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Abstract

Effect of agmatine in Mitogen-activated protein dses (MAPKS) activation
after traumatic brain injury

Yong Woo Lee

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Jong Eun Lee)

Agmatine is a primary amine formed by the decarkaiign of
L-arginine and is an endogenous clonidine-disptacgubstance synthesized in
mammalian brain. Many studies suggest that agmatétkices various brain
injury. We investigate the effect of agmatine in tagen-activated protein
kinase (MAPKSs) activation after traumatic brain uiryj (TBI). Agmatine was
treated at 30 minutes after trauma. Through thedtréll test, motor function
was clearly increased in agmatine treatment graupweeeks after TBI. Agmatine
reduced necrotic brain area, the number of eosihopheurons and TUNEL
positive cells. Especially, Agmatine increased pKEBXxpression and decreased
p-JNK and p-p38. The expression of inflammatoryokirtes were decreased in
agmatine treatment group than experimental congrolup. These results were
associated with an induction of nuclear factor-K#f-KB) nuclear translocation.
Western blot analysis showed that agmatine induwaslear translocation of
Nf-kB. Aquaporins (AQPs), correlated with brain sde as water channels.
The expression of AQPs were decreased by agmatmeatntent. Bone

_‘I_



morphogenetic protein (BMP) -7 is neuroprotectived aneuroregenerative.
Agmatine treatment increased the expression of BMMmere than experimental
control after TBI.

In these results, neuroprotective effect of agreaiton TBI is
associated with activated MAPKs expression throdgjikkB translocation into
the nucleus.

Key words : Agmatine, Traumatic brain injury, Mi@gactivated protein
kinases, Inflammatory cytokine, Aquaporins, Bonerphogenetic protein-7



Effect of agmatine in Mitogen-activated protein dses (MAPKS) activation
after traumatic brain injury

Yong Woo Lee

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Jong Eun Lee)

l. INTRODUCTION

Agmatine, formed by the decarboxylation of L-arg@i by arginine
decarboxylase (ADC), was first discovered in 1910. is hydrolyzed to
putrescine and urea by agmatinasRecently, agmatine, ADC, and agmatinase
were found in mammalian brdin Agmatine is an endogenous
clonidine-displacing substance, an agonist for 2hadrenergic and imidazoline
receptors, and an antagonist at N-methyl-D-asgar(AtMDA) receptors®”. It

has been shown that agmatine may be neuroprotectiteauma and ischemia



modelg 6789

Agmatine was shown to protect neurons againsttaglate
toxicity and this effect was mediated through NMDéceptor blockade, with
agmatine interacting at a site located within theIDM channel por¥.

Traumaic brain injury (TBI) is one of three maj@uses of death in Korea,
along with cancer and cardiovascular disease. Dymamechanical deformation of
neuronal tissue produces a microstructural respansige cellular level triggering a
complex array of signaling events. These eventsh sas activation of second
messengers, phosphorylation of proteins, and clsanige the synthesis of
transcriptional factor§"*? can lead to delayed damage and cell death iimitially
affected cells as well as neighboring cells withiours and days post-injuty
However, the mechanisms by which these initialudisinces caused by membrane
damage lead to cell death are poorly understooderRestudies on the molecular
mechanisms mediating apoptosis have focused oma#ioti of mitogen-activated

protein kinase (MAPKSs) following traumatic injuryr iboth in vivo and in vitro

models™* %

Inflammatory response and edema following TBI hasrbproposed as an
important factor in the development of secondargsue& damage. The
proinflammatory cytokines interleukin-1 and TNFeanduced early after brain
injury and have been implicated in the delayed dghia Brain edema is a
pathophysiological condition of increased watertenhdue to variety of coexisting
brain injuries, including ischemia, trauma, tumandainfection, and has been
classified into several subtypes by the pathogenesithe edema development,
including cytotoxic, vasogenic and interstitial ioradem4’.

Mitogen-activated protein kinases(MAPKS) cascadesaafamily of protein
kinases activated by a wide spectrum of extraaallsdimuli. There are at least three
subtypes of MAPKs cascades, including extracellulaignal regulated
kinase(ERK)1/2, c-jun NH2 terminal kinase(JNK), ap88 cascades, and they
regulate various cellular processes such as celthr differentiation, inflammation

and apoptosis. MAPKs is crucial for many physiotagjior pathological respons&s



MAPK participates in the TRAF pathway of IL-1 intellular signal transductiéh’”
In addition, may play an important role in ischenoia trauma-induced neuronal
damage in the hippocamptis

Based on these evidences, we hypothesized that tiagmaay have

neuroprotective effect through MAPKs activationeafiTBl.



Il. MATERIALS AND METHODS

1. Animals

Sprague-Dawley rats from Sam tako(Osan, Korea) wesed for this
study. All animal procedures were carried out aditgy to a protocol
approved by the Yonsei University Animal Care andeUCommittee in
accordance with NIH guidelines.

2. Traumatic brain injury model

Male adult Sprague-Dawley rats weighting 300 = 20gre anesthetized
with mixture of ketamine (75 mg/kg), sedazect (0n7&/kg), and rompun (4 mg/kg).
The scalps were incised and a craniotomy was maede the right forelimb motor
cortex (the rats were put into a stereotactic frame a craniotomy was drilled +2 ~
-2 mm anterior and posterior from bregma and + ¥+ 5 mm lateral from the
midline). The bone was thinned with the drill biteo the forelimb motor cortex, and
then the bone was removed by a forceps. Special was taken to keep the dura
intact to prevent bleeding. Cortical lesion wasuiced by attachment of metal probe
(diameter 3mm) cooled by liquid nitrogen onto thaib surface 5 times for 30
seconds. The physiological parameters before caldrtatic injury were monitored
and maintained throughout the experiment.

Agmatine was dissolved in normal saline (100 mglRg Sigma) and

given 30min after TBI. Controls received normalirgalin equivalent volumes.



Interaural Line

Figure 1. Dorsal view of the rat skull. Figure shkowhe position of traumatic cold
lesion. Figure from "The rat brain in stereotaxiooinates forth edition, George

Paxinos & Charles Watson, Academic Press 1998"

3. Assessment of necrotic volume.
Necrotic volume was determined by H-E staining, ngsi a
computer-assisted image analysis system (Image 38b,1.NIH, USA). The
volume of necrosis was expressed as a percentagéheofnecrotic area of

ipsilateral hemisphere.

