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ABSTRACT

Theneuroprotectiveeffectsofagmatine
onratglobalcerebralischemia

ChinHeeMun

DepartmentofMedicalScience
TheGraduateSchool,YonseiUniversity

(DirectedbyProfessorJongEunLee)

 

Inischemicstrokes,apoptosisiscausedbyexcitotoxicity,ionic
imbalance,oxidative/nitrosativestressandapoptotic-likepathways.
Oneoffreeradicalswhichareelevatedaftertheischemicinsultis
nitric oxide (NO).NO generated primarily by neuronal and
inducibleNOsynthases(NOS)promotesneuronaldamagefollowing
ischemia.Evidenceobtainedinrecentyearshasdemonstratedthat
endoplasmicreticulum（ER)-mediatedcelldeathplaysanimportant
roleincerebralischemia.
Agmatine is an endogenous substance synthesized from

L-argininebyargininedecarboxylase(ADC)andispresentinthe
mammalian brains.Previous studies have shown thatagmatine
maybeneuroprotectiveininvitroandinvivoischemiamodels.
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Also,we have previously studied and reported the effects of
agmatineonthemiddlecerebralarteryocclusion(MCAO)modelin
miceandshownthatagmatinecontributestoneuroprotectionfrom
ischemicinjury.
Transientglobalischemia for20 minutes was induced by 4

vesselocclusion(4-VO)usingthemethoddescribedoriginallyby
Pulsinellietal.(1979).Animalswereanesthetizedwithisoflurane
and agmatinewasadministered by IP injection in doseof100
mg/kgatthesametimeofreperfusion.Theratsweresampledat
6,24,48,and 72h afterreperfusion to determinetheeffectof
agmatine on NOS expression.We also checked the relation of
agmatine and calcium influx with ER by using
immunohistochemistry.We detected the expression ofNOS by
using immunoblotting.Agmatinetreatmentpreventedthedelayed
neuronalcelldeath in the hippocampalCA1 neurons in global
cerebralischemia.Italso blocked NOS expression and calcium
influxintheratbrain.Ontheotherhand,theexpressionofNOS
wasdifferentaccording totheareaoftheratbrain.Agmatine
inducedthelevelofNF-kB,Hsp70andGrp78,andsoon.Also,
agmatine reduced the levelof MMP-9 and MMP-2 slightly.
Agmatinehasshowndifferentneuroprotectiveeffectsaccordingto
variousbrainregions.
These results show thatagmatine inhibits the production of

nitricoxidebydecreasingtheexpressionofthreeisoformsofNOS
differentlyonglobalforebrainischemia.Itregulatesanti-apoptotic
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and pro-apoptotic proteins through different routes to protect
neuronsfrom transientglobalischemia.Moreover,neuroprotective
effects of agmatine were concerned with ER stress-mediated
condition.

Key words :agmatine,globalischemia,nitric oxide synthase,
neuronalcelldeath,ERstress
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TTThhheeennneeeuuurrroooppprrrooottteeeccctttiiivvveeeeeeffffffeeeccctttsssooofffaaagggmmmaaatttiiinnneeeooonnnrrraaattt
ggglllooobbbaaalllccceeerrreeebbbrrraaallliiisssccchhheeemmmiiiaaa

ChinHeeMun

DepartmentofMedicalScience
TheGraduateSchool,YonseiUniversity

(DirectedbyProfessorJongEunLee)

III...IIInnntttrrroooddduuuccctttiiiooonnn
Ischemicstrokeisthethirdleadingcauseofdeathinindustrially

advancedcountriesandamajorcauseoflong-lastingdisability.1

Eventhoughalargenumberofcompoundshavebeenprovento
reduce ischemic injury,clinicaltrials have been unsuccessful
becauseoftoxicsideeffects.Thus,thedevelopmentofnew drugs
anddiscoveryofnovelmechanismsfortreatingcerebralischemia
are needed2. In ischemic strokes, apoptosis is caused by
excitotoxicity, ionic imbalance, oxidative/nitrosative stress and
apoptotic-likepathways3.Theincreaseofcalcium ionmediatedby
glutamate receptors causes ionic imbalance,the production of
reactive oxygen families.The reactive oxygen families directly
impair lipids, proteins, nucleic acids and secrete apoptotic
proteins1,4,5.
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A maineventduringischemiaisthegenerationoffreeradicals;
duetotheirhighreactivity,theyprovokedamagetolipids,DNA
andproteinsandproduceneuronaldeath6.Theyalsocontributeto
thebreakdownoftheblood-brainbarrierandbrainedema6.Oneof
theseradicalswhichiselevatedaftertheischemicinsultisnitric
oxide (NO)5,7.As it willbe discussed below,NO generated
primarilybyneuronalandinducibleNO synthases(NOS)promotes
neuronal damage followed by ischemia5,6,7. In addition, the
conversionofxanthinedehydrogenasetoxanthineoxidasepromotes
thecellularformationoftoxicoxygenfreeradicalssuchasthe
superoxide anion which further breaks down membrane,
cytoskeletal,and nuclear structures1,6.An important source of
oxidativestress-mediated brain damageistheoxidantreactions
due to the formation ofperoxynitrite,a powerfuloxidantthat
results from the interaction between NO and superoxide8.This
anion has been shown to cause cell damage by several
mechanisms that include lipid peroxidation,tyrosine nitration,
sulfhydriloxidation and nitrosylation,and DNA breakage,etc8,9.
Ischemia-inducednitricoxideoverproductionisinpartcausedby
glutamatergic-mediated increased in intracellular calcium
concentration,resultinginacalmodulin-dependentupregulationof
nitricoxidesynthase6,7.Nitricoxideisenzymatically synthesized
from L-arginineandismassivelyincreasedbyischemia10.Three
nitricoxidesynthases(NOS)havebeen reported (eNOS,nNOS
andiNOS),sonamedbecauseoftheiroriginallydefinedendothelial



-6-

(eNOS) and neuronal (nNOS) localization, or ability to be
upregluated when induced (iNOS)6.Nitric oxide has also been
shown to inhibitmitochondrialrespiration via competition with
oxygenforcytochromeoxidaseandplayaroleintheinitiationof
apoptosis11,12.Althoughlittlehasbeenreportedontheeffectsto
bring nitricoxideinhibitorstoclinicalinvestigation,thereisno
doubtthatnitricoxideplaysapivotalroleinmediatingoxidative
stress13.
Endoplamicreticulum (ER)isthesiteofsynthesisandfoldingof

secretoryproteins.PerturbationsofER homeostasisaffectprotein
folding and cause ER stress14.ER can sense the stress and
respondtoitthroughtranslationalattenuation,upregulationofthe
genesforER chaperonesandrelatedproteins,anddegradationof
unfoldedproteinsbyaquality-controlsystem15.Evidenceobtained
in recent years has demonstrated that endoplasmic reticulum
（ER)-mediated celldeath playsan importantrolein cerebral
ischemia16.Therefore,targetingtheER mayprovideatherapeutic
approachforblockingthepathologicalprocessinducedbycerebral
ischemia17.However,no pharmacologicalapproach for treating
ischemia-inducedERdysfunctionhasbeenreportedsofar.
Agmatine, [(NH2(CH2)4NH2C(NH=)NH] is an endogenous

substancesynthesizedfrom L-arginineby argininedecarboxylase
(ADC)18 and ispresentin themammalian brains18,19,20.Previous
studieshaveshownthatagmatinemaybeneuroprotectiveinin
vitro21andinvivoischemiamodels22.It isnotaprecursorfor
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NOSs,butisratheraweakcompetitiveinhibitorofvariousNOS
isozymes23,24.NOSs generate nitric oxide (NO) by sequential
oxidationoftheguanidinium groupinL-arginine,andagmatineis
an L-arginine analogue with a guanidinium group25,26. This
suggeststhatagmatinemayprotectthebrainfrom ischemicinjury
byinterferingwithNOsignaling.Also,wehavepreviouslystudied
and reported the effects of agmatine on the MCAO (middle
cerebralarteryocclusion)modelinmiceandshownthatagmatine
contributes to neuroprotection from ischemic injury27. NO
production synthesized by NOS wassuppressed by agmatinein
hypoxic-ischemic brain injury model and some reports have
indicatedtheinteractionofagmatineandmanyapoptoticproteins
aswellasNO28,29.

