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DNA synthesis, immunity, and a wide array of
cellular processes (Choi and Koh, 1998). The
physiologic significance of neuronal zinc release
within the central nervous system is not clear, and
its role in ischemic brain injury is controversial.
After brain ischemia, there is a depletion of
resynaptic bonton zinc and a concurrent accumu-
ation of zinc in the cell bodies of vulnerable
neurons (Koh et al, 1996). In addition, Sorensen
et al (1998) found evidence for early Zn** transloca-
tion from presynaptic terminals into postsynaptic
neuronal cell bodies in the rat cortex subjected to
focal ischemia. It has been proposed that synaptic
zinc or extracellular zinc acts as ‘the cell-death ion’
during neuronal damage, both in vitro and in vive
(Choi et al, 1998; Shabanzadeh et al, 2004; Koh
et al, 1996; Canzoniero et al, 1999). Although some
authors believe that zinc may have a protective
function (Bancila et al, 2004; Matsushita et al,
1996), it has been shown that when the influx of
chelatable extracellular Zn®** into postsynaptic
neurons is blocked by intraventricular injection of
a Zn**-chelating agent, neurodegeneration is pre-
vented (Calderone et al, 2004). However, measure-
ments of the change in intracerebral zinc
concentrations are lacking after intravenous admin-
istration of EDTA at the time of cerebral ischemia.
We therefore administered propofol EDTA (includ-
ing 0.005% EDTA) intravenously, and measured
zinc concentrations with or without cerebral ische-
mia. When propofol EDTA was administered
without ischemia, no change was found in the
intracerebral concentrations of zinc. However,
the zinc concentration decreased significantly in
the cortex, but not in the subcortex, when propofol
EDTA was administered 10mins before MCAO
(Table 2). This result indicates that chelation of zinc
by EDTA occurs in the cortex during ischemia,
possibly resulting in a neuroprotective effect. How-
ever, further experiments mﬁ be needed to clarify
the detailed mechanisms linking zinc to ischemic
neuronal damage. Sorensen et al (1998) found that
the density of zinc-positive terminals was signifi-
cantly decreased in lEe neocortical ischemic zone at
7 mins after MCAO in rats. In addition, Foreman et
al (1953) injected CaNa,EDTA into a rat muscle, and
found that the metabolic turnover time was approxi-
mately 50mins. On the basis of these findings, we

Table 2 Zinc levels in mouse brains

decided to sample brain at 1h after MCAO. How-
ever, we did not try to determine when the level of
zinc accumulation in the extracellular space or
postsynaptic neuron reaches a peak or when the
chelated zinc begins to be egested from the brain.

Second, we did not assess the proportion of zinc
chelated by propofol EDTA. Although some inves-
tigations have found that Zn®** chelators protect
against ischemic cell death, there is a view that ‘too
much extracellular Zn** has toxic effects, but some
concentrations of Zn** have neuroprotective effects’
(Zhao et al, 1996; Kitamura et al, 2006). We therefore
need to study the relationship between the propor-
tion of chelated zinc and the associated neuro-
protective effects.

Lastly, EDTA can also chelate calcium. An intra-
cellular calcium increase is an early key event
triggering ischemic neuronal cell damage (Nikonenko
etg, 2005). There is therefore a possibility that EDTA
protects cells by modulating calcium influx into the
cells, and it is consequently impossible to ascribe the
neuroprotective effects of EDTA to a chelation of zinc
alone (since we did not measure the concentration of
calcium).

In this study, we found that pretreatment with
EDTA robustly protects neurons. In principle,
chelation therapy using EDTA could be a new
treatment for cerebral ischemia. In fact, chelation
therapy using intravenous injections of edetate
disodium was being promoted to the public two
decades ago as a nonsurgical means of treating
coronary or other arterial atherosclerosis (Rathmann
and Golightly, 1984). However, subsequent re-
searchers have provided no evidence that chelation
therapy is efficacious beyond a powerful placebo
effect (Ernst, 1997; Shrihari et al, 2006). Moreover,
the loss of essential minerals and the possible
redistribution of lead within the body may consti-
tute disadvantages that should be taken into account
if contemplating repeated intravenous administra-
tion of EDTA. Herr et al (2000) compared the safety
of propofol with that of propofol EDTA when used
for sedation in critically ill postsurgical or trauma
patients in the intensive care unit. The propofol
EDTA formulation had no effects on calcium or
magnesium homeostasis, renal function, or sedation
efficacy over and above of propofol alone when used
for sedation in critically illpsm'gic:al or intensive care

Treatments Ischemia Cortex (pg/g) % of vehicle Subcortex (ug/g) % of vehicle
Vehicle - 139.9+42.6 100 110.3+30.1 100
Propofol EDTA - 137.0432.0 97.9 108.04 36.5 97.9
Vehicle . 150.2436.7 107.4 107.3430.4 97.3
Propofol EDTA + 120.8+22.4* 86.3 98.6+19.2 89.4

"P < 0.05 versus vehicle (+ ischemia) group (Bonferroni correction).

Propofol EDTA (10 mg/kg intravenously) or vehicle (intralipid) was administered at 10 mins before Ischemia. Mice were killed 1 h after the onset of ischemia.
Nonischemic groups were killed 1h after drug (or vehicle) administration. Values are mean +5.d. (n = 10).
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unit patients. In addition, Zaloga and Teres (2000)
reported that the most notable abnormality in
intensive care unit patients given propofol contain-
ing EDTA was a low blood zinc level, but no adverse
events indicative of zinc deficiency occurred. Such
a decrease in the blood zinc concentration by EDTA
accords with our result (decrease in the concentra-
tion of zinc in brain tissue). However, since EDTA-
induced chelation of calcium has the capacity to kill
cells, we believe that it is also necessary to consider
its concentration when EDTA is administered
intravenously.

In summary, propofol and EDTA each inhibited
OGD-induced cell damage, cotreatment with pro-
pofol and EDTA being more potent than treatment
with propofol alone. Propofol EDTA decreased
ischemic neuronal damage after MCAO in mice,
and its potency was greater than that of propofol
alone. These findings indicate that EDTA may itself
have a neuroprotective effect, perhaps partially due
to its chelation of zinc.

References

Adembri C, Venturi L, Tani A, Chiarugi A, Gramigni E,
Cozzi A, Pancani T, De Gaudio RA, Pellegrini-Giampietro
DE (2006) Neuroprotective effects of propofol in models
of cerebral ischemia: inhibition of mitochondrial
swelling as a possible mechanism. Anesthesiology 104:
80-9

Bancila V, Nikonenko I, Dunant Y, Bloc A (2004) Zinc
inhibits glutamate release via activation of pre-synaptic
K channels and reduces ischaemic damage in rat
hippocampus. ] Neurochem 90:1243-50

Brown ET, Umino Y, Loi T, Solessio E, Barlow R (2005)
Anesthesia can cause sustained hyperglycemia in C57/
BL6] mice. Vis Neurosci 22:615-8

Calderone A, Jover T, Mashiko T, Noh KM, Tanaka H,
Bennett MV, Zukin RS (2004) Late calcium EDTA
rescues hippocampal CA1 neurons from global ische-
mia-induced death. ] Neurosci 24:9903-13

Canzoniero LM, Turetsky DM, Choi DW (1999) Measure-
ment of intracellular free zinc concentrations accom-
panying zinc-induced neuronal death. ] Neurosci
19:RC31

Choi DW, Koh JY (1998) Zinc and brain injury. Annu Rev
Neurosci 21:347-75

Choi DW, Yokoyama M, Koh ] (1998) Zinc neurctoxicity in
cortical cell culture. Neuroscience 24:67-79

Emnst E (1997) Chelation therapy for peripheral arterial
occlusive disease: a systematic review. Circulation
96:1031-3

Fenstermacher J, Kaye T (1998) Drug 'diffusion’ within the
brain. Ann NY Acad Sci 531:29-39

Foreman H, Vier M, Magee M (1953) The metabolism of
C14 labeled ethylenediaminetetraacetic acid in the rat.
] Biol Chem 203:1045-53

Hara H, Friedlander RM, Gagliardini V, Ayata C, Fink K,
Huang Z, Shimizu-Sasamata M, Yuan J, Moskowitz MA
{1997) Inhibition of interleukin 1f converting
enzyme family proteases reduces ischemic and excito-
toxic neuronal damage. Proc Naotl Acad Sci USA
04:2007-12

