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The purpose of this study was to determine whether lomerizine, a Ca** chan-
nel blocker, protects against neuronal degeneration within the dorsal lateral
geniculate nucleus (dLGN) and superior colliculus (SC) after the induction of
retinal damage by intravitreal injection of N-methyl-D-aspartate (NMDA) in
mice. NMDA (20 mM/2 uL) was injected into the vitreous body of the left eye
in mice (DAY 0). Lomerizine at 30 mg/kg, p.o. was administered daily from im-
mediately after the injection of NMDA (DAY 0) to 90 days after (DAY 90). To
investigate the neuroprotective effects of lomerizine, the retina, dLGN, and SC
were examined using histochemistry and immunohistochemistry. Lomerizine
reduced the retinal damage induced by NMDA and partially prevented the
transsynaptic neuronal degeneration within dLGN and SC on the contralateral
side. Moreover, lomerizine reduced the intravitreal NMDA induced decrease
in the light-induced expression of c-Fos in the contralateral dLGN (used in this
study to evaluate residual vision). These results indicate that lomerizine affords
some protection against transsynaptic neuronal degeneration within the visual

center of the mouse brain.

Abbreviations: dLGN, dorsal lateral geniculate nucleus;
GCL, ganglion cell layer; NMDA, N-methyl-D-aspartate;
NTG, normal tension glaucoma; ONH, optic nerve head;
RGC, retinal ganglion cell; SC, superior colliculus; VDCCs,
voltage-dependent Ca?* channels.

Introduction

Lomerizine, 1-[bis(4-fluorophenyl)methyl]-4-(2,3,4-
trimethoxybenzyl)-piperazine dihydrochloride, is a Ca**
channel blocker, which was developed as a potential
agent for the selective improvement of the ocular or
cerebrovascular circulation with minimal adverse car-
diovascular effects [1,2]. Lomerizine selectively relaxes
smooth muscle cells by inhibiting Ca?* influx, and by
doing so, it can reduce tone and increase blood flow
in cerebral vessels [3]. Currently, lomerizine is used
clinically for the oral prophylaxis of migraine in Japan
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[1]. Migraine, an inherited or acquired clinical syndrome
consisting of moderate-to-severe pulsatile headache,
has traditionally been considered to be associated with
changes in the caliber of blood vessels in the head.

The development of ocular disorders such as glau-
coma is attributed to an insufficient blood flow [4-7].
In glaucoma, it is believed that insufficient blood flow
leads to retinal ganglion cell (RGC) death [6,8,9]. Cer-
tainly, there have been many reports of Ca?* channel
blockers being beneficial therapeutic agents for glaucoma
(following both clinical and experimental studies) [5,10—
13]. Several investigators have reported beneficial effects
of Ca?™ channel blockers against RGC death [14-16],
while systemic administration of Ca?* channel blockers
reportedly retards the progression of visual field loss, at
least temporarily, in the subset of glaucoma patients with
normal tension glaucoma (NTG) [10,17,18]. Although
the mechanisms underlying these effects are not fully un-
derstood, lomerizine has been reported to (1) increase
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blood flow in ocular neuronal tissue [the retina and
optic nerve head (ONH)] in conscious rabbits, without
changing systemic blood pressure [19], and (2) have
beneficial effects against the RGC death induced by is-
chemia/reperfusion (high intraocular pressure) injury in
the rat retina [20]. These findings indicate that the pro-
tective effects of lomerizine against retinal ischemic in-
jury may be partly due to improvements in the ocular
circulation.

Recent evidence indicates that glaucomatous damage
extends from the retina to the visual center of the brain
[21,22]. Such data suggest that the visual field loss in-
duced by glaucoma may result from not only RGC loss
but also neuronal degeneration within the visual center
of the brain. Visual information entering the human eye
is processed in the retina and then transmitted via the
optic nerve to the lateral geniculate nucleus (LGN), the
major relay center between the eye and the visual cortex.
It is generally believed that in rodent, most axonal projec-
tions from the retina pass to the superior colliculus (SC).
Protection of neurons located within the visual center of
the brain, as well as protection of RGC, could be effective
for the prevention of blindness in glaucoma. However,
little is known about the kinds of drugs that might of-
fer protection against neuronal degeneration within the
visual center after retinal damage. In this study, we in-
vestigated whether lomerizine might protect against the
neuronal degeneration within LGN and SC, which occurs
as a results of RGC damage in mice.

