
Effect of agmatine in Mitogen-activated 

protein kinases (MAPKs) activation 

after traumatic brain injury

Yong Woo Lee

Department of Medical Science

The Graduate School, Yonsei University



Effect of agmatine in Mitogen-activated 

protein kinases (MAPKs) activation 

after traumatic brain injury

Directed by Professor Jong Eun Lee

The Master´s Thesis submitted to the Department of 

Medical Science, the Graduate School of Yonsei 

University in partial fulfillment of the requirements 

for the degree of Master of Medical Science

Yong Woo Lee

June 2007



This certifies that the Master´s Thesis of 

Yong Woo Lee is approved.

__________________________________
Thesis Supervisor : Jong Eun Lee

__________________________________
Won Taek Lee : Thesis Committee Member #1

__________________________________
Ji Hoe Heo  : Thesis Committee Member #2

The Graduate School

Yonsei University

June 2007



- i -

TABLE OF CONTENTS

ABSTRACT……………………………………………………………………… 1
I. INTRODUCTION ···························································································· 3
II. MATERIALS AND METHODS ·································································· 6

1. Animals ······································································································ 6
2. Traumatic brain injury model ································································· 6
3. Assessment of necrotic volume ······························································ 7
4. TUNEL staining ························································································ 7
5. Immunohistochemial staining ··································································· 8
6. Immunoblotting ·························································································· 8
7. Behavior test ····························································································· 9
8. Statistical analysis ····················································································· 9

III. RESULTS ······································································································ 10
1. Behavior test ···························································································· 10
2. Histological analysis for neuroprotective effect of agmatine after TBI 11
3. TUNEL staining after TBI.……………………………………………… 15
4. Immunohistochemistry of Mitogen-activated protein kinases(MAPKs) 16
5. Immunoblotting of Mitogen-activated protein kinases(MAPKs) ··········· 18

      6.  The expression of inflammatory cytokines …………………………… 21
7. Effect of agmatine on the Nf-kB nuclear translocation after TBI… 22
8. Immunofluoresence of AQPs expression after traumatic brain injury 24
9. Suppression of aquaporins(AQPs) expression in cytotoxic and vasogenic

          brain edema after traumatic brain injury by agmatine administration…… 26

10. The expression of bone morphogenic protein(BMP)-7 ····················· 29
IV. DISCUSSION ······························································································· 31
V. CONCLUSION ···························································································· 35
   REFERENCES ····························································································· 37
   ABSTRACT (IN KOREAN) ······································································ 45



- ii -

LIST OF FIGURES

Figure  1. Dorsal view of thr rat skull with traumatic cold lesion………… 7

Figrue  2. Behavior test…………………………………………………………… 10

Figure  3. H-E staining and necrosis area……………………………………… 12

Figure  4. TUNEL staining after TBI…………………………………………… 15

Figure  5. Immunohistochemistry of Mitogen-activated protein kinases (MAPKs) 17

Figure  6. Immunoblotting of Mitogen-activated protein kinases (MAPKs)…… 19

Figure  7. The expression of inflammatory cytokines………………………… 21

Figure  8. Effect of agmatine on the Nf-kB nuclear translocation after TBI 23

Figure  9. Immunofluoresence of AQPs expression after traumatic brain injury 25

Figure 10. Suppression of aquaporins (AQPs) expression by agmatine…………… 27

Figure 11. The expression of bone morphogenic protein (BMP)-7…………… 30



- 1 -

Abstract

 
Effect of agmatine in Mitogen-activated protein kinases (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 decarboxylation of 

L-arginine and is an endogenous clonidine-displacing substance synthesized in 

mammalian brain. Many studies suggest that agmatine reduces various brain 

injury. We investigate the effect of agmatine in mitogen-activated protein 

kinase (MAPKs) activation after traumatic brain injury (TBI). Agmatine was 

treated at 30 minutes after trauma. Through the treadmill test, motor function 

was clearly increased in agmatine treatment group at 2weeks after TBI. Agmatine 

reduced necrotic brain area, the number of eosinophilic neurons and TUNEL 

positive cells. Especially, Agmatine increased p-ERK expression and decreased 

p-JNK and p-p38. The expression of inflammatory cytokines were decreased in 

agmatine treatment group than experimental control group. These results were 

associated with an induction of nuclear factor-kB (Nf-kB) nuclear translocation. 