Propofol exerts greater neuroprotection with propofal EDTA
Y Kotani ef af

Hara H, Huang PL, Panahian N, Fishman MC, Moskowitz
MA (1996) Reduced brain edema and infarction volume
in mice lacking the neuronal isoform of nitric oxide
synthase after transient MCA occlusion. J Cereb Blood
Flow Metab 16:605-11

Herr DL, Kelly K, Hall JB, Ulatowski ], Fulda GJ, Cason B,
Hickey R, Nejman AM, Zaloga GP, Teres D (2000) Safety
and efficacy of propofol with EDTA when used for
sedation of surgical intensive care unit patients.
Intensive Care Med 26:5452-62

Ito H, Watanabe Y, Isshiki A, Uchino H (1999) Neuropro-
tective properties of propofol and midazolam, but not
pentobarbital, on neuronal damage induced by fore-
brain ischemia, based on the GABAA receptors. Acta
Anaesthesiol Scand 43:153-62

Kitagawa H, Hayashi T, Mitsumoto Y, Koga N, Itoyama Y,
Afe K (1998) Reduction of ischemic brain injury by
topical application of glial cell line-derived neuro-
trophic factor after permanent middle cerebral artery
occlusion in rats. Stroke 29:1417-22

Kitamnura Y, lida Y, Abe J, Ueda M, Mifune M, Kasuya F,
Ohta M, Igarashi K, Saito Y, Saji H (2006) Protective
effect of zinc against ischemic neuronal injury in a
middle cerebral artery occlusion model. J Pharmacol
Sci 100:142-8

Koh JY, Suh SW, Gwag B, He YY, Hsu CY, Choi DW (1996)
The role of zinc in selective neuronal death
after transient global cerebral ischemia. Science 272:
1013-6

Marik PE (2004) Propofol: therapeutic indications and
side-effects. Curr Pharm Des 10:3639-49

Matsushita K, Kitagawa K, Matsuyama T, Ohtsuki T,
Taguchi A, Mandai K, Mabuchi T, Yagita Y, Yanagihara
T, Matsumoto M (1996) Effect of systemic zinc admin-
istration on delayed neuronal death in the gerbil
hippocampus. Brain Res 743:362-5

Miyawaki T, Yokota H, Oguro K, Kato K, Shimazaki K
{2004) Ischemic preconditioning decreases intracellu-
lar zinc accumulation induced by oxygen—glucose
deprivation in gerbil hippocampal CA1 neurons.
Neurosci Lett 362:216-9

Nikonenko I, Bancila M, Bloc A, Muller D, Bijlenga P
(2005) Inhibition of T-type calcium channels protects
neurons from delayed ischemia-induced damage. Mol
Pharmacol 68:84-9

Pittman JE, Sheng H, Pearlstein R, Brinkhous A, Dexter F,
Warner DS (1997) Comparison of the effects of propofol
and pentobarbital on neurologic outcome and cerebral
infarct size after temporary focal ischemia in the rat.
Anesthesiology 87:1139-44

Rathmann KL, Golightly LK (1984) Chelation therapy of
atherosclerosis. Drug Intell Clin Pharm 18:1000-3

Sagara Y, Hendler S, Khoh-Reiter S, Gillenwater G, Carlo
D, Schubert D, Chang ] (1999) Propofol hemisuccinate
protects neuronal cells from oxidative injury. J Neuro-
chem 73:2524-30

Shabanzadeh AP, Shuaib A, Yang T, Salam A, Wang CX
(2004) Effect of zinc in isc?wmic brain injury in
an embolic model of stroke in rats. Neurosci Lett 356:
69-71

Shrihari JS, Roy A, Prabhakaran D, Reddy KS (2006) Role
of EDTA chelation therapy in cardiovascular diseases.
Natl Med | India 19:24-6

Sitar SM, Hanifi-Moghaddam P, Gelb A, Cechetto DF,
Siushansian R, Wilson JX (1999) Propofol prevents
peroxide-induced inhibition of glutamate transport in
cultured astrocytes. Anesthesiology 90:1446-53

365

Journal of Cerebral Blood Flow & Metabolism (2008) 28, 354-366



Propolol exerts greater neuroprotection wilh propafol EDTA
Y Kotani el al

366

Sorensen JC, Mattsson B, Andreasen A, Johansson BB
(1998) Rapid disappearance of zinc positive terminals
in focal brain ischemia. Brain Hes 812:265-9

Tsai YC, Huang SJ, Lai YY, Chang CL, Cheng JT (1994)
Propofol does not reduce infarct volume in rats under-
going permanent middle cerebral artery occlusion. Acta
Anaesthesiol Sin 32:99-104 ;

Wilson JX, Gelb AW (2002) Free radicals, antioxidants,

" and neurologic injury: possible relationship to cerebral

protection by anesthetics. ] Neurosurg Anesthesiol
14:66-79

Young Y, Menon DK, Tisavipat N, Matta BF, Jones ]G (1997)
Propofo]l neuroprotection in a rat model of ischaemia
reperfusion injury. Eur | Anaesthesiol 14:320-6

Joumal of Cerebral Blood Flow & Metabolism (2008) 28, 354-366

Zaloga GP, Teres D (2000) The safety and efficacy of
propofol containing EDTA: a randomised clinical trial
programme focusing on cation and trace metal homeo-
stasis in critically ill patients. Intensive Care Med
26:5398-9

Zhan RZ, Qi S, Wu C, Fujihara H, Taga K, Shimoji K (2001)
Intravenous anesthetics differentially reduce neuro-
transmission damage caused by oxygen-glucose depri-
vation in rat hippocampal slices in correlation with
N-methyl-D-aspartate receptor inhibition. Crit Care Med
29:808-13

Zhao Y], Yang GY, Domino EF (1996) Zinc protoporphyrin,
zinc ion, and protoporphyrin reduce focal cerebral
ischemia. Stroke 27:2299-303



BRAIN RESEARCH 1214 (2008) 169-176

available at www.sclencediract.com

"% ScienceDirect RESEARCH

\;S'n' &
ELSEVIER w-\_«vw.sisev'isrll'd;;'mafl:n c_a-i.:'b___}."l:i;r.a'ih'res g

5 BRAIN
B AT

Research Report

Protective effects of SUN N8075, a novel agent with antioxidant
properties, in in vitro and in vivo models of Parkinson’s disease
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ARTICLEINFO ABSTRACT
Article history: SUN N8075 is a novel antioxidant with neuroprotective properties. This study was designed
Accepted 24 February 2008 to elucidate its neuroprotective effects against 6-hydroxy dopamine (6-OHDA)-induced cell
Available online 6 March 2008 death and 1-methyl-4-phenyl-1,23,6-tetrahydropyridine (MPTF)-induced neurotoxicity
(known as in vitro and in vivo models of Parkinson's disease, respectively). In the in vitro
Keywords: study, on human neuroblastoma SH-SYSY cells, SUN N8075 decreased the hydrogen peroxide
Antioxidant (Hz205)-induced production of reactive oxygen species and protected against 6-OHDA-induced
MFPTP cell death. In the in vivo study, SUN N8075, when injected intraperitoneally (i.p.) twice witha 5-h
6-0HDA interval, inhibited lipid peroxidation (viz. the production of thiobarbituric add redctive
Parkinson disease substance) in the mouse forebrain at 1 h after the second injection. Mice were injected i.p.
SUN NB075 with MPTP (10 mg/kg) four times at 1-h intervals, and brains were analyzed 7 days later.

SUN N8075 at 30 mg/kg (i.p., twice) exhibited a protective effect against the MPTP-induced
decrease in tyrosine hydroxylase (TH)-positive fibers in the striatum. Moreover, SUN N8075
at 10 and 30 mg/kg (i.p., twice) had a similar protective effect against the MPTP-induced
decrease in TH-positive cells in the substantia nigra. Further, SUN N8075 30 mg/kg (ip. twice)
markedly suppressed the MPTP-induced accumulation of 8-hydroxy-deoxyguanosine (8-OHdG)
in the striatum. These findings indicate that SUN NB075 exerts protective effects, at leastin
part via an anti-oxidation mechanism, in these in vitro and in vivo models of Parkinson's
disease.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction compacta to oxidative stress is believed to be one of the
leading causes of neurodegeneration in Parkinson’s disease,

Parkinson'’s disease is characterized by the progressive and Antioxidants, as scavengers of reactive oxygen species (ROS)

selective loss of dopaminergic neurons that project from the  and free radicals, may play an important role in the prevention

substantia nigra pars compacta to the striatum. Although the  of Parkinson's disease (Grimes et al., 1988).

pathogenesis of Parkinsonism remains obscure, exposure of Hydroxydopamine (6-OHDA), an oxidative neurotoxin, has

such dopaminergic neurons in the substantia nigra pars been used to lesion the nigrostriatal system that degenerates

* Corresponding author. Fax: +81 58 237 8596.
E-mail address: hidehara@gifu-pu.ac jp (H. Hara).