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 20-28 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,O 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 nuL/eye) of NMDA (Sigma-Aldrich, St. Louis, MO,
USA) dissolved at 20 mM in 0.01 M phosphate-buffered
saline (PBS) at pH 7.4. This was injected into the vit-
reous body of the left eye, under the above anesthe-
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sia. One drop of levofloxacin ophthalmic solution (San-
ten Pharmaceuticals Co. Ltd., Osaka, Japan) was applied
topically to the treated eye immediately after the intrav-
itreal injection. Mice that received intravitreal NMDA
were also treated either with lomerizine (30 mg/kg,
p-o.; Schering-Plough, Osaka, Japan) or with the vehi-
cle for lomerizine (distilled water containing 5% arabic
gum, p.o.) by oral gavage for the periods detailed be-
low. Mice receiving an intravitreal injection of saline in-
stead of NMDA formed the sham-treated group. Mice
were euthanized on DAY 90. At 90 days after NMDA in-
jection, three groups of mice were evaluated and com-
pared: (1) sham-treated group, n = 11, (2) vehicle-
treated group (mice receiving an intravitreal injection
of NMDA and also [from DAY 0 to DAY 90; p.o.] the
vehicle for lomerizine), n = 11, and (3) lomerizine-
treated group (mice receiving an intravitreal injection of
NMDA and also a daily administration of lomerizine at
30 mg/kg, p.o., from DAY 0 to DAY 90), n = 11. The body
weight of each mouse was monitored twice a week, from
DAY 0 to DAY 90. For the c-Fos immunohistochemistry
experiment, mice (n = 6 in each group) were kept under
dark conditions for 36 h, then exposed to light stimuli
(800-1200 lux) for 1 h before euthanasia.

Tissue Processing

At the end of their survival period, mice were anes-
thetized 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, im-
mersed in the same fixative solution for 24 h, soaked
in 25% (w/v) sucrose for 1 day, and then frozen in
embedding compound (Tissue-Tek; Sakura Finetechnical
Co. Ltd., Tokyo, Japan). Serial coronal sections through
the levels of LGN (bregma —1.70 to —2.80 mm) and
SC (bregma —3.30 to —3.96 mm) were cut at 20-um
thickness, then stained with cresyl violet. Each eye
was enucleated at the time of brain removal, and 2%
paraformaldehyde solution was injected into the vitreous
body. The eye was then kept immersed for at least 24 h in
the same fixative solution at 4°C. Six paratfin-embedded
sections (thickness, 5 um) cut through the optic disc of
each eye were prepared in a standard manner and then
stained with hematoxylin and eosin.

Histological Analysis of Mouse Retina

Retinal damage was evaluated as previously described
[23], three of the six sections stained with hematoxylin
and eosin from each eye being used for the morphometric
analysis. Light-microscope photographs were taken using
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a digital camera (Coolpix 4500; Nikon, Tokyo, Japan),
and the cell counts in the ganglion cell layer (GCL) at
a distance between 375 and 625 um from the optic disc
were measured on the images in a masked fashion by a
single observer (Y. I.). 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.

Neuron Numbers in dLGN and SC

To assess the protective effects of lomerizine against neu-
ronal loss in dorsal LGN (dLGN) and SC, sections stained
with cresyl violet were used for neuronal cell counting:
six sections for dLGN (L1: bregma —1.70 mm, L2: —1.92
mm, L3: —2.14 mm, L4: —2.36 mm, L5: —2.58 mm, and
L6: —2.80 mm) and four for SC (S1: bregma —3.30 mm,
S§2: —3.52 mm, S3: —3.74 mm, and S4: —3.96 mm) in
each mouse (Figure 1). The area of each field used for
this cell counting was 0.036 mm? of dLGN (Figure 1B
& D) and 0.036 mm? of the superficial layer of SC

Protective Effects of Lomerizine in LGN and SC

(Figure 1C & E). Cell counts were carried out under a
microscope at 400x magnification in a masked fashion
by a single observer (Y. I.). Care was taken to count only
neurons with clearly visible nuclei and cytoplasm.

