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Neuroprotective Effects by Nimodipine Treatment
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Objective : Glutamate is a key excitatory neurotransmitter in the brain, and its excessive release plays a key role in the development of neuronal in-
jury. In order to define the effect of nimodipine on glutamate release, we monitored extracellular glutamate release in real-time in a global ischemia
rat mode! with eleven vessel occlusion.

Methods : Twelve rats were randomly divided into two groups: the ischemia group and the nimodipine treatment group. The changes of extracellular
glutamate level were measured using microdialysis amperometric biosensor, in coincident with cerebral blood flow (CBF) and electroencephalogram.
Nimodipine (0.025 pg/100 gm/min) was infused into lateral to the CBF probe, during the ischemic period. Also, we performed Nissl staining method
to assess the neuroprotective effect of nimodipine. )

Results : During the ischemic period, the mean maximum change in glutamate concentration was 133.22+2.57 pM in the ischemia group and
75.42+4.22 UM (p<0.001) in the group treated with nimodipine. The total amount of glutamate released was significantly different (0<0.001) be-
tween groups during the ischemic period. The %cell viability in hippocampus was 47.50+5.64 (p<0.005) in ischemia group, compared with sham
group. But, the %cell viability in nimodipine treatment group was 95.46+6.60 in hippocampus (p<0.005).

Conclusion : From the real-time monitoring and Nissl staining results, we suggest that the nimodipine treatment is responsible for the protection of

the neuronat cell death through the suppression of extraceliular glutamate release in the 11-VO global ischemia model of rat.

Key Words : Nimodipine - Glutamate - Eleven vessel occlusion ischemia model - Real-time monitoring - Nissl staining.

INTRODUCTION

Ischemic conditions facilitate the release of activated excitato-
ry amino acids. The most well-known excitatory neurotrans-
mitter, glutamate, attacks neuronal cells by postsynaptic binding
to several receptors'™**), Various studies have demonstrated a
pharmacological effect resulting from blocking the cascading
excitotoxic cellular injury process******". Nimodipine, a dihy-
dropyridine derivative, is a well-known neural protective drug
that has been applied to some ischemic vascular diseases and
may have a beneficial effect on cerebral ischemia after subarach-
noid hemorrhage'. Many authors have suggested that calcium
(Ca®*) channel blockers can facilitate vasodilatation of small ar-
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terioles, allowing cerebral blood flow (CBF) to increase®*#)
and inhibiting platelet aggregation'”, Bullock et al.” reported
that L-type voltage-gated Ca?* channel blocker such as nimodip-
ine prevented Ca® influx, which induced apoptosis. In contrast,
Lazarewicz et al.?® proposed that nimodipine could directly pro-
tect neurons in the rabbit brain by intracellular Ca®* antagonism
rather than by inhibition of Ca* influx. Despite many reports
that Ca* channel blockade induces a cascade reaction, the ac-
tion of nimodipine on presynaptic glutamate release remains
poorly understood!*16182%),

Under dlinical circumstances, surgeons occasionally encoun-
ter ischemic conditions, such as multiple temporary clipping
during aneurysm surgery or vascular clamping during carotid
endarterectomy and bypass surgery. In order to prevent isch-
emic complications, several methods such as induced hypome-
tabolism or hypothermia have been applied to various clinical
conditions before and after brain surgery. We hypothesized that
nimodipine would have a beneficial effect on surgical ischemic
conditions if it decreases neurotoxic glutamate release as an L-
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type Ca® channel blocker at both sides of the pre- and post-
synaptic membrane. Therefore, we performed real-time moni-
toring of glutamate release to validate the effects of nimodipine
throughout induction of ischemic and reperfusion conditions
in rats, using the eleven-vessel occlusion (11-VO) animal mod-
el. Changes in glutamate release were monitored with electroen-
cephalography (EEG) and CBE

METHODS AND MATERIALS

Animal preparation

Male Sprague-Dawley rats (250-300 g) were used for the ex-
periment and housed in a 22+24°C and 12 hr light/dark cycle
controlled environment. The animals were fed commercial rat
chow and water ad libitum. During the entire preparation, body
temperature was maintained at 37.1+0.10°C with a Homeother-
mic Blanket Control Unit (Harvard Apparatus, Holliston, MA,
USA). All animal use procedures were approved by the Ethical
Comnmittee of the Kyung Hee University School of Medicine
and were in strict accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Eleven-vessel occlusion (11-V0) model preparation