0006-8993/$ - see front matter ® 2008 Elsevier B.V. All rights reserved.
doi;10,1016/j.brainres.2008.02.073
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Fig. 1 — Effects of SUN N8075 and trolox on hydrogen peroxide (H0,)-induced production of reactive oxygen species (ROS).
Measurement of ROS induced by H,0.. (a) SH-SYSY cells were exposed to H,0, at 300 pMin the presence of SUN N8075 at 0.1 pM
(=), 1.0 1M (g), or 10 M (A ). Control group (), vehicle group (o). Immediately thereafter, the intracellular ROS levels were
determined by measuring the fluorescence of H,DCF-DA every 2 min. (b) Total intensity was calculated from (a), as described in
“Experimental procedures”, (c) SH-SY5Y cells were exposed to H,0, at 300 pM in the presence of trolox at 1 pM (u), 10 pM (o), or
100 M (A). Control group (), vehicle group (o). (d) Total intensity was calculated from (c). Values are expressed as the mean=S.E.
#%p<0.01 vs., Control, **P<0.01 vs. Vehicle (n=4).

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is also well-
known to produce clinical, biochemical, and neurochemical

in Parkinson's and related diseases, to ablate the sympathetic
nervous system, and as a chemotherapeutic agent for catecho-

laminergic neoplasms (Przedborski and Ischiropoulos, 2005;
Schneider and Markham, 1986). In humans and rodents, 1-

changes similar to those that occur in Parkinson's disease
(Heikkila et al., 1984; Turski et al, 1991), This neurotoxin also

a Vehicle __ SUN N8075 b 0 svehicie
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Fig. 2 - Effect of SUN N8075 on 6-OHDA-induced cell death in SH-SYSY cells. (a) Morphological changes in SH-SYSY cells. Scale
bar=50 pm. (b) SH-SYSY cells were exposed to 6-OHDA (50 jtM) in the presence of SUN NBO7S5 (5, 10, or 20 uM). Eighteen hours
later, cell viability was measured using an MTT assay. Results are expressed as percentages, relative to cells treated with

vehicle alone. Values (means+S.E.) were derived from four separate cultures. 'P<0.05, *"P<0.01 vs. cells treated with 6-OHDA

alone (n=4). SUN: SUN N807S5.
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Fig. 3—Effect of SUN N8075 on lipid peroxidation in mouse
brain homogenates. Mouse brain homogenates, from mice
intraperitoneally injected twice either with SUN N8075

30 mg/kg or with saline, were incubated at 37 *C for 30 min.
Absorbance of thiobarbituric acid reactive substance (TBARS)
was measured. Values are expressed as the mean+S.E.
*P<0.05 vs. Control (n=10).

causes both a marked depletion of the striatal dopamine
content and decreases in the number of nigrostriatal dopami-
nergic neurons in several species, including monkeys, dogs,
cats, and mice (Burns et al, 1983; Hantraye et al., 1996;
Johannessen et al, 1991; Ricaurte et al,, 1986; Schneider and
Markham, 1986). Hence, 6-OHDA and MPTP are commonly used
to generate experimental models of Parkinson's disease in both
in vitro and in vivo studies,
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SUN N8075, (25)-1-(4-amino-2,3,5-trimethylphenoxy)-3-[4-
[4-(4-fluorcbenzyl)phenyl}-1-piperazinyl]-2-propanol dimetha-
nesulfonate, is a novel antioxidant that is currently in clinical
trials for stroke (Annoura et al,, 2000). Its ant-oxidative effects
contribute to a diminution of the damage induced by ROS
during cerebral ischemia and reperfusion (Robins, 2004). Our
previous study revealed a potent neuroprotective activity of
this agent in an in vivo transient middle cerebral artery
occlusion model, suggesting that the underlying neuroprotec-
tive mechanism may partly involve protection against oxida-
tive stress (Kotani et al,, 2007). However, the neuroprotective
effects of SUN NBO75 have not been studied in animal models of
Parkinson's disease.

Therefore, in the present study, we (a) investigated its effects
in vitro on both H;0,-induced ROS production and 6-OHDA-
induced cell death, using human neuroblastoma SH-5YSY cells,
and (b) evaluated its putative neuroprotective effects on MPTP-
induced neurotoxicity in an in vivo mouse model of Parkinson's
disease.

2 B Results

2.1.  Effects of SUN N8075 on hydrogen peroxide
(H30;)-induced reactive oxygen species (ROS)

First, we investigated the effects of SUN N8075 on the H,0,-
induced production of ROS in SH-SY5Y cells, Treatment with
Hz0; increased ROS in a time-dependent manner, and this

Fig. 4 - Effect of SUN N8075 on MPTP-induced neurotoxicity in the striatum of mice. SUN N8075 attenuated the immunochistochemical
changes in tyrosine hydroxylase (TH) induced by 1-methyl-4-phenyl-1,2,3 6-tetrahydropyridine (MPTP) in mouse striatum. (a) Coronal
section through the striatum; square, area shown in the microphotographs. (b) Sham group (Sham). (c) Seven days after MPTP + vehicle
treatment (Control). (d) Seven days after MPTP+SUN N8075 (10 mg/kg i.p., twice) treatment (SUN 10), (e) Seven days after MPTP+SUN
N8075 (30 mg/kg Lp., twice) treatment (SUN 30). (f) Optical density of TH-positive fibers in striatum. A decrease in the number of
TH-immunopositive fibers was observed in the striatum at 7 days after MPTP treatment (c,f). SUN N8075 (30 mg/kg i.p., twice) partly
prevented this decrease (e,f). Scale bar=150 um. Values are expressed as the means5.E. *P<0.01 vs. Control (n=8or9).
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ROS production was decreased by SUN N8075 and also by a
water-soluble vitamin E analogue (trolox) (Fig. 1a,c). When
ROS production was expressed as “Total intensity”, pretreat-
ment with SUN N8075 at 0.1 to 3 pM or with trolox at 1 to
100 uM concentration-dependently and significantly reduced
it, and the ICs, values being 0.32 uM (95% confidence limits,
0.16-0.52) and 4.6 uM (2.69-7.26), respectively (Fig. 1b,d).

2.2.  Effect of SUN N8075 on 6-OHDA-induced cell death

Next, to elucidate the effects of SUN N8075 on 6-OHDA-
induced neurotoxicity in vitro, SH-5Y5Y cells were exposed to
6-0OHDA at 50 uM in the presence or absence of SUN N8075. As
shown in Fig. 2, SUN N8075 protected against 6-OHDA-induced
cell death in a dose-dependent manner.

2.3.  Effects of SUN N8075 on lipid peroxidation in mouse
brain homogenate

In this experiment, SUN N8075 (at 30 mg/kg) or saline was
administered intraperitoneally twice, and at 1 h after the second
administration, the brains were removed. After a 30-min incuba-
tion at 37 °C, the thiobarbituric acid reactive substance (TBARS)
level in the brain homogenates was increased. SUN N8075 (at
30 mg/kg ip., twice) significantly inhibited this production of
TBARS by about 30% versus vehicle treatment (Fig. 3).

2.4.  Body weight change after MPTP administration

We evaluated the effect of SUN NB075 using an MPTP-induced
neurotoxic model in vivo. At 1 day after MPTP administration,

Number of TH-positive cells

Control

Sham SUN 10

MPTP

SUN 30

the body weight of mice in the control (vehicle+MPTP
administration) group had decreased by approximately 10%
(versus before administration), but it had gradually returned to
normal at 3 days after MPTP administration (before adminis-
tration: 24.5+£0.3 g, 1 day after administration: 23.6+0.4 g,
3 days after administration: 24.3+0.6 g). The body weights of
mice treated with SUN N8075 showed no significant differ-
ences from those of the control group: SUN N8075 10 mg/kg:
231£05 g, 22.4+0.4 g, 23.6+0.4 g, SUN N8O7S 30 mg/kg: 24.4+
03g, 23.9+03 g, 24820.2 g, respectively.

