle Cerebral Artery Occlusiamn Conditions of Unprevented, Ischemia-
induced FeverPhytotherapy researct20(6):432-443.

LONGA EZ, WEINSTEIN PR, CARLSON S, CUMMINS R (1989Reversible middle
cerebral artery occlusion without craneotomy is.ratroke 20:84-91.

MARKGRAF CG, GREE EJ, HURWITZ BE, MORIKAWA E, DIETRH WD, MCCABE
PM, GINSBERG MD, SCHNEIDERMAN N (1992). Sensorimotmd cognitive consequences
of middle cerebral artery occlusion in rdésain Research575:238-246.

MILANI H, YOSHIE UM, RUBIA MWO, LEPRI ER, XAVIER GF(1998). Loss of CAl1
cells following global ischaemia correlates wittasal deficits in the circular platform task.
Journal of Neuroscience Methqd9:19-27.

NUNN J, HODGES H (1994). Cognitive deficits induckg global cerebral ischaemia:
relationship to brain damage and reversal by tdiansg Behavioural Brain Researclo5:1-
31.

OHTA H, NISHIKAWA H, KIMURA H, ANAYAMA H, MIYAMOTO M (1997). Chronic
cerebral hypoperfusion by permanent internal cadrligiation produces learning impairment
without brain damage in ratleuroscience79(4):1039-1050.



50

OKADA M, NAKANISHI H, TAMURA A, URAE A, MINE K, YAM AMOTO K,
FUJIWARA M (1995). Long-term spatial cognitive impaent after middle cerebral artery
occlusion in rats: No involvement of the Hippocamplournal of Cerebral Blood Flow and
Metabolism 15:1012-1021.

OLSEN GM, SCHEEL-KRUGER J, M@LLER A, JENSEN LH (49 Does neuronal damage
of CA1 related to spatial memory performance of gtbjected to transient forebrain ischemia?
Acta Neurologica Scandinavic89:204-209.

OLTON DS, COLLISON C, WERZ M (1977). Spatial memoand radial arm maze
performance in ratd earning and Motivation:289-314.

OLTON DS, MARKOWSKA AL (1994). Memory and hippocaalpfunction as targets for
neurotoxic substanceleurotoxicology 15(3):439— 44.

PAGANELLI RA, BENETOLI A, LIMA KCM, FAVERO-FILHO LA, MILANI H (2004). A
novel version of the 8-arm radial maze: effectserkebral ischemia on learning and memory.
Jounal of Neuroscience Method$2:9-18

PULSINELLI WA, BRIERLEY JB (1979). Anew model of laieral hemisferic ischemia in
the unanesthetized r&trokel0(3):267-72.

ROULLET P, LASSALLE JM (1995). Radial maze learninging exclusively distant visual
cues reveals learners and nonlearners among intwede straind?hysiology and Behavior,
58(6):1189-1195.

SAKAI N, YANAI K, RYU JH, NAGASAWA H, HASEGAWA T, SASAKI T, KOGURE K,
WATANABE T (1996). Behavioral studies on rats witAnsient cerebral ischemia induced by
occlusion of the middle cerebral arteBehavioral Brain Resear¢i77:181-188.

SCHILICHTING CLR, LIMA KCM, CESTARI JUNIOR LA, SEKYAMA JY, SILVA FM,
MILANI H (2004). Validation of a simple and inexp&xme method for the quantification of
infarct in the rat brainBrazilian Journal of Medical and Biological Reseby87:511-521.

SCHWEGLER H, CRUSIO WE (1995). Correlation betweaadlial-maze learning and
structural variations of septum and hippocampusoitents.Behavioural Brain Research
67:29-41.

SEIF EL NASR M, NUGLISH J, KRIEGLSTEIN J (1992).é®ention of ischemia-induced
cerebral hypothermia by controlling the environnaénttemperature. Journal of
Pharmacological Method®7:23—-6.

SHARKEY J, BUTCHER SP (1994). Immunophilins medi#tie neuroprotective effects of
FK506 in focal cerebral ischaemMature 371:336-339

SLAKTER JS, SPERTUS AD, WEISSMAN SS, HENKIND P (#98An experimental model
of carotid artery occlusive diseagenerican Journal of Ophthalmolog97(2):168-172.

STROKE THERAPY ACADEMIC INDUSTRY ROUNTABLE (STAIR) (1999).
Recommendations for standards regarding preclimealroprotective and restorative drug
developmentStroke 30:2752-2758



51

SUN M-K, ALKON DL (2004). Cerebral hypoperfusion caramyloid-induced synergistic
impairment of hippocampal CAl synaptic efficacy asmhtial memory in young adult rats.
Journal of Alzheimer’s Diseas8:355-366.

SWANSON RA, MORTON MT, TSAO-WU G, SAVALOS RA, DAVIBON C, SHARP FR
(1990). A semiautomated method for measuring birafisrct volume.Journal of Cerebral
Blood Flow and Metabolisni0:290-293.