4. Terminal Deoxynucleotidyl transferase-MediatddT& Nick End Labeling
(TUNEL) staining.

For TUNEL staining, we used thien Stu Cell Death kit (Roche
Diagnostics). Brain sections were deparaffin, rebtel and washed with PBS.
Then add Proteinase K and incubate for 30min aC3Bections were then
washed twice with PBS, stained with the TUNEL reactmixture for 60 min
at 37°C, washed twice with PBS. DNA fragmentatioaswobserved under a

fluorescence microscope (LSM 510 META, Carl Zeiss).



5. Immunohistochemical staining
Brains were fixed with 4 % paraformaldehyde, andbedded in
paraffin. Brain sections were made by 1. Sections were immunostained
with primary antibodies, followed by an appropriatgotinylated secondary
antibody. Stains were visualized using the ABC @fector, Burlingame, CA,
USA) (Lee et al.,, 2002), then reacted with diamemhdine (DAB, Sigma, St.
Louis. MO, USA). When double-labeled fluorescentmomohistochemistry was
used, stain were visualized using fluorescein-agatied secondary antibody.
Double-labeled immunostaining was evaluated usinfuarescence microscope
(LSM 510 META, Carl Zeiss). Immunostaining controlsere prepared by
tissue without primary antibodies. All incubationeps were performed in a

humidified chamber.

6. Immunoblotting

Proteins were isolated from rat brain and lysedaiublizing buffer (10mM
HEPES pH7.4, 10mM KCI, 0.1mM EDTA, 0.1mM EGTA, 1mTT, 10% NP-40,
and 1mM PMSF, 1g/ml aprotinin, leupeptin). Equal oamts of protein were
subjected to electrophoresis on 10~12.5% SDS-polianide gels. Separated
proteins were then electro-transferred to PVDF nramd (Millipore, Bredford, MA,
USA). The membranes were blocked for 1h at roonpeFature in 5% skim milk in
TBS. The membranes were incubated overnight witib@ties. After washing 5
times with TBS-T for every 5min, blots were incudxhtwith HRP-conjugated
anti-rabbit or anti-mouse secondary antibodies3foat RT. Finally blots were rinsed
and proteins were visualized using an ECL proteetection kit (ECL plus,
Amersham international plc, Little Chalfont, UK)cacding to the manufacturer's

instructions.



7. Behavior test

To examine the change of behavioral function repgvell animals were
behaviorally tested at 2 weeks after TBI. Behavitest was performed by using the
forepaw adjusting steps. We assessed contraldamepaw adjusting steps on a
treadmill, which moved at a rate of 90 cm/12 sdusTest is consisted of 3 trials
each animal forepaw and used to measure motor icadiah.

8. Statistical analysis
Statistical tests to determine differences betwegmups were
performed with student'd test using SAS ver 8.01 (SAS Institute Inc., NC).
P value < 0.05 was considered significant. Data expressed as the mean *
standard error of mean (SEM).



lll. RESULTS

1. Behavior test.
To measure the motor coordination, we used treddmadt. 2 weeks

after TBI, counted the number of forepaw step tanexe the change of
behavioral function recovery. In normal conditidhe number of forepaw step was
16~18. In agmatine treatment group, the numbertep svas increased (7 = 2
steps) compared to experimental controls (2 + psite

12

10 4 S

Steps / round

EC Agm

Figure 2. Treadmill test 2 weeks after TBI. The andtinction was clearly increased in
agmatine treatment group than in EC at 2weeks agér(**, P < 0.01 vs EC). Data are
expressed as the mean + SEM. EC, Experimentalaaroup; Agm, Agmatine treatment

group.
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2. Histological analysis for neuroprotective effaxft agmatine after TBI.
To analysis the morphological change such as pyknoand

eosinophilic cell after TBI, we used H-E staining serial coronal sections of
the brain. Necrotic brain area and the number ofinephilic neurons was
reduced in agmatine treatment group than EC intialle point. 1day after
TBI, the number of eosinophilic neurons were redu@e cerebral cortex and
hippocampus by agmatine treatment (Figure 3A). Tways after TBI,
eosinophilic neurons were significantly reduced atine treatment group
hippocampus (Figure 3B). The necrotic volume of irbravas reduced in
agmatine treatment group at 1 and 2 week after d@hpared to that of EC
group (Figure 3C, 3D). The volume of necrosis wapressed as a percentage

of the ipsilateral hemisphere of necrotic area Feg3E).
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Figure 3. Trauma-induced the number of eosinopikctrons was markedly reduced and
improved neurological deficits in agmatine treatirgmoup. Figure shows that 1day (A), 2 day
(B), 1 week (C), and 2 weeks (D) after TBI. Intathe point necrosis area was also reduced in
agmatine treatment group (E). Scale bar is 10 ( *, P < 0.05, **, P < 0.01 vs EC)
EC, Experimental control group; Agm, Agmatine tmeant group; CAl, CA2, CA3,
DG, Dentate gyrus of hippocampus
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3. TUNEL staining after TBI.
To determine the protective effect of agmatine rgtato the damaged

brain, we used TUNEL staining.
In cerebral cortex (Figure 4A) and hippocampus {Feg 4B), the
number of TUNEL positive cells (green) was decrdage agmatine treatment

group from 2 days to 2 weeks after TBI comparedexperimental control.

A. 1 day 2 day 1 week 2 week

B. 1 day 2 day 1 week 2 week

Figure 4. TUNEL staining after TBI with and withoaigmatine. TUNEL positive cells
(green) were decreased in Agm than EC from 2 day2teveek after TBI in both
cerebral cortex (A) and hippocampus (B). EC, Experital control group; Agm,

Agmatine treatment group.

EC ..- <

Agm R
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4. Immunohistochemistry of mitogen-activated pnotdhases (MAPKS).

To investigate the effect of agmatine in MAPKs egsion, we performed
immunohistochemistry using anti- p-ERK, p-JNK anrg38 antibodies.