FFFiiiggguuurrreee111...Structureofagmatine

A typicalfeatureofglobalischemiaisthattheischemiaisof
brief or intermediate duration,thus allowing recirculation and
long-term recovery8,30,31.Globalischemia,as occurs in cardiac
arrest,can besustained only forperiodsofup to12minute32.
Transient global cerebral ischemia leads to cell death of
hippocampal CA1 pyramidal neurons starting 2-3 days after
reperfusion33,34.This phenomenon is commonly referred to as
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selective neuronalvulnerability ofdelayed neuronalcelldeath.
Severalmechanisms such as glutamate excitotoxicity,calcium
overload,freeradicalinjury,anddisturbanceinproteinsynthesis
havebeenimplicatedinischemia-mediatedneuronalcelldeathand
transcriptionalactivationofvariousgeneshasbeendemonstrated
inpostischemicneurons35,36,37.
Inthisstudy,weinvestigatedtheeffectsofagmatineandits

NO regulationaccordingtotheocclusionandreperfusiontimeon
theneuronaldeath oftransientglobalcerebralischemiain rats
usingimmunohistochemicalandWesternblotanalysis.Inaddition,
wehavedemonstratedtherelationshipofNO andcalcium influx
with agmatinetreatmentelucidating thefunction ofendoplasmic
reticulum (ER).
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IIIIII...MMMaaattteeerrriiiaaalllsssaaannndddMMMeeettthhhooodddsss

111...AAAnnniiimmmaaalllsss
MaleSpragueDawleyratsfrom Sam (Osan,Korea)wereused

forthisstudy.Allanimalprocedureswerecarriedoutaccordingto
aprotocolapprovedby theYonseiUniversity AnimalCareand
Use Committee in accordance with the NIH guidelines.Male
SpragueDawley ratsweighing 300-350g wereused.Anesthesia
wasinducedwith3% isoflurane,70% N2O,30% O2andmaintained
with 2% isoflurane.Theleftfemoralartery wascannulated to
monitorarterialblood pressure,blood gases and blood glucose
concentration.Rectaltemperaturewasmonitoredcontinuously and
maintained at37±0.5℃ using a heating blanket(Homeothermic
BlanketControlUnit,Harvardapparatus;Edenbridge,UK).

222...GGGlllooobbbaaalllccceeerrreeebbbrrraaallliiisssccchhheeemmmiiiaaa
Beforetheexperiment,foodwaswithheldovernight,butwater

was freely available.The animals were anesthetized with 3%
isoflurane and maintained during surgery at a levelof 2%
isofluranein70% N2O and30% O2 withspontaneousbreathing.
Twenty minutesoftransientglobalischemiawasinducedby 4
vesselocclusion(4-VO)usingthemethoddescribedoriginallyby
Pulsinellietal.(1979)38.Inbrief,aftertheanimalswerepositioned
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instereotaxicearbars(KopfTujunga,CA)withtheheadtilted
downat ~30tothehorizontal,anincisionof1cm inlengthwas
madebehind theoccipitalbonedirectly overlying thefirsttwo
cervicalvertebrae.Theparaspinalmuscleswereseparatedfrom the
midline,andtherightandleftalarforaminaofthefirstcervical
vertebraewereexposedwiththeuseofanoperatingmicroscope.
A 0.5-mm diameterelectrocautery needle was inserted through
eachalarforamenandbothvertebralarterieselectrocauterizedand
permanently occluded.Next,both common carotid arteries were
isolated via a ventral,midline cervicalincision.An atraumatic
arterialclasp was loosely placed around each common carotid
arterywithoutinterruptingthecarotidbloodflow andtheincision
wasclosedwithasinglesuture.Onthefollowingday,20minof
4-VO ischemia wasinduced by tightening theclap around the
common carotid arteries. Carotid claps were then removed.
Sham-operated animals thatunderwentsurgery were used for
non-ischemiccontrol.
Therectaltemperaturewascontrolledat37±0.5℃ duringsurgery

withafeedback-regulatedheatingblanket.Thefemoralarterywas
exposed and catheterized with a PE-50 catheter to allow
continuousrecordingofarterialbloodpressureandwithdrawalof
blood samplesforblood gasanalysis.Afterthearterial blood
pressurewasrecovered,thearterialbloodwascollectedforblood
gasanalysis.
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FFFiiiggguuurrreee222Dorsalview ofratskullplusfirstand
second cervicalvertebrae.a.alarforamina of
firstcervicalvertebrae,v.vertebralarteriesas
theypassrostrallythroughvertebralcanaland
beneathalarforamina.

333...AAAgggmmmaaatttiiinnneeeaaadddmmmiiinnniiissstttrrraaatttiiiooonnn
Agmatinewaspurchasedfrom Sigma(St.Louis,MO,USA),and

dissolvedinnormalsalineandgivenas100mg/kginjectionsby
theintraperitonealroute,atthesametimeofreperfusion27.Control
wasreceivednormalsalineinequivalentvolumes.

444...HHHiiissstttooolllooogggiiicccaaalllaaasssssseeessssssmmmeeennntttooofffiiisssccchhheeemmmiiiccciiinnnjjjuuurrryyy
Forhistologicalandimmunohistochemicalstudy,6,24,48and72

hours(each n = 5)afterreperfusion,theanimalwereperfused
transcardially with 200 mlofsaline and then 300 mlof4%
paraformaldehydein0.1M phosphatebuffer,pH7.4,andkilledby
decapitation.Brains were removed and postfixed in the same
paraformaldehydesolutionfordaysandthenembeddedinparaffin,
and5 μm sectionsthroughthedosalhippocampus(anteroposterior
coordinate,bregma - 3.0mm) were cuton a microtome.For
histologicalassessmentofdamageinthehippocampus,theparaffin
embeddedbrainsectionswerestainedwithhematoxylinandeosin
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(H&E).Neuronalcountsin apredesignatedregionofCA1were
obtainedfrom fourtosixanimalspercondition.