Rats were randomly divided into two groups: six ischemic rats
(Group 1) and six ischemic rats treated with nimodipine
(Group 2). Animals were anesthetized with an intraperitoneal
injection of 300 mg/kg chloral hydrate. Additional chloral hy-
drate was properly administered when needed in order to
maintain the same level of anesthesia during the experiment.
Rectal temperature was maintained regularly at 37.1°C using a
heating pad. An 11-VO was used as the global ischemia mod-

el®. After dividing the omohyoid muscle, a pair of occipital ar-
teries, the superior hypophyseal artery, ascending pharyngeal
artery, and pterygopalatine artery were coagulated with bipolar
electrocautry (Fig. 1). The ventral clivus just caudal to the basi-
occipital suture was then drilled and exposed to a 3-mm diame-
ter. Next, the basilar artery was permanently coagulated.

Real-time monitoring setup

Real-time monitoring setup was performed as described pre-
viously*'>1374_ After placement in prone position on a stereo-
taxic frame, the skin over the skull of each rat was opened with
a midline incision along the superior sagittal suture. Nine burr
holes were made using hand drill. Two with 1.5 mm in diameter
were placed 4 mm apart from the midline and 1 mm in front of
the coronal suture : one for glutamate sensor insertion and the
other for brain temperature measurement. Two burr holes were
made for EEG electrodes at 4 mm apart from the sagittal suture
and 1 mm behind the coronal suture. Two burr holes were made
for the CBF probe at both the side and 2 mm behind the EEG
sites. Two additional burr holes were made for EEG 2 mm be-
hind the CBF probe on both sides. In the rats infused with ni-
modipine, an extra burr hole in which the dura was incised was
made for the nimodipine drip. Bone wax was used to make a
barrier for the nimodipine solution so as not to disturb the EEG
electrode.

Four EEG electrodes were attached by screws and a reference
electrode was attached to the skin of the right earlobe. EEG sig-
nals were pre-amplified using a 511 AC Amplifier (Astro-Medi-
cal Inc., USA). The signals were converted to digital information
at 256 times per second using a data acquisition system designed
in our Iaboratory. An EEG signal represented the electrical fail-
ure of a neuronal cell during an isch-
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emic episode. The probes for the CBF
were attached at both hemispheres with
BLF21D laser Doppler flowmetry (Tran-
sonic Systems Inc., Ithaca, NY, USA). The
microdialysis electrode, purchased from
Sycopel International Ltd. (Type : Gener-
al 20-10-4-4, Tyne & Wear NE32 3DT,
UK), was filled with phosphate buffered
saline to electropolymerize the O-phen-
ylenediamine on the platinum electrode
at 0.65 V for 20 min with Sycopel BD2000
potentiostat. Fresh phosphate buffered
saline containing glutamate oxidase was
then perfused in the dialysis electrode at
a flow rate of 0.5 pL/min. The dialysis
electrode displayed a linear response in
the concentration range of 50-450 pM
standard glutamate solution with a sensi-
tivity of 0.22 nA/uM (R?, coefficient of

Fig. 1. Experimental setup for the real-time monitoring of electroencephalography (EEG), cerebral blood
flow (CBP), extracellular glutamate release and brain temperature in the ischemia and reperfusion condition.

2

regression of 0.998). After sensor cali-
bration, the microdialysis electrode was
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inserted into the motor cortex at coordinates A1:L 4:V 4 mm
(from the bregma and the dura) through a small incision in the
dura.

The data were collected from the analog output ports of the
laser Doppler flowmetry, glutamate potentiostat, amplified EEG
and temperature controller. The signal was digitized using a
DT21-EZ analog-to-digital converter with a 12 bit resolution
and sampling occurred 256 times per second (Data Translation
Inc., Marlboro, MA, USA). The digitized signal was transferred
in real-time to a personal computer and saved for further analy-
sis (Fig. 1).

induction of ischemia and reperfusion

Before inducing ischemia, we collected background data for
10 minutes (to ensure steady-state) from both groups. 11-VO
cerebral ischemia was then initiated for 10 minutes by pulling
on the tubes on the common carotid artery (CCA) and internal
carotid artery (ICA) with 10-12 gm weights. Saline irrigation
was applied intermittently for full restoration of the CCA at the
time of reperfusion. Finally, reperfusion was allowed by releas-
ing the pulled tubes after a 10-minute period of ischemia.

Drug administration

Nimedipine was purchased from Reyon Pharmaceutical Co.
Lxd. (0.010 g/50 mL, Seoul, Korea). Nimodipine was diluted 20
times with saline and dripped (0.025 pg/100 gm/min) in the vi-
cinity of the burr hole for the CBF probe during the 10-minute
ischemic period. The nimodipine infusion syringe was protect-
ed from the light source by thin aluminum foil. Group 1 was
not treated with any drug.