2.5.  Effects of SUN N8075 on MPTP-induced decrease in
tyrosine hydroxylase (TH)-positive density in the striatum

Representative photomicrographs of TH immunostaining in
the striatum are shown in Fig. 4b-e, Striatal fibers displayed
strong TH-immunostaining in Sham mice (Fig. 4b). A decrease
in the density of TH-immunopositive fibers was observed at
7 days after MPTP administration (Fig. 4c,f). SUN N8075 at
30 mg/kg significantly reduced this effect of MPTP (Fig. 4€.f).

26.  Effect of SUN NBO75 on MPTP-induced decrease in
tyrosine hydroxylase (TH)-positive cells in the substantia nigra

Representative photomicrographs of TH immunostaining in
the substantia nigra are shown in Fig. 5b-e. Nigral TH-im-
munoreactive neurons were easily detectable in Sham mice
(Fig. Sb). A decrease in the number of TH-immunopositive neu-
rons was observed at 7 days after MPTP administration (Fig. 5¢.f).
SUN N8075 at 10 and 30 mg/kg significantly reduced this effect of
MEFTP (Fig. Sde.f).

Fig. 5 - Effect of SUN N8075 on MPTP-induced neurotoxicity in the substantia nigra of mice. SUN N8075 attenuated the
immunohistochemical changes in tyrosine hydroxylase (TH) induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
in mouse substantia nigra. (a) Coronal section through the substantia nigra; square, area shown in the microphotographs.

(b) Sham group (Sham). (c) Seven days after MPTP +vehicle treatment (Control). (d) Seven days after MPTP + SUN N8075 (10 mg/kg
i.p., twice) treatment (SUN 10). (¢) Seven days after MPTP+SUN N8075 (30 mg/kg i.p., twice) treatment (SUN 30). (f) Number of
TH-positive cells in substantia nigra. A decrease in the number of TH-immunopositive neurons in the substantia nigra was
observed at 7 days after MPTP treatment (c,f). SUN N8075 (10 and 30 mg/kg i.p., twice) partly prevented this decrease (d,e,f).
Scale bar=30 um. Values are expressed as the mean+S.E. "P<0.05, **P<0.01 vs. Control (n=8 or 8).
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Fig. 6 - Effect of SUN N8075 on the expression of 8-0HdG
induced by MPTP in the striatum of mice. Oxidative DNA
damage was assessed by measuring 8-OHdG
immunoreactivity. Shown are 8-OHdG-positive cells in the
striatum at 7 days after MPTP +vehicle treatment (Control) (a),
and MPTP+SUN N8075 (30 mg/kg i.p., twice) treatment (SUN
30) (b). (c) Numbers of 8-OHAG-positive cells in the striatum.
Scale bar=30 pm. Values are expressed as the meanzS.E.
**P<0.01 vs. Control (n=5 or 7).

2.7: Anti-oxidative effect of SUN N8075 on MPTP-induced
oxidative DNA damage

‘We examine the neuroprotective effects of SUN N8075 against
MPTP-induced oxidative stress by performing immunchisto-
chemical analysis for 8-OHdG, a marker of DNA damage, in the
striatum. No positive staining was detected in the sham-ope-
ration group (data not shown). Seven days after MPTP adminis-
tration, strong 8-OHAG immunoreactivity was detected in the
control group (Fig. 6a,c). SUN N8075 at 30 mg/kg significantly
reduced the number of 8-OHAG-positive cells (Fig. 6b,c).

3. Discussion

In the present study, in vitro and in vivo models of Parkinson's
disease were used to examine the neuroprotective properties
of SUN N8075. We first evaluated its protective effect in vitro
against 6-OHDA-induced cell death, a model of Parkinson’s
disease, using human neuroblastoma SH-SYSY cells. When
SH-SYSY cells were exposed to 6-OHDA in the presence of SUN
NB8075, SUN N8075 reduced the 6-OHDA-induced cell death in
a dose-dependent manner (Fig. 2). Although the precise
mechanism underlying 6-OHDA-induced neurotoxicity
remains unknown, it has been reported that 6-OHDA directly
inhibits mitochondrial respiratory complexes I and IV, leading
to depletion of ATP (Glinka et al, 1997). In vitro and in vivo
experiments have revealed that antioxidants prevent the loss

of dopaminergic neurons caused by 6-OHDA (Gassen et al,,
1998; Hara et al., 2003; Soto-Otero et al., 2000). These findings
suggest that ROS plays a critical role in 6-OHDA-induced
neurotoxicity. After being selectively taken up via the dopa-
mine transporter present in dopaminergic neurons, 6-OHDA is
thought to be autooxidized, resulting in the generation of ROS.
Interestingly, we also found that SUN N8075 reduced H,0,-
induced ROS production in SH-SYSY cells (Fig. 1), its inhibitory
effect being more than 10 times stronger than that of the well-
known antioxidant trolox (a water-soluble vitamin E analo-
gue). These findings indicate that the neuroprotective effect
of SUN N8075 against 6-OHDA-induced neurotoxicity may be
due, at least in part, to a scavenging effect on ROS. i

Next, we evaluated the effect of SUN N8075 against oxidative
stress in an in vivo model. SUN N8075 (at 30 mg/kg, i.p., twice)
exhibited a potent antioxidant action against lipid peroxidation
in a mouse brain homogenate (Fig. 3), suggesting that this agent
penetrates the blood-brain barrier and is distributed into the
brain, there to exert an anti-oxidative effect. MPTP increases
the lipid peroxidation product thiobarbituric acid reactive
substance (TBARS), and major antioxidants reduce the TBARS
level in the midbrain (Kawasaki et al,, 2007; Sankar et al., 2007).
In the present study, reductions in the levels of TH immunor-
eactivity were observed in both the striatum and substantia
nigra at 7 days after MPTP administration, results that are
consistent with those in previous reports (Araki et al, 2001;
Watanabe et al., 2004). SUN NB8075 exhibited protective effects
against MPTP-induced neurotoxic damage in both the striatum
(Fig. 4) and the substantia nigra (Fig. 5). The neurotoxic effects
of MPTP is dependent on an inhibition of complex 1 in the
mitochondrial respiratory chain by MPP*, subsequently fol-
lowed by ATP depletion and an increased production of ROS,
leading eventually to cell death (Ali et al., 1994; Nicklas
et al., 1985). In the present study, MPTP induced an accumu-
lation of 8-OHdG, a marker of oxidative stress, and this
accurnulation was partially suppressed by SUN N8075 (Fig. 6).
8-OHdG is formed in a promutagenic DNA lesion induced by
the reaction of hydroxyl radicals with guanosine at the C8 site
in DNA (Kasai and Nishimura, 1986). The urinary 8-OHdG
level increases with the stage of Parkinson's disease, and
urinary 8-OHdG has been reported to be a potentially useful
biomarker for evaluating the progression of Parkinson’s disease
(Sato et al., 2005). Taken together, the above suggests to us that
inhibition of lipid peroxidation and 8-OHdG may be one of the
mechanisms by which SUN N8075 exerts neuroprotection
against MPTP-induced neurodegeneration.

The results we observed in vitro and in vivo indicate that the
neuroprotective action of SUN N8075 may be mediated via an
antioxidant effect. ROS scavenging is probably the mechanism
by which SUN N8075 afforded neuroprotection in our in vitro
study, while inhibitions of 8-OHdG accumulation and lipid
peroxidation, both induced by oxidative stress, are the most
likely mechanisms by which it afforded neuroprotection in our
in vivo study. The current data conforms with previous reports
showing that SUN N8075 is a novel antioxidant (Annoura etal.,
2000) and has govemned potent neuroprotective activity in an
in vivo ischemia model (Kotani et al., 2007).

After subcutaneous injection of SUN N8075 (10-30 mg/kg), its
concentrationin plasma was approximately 1.5-3.0uM (Tamura
S. et al,, unpublished data). As injected intraperitoneally in our
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study, we can expect much higher plasma concentration than in
the case of subcutaneous injection. Taken together, the
concentration of SUN N8075 in plasma was almost consistent
with its in vitro effect.