FFFiiiggguuurrreee333...TheCA1,CA2regionofhippocampus

555...WWWeeesssttteeerrrnnnbbbllloootttaaannnaaalllyyysssiiisss
Forwesternblotanalysis,animalswerekilledanddecapitated6,

24,48 and 72 hours (each n = 4)after exposing to global
ischemia.Brainswereperfusedthroughtheheartarotawithcold
PBS torinseoutblood,andproteinwasextracted,aspreviously
described37.Theregionofhippocampusandcerebralcortexinrat
brainwasdissectedforextractionofcellularproteins,treatedwith
10×lysisbuffercontaining1×PBS,1% nonidetP-40,0.5% sodium
deoxycholate,0.1% SDS,proteinaseinhibitor-PMSF,Aprotininand
Sodium orthovandate) and isolated protein used homogenizer
(Dramel,RacineWI,USA).Thehomogenatewascentrifugedat
13000rpm for 17 min at 4℃. The determination of protein
concentration in the supernatant was performed by the BCA
method(PIERCE,Rockford,USA).
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TTTaaabbbllleee111.Antibodiesusedforimmunohistochemistry andWestern
blot

Protein Format Concentration
Immuno/WB Manufacturer

nNOS Rabbitpolyclonal 1:200/1:500 Upstatea
iNOS Rabbitpolyclonal 1:5000/1:5000Chemiconb
eNOS Rabbitpolyclonal 1:500/1:1000 TransductionLabc
NitrotyrosineRabbitpurifiedIgG1:200/ - Upstate
NF-kB Rabbitpolyclonal 1:500/1:1000 SantaCruzd
MMP-2 Rabbitpolyclonal -/1:2000 Chemicon
MMP-9 Rabbitpolyclonal -/1:2000 Chemicon
Hsp70 Mousemonoclonal1:500/1:1000 Stressgene
actin Mousemonoclonal -/1:1000 SantaCruz
Grp78 Rabbitpolyclonal 1:500/1:1000 SantaCruz
GADD153 Mousemonoclonal1:500/1:2000 SantaCruz
Bcl-2 Rabbitpolyclonal -/1:1000 SantaCruz

Immuno,Immunohistochemistry;WB,Westernblot.
aLakePlacid,NY.
bTemecula,CA.
cHercules,CA.
dSantaCruz,CA.
eVictoria,Canada.

To confirm the expression ofproteins,Western blots were
performed as previously descibed37.Western blotanalysis was
performedusing primaryantibodies(Table1).Equalamountsof
protein,40gpercondition,wereseparatedon10% sodium dodecyl
sulfate-polyacrylamide gelelectrophoresis (SDS-PAGE)gels and
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electrotransferred onto Immobilon-NC membrane (Milipore,MA),
whichwereprobedwithprimary antibody at4℃ overnightand
secondary antibody atroom temperaturefor1hour.Toreduce
nonspecificantibodybinding,themembraneswereblockedwith5%
nonfatdrymilkfor1houratroom temperatureandthenincubated
for24hoursat4℃ withprimaryantibodies.Afterthreewashes
with TBS containing 0.05% Tween 20,immunoreactive signals
werevisualizedbychemiluminescence,theECL detectionsystem
(Amersham Life Science,Buckinghamshire,UK) using Kodak
X-AR film.Immunoblotsignalswerequantifiedusingacomputer
program (GelScopeTM,ImagelineINC,CA,USA).

666...IIImmmmmmuuunnnooohhhiiissstttoooccchhheeemmmiiissstttrrryyy
Brain sections were fixed with 4% paraformaldehyde and

rehydrated.Sectionswereimmunostainedwithprimaryantibodies
followedbyanappropriatebiotinylatedsecondaryantibody.Stains
werevisualizedusingtheABC kit(VectorLaboratoriesInc,CA)
(Leeetal.,2001)37,thenreactedwithdiaminobenzidineassubstrate
(DAB,St.Louis,Sigma)and counterstained with hematoxylin.
Results were recorded with a DP-70 digitalcamera (Olympus,
Melville,NY).Controlsincludedomissionorpreabsorptionofthe
primaryantibodyoromissionofthesecondaryantibody.
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777...DDDeeettteeeccctttiiiooonnnooofffnnniiitttrrriiicccoooxxxiiidddeee(((NNNOOO)))ppprrroooddduuuccctttiiiooonnn
ToassessanamountofNO productionintissuesamples,the

stableend-productsofNO metabolism,peroxynitritewasmeasured
usinganti-nitrotyrosine(Upstate,MA).Brainsectionswerefixed
with 4% paraformaldehyde,rehydrated and immunostained with
anti-nitrotyrosine(1:200,Upstate,MA)followedbyanappropriate
biotinylated secondary antibody. Then, reacted with
diaminobenzidineassubstrate(DAB,St.Louis,Sigma).

888...TTTrrraaannnsssmmmiiissssssiiiooonnneeellleeeccctttrrrooonnnmmmiiicccrrrooossscccooopppyyy(((TTTEEEMMM)))
Forelectronmicroscopy,animalswerekilledanddecapitated24

hours(eachn=3)afterexposingtoglobalischemia.Brainswere
perfusedthroughtheheartarotawith2.5% glutaraldehydeand2%
paraformaldehyde.Thebrainsectionswereimmersedinasolution
containing 3% glutaraldehydein0.1M cacodylatebufferfor1h,
rinsedincacodylatebufferandpost-fixedfor1hina1% OsO4
solution in thesamebuffer.Thefixedtissueblockswerethen
dehydratedthroughgradientconcentrationsofethanol,transferred
topropyleneoxide,and thespecimenswereembedded in Epon
812/Araldite.One-micrometersectionswerecutwithglassknives
and stained with toluidine blue (0.1% aqueous solution).Thin
sections for ultrastructural evaluation were cut on an LKB
ultramicrotome with a diamond knife,contrasted with uranyl
acetateandleadcitrate,andexaminedinaSiemensElmiskop102.
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999...CCCeeellllllcccooouuunnntttiiinnngggaaannndddSSStttaaatttiiissstttiiicccaaalllaaannnaaalllyyysssiiisss
Cellcounting was performed in 2 coronalbrains slices (4

hippocampi,approximatelyat1.0and2.0mm posteriorfrom the
bregma)foreachanimal,andperformedusingthelightmicroscope
equippedwitha10×objectivebyindependentobserversinablind
manner,andtheresultswereaveraged.
Alldatawerepresentedasmean±SEM.Statisticalcomparison
between different treatments was done by Student's ttt-test.
Differences with PPP value < 0.05 were considered statistically
significant.Standard statisticaltests were used to determine
differencesbetweengroupsusingSigma,ST.Louis,Missouri,USA
Stat(JandelCorp.,SanRafael,CA,USA).
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IIIIIIIII...RRReeesssuuullltttsss

111...AAAgggmmmaaatttiiinnneeeppprrrooottteeeccctttsssmmmaaannnyyynnneeeuuurrrooonnnsssiiinnnrrraaatttbbbrrraaaiiinnnsssaaafffttteeerrrtttrrraaannnsssiiieeennnttt
ggglllooobbbaaallliiisssccchhheeemmmiiiaaa
Toinvestigatetheneuroprotectiveeffectofagmatineon global
cerebralischemicinjury,4-vesselocclusion(4-VO)ratmodelwas
prepared. Agmatine (100 mg/kg of rat) was injected
intraperitoneallyintotheratbrainischemicinjured.Theeffectof
agmatinewasmeasuredbystainingcoronalsectionofratbrain
withH&E.
Ratglobalcerebralischemia modeloccluded for20 min was
damagedseverely in thehippocampusamong 10,20and30min
occlusion time.It was impossible to access an evaluation of
neuronaldamagein 30min occlusion groupbecauseofitsvery
high motality.H&E staining demonstrated that many neurons
showedischemicchangessuchaspyknosisandcellshrinkagein
thehippocampalCA1regionafter20minofocclusion（Figure4).In
theCA3(notshown)anddentategyrus（DG)region,noremarkable
ischemicchangewasobservedaftertransientglobalischemia.On
the other hand, agmatine treatment group have shown
neuroprotectiveeffectexposedto20minofocclusion（Figure4).
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FFFiiiggguuurrreee 444.The effectofagmatine following differenttime of
occlusion（originalmagnification,×400).Cells in CA1 and CA2
（notshown)regionweremoresensitivethatthoseinCA3（not
shown)andDG（dentategyrus)toagmatinetreatmentafterglobal
ischemia.Therewerenosignificantlymorphologicaldifferencesin
bothCA3andDG.NC;normalcontrol,EC20;20minofocclusion,
Agm20;EC20withagmatinetreatment.
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222...TTThhheeeeeeffffffeeeccctttooofffaaagggmmmaaatttiiinnneeeooonnnttthhheeedddeeelllaaayyyeeedddnnneeeuuurrrooonnnaaallldddeeeaaattthhhaaafffttteeerrr
tttrrraaannnsssiiieeennntttggglllooobbbaaallliiisssccchhheeemmmiiiaaa
Ischemicneuronaldamageinhippocampalneuronswithagmatine

treatmentfollowing differenttimeofreperfusion in globalcerebral
ischemia,asevaluated by H&E stanining,waslessthan thatin
experimentalcontrolgroups(Figure5).H&E staining demonstrated
thatonlyafew neuronsshowedischemicchangesinEC6.Almost
allneuronsshowedischemicchangesintheCA1regionwithtime
dependentmannerandmany neuronsdiedin theCA1subfieldof
EC72,whereasneuronsofagmatinetreatmentgroupswereshaped
likenormalneurons(Figure5B).Inaddition,thenumberofH&E
positivecellswasthehighestinAGM24(Figure5A).