The number of p-ERK positive cells was increasedlaand 2days
after TBI in agmatine treatment group than expenimle control (Figure 5A).
Agmatine treatment reduced the number of p-JNK praB8 positive cells in

cerebral cortex (Figure 5B, 5C).

_16_
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Figure 5. Immunohistochemistry of MAPKs after TBtERK, p-JNK and p-p38 postive cells
shown to have brown-colored. The number of p-ERKitp@ cells were increased in Agm
than EC (A). But p-JNK (B) and p-p38 (C) were desed in Agm. EC, Experimental
control group; Agm, Agmatine treatment group.

5. Immunoblotting of Mitogen-activated proteim&ses (MAPKS).
In cerebral cortex, p-ERK was increased at 1 andy2dafter TBI in

agmatine treatment group. p-ERK was not detecteahd 2weeks after TBI in
all condition (Figure 6A). The expression of p-JNKas decreased after TBI
in agmatine treatment group (Figure 6B). p-p38 MARI&s decreased all time
point in agmatine treatment group (Figure 6C).

In hippocampus, p-ERK was also increased at 1 a2 after TBI
in agmatine treatment group. p-ERK was not detedtednd 2weeks after TBI
in all condition (Figure 6D). The expression of MWKJ was decreased from 1
day to 1 week after TBI in agmatine treatment groBpt 2 weeks after TBI,
p-JNK was increased in agmatine treatment grougu(Ei 6E). The expression

of p-p38 was not detected in hippocampus.
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1 day 2 day 1 week 2 week
EC Agm EC Agm EC  Agm EC  Agm
ERK | - b b CE» TN aEp e e 0
S eEn D csas D D T @S 4D
Phospho-ERK . &. ; S
B-Actin
o
[ poey
s 4D
o
&
g
A w8
2
Q
m
0 L
1 day 2 day 1 week 2 week
EC Agm EC  Agm EC Agm EC Agm
je— 54kD
il 22 T T ¥ ¥ T R
Phospho-TNK | 888 S R ok e oo

B-Actin

Optical Density

0O

3s00 o

3000 -

2500 -

2000

1500

1000

s00 o

0

Phospho-p38

B-Actin

Optical Density

3500

3000

2500

2000

1500

1000

£

I 5410
40

je— 38kD

_19_



1 day 2 day 1 week 2 week

EC Agm EC  Agm EC Agm EC Agm

ERK -—
- le— 42D

will

-— ey e e D
—— amp esss O

«— 44kD
+— 42kD

—_—
E=——1
Phospho-ERK | 4l ’

-

= . 4D
- £33 42kD
-

Optical Density
E g B

5

g

1 day 2 day 1 week 2 week

EC Agm EC Agm EC  Agm EC Agm

el d 1 2 1 T ¥ ¥ Jaww

Sl
Phospho-JNK E m : o
. i

B-Actin

5000 -

m
I 541D
4000 | (—
3000 |
2000 |
1000
0 4

Figure 6. The expression of MAPKs after TBI. Inemal cortex, expression of p-ERK

Optical Density

(A) but not p-JNK (B) and p-p38 (C), was increabgdagmatine treatment. In hippocampus,
expression of p-ERK (D) was increased and p-JNKwWE$ decreased in agmatine treatment
group. p-p38 was not detected. ( *, P < 0.05, **,<P0.01 vs EC) EC, Experimental
control group; Agm, Agmatine treatment group.



6. The expression of inflammatory cytokines.
The acute inflammatory response following TBI haserfb shown to

play an important role in the development of seeoydtissue damage. The
proinflammatory cytokines interleukin-1 (IL-1) andumor necrosis factar-
(TNF-a), are induced early after brain injury and havesrbemplicated in the
delayed damage. So we determine the anti-inflanmyatffect of agmatine
after TBI by western blot analysis.

In cerebral cortex, TNk- (Figure 7A) and IL-B (Figure 7B) was

decreased in all time point agmatine treatment grou
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Figure 7. We examined the expression of inflamnyatytokine using immunoblotting in

cerebral cortex (A, B). In all time point, TNlF-and IL-13 were decreased in agmatine
treatment group compared to experimental contrtelr &BI. ( *, P < 0.05, **, P < 0.01

vs EC) EC, Experimental control group; Agm, Agmatitreatment group.

7. Effect of agmatine on the Nf-kB nuclear tlanation after TBI.

To determine the regulation of Nf-kB p65 translimatto the nuclei
by agmatine, we performed western blot analysisthef cytosolic (Figure 8A)
and the nuclear (Figure 8B) fractions. Agmatineucet Nf-kB p65 nuclear
translocation at 1 and 2 day after TBI. Nf-kB p6%&swnot detected at 1 and
2 week after TBI. This data suggest that Nf-kB p@&clear translocation by
agmatine may be involved with increased expressibp-ERK at 1 and 2 day
after TBI.

_22_
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Figure 8. Western blot analysis of Nf-kB nucleanglocation by agmatine. Cytosolic (A) and
nuclear (B) Nf-kB p65 were visualized. ( *, P < B,0**, P < 0.01 vs EC) EC,
Experimental control group; Agm, Agmatine treatmemoup.

_23_



8. Immunofluoresence of AQPs expression afermrratic brain injury.

AQP-1 was boldly detected at the choroid plexus esfperimental
control but wasn't in agmatine treatment group {@g9A). The expression of
AQP-4 was colocalized with GFAP and increased ipeexnental control than
agmatine treatment group (Figure 9B). The expressid AQP-9 was also

increased in experimental control than agmatinatiment group (Figure 9C).

_24_



Merge

Figure 9. Macrographs of aquaporin 1 immunofluceese in the choroid plexus after
TBI with and without agmatine. AQP-1 (green) wasldbo detected at the choroid
plexus of experimental control (EC) but wasn't igmatine treatment group (Agm)
(A). The expression of AQP-4 (red) was colocalizedh GFAP (green) and increased
in EC than Agm (B). The expression of AQP-9 (reddswincreased in EC than Agm
(C). EC, Experimental control group; Agm, Agmatitreatment group.
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9. Suppression of aquaporins (AQPSs) expressi@ytbtoxic and vasogenic brain

edema after traumatic brain injury by agmatine auistriation.