Volume of dLGN

Measurements of the surface area of dLGN were made in
four equally spaced sections (interval, 220 um) from sec-
tion L1 to section L6 (i.e., the sections covering the bulk
of dLGN). These area measurements were carried out un-
der a microscope at 100 x magnification in a masked fash-
ion by a single observer (Y. 1.), recorded as images using a
digital camera (Coolpix 4500; Nikon, Tokyo, Japan), and
then quantitated using Image J. Cavalieri’s estimator of
volume was used to calculate the volume (V) of dLGN
(bregma —1.70 to —2.80 mm) using the following for-
mula: Vr = ) a; x sy, where a; is the cross-sectional area
of the dLGN in the i-th profile and s; is the mean distance
between sections (section thickness multiplied by the in-
verse of the periodicity of sections in the series) [24].
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Figure 1 lllustrations showing (A) serial coronal sections through the levels of LGN (bregma —1.70 to —2.80 mm) and SC (bregma —3.30to —3.96 mm) in
mice. Coronal sections through LGN level (oregma —2.30 mm) (B) and SC level (bregma —3.40 mm) (C) in mice [boxed areas are shown diagrammatically

in (D) and (E), respectively].
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Immunohistochemistry

For immunohistochemistry, coronal sections containing
LGN and SC were obtained from sham-, vehicle, and
lomerizine-treated mice, and placed on slides (MAS-
COAT; Matsunami, Osaka, Japan). In the immunostain-
ing procedures for c-Fos, coronal sections containing LGN
and SC were washed with 0.01 M PBS, then treated with
0.3% hydrogen peroxidase in 0.01 M PBS. Next, they
were preincubated with 10% normal goat serum (Vec-
tor, CA, USA) in 0.01 M PBS for 30 min and then incu-
bated for 1 day at 4°C with specific rabbit anti-c-Fos poly-
clonal antibody (1 : 20,000 dilution; PC38, Calbiochem,
CA, USA) in the following solution: 10% normal goat
serum in 0.01 M PBS containing 0.3% (v/v) Triton X-100.
They were washed with PBS and then incubated with
biotinylated anti-rabbit IgG, before being incubated with
the avidin-biotin-peroxidase complex for 30 min at room
temperature. Finally, for visualization, DAB was used as
a peroxidase substrate.

To visualize colocalization of c-Fos with NeuN, dou-
ble immunofluorescence was performed on dLGN and
SC sections from the three groups (sham-, vehicle-,
and lomerizine-treated mice). Coronal sections contain-
ing dLGN and SC were washed with 0.01 M PBS. Next,
they were preincubated with 10% normal goat serum
in 0.01 M PBS for 30 min, then incubated overnight at
4°C with rabbit anti-c-Fos polyclonal antibody (1:20,000
dilution) in the following solution: 10% normal goat
serum in 0.01 M PBS with 0.3% (v/v) Triton X-100.
Sections were blocked with M.O.M. blocking reagent
(M.O.M. immunodetection kit; Vector), then incubated
with mouse anti-NeuN monoclonal antibody (1 : 250 di-
lution; MAB377, Chemicon, CA, USA) for one day at 4°C.
They were washed with 0.01 M PBS and then incubated
for 3 h at room temperature with a mixture of Alexa
Fluor 488 F(ab’), fragment of goat anti-rabbit IgG (H+L)
(1 : 1000 dilution; Molecular Probes, OR, USA) and Alexa
Fluor 546 F(ab’), fragment of goat anti-mouse IgG (H+L)
(1:1000 dilution; Molecular Probes).