Histological procedure

We utilized Nissl staining method for the evaluation of neuro-
protective effect of nimodipine. Nissl staining method was per-
formed as described previously®. On the third day after ischemia,
the rats were anesthetized with chloral hydrate and transcardially
perfused with 50 mM phosphate-buffered saline and then fixed
with 4% paraformaldehyde. The brains were then removed, post-
fixed in the same fixative overnight and transferred into a 30%
sucrose solution for cryoprotection. Coronal sections of 40 pum
thickness were made with a freezing microtome (Leica, Nuss-
loch, Germany) and mounted onto slides.

‘The sections were stained with cresyl violet for histological as-
sessment of neuronal cell damage, dependent upon viable and
nonviable stained cells. Viable neurons were defined with cells,
with normal morphologic properties exhibiting round nuclei
stained with cresyl violet. Viable neuronal cells were counted
using Image Plus 2.0 (Motic, Xiamen, China) in 500x500 pm
area of hippocampal CA1 regions about 300 um from hillus of
three coronal sections (about 1.4 to 1.8 mm posterior to breg-
ma). And, surviving neurons in cortex RSGb regions were count-
ed. Mean number of stained cells was obtained by three re-
searchers blinded to the experimental conditions. Cell viability

from each group was presented as percentages of mean number
of viable cells from sham animals.

Statistical analysis

The data for CBF and glutamate changes were expressed as
mean * the standard error of the mean (SEM). A two-tailed
Student’s t-test was used to compare the levels of %CBF and glu-
tamate changes in the two groups. The significant differences of
neuronal cell viability were assessed by one-way analysis of vari-
ance, followed by Tukey’s post hoc test using SPSS statistical
software (version 17.0 for Windows, SPSS Inc., Chicage, IL). p-
Values < 0.05 were considered significant.

RESULTS

Real-time changes in cerebral blood flow response

As soon as ischemia was induced, CBF declined rapidly to
near zero levels, coincident with the development of a flat EEG
signal in Group 1 (Fig. 2). The ischemic plateau was achieved
within 10.8+4.2 sec and successfully maintained during the
10-minute ischemic period. When reperfusion was initiated,
CBF significantly increased to pre-ischemic levels. The pattern of
CBF response on ischemia and reperfusion in Group 2 was simi-
lar to that in Group 1 (Fig. 3). The time to reach peak %CBF lev-
els was 659.78489.01 sec in Group 1 and 629.44+84.17 sec in
Group 2 (Table 1). The peak level of %CBF upon reperfusion
was 487.89+117.47% in Group 1 and 318.55:44.25% in Group
2. The time interval of CBF restoration to control after reperfu-
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Fig. 2. Representative real-time measurement of EEG (A}, CBF (B), and glu-
tamate (C) in Group 1 for 58 minutes. After 10 minutes pre-ischemic control,
ischemia is induced for 10 minutes and then foliowed by reperfusion.
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sion was 1506.58+211.62 sec in Group 1 and 1481.25+150.32
sec in Group 2. These three parameters of CBF were not signifi-
cantly different between the two groups (Table 1).

Real-time changes in extracellular glutamate release
The elevation in glutamate release in Group 1 began 113,16+
35.79 sec after the onset of ischemia and continued to rise
throughout the entire ischemic period (Fig. 2). The glutamate
level then rapidly declined to pre-ischemic levels during reper-
fusion. Similarly, glutamate release started changing after 99.97
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Fig. 3. Representative real-time measurement of EEG (A), CBF (B), and glu-
tamate (C) in Group 2 for 50 minutes. After 10 minutes pre-ischemic control,
ischemia is induced for 10 minutes and then followed by reperfusion.

+50.02 sec in Group 2 (Fig. 3), but glutamate release elevation
was suppressed in Group 2. The maximum change of glutamate
concentration was 125.01+3.74 pM in Group 1 and 67.36+2.57
#M in Group 2 during the ischemic period (Table 2). The maxi-
mum change of glutamate concentration was 133.22+2.57 pM
in Group 1 and 75.42+4.22 M in Group 2 during the reperfu-
sion period. The total amount of glutamate release was 56991.21
+1932.18 in Group 1 and 28520.95+2098 in Group 2. After re-
perfusion, the mean time interval of glutamate restoration from
peak levels to pre-ischemic control levels was 936.19488.65 sec in
Group 1 and 233.68+50.48 sec in Group 2. All parameters of
GLU release were significantly different between the two groups
(p<0.001 and p<0.05 in the decline slope). Fig. 4 shows at a
glance the difference of glutamate dynamics between the Group
1 and Group 2.