In cerebral cortex, AQP-1 was strongly expressed?adys after TBI.
The expression of AQP-1 wasdecreased after TBI pix@sveeks in agmatine
treatment group (Figure 10A). The expression of AQRvas decreased all
time point in agmatine treatment group (Figure 10B)he expression of
AQP-9 was not detected at lday after TBI. AQP-9 wasreased in agmatine
treatment group (Figure 10C).

In hippocampus, AQP-1 was strongly expressed atyS2dater TBI.
The expression of AQP-1 was decreased after TBagmatine treatment group
(Figure 10D). The expression of AQP-4 was decreaseth lday to lweek
after TBI in agmatine treatment group. But 2weeleraTBl, AQP-4 was
increased in agmatine treatment group (Figure 10m/e expression of AQP-9
was not detected at lday after TBl. AQP-9 was smed at 2days after TBI
in agmatine treatment group. But the expressionAQP-9 was suppressed in
agmatine treatment group than experimental cordtoll and 2weeks after TBI
(Figure 10F).
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Figure 10. We examined the expression of AQP-1pd & using immunoblotting in
cerebral cortex (A, B, C) and hippocampus (D, E, IR)all time point, aquaporin-1 was
decreased in agmatine treatment group comparexprimental control after TBI. Aquaporin
-4, -9 were similar expressed in agmatine treatrgemip and experimental control at 1, 2 day
after TBI. But 1week after TBI, the expressiongqtiaporin -4,-9 were decreased in agmatine
treatment group. ( *, P < 0.05, **, P < 0.01 vs EEL, Experimental control group;

Agm, Agmatine treatment group.

10. The expression of bone morphogenetic protBiMP)-7

BMP-7 is induces differentiation in astrocyte ligeacells and induces
dendritic growth. In the expression of BMP-7 proa®otsurvival of neurons
and glial cells after TBf. So we performed immunoblotting to examined the
expression of BMP-7 after TBI by agmatine.

In cerebral cortex, the expression of BMP-7 wasilam(Figure 11A).

In hippocampus, agmatine increased the expressioBMP-7 from 1
day to 1 week after TBI in agmatine treatment gr@¢Emure 11B).
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Figure 11. Increased expression of BMP-7 from ltaylweek after TBI in agmatine
treatment group. Figure shows that BMP-7 was siyil@&xpressed in cerebral cortex
(A) but in hippocampus, BMP-7 was increased fromayldo 1week after TBI in
agmatine treatment group hippocampus. ( *, P <,085 P < 0.01 vs EC) EC,
Experimental control group; Agm, Agmatine treatmemnbup.
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V. DISCUSSION

Following previously reports, agmatine decreasedarih sizes in
mouse ischemia model, and promotes survival in areurexposed OGD
Agmatine has been shown to reduce excitotoxicityvitno by blocking NMDA
receptor activation® and to protect neurons from injanyby inhibiting of
NOS’. To investigate the neuroprotective effect of atyneaon brain traumatic
injury, cold injury has been used in this studyradmatic brain injury is a complex
process which include primary, secondary or aduf#tidnjury, and regeneratidh
Secondary injury mechanisms include complex biodbalmand physiological
processes, which are initiated by the primary inanldd manifest over a period of
hours to day¥. The initial disturbances caused by membrane danfeay to cell
death, but the molecular mechanisms mediating apigpare poorly understood. In
this study, TUNEL (terminal deoxynucleotidyl traesise-mediated dUTP-biotin
nick end labeling), a method commonly used to detgmoptotic cell death
was performed to determining the numbers of dyinglsc Because it is
possible that cells undergoing necrotic cell deathuld also be detected
apoptosis. Therefore, TUNEL positive means a ‘dyirggll. In this study
TUNEL positive cells were decreased in agmatineatinent group than
exprimental control from 2days to 2weeks after TBi. is suggested that
agmatine protect neurons from cold injury.

Recent studies have shown that MAPKSs is implicatethe progression of
acute brain damage after ischemia or trauma. Fample, after serum withdrawal
and oxidative stress in cerebellar neuronal cututbe ERK pathway mediates
protective effects and the p38/INK pathways mediateterious effectd ERK has
been shown to be involved in preconditioning resgsnthat protect against
secondary insult§ and has been associated with neuroprotectiorolvatjcerebral

ischemid®. For the most part, these protective effects oK EBRpear to be related to
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the transcriptional upregulation of neuroprotectetioxidant systeni% In this
study, it is shown that the expression of p-ERK \‘iseased and p-JNK was
decreased at 1, 2 days after TBI in agmatine treattngroup. Also, p-p38 is
decreased in all time point in agmatine treatmerdug. It may suggest that
increased p-ERK and decreased p-JNK expressionateegirotective effect by
agmatine.

TBI models have shown increased mMRNA expressionilel and
TNF-o. in hippocampus early after head injtiryLocal induction of TNFe and
IL-6 mRNA expression as well as intrathecal releafethese cytokines have
been demonstrated in various head trauma models asicexperimental cortical
contusiof"*** surgical brain injus’*>* fluid percussion traunia®* and
experimental axonal injufy, Furthermore, evidence frorim vivo and in vitro
studies shows that administration of recombinantFTdan induce intracranial
inflammation and a breakdown of the blood-brain riear (BBB), a
pathophysiological hallmark of neurotrauthd**** Production and release of
cytokines depend on inducible gene expression nestiky activation of cell
signalling. The primary inflammatory stimulus mayct athrough membrane
receptors such as TNF-a receptor (TNFR)1 and TNFR&R2sing the activation
of four major intracellular signalling cascades:e ththree distinct MAPKs
pathways (p38, JNK and ERK) and the pathway leadiog activation of
nuclear factor kB (NF-kBY. MAPKs are strongly activated by stress stimuli,
bacterial lipopolysaccharide (LPS) and cytokinesd éhave been suggested to
contribute to cell death and survive.

