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Abstract

The role of agmatine in CNS injury

Jae Hwan Kim

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Jong Eun Lee)

There is no optimal therapy for CNS injury. Many efhpeutic
candidates have been investigated until now. Agreatis a primary amine
formed by the decarboxylation of L-arginine synthed in mammalian brain.
The purpose of this study was to demonstrate tHe o agmatine in CNS
injury.

First, in brain edema following cerebral ischemiaagmatine
significantly reduced brain swelling volume 22 houafter 2 hours middle
cerebral artery occlusion (MCAQO). Water content brmain tissue was clearly
decreased 24 hours after ischemic injury by agreatieatment. It is confirmed
that blood-brain barrier (BBB) disruption was matke lessened in the striatal,
hippocampal, and cerebral cortical area of agmatireatment group than
experimental control, using evans blue extravasatibhe expression of matrix
metalloproteinase (MMP) -2 and -9, correlated witie disruption of BBB,
was reduced by agmatine treatment. The expressioragoaporin (AQP) -1



and -4, correlated with brain edema as water cHanmeas plainly decreased
by agmatine treatment.

Second, in spinal cord injury (SCI), agmatine ididated to improve
the physiological condition 4 weeks after SCI, gsioverturning body test.
Collagen scar area, physical barrier to axon regdioa, was surely
diminished by agmatine treatment 4 weeks after S&gmatine treatment
increased the expression of bone morphogeneticeipraBMP) -7, which is
neuroprotective and neuroregenerative, in scaronggproximal region to scar
and distal to scar more than experimental controlearly period after SCI.
Agmatine also decreased the T&E positive cells in all regions- distal to
scar, proximal to scar, and scar compared to exgetial control 1 week and
2 weeks after SCI. TGF2 is correlated with deposition of collagen matak
the lesion site.

These data suggest that agmatine could attenuaie bdema through
reducing disruption of the BBB by suppression oé texpression of MMP-2
and -9 and through lessening the expression of AQRAd -4 and that
agmatine could support CNS regeneration by redudirg collagen scar area,
decreasing the expression of TGE and increasing the expression of BMP-7
in spinal cord injury. Consequently, this study rdded the neuroprotective
and neuroregenerative effect of agmatine in CN&rynj

Key words : Agmatine, Cerebral ischemia, Brain edemquaporins, Matrix
metalloproteinases, Blood-brain barrier, Spinal dcomjruy, Collagen scar,
Transforming growth factor, Bone morphogenetic @irof7



The role of agmatine in CNS injury

Jae Hwan Kim

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Jong Eun Lee)

PART 1. The effect of agmatine for brain edema @mebral ischemia

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 #hadrenergic and imidazoline
receptors, and an antagonist at N-methyl-D-asgar(AtMDA) receptors®”. It
has been shown that agmatine may be neuroproteictiteauma and ischemia

5,6,7,8,9

models’ Agmatine was shown to protect neurons againsttaglate



toxicity and this effect was mediated through NMD#éceptor blockade, with
agmatine interacting at a site located within theMDM\ channel por&.
Despite this work, the mode and site(s) of actian Agmatine in the brain
have not been fully defined. Nitric oxide synthas@$OSs) generate nitric
oxide (NO) by sequential oxidation of the guanidigooup in arginine, and
agmatine is an arginine analogue with a guanidimou Being structurally
similar to arginine, agmatine has been known asompetitive inhibitor of
NOS™ This suggests that agmatine may protect the bfesm ischemic
injury by interfering with NO signalirfg

Stroke is one of the leading causes of death intniveloped
countries with its incidence increasing worldwitfé The majority of these
strokes are ischemic and are caused in most casethrombotic or embolic
occlusion of a cerebral artéfy In stroke, the extracellular matrix that supports
microvascular homeostasis and intedfity are degraded by a variety of
proteolytic enzymes, including a family of protemss&known as matrix
metalloproteinase (MMP), which are divided into efivclasseS. Increasing

evidence indicates that MMP-2 and -9 are up-regdlafter the onset of focal

19,20,21,22,23 f.7,18,24

ischemia with® or withou reperfusion in experimental animals,
as well as in human patieft&> The early appearance of activated MMP-2 or
-9 is associated with an alteration of blood-brdiarrier (BBB) permeability
and the formation of vasogenic edema after trabhsidocal cerebral
ischemid”?***7

Edema is frequently observed in brain ischemia.irBedema, defined
as an abnormal increase in brain water contentclwiéads to an expansion
of brain volume, has a crucial impact on morbiditgd mortality after stroke,
in that it increases intracranial pressure, favbesniations, and contributes to
additional ischemic injurié® Aquaporins (AQPs) are a family of water

channel proteins that facilitate the diffusion ofater through the plasma



membran&. In the rodent brain, three aquaporins have bdearlg identified,
AQP-1, AQP-4, and AQP3*®®* AQP-1 has been detected in epithelial cells of
the choroid plext, AQP-4 in astrocytes with a polarization on asttec
endfeet’, and AQP-9 in astrocytes of the white matter and i
catecholaminergic neuron$™. AQP-1 and AQP-4 are permeable only to water
and are presumed to be involved in cerebrospinald fformation and brain
water homeostasts AQP-9 is an aquaglyceroporin, a subgroup of the
aquaporin  family, and is permeable to water and o alglycerol,
monocarboxylates, and uféaThese three channels may be implicated in water
movements occurring during the formation and rdsmiu of cerebral edema
after ischemia.

