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ABSTRACT

The possible underlying neuroprotective mechanisms of agmatine in rats injected

with streptozotocin

Bo Eun Hur

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Jong Eun Lee)

Alzheimer's disease (AD) is a representative neurodegenerative disease which is characterized by the
progressive cognitive disability and memory loss commonly observed in the elderly people. Of
importance, several studies demonstrate that NMDA receptor antagonists and antioxidant agents are
able to inhibit these pathologies of AD.

Agmatine is a polycationic and endogenous amine which is synthesized by arginine decarboxylase
(ADC). Recent investigations delineate the possible functions of agmatine as a NMDA receptor
antagonist or an antioxidant substance, respectively. Therefore, the present study was undertaken to
explore the beneficial effects of agmatine in the brain of rats exposed to streptozotocin.

In particular, it was examined whether and how agmatine relieves amyloid beta (AP) and oxidative
stress-mediated toxicity in animal model. In the first part, rats were stereotaxically injected with
streptozotocin via intra-cerebral route (STZ: 3mg/5 x, 1¥and 3™ day after surgery) and then, intra-
peritoneally received agmatine (100mg/kg) for 14 days. Agmatine proved to recuperate the cognitive
and memory deficit in rats exposed to STZ as evidenced by behavioral tests such as morris water
maze and radial arm maze. As well, it suppressed the induction of amyloid precursor protein (APP)

and amyloid beta (AP) peptide and reduced the immunoreactivity against caspase-3.
1



To further investigate the underlying protective effect of agmatine, primary hippocampal neurons
were treated with A (20uM), MK801 (NMDA receptor antagonist), or combination of these agents,
respectively. Agamtine inhibited the reduction of formazan (cell viability indicator) formation and the
increase of Hoechst/PI positivity (cell death indicator) in primary hippocampal neurons treated with
STZ. This effect of agmatine was comparable to it of MK801. Therefore, these findings demonstrate
that agmatine might exert its protective effect through NMDA receptor antagonism.

In the second part, rats were stereotaxically injected with streptozotocin via intracerebroventricular
route (1.5mg/kg, Sul, 1* and 3™ day after surgery) and then, intra-peritoneally received agmatine
(100mg/kg) for 14 days. Like what was observed in rats intra-cerebrally injected with STZ, agmatine
improved the cognitive and memory impairment and inhibited caspase 3 as demonstrated by
behavioral tests or immunohistochemistry, respectively.

Then, to more unravel the protective effect of agmatine, Bax, Bcl2, PI3K, AKT, Nrf,, and r-GCS
were checked with western blotting. As expected, agmatine reduced Bax and raised the rest proteins
mentioned above. It is interesting that agmatine affects protein levels of Nrf2 and r-GCS. These
proteins are known to play the pivotal roles in neutralizing oxidative damage. Correspondingly,
agmatine declined 8-oxo immunofluorescence in hippocampal neurons of rats injected with STZ,
potentiating that it detoxifies oxidative condition within the cells.

Therefore, the current data suggest that agmatine stimulates both cell survival and antioxidant related
protein involving pathway to support cognitive function. Taken together, our data propose the idea
that agmatine may ameliorate cognitive dysfunction in neurodegenerative diseases such as
Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD), and Amyotrophic

lateral sclerosis (ALS) through the pro-survival and anti-oxidant action.

Key words : agmatine, Alzheimer’s disease, cognitive ability, NMDA receptor antagonist, apoptosis

pathway, oxidative stress, cell survival
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I. INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by the degeneration of
neurons as well as by the progressive decline of cognitive function. Histologically, AD has hallmarks
including both aggregation of senile plaques derived from amyloid beta peptides and neurofibrillary
tangles, especially in hippocampus or cerebral cortex relevant to learning and memory.” When
amyloid beta (AP) exists in the high concentration, they form insoluble and fibrillar Ap plaque or
activate ion channels in cell membrane to induce membrane depolarization and destabilization of
intracellular calcium homeostasis.>” In particular, AP oligomers cause intracellular Ca*" overload

followed by neuronal death that can be prevented by NMDA receptor antagonists.®’



Agmatine is an endogenous peptide, mainly synthesized by arginine decarboxylase (ADC) in glia
and neuronal cells. Recently, studies have shown that agmatine exhibits protective effects in
neurotrauma, neonatal ischemia, and AD like pathology.®® As well, it has been suggested to work as a
neurotransmitter or neuromodulator in brain, especially, hippocampus.'®'* Of interest, several
investigations have reported the potential of agmatine to support cognition and memory ability in
various animal models. In particular, agmatine is known to antagonize N-methyl-D-aspartate
(NMDA) receptor, nicotinic receptor, and voltage gated Ca®" channel to demonstrate its physiological
functions. As well, it plays a crucial role in regulating the production of NO via influencing the
catalytic activity of nitric oxide synthetase (NOS)."*'* Because of these pharmacological profiles,
several researchers investigated the potential of agmatine to support cognitive and memory function in
numerous animal models."?