The NF-kB regulates various genes involved in imaraesponses, cell
proliferation and apoptosis. NF-kB triggers a numlod anti-apoptotic genes
which interrupt the apoptotic cascade at multipeel$®®’ and a pivotal role
of NF-kB in the regulation of cell survival and deahas therefore been

suggested. Although findings reported are contisiggr strong evidence
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supports the notion that NF-kB functions as an -aptiptotic transcription

factor in various cell populations including new®3"® In this study, it is

shown that the expression of TNFand IL-13 were decreased in agmatine
treatment group after TBI. This result suggestethame has anti-inflammatory
effect in cold TBI.

Brain edema is concomitant with brain dysfunctiord ds explained by
several pathophysiological mechanisms. Becauskr#ie is enclosed in a rigid skull,
brain swelling produces displacement of water frimw-pressure compartments,
including CSF and venous blood (~10 mmHg), intoipteral blood. Severe brain
edema increases intracranial pressure and causdscrease of cerebral blood
perfusion, resulting in secondary brain infiiryn all brain edema types, excess fluid
leaves the brain parenchyma along three differentes: across the blood-brain
barrier into the bloodstream, across the ependyitathe ventricles, and across the
glia limiting membrane into the CSF in the subaremti space. However, the
mechanisms of edema fluid clearance are less weknstood than the mechanisms
of edema fluid formation.

Aquaporins (AQPs) are a family of water channel tgirs that
facilitate the diffusion of water through the plasmmembran®. In the rodent
brain, three aquaporins have been clearly idedtifidQP-1, AQP-4, and
AQP-9**" AQP-1 has been detected in epithelial cells & ¢horoid plexu$,
AQP-4 in astrocytes with a polarization on astrecgndfeet, and AQP-9 in
astrocytes of the white matter and in catecholargineneuron®®* AQP-1 and
AQP-4 are permeable only to water and are presutteedbe involved in
cerebrospinal fluid formation and brain water hostasid®. AQP-9 is an
aquaglyceroporin, a subgroup of the aquaporin familnd is permeable to
water and also glycerol, monocarboxylates, and *tireBhese three channels
may be implicated in water movements occurring rdurithe formation and

resolution of cerebral edema. In this study, itsleown that the expression of
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AQP-1,4 and -9 were decreased after TBI in agmatieatment group. It is
suggested that agmatine attenuate brain edemagthteasening the expression of
aquaporins after TBI.

In this study, agmatine protect cold injured brady regulating the
MAPKs signaling and the expression of TMFand IL-18. It is also shown that
agmatine decrease brain edema through regulatieg auaporin expression.
Furthermore agmatine enhanced neuronal survivelf its H-E or TUNEL stained
brain tissues from this study. Based on these tesitt was hypothesized that
agmatine may have a modulatory effect on neural dumtasis or cell survival
in TBI. Bone Morphogenetic Proteins (BMPs) are diovactors which are thought
to be involved in multiple aspects of cell signgliand homeostasis, including germ
cell formation, stem cell maintenance and cell adéhtiation from brain injufyy.
BMP-7 is a member of the BMP subfamily of the T@Fsuperfamily®. The
expression of BMP-7 mRNA is reported to be incrdase CNS injury**
BMP-7 is announced to improve functional recovelycal cerebral glucose
utilization and blood flow after cerebral ischefiiaand to improve locomotor
function after strok€. In this study, agmatine increased the expresson
BMP-7 from l1day to lweek after TBI in agmatine tment group. These
results suggests the possibility to increase thmbau of forepaw step through
the enhancing of BMP-7 expression by agmatine af@r.

This study showed that agmatine increased the ssiore of p-ERK
and BMP-7, and decreased the expression of p-JNp38p AQPs, TNFe and
IL-1B. These effects of agmaitne on TBI were associat@d the increase of
activated MAPKs expression through Nf-kB translamatinto nucleus at 1 and
2 days after TBI.
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V. CONCLUSION

We hypothesized that agmatine may not only haveraopeoatective
effects through MAPKs activation and induction aftianflammation signaling,
but also enhance cell survival through regulatinig BMP7 expression after
TBI.

1. The motor function was significantly increased gmeatine treatment group than
in EC at 2 weeks after TBI.

2. Agmatine significantly reduced necrotic brain volimand number of

eosinophilic neurons after TBI compared to eipental control.

3. The number of TUNEL positive cells was decreasedagmatine treatment

group than experimental control group.

4. The expression of p-ERK was increased, whereas Kp-aNd p-p38 were
decreased by agmatine.

5. The expression of inflammatory cytokines were dleareduced after TBI

by agmatine.

6. Agmatine increased Nf-kB p65 nuclear translocatiter TBI.

7. The expression of AQP-1,-4 and -9 was decreaseet dBl by agmatine

treatment.

8. The expression of BMP-7 was increased in agmatieatrirent group than
in experimental control after TBI.
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These data suggest that agmatine reduced necrotiong and number of
eosinophillic neurons. And agmatine regulate MAPKzgpression via Nf-kB
nuclear translocation and have anti-inflammatorfeaf Moreover, agmatine
could attenuate brain edema through lessening #tpresssion of aquaporins
and propose that agmatine could support CNS reggoer by increasing the
expression of BMP-7 after TBIl. This study addresses neuroprotective and

neuroregenerative effect of agmatine after TBI.

_36_



REFERENCES

1. Yang XC, Reis DJ. Agmatine selectively blocks the
N-methyl-D-aspartate subclass of glutamate receptbannels in rat
hippocampal neurons. J Pharmacol Exp Ther 1999; 388-9.

2. Li G, Regunathan S, Barrow, CJ, Eshraghi J, CooRe Reis DJ.
Agmatine: an endogenous clonidine-displacing sulogtain the brain.
Science 1994; 263(5149): 966-9.

3. Piletz JE, Chikkala DN, Ernsberger P. Comparisdnthe propertiesof
agmatine and endogenous clonidine-displacing sobstaat imidazoline
and alpha-2 adrenergic receptors. J Pharmacol Hxgr T995;272(2):
581-7.

4. Reynolds 1J. Arcaine uncovers dual interactioispolyamines withthe
N-methyl-D-aspartate receptor. J Pharmacol Exp Ti890; 255: 1001-9.

5. Feng Y, Piletz JE, Leblanc MH. Agmatine suppressetric oxide
production and attenuates hypoxic-ischemic brajurynin neonatalrats.
Pediatr Res 2002; 52(4): 606-11.