333...LLLooonnnggg---ttteeerrrmmm eeeffffffeeeccctttooofffaaagggmmmaaatttiiinnneeeaaafffttteeerrrggglllooobbbaaallliiisssccchhheeemmmiiiaaa
Toinvestigatethesideeffectofagmatine,westudiedlong-term

survivalchangeswithandwithoutagmatinetreatment.Formortality
assessmentfollowingtodifferenttimeofocclusion,theanimalswere
scrificed10min,20min,and30minofocclusion.Forlong-term
effectofagmatinestudy,theanimalsweresacrificed24,72,and
168hours(eachn=3)afterreperfusion.
With4-vesselocculsion,animalmodelwasshownhighmortality
differently with other ischemic animalmodels (Table 2).The
percentageofmotalitywas36.4,45.5,and66.7% inEC10,,EC20,
andEC30grouprespectively.Intheotherhand,thepercentageof
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FFFiiiggguuurrreee555.Histologicalevidenceforagmatinemediatedprotectionof
CA1hippocampalneuronsfollowingdifferenttimeofreperfusionin
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globalcerebralischemia.（A)Sections are shown atlow（×20)
powerand（B)Sectionsareshownathigh（×400)power,after
theinductionofischemiawithoutorwithagmatine.NC;normal
control,EC6;6hrafterreperfusion,EC24;24hrafterreperfusion,
E48;48hrafterreperfusion,EC72;72hrafterreperfusion,AGM6;
EC6 with agmatine treatment,AGM24; EC24 with agmatine
treatment,AGM48;EC48withagmatinetreatment,AGM72;EC72
withagmatinetreatment.

motalitywas28.6,37.5,40% inAgm10,Agm20,andAgm30group
respectively.Motality was higherin experimentalcontrolgroup
thaninagmatinetreatmentgroup.Agmatinereducednotonlythe
neuronaldeathinducedby4-VO modelfollowingdifferenttimeof
occlusionandreperfusion,butalsoameligratedtheanimalsurvival
followingdifferenttimeofocclusionaftertransientglobalischemia.
Forlong-term effectofagmatinestudy,agmatinewasdaily

injected as 100 mg/kg by I.P.Agmatine treatmentgroup was
treatedwithagmatineatthesametimeofreperfusionatthefirst
day,anditwasgivendailyafter24hours.Withdrawalfrom 24,72,
and168hours(eachn=3)ofcontinuousagmatineadministration
had showed no remarkable changes as compared with normal
control.ThebodyweightwasincreasedsteadilybothNCandagm
group,andbodytemperaturewasalwaysmaintainedwithin37±0.
5℃ (Figure 6).Agmatine did notaffectfood intakeand body
temperatureofanimalsinallgroups.Ithasbeenproventoexhibit
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virtuallylow systemictoxicity.

TTTaaabbbllleee222...Mortalityof4-vesselmodelintransientglobalischemia

Group Totalanimal survivalanimal % ofmotality
EC10 11 7 36.4
EC20 11 6 45.5
EC30 9 3 66.7
Agm10 7 5 28.6
Agm20 8 5 37.5
Agm30 5 3 40

NC;normalcontrol,EC10,,EC20,EC30;10min,20min,30minof
occlusionrespectively,Agm10,Agm20,Agm30;EC10,,EC20,EC30with
agmatinetreatment.
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FFFiiiggguuurrreee666...Long-term survivalchangeswithandwithoutagmatine
treatment.Agmatinewasdailyinjectedas100mg/kgbyI.Pand
theanimalsweresacrificed24,72,and168hours(eachn=3)
afterreperfusion.NC;normalcontrol,agm;agmatinetreatment.
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444...AAAgggmmmaaatttiiinnneee hhhaaasss ssshhhooowwwnnn ttthhheee nnneeeuuurrroooppprrrooottteeeccctttiiivvveee mmmeeeccchhhaaannniiisssmmm bbbyyy
sssuuupppppprrreeessssssiiinnngggttthhheeeeeexxxppprrreeessssssiiiooonnnooofffnnniiitttrrriiicccoooxxxiiidddeeesssyyynnnttthhhaaassseee
Themechanism ofneuroprotectiveeffectbyagmatinewithnitric

oxidewasinvestigatedinsomeways;byassessingproteinlevels
ofthreeisoformsofnitricoxidesynthase(NOS),byhistological
assessment of three isoforms of NOS and the formation of
peroxynitritebyareactionofNO.
Tostudytheeffectofagmatineonnitricoxide,theexpression

ofnNOS,iNOSandeNOSwasexaminedinthehippocampusand
cerebralcortexoftheratbrainafter20minocclusionof4-VO
globalmodel.Animalswerekilledanddecapitated6,24,48and72
hours(eachn=4)afterexposingtoglobalischemia.
ThelevelofnNOSinAgm groupsubjectedto6,24,and48hr

ofreperfusionwashigherthanexperimentalcontrol(EC)groups
(Figure7).However,itslevelwaslowered72hrafterreperfusion
withagmatinetreatmentascomparedtoEC72group.Thelevelof
iNOSinEC6groupincreased226% ofAGM6groupandremained
higherthan AGM24,AGM48and AGM72group.iNOS levelof
agmatinetreatmentwasconstantlydecreasedwiththepassageof
time (Figure 7). In contrary, the level of eNOS was not
significantlydifferentfrom thenormalcontrol(NC).Itslevelwas
slightlyhigherinAGM48andAGM72groupthaninEC48and
EC72group,respectively(Figure7).
ThelevelofnNOSwasincreasedinAGM6andAGM24thanin

EC6 and EC24,respectively,whereas its levelwas decreased in
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AGM48andAGM72comparedtoEC48andEC72,respectively.iNOS
protein level was induced after ischemia-reperfusion, agmatine
treatmentwith100mg/kg,I.Pbluntedthisinductionespeciallyin
AGM72group.Ontheotherhand,eNOSproteinlevelwassimilar
toNC.Itslevelwasslightly increased in AGM48and AGM72
groupthaninEC48andEC72group,respectively(Figure8).
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FFFiiiggguuurrreee777...TheexpressionofnNOS,iNOS andeNOS intherat
hippocampus using Western blot analysis. nNOS level was
increasedwithagmatine(100mg/kg,I.P),butitslevelwaslower
inAGM72thaninEC72.ThelevelofiNOS wasdecreasedby
agmatinetreatmentfollowing timecourse.eNOS levelwasmore
activatedwithagmatineinrathippocampusafterglobalischemia.