TANAKA K, HORI K, WADA-TANAKA N, NOMURA M, OGAWA N (2001). FK506
ameliorates the discrimination learning impairmené to preventing the rarefaction of white
matter induced by chronic cerebral hypoperfusiorata.Brain Research906(1-2):184-9.

TOKIME T, NOZAKI K, KIKUCHI H (1996). Neuroprotectie effect of FK506, an
immunosuppressant, on transient global ischemigerhil. Neuroscience Letter206: 81-84.

YAGITA Y, KITAGAWA K, MATSUSHITA K, TAGUCHI A, MABU CHI T, OHTSUKI T,
YANAGIHARA T, MATSUMOTO, M (1996). Effect of immunsuppressant FK506 on
ischemia-induced degeneration of hippocampal neuiongerbils.Life Science 59 (19):
1643-1650.



APENDIX A



APENDIX B



APPENDIX C



APPENDIX D



APPENDIX E



Livros Gratis

( http://www.livrosgratis.com.br )

Milhares de Livros para Download:

Baixar livros de Administracao

Baixar livros de Agronomia

Baixar livros de Arquitetura

Baixar livros de Artes

Baixar livros de Astronomia

Baixar livros de Biologia Geral

Baixar livros de Ciéncia da Computacao
Baixar livros de Ciéncia da Informacéo
Baixar livros de Ciéncia Politica

Baixar livros de Ciéncias da Saude
Baixar livros de Comunicacao

Baixar livros do Conselho Nacional de Educacdo - CNE
Baixar livros de Defesa civil