Based on these evidences, it was hypothesizedataatine may have
neuroprotective effect on brain edema. The purpokdhe present study was
to investigate the effect of agmatine for brain redein ischemic brain damage
and to evaluate on the expression of AQP-land -@ @m the expression of
MMP-2 and -9.

IIl. MATERIALS AND METHODS

1. Animals
ICR mice from Sam (Osan, Korea) were used for thisdy. All
animal procedures were carried out according tor@opol approved by the
Yonsei University Animal Care and Use Committee aocordance with NIH

guidelines.



2. Stroke model

Male ICR mice weighing 36 + 2 g were subjected ansient middle
cerebral artery occlusion (MCAOn = 50). Animals were anesthetized with
chloral hydrate (400 mg/kg) intraperitoneally. Depaf anesthesia was assessed
by toe pinch every 15 min. In a separate set ofmali 6 = 5
agamatine-treatedn = 5 control), a femoral arterial line was placedda
physiological parameters including mean arteriadodl pressure, arterial blood
gases, and rectal temperature were monitored hefdiging, and after
ischemia. Ischemia was induced using an occludingaluminal suture as
previously describéd® In brief, an uncoated 15-mm segment of 6-0 nylon
monofilament suture with the tip rounded by a flawas inserted into the
arteriotomy and advanced under direct visualizatioto the internal carotid
artery 11 mm from the bifurcation to occlude thetiwva of the middle
cerebral artery (MCA). After 2 h, the suture wasthdiawn and surgical
incisions were closed. Twenty-two hours later, taeimals were euthanized
with an isoflurane overdose. The brains were remoaad 2-mm thick blocks
were cut in the coronal plane, stained with triptemetrazolium chloride
(TTC, Sigma) to delineate regions of infarction,daembedded in paraffin.
After paraffin embedding, 6w thick sections were stained with H&E and
immunostained.

Agmatine was dissolved in normal saline (100 mglRg Sigma) and
given after the suture was removed (Agm,= 21). Controls received normal

saline in equivalent volumes (E@, = 18).

3. Assessment of brain edema and infarct volume.
Brain swelling and infarct volumes were determinad TTC staining,
using a computer-assisted image analysis systemtini@p ver 6.1, Optimas,

Bothell, WA, USA), and corrected for the presendeedema using previously



published method®® The volume of infarct was expressed as a pergentd

the total area of ipsilateral hemisphere.

4. Water content
Mice were Kkilled 24 hours after reperfusion, at thime point of
maximal brain edema formation. Brains were remouJseimispheres separated,
and weighed to assess the wet weight (WW). Thimeathe hemispheres
were dried for 24 hours at 110C and the dry weight (DW) was
determined. Hemispheric water content (%) was calculated gisithe
following formula: ( (WW-DW) / WW ) x 100(%)

5. Blood-brain barrier(BBB) disruption

The integrity of the blood-brain barrier was inugsted using Evans
blue extravasatidh***® Evans blue at 2 % in saline (108) was injected in
the tail vein and allowed to circulate for 90 mifhe chest wall was then
opened under chloral hydrate anesthesia (400 mg/gg. Blood sample was
obtained from the heart. Animals were perfused stardially with saline at
100 mmHg pressure until blue color was absent ef dfifluent. Brains were
removed, tissue samples (cortex, hippocampus, &matusn) were dissected out
and weighed. They were homogenized in 580 50% trichloroacetic acid
(weight/volume), and centrifuged (10,000 rpm, 20numes). The supernatant
was measured at 445 nm using ELISA reader. Evane hontent of the
plasma was similarly determined and the ratio séué to plasma Evans blue
content was calculated as tissue Evans blg#g(wet weight) / plasma Evans
blue &/g).

6. Immunohistochemical staining for AQPs and MMPs



Brains were fixed with 4 % paraformaldehyde, andbedded in
paraffin. Brain sections were made by 1. Sections were immunostained
with antibodies against AQP-1 (Abcam, CambridgeshidK), AQP-4, AQP-9,
MMP-2, or MMP-9 (Chemicon, Temecula, CA, USA), ®lled by an
appropriate biotinylated secondary antibody. Staimsre visualized using the
ABC kit (Vector, Burlingame, CA, USA) (Lee et alk002), then reacted with
diaminobenzidine (DAB, Sigma, St. Louis. MO, USAWhen double-labeled
fluorescent immunohistochemistry was used, stainrewevisualized using
fluorescein-conjugated secondary antibody. Doudiibelled immunostaining was
evaluated using a fluorescence microscope (LSM BABTA, Carl Zeiss).
Immunostaining controls were prepared by tissuehaut primary antibodies.

All incubation steps were performed in a humidifiedamber.