FFFiiiggguuurrreee 888...The expression ofnNOS,iNOS and eNOS in rat
cerebralcortexusingWesternblotanalysis.ThelevelsofnNOS
andiNOSwereshownsimilarpatencyincerebralcortexcompared
totherathippocampus.On theotherhand,eNOS protein level
wasexpressedisocraticallyandslightlyincreasedinAGM48and
AGM72groupthaninEC48andEC72group,respectively.
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555... IIImmmmmmuuunnnooolllooocccaaallliiizzzaaatttiiiooonnn fffooorrr nnnNNNOOOSSS,,, iiiNNNOOOSSS aaannnddd eeeNNNOOOSSS aaafffttteeerrr
tttrrraaannnsssiiieeennntttggglllooobbbaaallliiisssccchhheeemmmiiiaaa
We investigated the immunoreactivity of nNOS,iNOS and

eNOS in thehippocampusaftertransientglobalischemia using
immunohistochemistry.
The number of nNOS positive neurons was significantly

increasedinEC6anddecreasedinAGM24,andtherewereonlya
few scattered nNOS positive neurons in AGM72 group in the
hippocampal CA1 subregion (Figure 9). Similarly, occasional
damagedandiNOS positivemanyneuronswereobservedinall
experimentalcontrolgroups.ThenumberofiNOS positivecells
waseffectively decreasedin AGM24andAGM48group(Figure
10).In contrast,the number of eNOS positive neurons was
significantly unchanged in allgroups(Figure11).Intraperitoneal
administration of agmatine (100 mg/kg) at the same time of
reperfusionreducedimmunoreactivityfornNOSandiNOSexpression
afterischemia;themaximun reduction oftheimmunoreactivity for
activenNOSwasobtainedinAGM24,andthemaximunreductionof
theimmunoreactivity foractiveiNOS wasalsoshown in AGM24
group.Few neuronsinthehippocampusshowedimmunoreactivityfor
active eNOS both experimental control groups and agmatine
treatmentgroups.
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FFFiiiggguuurrreee999...Representativephotomicrographsofimmunohistochemical
study fornNOS in CA1ofthehippocampusafterglobalbrain
ischemiafollowingreperfusiontimecourse.ThenumberofnNOS
positiveneuronswassignificantlydecreasedinAGM24.Scalebar,
200 μm.
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FFFiiiggguuurrreee111000...Representativephotomicrographsofimmunohistochemical
study foriNOS in CA1 ofthehippocampusafterglobalbrain
ischemiafollowingreperfusiontimecourse.ThenumberofiNOS
positiveneuronswasalsosignificantlydecreasedinAGM24.Scale
bar,200 μm.
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FFFiiiggguuurrreee111111.Representativephotomicrographsofimmunohistochemical
study foreNOS in CA1ofthehippocampusafterglobalbrain
ischemiafollowingreperfusiontimecourse.DifferentlywithnNOS　
andiNOS,thenumberofeNOS positiveneuronswasunchanged
inallgroups.Scalebar,200 μm.
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666...BBBllloooccckkkaaadddeeeooofffnnniiitttrrroootttyyyrrrooosssiiinnneeeppprrroooddduuuccctttiiiooonnnbbbyyyaaagggmmmaaatttiiinnneeeaaafffttteeerrr
tttrrraaannnsssiiieeennntttggglllooobbbaaallliiisssccchhheeemmmiiiaaa
ToassessanamountofNO productionintissuesamples, We

alsoexaminedtheimmunoreactivityfor3-nitrotyrosine,amarker
ofperoxynitrite,thereactionproductofNOandsuperoxide.
Globalischemiainducedapronouncedincreaseinnitrotyrosine

expression in pyramidalneurons ofCA1 in the hippocampus.
Nitrotyrosine expression was significantly increased in CA1
neuronsat6hrpostischemiaandwasfurtherincreasedat24hr
afterreperfusion,andmaintained48and72hrpostischemiainEC
groups(Figure12).Onthecontrary,theincreaseofnitrotyrosine
expression was dramatically suppressed in agmatine treatment
groups,particularlyinAGM24,AGM72inthehippocampus(Figure
12) and in the cerebralcortex (Figure 13),suggesting that
agmatineattenuated ischemia/reperfusion injury through blockade
nitricoxideproduction.

777...AAAgggmmmaaatttiiinnneee hhhaaasss ssshhhooowwwnnn ttthhheee nnneeeuuurrroooppprrrooottteeeccctttiiivvveee mmmeeeccchhhaaannniiisssmmm bbbyyy
iiinnnddduuuccciiinnnggg ttthhheee eeexxxppprrreeessssssiiiooonnn ooofff NNNFFF---kkkBBB aaannnddd HHHsssppp777000 aaannnddd bbbyyy
sssuuupppppprrreeessssssiiinnngggMMMMMMPPP---999eeexxxppprrreeessssssiiiooonnnaaafffttteeerrrggglllooobbbaaallliiisssccchhheeemmmiiiaaa
Toexaminewhethertheneuroprotectivemechanism ofagmatine

regulatedbyNF-kB,MMP-2,MMP-9andHsp70inratbrainafter
global ischemia,we performed an immunoblotting analysis and
immunolabeling.
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FFFiiiggguuurrreee 111222...Nitrotyrosine immunostaining of postischemic CA1
neuron in rat hippocampus following reperfusion time course.
Nitrotyrosineexpressionwassignificantly decreasedby agmatine
inAGM24,AGM72group.Scalebar,100 μm.

ThelevelofNF-kBinAgm groupsubjectedto6,24,and48hr
ofreperfusionwashigherthanexperimentalcontrol(EC)groups
especiallyinAGM6andAGM24(Figure14A).However,itslevel
waslowered72hrafterreperfusionwithagmatinetreatmentas
comparedtoEC72group.ThelevelofMMP-2wasinducedby
globalcerebralischemia,butMMP-2levelwasnotsignificantly
differentamongECandAGM groups(Figure14A).MMP-9level
washigherinEC48thaninAGM48group,anditslevelwas
suppressedbyagmatineinAGM72group(Figure14A).Thelevel
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FFFiiiggguuurrreee111333...Nitrotyrosine immunostaining of postischemic CA1
neuron in thecerebralcortex following reperfusion timecourse.
The increase of nitrotyrosine expression was dramatically
suppressedbyagmatineinAGM24,AGM72group.Scalebar,200
μm.

ofHsp70 was increased and highly maintained its levelin all
groups(Figure14B).
ThelevelofNF-kB wasincreased in EC6 and EC24 than in

AGM6andAGM24,respectively,whileitslevelwasdecreasedin
EC48andEC72comparedtoAGM48andAGM72,respectivelyinthe
cerebralcortex.There was no remarkable differences ofMMP-2
proteinlevelafterischemia-reperfusion.Ontheotherhand,MMP-9
proteinlevelwasthehighestinEC48groupanditwasdecreased
steadilybyagmatinetreatment.ThelevelofHsp70wasstrongly
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highdifferentlyfrom otherproteins,anditwashigherinagmatine
treatmentgroupsthan in experimentalcontrolgroups,especially
AGM48andAGM72groups.
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AAA

BBB

FFFiiiggguuurrreee111444...TheexpressionofNF-kB,MMP-2,MMP-9andHsp70
intherathippocampus(A)andinthecerebralcortex(B)using
Westernblotanalysis.(A)NF-kB levelwasincreasedinAGM6
andAGM24.ThelevelofMMP-2wasnotsignificantlydifferent
both EC and AGM groups.MMP-9 levelwas suppressed by
agmatineinAGM72andthelevelofHsp70washighlymaintained
inallgroups.(B)ThelevelofNF-kB wasincreasedinEC6and
EC24,whileitwasdecreasedin EC48andEC72.MMP-2protein
levelwasshownnochangesafterglobalischemia.MMP-9levelwas
decreasedsteadilybyagmatinetreatment.ThelevelofHsp70was
higherespeciallyinAGM48andAGM72groups.
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888...IIImmmmmmuuunnnooolllooocccaaallliiizzzaaatttiiiooonnnfffooorrrHHHsssppp777000iiinnnhhhiiippppppooocccaaammmpppaaalllCCCAAA111nnneeeuuurrrooonnnsss
aaafffttteeerrrtttrrraaannnsssiiieeennntttggglllooobbbaaallliiisssccchhheeemmmiiiaaa
Chaperones,especially the stress inducible Hsp70,have been

studiedfortheirpotentialtoprotectthebrainfrom ischemicinjury.
ThenumberofHsp70positiveneuronswasincreasedinEC6,and
therewereafew scatteredHsp70positiveneuronsinAGM72and
EC72groupinthehippocampalCA1subregion.Interestingly,AGM24
and AGM48haveshown astrongly positiveimmunireaction for
Hsp70.Incontrary,therewerenoHsp70positivecellsinEC24and
EC48group(Figure15).

