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Abstract

This study evauates the effects of N-{2-[bis (4-fluorophenyl)methoxy]ethyl}-1-butanamine hydrochloride (LY 393613), a novel
neuronal (N/P/Q-type) Ca2" channel blocker, in ischaemia. For comparison, two commonly used L-type Ca?* channel blockers;
nimodipine and verapamil were also evaluated. |schaemia was induced in freely moving rats by micro-injection of endothelin-1 near the
middle cerebral artery. In vivo microdialysis, laser Doppler flowmetry and histology were used to monitor ischaemia. Administration of
LY 393613, before and after the insult, attenuated the ischaemia-induced glutamate release, but not the dopamine release. Both nimodipine
and verapamil failed to affect transmitter releases significantly, when administered post-occlusion. None of the compounds tested,
produced any significant change in striatal blood flow. Histology showed that ischaemic damage was significantly less in LY 393613
pre-treated rats. In conclusion, LY393613, a neuronal N/P/Q-Ca?* channel blocker, can attenuate ischaemic brain damage. The
protective mechanism appears to be mainly the attenuation of the ischaemia-induced glutamate release, rather than its effect on cerebral
hemodynamics. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Brain damage, secondary to ischaemia is thought to
result from a cascade of interconnected pathological pro-
cesses, including changes in cerebral blood flow as well as
progressive alterations of ion homeostasis and cellular
metabolism (Choi, 1992; Siesio, 1992ab). During is-
chaemia, the lack of energy to the brain may depolarize
neurons, producing a large increase in neurotransmitters
such as glutamate (Glu), aspartate, dopamine and serotonin
(Globus et a., 1988; Sieso, 1992a,b). These neurotrans-
mitters can post-synaptically cause a Ca?* influx into the
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cells, and also release Ca?* from intracellular stores. The
importance of this intracellular Ca?* has been extensively
studied, since a sustained elevated concentration of intra-
cellular Ca2* can activate degradative processes, and lead
to cell necrosis and programmed cell death (Nitatori et al.,
1995; Clapham, 1995; Nicotera et al., 1992). For example,
the huge increase in intracellular Ca®* in ischaemia causes
the activation of proteases, nucleases, phospholipases, ni-
tric oxide (NO) synthase and other degradative enzymes
that lead to free radical production, mitochondrial degener-
ation and cell death (Siegjo, 1992a,b).

Consistent with the above mechanisms, several studies
using cerebral ischaemia models, have reported neuropro-
tective actions of Ca®" channel blockers (Alps, 1992) and
Glu receptor antagonists (McCulloch, 1992). For example,
L-type Ca2* channel antagonists, such as (S)-emopamil,
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nimodipine and nicardipine have been shown to display
neuroprotective effects in some (Alps, 1992; Lin et al.,
1990; Morikawa et al., 1991; Rami and Krieglstein, 1994),
but not all animal models of ischaemia (Gomi et al., 1995).
However, many of these earlier molecules may have pri-
marily an effect on the cerebral blood flow and blood
pressure, and this may have been accountable for the
observed neuroprotection.

Further studies demonstrated that the selective blockade
of neuronal Ca?* channels was neuroprotective. For exam-
ple, the N-type blocker, w-conotoxin MVIIA provided
protection even when administered 24 h after global is
chaemia (Vaentino et al., 1993). Similar effects were
observed in two other studies (Smith and Siesjo, 1992;
Zhao et da., 1994). w-Conotoxin MVIIA has also been
found to be highly effective in reducing the neocortical
infarct volume in rat models of focal ischaemia, both when
administered during the occlusion (Takizawa et a., 1995),
as well as after the ischaemic episode (Buchan et 4.,
1994). However, these conotoxins being large peptides are
not ideal as drug candidates. Therefore, small molecules
that block neuronal Ca?* channels would be better anti-
ischaemic agents. N-{2-[bis (4-fluorophenyl)-methoxy]-
ethyl}-1-butanamine hydrochloride, named LY 393613, is a
novel neuronal Ca®* channel blocker, that inhibits human
alA, alB and alE Ca* channel subunits expressed in
Human Embryonal Kidney (HEK) 293 cells, P-type Ca2*
channels in isolated cerebellar Purkinje cells and KCl-in-
duced neurotransmitter rel ease from synaptosomes (O’ Neill
et a., 1997). Hence, LY 393613 can be classified as an
N /P/Q-type Ca?* channel blocker.

Although the combination of restoring blood flow and
providing neuroprotection may be the most effective ap-
proach in acute ischaemic insults and considerable interest
has been given to Ca®* channel entry blockers in prevent-
ing and/or reversing pathological ischaemic damage, only
few studies reported the effect of these drugs on hemody-
namics and neurotransmitter release in an in vivo situation.
To study the above questions, we have used the endothe-
lin-1 model for focal cerebral ischaemia. Micro-injection
of endothelin-1 in the proximity of the middle cerebra
artery, can be used to produce focal cerebral ischaemiain
freely moving rats, by which the middle cerebral artery can
be reversibly occluded (Sharkey et al., 1993; Bogaert et al,
2000). The integration of reperfusion in this model offers
the opportunity to mimic the clinical situation best, since
vessel occlusion is not permanent in humans. Moreover,
reperfusion has been demonstrated to cause additional
injury to the ischaemic tissue. The oxygen supplied by the
re-established blood circulation, athough necessary for
aleviating the ischaemic status, can enhance the produc-
tion of free radicals and provokes additional injury in the
already damaged tissue.