NeuN-Immunopositive Neurons and
c-Fos-Immunopositive Cells in dLGN and SC

For the quantitative analysis of NeuN-immunopositive
neurons and c-Fos-immunopositive cells in dLGN and
SC, sections immunostained with NeuN and c-Fos were
used (two sections each for the dLGN and SC of each
mouse). The area of each field used for this cell counting
was 0.036 mm? (in both dLGN and the superficial layers
of SC). Cell counts were carried out under a microscope
at 400x magnification in a masked fashion by a single
observer (Y. I.). Data from two sections were averaged
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for each region, and the values obtained were used to
evaluate the NeuN-immunopositive neurons and c-Fos-
immunopositive cells count.

Statistical Analysis

Data are presented as means + SEM statistical compar-
isons were made using a by a one-way analysis of vari-
ance (ANOVA), followed by Dunnett’s ¢-test with SPSS
(Ver. 16.0J, SPSS Japan, Tokyo, Japan). A value of P <
0.05 was considered to indicate statistical significance.

Results
Animals

There were no significant differences among the three
groups (sham-, vehicle-, and lomerizine-treated mice) in
body-weight changes from DAY 0 to DAY 90 (data not
shown).

Protective Effect of Lomerizine against Retinal
Damage

Intravitreal injection of NMDA at 40 nmol/eye decreased
the GCL cell count (33.4 &+ 2.3 cells/mm, n = 8) in the
retina versus that in the sham-treated retina (127.6 = 1.2
cells/mm, n = 8 P < 0.01) at 90 days after the injec-
tion. The lomerizine-treated group displayed a significant
suppression of this decrease (45.8 £ 2.1 cells/mm, n = 8;
P < 0.01) (Figure 2A-C, Table 1).

Protective Effect of Lomerizine against dLGN
Damage

In the contralateral dLGN, the neuron counts obtained
for the vehicle-treated group were 40.2 £ 2.5 (n = 11),
38.6 £ 1.8 (n=11), 340 £ 22 (n =11), 334 £ 2.7
(n=11),41.1+ 4.1 (n=11),and 36.2 + 2.3 (n=11) in
sections L1, L2, L3, L4, L5, and L6, respectively. Each of
these counts was smaller than the corresponding one for
in the sham-treated group (54.6 + 2.5, 46.6 & 2.6, 54.4 +
2.1, 56.8 £ 3.9, 62.2 + 4.4, and 56.0 £ 2.8, respectively,
each forn = 9, P < 0.01 in each case). The lomerizine-
treated group (48.5 £ 2.5, 48.9 £ 2.5, 47.9 £+ 2.7,
47.3 £ 3.5, 55.6 + 4.6, and 48.0 &£ 3.3, respectively, each
for n = 9) exhibited significantly greater contralateral
dLGN neuron numbers than the vehicle-treated group
(Figures 3 & 4A).

The volume of the contralateral dLGN was smaller
in the vehicle-treated group (0.152 4 0.197 mm?,
n = 11) than in the sham-treated group (0.218 =+
0.205 mm>, n = 9; P < 0.01), while the value for the

CNS Neuroscience & Therapeutics 16 (2010) 103-114 (© 2009 Blackwell Publishing Ltd
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Figure 2 Protective effects of lomerizine against retinal damage (as assessed at 90 days after NMDA intravitreous injection). Representative photographs
of retinas obtained from sham- (A), vehicle- (B), and lomerizine-treated (C) groups. Arrows indicate live cells within GCL. Scale bar =30 um.

Table 1 Protective effects of lomerizine against retinal damage at 90
days after NMDA intravitreous injection

Groups Cell number in GCL % of sham
Sham 127.6+£1.2 100.0
Vehicle 33.4+£23% 26.2
Lomerizine 458 £2.1** 35.9

Cells number in GCL was measured. Each eye was enucleated, together
with the optic nerve on DAY 90 (NMDA injection = DAY 0). Three of the
six sections stained with hematoxylin and eosin (thickness, 5 um) from
each eye were used for the morphometric analysis. Mice received a daily
administration of lomerizine at 30 mg/kg, p.o., from DAY 0 to DAY 90.
Each value represents the mean + SEM for 8 eyes.