Streptozotocin (STZ), a glucosamine-nitrosourea compound, is known to destruct pancreatic 3
cells, and resulting in diabetes. In another manner, the experimental administration of streptozotocin
(STZ) injection into central nervous system of rodents has been reported to produce Alzheimer like
pathologies including amyloid beta accumulation, oxidative stress, hippocampal neuronal death and
so on. Thus, is steadily employed to reproduce several pathologies of Alzheimer’s disease (AD).”!

In fact, STZ has shown to induce learning and memory deficits, oxidative damage®, aberrant glucose
metabolism, and neuronal damage.***

Apoptosis is mediated by the sequential activation of Caspases.”> Among caspases, caspase-3 is a
key mediator protease® and its activation commonly leads to the occurrence of the apoptoctic death
and thus, can be an irreversible step in apoptotic cascade.”” In significance, caspase 3 activation is
known to the increase of Ap level through BACE1 activation.*

Oxidative stress, defined an imbalance between reactive oxygen species (ROS) and antioxidant
system, plays a pivotal role in AD occurrenc.””**. Brain tissues have limitation to accept sources of
ROS such as sugar, lipids, proteins, and DNA *~° , which are leading neuronal dysfunction.* In this
reason, antioxidants are therapeutically spotlighted to treat a variety of neurodegernative diseases.’'**

In the present study, we examined two kinds of the neuroprotective effect of agmatine. First, we
investigated the effect of agmatine against amyloid beta implicated toxicity both in the in vivo and in
vitro model exposed to streptozotocin intracerebral (i.c) model. Second, we studied the effect of
agmaitne as an antioxidant against AD like pathology induced by streptozotocin in

intracerebroventricular (i.c.v) model. In this aim, we did AD like model construction, behavior test,

immunohistochemical and immunocytochemical experiments.



II. MATERIALS AND METHODS

A. Animals

Male Sprague-Dawley rats (n=50, weighing 250-330g) were used in this study. They were
maintained under controlled hygiene system with 12 h light/dark reverse cycle at a constant
temperature with free access to food and water. Animal behavior tests were carried out during
daylight. All animal experiments were performed in accordance with the Korean Food and Drug
Administration (KFDA) guidelines. Protocols were reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) of the Yonsei Laboratory Animal Research Center
(YLARC) (Permit #: 10-115). All mice were maintained in the specific pathogen-free facility of the
YLARC.

B. Agmatine administration
Agmatine was purchased from Sigma (St. Louis, MO, USA), and dissolved in normal saline (PH
7.4) and administered to rat through intraperitoneal route. Rats were injected with agmatine daily

during two weeks from surgery day. Control was treated with normal saline in the same volumes.

C. Intracerebral (I.C) and Intracerebroventricular (I.C.V) administration of streptotozotocin
LC (Intracerebral) injection of streptpzotocin LC.V (intracerebroventricular) injection of streptozotacin

Figure 1. The administration of streptozotocin approach. Intracerebral (i.c.) model
streptozotocin was injected following coordinates modified Paxinos and Watson (1998)* : 1.5mm
lateral, 1.5mm posterior from bregma and 2.5 beneath from ventricle.

Intracerebroventricular (i.c.v) model : streptozotocin was injected following coordinates Paxinos and

Watson (1998)* method : 1.5mm lateral, 0.8 posterior from bregma and 3.6 beneath from ventricle.



D. Experimental groups
Rats were divided into nine groups consisting of five rats depending on surgical method and period.
In surgical method division, groups were divided into three.
I . Sham group : the animals received STZ vehicle (saline) with I.C injection
II. STZ group : the animals received STZ (1.5mg/kg, 5ul, 1¥and 3™ injection from surgery) with I.C
injection.
II. STZ-Agmatine group : the animal received STZ(1.5mg/kg, 5ul, 1¥and 3" injection from surgery)
with I.C injection and agmatine (100mg/kg, I.P.,for two weeks on a surgery, daily).

In period division, groups were divided into three.

1t :nd.
Odavy 3 day 1 weeks 2 weels 3 weels
Agzmatine treatment ’ T 4
sacrifice

Figure 2. in vivo study experimental procedure

E. Behavioral assessment

1) Morris water maze

Cognitive evaluation of animals was tested in Morris water maze.>* After three weeks later, rats were
subjected to training in Morris water maze. The apparatus was circular form of 110cm, 50cm height,
filled with depth of 30cm with colored water to hide the platform location and the surround of wall
has some cues. After pre-training, rats were placed in water to find out probe within given maximum
time (60 seconds). They were performed to four trials per one day at each changed starting points for
consecutive five days. All rats were placed on the probe for 30 seconds and had interval of
approximately 30 seconds before next trial. If rats failed to reach on the probe, they were gently
guided by researchers to location of probe and stayed 30 seconds on the probe. During a session,
latency time to reach the platform was recorded by computer tracking system and calculated the mean

of each trial latency time.