NC

EC6 EC24 EC48 EC72

AGM6 AGM24 AGM48 AGM72

NC

EC6 EC24 EC48 EC72

AGM6 AGM24 AGM48 AGM72

FFFiiiggguuurrreee 111555...Immunohistochemicallocalization of Hsp70 in the
hippocampalCA1 region following reperfusion timecourse.The
number of Hsp70 positive neurons was increased in EC6.
Interestingly,AGM24andAGM48haveshownastronglypositive
immunireactionforHsp70.Scalebar,200 μm.
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999...AAAgggmmmaaatttiiinnneee ppprrrooottteeeccctttsssnnneeeuuurrrooonnnsss fffrrrooommm tttrrraaannnsssiiieeennntttggglllooobbbaaallliiisssccchhheeemmmiiiaaa
cccooonnnccceeerrrnnneeedddwwwiiittthhhEEERRRssstttrrreeessssss---mmmeeedddiiiaaattteeedddaaapppoooppptttooosssiiisss
ToinvestigatetheeffectofagmatinerelatedtoER stress,the

expression ofER stress-mediatedproteins,Hsp70,Grp78,CHOP
andBcl-2wereexaminedinthehippocampusandcerebralcortex
ofthe ratbrain afterglobalischemia by immunoblotting.The
inhibiting effect of agmatine on ER stress-mediated neuronal
apoptosiswasfurthersuppoetedbyanelectrom microscopestudy
because changes oforganelles in ER structure induced by ER
stressdidnotexhibitanyultramicroscopicabnormalities.
ThelevelofHsp70 was increased and highly maintained its

levelinallgroups(Figure16A).ThelevelofGrp78inAgm group
after4-VO globalischemiawashigherthanexperimentalcontrol
(EC)groupsespeciallyinAGM6andAGM24(Figure16A).The
levelofCHOPwasinducedbyglobalcerebralischemia,andCHOP
levelwasmoreinducedinAGM group(Figure16A).Bcl-2level
washigherinEC48thaninAGM48group.
ThelevelofHsp70wasstrongly high differently from other

proteins,anditwashigherinagmatinetreatmentgroupsthanin
experimentalcontrolgroups,especiallyAGM48andAGM72groups
in the cerebralcortex (Figure 16B).The levelofGrp78 was
increasedinagmatinetreatmentgroupanditslevelwasthehighest
inAGM24.CHOP proteinlevelwasmoreinducedinAGM group
(Figure16B).Bcl-2levelwashigherin EC48than in AGM48
group.
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FFFiiiggguuurrreee111666...TheexpressionofHsp70,Grp78,CHOPandBcl-2in
therathippocampus(A)and in thecerebralcortex (B)using
Westernblotanalysis.(A)Hsp70levelwasincreasedinallgroups.
Grp78levelandCHOP levelwerehigherin Agm group.Bcl-2
levelwashigherinEC48thaninAGM48group.(B)Hsp70level
was increased especially AGM48 and AGM72.Grp78 leveland
CHOP levelwereincreasedin Agm.Bcl-2levelwashigherin
EC48thaninAGM48group.
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111000...EEEllleeeccctttrrrooonnnmmmiiicccrrrooossscccooopppiiicccssstttuuudddyyymmmeeedddiiiaaattteeedddbbbyyyEEERRRssstttrrreeessssssfffooorrr
tttrrraaannnsssiiieeennntttggglllooobbbaaallliiisssccchhheeemmmiiiaaa
Next,weexamined whethertheeffectofagmatineby global

ischemiaisobservedwithandwithoutagmatinetreatment24hr
afterreperfusion.Weperformedan electron microscopicanalysis
withthehippocampalCA1pyramidalneuronsofEC24andAGM24.
Electron microscopy of normal control revealed that vivid

chromatin,distinctnucleusmembraneandstrongERstructureand
Golgiapparatus(Figure17a,17d,17g).
OurEM studyindicatedsignificantmorphologicalchangesofER

andofmitochondria.Intheexperimentalcontrol,cellsshowedthe
typical apoptotic patterns of compaction and segregation of
chromatin, destruction of ER lumen and disruption of the
mitochondria.After24hrofreperfusionwithoutagmatine,swollen
roughERwasprevalent(Figure17b,17e,17h).SwollenroughER
andfreeribosomesthatwerereleasedfrom theER increasedin
EC, whereas the mitochondria and ER lumen remained
morphologicallynormalat24hofagmatinetreatment.Mostofthe
cells in the agmatine-treated ratbrain showed no significant
morphologicaldifferences (FIgure 17c,17f,17i).These results
suggestthatsuppressionofERstressbyagmatine attenuatesthe
apoptoticprocess.
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FFFiiiggguuurrreee111777...Electron microscopy of cellinjury by ER stress
following 24h reperfusion in the rathippocampus obtained by
global ischemia. Electron micrographs show ultrastructural
alterations in individualneurons in the hippocampus.(a)The
controlhippocampalneuron hadalargenucleus,relatively small
cytoplasm,and intactmitochondria,ribosomeson theER lumen
andotherorganelles.(b)ERstructurewasseverelydestructedand
many ribosomes were innervated in cytoplasm of EC group.
Differently,ER structureofAgm wasshownintactlybeing like
normal group. A; ×15960, B; ×37200, C; ×124800 original
magnification.
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IIIVVV...DDDIIISSSCCCUUUSSSSSSIIIOOONNN

Inthepresentstudy,weusedaratmodeloftransientglobal
ischemia.Twentyminutesofischemiaproducedmarkedlydamage
tothehippocampusasdeterminedbyH&Estaining37.Ontheother
hand,weshowed thatintraperitonealadministration ofagmatine
protectedbrainfrom ischemicinjuryasevidencedbydecreasing
thelevelofiNOS,MMP-9andincreasingthelevelofNF-kBand
Hsp70.Simultaneously,we found thatagmatine can effectively
suppressER dysfunctioninvivo.Moreover,thepresentfindings
indicatethattheprotectiveeffectofagmatineonischemicinjury
maybemedicatedinpartbyrestorationofERdysfunction.
Incerebralischemia,apoptosisiscausedbyexcitotoxicity,ionic

imbalance, oxidative/nitrosative stress and apoptotic-like
pathways1,4,5,39.Correlatedwiththesesevents,thereisanincrease
inthegenerationofnitricoxide(NO),resultingfrom activationof
thenitricoxidesynthase(NOS)onbothresidentandinfiltrating
cells40.ExcessivegenerationofNOisthoughttoplayanimportant
role in ischemic injury41. Exogenous and endogenous radical
scavengershavebeendemonstratedtosuppressnitrosativestress
andthuspreventischemicinjury18,32,34.Agmatinehasbeenshown
to exertaprotectiveeffectagainstcerebralischemicinjury by
blockingNMDA receptoractivationandinhibitingNOSactivity21,42.
Ontheotherhand,ampleevidencesuggestedthatER damageis