** P < 0.01 versus vehicle, * P < 0.01 versus sham (Dunnett’s t-test).

lomerizine-treated group (0.174 + 0.183 mm?®, n = 9)
was significantly greater (P < 0.05) than that for the
vehicle-treated group (Figure 4C).

Likewise, the total neuronal cell number in the con-
tralateral dLGN was smaller in the vehicle-treated group
(7790.4 £ 406.2, n = 11) than in the sham-treated group
(16705.8 + 956.5, n = 9; P < 0.01), while the value
for the lomerizine-treated group (12189.8 £ 697.3, n =
9) was significantly greater (P < 0.01) than that for the
vehicle-treated group (Figure 4D).

In contrast, in the ipsilateral dLGN there were no
significant differences in numbers of neurons or vol-
ume among the three groups (sham-, vehicle-, and
lomerizine-treated mice; Figures 3 & 4B-D).

Protective Effect of Lomerizine against SC
Damage

In the contralateral SC, the neuron counts obtained for in
the vehicle-treated group were 63.2 £ 6.3 (n=9),48.3 £
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34n=09),561+51(n=29),and 73.3 £ 7.3 (n=9)
in sections S1, S2, S3, and S4, respectively. Each of these
counts was smaller than the corresponding one for the
sham-treated group (69.1 + 4.5, 73.7 + 3.3, 79.0 £+ 5.8,
and 85.9 + 8.1, respectively, each forn =9, P < 0.01 in
each case). The lomerizine-treated group (78.1 £ 3.2 for
S1, 76.0 £ 1.7 for S2, 74.9 + 3.2 for S3, and 74.0 + 1.5
for S4, each for n = 8) exhibited significantly greater con-
tralateral SC neuron numbers than the vehicle-treated
group (Figures 3 & 5A).

The mean neuronal cell number in the contralateral SC
was smaller in the vehicle-treated group (60.3 4.1, n =
9) than in the sham-treated group (76.9 £ 3.7, n=9; P <
0.01), while the value was significantly greater (P < 0.01)
for the lomerizine-treated group (75.8 £ 1.0, n = 8) than
for the vehicle-treated group (Figure 5C).

In contrast, in the ipsilateral SC there were no signifi-
cant differences in numbers of neurons among the three
groups (sham-, vehicle-, and lomerizine-treated mice;
Figures 3, 5B & C).

c-Fos-Immunopositive Cells in dLGN and SC

At 90 days after the intravitreal injections, the c-Fos-
immunopositive cell number in the contralateral dLGN
was smaller in the vehicle-treated group (38.5 + 1.7,
6) than in the sham-treated group (45.6 + 2.1,
n = 6; P < 0.05), while the value for the lomerizine-
treated group (46.3 £ 1.6, n = 6) was significantly greater
(P < 0.01) than that for the vehicle-treated group (Fig-
ure 6A-D). In contrast, in the ipsilateral dLGN there
were no significant differences in numbers of c-Fos-
immunopositive cells among the three groups (sham-,
vehicle-, and lomerizine-treated mice) (Figure 6D).

n =
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Figure 3 Protective effects of lomerizine against secondary neuronal degeneration in two brain regions (LGN and SC) at 90 days after NMDA intravitreous
injection. Representative photographs of parts of cresyl violet-stained coronal sections containing LGN of SC (contralateral or ipsilateral side). Photographs
are shown for sham-treated, vehicle-treated, and lomerizine-treated groups. Scale bar = 30 um.

Concerning the SC on the contralateral and ipsilateral
sides, there were no significant differences in numbers
of c-Fos-immunopositive cells among the three groups
(sham-, vehicle-, and lomerizine-treated mice; data not
shown).