%Cell viability in hippocampus

The neuroprotective effect of nimodipine on neurons in hip-
pocampus was evaluated by measuring the neuronal cell viabili-
ty in CAl hippocampal region and cortex at three days after
ischemia. Sham-operated CA1 pyramidal neurons from four
hemispherical sections were counted and averaged. As shown in
Fig. 5, the %cell viability in hippocampus was 47.50+5.64 in
Group 1, compared with sham group. In Group 1, it was signifi-
cantly lower than that in sham group (p<0.005 in hippocampal
CAL1 region). But, the %cell viability in Group 2 was 95.46+6.60
in hippocampus. It was significantly higher in Group 2 than
Group 1 (p<0.005 in hippocampal CA1 region). And, neuronal
cell viability in CA1 hippocampal region showed no significant
difference between Group 2 and sham group.

DISCUSSION

For real-time monitoring of the effect of nimodipine on gluta-
mate release, we used an 11-VO global ischemia model in rats®.

Table 1. Changes in cerebral blood flow (CBF) between the Group 1 and Group 2 in global ischemia induced by an eleven-vessel acclusion method

Parameter Groupl (n=6) Group 2 (n=6) - g«va}ae
Peak level on reperfusion/baseline of CBF (%) 4878911747 318.55+44.25 N§*

Time interval between the onset of reperfusion and the peak level of CBF (sec) 659.78:+:89.01 629.44+84.17 NS§*

Time interval between the onset of reperfusion and the restoration of 1506.58+211.62 1481.25%150.32 N$*

pre-ischemic CBF level (sec)

NS : not significant

Table 2. Changes in glutamate concentration between the Group 1 and Group 2 in global ischemia induced by an eleven vessel occlusion method

Parameter

Maximum change of glutamate concentration in ischemic period (uM)
Maximum change of glutamate concentration in reperfusion period (uM)

Total amounts of glutamate release

Time interval between the onset of glutamate release and restoration (sec)

Increment slope in ischemia period
Increment slope in reperfusion period
Decline slope from peak baseline in reperfusion period

Gowpl(=6)  Growp2(n=6)  pvale
125014374 67.36:2.22 <0.001
133224257 75.42+4.22 <0.001

5699421193218  28520.95+2097.55 <0.001

1472.67183.31 802.00+45.75 <0.001

0.240+0.005 0.094:0.007 <0.001
0.229+0.004 0.092+0.007 <0.001

(-) 0.071£0.014 () 0.416:0.115 <0.05
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In contrast to four-vessel occlusion (4-VO) and seven-vessel oc-
clusion (7-VO) models, the 11-VO model allows easy creation
of an ischemic plateau after ischemia induction because the
source of collateral blood flow is effectively blocked. The time
interval between ischemia induction and ischemic plateau is
also shorter than with other global ischemia models, facilitating
a more precise estimation of glutamate'>'>*9,

The release and reuptake of glutamate maintains an equilibri-
um status in normal neuronal cells. Excitotoxic glutamate is ex-
cessively released under specific conditions such as traumatic
and hypoxic brain injury or cerebral ischemia, and many re-
searchers have tried to demonstrate connections between extra-
cellular glutamate levels and neurological injury®#46791%-2L2343),
There is no consensus for the mechanism of neurotoxic gluta-
mate release, however. Katayama et al.?? suggested that gluta-
mate is released by Ca®* dependent exocytosis at the presynaptic
membrane. Marcoli et al.>” proposed several mechanisms for
glutamate release; primary one is a vesicular release in acute
ischemia, secondary is an endogenous release of adenosine-ac-
tivated A2A receptors and final one is a Ca**-dependent control
at the presynaptic receptors. Glutamate is released from dead
neuronal cells'>*). Limbrick et al.® suggested that neurotoxic
depolarization by excitotoxic glutamate exposure is caused by
an influx of extracellular Ca* ion.

There have been a few reports about the relationship between
nimodipine and glutamate release in the neurological arena.
Kringlstein et al?¥ reported that nimodipine significantly atten-
uvates glutamate-induced neuronal damage in a cellular media
experiment. Lazarewicz et al.” suggested that nimodipine
might directly protect brain neurons by intracellular Ca** antag-
onism rather than by inhibition of Ca** influx. Glutamate re-
lease is reportedly not only controlled by the activation of volt-
age-dependent Ca?* channels but also occurs independently
without Ca?* channel activation®.