7. Immunoblotting of AQPs and MMPs
Expression of AQP-1, -4, and -9 and MMP-2 and -®tgins was
estimated by immunoblotting in ischemic injured ibralmmunoblotting was
performed using anti-AQPs, anti-MMPs, and antivadibanta Cruz, Santa Cruz,
CA, USA) antibodies. Equal amounts of protein, 1@9 per condition, were
separated on an 8 % polyacrylamide gel and eleatrsferred onto
Immobilon-NC membrane (Millipore, Bedford, MA, USA)Immunoreactive
bands were visualized with the ECL detection systasing Kodak X-AR

film®,

8. Statistical analysis
Statistical tests to determine differences betwegmoups were
performed with student's 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. Assessment of brain edema and infarct volume

To investigate the effect of agmatine in ischemiamdge, brain
swelling volume was assessed in serial coronaliosectof mouse brain. The
data are summarized in Figure 1. The average totaln swelling volume
(cortical plus subcortical areas) in experimentahtml group was 117.11 *
2.37 % after 2 hours middle cerebral artery ocolus{MCAQO) and 22 hours
reperfusion. In agmatine treatment group, the a@eerdotal brain swelling
volume was 102.73 £ 0.16 % after 2 hours MCAO a2 hdurs reperfusion.

Agmatine significantly reduced brain swelling voleni 14.38 + 2.21 %, P <
0.01, Figure 1).

EC NC Agm
» @ 0

Lo E

ipsi hemi/ lateral hemi (%

EC Agn  EC Agm  EC Agn  EC Agm  EC Agm

0.2mm 2.0mm 3.5mm 5.0mm 6.5mm
Distance from Frontal

Figure 1. Brain edema and infarct volume on celfelsehemia. Agmatingeduce:
infarct volume and brain swelling after ischemiquip. A. Serial coronalsection
(1.5 mm of thickness) of mouse brain stained with2e2 TTC solution. B.Grapt
of brain swelling percent (%) 22 hours after 2 BOMCAO (*, P < 0.05; ** F
< 0.01 vs EC). Data are expressed as the mean *.SHfdy bar, Noninfarcl
area; Black bar, Infarct area; EC (n = 7), Expentak control group; NC (n =),
Normal control group; Agm (n = 9), Agmatine treatmentgrour



2. Water content

The water content in ischemic injured brains at t&urs reperfusion
is shown in Figure 2. In normal control group, watmntent averaged 79.63
*+ 1.10 % in the ipsilateral hemispheres. Ischemi tle a significant increase
in water content in the ipsilateral hemispheres8(28 + 0.59 %, P < 0.01,
Figure 2). However, in agmatine treatment groupatew content was
significantly decreased in the ipsilateral hemisphe( 80.61+ 1.33 %, P <
0.01, Figure 2).

100

e

90 |

80 r

Water content (%)

60

50

N C Agm EC

Figure 2. Brain water content on cerebral ischemirain water content as
measure of brain edema of the ischemic hemisph@ehdurs after 2hours
MCAO. Agmatine decreased the water content of istbeinjured brainto
normal level (*, P < 0.05; **, P < 0.01 vs LS of E@+, P < 0.01 vs I1Sof
EC). Data are expressed as the mean + SEM. EC (8),=Experimente
control group; NC (n = 5), Normal control group; mag(n = 4), Agmatine
treatment group; IS, ipsilateral ischemic side; IcBntralateral ischemic side
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3. The expression of AQPs

AQP-1 was expressed in only epithelial cells of roib plexus in
normal condition, but AQP-1 was strongly expressadendothelial cells 22
hours after MCAO without agmatine. Aquaporin-1 pigsi endothelial cells
were shown in cortex (Figure 3A) and striatum (F&guBB) except penumbra
(data not shown). The expression of AQP-1 were aeduin endothelial cells
of cortex (Figure 3A), striatum (Figure 3B), andnpmbra (data not shown)
of agmatine treatment group. Agmatine treatment alecreased the expression
of AQP-1 in blood vessels of the choroid plexusgiFe 3C).

The expression of AQP-4 was very feeble compared that of

AQP-1. Agmatine, however, reduced the expressibi@P-4 as ever (Figure
4). The protein expression of AQP-1 and AQP-4 widmarly diminished in
agmatine treatment group, but the expression of AQRKas not clear (Figure
5).

4. Blood-brain barrier (BBB) disruption

It is needed to confirm whether the brain edema vesogenic
accompanied by BBB disruption or cytotoxic withoBBB disruption. At 24
hours after ischemic injury, Evans blue contentsthie striatal, hippocampal,
and cerebral cortical area of agmatine treatmemtumr( 2.74 + 0.307 in
striatum; 3.08 = 0.134 in hippocampus; 1.14 + 0.042cerebral cortex) were
significantly less than that of experimental cohtgroup (4.90 + 0.120 in
striatum; 4.24 + 0.135 in hippocampus; 1.96 + 0.idOcerebral cortex, P <
0.01, Table 1). However, in the penumbra area,etherno difference between
experimental control (2.44 + 0.157) and agmatineatment group (2.50 =*
0.145, Table 1).