In conclusion, we found that SUN N8075 provided neuro-
protection in both in vitro and in vivo models of Parkinson’s
disease. An inhibitory effect of SUN N8075 against oxidative
stress may be partly responsible for these observed neuropro-
tective effects. These findings indicate that SUN NB8075 has the
potential to be used to retard or prevent the progression of
Parkinson's disease.

4. Experimental procedures
4.1.  Animals

Male C57BL/6 mice (Nihon SLC, Shizuoka, Japan), weighing 22—
28 g, were used for experiments involving MPTP administra-
tion. All animals were allowed food and water ad libitum, and
they were housed in a temperature-controlled environment
(2242 °C) under a 12-h light/dark cycle. The experiments were
conducted in accordance with the Animal Care Guidelines
issued by the Animal Experimental Committee of Gifu Phar-
maceutical University.

4.2 Experimental materials

The drugs used and their sources were as follows. SUN N8075,
(25)-1-(4-amino-2,3,5-trimethylphenoxy)-3-[4-[4-(4-fluoroben-
zyl)phenyl]-1-piperazinyl]-2-propanol dimethanesulfonate
(Asubio Pharma, Tokyo, Japan), 1-methyl-4-phenyl-1,2,3 6-tetra-
hydropyridine (MPTP) hydrochloride (Sigma-Aldrich Co, St
Louis, USA), nembutal (Dainippon Pharmaceutical, Osaka,
Japan), Vectastain elite ABC kit (Vector Labs, Burlingame, CA,
USA), rabbit anti-TH polyclonal antibody (Chemicon, Temecula,
CA, USA), mouse anti-8-OHdG hydrogen peroxidase (Wako Pure
Chernical Industries, Osaka, Japan), methanol (Wako), parafor-
maldehyde (Wako), Dulbecco's modified Eagle’s medium (DMEM;
Sigma-Aldrich), fetal bovine serum (Valeant, CA, USA), penicillin
and streptomycin (Meiji Seika, Tokyo, Japan), trolox (Sigma),
HCIO, (Sigma), thiobarbituric acid (Sigma). SUN N8075 (10 mg/kg
and 30 mg/kg) and MPTP (10 mg/kg) were dissolved in saline

before use and then intraperitoneally administered (0.1 ml/10 g).

4.3.  Reactive oxygen species assay

The intracellular accumulation of ROS within SH-SYSY cells
was determined using Reactive Oxygen Species Detection
reagents (Invitrogen, CA, USA). SUN N8075 at 0.1 to 3 pM or
trolox at 1to 100 uM was pre-treated for 1 h, and cells were then
treated with H,DCF-DA at 10 pM for 15 min. Thereafter, the
whole medium was replaced with fresh medium containing
the same compounds. After treatrnent with hydrogen peroxide
(Hz0;) at 300 pM, the increase in ROS levels was assessed by
measuring the fluorescence of H,DCF-DA (492 nm/525 nm:
excitation/emission) using Varioskan Flash TOP/BOTTOM
(Thermo, Kanagawa, Japan). “Total intensity” was calculated
by integrating the area under the H;DCF-DA fluorescence
intensity curve for 12 min after H,0; treatment. Results re-

present the average+S.E. of 4 independent experiments, with
each treatment performed in duplicate.

4.4. 6-OHDA model in SH-SYSY cells

Human neuroblastoma (SH-5Y5Y) cells were cultured in DMEM
supplemented with 10% fetal calf serum, 100 U/ml penicillin G,
and 0.1 mg/ml streptomycin in a humidified 5% C0,/95% air
incubatorat 37 °C. SH-SYS5Y cells were seeded in a 96-well plate
ata density of 1.5 x 10* cells. The next day, the culture medium
was replaced with fresh medium, and cells were then treated
for 18 h with 6-hydroxydopamine (6-OHDA; 50 uM) in the
presence or absence of SUN NB075 (5, 10, or 20 pM). Cell viability
was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide (MTT) assay, the medium being
replaced with fresh medium containing MTT (final concentra-
tion 0.5 mg/ml) followed by incubation for 2 h at 37 °C.
Isopropanol with 0.04 N HCl was then added, and finally the
optical density was measured at 570 nm by means of a mic-
roplate reader. The experiments on cell viability were carried
out in quadruplicate.

4.5.  Lipid peroxidation in mouse brain homogenate

The supernatant fraction of a brain homogenate from male
adult C57BL6/] mice (body weight 20-25 g) was prepared as
previously described (Hara and Kogure, 1990). Briefly, mice
were injected intraperitoneally twice (5-h interval) with either
SUN NB075 (30 mg/kg) or vehicle. Brains were removed 1 h
after the second injection, then homogenized in a glass-Teflon
homogenizer in 4 volumes of ice-cold phosphate saline buffer
(50 mM, pH 7.4), and the homogenate was stored at—80 *C. This
stock brain homogenate was diluted 10-fold with the same
buffer. Then, 1 ml portions of the diluted homogenate were
added to 5 yl of the test compound and incubated at 37 *C for
30 min, The reaction was stopped by adding 200 ul of 35%
HCIO,, followed by centrifugation at 12,000 xg for 10 min. The
supernatant (500 pl) was heated with 250 ul of thiobarbituric
acid (TBA) solution (5 g/l in 50% acetic acid) for 15 min at 100 °C.
Absorbance was then measured at 532 nm.

4.6. MPTP model in mice

The method used to generate an MPTP model in mice was as
previously described (Oida et al, 2006). Mice were injected
intraperitoneally with MPTP (10 mg'kg) four times at 1-h
intervals, and twice with either SUN N8075 (10 or 30 mg/kg) or
vehicle (at 1 h before the first administration of MPTPand 1 h
after the last administration of MPTF). Seven days after the
MPTP treatment, mice were anesthetized with sodium pento-
barbital (nembutal, 50 mg/kg, i.p.) and brains were perfusion-
fixed with 4% paraformaldehyde in 0.1 M phosphate-buffer
(pH 7.4). The brains were removed after a 20-min perfusion
fixation at 4 °C, then immersed in the same fixative solution.
Brain sections were dehydrated with graded ethanol, passed
through xylene, and embedded in paraffin. Paraffin sections
(5 pm thick) of the striatum and substantia nigra were used for
immunohistochemistry. The paraffin sections were washed
for 5 min in 0.01 M phosphate-buffered saline (PBS), then
treated with 0.3% hydrogen peroxidase in 10% methanol. They
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were then washed three times in 0.01 M PBS, followed by a
30 min pre-incubation with 10% normal goat serum. They were
then incubated either with anti-tyrosine hydroxylase (TH)
antibody (1:200), including 0.3% triton X-100, for 3 h at 4 *C or
with anti 8-hydroxy-deoxyguanine (8-OHdG) overnight at4 *C.
After a 15-min rinse in changes 0f0.01 MPBS, the sections were
incubated with biotinylated second antibody for 2 h, and then
with an avidin-biotin peroxidase complex for 30 min (both at
room temperature). The number of TH-positive neurons in
four sections of the substantia nigra from each mouse was
counted under the light microscope at a magnification of x400,
and the mean number of TH-positive neurons was calculated.
The number of 8-OHdG-positive cells in each section was
counted in predefined areas (0.25 mm?) under the light
microscope at a magnification of 400, and the mean number
of 8-OHdG-positive neurons was calculated. Each count of
positive cells was performed in a blind manner by a single
observer.

4.7.  Statistical analysis

Data are presented as the means:SE. Statistical comparisons
were made using a one-way ANOVA followed by a Student’s t-test
or Dunnett’s test [using STAT VIEW version 5.0 (SAS Institute,
Cary, NC)]. P<0.05 was considered to indicate statistical

significance.
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Introduction
Memantine,

1-amino-3,5-dimethyladamantane, an N-

The purpose of this study, on mice, was to determine whether memantine, a
glutamate-receptor antagonist of the N-methyl-v-aspartate (NMDA) subtype,
protects against neuronal degeneration in the dorsal lateral geniculate nucleus
(dL.GN) and superior colliculus (SC) after the induction of retinal damage by
intravitreal injection of NMDA.