Baixar livros de Direito

Baixar livros de Direitos humanos
Baixar livros de Economia

Baixar livros de Economia Doméstica
Baixar livros de Educacao

Baixar livros de Educacdo - Transito
Baixar livros de Educacao Fisica

Baixar livros de Engenharia Aeroespacial
Baixar livros de Farmacia

Baixar livros de Filosofia

Baixar livros de Fisica

Baixar livros de Geociéncias

Baixar livros de Geografia

Baixar livros de Histdria

Baixar livros de Linguas



http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br/cat_1/administracao/1
http://www.livrosgratis.com.br/cat_1/administracao/1
http://www.livrosgratis.com.br/cat_1/administracao/1
http://www.livrosgratis.com.br/cat_1/administracao/1
http://www.livrosgratis.com.br/cat_1/administracao/1
http://www.livrosgratis.com.br/cat_1/administracao/1
http://www.livrosgratis.com.br/cat_1/administracao/1
http://www.livrosgratis.com.br/cat_2/agronomia/1
http://www.livrosgratis.com.br/cat_2/agronomia/1
http://www.livrosgratis.com.br/cat_2/agronomia/1
http://www.livrosgratis.com.br/cat_2/agronomia/1
http://www.livrosgratis.com.br/cat_2/agronomia/1
http://www.livrosgratis.com.br/cat_2/agronomia/1
http://www.livrosgratis.com.br/cat_2/agronomia/1
http://www.livrosgratis.com.br/cat_3/arquitetura/1
http://www.livrosgratis.com.br/cat_3/arquitetura/1
http://www.livrosgratis.com.br/cat_3/arquitetura/1
http://www.livrosgratis.com.br/cat_3/arquitetura/1
http://www.livrosgratis.com.br/cat_3/arquitetura/1
http://www.livrosgratis.com.br/cat_3/arquitetura/1
http://www.livrosgratis.com.br/cat_3/arquitetura/1
http://www.livrosgratis.com.br/cat_4/artes/1
http://www.livrosgratis.com.br/cat_4/artes/1
http://www.livrosgratis.com.br/cat_4/artes/1
http://www.livrosgratis.com.br/cat_4/artes/1
http://www.livrosgratis.com.br/cat_4/artes/1
http://www.livrosgratis.com.br/cat_4/artes/1
http://www.livrosgratis.com.br/cat_4/artes/1
http://www.livrosgratis.com.br/cat_5/astronomia/1
http://www.livrosgratis.com.br/cat_5/astronomia/1
http://www.livrosgratis.com.br/cat_5/astronomia/1
http://www.livrosgratis.com.br/cat_5/astronomia/1
http://www.livrosgratis.com.br/cat_5/astronomia/1
http://www.livrosgratis.com.br/cat_5/astronomia/1
http://www.livrosgratis.com.br/cat_5/astronomia/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_11/comunicacao/1
http://www.livrosgratis.com.br/cat_11/comunicacao/1
http://www.livrosgratis.com.br/cat_11/comunicacao/1
http://www.livrosgratis.com.br/cat_11/comunicacao/1
http://www.livrosgratis.com.br/cat_11/comunicacao/1
http://www.livrosgratis.com.br/cat_11/comunicacao/1
http://www.livrosgratis.com.br/cat_11/comunicacao/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_14/direito/1
http://www.livrosgratis.com.br/cat_14/direito/1
http://www.livrosgratis.com.br/cat_14/direito/1
http://www.livrosgratis.com.br/cat_14/direito/1
http://www.livrosgratis.com.br/cat_14/direito/1
http://www.livrosgratis.com.br/cat_14/direito/1
http://www.livrosgratis.com.br/cat_14/direito/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_16/economia/1
http://www.livrosgratis.com.br/cat_16/economia/1
http://www.livrosgratis.com.br/cat_16/economia/1
http://www.livrosgratis.com.br/cat_16/economia/1
http://www.livrosgratis.com.br/cat_16/economia/1
http://www.livrosgratis.com.br/cat_16/economia/1
http://www.livrosgratis.com.br/cat_16/economia/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_18/educacao/1
http://www.livrosgratis.com.br/cat_18/educacao/1
http://www.livrosgratis.com.br/cat_18/educacao/1
http://www.livrosgratis.com.br/cat_18/educacao/1
http://www.livrosgratis.com.br/cat_18/educacao/1
http://www.livrosgratis.com.br/cat_18/educacao/1
http://www.livrosgratis.com.br/cat_18/educacao/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_22/farmacia/1
http://www.livrosgratis.com.br/cat_22/farmacia/1
http://www.livrosgratis.com.br/cat_22/farmacia/1
http://www.livrosgratis.com.br/cat_22/farmacia/1
http://www.livrosgratis.com.br/cat_22/farmacia/1
http://www.livrosgratis.com.br/cat_22/farmacia/1
http://www.livrosgratis.com.br/cat_22/farmacia/1
http://www.livrosgratis.com.br/cat_23/filosofia/1
http://www.livrosgratis.com.br/cat_23/filosofia/1
http://www.livrosgratis.com.br/cat_23/filosofia/1
http://www.livrosgratis.com.br/cat_23/filosofia/1
http://www.livrosgratis.com.br/cat_23/filosofia/1
http://www.livrosgratis.com.br/cat_23/filosofia/1
http://www.livrosgratis.com.br/cat_23/filosofia/1
http://www.livrosgratis.com.br/cat_24/fisica/1
http://www.livrosgratis.com.br/cat_24/fisica/1
http://www.livrosgratis.com.br/cat_24/fisica/1
http://www.livrosgratis.com.br/cat_24/fisica/1
http://www.livrosgratis.com.br/cat_24/fisica/1
http://www.livrosgratis.com.br/cat_24/fisica/1
http://www.livrosgratis.com.br/cat_24/fisica/1
http://www.livrosgratis.com.br/cat_25/geociencias/1
http://www.livrosgratis.com.br/cat_25/geociencias/1
http://www.livrosgratis.com.br/cat_25/geociencias/1
http://www.livrosgratis.com.br/cat_25/geociencias/1
http://www.livrosgratis.com.br/cat_25/geociencias/1
http://www.livrosgratis.com.br/cat_25/geociencias/1
http://www.livrosgratis.com.br/cat_25/geociencias/1
http://www.livrosgratis.com.br/cat_26/geografia/1
http://www.livrosgratis.com.br/cat_26/geografia/1
http://www.livrosgratis.com.br/cat_26/geografia/1
http://www.livrosgratis.com.br/cat_26/geografia/1
http://www.livrosgratis.com.br/cat_26/geografia/1
http://www.livrosgratis.com.br/cat_26/geografia/1
http://www.livrosgratis.com.br/cat_26/geografia/1
http://www.livrosgratis.com.br/cat_27/historia/1
http://www.livrosgratis.com.br/cat_27/historia/1
http://www.livrosgratis.com.br/cat_27/historia/1
http://www.livrosgratis.com.br/cat_27/historia/1
http://www.livrosgratis.com.br/cat_27/historia/1
http://www.livrosgratis.com.br/cat_27/historia/1
http://www.livrosgratis.com.br/cat_27/historia/1
http://www.livrosgratis.com.br/cat_31/linguas/1
http://www.livrosgratis.com.br/cat_31/linguas/1
http://www.livrosgratis.com.br/cat_31/linguas/1
http://www.livrosgratis.com.br/cat_31/linguas/1
http://www.livrosgratis.com.br/cat_31/linguas/1
http://www.livrosgratis.com.br/cat_31/linguas/1
http://www.livrosgratis.com.br/cat_31/linguas/1

Baixar livros de Literatura

Baixar livros de Literatura de Cordel
Baixar livros de Literatura Infantil
Baixar livros de Matematica

Baixar livros de Medicina

Baixar livros de Medicina Veterinaria
Baixar livros de Meio Ambiente
Baixar livros de Meteorologia
Baixar Monografias e TCC

Baixar livros Multidisciplinar

Baixar livros de Musica

Baixar livros de Psicologia

Baixar livros de Quimica

Baixar livros de Saude Coletiva
Baixar livros de Servico Social
Baixar livros de Sociologia

Baixar livros de Teologia

Baixar livros de Trabalho

Baixar livros de Turismo
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