_11_
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Figure 3. Macrographs of AQP-1 immunofluoresceneethie ischemic injured brain 22
hours after 2 hours MCAO with and with out agmatinéBlood vessel marked with
factoVll (red) was stained with AQP-1 (green) in cortex (Ahd striatum (B) of
experimental control (EC), but was not merged wh®P-1 (green) in cortex (A) and
striatum (B) of agmatine treatment group (Agm). AQRgreen) was boldly detected at
blood vessel of the choroid plexus of ipsilaterées (Ipsi) in experimental control
(EC) but wasn't in agmatne treatment group (Agm)).(Scale bar is 50m. EC,
Experimental control group; Agm, Agmatine treatmgnbup; Contra, Contralateral side;
Ipsi, Ipsilateral side

Figure 4. Macrographs of AQP-4 immunofluorescence the
ischemic injured brain 22 hours after 2 hours MCA@h anc
with out agmatine. Blood vessel was stained WARQP-4
(green) in cortex. AQP-4 (green) was feebly detbatempare
to AQP-1 in experimental control (EC) and agmatneatmer
group (Agm) . Scale bar is 5@m. EC, Experimentalcontro
group; Agm, Agmatine treatmentgrour

_13_



NC Agm EC

AQP1 — 28kDa

AQP4 — 31kDa

AQP9 — 29kDa

actin

Figure 5. Immunoblotting of AQP-1, -4, and -9. Thpressionof
AQP-1 (AQP1) and -4 (AQP4) were decreased in agmadtieatmer
group (Agm), but the expression of AQP-9 (AQP9)swaot obvious
NC, Normal control group; EC, Experimental control gopuAgm,
Agmatine treatmentgroup

EB Ratio
( Evans bluegg/g wet weight) / plasma Evans blueglg) )

Penumbra Hippocampus Striatum Cortex

EC 2.44

I+

0.157 4.24 + 0.135 4.90 = 0.120 1.96 #10.1

I+

Agm 250 + 0.145 3.08 + 0.134* 2.74 + 0.307* 1.14 +4P29

Table 1. Blood-brain barrier (BBB) disruption. Agtme treatment reduced tH2BB
disruption in hippocampus, striatum, and cortex P, < 0.01 vs EC). EBEvans
blue; EC (n = 3), Experimental control group; Agm E 3), Agmatinetreatmen

group

_14_



5. The expression of MMPs

Immunohistochemical staining of MMP-2 and MMP-9 wiasreased in
cerebral cortex and striatum 22 hours after 2 hddGAO. The number of
MMP-2 positive cells was dramatically decreased ciortex and striatum by
agmatine treatment. In similar to MMP-2, agmatineatment reduced the
number of MMP-9 positive cells (Figure 6). Thesecmased expression of
MMP-2 and -9 by agmatine treatment was clearly shaw immunoblotting of
MMPs (Figure 7).

Figure 6. Macrographs of MMPs immunopositive celisthe ischemic injuredorair
22 hours after 2 hours MCAO with and with out agmat There werefew
MMP-2 positive cells (brown) in cortex and striatuaf agmatine treatmengroup
MMP-9 positive cells (brown) in agmatine treatmegrbup were decreasecbmpare
to experimental control group (EC). Scale bar is @m0 EC, Experimentalcontro
group; Agm, Agmatine treatmentgrour

_15_



—T72kDa
— 68kDa

MMP2

MMP9 —92kDa

Figure 7. Immunoblotting of MMPs. MMP-2 (MMP2) an®
(MMP9) were expressed down in agmatine treatmenbuf
(Agm) compared to experimental control group (EQYC,
Normal control group; EC, Experimental control grouggm,

Agmatine treatmentgroup

_16_



IV. DISCUSSION

It is shown that agmatine reduces brain swellingl dmain edema in
experimental stroke in this study. This effect @fmaitne on the brain edema
is associated with the decrease of matrix metalggmase (MMP) -2, MMP-9,
aquaporin (AQP) -1 and AQP-4 expressions. It algpears that agmatine
reduces MMP-2 and MMP-9 expressions in glial cétlsa greater extent than
in endothelial cells, and lessens the expressiol’AQP-1 in endothelial cells

in cerebral ischemia.

Recent studies have emphasized the importance efnturovascular
unit, comprised of cerebral endothelial cells, asttes and neurons along with
the extracellular matrix, in maintaining the intiégrof brain tissue in stroké
Perturbation of the extracellular matrix, includindgpasement membrane
components (i.e. type IV collagen, heparan sulphatgeoglycan, laminin and

fibronectin), disrupts microvascular homeostasisd aintegrity®*"

In stroke,
these proteins and polysaccharides that compogeopahe extracellular matrix
are degraded by a variety of proteolytic enzymesluding a family of
proteases known as MMPs, which are divided intae falass€€. MMP-2 and
-9 are reported to be increased after cerebral eish in experimental
animalg’ 8192021222324 a5 \yell as in human patiefit®> The early expression
of MMP-2 or -9 is associated with blood-brain kerr(BBB) disruption and
the formation of vasogenic edema after transiectlf@erebral ischemia®®?*?!
or other acute cerebral injurfé& In addition, pharmacologic inhibition of
MMPs was able to ameliorate edema after focal catelschemia"”’, and
MMP-9 deficient knockout mice reduced BBB disrupticand edema after
transient focal cerebral ischerfid’ and traumatic brain injufy, The results

that MMP-2 and MMP-9 expressions were reduced bmadige treatment after

_17_



stroke in this study support the idea that the opnatective effect of agmatine

is associated with improved BBB function.