-41-

involvedinneuronalcelldeathinducedbycerebralischemia43,44,45.
Thus,inthisstudy,weinvestigatedtheeffectofagmatineonER
dysfuctionunderpathologicalconditions.
After20minocclusionof4-VO globalmodel,weobservedan

increaseinthelevelofnNOSby48hrandadecreaseinthelevel
ofnNOS 72hrafterreperfusion.Moreover,wealsoobserveda
decrease in the levelofiNOS time-dependentmannerand no
significantchangeinthelevelofeNOS.Following ourprevious
report,agmatinedecreased infractsizesand appeared toreduce
nNOSexpressiontoagreaterextentthaniNOSinmiddlecerebral
arteryocclusion(MCAO)mousemodel27.Inaddition,weobserved
asignificantdecreaseinthenumberofpositivecellsofnNOSand
iNOSafter24hrwithagmatinetreatment.
There are at least three likely mechanisms for agmatine

neurorotection.Agmatinehasbeenshowntoreduceexcitotoxicity
invitrobyblockingNMDA receptoractiviation21,42.Agmatine,an α
-2adrenoceptoragonisthasbeenshowntoprotectneuronsfrom
injuryinvivoandinvitro19,22.Lastly,itisaNOSantagonist,and
generationofNOhasbeenimplicatedinischemicbraininjury46.
Agmatinealsohasshowntobeacompetitiveinhibitorofboth

nNOS and iNOS27,47.In the presentstudy,we found thatthe
induction ofnNOS and iNOS by globalischemiawasinhibited
with the administration ofagmatine.Agmatine also effectively
reduced theproduction ofnitrotyrosinein thehippocampusand
cerebralcortexinthisanimalmodel.
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Animportantsourceofoxidativestress-mediatedbraindamage
istheoxidantreactionsduetotheformationofperoxynitrite,a
powerfuloxidantthatresultsfrom theinteractionbetweenNO and
superoxide.Thisanionhasbeenshowntocausecelldamageby
several mechanisms that include lipid peroxidation, tyrosine
nitration,sulfhydriloxidationandnitrosylation,andDNA breakage,
etc8,9.
In contrastto the toxic effects ofnNOS and iNOS,eNOS

mediates vasodilation, inhibition of platelet aggregation, and
leukocyte adhesion to endothelium,alleffects that would be
protective following cerebralischemia6,7,41.In ourfindings,there
wasnosignificantchangeinthelevelofeNOS inWesternblot
analysis and in the number of eNOS positive cells in
immunoreactivity.Theresultconfirmstheneuroprotectiveroleof
NOfrom eNOSduringcerebralischemia.
We also observed a decrease in the levelofMMP-9 and

increased in the levelof NF-kB and Hsp70 with agmatine
treatmentafterglobalischemia.Matrixmetalloproteinases(MMPs)
areafamilyofserineproteasesinvolvedintheremodelingofthe
extracellular matrix48,49.MMPs are activated under pathological
conditionsinthebrain,andthiscanleadtodisruptionoftheblood
brainbarrier(BBB),serum proteinextravasation,andhemorrhage.
Infact,MMP-9wasfoundtoplayadeleteriousroleinischemic
pathophysiology as MMP-9-deficient knockout mice had
significantly smaller ischemic lesions than their wild type
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littermates50,51.Wepreviously reportedHsp70suppressesMMP-2
and -9 expression following ischemia-like insults in cultured
astrocytes52.In thisstudy,weconfirm notonly theincreaseof
Hps70levelandtheimmunoreactivityofHsp70toprotectneurons
from globalischemia,buttheeffectivesuppressionofMMP-9by
Hsp70.
NF-kB isaninducibletranscriptionfactorcomposedofvarious

combinations of NF-kB/Rel family members53,54. Following
activationsubsequenttocerebralischemiaandreperfusioninjury,
NF-kB acts on genes forcytokines,adhesion molecules,nitric
oxidesynthase,cyclooxygenase-2,MMP-9,andperhapsapoptotic
genes.These genes have a variety ofpositive and negative
influences on the outcome ofbrain injury.In neurons,NF-kB
supported survival signaling by inducing the expression of
anti-apoptotic factors,for example anti-apoptotic bcl-2 family
members,manganesesuperoxidedismutase(MnSOD),andinhibitos
ofapoptosis(IAP)55.TheeffectofmanipulationofNF-kBneedsto
beexaminedcritically,asitpertainstothesereactivegenes56.
Inratsundertwentyminutesofglobalischemiafollowedbya

givenperiodofrecovery,weobservedandecreaseinthelevelof
thetranscriptionfactorCHOPandinactivationofGrp78andBcl-2
in the ischemic hippocampus and cerebralcortex.The results
indicate that globalischemia caused severe ER damage and
triggered ER stress-associated apoptosis.On the other hand,
treatmentwith agmatine increased in the levelofCHOP and
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activated ofGrp78 and Bcl-2 in thehippocampusand cerebral
cortex.There is no reportaboutneuroprotective mechanism of
agmatinerelatedtoERstressyet.Thesefindingswouldculminate
the firstone concerning how agmatine protects neurons from
ischemicinjuryassociatedwithERstress.
ER stressresponseactivatestwo transcription factors,CHOP

andNF-kB,whoseroleinthestressresponsehasnotbeenasyet
fullyclarified15.C/EBPhomologousprotein(CHOP),alsoknownas
growtharrestandDNA damage-induciblegene153(GADD153)15

wasfirstisolated in a screen aimed atidentification ofgenes
responsive to UV treatment, but subsequent studies have
recognized thistranscription factorto bemostsensitiveto the
alterations in the ER culminating in UPR57. Expression of
GADD153 is activated by all agents that up-regulate ER
chaperons,and,likechaperones,itisinducedbyATF6andATF4
transcription factors57.Severalstudies have shown a role for
GADD153innegativeregulationofcellgrowthanddifferentiation,
andithasalsobeenimplicatedinapoptosisinduction58.Onestudy
has indicated thatGADD153 sensitizes cells to ER stress by
down-regulationofBcl-2familyandbydepletionofglutathione57,62.
However,itislargelyunknownhow thechangesinexpressionof
thesetargetgenesrelatetoapoptosisinischemicinjury.
Glucose-regulated protein (Grp)78 is a molecular chaperone

involvedintheUPR,termedtheunfoldedproteinresponseinthe
endoplasmicreticulum (ER)respondedtoalleukaryoticcells59.The
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ER chaperoneGrp78 binds to theER luminaldomainsifboth
PERK and IRE1,which serves to repress activation oftheir
cytosolic catalytic domains60.The increase in Grp78 provides
significant cytoprotection against toxic agents61, including
thapsigargin.
Bcl-2isoneamonganykeyregulatorsofapoptosis,whichare

essentialforproperdevelopment,tissuehomeostasis,andprotection
againstforeign pathogens14.Theanti-apoptoticfunctionofBcl-2
can also be regulated through proteolytic processing and
phosphorylation.Bcl-2 may promote cellsurvivalby interfering
with activation of the cytochrome c/Apaf-1 pathway through
stabilizationofthemitochondrialmembrane63,64.
Wedemonstratedtheneuroprotectiveeffectsofagmatineinrat

global cerebral ischemia by using Western blot analysis,
immunohistochemistrywhenwetreatedagmatineatthesametime
ofreperfusion.Agmainehavemanypossiblepathwaytoinhibitthe
neuronalcelldeath,blockNMDA channel,competitiveinhibitorof
NOS,andsoon.WefocusedontherelationofagmatinetoNOS
andNO.Inaddition,wefocusedonthepossibleprotectiveeffect
ofagmatine againstER dysfunction related NO.We obtained
evidencethatagmatinesignificantly inhibitedER stress-mediated
apoptotic signals induced by transient global ischemia and
attenuatedERstressinglobalischemia.
Agmatine is an amine and organic cation formed by the

decarboxlyation of L-arginine by the enzyme arginine
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decarboxylase(ADC)18.Whilelong recognized tobesynthesized
andstoredinplants,bacteria,andinvertebrate18,agmatineandits
biosynthetic enzyme were recently discovered in mammals18,19,20,
originally in ratbrain and later in other tissues and serum.
Agmatinebindstoimidazolineand α2-adrenergicreceptorsandhas
been proposed as an endogenous ligand for imidazoline
receptors19,65.Although the study of the possible physiological
functions of agmatine in the brain is still in its infancy,
accumulating evidenceindicatesseverallevelsofpharmacological
andphysiologicalimportance.
Agmatinehasrecentlybeenshowntoinhibitnitricoxidesnthase