Double Immunofluorescence

To identify c-Fos-positive cells, double immunofluores-
cence was performed for c-Fos and NeuN using LGN sec-
tions. NeuN-positive neuronal cells were found to express
c-Fos in sections from all three groups (sham-, vehicle-
, and lomerizine-treated mice (Table 2); Fig. 7 shows
the representative results for the sham-treated group).

Discussion

The purpose of this study was to determine whether lom-
erizine exerts protective effects against the neuronal de-
generation that occurs within dLGN and SC following
retinal damage in mice. We found that systemic admin-
istration of lomerizine (for 90 days, p.o.) attenuated both
the retinal and brain (dLGN and SC) damage seen at
90 days after an intravitreal injection of NMDA.
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Table 2 Cell counts for c-Fos/NeuN double-labeling in dLGN at 90 days
after NMDA intravitreous injection

Groups Contralateral Ipsilateral
Sham 404 +£2.7 36.0+3.0
Vehicle 263 +3.2% 37.8+£20
Lomerizine 360+15% 35.6+1.4

c-Fos/NeuN double-immunostaining of d LGN sections obtained from
sham-, vehicle-, and lomerizine-treated mice. Average number of
c-Fos/NeuN immunopositive cell counts is shown for dLGN (per 0.036
mm? tissue area). Each value represents the mean & SEM for 5-6 brains.
* P < 0.05 versus vehicle, ¥ P < 0.01 versus sham (Dunnettt’s t-test).

Within the visual center of the brain, neuronal loss
was evident in the contralateral dLGN (number of neu-
rons and volume) and the contralateral SC (number of
neurons) on DAY 90 after intravitreal NMDA injection
(Figures 3-5). Using the present mouse model, we
showed previously that systemic administration of
memantine, an NMDA-receptor antagonist, protected
against secondary neuronal degeneration within the vi-
sual center of the brain after retinal damage [25].
Furthermore, Yiicel et al. have noted that monkeys
with experimental glaucoma that had been treated

CNS Neuroscience & Therapeutics 16 (2010) 103-114 (© 2009 Blackwell Publishing Ltd



Y.ltoetal Protective Effects of Lomerizine in LGN and SC

A B
- T Contralateral 70 Ipsilateral
o
F-]
= 60 60
g = 50 ] e S0
% S a0 M 40
-
- 30 30 o~ Sham
= 20 - Vehicle
% 28 =&=  Lomerizine
2 1 10

0 . 0

L1 L2 L3 L4 Ls L6 L1 L2 L3 L4 Ls L6
Regions
O Sham

C D B Vehicle
- D025 20000 w B Lomerizine
E =
E o 5 16000
z FE
3 0.15 g = 12000
i gy
S 010 E = s000
= s B
E = =
= 05 = = 4000
-

0 0

Contralateral Ipsilateral

Figure 4 Protective effects of lomerizine against neuronal loss and vol-
ume shrinkage in dLGN at 90 days after NMDA intravitreous injection.
Neuronal cell number within dLGN was measured on the contralateral
(A) and ipsilateral (B) sides. Coronal sections through level of dLGN (L1:
bregma —1.70 mm, L2: —1.92 mm, L3: —2.14 mm, L4: —2.36 mm, L5:

systemically with memantine showed significantly less
neuronal shrinkage in LGN than the vehicle-treated glau-
coma group [26]. Presumably, these neuronal cell-death
mechanisms partly involve the NMDA-receptor subtype
expressed by the relay neurons within the LGN [27,28].
Indeed, NMDA-receptor activation and subsequent ex-
cessive Ca?" influx through voltage-dependent Ca**
channels (VDCCs) induces neuronal death [29,30]. In
previous in vitro studies, lomerizine (0.1-10 ©M) reduced
glutamate-induced neurotoxicity in rat hippocampal pri-
mary cell and retinal cell culuture by blocking excess Ca**
entry through VDCCs [20,31-33]. In vivo studies, brain
concentration (Cp,x) of lomerizine (2 mg/kg, p.o.) in rats
was about 0.43 uM [34]. Therefore, we can estimate that
the brain concentration of lomerizine (30 mg/kg, p.o.)
in mice is about 6.5 uM. The concentration of lomer-
izine exhibited protective effects on RGC death after op-
tic nerve injury and cerebral ischemic neuronal damage
in the rat [13,35]. Taken together, these data suggest that
lomerizine may block the influx of Ca?* via VDCCs lo-
cated both in RGC and within the brain and, by this
means, may protect RGC and the neurons of the visual
center.
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—2.58 mm, and L6: —2.80 mm). In each field, the tissue area of dLGN
examined was 0.036 mm?2. On both the contralateral and ipsilateral sides,
dLGN volume (C) and total neuronal cell number (D) were measured. Each
value represents the mean + SEM for 9-11 brains. * P < 0.05, ** P < 0.01
versus vehicle;*# P < 0.01 versus sham (Dunnett’s t-test).