Western blot analysis showed that agmatine induces nuclear translocation of 

Nf-kB. Aquaporins (AQPs), correlated with brain edema as water channels. 

The expression of AQPs were decreased by agmatine treatment. Bone 
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morphogenetic protein (BMP) -7 is neuroprotective and neuroregenerative. 

Agmatine treatment increased the expression of BMP-7 more than experimental 

control after TBI.

In these results, neuroprotective effect of agmaitne on TBI is 

associated with activated MAPKs expression through Nf-kB translocation into 

the nucleus. 

____________________________________________________________________

Key words : Agmatine, Traumatic brain injury, Mitogen-activated protein 

kinases,  Inflammatory cytokine, Aquaporins, Bone morphogenetic protein-7
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Effect of agmatine in Mitogen-activated protein kinases (MAPKs) activation 

after traumatic brain injury

Yong Woo Lee

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Jong Eun Lee)

I. INTRODUCTION

Agmatine, formed by the decarboxylation of L-arginine by arginine 

decarboxylase (ADC), was first discovered in 1910. It is hydrolyzed to 

putrescine and urea by agmatinase1. Recently, agmatine, ADC, and agmatinase 

were found in mammalian brain2. Agmatine is an endogenous 

clonidine-displacing substance, an agonist for the 2-adrenergic and imidazoline 

receptors, and an antagonist at N-methyl-D-aspartate (NMDA) receptors2,3,4. It 

has been shown that agmatine may be neuroprotective in trauma and ischemia 
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models1,5,6,7,8,9. Agmatine was shown to protect neurons against glutamate 

toxicity and this effect was mediated through NMDA receptor blockade, with 

agmatine interacting at a site located within the NMDA channel pore10. 

Traumaic brain injury (TBI) is one of three major causes of death in Korea, 

along with cancer and cardiovascular disease. Dynamic mechanical deformation of 

neuronal tissue produces a microstructural response at the cellular level triggering a 

complex array of signaling events. These events, such as activation of second 

messengers, phosphorylation of proteins, and changes in the synthesis of 

transcriptional factors 11,12, can lead to delayed damage and cell death in the initially 

affected cells as well as neighboring cells within hours and days post-injury13. 

However, the mechanisms by which these initial disturbances caused by membrane 

damage lead to cell death are poorly understood. Recent studies on the molecular 

mechanisms mediating apoptosis have focused on activation of mitogen-activated 

protein kinase (MAPKs) following traumatic injury in both in vivo and in vitro 

models 14-22. 

Inflammatory response and edema following TBI has been proposed as an 

important factor in the development of secondary tissue damage. The 

proinflammatory cytokines interleukin-1 and TNF, are induced early after brain 

injury and have been implicated in the delayed damage23. Brain edema is a 

pathophysiological condition of increased water content due to variety of coexisting 

brain injuries, including ischemia, trauma, tumor and infection, and has been 

classified into several subtypes by the pathogenesis of the edema development, 

including cytotoxic, vasogenic and interstitial brain edema24.

Mitogen-activated protein kinases(MAPKs) cascades are a family of protein 

kinases activated by a wide spectrum of extracellular stimuli. There are at least three 

subtypes of MAPKs cascades, including extracellular signal regulated 

kinase(ERK)1/2, c-jun NH2 terminal kinase(JNK), and p38 cascades, and they 

regulate various cellular processes such as cell growth, differentiation, inflammation 

and apoptosis. MAPKs is crucial for many physiological or pathological responses 25. 
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MAPK participates in the TRAF pathway of IL-1 intracellular signal transduction26,27. 

In addition, may play an important role in ischemia or trauma-induced neuronal 

damage in the hippocampus28.

Based on these evidences, we hypothesized that agmatine may have 

neuroprotective effect through MAPKs activation after TBI. 



- 6 -

II. MATERIALS AND METHODS

1. Animals 

Sprague-Dawley rats from Sam tako(Osan, Korea) were used for this 

study. All animal procedures were carried out according to a protocol 

approved by the Yonsei University Animal Care and Use Committee in 

accordance with NIH guidelines. 

2. Traumatic brain injury model 

Male adult Sprague-Dawley rats weighting 300 ± 20g were anesthetized 

with mixture of ketamine (75 mg/kg), sedazect (0.75 mg/kg), and rompun (4 mg/kg). 