2) Radial arm maze
The radial arm maze was constructed using black Plexiglas with eight 70 cm long and 9 cm wide
arms attached to 6 cm high clear Plexiglas walls, which projected from a central circular platform

34cm in diameter. The end of each arms had a clear Plexiglas food cup and the maze was pivoted so
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that it could be rotated around the central axis. The maze was elevated approximately 100 cm above
the floor. Chocolate was used as compensation. Animals were habituated in maze by exploring arms
before starting tests and restricted diet. Briefly, each animal was placed individually in the center of
the maze and subjected to working memory. The training trial conducted consistently until all eight
baits in the food cups had been consumed of until 15min had elapsed. The evaluation of cognitive
ability, the number of error that they visited again arms baited already. The test was performed during

5 days consistently.

F. Histological examination

Rats were anesthetized and perfused as previously mentioned. Rat brains were cut into coronal slices
of 2 mm in thickness using a rat brain matrix (Ted Pella, Redding, CA, USA). With 4%
paraformaldehyde (pH 7.4), the brain slices were fixed for 3 days and subsequently embedded
paraffin block. Embedded paraffin brain sections were firstly stained with Hematoxylin and Eosin

immunostaining.

G. Hematoxylin and Eosin (H&E) staining
The paraffin block embedded hippocampus level was de-paraffined and re-hydrated with different
concentration of alcohol and xylen. After Hematoxylin-eosin(H&E) staining, stained hippocampus

was examined under microscopy.

H. Immunohistochemistry

Three weeks later, treated brain slices were immunostained with antibodies against amyloid
precursor protein, caspase 3 and amyloid beta in i.c. model and after three weeks, treated brain slices
were immunostained with cleaved caspase 3 and 8-OHdG in i.c.v. model.
They were washed three times with 1x phosphate buffered saline and fixed with 4% paraformalehyde
(PFA), and then washed three times again with PBS.
Brain tissues were permeabilized with 0.025% triton X100 and were blocked with blocking solution
for 1 hour at room temperature. APP (1:500, Abcam, Cambridge, MA, USA), amyloid beta (1:250,
Abcam, Cambridge, MA, USA), Caspase 3 (1:200, Milipore, Billerica, MA, USA) Cleaved caspase 3
(1:600, cell signaling) and 8-OHdG (1:200, Chemicon) were incubated overninght. After being rince
with PBS (0.05% with Tween 20) three times, with appropriate secondary antibody (1:200) prepared
with conjugated to fluorescenece for 2 hours at room temperature and counter stained with 4',6-
diamidino-2-phenylindole (DAPI) when tissue slides mounted. Tissues were visualized under a

confocal microscopy (Zeiss LSM 700)



I. Western analysis

After animals were sacrificed, brains were perfused with saline through heart arota to rinse out blood.
The brain portion of hippocampus and cortex was dissected for extraction of proteins, treated with
lysis buffer consisting of PBS, 1% nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, proteinase
inhibitor-PMSF, Aprotinin and Sodium orthovandate and isolated protein from homogenizer (Dramel,
Racine WI, USA).

Using the BCA method (PIERCE, Rockford, USA), the determination of protein concentration in the
supernatant was conducted.

Western blot analysis was performed with equal amounts of protein, 20g per condition ,separated on
appropriate sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PACE) gels and
electrotranceferred onto Immobilon-NC membrane (Milipore, Billerica, MA, USA). BSA 5% with
TBST was used to blocking. Transferred membrane was probed with primary antibody that recognize
Bcl2 (Santa Cruz, Santa Cruz, CA), Bax (Santa Cruz, Santa Cruz, CA), Caspase 3 (1:1000, cell
signaling), cleaved caspase 3 (1:1000, cell signaling), PI3K (1:2000, Milipore, Billerica, MA,
USA), AKT (1:1000, cell signaling,) , phospho-AKT (1:1000, cell signaling), Nrf, (1:200, Santa
Cruz, Santa Cruz, CA), y-GCS (1:500, Thermo scientific, Waltham, MA, USA) and actin (1:1000
Santa Cruz, Santa Cruz, CA) at 4°C overnight and washed three times for 5 minutes with TBST.

The detection of primary antibody, horseradish peroxidase-conjugated secondary antibody (New
England Bio labs, Beverly, NA; 1:3000 diluted in BSA 3% with TBST) was used at room temperature
for 1hour at room temperature.

After washing TBS (0.05% with Tween 20) three times, immunoreactive signals were detected by
chemiluminescence with ECL detection system (Amersham Life Science, Buckinghamshire, UK) by

using LAS 4000 program. Signals of immunoblotting were quantified using a computer program.

J. Statistical analysis
All result data were analyzed with mean £SEM and Immunohistostatining quantifications were

analysed by Student’s T-test. Differences with P <0.05 were considered statistically significant.