NMDA (20 mM/2 ul) was injected into the vitreous body of the left eye in
mice (day 0). To evaluate the neuroprotective effect of memantine, mice were
assigned to one of two memantine-treated groups: receiving a daily adminis-
tration of memantine at 30 mg/kg/day, p.o. either from day 0 (administered at
1 h before NMDA injection) to day 90 (pretreated group) or from day 7 to day
90 (post-treated group).

The pretreated group exhibited significant suppression of the retinal dam-
age induced by intravitreal injection of NMDA and significant prevention of
transsynaptic neuronal degeneration in the dLGN and SC on the contralateral
side. Although the mice of the post-treated group displayed no reversion of
such retinal damage, they did exhibit protection against neuronal degeneration
in the LGN and SC on the contralateral side. These data indicate that meman-
tine can protect against transsynaptic neuronal degeneration in the murine
brain (LGN and SC) even if treatment is begun after retinal ganglion cell (RGC)
death has started.

Memantine protects against the secondary neuronal degeneration in brain re-
gions in the visual pathway that occurs after retinal damage in mice.

neurctransmitter, has been reported to be increased in
the vitreous body [6], although this finding was not con-
firmed by [7]. Be that as it may, it is known that the
toxic effects of elevated glutamate levels are predomi-

methyl-o-aspartate (NMDA) antagonist, has therapeutic
potential against several central nervous system (CNS)
disorders [1]. In the United States and Europe, me-
mantine has been used dinically for moderate to severe
Alzheimer’s disease [2] for a number of years. In addition,
it has been reported that memantine shows evidence of
therapeutic benefits in several animal models of glau-
coma, the leading cause of blindness [3-5]. In glaucoma,
the concentration of glutamate, the principal excitatory

nantly mediated by overstimulation of ionotropic recep-
tors. Overstimulation of the dass of these receptors that
respond spedifically to the glutamate analog NMDA has
been shown to contribute to the death of retinal ganglion
cells (RGC) [8,9].

The animal model employed in the present study (in-
volving intravitreal injection of NMDA) shows decreas-
ing cell number in the ganglion cell layer (GCL) [10].
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Because of its high sensitivity, stability, and good repro-
dudibility, this model has been widely used for investigat-
ing the mechanisms underlying neuronal cell death in the
retina [11]. Our previous study on this model revealed
that dramatic retinal damage occurred within 7 days after
NMDA injection, and that subsequently neurons in the
lateral geniculate nucleus (LGN), the major relay center
between the eye and the visual cortex, were decreased
in number at 90 days after the NMDA injection [12-14].
There is also recent evidence that the RGC death that
occurs in glaucoma models leads to neuronal degenera-
tion within the LGN [15,16]. Furthermore, while a loss of
more than 50% of RGC has been reported to induce vi-
sual field loss, the initial loss of RGC in glaucoma patients
does not lead to visual field loss [17]. These data suggest
that the visual field loss induced by glaucoma may result
not only from RGC loss, but also from neuronal degener-
ation within LGN [18].

Although it is generally believed that in rodents most
axonal projections from the retina pass to SC, with only
a small percentage of axons going to LGN, visual in-
formation entering the human eye is processed in the
retina and transmitted via the optic nerve to LGN. This
suggests that protection of neurons within LGN, as well
as retinal treatment, could be effective for the preven-
tion of eye diseases that cause blindness, such as glau-
coma. Therefore, in this study we investigated these two
pathways (retino-geniculate and retino-superior collicu-
lus pathways) in mice. With the aim of determining
whether memantine might protect against the secondary
neuronal degeneration within the visual pathway (LGN
and SC) that occurs after RGC damage.

Materials and Methods

All experiments were performed in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research, and they were approved and moni-
tored by the Institutional Animal Care and Use Commit-
tee of Gifu Pharmaceutical University.

Animal Subjects

Male adult C57BL/6J mice weighing 20-32 g (Clea Japan
Inc., Fujimiya, Japan) were kept under lighting condi-
tions of 12 h light and 12 h dark. They were anesthetized
with 3.0% isoflurane (Merck, Osaka, Japan) and main-
tained with 1.5% isoflurane in 70% N,0 and 30% O,
via an animal general anesthesia apparatus (Soft Lander;
Sin-ei Industry Co. Ltd., Saitama, Japan). Retinal dam-
age was induced (on day 0) by the intravitreal injection
(2 ul/eye) of NMDA (Sigma-Aldrich, St, Louis, MO) dis-

Protective Effects of Memantine in LGN and 5C

solved at 20 mM in 0.01 M phosphate-buffered saline
(PBS) at pH 7.4. This was injected into the vitreous body
of the left eye under the above anesthesia. One drop of
levofloxacin ophthalmic solution (Santen Pharmaceuti-
cals Co. Ltd., Osaka, Japan) was applied topically to the
treated eye immediately after the intravitreal injection.
Mice that received intravitreal NMDA were also treated
cither with memantine (30 mg/kg, p.o.) (Merz Pharma-
ceuticals GmbH., Frankfurt, Germany) or with the vehi-
cle for memantine (distilled water, p.o.) by oral gavage
for the periods detailed below (memantine or vehide ad-
ministration was started at 1 h before NMDA injection).
For simplicity the latter (NMDA + vehicle-treated) group
is referred to hereafter as the “vehicle-treated group.”
Mice receiving an intravitreal injection of saline instead of
NMDA were prepared for sham-treated group. Mice were
euthanized either on day 7 (Fig. 3) or on day 90 (Figs. 4-
8). For most experiments (i.e., those illustrated by Figs. 4-
8), four groups of mice were evaluated and compared: (i)
sham-treated group, (ii) vehicle-treated group [mice re-
ceiving an intravitreal injection of NMDA and also (from
day 0 to day 90; p.o.) the vehicle for memantine], (iii)
pretreated group (mice receiving an intravitreal injection
of NMDA and also a daily administration of memantine
at 30 mg/kg, p.o. from day 0 to day 90), and (iv) post-
treated group (mice receiving an intravitreal injection of
NMDA and also a daily administration of memantine at
30 mg/kg, p-o. from day 7 to day 90) (Fig. 1).

For the experiment illustrated by Figure 3, only three
groups of mice were employed: (i) sham-treated group
(mice receiving an intravitreal injection of saline instead
of NMDA), (ii) vehicle-treated group [mice receiving an
intravitreal injection of NMDA. and also (from day 0 to
day 7; p.o.) the vehidle for memantine], (iii) memantine-
treated group (mice receiving an intravitreal injection of
NMDA and also a daily administration of memantine at
30 mg/kg, p.o. from day 0 to day 7).

Tissue Processing

At the end of their assigned survival period, mice were
anesthetized with sodium pentobarbital (80 mg/kg, i.p.)
(Nembutal; Dainippon, Osaka, Japan), then perfused
with 2% (w/v) paraformaldehyde solution in 0.01 M
PBS. The brains were removed after 15 min perfusion
at 4°C, immersed in the same fixative solution for 24 h,
soaked in 25% (w/v) sucrose for 1 day, then frozen in
embedding compound (Tissue-Tek; Sakura Finetechnical
Co. Ltd., Tokyo. Japan). Serial coronal sections through
the levels of the LGN (bregma —2.10 ~ —2.40 mm) and
superior colliculus (SC) (bregma —3.20 ~ —3.50 mm)
were cut at 50-um thickness, then stained with cresyl
violet. Each eye was enucleated at the time of brain
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Figure 1. Schedule for memantine administration in the experiments
ilustrated by Figs. 4-8. Mice were euthanized at 90 days after NMDA in-
travitreous injection. Four groups of mice were evaluated and compared:
() sham-treated group (mice received an intravitreal injection of saline
instead of NMDA), (ii) vehicle-treated group (mice receiving an intravitreal
injection of NMDA and also a daily oral administration of the vehicle for

removal, and 4% paraformaldehyde solution was in-
jected into the vitreous body. The eye was then kept im-
mersed for at least 24 h in the same fixative solution at
4°C, Six paraffin-embedded sections (thickness, 5 pm)
cut through the optic disc of each eye were prepared in
a standard manner, then stained with hematoxylin and
eosin.