6. Gilad GM, Gilad VH. Accelerated functional recoye and
neuroprotection by agmatine after spinal cord isuhein rats.Neurosc
Lett 2000; 296(2-3): 97-100.

7. Gilad GM, Salame K, Rabey JM, Gilad VH. Agmatineatment is
neuroprotective in rodent brain injury models. Ligei 1996; 58: 41-6.

8. Kim JH, Yenari MA, Giffard RG, Cho SW, Park KA, et JE.
Agmatine reduces infarct area in a mouse model rahstent focal
cerebral ischemia and protects cultured neuronan frischemia-like
injury. Exp Neurol 2004; 189(1): 122-30.

9. Yu CG, Marcillo Ae, Bairbanks CA, Wilcox GL, Yexski RP.

Agmatine improves locomotor function and reducessui damage
following spinal cord injury. NeuroReport 2000; 14§: 3203-7

_87_



10.

11.

12.

13.

14.

15.

16.

17.

18.

Olmos G., DeGregorio-Rocasolano N, Paz Regaladlo Gasull T,
Assumpcio Boronat M, Trullas R, Villarrroel A, LeamJ, Garcia-Seville
JA. Protection by imidazol(ine) drugs and agmatafeglutamate-induce
neurotoxicity in cultured cerebellar granule cetlsrough blockadeof
NMDA receptor. Br J Pharmacol 1999; 127(6): 1317-26

Guyton, K. Z., Liu, Y., Gorospe, M., Xu, Q., and lHmok, N. J.Activation
of mitogen-activated protein kinase by®d. Role in cell survivafollowing
oxidant injury. J. Biol. Chem. 1996; 271: 4138-42

Stanciu, M., Wang, Y., Kentor, R., Burke, N., Watki S., KressG.,
Reynolds, I., Klann, E., Angiolieri, M. R., Johnsah W., et al.Persister
activation of ERK contributes to glutamate-induc@ddative toxicity ina
neuronal cell line and primary cortical neuron erds. J. Biol. Chem2000;
275: 12200-6

Mcintosh, T. K., Juhler, M., and Wieloch, T. Novpharmachologic:
strategies in the treatment of experimental traiamdtrain injury. J.
Neurotrauma 1998; 15: 731-76

Alessandrini, A., Namura, S., Moskowitz, M. A., aRdnventre, J. V.MEK1
protein kinase inhibition protects against damaggeilting from focaterebra
ischemia. Proc. Natl. Acad. Sci. 1999; 96: 12866-9

Herdegen, T., Claret, F. X., Kallunki, T., Martiritdlba, A., Winter, C.,
Hunter, T., and Karin, M. Lasting N-terminal phospfation of c-Junand
activation of c-Jun Nterminal kinases after neutamary. J. Neuroscil988;
18: 5124-35

Hu,B. R,, Liu, C. L., and Park, D. J. Alteration AP kinase pathwayafter
transient forebrain ischemia. J. Cereb. Blood Hidgtab. 2000; 20: 1089-95

Mori, T., Wang, X., Jung, J. C., Sumii, T., Singhal B., Fini, M. E.,Dixon,
C. E., Alessandrini, A., and Lo, E. H. Mitogen-aated proteinkinase
inhibition in traumatic brain injury: in vitro anth vivo effects. J.Cereb
Blood Flow Metab. 2002; 22: 444-52

Otani, N., Nawashiro, H., Fukui, S., Nomura, N.ngaA., Miyazawa, T.and

Shima, K. Differential activation of mitogen-actted protein kinaspathway:
after traumatic brain injury in the rat hippocampds Cereb. Blood~low

_88_



19.

20.

21.

22.

23.

24.

25.

26

27.

Metab. 2002; 22: 3213-34

Sugino, T., Nozaki, K., Takagi, Y., Hattori, I., stdmoto, N., MoriguchiT.,
and Nishida, E. Activation of mitogen-activated tein kinases afteransien
forebrain ischemia in gerbil hippocampus. J. Necird@00; 20: 4506-14

Walton, K. M., DiRocco, R., Bartlett, B. A., Kour§., Marcy, V. R.Jarvis
B., Schaefer, E. M., and Bhat, R. V. Activationg#8 MAPK in microglia
after ischemia. J. Neurochem. 1998; 70: 1764-7

Wang, X., Mori, T., Jung, J. C., Fini, M. E., and,LE. H. Secretion ahatrix
metalloproteinase-2 and -9 after mechanical traunjary in rat cortical
cultures and involvement of MAP kinase. J. Neunaima 2002; 19: 615-25

Ozawa, H., Shioda, S., Dohi, K., Matsumoto, H., ddzima, H., Zhou, Cl.,
Funahashi, H., Nakai, Y., Nakajo, S., and Matsum&toDelayedneurona
cell death in the rat hippocampus is mediated byntitogen-activategdrotein
kinase signal transductionpathway. Neurosci. U&X99; 262: 57-60

Tehranian R, Andell-Jonsson S, Beni SM, Yatsiv holsami E, Bartfai
T, Lundkvist J, Iverfeldt K, Improved recovery amdklayed cytokine
induction after closed head injury in mice with tah overexpressiorof
the secreted isoform of the interleukin-1 receptantagonist. J
Neurotrauma. 2002; 19(8):939-51

Murakami K, Kondo T, Yang G, Chen SF, Morita-FujimuY, ChanPH,
Cold injury in mice: a model to study mechanismsbodin edemaand
neuronal apoptosis. Prog Neurobiol. 1999; 57: 289-9

S. Davis, P. Vanhoutte, C. Pages, J. Caboche, i8cha, TheMAPK/ERK
cascade targets Elk-1 and camp response elemedihdpiprotein tocontrol
long-term potentiation-dependent gene expressitinerentate gyrus wivo.
J. Neurosci. 2000; 20: 4563-72.

J.M. Daun, M.J. Fenton, Interleukin-1/Toll receptamily membersrecepto
structure and signal transduction pathways, Jrfiren Cytokine Res2000;
20: 843-55.