K. Primary hippocampal neuron culture

Primary cultures of hippocampal neurons were prepared from embryonic (E-14) mice (Koatech,
Gyeong Gi-do, South Korea) of ICR strain. The pregnant mice were anesthetized with diethyl ether
and were sacrificed by cervical dislocation. The stomach was cut opened and the developing pups

were dissected out and the heads were chopped. The brain's were removed carefully from the skull.



The hippocampal tissues were isolated from the brain and placed in HBSS (Hank’s balanced salt
solution.) on ice. The isolated tissues were centrifuged with 800 rpm for Smin at 4C. After
centrifuging, hippocampi were sorted and treated with trypsin-EDTA (0.09%) for 15min at 37C.
Incubated tissues were centrifuged with 2000 rpm for 5 min at 4 C. The pellet containing the brain
tissue was dissociated into monocells in Neuro Basal® Medium with B-27® Supplement and 0.5 mM

L-glutamine (Gibco). Hippocampal neuronal cells were seeded at a density of 1x10° cells/ml in poly-

D-lysine plus laminin coated 6-well, 12-well, or 24-well plates, respectively.

L. Drug treatment

AP peptide 25-35 (sAP) (Sigma Aldrich, USA) the physical and biological properties and toxicity of
the full length of AP, is widely used to delineate degenerative changes in neuronal cells. sAB was
suspended in sterile double distilled water (PBS) at a concentration of 1.0 mM, and pre-incubated for

7days at 37°C prior to addition to the cell cultures. sSAB was added to clean and primary cultured cells

at a final concentration of 20 mM. D.I.V.8 primary cultured neuronal cells were changed in fresh
medium with AB25-35 (20uM) only, AP25-35 (20uM) + agmatine (50uM), AB25-35 20uM) +
agmatine (100pM) and AB25-35 (20uM) + MKS801 (10uM). Cultures were continued for additional
48 h.

Drug treatment
Agm 50, Agm 100, MK S01

Primary culture

D.IV.D k] ] 10

-

P

Amyloid beta Harvest
fragment incubation

Figure 3. in vitro study experimental procedure.

M. Hoechst-PI staining

Cells were stained with propidium idide and Hoechst 33258 (Sigma, ST. Louis, Missouri, USA) to
evaluate cell death. This staining expressed the evaluation of membrane integrity and the basis of
nuclear morphology on apoptotic cells verses non apoptotic cells. Hoechst dye was added to the

culture medium and cultured cells were kept at 37°C  for 30 minutes. Propidium iodide was added just



before observation. Stained cells were observed by using epifluorescence with a UV filter block

microscope (Olympus).

N. Immunocytochemistry

After 48hrs from treatment, treated primary hippocampal cells were immunostained with Amyloid
Precursor protein , Caspase 3, Amyloid beta.
They were washed three times with 1x phosphate buffered saline and fixed with 4% paraformalehyde
(PFA), and then washed three times again with PBS.
Primary hippocampal neuron where permeabilized with 0.025% triton x100 and were blocked with
blocking solution for 1 hour at room temperature. Primary antibodies anti-APP (1:750, Abcam,
Cambridge, MA, USA), anti-Amyloid beta (1:500, Abcam, Cambridge, MA, USA) and Caspase 3
(1:500, Milipore, Billerica, MA, USA) overninght. After being rince with TBS (0.05% with Tween
20) three times, with appropriate secondary antibody prepared with conjugated to fluorescenece
(1:500) for 2 hours at room temperature and counter stained with 4',6-diamidino-2-phenylindole
(DAPI) 10l for 10 min.
Cells were washed again three times for 3 minutes each with PBS visualized under a confocal

microscopy (Zeiss LSM 700)
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II. RESULT

1. The neuroprotective effects of agmatine in rats exposed to streptozotocin via

intracerebral route

When 5 days remained for sacrifice, each rat was applied to morris water maze to evaluate learning
and memory. Figure 4 (A) presents the average of latency time during 5 consecutive days in each
group.

Figure 4 (B) expresses the latency time for 5 days in each group in detail. As shown in data, the
latency time of agmatine treated group is lower than EC group. EC group demonstrated the greatest
latency time and sham group exhibited the shortest latency time among three groups. Overall, these

data suggest agmatine enhances cognitive function in rats treated with streptozotocin.

A
70 —— Sham
—»— EC
60 == fAgm
—
- [*]
g 50 e
W 1)
- 40 ;
=
) [*]
£ 10 =
a @
= ®
20 -l
10
0 - "
1 2 3 4 5
days

Figure 4. The effect of agmatine treatment on the progressive changes of the behavioral
parameters in Morris water maze.