The scalps were incised and a craniotomy was made over the right forelimb motor 

cortex (the rats were put into a stereotactic frame and a craniotomy was drilled +2 ~ 

-2 mm anterior and posterior from bregma and + 1 ~ + 5 mm lateral from the 

midline). The bone was thinned with the drill bit over the forelimb motor cortex, and 

then the bone was removed by a forceps. Special care was taken to keep the dura 

intact to prevent bleeding. Cortical lesion was induced by attachment of metal probe 

(diameter 3mm) cooled by liquid nitrogen onto the brain surface 5 times for 30 

seconds. The physiological parameters before cold traumatic injury were monitored 

and maintained throughout the experiment.

Agmatine was dissolved in normal saline (100 mg/kg IP, Sigma) and 

given 30min after TBI. Controls received normal saline in equivalent volumes. 
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Figure 1. Dorsal view of the rat skull. Figure shows the position of traumatic cold 

lesion. Figure from "The rat brain in stereotaxic coordinates forth edition, George 

Paxinos &  Charles Watson, Academic Press 1998"

3. Assessment of necrotic volume. 

Necrotic volume was determined by H-E staining, using a 

computer-assisted image analysis system (Image J 1.36b, NIH, USA). The 

volume of necrosis was expressed as a percentage of the necrotic area of 

ipsilateral hemisphere.

4. Terminal Deoxynucleotidyl transferase-Mediated dUTP Nick End Labeling 

(TUNEL) staining.

For TUNEL staining, we used the In Situ Cell Death kit (Roche 

Diagnostics). Brain sections were deparaffin, rehydrate and washed with PBS. 

Then add Proteinase K and incubate for 30min at 37°C. Sections were then 

washed twice with PBS, stained with the TUNEL reaction mixture for 60 min 

at 37°C, washed twice with PBS. DNA fragmentation was observed under a 

fluorescence microscope (LSM 510 META, Carl Zeiss).
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5. Immunohistochemical staining 

Brains were fixed with 4 % paraformaldehyde, and embedded in 

paraffin. Brain sections were made by 10 ㎛. Sections were immunostained 

with primary antibodies, followed by an appropriate biotinylated secondary 

antibody. Stains were visualized using the ABC kit (Vector, Burlingame, CA, 

USA) (Lee et al., 2002), then reacted with diaminobenzidine (DAB, Sigma, St. 

Louis. MO, USA). When double-labeled fluorescent immunohistochemistry was 

used, stain were visualized using fluorescein-conjugated secondary antibody. 

Double-labeled immunostaining was evaluated using a fluorescence microscope 

(LSM 510 META, Carl Zeiss). Immunostaining controls were prepared by 

tissue without primary antibodies. All incubation steps were performed in a 

humidified chamber. 

6. Immunoblotting

Proteins were isolated from rat brain and lysed in solublizing buffer (10mM 

HEPES pH7.4, 10mM KCl, 0.1mM EDTA, 0.1mM EGTA, 1mM DTT, 10% NP-40, 

and 1mM PMSF, 1g/ml aprotinin, leupeptin). Equal amounts of protein were 

subjected to electrophoresis on 10~12.5% SDS-polyacrylamide gels. Separated 

proteins were then electro-transferred to PVDF membrane (Millipore, Bredford, MA, 

USA). The membranes were blocked for 1h at room temperature in 5% skim milk in 

TBS. The membranes were incubated overnight with antibodies. After washing 5 

times with TBS-T for every 5min, blots were incubated with HRP-conjugated 

anti-rabbit or anti-mouse secondary antibodies for 3h at RT. Finally blots were rinsed 

and proteins were visualized using an ECL protein detection kit (ECL plus, 

Amersham international plc, Little Chalfont, UK) according to the manufacturer's 

instructions.
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7. Behavior test

To examine the change of behavioral function recovery, all animals were 

behaviorally tested at 2 weeks after TBI. Behavioral test was performed by using the 

forepaw adjusting steps. We assessed contralateral forepaw adjusting steps on a 

treadmill, which moved at a rate of 90 cm/12 sec. This test is consisted of 3 trials 

each animal forepaw and used to measure motor coordination.

  8. Statistical analysis

Statistical tests to determine differences between groups were 

performed with student’s t test using SAS ver 8.01 (SAS Institute Inc., NC). 