Histological Analysis of Mouse Retina

Retinal damage was evaluated as previously described
[11], three of the six sections stained with hematoxylin
and eosin from each eye being used for the morphome-
tric analysis. Light-microscope photographs were taken
using a digital camera (Coolpix 4500, Nikon) and the cell
counts in the GCL and the thickness of the inner plexi-
form layer (IPL) at a distance between 375 and 625 pm
from the optic disc were measured on the images in a
masked fashion by a single observer (S.N.). Data from
three sections (selected randomly from the six sections)
were averaged for each eye, and the values obtained were
used to evaluate the GCL cell count and the IPL thick-
ness.

Neuron Numbers in dLGN and SC

To assess the protective effects of memantine against neu-
ronal loss in dorsal lateral geniculate nudeus (dLGN) and
5C, sections stained with cresyl violet were used for neu-

memantine- administration

memantine from day 0 to day 90), (iii) pretreated group (mice intravitreally
injected with NMDA who also received a daily administration of memantine
at 30 mg/kg, p.o. from day 0 to day 90}, and (iv) post-treated group (mice
intravitreally injected with NMDA who also recelved a dally administration
of memantine at 30 mg/kg, p.o. from day 7 to day 90).

ronal cell counting: four sections for dALGN (L1: bregma
—2.10 mm, L2: =2.20 mm, L3: —2.30 mm, and L4:
~2.40 mm) and four for SC. (S1: bregma —3.20 mm, S2:
—3.30 mm, $3: —3.40 mm, and $4: —3.50 mm), respec-
tively, in each mouse (Fig. 2A). The area of each field
used for this cell counting was 0.047 mm? of dLGN (Fig.
2B and D) and 0.047 mm? of the superficial layer of SC

" (Fig. 2C and E). Cell counts were carried out under a mi-

croscope at 400x magnification in a masked fashion by a
single observer (5.N.). Care was taken to count only neu-
rons with dearly visible nuclei and cytoplasm.

Volume of dLGN

Measurements of the surface area of dLGN were made in
four equally spaced sections (interval, 100 pm) from sec-
tion L1 to section L4 (i.e., the sections counting the bulk
of dLGN). These area measurements were carried out un-
der a microscope at 100« magnification in a masked fash-
ion by a single observer (S.N.), recorded as images using
a digital camera (Nikon Coolpix 4500), and then quan-
titated using Image J. Cavalieri’s estimator of volume
was used to calculate the volume (Vy) of dLGN (bregma
=1.70 ~ —2.90 mm) using the following formula:

Vi=Za x5

where a; is the cross-sectional area of the dLGN in the
ith profile and s; is the mean distance between sections
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Figure 2. lllustrations showing [A) serial coronal sections through levels of LGN (bregma —2.10 ~ ~2.40 mm) and 5C (bregma —3.20 ~ —3.50 mm) in
mice. Coronal sections through levels of LGN (bregma —2.30 mm] (B) and 5C (bregma ~3.40 mm) [C) in mice [boxed areas are shown diagrammatically in

(D) and (E), respectively].

(section thickness multiplied by the inverse of the peri-
odicity of sections in the series) [19].

Statistical Analysis

Data are presented as means == 5.E.M. Statistical compar-
isons (one-way ANOVA followed by a Student’s t-test)
were made using STAT VIEW version 5.0 (SAS Institute,
Inc., Cary, NC, USA). A value of P < 0.05 was considered
to indicate statistical significance.

Results

Protective Effect of Memantine Against Retinal
Damage at 7 Days after NMDA Injection

Intravitreal injection of NMDA at 40 nmol/eye decreased
both the cell count in GCL (32.7 & 3.1 cells/mm, n =

8) and the thickness of IPL (13.2 & 0.9 pm, n = 8) in
the retina (Fig. 3B, D, and E) versus those in the sham-
treated retina (135.0 £ 9.2 cellsyfmm for GCL and 36.8 +
2.3 um for IPL, n = 8; P < 0.05 in each case) (Fig. 3A, D,
and E). The memantine-treated group (mice receiving an
intravitreal injection of NMDA who also received a daily
administration of memantine at 30 mg/kg, p.o. from day
0 to day 7) displayed significant suppression of both of
these decreases (54.5 &+ 6.3 cells/mm for GCL and 19.8 +
1.2 pm for IPL, n = 8) (Fig. 3C, D, and E).

Protective Effect of Memantine Against Retinal
Damage at 90 Days after NMDA Injection

The pretreated group displayed a significantly greater
cell number in GCL (37.7 &+ 2.3 cells/mm, n = 8) than
the vehide-treated group (28.1 & 1.2 cells/mm, n = 7)
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Figure 3. Protective effect of tine against retinal damage, as thickness of IPL. Horizontal bar represents 20 gm. Arrows indicate live

assessed at 7 days after NMDA intravitreous Iinjection. Representative
photographs of retinas from sham-treated (A), vehicle-treated (B), and
memantine (30 mg/kg/day p.o.}-treated (C) groups. Vertical bars show

(Fig. 4B, C, and E). On the other hand, in the thick-
ness of IPL there was no significant difference be-
tween the vehide-treated group (17.1 % 0.9 pm, n =
7) and the pretreated group (18.5 + 0.7 pm, n =
12), although the latter group tended to show a sup-
pressed decrease in IPL thickness versus the vehicle-
treated group (Fig. 4B, C, and F). The post-treated
group showed no significant difference from the vehicle-
treated group in either of the NMDA-induced de-
creases (25.3 + 1.7 cells/fmm for GCL and 14.7 +
0.4 pm for IPL, n = 12) (Fig. 4B, D-F).

Neuron Numbers in dLGN

In the contralateral dLGN, the numbers of neurons in the
vehicle-treated group were 60.5 + 2.5 (n = 8), 61.5 +
3.0 (n = 8), 62.8. + 48 (n = 8), and 65.5 £ 1.7 (n =
8) in sections L1, 1.2, 1.3, and L4, respectively. Each of
these counts was smaller than the corresponding one for
contralateral dLGN neurons in the sham-treated group
(943 £ 3.4, 98.9 + 50, 103.0 £ 3.5, and 93.1 &+ 3.9,

196

cells within GCL. Cells number in GCL [D) and thickness of IPL [E) were
measured. Each value represents the mean & S.E.M. for 8 eyes. *P < 0,05,
**p < 0.01 versus vehicle (Student's t-test).

respectively, each n = 8; P < 0.05 in each case) (Fig. 5A,
B, and E). The pretreated group (78.8 +4.3 for L1, 80.6 +
4.0 for 1.2, 83.3 + 4.4 for L3, and 74.5 & 1.8 for L4, each
n = 8) and the post-treated group (70.6 + 2.9 for L1, 76.3
+ 3.8 for 1.2, and 78.1 # 3.7 for L3, each n = 8) exhibited
significantly greater contralateral dLGN neuron numbers
than the vehicle-treated group (Fig. SB-E). In contrast, in
the ipsilateral dLGN there were no significant differences
in numbers of neurons among the four groups (sham-,
vehide-, pre-, and post-treated mice) (Fig. 5F).

Volume of dLGN

The volume of the contralateral dLGN was smaller in the
vehide-treated group (0.124 £ 0.003 mm?, n = 6) than
in the sham-treated group (0.153 =+ 0.007 mm?, n = 6;
P < 0.05) (Fig. 6A, B, and E). The pretreated group
(0.137 % 0.002 mm?, n = 6) and the post-treated group
(0.136 £ 0.002 mm’, n = 8) exhibited significantly
greater contralateral dLGN volumes than the vehicle-
treated group (Fig. 6B-E). In contrast, in the ipsilateral
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Figure 4. Protective effect of memantine agalnst retinal damage (as-
sessed on day 90). Representative photographs of retinas from sham-
treated (A), vehicletreated (B), pretreated (C), and post-treated (D)
groups. Vertical bars show thickness of IPL. Horizontal bar represents

dLGN there were no significant differences in volume
among the four groups (sham-, vehicle-, pre-, and post-
treated mice) (Fig. 6E).