To evaluate cognitive function, we conducted morris water maze (MWM). (A) The latency time of
Morris water maze (MWM) among three groups. The average of daily latency time (5 trials) showed
on each group three weeks after surgery (STZ i.c. injection). The latency time of agmatine treated
group decreased compared to EC group. The longest latency time is EC group. This result shows the
effect of agmatine affects learning and memory. (B) Detailed latency time of Morris water maze.
Arrow indicates initiation point of each day. EC group has longer latency time than agmatine treated
group. Sham : Sham control, EC : experimental control (STZ i.c. injection), Agm : agmatine treated

group (Agmatine i.p. injection, daily for 2 weeks following surgery).
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Figure 5 (A) and (B) show the expression of APP in cortex and hippocampus. APP is the precursor of
amyloid beta and thus it is likely to be amyloid beta. In cortex and hippocampus, agmatine treated
group showed less APP immunopositivity of neuronal cells, compared with EC group. Importantly,
APP expression in EC group was highest among three groups. Sham showed the lowest expression of
APP in both cortex and hippocampus.

These data suggest agmatine may suppress the formation of APP in cortex and hippocampus

exposed to stretopzotocin.

A DAPI APP

Sham

Agzm

Figure 5. The effect of agmatine treatment on amyloid precursor protein expression in
intracerebrally streptozotocin injected rats. (A) The immunohistochemistry of APP in cortex.

(B) The immunohistochemistry of APP in hippocampus. As shown in data, sham showed few
expression of APP in cortex and hippocampus. However, EC has the strongest expression of APP
among three groups. Compared to EC, agmatine treated group has less APP expression. Therefore,
these results inhibit the induction of APP by STZ. Sham : Sham control, EC : experimental control

(STZ i.c. injection), Agm : agmatine treated group (Agmatine i.p. injection, daily for 2 weeks from

surgery)

On 21* day following streptozotocin injection, amyloid beta staining was conducted to confirm the
formation of amyloid beta and its expression in each group in cortex and hippocampus. Figure 6 (A)
shows the amyloid beta expression of whole brain on 21* day of surgery. As shown in Figure 6 (A),
intracerebral administration of streptozotocin produced amyloid beta obviously. In agamtine treated

group, the amyloid beta was less positive in neurons of cortex, compared with EC group. In contrast,

12



EC revealed the higher expression of amyloid beta, compared with both agmatine treated and sham
group.

Similarly, agmatine treated group showed the lower expression of amyloid beta, compared with EC
group in hippocampus. These data suggest that agmatine inhibits amyloid beta formation in the brain

exposed to streptozotocin.

B DAPI

Merge

Sh

Sham

EC

&

Agm

Ap

Figure 6. The effect of agmatine treatment on amyloid beta aggregation or formation in

intracerebrally streptozotocin injected rats. (A) The immunohistochemistry of AP in cortex. (B)
The immunohistochemistry of AP in hippocampus. In AP expression, sham showed few expression of
AP in cortex and hippocampus. But, EC has the highest expression of A among three groups.
Compared to EC, agmatine treated groups have less AP expression. These results suggest agmatine
attenuates AP formation. Sham : Sham control, EC : experimental control (STZ i.c. injection), Agm :

agmatine treated group (Agmatine i.p. injection, daily for 2 weeks from surgery)

Caspase 3 immunopositivity was examined to identify the occurrence of neuronal apoptosis in cortex
and hippocampus. Figure 7 (A) and (B) showed the robust caspase 3 immunopositivity was observed
in EC group. However, agmatine treated group revealed lower expression of caspase 3, compared
with EC group in both cortex and hippocampus. Thus these data imply that agmatine protects neuron

aginst apoptotic death by streptozotocin.



A DAPT Caspase 3 Merge B DAPI Caspase 3 Merge

Sham

Figure 7. Agmatine treatment attenuates Caspase 3 activation in intracerebrally streptozotocin
injected rats. (A) The immunohistochemistry of caspase 3 in cortex. (B) The immunohistochemistry
caspase 3 in hippocampus. In these data, sham has no change of caspase 3 in cortex and hippocampus.
However, EC has the predominant expression of caspase 3 in both regions, especially, injured parts.
Compared with EC, agmatine treated group has lower caspase 3 expression. Thus, the present data
suggest that inhibits the activation of apoptotic executioner by STZ. Sham : Sham control, EC :
experimental control (STZ i.c. injection), Agm : agmatine treated group (Agmatine i.p. injection, daily

for 2 weeks from surgery)

The culture of primary hippocampal neuronal was conducted to study amyloid beta toxicity. On DIV
10 day, neuronal cells were treated with amyloid beta 25-35 fragment to induce toxicity. Experimental
groups were divided into five (NC, EC, Agm 50, Agm 100, MK 801), where MK801 is the positive
control in this study. This agent has already been reported to be antiapoptotic and NMDA receptor
antagonistic. Figure 8 demonstrates both overall morphology and apoptotic caveat. In EC group,
neuronal cell revealed markedly shrinkage but, agmatine and MK 801 treated groups showed less
shrinkage of neuronal cell, compared with EC group. Two concentrations of agmatine (50uM and
100uM) showed no significant protective effect in treated groups.