We hypothesized that nimodipine could play an effective role
in delaying glutamate response to the presynaptic membrane of
presynaptic Ca** channels with a characteristic of L-type®. When
we compared the dynamics of glutamate release between the
groups treated with and without nimodipine, we found that the

onset time of glutamate release was similar in the two groups
(Fig. 4). The elevation of glutamate release was partially sup-
pressed in the Group 2 during the ischemic period, however.
The decline of glutamate release during the reperfusion period
was also more rapid in the Group 2 than in the Group 1 (Table 2).
Overall, nimodipine significantly decreased glutamate release
during the ischemic period.

In contrast, Matsumoto et al.*" found that glutamate release
during an ischemic period in a rabbit global ischemia model was
not significantly altered by drug infusion. Nakane et al*® reported
that glutamate release with an in vivo dialysis technique in the rat
brain was not affected by isradipine, an L-type voltage sensitive
Ca?* channel blocker that was infused before the occlusion. We
speculate that either the injected drug did not reach the brain at
all or the rat model had no route for drug injection during the
ischemic period.

We successfully monitored the change of glutamate release by
continuous infusion of nimodipine into rat brains during the
ischemic period using an 11-VO ischemia model, confirming
that nimodipine can partially regulate glutamate release during
an ischemic episode and play a role in the reuptake of extracel-
lular glutamate. Also, we evaluated the neuroprotective effect of
nimodipine utilizing Nissl staining method. Partial suppression
of glutamate release by nimodipine appears to influence multi-
ple types of Ca** channels that mediate the exocytosis of gluta-
mate®. Further experiments are needed to verify the precise
mechanism of extracellular glutamate reuptake by nimodipine.
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Fig. 4. Comparison of representative glutamate dynamics between the
Group 1 and Group 2. Although glutamate release starts at similar time in
both groups, glutamate release elevation is suppressed in Group 2.
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Fig. 5. Neuroprotective effect of nimodipine on CA1 pyramidal neurons after global ischemia by eleven-vessel occlusion. The hippocampus is shown in cresyl
violet-stained section from sham group (A and D), Group 1 (B and E) and Group 2 (C and F). Scale bar = 100 pm. The graph (G) shows the quantitative results

of CA1 neuronal cell counts. *p < 0.005, *p < 0.005.
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CONCLUSION

‘We have demonstrated the neuroprotective effect of nimodip-
ine through the suppression of extracellular glutamate release
using real-time monitoring of glutamate release in an 11-VO
ischernia model. A reproducible 11-VO ischemia model was in-
duced as a global ischemia. Patterns of change in CBF and EEG
during ischemia and reperfusion indicate that the surgical setup
and 11-VO model are suitable for monitoring the effect of ni-
modipine under ischemic conditions. The real-time monitoring
system used in our laboratory highlights new possibilities for a
detailed analysis of the in vivo dynamics of changes in the neu-
rotransmitter glutamate during and/or after ischemia. We found
that three parameters of CBE, peak level on reperfusion/baseline
of CBE, time interval between the onset of reperfusion and the
peak level of CBE and time interval between the onset of reper-
fusion and the restoration of basal CBF level, and EEG patterns
were not significantly different between the two groups. Howev-
er, a significant decrease (p < 0.001) in the maximum levels of
ischemic and reperfusion glutamate releases and in total amounts
of glutamate release was observed in the nimodipine-treated
rats, Compared with ischemia rats, a significant decrease (p <
0.001) in time interval between the onset of glutamate release and
restoration was observed in Group 2. A significant decrease (p <
0.001) in the increment slopes during the ischemic and reperfu-
sion period, and a significant increase (p < 0.05) in a decrement
slope during the reperfusion period was observed in nimodipine-
treated rats. Finally, from the Nissl staining, a significant increase
(p < 0.005) in the %cell viability in hippocampus was observed in
the nimodipine-treated rats. These results show that glutamate re-
lease can be partially regulated by nimodipine, an L-type Ca?
channel blocker. This fact indirectly supports the hypothesis
that glhutamate exocytosis is mediated by multiple types of Ca®*
channels, including L-type. Therefore, we conclude that the de-
crease in glutamate release during ischemia is responsible for
the neuroprotective effects of nimodipine treatment in a rat
model. Furthermore, we propose that continuous nimodipine
infusion during the ischemic period could be beneficial in neu-
rosurgical conditions where surgeons require multiple tempo-
rary clipping or carotid occlusion.
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