Recent reports suggest a potential extracellulateptysis pathway to
neuronal cell death in which S-nitrosylation by Néxtivates MMPs, and
further oxidation results in a stable posttranstal modification with
pathological activity’. In this study, agmatine treatment decreased E\zns
extravasation and the expression of MMP-2 and MMPFBatment with the
non selective NOS inhibitor in a mouse model of MAignificantly reduced
vascular damage, as indicated by decreasing of E£ddne extravasation and
MMP-9 expressioll. Using trophoblast cells isolated from human pitas, a
positive regulatory role of NO on the activity angrotein expression of
MMP-2 and MMP-9 was demonstrated, as NO donors usdited, whereas
NOS inhibitors reduced, the expression and gelstico activity of MMP-2
and MMP-§*. Agmatine was demonstrated that reduces ceretsahemnic
injury and may act by inhibiting the detrimentalfeets of nNOS in animal
stroke modél and that suppresses inducible nitric oxide gef&t>> In
this study, it is shown that agmatne decreasesett@ession of MMP-2 and
MMP-9 and consequently, it is suggested that BB&ugition and brain edema
after stroke could be reduced through the dimimuted MMP-2 and MMP-9

expression which may be due to NOS inhibition bynatine.

There are two types of brain edema, cytotoxic edend vasogenic
edema after brain injury, such as brain trauma smdke®. Cytotoxic edema
is leaded without the BBB disruption, but vasogemidema with the BBB
disruption. The disruption of BBB was observed 2Buids after 2 hours
MCAO in this study (Table 1). AQP-1 and AQP-4 awmotmembers of AQP
family known to be expressed in the central nerveystem, and it is possible

that these proteins contribute to water transporbss the blood-brain barriér

_18_



In a study of AQP-1 expression in human brain, aalsrmumber of
microvessels were positively stained, but there ararked up-regulation in
endothelium in astrocytomas and metastatic carcaidm Function of
blood-brain barrier (BBB) is known to be impaired such brain tumors,
leading to formation of ederffa Down-regulation of the tight-junction proteins
claudin and occludin has also been demonstrated mitrovessels in
glioblastoma multiform&. Thus, loss of BBB function and the expression of
AQP-1 may both be regarded as down-regulation obodbrain barrier
phenotype. The expression of AQP-4 mRNA is strongly induostien BBB
is preserved. However, the expression of AQP-4 mRMA reduced in
astrocytes when BBB is disrupted after brain tralm# explains that the
expression of AQP-4 is much less than that of AQP-Xhe brain tissue after
MCAO injury in this study. (Figure 5). AQP-4 delmti in mice reduces brain
edema after acute water intoxicaton and ischemirtoke€’. Recently,
Amiry-Moghaddam et al. (2004) demonstrated, by ted&c microscopy, sparse
AQP-4 staining in the endothelium in mouse hippogasn and cerebelluth
This supports the expression of AQP-4 in blood ekss this study (Figure
4). Herrera et al. (2006) reported that AQP-1 fpans NO across cell
membrane€¥ and Gunnarson et al. (2006) announced that AQP-4
phosphorylation is related with NO in astro&jtelt is possible that agmatine
would suppress the expression of AQP-4 in astrodyye inhibiton of NO
synthesis and in endothelial cells by blocking N@ansport across cell
membranes through decreasing AQP-1 expressionpugith the mechanism of
AQP-1 expression suppressed by agmatine is unegbl@ except the
possibility of reduced BBB disruption through sulvdu the expression of
MMP-2 and MMP-9.
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PART 2. The effect of agmatine for spinal cord mgju

l. INTRODUCTION

Spinal cord injury (SCI) usually results in longtimg deficits,
involving loss of motor and sensory function. Felilog injury to central
nervous tissues, spontaneous axonal regenerationdashaged neurons is
restrictive. The failure of regeneration is atttdl to the nonpermissive
environment of the damaged adult mammalian spioadl,cthe milieu of which
is formed of astrocyte-derived inhibitory moleculas the scar tissue, myelin
components of oligodendrocytes interfering with tlegeneration of axons and
lack of trophic support for axotomized neurons, atme intrinsic neuronal
changes, including cell atrophy and death after tamg™® Therefore,
effective repair strategies for SCI require the atom of a permissive
environment within the injured spinal cord that teds damaged neurons from
the effects of secondary injury and also facilgéat@xonal regeneration.
following traumatic injury of the central nervouystem (CNS) a collagenous
wound healing scar develops at the lesion sitethin past the lesion scar was
suspected several times to be an impediment fonaxmgeneration the lesion
scar is comprised of afibrous scar in the lesiomecand a glial scar in the
surrounding parenchyra® Different cell types and extracellular matrix (BT
components contribute to the lesion scar in SCpeEilly with rupture of the

dura, various non-neural meningeal or inflammatogfls invade CNS lesions.
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Due to inflammation, cytokines are released in @S lesion area, such as
transforming growth factor (TGF) and connective sus growth factor
(CTGFf*®™ TGFB-1 expression is increased immediately after injuviereas
TGFB-2 concentration increases more slowly in astragytendothelial cells,
and macrophages in proximity to the lesion site.il®VAGF3-1 modulates the
inflammatory and neuronal response, T&=F regulates glial/collagenous
scarring® and induces the production of proteoglycans byoegtes. CTGF is
a downstream mediator of T@GF in fibroblasts, where it stimulates
proliferaton and ECM synthesis via an autocrine chamisml®. Bone
morphogenetic protein-7 (BMP-7) is a member of ®EIP subfamily of the
TGFB superfamily®. It is reported that BMP-7 mRNA expression incesasn
glial cells and motor neurons of the spinal cordiofeing injury’® and that
transient occlusion of the middle cerebral artefyCA) for 60 minutes causes
elevated BMP-7 mRNA level at 8 hours after stroke the cortex and
striatum both ipsilateral and contralateral to isehemic hemisphefe Recent
reports indicate that BMP-7 exerts neuroprotectaféects in the CNS and
selectively stimulates dendrite growth and branghfrom sympathetic, cerebral
cortical, or hippocampal neurons in culture indefmam of cell survival or
axon growth”’®"®