Hoechst PI and caspase 3 staining were used to confirm cell death in each group. As shown in data,
EC group revealed the obvious cell death. In contrast to, agmatine treated group and MK 801 group

showed less of Hoechst PI and caspase 3.
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Therefore, cell culture data suggest that agmatine exerts its protective effect against amyloid beta

toxicity through a NMDA receptor antagonist.

~NC EC Agm S50 Agm 100 MEKSO1L

Microscope 200X Microscope 100X

Hoechst PI

Caspase 3

Figure 8. Agmatine treatment inhibits cell death induced by amyloid beta fragment in vitro.

In microscopic study, the morphology of primary hippocampal neuron expressed shrinkage in each
group by AP. In Hoechst/PI staining, agmatine treated group showed less stained cells, compared with
EC. Also, caspase 3 immunopositive cells were reduced in agmatine treated group. NC : Normal
control, EC : experimental control (AB25-35), Agm 50 : AB25-35 with agmatine S0uM, Agm 100 :
AB25-35 with agmatine 100uM, MK801 : positive control (AP25-35 with MK801 10uM)

2. The neuroprotective effects of agmatine in rats exposed to streptozotocin via
intracerebroventricular route
Before the administration STZ of intracerebroventricular injection, rat brain was confirmed firstly by

evans blue at a same does as following mentioned coordinates.

Figure 9. The intracerebroventricular (I.C.V) administration of evans blue.
Figure shows the evans blue expression after injecting in manner of intracerebroventricular (i.c.v)
method. The figures were arranged sequentially.
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Cognitive impairment is the representative characteristic of AD. Cognition and memory ability were
tested with Morris water maze and Radial maze, which are commonly emploted to evaluate reference
and working memory.

As shown in figure 10, agmatine treatment group conducted better than EC in both behavioral

assessments, these data imply that agmatine has potential to improve learning and memory ability.
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Figure 10. Agmatine treatment improves learning and memory. (A) The latency time of Morris
water maze (MWM) among three groups. (B) The numbers of errors of radial arm maze among three
groups. Both graphs express the average of daily latency time (5 trials) in each group 3 weeks after
surgery (STZ i.c.v injection).

In morris water maze, the latency time of Agm treated group decreased compared to EC. The longest
latency time is EC group. In radial maze, the numbers of errors decreased in Agm treated group,
compared to EC group. These results show agmatine supports learning and memory ability. Each

value represents the mean £S.E.  *P<0.05, **P<0.01 compared with 5 days.

On the 21% day after surgery, rats were sacrificed to prepare brain slices. Brains were embedded with
paraffin were cut at the thickness of 5Sum and stained with Hematoxylin & Eosin to investigate

neuronal morphology. In hippocampus, layers were divided into CA1, CA2, and CA3 regions and

showed the large number of degenerated neuronal cells in EC group compared with agmatine treated

group.
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Figure 11. Agmatine reduces histopathological changes in hippocampus CAl. All slides were

stained by hematoxyin and eosin. 3 weeks after surgery, agmatine treated groups decreased cell death
by STZ. Left (Hippocampus): Sham (A,B,C), EC (D.E,F), Agm (G,H,I). and CAl (A,D,G), CA2
(B,E,H), CA3 (C,F,I). 40X, Right (Cortex): Sham (A), EC (B), Agm (C) 20X and sham (D), EC (E),
Agm (F) 40X in cortex. Black arrows express cell death.
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Figure 12. Agmatine decline pro-apoptotic Bax protein and increase anti-apoptotic Bcl2 protein

in hippocampus exposed to streptozotocin (A) Bax protein level, (B) Bcl2 protein level. The

quantitative graphs show relative expression of these proteins. Each value represents the mean +S.E.

*P<0.05, **P<0.01.
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Figure 13. Agmatine suppresses the activation of caspase 3 in hippocampus exposed to
streptozotocin. (A) pro-caspase protein level, (B) cleaved caspase 3 protein level. The quantitative
graphs show relative expression of these proteins. Each value represents the mean £S.E.  *P<0.05,

**P<0.01

Cleaved Caspase 3

Figure 14. Agmatine reduces cleaved caspase 3 expression in hippocampal CAl layer. Cleaved
caspase 3 positivity represents neuronal apoptosis. This positivity was the highest in EC, compared
with other groups. Agmatine decreased this positivity, suggesting that apoptotic event is suppressed

by agmatine.

To evaluate anti-apoptotic effect of agmatine in hippocampus exposed to streptozotocin, bax and bcl2
were first investigated. Western blotting data show that agmatine increases bcl2 and decreases bax in
EC group, compared with sham group. Second, caspase 3 was examined. Agmatine reduced protein

levels of pro- and active- form of caspase 3 in hippocampus exposed to STZ. Therefore, this datum
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indicates that agmatine prevents neuronal apoptosis through the inhibition of apoptotic executioner

protein.