The light-stimulated expression of transcriptional reg-
ulatory protein (c-Fos) was used in this study to evaluate
the residual vision of NMDA-treated mice [36,37], with
conventional immunohistochemistry being employed to
detect c-Fos-immunopositive cells within the visual cen-
ter of the brain after retinal damage. It has been re-
ported that a basal expression of c-Fos is seldom observed,
and that c-Fos-labeled nuclei are expressed in the LGN
and SC of C57BL/6J mice only after light-stimulation
[37]. NeuN-positive neuronal cells expressing c-Fos are
thought to retain their sensitivity to light. In the present
study, the lomerizine-treated group exhibited a greater
c-Fos-immunopositive cell number in the contralateral
dLGN than the vehicle-treated group (Figure 6). In ad-
dition, there were no significant differences among the
three groups (sham-, vehicle-, and lomerizine-treated
mice) in the c-Fos/NeuN double-labeled cell number
when this was expressed as a percentage of the to-
tal c-Fos-labeled cell number in the contralateral dLGN
(data not shown). In a previous report we demonstrated
that glial fibrillary acid protein (GFAP) and brain-derived
neurotrophic factor (BDNF) expressions were also in-
creased before neuronal loss within LGN in our mouse
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Figure 5 Protective effects of lomerizine against neuronal loss in SC at
90 days after NMDA intravitreous injection. Neuronal cell number within
SC was measured on the contralateral (A) and ipsilateral (B) sides. Coronal
sections through level of SC (S1: bregma —3.30 mm, 52: —3.52 mm, S3:
—3.74 mm, and S4: —3.96 mm). In each field, the tissue area of SC exam-

model. Furthermore, the GFAP-positive astroglial cells
partly exhibited BDNF [38]. In previous reports, reactive
astrocytes expressing BDNF have promoted neuronal res-
cue and generate functional recovery [39]. Taken to-
gether, these factors will be involved in the relation to
the retinal to central cell activity mechanism after NMDA
injection. Since the cell activity mechanism was not de-
termined in this study, further studies will be needed to
clarity the precise mechanism. However, our findings in-
dicate that lomerizine may help to maintain visual func-
tion in dLGN after retinal damage, and as a consequence
it may help to prevent visual disturbances.

Anterograde and retrograde axonal transport pro-
cesses are essential for the delivery of both extracellular
components (such as growth factors) and intracellular
components (such as recycled synaptic vesicles) between
the nerve terminals and the cell bodies of neurons. Dis-
turbances of such transport can deprive the somata of
various essential substances, eventually leading to the
death of the neuron. It has been demonstrated that im-
pairments of axonal transport can be induced by numer-
ous pathological conditions, including transient ischemia,
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ined was 0.036 mm?2. On both the contralateral and ipsilateral sides, mean
neuronal cell number in SC was measured (C). Each value represents the
mean % SEM for 8-10 brains. ** P <0.01 versus vehicle; #* P < 0.01 versus
sham (Dunnett’s t-test).