Based on these evidences, it was hypothesizedatiaatine may have
neuroprotective effect on spinal cord injury. Thargmse of the present study
was to investigate the effect of agmatine for dpicad injury and to evaluate
on the deposition of collagen at lesion site and tb@ expression of BMP-7
and TGIB-2.
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Il. MATERIALS AND METHODS

1. Animals
Studies were conducted on male IcrTacSam:ICR mce, 10 weeks
old, weighing 36 = 2 g (Sam tako, O San-shi, Kared) animal procedures
were approved by the Institutional Animal Care ddse Committee of Yonsei

University College of Medicine.

2. Spinal cord injury model

Mice (n = 60) were anesthetized with chloral hydrate (40@/kg)
intraperitoneally. Body temperature was maintaiveith a heating pad at 36.5
+ 0.5 C. Complete transection of the spinal cord was matlehe T9 level
as previously described ( Lu et al.,, 2001). Thenskias shaved and cleaned
using Betadyne solution. A incision was made ovee tower thoracic area,
and muscle and connective tissue were dissectecexfmse the T8 - T10
vertabrae. A T9 laminectomy was completed using &rasurgery bone
rongeur, taking care not to damage the spinal cdrde spinal cord was
completely transected using a surgical blade (NQ, fnade in Sheffield.
England). A hooked needle (31 Gauge (0.25 m@)mm) was used to scrape
the transection site to ensure a complete tramsecthfter completion of the
transection injuries, mice were sutured and dosé&fl wrophylactic gentamycin
sulfate (1 mg/kg, IM) for 1 week. Bladders were mmaily expressed twice
daily™.

Agmatine was dissolved in normal saline (100 mg/lRjgma) and
given intraperitoneally 5 minutes after completansection and daily for 4
weeks (Agm, n = 30). Controls received normal ®alms the same manner
(EC, n = 30§.
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3. Neurological test
Open-field locomotor  function was  evaluated usinghe t
Basso-Beattie-Breshnahan (BBB) locomotor ratingletaa multiple function
test of locomotor outcome that provides an effitieand unambiguous
locomotor rating. Briefly, mice were exposed daifgr one week to the
behavioral testing environment in order to adjustemt to open field
exploration. All operated mice were tested by twlind testers for 3 minutes

weekly from 1 day post-injury to 4week.

4. Overturning body test
Mouse was placed to put its back on bedding andsdb its ventral
side upward. The time required to overturn its bddy normal position was
measured to ascertain its physiological conditidh. operated mice were tested

4 times by two blind testers at 4 week post-injury.

5. Immunoblotting of BMP-7

Expression of BMP-7 proteins was estimated by imobloiting in
transected spinal cord. Immunoblotting was perfarnusing anti-BMP-7 (Santa
Cruz, Santa Cruz, CA, USA) antibodies. Equal ameurit protein, 50u¢g per
condition, were separated on an 10 % polyacrylangde and electrotransferred
onto Immobilon-NC membrane (Millipore, Bedford, MA, USA).
Immunoreactive bands were visualized with the EGétection system using
Kodak X-AR film’.

6. Immunoreactivity of BMP-7
Spinal cords were fixed with 4 % paraformaldehydad embedded in
paraffin. Spinal cord sections were made by M. Sections were

immunostained with antibodies against BMP-7 (Sa@faiz, Santa Cruz, CA,
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USA), followed by an appropriate FITC-conjugated caalary antibody.
Immunostaining controls were prepared by tissuehaut primary antibodies.
All  incubation steps were performed in a humidifiedchamber.
Fluorescence-labeled immunostaining was evaluatesingu a fluorescence
microscope (LSM 510 META, Carl Zeiss). The immuramtevity of BMP-7

was computed by Zeiss LSM Image Browser ver. 4.8rl(Ceiss).

7. Analysis of collagen scar area
Collagen scar area was determined by Masson'srdrieh staininff,
using a computer-assisted image analysis systemtini@p ver 6.1, Optimas,
Bothell, WA, USA). Briefly, spinal cord sections wme stained by Masson's
trichrome method. Collagen scar dyed with a blues vewvaluated using low
power field (x 4) light microscopy (VANOX-S, Olympu Tokyo, Japan).
Collagen scar area was automatically calculated cbhynputer-assisted image

analysis system.