To investigate the effects of agmatine on cell survival signaling pathway in hippocampus, PI3K,
AKT, and P-AKT was examined with western blotting. PI3K protein level was elevated in agmatine
treated group, compared with EC group. In contrast, the pro survival protein, AKT expression is no
significant agmong three groups, whereas P-AKT increased in agmatine treated group, compared to
EC group. These data suggest agmatine activates cell survival related proteins.
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Figure 15. Agmatine increases PI3K, AKT, and P-AKT expression. The representative blots show
PI3K, AKT and P-AKT protein level in hippocampus. The quantitation of each band is demonstrated
as the bar graph. Each value represents the mean £S.E. ¥*P<0.05, **P<0.01

To explore the role of agmatine as an antioxidant, Nrf2 and y-GCS were examined with western
blotting. As shown in data, the antioxidant transcription factor, Nrf2 was raised in agmatine group,
compared with EC group. Nrf2 is known to regulate the expression of y-GCS.

Correspondingly, y-GCS protein was prominently elevated in agmatine treated group. Thus, these

data suggest that agmatine stimulates Nrf2 to induce y-GCS.
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Figure 16. Agmatine increses protein levels of Nrf2 and y-GCS. The western blot and the

quantitative graph demonstrate the significant increase in Nrf2 and y-GCS proteins in agmatine
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treated group compared with the other groups. Each value represents the mean +S.E. *P<0.05,

**P<0.01

To check the role of agmatine as an antioxidant, 8-OHdG profile was examined in hippocampus.

Merge

Agmatine clearly reduced 8-OHdG positivity in hippocampus exposed to STZ.
8- OHAG

DAPI MAP 2

Sham

EC

AGM

Figure 17. Agmatine significantly reduces 8-OHdG positivity. Immunohistochemistry shows that

agmatine treated considerably has low reactivity of 8-OHdG, compared to EC group in hippocampus

CAL. In contrast, EC group revealed high reactivity of 8-OHdG.
Collectively, these data suggest that agmatine activates both pro-survival and anti-oxidant proteins to

resist oxidative damage.
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IV. DISCUSSION

Alzheimer’s disease (AD) is one of the most frequent degenerative diseases in the elderly. AD is
clinically diagnosed by progressive memory loss and cognitive impairment. **

It is characterized by predominant death of neuron and synapses, especially in cortex and
hippocampus, the extra cellular accumulation of AP plaque, and the presence of hyperphosphorylated
tau protein causing intracellular neurofibrillary tangles (NFT). ***°

Agmatine has reported that it exerts beneficial effect in various stress model and protects
hippocampal neuron from glucocorticoid induced toxicity via possible blockade, N-methyl-Daspartate
receptor channels.*' In addition, agmatine has potential of anti-apoptotic and antioxidant in the in vitro
model.*

In this study, we focused on the effect of agmatine against AD like pathology in two points of
views. In the first group of experiment, the effect of agmatine was investigated to suppress amyloid
beta (AP) toxicity as a NMDA receptor antagonist. In the second group of experiment, the effect of
agmaitne was examined to detoxify oxidative stress involved damage.

In experiment 1 : we investigated the effect of agmatine aginst AP plaque toxicity both in the in vivo
and in vitro.

In the in vivo study, rats were intracerebrally injected with streptozotocin (STZ) to induce
Alzheimer like pathologies. The administration of STZ in central nervous system generates the similar
pathology of AD* and the application of intracerebral injection of STZ in rat produced Ap within one
month.** AB (a peptide mostly 40 or 42 aminoacid in length) is derived from the proteolysis of
amyloid precursor protein (APP). According to the ‘amyloid cascade’ hypothesis, the fibrillization of
AB result in the formation of amyloid plaque that is the cardinal hallmark of AD.* Thus, the increase
level of APP is closely related to the higher possibility of AB formation. In this study, we found that
agmatine treated group demonstrated significantly low expression of either APP or AP and less cell
death in cortex and hippocampus. Furthemore, the expression of caspase 3 expression was less in
agmatine treated group, compared with EC group. These results suggest that agmatine protects
neuronal death against AP toxicity.

In morris water maze test, we found that the latency time was reduced in agmatine treated group,
compared with EC group. This means chronic agmatine treatment not only plays an important role in
improving learning and memory ability but also exhibits hippocampal neuronal protection.

To investigate how agmatine blocks neuronal death by AP toxicity, we explored its role as the

NMDA receptor antagonist in primary hippocampal neuron culture treated with AP 25-35 fragment.
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The reason of Af 25-35 fragment is that this short peptide has shown to be more toxic than parent
peptide. ***

In pathologic status of AD, the hyper activation of glutamate receptor and continuous Ca*" influx
by AP plque result in neuronal damage and cognitive dysfunction.*

To overcome these pathologies, NMDA antagonists are clinically tested as one of the
therapeutics. For instance, memantine provides symptomatic benefits by offering temporary cognitive
improvement and retardation of decline.*’ Similarly, agmatine binds to imidazoline and a2-adrenergic
receptor to trigger a noncompetitive voltage and concentration dependent blockage of the N-,ethyl-D-
asparate (NMDA) receptor inophore.'**® Thus, it is conceivable that agmtine antagonizes NMDA
receptor channels, resulting in the inhibition of cell death. In the present study, Hoechst-PI staining
was obviously reduced in groups treated with agmaitne (50uM and 100 pM), compared with EC
group. As a positive control, MK801 was used to confirm the effects of agmatine in hippocampal
neuronal cultures.”’® In parallel, agmatine demonstrated the significant antiapoptotic effect via the
blockage of NMDA receptor.