acute intraocular pressure elevation, and glaucoma [40-
42]. In glaucoma, neuronal loss within LGN may result
from a reduction in the visual stimuli transmitted from
RGCs, as well as from the depletion of neurotrophins
that is associated with a dysfunction of anterograde ax-
onal transport from RGCs [22]. These effects may lead
to “Wallerian degeneration,” a process in which the part
of the axon separated from the neuron’s cell nucleus will
degenerate [43]. A certain minimal level of Ca?* is neces-
sary to maintain both anterograde and retrograde trans-
port [44,45], and an impairment of Ca*" homoeostasis is
thought to play a pivotal role in triggering neuronal vul-
nerability in animal models [46]. Indeed, an elevation of
the Ca?* concentration inhibits both the anterograde and
the retrograde transport of proteins [47]. Taken together,
we suggest that lomerizine may rescue RGCs and neurons
within the visual center by maintaining or improving ax-
onal transport [13].

Lomerizine, which is used clinically for the oral pro-
phylaxis of migraine in Japan, selectively reduces vascu-
lar tone by inhibiting Ca?* influx and thereby increases
cerebral blood flow [1,3]. It has been reported that a

CNS Neuroscience & Therapeutics 16 (2010) 103-114 (© 2009 Blackwell Publishing Ltd
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Figure 6 Effects of lomerizine on intravitreal NMDA-induced attenuation of light-induced c-Fos expression in dLGN. c-Fos immunostaining of d LGN
sections obtained from sham-, vehicle-, and lomerizine-treated mice. Representative microphotographs are shown for contralateral dLGN of sham- (A),
vehicle- (B), and lomerizine-treated mice (C). Scale bar = 30 um. (D) Average number of c-Fos immunopositive cell counts is shown for dLGN (per 0.036
mm? tissue area). Each value represents the mean & SEM for 6 brains. ** P < 0.01 versus vehicle, * P < 0.05 versus sham (Dunnett’s t-test).

decreasing cerebral blood flow is closely involved with
glaucoma [7,48]. In fact, epidemiologic studies suggest
that migraine is significantly more common in patients
with NTG [49] and both migraine and NTG involve re-
ductions in blood flow (cerebral and ocular, respectively).
These findings indicate that migraine and NTG may share,
at least in part, a common pathogenesis, and that some
Ca*" channel blockers may be useful for the treatments of
both diseases. In addition, it has been reported that cere-
brovascular insufficiency has been observed in certain
primary open-angle glaucoma (POAG) and NTG patients’
diminished central visual function [50-52]. These reports
suggest that cerebrovascular insufficiency involved in the
visual field defect in glaucoma patients. Therefore,
lomerizine, a selective cerebral vasodilator, may have a
therapeutic benefit for preventing or reducing visual field
defect in glaucoma patients.

In clinical studies, a loss of more than 50% of RGC
has been reported to induce visual field loss. However,
the initial loss of RGC does not lead to visual field loss
in humans [53]. These data suggest that the visual field
loss induced by glaucoma may result not only from RGC
loss but also from neuronal degeneration within LGN

CNS Neuroscience & Therapeutics 16 (2010) 103-114 (© 2009 Blackwell Publishing Ltd

[21]. Therefore, we also performed daily administration
of lomerizine from 7 to 90 days after NMDA injection
(posttreatmet), because retinal damage in our model oc-
curred dramatically until 7 days after NMDA injection,
and then the degree was gradually increased by 180 days
after NMDA injection [38]. Lomerizine protected against
transsynaptic neuronal degeneration in some regions (L3,
L4, and L6) of LGN but not total, and the potency of post-
treatment was weaker than that of lomerizine treatment
(data not shown).

In conclusion, our results demonstrate that long-term
oral repeated administration of lomerizine partially pro-
tects neurons within dLGN and SC against the sec-
ondary degeneration induced by retinal damage in mice.
The protective mechanism may involve a suppression of
NMDA receptor-mediated neurotoxicity and an increase
in blood flow in the brain (via a blockage of Ca** chan-
nels in neuronal cells and endothelial cells). In addi-
tion to therapy aimed at rescuing RGCs, a neuroprotec-
tive strategy aimed at rescuing neurons within the vi-
sual center of the brain, may be of therapeutic benefit
in preventing or reducing visual field loss after retinal
damage.
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