P value < 0.05 was considered significant. Data are expressed as the mean ± 

standard error of mean (SEM).
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III. RESULTS

   1. Behavior test.

To measure the motor coordination, we used treadmill test. 2 weeks 

after TBI, counted the number of forepaw step to examine the change of 

behavioral function recovery. In normal condition, the number of forepaw step was 

16~18. In agmatine treatment group, the number of step was increased (7 ± 2 

steps) compared to experimental controls (2 ± 1 steps). 

Figure 2. Treadmill test 2 weeks after TBI. The motor function was clearly increased in 

agmatine treatment group than in EC at 2weeks after TBI. (**, P < 0.01 vs EC). Data are 

expressed as the mean ± SEM. EC, Experimental control group; Agm, Agmatine treatment 

group.
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2. Histological analysis for neuroprotective effect of agmatine after TBI.

To analysis the morphological change such as pyknosis and 

eosinophilic cell after TBI, we used H-E staining in serial coronal sections of 

the brain. Necrotic brain area and the number of eosinophilic neurons was 

reduced in agmatine treatment group than EC in all time point. 1day after 

TBI, the number of eosinophilic neurons were reduced in cerebral cortex and 

hippocampus by agmatine treatment (Figure 3A). Two days after TBI, 

eosinophilic neurons were significantly reduced agmatine treatment group 

hippocampus (Figure 3B). The necrotic volume of brain was reduced in 

agmatine treatment group at 1 and 2 week after TBI compared to that of EC 

group (Figure 3C, 3D). The volume of necrosis was expressed as a percentage 

of the ipsilateral hemisphere of necrotic area (Figure 3E).
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  A.

  

B.
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C.

  

D.
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   E.

Figure 3. Trauma-induced the number of eosinophilic neurons was markedly reduced and 

improved neurological deficits in agmatine treatment group. Figure shows that 1day (A), 2 day 

(B), 1 week (C), and 2 weeks (D) after TBI. In all time point necrosis area was also reduced in 

agmatine treatment group (E). Scale bar is 100 ㎛. ( *, P < 0.05, **, P < 0.01 vs EC) 

EC, Experimental control group; Agm, Agmatine treatment group; CA1, CA2, CA3, 

DG, Dentate gyrus of hippocampus
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3.  TUNEL staining after TBI. 

To determine the protective effect of agmatine against to the damaged 

brain, we used TUNEL staining. 

In cerebral cortex (Figure 4A) and hippocampus (Figure 4B), the 

number of TUNEL positive cells (green) was decreased in agmatine treatment 

group from 2 days to 2 weeks after TBI compared to experimental control.

A.

B.

Figure 4. TUNEL staining after TBI with and without agmatine. TUNEL positive cells 

(green) were decreased in Agm than EC from 2 day to 2 week after TBI in both 

cerebral cortex (A) and hippocampus (B). EC, Experimental control group; Agm, 

Agmatine treatment group.
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4. Immunohistochemistry of mitogen-activated protein kinases (MAPKs).

To investigate the effect of agmatine in MAPKs expression, we performed 

immunohistochemistry using anti- p-ERK, p-JNK and p-p38 antibodies.

The number of p-ERK positive cells was increased at 1 and 2days 

after TBI in agmatine treatment group than experimental control (Figure 5A). 

Agmatine treatment reduced the number of p-JNK and p-p38 positive cells in 

cerebral cortex (Figure 5B, 5C).
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A.

B.

C.



- 18 -

Figure 5. Immunohistochemistry of MAPKs after TBI. p-ERK, p-JNK and p-p38 postive cells 

shown to have brown-colored. The number of p-ERK positive cells were increased in Agm 

than EC (A). But p-JNK (B) and p-p38 (C) were decreased in Agm. EC, Experimental 

control group; Agm, Agmatine treatment group.

   5. Immunoblotting of Mitogen-activated protein kinases (MAPKs).

In cerebral cortex, p-ERK was increased at 1 and 2days after TBI in 

agmatine treatment group. p-ERK was not detected 1 and 2weeks after TBI in 

all condition (Figure 6A). The expression of p-JNK was decreased after TBI 

in agmatine treatment group (Figure 6B). p-p38 MAPK was decreased all time 

point in agmatine treatment group (Figure 6C).