(NOS)in isolated ratarota23 and in ratbrain19,66.In fact,the
inhibitoryeffectofagmatineonNO synthesishasbeenimplicated
initsinhibitoryeffectonmorphineabstinencesyndromeandinits
antidepressant effect23,24. Agmatine can also antagonize the
N-methyl-D-aspartate (NMDA) receptor-induced effects in
hippocampalneurons21,42.Apartfrom theseneuromodulatoryroles,
agmatine is a metabolic precursor of polyamines,which by
themselvesinducevariouscentraleffects1.
Itiswellestablishedthattherattransientglobalischemiamodel

mimics the condition aftertransientcardiac arrestand causes
selectiveneuronaldeathinvulnerableregions,suchashippocampal
CA1pyramidalcells,Purkinjecellsofthecerebellem,andneurons
in the third to fifth layers of the cerebral cortex30,31.The
vulnerability has been arrtibutes to many factors, such as
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glutamateneurotoxicity,calcium,expressionofcellsuicidegenes,
activationofapoptoticproteins,mitochondrialdysfunction32.Global
cerebralischemia triggers activation of apoptotic pathways in
neuronsdestinedtodie34,67.Ithasbeenemphasizedthecriticalrole
of the mitochondrial dysfunction in theses mechanism after
recirculation.
Themajorfinding wereportisthatagmatine,an analog of

L-arginine68,69,protectsbraintissueagainstischemicinjury.This
effectappearstobemediatedthroughdifferentinhibitionofthree
isoforms ofNOS,suppression ofMMPs by activating Hsp70,
inductionofCHOP,Grp78andBcl-2associatedwithERstressin
ischemicinsults.
Agmatine,anendogeneousinhibitorofNOS,maybeapromising

therapeutictargetfortreatmentofcerebralischemia.Considering
thefindingsofthepresentstudy,wespeculatethatagmatinehas
multipleeffects,althoughthemechanism ofitsactionsneedstobe
elucidatedfurther.
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VVV...CCCOOONNNCCCLLLUUUSSSIIIOOONNN

In the present study,we demonstrated that agmatine has
neuroprotectiveeffectsbyinhibitingnitricoxidesynthaseandon
ischemicinjuryandevaluatedtheeffectofagmatineonischemic
injuryinratglobalcerebalischemicmodel.
Theseconclusionsaresupportedbythefollowingobsevations.
1.Agmatinetreatmentattenuatesneuronaldamagethroughoutthe
hippocampus and cerebralcortex after an ischemic insults,
persistsintheselectivevulnerableCA1subfield,andrecovers
intheso-called"resistant"areasCA3anddentategyrus.

2.AgmatinedecreasedthelevelofnNOS andiNOS slightly in
immunoblotting.

3.Agmatine suppressed the expression ofnNOS and iNOS in
immunohistochemicalstainingat24hrafterreperfusin,butdid
notthatofeNOS.

4.AgmatinereducedtheformationofNO intheimmunoreactivity
ofnitrotyrosine.

5.AgmatinesuppressedthelevelofMMP-9,otherwiseinducedthe
levelofNF-kBandHsp70.

6.Agmatine increased the levelof Grp78,CHOP and Bcl-2
associatedwithER-mediatedstress.
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ABSTRACT(INKOREAN)

전전전뇌뇌뇌 허허허혈혈혈 동동동물물물 모모모델델델에에에서서서
아아아그그그마마마틴틴틴의의의 신신신경경경세세세포포포 보보보호호호 효효효과과과

<지도교수 이 종 은>

연세대학교 대학원 의과학과

문 진 희

허혈성 뇌질환에서 세포사멸은 과독성,이온 불균형,산화/질산화
스트레스와 세포사멸 관련 기전에 의해 일어난다.허혈성 질환이 발
생한 후 유도되는 자유이온의 하나가 일산화질소이다.일산화생성효
소에 의해 생산된 일산화질소는 허혈에 따른 신경세포 저해를 일으킨
다.최근 몇 년 동안 소포체 관련 세포사가 전뇌허혈에 중요한 역할
을 할 것이라고 보고되어 왔다.
아그마틴은 알기닌 탈탄산효소에 의해 L-arginine으로부터 합성되

는 내재성 물질로,포유류의 뇌 속에도 존재한다.이전 연구들은 아그
마틴의 신경세포보호작용을 세포성 모델과 허혈성 동물 모델로 제시
해 오고 있다.또한,우리는 중간대뇌동맥결찰 마우스 모델을 제작,그
것을 통해 아그마틴이 허혈성 저해로부터 신경세포를 보호하고 있음
을 이미 보고하였다.
4-VO 전뇌 허혈성 동물 모델은 1979년 Pulsinellietal.의 모델을

참조하여 제작하였다.동물은 이소푸르란을 이용하여 마취하였고,아
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그마틴은 100mg/kg양을 재관류 시작과 동시에 복강주사하였다.일
산화질소생성효소의 발현에 아그마틴이 미치는 영향을 알아내기 위해
재관류 시작 후 6,24,48,72시간이 경과하면 뇌를 적출하였다.또한
소포체 관련 칼슘 분비와 아그마틴의 조절 관계를 확인하기 위해 조
직면역화학염색법을 실시하였고,일산화질소생성효소의 발현 정도를
알기 위해 immunoblotting을 수행하였다.아그마틴 처리는 전뇌허혈
성 저해로부터 해마 CA1구역의 신경세포들을 보호하였고,일산화질
소생성효소의 발현도 저해시켰다.한편,아그마틴에 의한 일산화질소
생성효소의 발현 조절은 뇌 지역에 따라 차이를 보였다.아그마틴 처
리는 NF-kB,Hsp70와 Grp78의 발현을 유도하는 반면,MMP-9과
MMP-2의 발현은 감소시켰다.또한,전자현미경적 분석을 통해 아그
마틴 처리군은 실험 대조군보다 소포체와 골지체를 비롯한 세포소기
관의 형태가 정상군에 보다 가까움을 알 수 있었다.
이상의 결과들은 아그마틴이 전뇌허혈성 동물 모델에서 3가지 일산

화질소생성효소의 발현을 다르게 조절 및 감소시킴으로써 일산화질소
의 생성을 억제함을 보여준다.아그마틴은 전뇌허혈성 저해로부터 신
경세포를 보호하기 위해 여러 경로를 통해 MMPs,Hsp70,NF-kB,
Grp78등 anti-apoptotic단백질과 pro-apoptotic단백질들의 발현을
조절한다.또한,아그마틴은 소포체성 세포사멸과 연관된 허혈성 저해
로부터 신경세포를 보호한다.

핵심되는 말 :아그마틴,전뇌허혈,질소생성효소,신경세포사멸,소포
체성 세포사멸
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