J. Ninomiya-Tsuiji, K. Kishimoto, A. Hiyama, J. IneuZ. Cao, KMatsumoto
The kinase TAK-1 can activate the NIK-IB as welltas MAP kinaseascad

_89_



28.

29.

30.

31.

32.

33.

34.

35.

36.

in the IL-1 signaling pathway, Nature 1999; 3982Zb

N. Otani, H. Nawashiro, S. Fukui, N. Nomura, A. ¥ad. Miyazawa,K.
Shima, Differential activation of mitogen-activatpdotein kinasepathway:
after traumatic brain injury in the rat hippocampds Cereb. Blood~low
Metab. 2002; 22: 327-44.

Xia Z, Dickens M, Rainegaud J, Davis RJ, GreenibhdEg Opposing effects
of ERK and JNK/p38 MAP kinase on apoptosis. Scieli®h; 270: 326-31

Gonzalez-Zulueta M, Feldman AB, Klesse LJ, Kalb R@iman JF, Parada
LF, Dawson TM, Dawson VL. Requirement for nitricidex activation of
p21(ras)/extracellular regulated kinase in neur@gwiemic preconditioning.
Proc Natl Acad Sci 2000; 97: 436-41

Shohami E, Novikov M, Bass R, Yamin A, Gallily R.lo8ed headinjury
triggers early production of TN and IL-6 by brain tissue. Leret
Blood Flow Metab 1994; 14: 61®

Shohami E, Bass R, Wallach D, Yamin A, Gallily Rhhibition of tumor
necrosis factor alpha (TN activity in rat brain is associatedith
cerebroprotection after closed head injury. J CeBdbod Flow Metab
1996; 16: 37884

Holmin S, Schalling M, Hojeberg B, Sandberg Nordtj¥iC,
Skeftruna AK, Mathiesen T. Delayed cytokine expi@ssin rat brain
following experimental contusion. J Neurosurg 198%; 493-504.

Woodroofe MN, Sarna GS, Wadhwa M, Hayes GM, Loughll,
Tinker A, Cuzner ML. Detection of interleukin-1 anahterleukin-6 in
adult rat brain, following mechanical injury, by imivo microdialysis
evidence of a role for microglia in cytokine protdoo. J
Neuroimmunol 1991; 33: 22736.

Yan HQ, Alcaros Banos M, Herregodts P, Hooghe R,odhe-Peters EL.
Expression of interleukin (IL)#, IL-6 and their respective receptons
the normal rat brain and after injury. Eur J Immiud®92; 22: 2963
71

Tchelingerian JL, Quinonero J, Booss J, Jacque @calization of TNE

_40_



37.

38.

39.

40.

41.

42.

43.

44

45.

and IL-la immunoreactivities in striatal neurons after scagjiinjury to
the hippocampus. Neuron 1993; 10: 23

Taupin V, Toulmond S, Serrano A, BenavidesJ, Za¥al Increasein
IL-6, IL-1 and TNF levels in rat brain following aumatic lesion.J
Neuroimmunol 1993; 42: 17786

FanL, Young PR, Barone FC, Feuerstein GZ, Smith DMcintosh TK.
Experimental brain injury induces differential eagsion of tumor
necrosis factom mMRNA in the CNS. Mol Brain Res 1996; 36: 2871

Knoblach SM, Fanl, FadenAl. Early neuronal expi@s of tumor
necrosis factom after experimental brain injury contributedo
neurological impairment. J Neuroimmunol 1999; 935125

Hans VHJ, Kossmann T, Lenzlinger PM, Probstmeier Rnhof HG,
Trentz O, Morganti-Kossmann MC. Experimental axonajury triggers
interleukin-6  MRNA, protein synthesis and releas#o icerebrospine
fluid. J Cereb Blood Flow Metab 1999; 19: 1834

Ramilo O, Saez-Llorens X, Mertsola J, Jafari H, eDl&D, Hansen EJ
Tumor necrosis factor alpha/cachectin and inteiteukt beta initiate
meningeal inflammation. J Exp Med 1990; 172: 4807

Kim KS, Wass CA, Cross AS, Opal SM. Modulation dflood-brair
barrier permeability by tumor necrosis factor andtiteody to tumor
necrosis factor in the rat. Lymphokine Cytokine Re&92; 11: 2938

Megyeri P, Abraham CS, TemesvariP, KovacsJ, VasSpeer CP.
Recombinant human tumor necrosis factor alpha dotsstpial arterioles
and increases blood-brain barrier permeability iewlmorn piglets.
Neurosci Lett 1992; 148: 1340

de Vries HE, = Blom-Roosemalen MCM,  van Oosten M, Bder AG,
van Berkel TJC, Breimer DD, Kuiper J. The influenck cytokines onthe
integrity of the blood-brain barrier in vitro. J dd®@immunol 1996;64:
3743

Agre P, King LS, Yasui M, Guggino WB, OtterserP,CFujiyoshi Y, et
al. Agquaporin water channels—from atomic structute clinical

_41_



46.

47.

48.

49.

50.

51.

52.

53.

54.

medicine. J Physiol (Lond). 2002; 542: 3-16.

Badaut J, Lasbennes F, Magistretti PJ, RegliAuaporins in brain:
distribution, physiology, and pathophysiology. J ré&ke Blood Flow
Metab 2002; 22: 367-78.

Agre P, Nielsen S, Ottersen OP. Towards a matdeainderstandingf
water homeostasis in the brain. Neuroscience 2008(4): 849-50.

Nielsen S, Smith BL, Christensen EI, Agre P. tiibgtion of the
aquaporin CHIP in secretory and resorptive epithelind capillary
endothelia. Proc Natl Acad Sci USA 1993; 90: 7257

Nielsen S, Nagelhus EA, Amiry-Moghaddam M, BawwqC, Agre P,
Ottersen OP. Specialized membrane domains forrwedasport inglial
cells: high-resolution immunogold cytochemistry afjuaporin-4 inrat
brain. J Neurosci 1997; 17: 171-80.

Badaut J, Hirt L, Granziera C, BogousslavskyMagistretti PJ, ReglL.
Astrocyte-specific expression of aquaporin-9 in s®ubrain isincreasel
after transient focal cerebral ischemia. J Cerebo®| Flow Metab2001;
21: 477-82.