In hippocampus, p-ERK was also increased at 1 and 2days after TBI 

in agmatine treatment group. p-ERK was not detected 1 and 2weeks after TBI 

in all condition (Figure 6D). The expression of p-JNK was decreased from 1 

day to 1 week after TBI in agmatine treatment group. But 2 weeks after TBI, 

p-JNK was increased in agmatine treatment group (Figure 6E). The expression 

of p-p38 was not detected in hippocampus.
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A.

B.

C.
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D.

E.

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

(A) but not p-JNK (B) and p-p38 (C), was increased by agmatine treatment. In hippocampus, 

expression of p-ERK (D) was increased and p-JNK (E) was decreased in agmatine treatment 

group. p-p38 was not detected. ( *, P < 0.05, **, P < 0.01 vs EC) EC, Experimental 

control group; Agm, Agmatine treatment group.  
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6. The expression of inflammatory cytokines.

The acute inflammatory response following TBI has been shown to 

play an important role in the development of secondary tissue damage. The 

proinflammatory cytokines interleukin-1 (IL-1) and tumor necrosis factor-α 

(TNF-α), are induced early after brain injury and have been implicated in the 

delayed damage. So we determine the anti-inflammatory effect of agmatine 

after TBI by western blot analysis.

In cerebral cortex, TNF-α (Figure 7A) and IL-1β (Figure 7B) was 

decreased in all time point agmatine treatment group. 

A.

 

B.
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Figure 7. We examined the expression of inflammatory cytokine using immunoblotting in 

cerebral cortex (A, B). In all time point, TNF-α and IL-1β were decreased in agmatine 

treatment group compared to experimental control after TBI. ( *, P < 0.05, **, P < 0.01 

vs EC) EC, Experimental control group; Agm, Agmatine treatment group.

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

To determine the regulation of Nf-kB p65 translocation to the nuclei 

by agmatine, we performed western blot analysis of the cytosolic (Figure 8A) 

and the nuclear (Figure 8B) fractions. Agmatine induced Nf-kB p65 nuclear 

translocation at 1 and 2 day after TBI. Nf-kB p65 was not detected at 1 and 

2 week after TBI. This data suggest that Nf-kB p65 nuclear translocation by 

agmatine may be involved with increased expression of p-ERK at 1 and 2 day 

after TBI.
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A.

B.

Figure 8. Western blot analysis of Nf-kB nuclear translocation by agmatine. Cytosolic (A) and 

nuclear (B) Nf-kB p65 were visualized. ( *, P < 0.05, **, P < 0.01 vs EC) EC, 

Experimental control group; Agm, Agmatine treatment group. 
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   8. Immunofluoresence of AQPs expression after traumatic brain injury. 

AQP-1 was boldly detected at the choroid plexus of experimental 

control but wasn't in agmatine treatment group (Figure 9A). The expression of 

AQP-4 was colocalized with GFAP and increased in experimental control than 

agmatine treatment group (Figure 9B). The expression of AQP-9 was also 

increased in experimental control than agmatine treatment group (Figure 9C).
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A.

B.

C.

Figure 9. Macrographs of aquaporin 1 immunofluorescence in the choroid plexus after 

TBI with and without agmatine. AQP-1 (green) was boldly detected at the choroid 

plexus of experimental control (EC) but wasn't in agmatine treatment group (Agm) 

(A). The expression of AQP-4 (red) was colocalized with GFAP (green) and increased 

in EC than Agm (B). The expression of AQP-9 (red) was increased in EC than Agm 

(C). EC, Experimental control group; Agm, Agmatine treatment group.
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   9. Suppression of aquaporins (AQPs) expression in cytotoxic and vasogenic brain 

edema after traumatic brain injury by agmatine administration.

In cerebral cortex, AQP-1 was strongly expressed at 2days after TBI. 

The expression of AQP-1 wasdecreased after TBI except 2weeks in agmatine 

treatment group (Figure 10A). The expression of AQP-4 was decreased all 

time point in agmatine treatment group (Figure 10B). The expression of 

AQP-9 was not detected at 1day after TBI. AQP-9 was decreased in agmatine 

treatment group (Figure 10C).

In hippocampus, AQP-1 was strongly expressed at 2days after TBI. 

The expression of AQP-1 was decreased after TBI in agmatine treatment group 

(Figure 10D). The expression of AQP-4 was decreased from 1day to 1week 

after TBI in agmatine treatment group. But 2weeks after TBI, AQP-4 was 

increased in agmatine treatment group (Figure 10E). The expression of AQP-9 

was not detected at 1day after TBI. AQP-9 was increased at 2days after TBI 

in agmatine treatment group. But the expression of AQP-9 was suppressed in 

agmatine treatment group than experimental control at 1 and 2weeks after TBI 

(Figure 10F).
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A.