8. Immunohistochemical staing for TGR

Spinal cords were fixed with 4 % paraformaldehydad embedded in
paraffin. Spinal cord sections were made by I@. Sections were
immunostained with antibodies against T&E (Santa Cruz, Santa Cruz, CA,
USA), followed by an appropriate biotinylated sedary antibody. Stains were
visualized using the ABC kit (Vector, BurIingameA,(:USA)38, then reacted
with diaminobenzidine (DAB, Sigma, St. Louis. MO,SH). Immunostaining
controls were prepared by tissue without primarytibadies. All incubation

steps were performed in a humidified chamber.
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9. Statistical analysis
Statistical tests to determine differences betwegmups were
performed with Mann-Whitney test using SPSS ver.0 1PSS, Chicago, IL,
USA). P value < 0.05 was considered significant. Data expressed as the

mean + standard error of mean (SEM).
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lll. RESULTS

1. Neurological test

Neurological score was higher in agmatine treatmgnbup than
experimental control over the next 2 week postrinjuThe sham-operated
animals showed little or no hind limb movementsnfrdday post-injury to 4
week, but the agmatine-treated animals had movemehtone joint or two
joints from 2 week post-injury. It was not signdit (Figure 8).

—&— EC (N=5)
4 —o— Agm (N=7)
3
2
14
0
DWW aw aw

Time after SCI

Figure 8. Neurological test after spinal corihjury.
Agmatine treated animals had high mean neurologscaire
from 2 weeks after SCI compared to experimergahtrol
Data are expressed as the mean +* SEM. Exherimente
control group; Agm, Agmatine treatmentgroug

2. Overturning body test

Overturning body test was done 4 weeks after S®k Time required
to overturn body was reduced in agmatine treatmgriup (4.08 + 1.35
seconds) compared to experimental controls (8.68.% seconds, P < 0.05,
Figure 9).
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Figure 9. Overturning body test after spinal cairgury.
Agmatine treated animals needed short time aweerturr
body than sham-operated animals (*, P < 0.05 vs. B@}e
are expressed as the mean * SEM. HEXperimente
control group; Agm, Agmatine treatmentgroup

3. The expression of BMP-7

Agmatine treatment increased the expression of BMRiore than
experimental control in scar region, proximal regito scar, and distal region
to scar of spinal cord (T8 - T10) through BMP-7 iomoreactivity at 1 week,
2 weeks, and 4 weeks after SCI (Figure 10A). In imoblotting, BMP-7
expressed higher in agmatine treatment group theperienental control at 1
day, 3 days, 1 week after SCI, but there was naifgignce at 2 weeks
(Figure 10B and C).
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Figure 10. The expression of BMP-7 after spinaldcamjury in agmatine treatment
group (Agm, n = 4) and experimental control (EC=m) using immunoreactivity (A),
immunoblotting (B), and optical densities (OD) ofVB-7 are expressed as the band
density (*, P < 0.05 vs EC at each time, C). Data expressed as the mean + SEM.
EC, Experimental control group; Agm, Agmatine treaht group; D, Distal region to
scar; P, Proximal region to scar; S, Scar region
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4. Analysis of collagen scar area

All operated animals showed collagen scar in treime site at 4
weeks after SCI. Many cavities were shown in expental control, and the
spinal cord was shown to be more compact in agmattiaatment group than
experimental control. Collagen scar area was saifly reduced in agmatine
treatment group ( 104593 + 1600i°) compared to experimental control (
156968 + 24925m? , P< 0.05, Figure 11).
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Figure 11. Analysis of collagen scar area aftemapicord injury. Collagersca
area was estimated 4 weeks after SClI in agmatieatnient group (Agm)anc
experimental control group (EC) using Masson'shtome stained slidesCollager
was shown as blue. Agmatine treatment reduced gmilascar area (*, P 9.0%
vs EC). Data are expressed as the mean + SEMe Sual is 200/m. EC,
Experimentalcontrol group; Agm, Agmatine treatmentgroup

5. Immunohistochemistry of TGF2

Many TGH3-2 positive cells were shown in all regions-distal scar,
proximal to scar, and scar of experimental conttolveek and 2 weeks after
SCI, but TGHEB-2 positive cells were few or weakly stained in atjme
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treatment group compared to experimental controlgmatine treatment,
however, increased TG@F2 positive cells 4 weeks after SCI more than
experimental control. Many TG¥F2 positive blood vessels, on the other hand,
were shown in experimental control 4 weeks aftet §tgure 12).

Figure 12. Immunohistochemistry of T@R after spinal cord injury. TGk2
positive cells shown to have brown-colored cytoaare increased in altegion:
of experimental control group (EC) 1 week and 2 kseafter SCI comparedo
agmatine treatment group (Agm) except 4 weeks aB€il. Scale bar is 2%m.
EC, Experimental control group; Agm, Agmatine tmeant group; D, Distakegior
to scar; P, Proximal region to scar; S, Scar regior
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IV. DISCUSSION

It is shown that agmatine which is neuroprotectivaterial in CNS
76,77,78,79

injury improves physiological condition, increases thepression of
BMP-7, reduces collagen scar in lesion, and deesdlse expression of TGF
-2 in this study. Agmatine, however, has no sigaifit restoration of the
motor function of hind limb in neurological testing BBB locomotor rating
scale (Figure 8). All treated animals with or withoagmatine recorded low
BBB score, other report using same experimental analso showed BBB
score similar to that of this stutfy but in contusion spinal cord injury, BBB
score was higher than transected mod€hese are shown that the regeneration
of completely transected spinal cord is very hamdd aneeds long time.
Agmatine treatment significantly reduced the timeguired to overturn body,
indicating that agmatine treated animals had img@doyhysiological condition.
Overturning body test was designed to confirm tkeeovery of physiological
condition for the first time. Tissue breakdown imetskin, leading to pressure
ulcer formation, is a common complication developed persons with spinal
cord injury when prolonged unrelieved pressure hasn applied to the body
and skin and underlying tissiiésDecreasing the required time to overturn the
body in agmatine treatment group means that agmatBn make it easy to
move body or to change the position in spinal corgired patients, so it is
possible that pressure ulcer formation could beuced by agmatine.