Badaut J, Petit JM, Brunet JF, Magistretti Phar@aut-MarlangueC,
Regli L. Distribution of Aquaporin 9 in the adulat brain: preferentia
expression in catecholaminergic neurons and inl gils. Neuroscienc
2004; 128(1): 27-38.

Amiry-Moghaddam M, Ottersen OP. The molecularsidbaof water
transport in the brain. Nat Rev Neurosci 2003; 21-9001.

Badaut J, Regli L. Distribution and possibleesolof aquaporin 9 irthe
brain. Neuroscience 2004; 129: 971-981.

Setoguchi T, Yone K, Matsuoka E, Takenouchi Hka&shima K,SakoL

T, Komiya S, lzumo S, Traumatic injury-induced BMREKpressionin
the adult rat spinal cord. Brain Res 2001; 921:-2859

_42_



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Chang CF, Lin SZ, Chiang YH, Morales M, Chou L&in P, etal.
Intravenous administration of bone morphogeneticotgin-7 after
ischemia improves motor function in stroke ratsrolst 2003; 34:
558-64.

Liu Y, Belayev L, Zzhao W, Busto R, Saul I, Alen®, GinsbergMD.
The effect of bone morphogenetic protein-7 (BMP-@h functional
recovery, local cerebral glucose utilization andoddl flow aftertransien
focal cerebral ischemia in rats. Brain Res 20015(9@®): 81-90.

Harvey BK, Hoffer BJ, Wang Y. Stroke and TGFebatroteins: glial
cell line-derived neurotrophic factor and bone nhagenetic protein.
Pharmacol Ther. 2005; 105(2): 113-25.

Reilly PL. Brain injury: the pathophysiology of tliest hours. "Talk andDie
revisited." J Clin Neurosci 2001; 8: 398-403.

Mcintosh TK, Smith DH, Meaney DF, Kotapka MJ, Gerlla TA, Grahan
DI. Neuropathological sequelae of traumatic bramury: relationshipto
neurochemical and biomechanical mechanisms. Ladstril996; 74: 315-42.

Kaltschmidt B, Uherek M, Volk B, Kaltschmidt C. liiition of NF-kB
potentiates amyloid beta-mediated neuronal apaptoBroc Natl Acad
Sci 1999; 96: 9409-14.

Glazner GW, Camandola S, Mattson MP. Nuclear fakBrmediate:
the cell survival-promoting action of activity-deqkent neurotrophi
factor peptide-9. J Neurochem 2000; 75: 101-8.

Mattson MP, Culmsee C, Yu ZF, Camandola S. Rolenwélear factor
kB in neuronal survival and plasticity. J Neuroch@®00; 74: 443-456.

KENSUKE MURAKAMI, TAKEO KONDO, GUOYUAN YANG, SYLVIA
F. CHEN, YUIKO MORITA-FUJIMURA, PAK H. CHAN. Progms in
Neurobiology. 1999; 57: 289-99

Urist MR, Lindholm TS, Mirra JM, Grant TT, Fimean GA. Growthof

_43_



65.

66.

67.

osteoid osteoma transplanted into athymic nude .m@@m Orthop Relat
Res. 1979; 141: 275-80.

Saklatvala J, Dean J, Clark A. Control of the presgsion of
inflammatory response genes. Biochem Soc Symp. ;2003 95-106.

Mattson MP, Culmsee C, Yu Z, Camandola S. Raksuclear factor

kappaB in neuronal survival and plasticity. J Netrem. 2000 ;74(2):
443-56.

Karin M, Lin A. NF-kappaB at the crossroads @& land death.Nat
Immunol. 2002; 3(3): 221-27.

_44_



Abstract (in Korean)

9173 ¥ &EFF ofambglo] 9%k
Mitogen—activated protein kinase(MAPKs) &4 3}

of1mbele A-Ar)de] wEbAnkgo] o PAHH dapolrwlo R
A FEL MHolA A EHAA = WAA clonidine WA E#olth E A
ol = YAA HEAT oliupEle] 9] Mitogen-activated protein
kinase(MAPKs) &4 stol] diz dolm gt A 255, Efol=d s o
|5 P5etA AALA T A ofantE S Folg FETo] APl H

WA 715 A I EHol dojds & F UAT ofawmtRl & Mol AL o
ot B3} eosinophilic AAA X2 4 18] 32 TUNEL-positive A3 9]
FE2 FaAHY. olzmEle] o] p-ERKY wdo] Fr7iet= WA
p-JNK ¢} p—p38¢ A Hastith. 954 cytokined] = A3y
Zto] A ofawtdl S Tl sEatolA FAET oled AdE
< Nf-kBe] #o=mo] Hol7t ofamtlo] oz F7lx+= 22 #Adgo] #

W SRoEERZ AQPs WHE of
o R AR BT A &
a2 o] BMP-7¢ W& o] o}laulel



S 243 A7l A ddES & o AT

2kocoolambel, 9JAMA ¥4 MAPKs, 954 cytokine, 44

olFF= (AQP), W JefdA & (BMP)

o
jubad
rlr

_46_



	TABLE OF CONTENTS
	ABSTRACT
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	1. Animals
	2. Traumatic brain injury model
	3. Assessment of necrotic volume
	4. TUNEL staining
	5. Immunohistochemial staining
	6. Immunoblotting
	7. Behavior test
	8. Statistical analysis

	III. RESULTS
	1. Behavior test
	2. Histological analysis for neuroprotective effect of agmatine after TBI
	3. TUNEL staining after TBI.
	4. Immunohistochemistry of Mitogen-activated protein kinases(MAPKs)
	5. Immunoblotting of Mitogen-activated protein kinases(MAPKs)
	6. The expression of inflammatory cytokines
	7. Effect of agmatine on the Nf-kB nuclear translocation after TBI
	8. Immunofluoresence of AQPs expression after traumatic brain injury
	9. Suppression of aquaporins(AQPs) expression in cytotoxic and vasogenic brain edema after traumatic brain injury by agmatine administration
	10. The expression of bone morphogenic protein(BMP)-7

	IV. DISCUSSION
	V. CONCLUSION
	REFERENCES
	ABSTRACT (IN KOREAN)