B.

C.
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D.

E.

F.
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Figure 10. We examined the expression of AQP-1,-4 and -9 using immunoblotting in 

cerebral cortex (A, B, C) and hippocampus (D, E, F). In all time point, aquaporin-1 was 

decreased in agmatine treatment group compared to experimental control after TBI. Aquaporin 

-4, -9 were similar expressed in agmatine treatment group and experimental control at 1, 2 day 

after TBI. But 1week after TBI, the expressions of aquaporin -4,-9 were decreased in agmatine 

treatment group. ( *, P < 0.05, **, P < 0.01 vs EC) EC, Experimental control group; 

Agm, Agmatine treatment group.

   10. The expression of bone morphogenetic protein (BMP)-7

BMP-7 is induces differentiation in astrocyte lineage cells and induces 

dendritic growth. In the expression of BMP-7 promotes survival of neurons 

and glial cells after TBI54. So we performed immunoblotting to examined the 

expression of BMP-7 after TBI by agmatine. 

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

In hippocampus, agmatine increased the expression of BMP-7 from 1 

day to 1 week after TBI in agmatine treatment group (Figure 11B). 
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A.

B.

Figure 11. Increased expression of BMP-7 from 1day to 1week after TBI in agmatine 

treatment group. Figure shows that BMP-7 was similarly expressed in cerebral cortex 

(A) but in hippocampus, BMP-7 was increased from 1day to 1week after TBI in 

agmatine treatment group hippocampus. ( *, P < 0.05, **, P < 0.01 vs EC) EC, 

Experimental control group; Agm, Agmatine treatment group.
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IV. DISCUSSION

Following previously reports, agmatine decreased infarct sizes in 

mouse ischemia model, and promotes survival in neurons exposed OGD8. 

Agmatine has been shown to reduce excitotoxicity in vitro by blocking NMDA 

receptor activation1,10 and to protect neurons from injury2 by inhibiting of 

NOS8. To investigate the neuroprotective effect of agmatine on brain traumatic 

injury, cold injury has been used in this study.  Traumatic brain injury is a complex 

process which include primary, secondary or additional injury, and regeneration58. 

Secondary injury mechanisms include complex biochemical and physiological 

processes, which are initiated by the primary insult and manifest over a period of 

hours to days59. The initial disturbances caused by membrane damage lead to cell 

death, but the molecular mechanisms mediating apoptosis are poorly understood. In 

this study, TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP-biotin 

nick end labeling), a method commonly used to detect apoptotic cell death 

was performed to determining the numbers of dying cells. Because it is 

possible that cells undergoing necrotic cell death could also be detected 

apoptosis. Therefore, TUNEL positive means a ‘dying’ cell. In this study 

TUNEL positive cells were decreased in agmatine treatment group than 

exprimental control from 2days to 2weeks after TBI. It is suggested that 

agmatine protect neurons from cold injury. 

Recent studies have shown that MAPKs is implicated in the progression of 

acute brain damage after ischemia or trauma. For example, after serum withdrawal 

and oxidative stress in cerebellar neuronal cultures, the ERK pathway mediates 

protective effects and the p38/JNK pathways mediate deleterious effects29. ERK has 

been shown to be involved in preconditioning responses that protect against 

secondary insults30, and has been associated with neuroprotection in global cerebral 

ischemia16. For the most part, these protective effects of ERK appear to be related to 
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the transcriptional upregulation of neuroprotective antioxidant systems30. In this 

study, it is shown that the expression of p-ERK was increased and p-JNK was 

decreased at 1, 2 days after TBI in agmatine treatment group. Also, p-p38 is 

decreased in all time point in agmatine treatment group. It may suggest that 

increased p-ERK and decreased p-JNK expression mediate protective effect by 

agmatine. 