BMP-7 is a member of the BMP subfamily of the TGF
superfamily®. The expression of BMP-7 mRNA is reported to beréased in
CNS injury*” BMP-7 is announced to improve functional recoyehycal
cerebral glucose utilization and blood flow afteerebral ischemfd, and to
improve locomotor function after stroRe In this study, agmatine significantly

increased the expression of BMP-7 for 1 week afipmal cord injury in
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immunoblotting, and intensified the immunoreactiviof BMP-7 from 1 week
to 4 weeks after spinal cord injury (Figure 10).e%$& results suggests the
possibility to reduce the time to overturn the baiflyough the enhancing of
BMP-7 expression by agmatine after spinal cord rinjlRecently, Setoguchi et
al. (2004) showed that BMPs alter the fate of adwlinal cord-derived neural
precursor cells in culture from neurogenesis tooagtogenesis and in response
to spinal cord injury, it is implied that ependymad¢ural stem cells proliferate
to generate migratory cells, which differentiateoirastrocytes and participate in
glial scar formatiof{®® They suggested that BMPs contribute to the fdonat
of glial scar®’. Enzmann et al. (2005), however, reported thattrakzing
endogenous BMP in the injured spinal cord signifia increased both the
lesion volume and the number of infiltrating madraged’. Therefore, the area
of the lesion was analyzed by measurement of théagem scar area, since
collagen matrix is formed at the lesion after temted spinal cord injury.
Collagen scar is regarded as physical barrier tonalx regeneration®® and
considered to contribute at least in part to thequdiently observed cavity
formation, because of physical force causing cative of the injured CNS
tissué”. In this study, Agmatine treatment significantlyméhished the collagen
scar area (Figure 11). The scar-suppressing treatmesults in regeneration of
transected corticospinal tract fib&rsSuppression of fibrous scarring in spinal
cord injury of rat promotes long-distance regenemtof corticospinal tract
axons, rescue of motor neurons in somatosensoryexcoand significant
functional recovery. These reports support that agmatine may have the
potential to improve the motor function of spinard injured animal through
decreasing collagen scar. Last, Lagord et al. pnéld that expression of TGF
-2 but not TGB-1 correlates with the deposition of scar tissuetha lesioned
spinal cord, and that T@FL modulates the inflammatory and  neuronal

responses, TGQF2 regulates glial/collagen scarriig Agmatine reduced the
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expression of TG2 around the lesion site 1 week and 2 weeks afpanal
cord injury (Figure 12). Consequently, the depositiof collagen at the lesion
site is likely to be diminished through the suppr@s of TGEB-2 expression
by agmatine. It is worthy to notice that agmatimeréased the expression of
TGF3-2 in neuron around the lesion site 4 weeks aftginas cord injury
(Figure 12) and TGF2 attenuates the injury-induced death of matureomo
neurond’. These results might support that agmatine hascépability to save

motor neurons by means of upregulation of B&Fexpression.
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V. CONCLUSION

The role of agmatine in CNS injury has been demated in cerebral
edema after ischemia and in spinal cord injury. Thkowing results of the

role of agmatine in CNS injury have been derived:

1. Agmatine significantly reduced brain swelling volemin cerebral edema

after ischemia by about 14.38 % compared to exmariah control.

2. Water content was significantly decreased in agmatreatment group by

approximately 7.62 % compared to experimental cbritv cerebral edema.

3. Blood-brain-barrier disruption was markedly lesgbrg2 hours after MCAO
in the striatal, hippocampal, and cerebral cortigeda of agmatine treatment

group than experimental control.

4. The expression of MMP-2 and of MMP-9 were cleardduced 22 hours

after 2 hours MCAO by agmatine treatment.

5. The expression of AQP-1 and AQP-4 were plainly dased 22 hours after
2 hours MCAO by agmatine treatment.

6. Agmatine treatment abridged time to overturn thelypcompared to

experimental control 4 weeks after SCI.

7. Agmatine treatment reduced collagen scar area camdp@® experimental

control 4 weeks after SCI.
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8. Agmatine treatment increased the expression of BMddeound scar more

than experimental control in early period of SCI.

9. TGFB-2 positive cells were few or weekly stained arowswr in agmatine
treatment group compared to experimental contratekk and 2 weeks
after SCI

Taken together, these data suggest that agmatingd cattenuate brain
edema through reducing disruption of the blood+brabarrier (BBB) by
suppression of the expression of matrix metallagngises and lessening the
expresssion of aquaporinend propose thatagmatine could support CNS
regeneration by reducing the collagen scar arearedsing the expression of
TGFB-2, and increasing the expression of BMP-7 in dpawad injury.

This study addresses the neuroprotective and remeperative effect

of agmatine in CNS injury.
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