Neuron Numbers in SC

In the contralateral SC, the numbers of neurons in the
vehicle-treated group were 48.8 + 1.8 (n = 8), 50.1 +
29 (n=8),51.8+ 2.7 (n=8), and 50.4 £ 3.2 (n = 8)
in sections $1, $2, $3, and 4, respectively. Each of these
counts was smaller than the corresponding one for con-
tralateral SC neurons in the sham-treated group (85.3 +
2.3, 854425, 82.5 + 3.7, and 84.6 + 1.5, respectively,
each n = 8; P < 0.05 in each case) (Fig. 7A, B, and E).
The pretreated group (64.9 + 2.4 for 51, 63.5 & 2.7 for
§2, 63.4 = 3.5 for S3, and 64.6 & 4.3 for 54, eachn =
8) and the post-treated group (63.6 + 1.8 for 51, 61.8 +
3.1 for 82, 60.1 £ 2.7 for S3, and 63.9 + 4.2 for 54, eachn

CHS Neurpscience & Therapeutics 14 (2008) 192-202 ) 2008 The Authors. lournal compilation © 2008 Blackwell Publishing Ltd

NMDA

20 pm. Arrows Indicate live cells within GCL. Cells number in GCL (E) and
thickness of IPL (F) were measured. Each value represents the mean +
S.EM. for 7-12 eyes. **P < 0.01 versus vehicle (Student's t-test).

= 8) exhibited significantly greater contralateral SC neu-
ron numbers than the vehicle-treated group (Fig. 7B-E).
In contrast, in the ipsilateral SC there were no signifi-
cant differences in the numbers of neurons among the
four groups (sham-, vehicle-, pre-, and post-treated mice)
(Fig. 7F).

Discussion

The purpose of this study was to determine whether me-
mantine exerts protective effects against secondary neu-
ronal degeneration in the dLGN and SC following reti-
nal damage in mice. In this study, we introduce the first
murine model for evaluation of the effects of drugs on
the changes in brain areas that occur following intravit-
real injection of NMDA.

First, we had to choose an appropriate concentration
of memantine for the evaluation of its neuroprotective
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Figure 5. Protective effect of memantine against neuronal loss in dLGN of dLGN (L1: bregma —2.10 mm, L2: —2.20 mm, L3: —2.30 mm, and L4:

(assessed on day 90). Representative photographs from sham-treated
group (A), vehicle-treated group (B), pretreated group (C), and post-
treated group (D). Neuronal cell number within dLGN was measured on the
contralateral (E) and Ipsilateral (F) sides. Coronal sections through level

effects within the murine brain. Previous predlinical and
clinical studies have indicated that the therapeutic plasma
concentration of memantine is between 0.5 and 1 M
[20, 21]. Therefore, to mimic clinically relevant condi-
tions an oral dose of 30 mg/kg was selected on the basis
of a pilot study that showed that this produced a steady-
state plasma level of 1.14 uM in C57BL/6J mice [22].

In this study, we found that mice receiving meman-
tine from day O displayed significantly attenuated retinal
damage at both 7 and 90 days after an intravitreal injec-
tion of NMDA (Figs. 3 and 4). An effect of memantine has
been demonstrated on similar the retinal injury induced
by glutamate toxidity in rats [23]. Memantine has previ-
ously been shown to suppress spontaneous RGC degener-
ation in a normal tension glaucoma model involving mice
defident in the glutamate/aspartate transporter (GLAST)
[24]. Taken together, these data suggest that systemic ad-
ministration of memantine may act on NMDA receptors
located in the retina and thereby protect RGC from glu-
tamate exdtotoxicity [25]. On the other hand, our post-
treated group did not show reversion of NMDA-induced
retinal damage (Fig. 4). Since dramatic retinal damage
has occurred by day 7 in the present model [10, 14;
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=2.40 mm), In each field, the tissue area of dLGN examined was 0.047
mm?, Horizontal bar represents 20 um. Arrows (in A-D) indicate neuranal
cells. Each value represents the mean = 5.E.M. for eight brains. *P < 0.05,
**P < 0.01 versus vehicle (Student’s t-test),

present study], daily administration of memantine from
day 7 may be too late to rescue RGC to a significant de-
gree through a blockage of excessive glutamate-receptor
activation.

Next, we examined the neuroprotective effects of me-
mantine within the LGN and SC after retinal damage.
Neuronal loss was evident in the contralateral dLGN
(number of neurons and volume) and in the contralat-
eral SC (number of neurons) on day 90 after intravit-
real NMDA injection (Figs. 5-7). Such neuronal loss may
result from a reduction in the visual stimuli transmitted
from RGCs and from a depletion of neurotrophins asso-
dated with a dysfunction of anterograde transport from
RGCs [26]. These affects may lead to “Wallerian degener-
ation,” a process in which the part of the axon separated
from the neuron’s cell nucleus will degenerate [27]. In
this study, our findings indicate that in addition to the
pretreated group, the post-treated group also exhibited
evidence of protective effects of memantine against neu-
ronal degeneration in the brain (LGN and SC), although
the latter group displayed no significant difference in GCL
cell number versus the vehicle-treated group (Figs. 4-8).
These findings suggest that memantine protected against
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Figure 6.

Protective effect of memantine against shrinkage of dLGN volume (assessed on day 90). Representative photographs from sham-treated

group (A), vehicle-treated group (B), pretreated group (C), and post-treated group (D). The contralateral and ipsilateral dLGN volumes were measured (E).
Horizontal bar represents 100 pem, Each value represents the mean = S.E.M. for six to eight brains. *P < 0.05, **P < 0.01 versus vehicle Student’s I-test].

secondary neuronal degeneration within the LGN and SC
after retinal damage. Such cerebroprotection after retinal
damage may allow retention of a compensatory action
within the brain that serves to prevent visual field loss af-
ter retinal damage. Possibly, the neuroprotective mecha-
nisms by which memantine acts within the brain may in-
volve it acting on the NMDA-receptor subtype expressed
by the relay neurons within the LGN [28, 29], and it
may rescue neurons by blocking the excessive glutamate-
receptor activation that contributes to the pathobiology
of glaucomatous neural degeneration [8]. In fact, in an
experimental ocular hypertension model involving glau-
comatous monkeys, memantine has been found to be
effective against optic nerve-fiber loss and neuron-
shrinkage within the LGN by preventing the transsy-
naptic degeneration involved in glutamate exditotoxicity
(3.5].

In addition, in a mechanism distinct from NMDA-
receptor antagonism, memantine spedfically upregulate
the mRNA and protein expressions of brain-derived neu-
rotrophic factor (BDNF) and its spedfic tropomyosin re-
ceptor kinase B (Trk B), which are implicated in cell sur-
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vival [30, 31]. Thus, the neuroprotective effects of me-
mantine may be related to enhanced expressions of en-
dogenous growth factors within the LGN [32]. In fact, Trk
B is expressed in LGN neurons [33] and it protects cor-
tical neurons through the extracellular signal-regulated
kinase (ERK) and phosphatidylinositol 3-kinase (PI3K)
pathways [34, 35]. Memantine may enhance these cell-
survival signals, and this may be the mechanism by which
it protected neuronal cells in the LGN and SC in the
present study.

Using mice is easy to long-term administration of me-
mantine and further studies using transgenic mice may
be an effective way of elucidating the mechanisms un-
derlying neuronal degeneration and protection in brain
after retinal damage. Therefore, mice were used in the
present study. Since the protective mechanism by which
memantine acts in the murine LGN and SC was not deter-
mined in this study, further studies will be needed to clar-
ify the precise mechanism. In the meantime, we propose
that in addition to therapies aimed at rescuing RGCs di-
rectly, a neuroprotective strategy aimed at rescuing neu-
rons within the brain (LGN and SC) after RGC damage
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Figure 7. Protective effect of memantine against neuronal loss within
5C (assessed on day 90). Representative photographs from sham-treated
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treated group (D). Neuronal cell number within 5C was measured on the
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Figure 8. Summary of derived from data shown in Figs. 4, 5, and

7. For RGC, dLGN, and SC, neuron survival in vehicle-treated, pre-
treated, and post-treated groups was compared with that in the sham-
treated (control) group. Data from four sections [L1-L4 and 51-54,
respectively) were averaged for each brain, and these were used to
evaluate survival neurons within the LGN and 5C. **P < 0.01 versus
vehicle (Student’s t-test).
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5C [51: bregma —3.20 mm, 52: —3.30 mm, 53: —3.40 mm), and 54: —-3.50
mm). In each field, the tissue area of SC examined was 0.047 mm?. Horl
zontal bar represents 20 pm. Arrows (in A-D) indicate neuronal cells. Each
value represents the mean = S.EM. lor eight brains, **P < 0.01 versus
vehicle (Student's t-test).

may be of therapeutic benefit in preventing or redudng
visual field loss, possibly by permitting a compensatory
action to remain in operation within the brain.
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