TBI models have shown increased mRNA expression of IL-1β and 

TNF-α in hippocampus early after head injury23. Local induction of TNF-α and 

IL-6 mRNA expression as well as intrathecal release of these cytokines have 

been demonstrated in various head trauma models such as experimental cortical 

contusion31,32,33, surgical brain injury34,35,36, fluid percussion trauma37,38,39, and 

experimental axonal injury40. Furthermore, evidence from in vivo and in vitro 

studies shows that administration of recombinant TNF can induce intracranial 

inflammation and a breakdown of the blood-brain barrier (BBB), a 

pathophysiological hallmark of neurotrauma41,42,43,44. Production and release of 

cytokines depend on inducible gene expression mediated by activation of cell 

signalling. The primary inflammatory stimulus may act through membrane 

receptors such as TNF-a receptor (TNFR)1 and TNFR2, causing the activation 

of four major intracellular signalling cascades: the three distinct MAPKs 

pathways (p38, JNK and ERK) and the pathway leading to activation of 

nuclear factor kB (NF-kB)65. MAPKs are strongly activated by stress stimuli, 

bacterial lipopolysaccharide (LPS) and cytokines, and have been suggested to 

contribute to cell death and survive. 

The NF-kB regulates various genes involved in immunoresponses, cell 

proliferation and apoptosis. NF-kB triggers a number of anti-apoptotic genes 

which interrupt the apoptotic cascade at multiple levels66,67, and a pivotal role 

of NF-kB in the regulation of cell survival and death has therefore been 

suggested. Although findings reported are controversial, strong evidence 
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supports the notion that NF-kB functions as an anti-apoptotic transcription 

factor in various cell populations including neurons60,61,62. In this study, it is 

shown that the expression of TNF-α and IL-1β were decreased in agmatine 

treatment group after TBI. This result suggested agmatine has anti-inflammatory 

effect in cold TBI. 

Brain edema is concomitant with brain dysfunction and is explained by 

several pathophysiological mechanisms. Because the brain is enclosed in a rigid skull, 

brain swelling produces displacement of water from low-pressure compartments, 

including CSF and venous blood (~10 mmHg), into peripheral blood. Severe brain 

edema increases intracranial pressure and causes a decrease of cerebral blood 

perfusion, resulting in secondary brain injury63. In all brain edema types, excess fluid 

leaves the brain parenchyma along three different routes: across the blood-brain 

barrier into the bloodstream, across the ependyma into the ventricles, and across the 

glia limiting membrane into the CSF in the subarachnoid space. However, the 

mechanisms of edema fluid clearance are less well understood than the mechanisms 

of edema fluid formation. 

Aquaporins (AQPs) are a family of water channel proteins that 

facilitate the diffusion of water through the plasma membrane45. In the rodent 

brain, three aquaporins have been clearly identified, AQP-1, AQP-4, and 

AQP-946,47. AQP-1 has been detected in epithelial cells of the choroid plexus48, 

AQP-4 in astrocytes with a polarization on astrocyte endfeet49, and AQP-9 in 

astrocytes of the white matter and in catecholaminergic neurons50,51. AQP-1 and 

AQP-4 are permeable only to water and are presumed to be involved in 

cerebrospinal fluid formation and brain water homeostasis52. AQP-9 is an 

aquaglyceroporin, a subgroup of the aquaporin family, and is permeable to 

water and also glycerol, monocarboxylates, and urea53. These three channels 

may be implicated in water movements occurring during the formation and 

resolution of cerebral edema. In this study, it is shown that the expression of 
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AQP-1,4 and -9 were decreased after TBI in agmatine treatment group. It is 

suggested that agmatine attenuate brain edema through lessening the expression of 

aquaporins after TBI.

In this study, agmatine protect cold injured brain by regulating the 

MAPKs signaling and the expression of TNF-α and IL-1β. It is also shown that 

agmatine decrease brain edema through regulating the aquaporin expression. 

Furthermore agmatine enhanced neuronal survival itself in H-E or TUNEL stained 

brain tissues from this study. Based on these results, it was hypothesized that 

agmatine may have a modulatory effect on neural homeostasis or cell survival 

in TBI. Bone Morphogenetic Proteins (BMPs) are growth factors which are thought 

to be involved in multiple aspects of cell signaling and homeostasis, including germ 

cell formation, stem cell maintenance and cell differentiation from brain injury64.  

BMP-7 is a member of the BMP subfamily of the TGF-β superfamily54. The 

expression of BMP-7 mRNA is reported to be increased in CNS injury54,55. 