In summary, the present data experiment 1 suggest that agmatine protects hippocampal neurons,
thereby maintain or enhance of cognition and learning and memory ability. These effects of agmatine
are believed to be linked with its NMDA receptor antagonistic property.>*

In experiment 2, it was investigated whether agmatine neutralizes oxidative stress and prevents cell
death. Many studies show that in AD, there is increased oxidative stress relevant to the retardation of
cognitive ability.”*® The intracerebroventricular administration of STZ produced memory impairment
and oxidative stress.”’

To evaluate cognitive ability, morris water maze and radial arm maze were conducted. In morris
water maze, the latency time was declined in agmatne treated group, compared with EC group.
Similarly, radial arm maze test showed the less number of error in agmatine treated group than EC
group significantly. In both behavioral assessments, these data mean agmaitne improved cognitive
ability. Based on behavioral results, study has tested how agmatine ameliorates cognitive function.

The morphologic data (H&E staining) indicate that agmatine saved neurons against STZ in both
hippocampus and cortex.

Western blotting data indicate that agmatine rases Bel2 and reduce Bax, As well, both western
blotting and immunostaining data show that agmatine inhibis the activation of capase 3 in STZ treated
group. Therefore, these data suggest that agmatine demonstrates neuroprotective effect through the
inhibition of pto-apoptotic and the activation of anti-apoptotic mediators. To demonstrate how
agmaitne effect on cell death protection in AD like pathology, study was focused on oxidative stress

caused by streptozotocin.
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Then, it was further investigated how agmatine supports cell survival. Western blotting and
biochemical data indicate that agmatine elevates P-AKT, Nrf2 and y-GCS and increase GSH.
AKT/Nrf2/ y-GCS/GSH is known to be major cell survival and antioxidant pathway in most cell types.
It is relevant to the availability of intracellular GSH. The reason is that mitochondria produce the large
amount of ROS and mitochondrial ROS is detoxified by imported cytosolic GSH. Therefore, the
present data suggest that the enhanced cell survival represent the activation of pro-survival factors
including AKT, Nrf2, and y-GCS accompanied by the production of key antioxidant GSH in agmatine
treated group.

Taken together, all of the current findings suggest that agmatine stimulates cell survival route to
boost cognitive function. In conclusion, this study proposes a new avenue to develop the therapeutic

agents including agmatine to treat neurodegenerative disease like AD.
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V. CONCLUSION

In AD like pathology, agmatine endogenously improves cognitive ability via blocking amyloid
beta (AP) toxicity and oxidative stress. The different administration manner, intracerebral (i.c) and
intracerebroventricular (i.c.v) injection of streptozotocin were subjected to examine different
approach.

Intracerebral (i.c) administration of streptozotocin study suggests agmatine play a role as a NMDA
antagsnist leading to protect of cell death and cognitive function. In vivo study suggest that agmatine
reduced the formation of APP and AP. Moreover, by caspase 3 staining in hippocampus and cortex,

agmaitne may have the potential of decline apoptotic cell death induced by Ap.

1. To confirm how agmatine prevent apoptotic cell death, in vitro study was subjected.
Agmaitne treatment showed the protective effect as a NMDA receptor antagonist through
caspase 3 and Hoechst/PI staining. Inhibition of hippocampal neuronal cell death by agmatine

treatment leads to cognitive ability improvement.

2. Intracerebroventricular (i.c.v) administration of steptozotocin study showed that agmatine has
potential of an antioxidant role and inhibit cell death, which result in improving learning and
memory. Agmtine treated group showed that inhibition of pro-apoptotic protein and
amplification of anti-apoptotic protein both western blot and immuno-staining results in
hippocampus. The protein level of antioxidants demonstrates that agmatine has potential to be an
antioxidant, which may prevent neuronal cell death from oxidative stress. Avoiding hippocampal

neuronal cells result in enhanced learning and memory ability.

In conclusion, agmaitne suppressed amyloid beta related neurotoxicity in rats intracerebrally injected
with STZ through NMDA receptor antagonistic function. As well, it detoxified oxidative stress
mediating neurotoxicity in rat intracerebroventricularly treated with STZ.

These NMDA receptor antagonism and anti-oxidant function of agmatine are considered to boost
cognitive impairment

Therefore, the current data provide the possibility that agmatine can be employed to enhance

cognitive deficits in the patients of several neurodegenerative diseases.
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