BMP-7 is announced to improve functional recovery, local cerebral glucose 

utilization and blood flow after cerebral ischemia56, and to improve locomotor 

function after stroke57. In this study, agmatine increased the expression of 

BMP-7 from 1day to 1week after TBI in agmatine treatment group. These 

results suggests the possibility to increase the number of forepaw step through 

the enhancing of BMP-7 expression by agmatine after TBI. 

This study showed that agmatine increased the expression of p-ERK 

and BMP-7, and decreased the expression of p-JNK, p-p38, AQPs, TNF-α and 

IL-1β. These effects of agmaitne on TBI were associated with the increase of 

activated MAPKs expression through Nf-kB translocation into nucleus at 1 and 

2 days after TBI.
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  V. CONCLUSION

We hypothesized that agmatine may not only have neuroprotective 

effects through MAPKs activation and induction of anti-inflammation signaling, 

but also enhance cell survival through regulating of BMP7 expression after 

TBI.

1. The motor function was significantly increased in agmatine treatment group than    

      in EC at 2 weeks after TBI.

2. Agmatine significantly reduced necrotic brain volume and number of        

   eosinophilic neurons after TBI compared to experimental control. 

3. The number of TUNEL positive cells was decreased in agmatine treatment  

   group than experimental control group.

4. The expression of p-ERK was increased, whereas p-JNK and p-p38 were   

   decreased by agmatine.

5. The expression of inflammatory cytokines were clearly reduced after TBI   

   by agmatine.

 

6. Agmatine increased Nf-kB p65 nuclear translocation after TBI.

7. The expression of AQP-1,-4 and -9 was decreased after TBI by agmatine   

   treatment.

8. The expression of BMP-7 was increased in agmatine treatment group than  

   in experimental control after TBI.



- 36 -

These data suggest that agmatine reduced necrotic volume and number of 

eosinophillic neurons. And agmatine regulate MAPKs expression via Nf-kB 

nuclear translocation and have anti-inflammatory effect. Moreover, agmatine 

could attenuate brain edema through lessening the expresssion of aquaporins 

and propose that agmatine could support CNS regeneration by increasing the 

expression of BMP-7 after TBI. This study addresses the neuroprotective and 

neuroregenerative effect of agmatine after TBI.
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Abstract (in Korean) 

외상성 뇌손상후 아그마틴에 의한
Mitogen-activatedproteinkinase(MAPKs)활성화

<지도교수 이종은 >

연세대학교 대학원 의과학과

이 용 우

아그마틴은 엘-알기닌의 탈탄소반응에 의해 형성된 일차아민으로
서 동물의 뇌에서 합성되어지는 내재성 clonidine대체 물질이다.본 연구
에서는 외상성 뇌손상후 아그마틴에 의한 Mitogen-activated protein
kinase(MAPKs)활성화에 대해 알아보았다.외상 2주후,트레이드밀을 이
용한 행동학적 검사결과에서 아그마틴을 투여한 동물군이 실험대조군에 비
해서 기능적 회복이 일어남을 알 수 있었다.아그마틴은 뇌에서 괴사가 일
어난 부분과 eosinophilic신경세포의 수,그리고 TUNEL-positive세포의
수를 감소시켰다.아그마틴에 의해 p-ERK의 발현이 증가하는 반면
p-JNK 와 p-p38의 발현은 감소하였다.염증성 cytokine의 발현도 실험대
조군에 비해서 아그마틴을 투여한 동물군에서 감소되었다.이러한 결과들
은 Nf-kB의 핵으로의 전이가 아그마틴에 의해 증가되는 것과 관련됨이 관
찰되었다.뇌부종의 주요원인 물질이며 수분이동통로인 AQPs의 발현도 아
그마틴의 투여로 감소됨을 확인하였다.또한 신경보호와 신경재생에 효과
가 있는 것으로 보고된 뼈 형태형성 단백질인 BMP-7의 발현이 아그마틴
을 투여함으로써 그 발현이 실험대조군에 비해 증가됨을 관찰하였다.

이러한 결과로부터 외상성 뇌 손상에서 아그마틴에 의한 신경보호
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효과는 Nf-kB의 핵으로의 전이가 아그마틴에 의해 증가됨으로써 MAPKs
를 활성화 시키는 것과 관련됨을 알 수 있었다.

____________________________________________________________________
핵심 되는 말 :아그마틴,외상성 뇌손상,MAPKs,염증성 cytokine,수분

이동통로 (AQP),뼈 형태형성 단백질 (BMP)
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