We have investigated the effects of nimodipine (known
to be hemodynamically active) and verapamil, both L-type
voltage sensitive Ca?" channel (VSCC) blockers. Their

effects were compared with LY 393613, a novel neuronal
(N/P/Q-type) VSCC blocker on (1) the striatal extracellu-
lar levels of dopamine and Glu, on (2) the striatal blood
flow time profiles and on (3) the histological outcome,
using the endothelin-1 model for focal ischaemia.

2. Materials and methods
2.1. Chemicals and reagents

Glu and dopamine, as well as endothelin-1 (endothelin-
1, human, porcine sequence; synthetic) were supplied by
Sigma (St. Louis, MO, USA). Verapamil and nimodipine
were purchased from Aldrich (Sigma Aldrich, Bornem,
Belgium) and Acros (Acros Organics, Geel, Belgium),
respectively. LY 393613 was obtained from Eli Lilly (Eli
Lilly& Co. Ltd., UK). All other chemicals were analytica
reagent grade or better and supplied by Merck (Darmstadit,
Germany). Agueous solutions were made using fresh water
purified with a Seralpur pro-90 CN (Belgolabo, Overijse,
Belgium), and filtered through a 0.2-um membrane filter.
As perfusion fluid for the microdialysis experiments, a
Ringer’s solution was used containing 147 mM NaCl, 1.1
mM CaCl, and 4 mM KCI.). Endothelin-1 was solved in
the above-mentioned Ringer's solution. The anti-oxidant
mixture to prevent degradation of the sampled dopamine
consisted of 0.02 M HCI, 0.2% sodium metabisulphite and
0.02% Na,EDTA.

2.2. Microdialysis experiments

The protocols for the animal experiments described in
this study were performed according to the European
Communities Council Directive (86,/609/EEC), and were
approved by the Ethics Committee on Animal Experiments
of the Faculty of Medicine and Pharmacy of the Vrije
Universiteit Brussel.

Mae abino Wistar rats, weighing 250-280 g, were
anaesthetized with a mixture of ketamine (50 mg/kg) and
diazepam (5 mg/kg) and mounted on a stereotaxic frame.
The skull was locally anaesthetized with a subcutaneous
injection of 50 wl 0.1% lidocaine. A microdialysis probe
(CMA 12, 3 mm, CMA Microdialysis, Stockholm, Swe-
den) was implanted in the striatum and a catheter for the
microinjection of endothelin-1 was introduced in the prox-
imity of the middle cerebral artery. The coordinates to-
wards bregma were L: +2.4, A: +1.2, V: +2.8, for the
probein the striatum, and L: +5.6, A: —0.3, V: +7.0, for
the catheter in the proximity of the middle cerebral artery
(Paxinos and Watson, 1986). Immediately after surgery,
the animals received an intraperitoneal injection of the
analgesic ketofen (4 mg/kg). The animals were allowed to
recover from the surgery overnight and had free access to
water and food. The probe in the striatum was continu-
oudly perfused with Ringer's solution at a flow rate of 2
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pl/min using a CMA /100 microdialysis pump (CMA
Microdiaysis, Stockholm, Sweden).

2.3. Experimental procedure

The day after the surgery, sampling was started from
the striatum of fredly moving rats. Diaysates were col-
lected for 20 min in vials. Dialysates (40 w.l) were split for
the anaysis of dopamine (25 .l dialysate + 10 .l of the
above described anti-oxidant mixture) and Glu (15 pl
dialysate).

The experimental groups were as follows.

231 Group 1

Control group: After having reached baseline values,
endothelin-1 was injected near the middle cerebral artery
at aflowrate of 1 wl/min for 6 min (120 pmol endothelin-
1) (n=20).

2.3.2. Group 2

Drug-alone group: This group contains three sets of
experiments.

Set 1. rats receiving an intraperitoneal injection of
LY 393613 (15 mg/kg), 30 min before the Ringer’'s injec-
tion in the proximity of the middle cerebral artery (n= 4);
set 2: rats receiving an intraperitonea injection of ni-
modipine (0.10 mg/kg), 30 min before the Ringer's injec-
tion in the proximity of the middle cerebral artery (n=4);
and set 3: rats receiving an intraperitoneal injection of
verapamil (0.40 mg/kg), 30 min before the Ringer’ s injec-
tion in the proximity of the middle cerebral artery (n = 4).

2.3.3. Group 3

Again, this group is divided in three sets of experi-
ments.

Set 1: rats receiving an intraperitoneal pre-injection of
LY 393613 (15 mg,/kg, n = 6), 30 min before the endothe-
lin-1 injection; set 2: rats receiving an intraperitoneal
pre-injection of nimodipine (0.10 mg/kg, n=6), 30 min
before the endothelin-1 injection; and set 3: rats receiving
an intraperitoneal pre-injection of verapamil (0.40 mg/kg,
n = 6), 30 min before the endothelin-1 injection.

234. Group 4, 5

Both groups 4 and 5 are divided in three sets of
experiments.

Set 1. experiments consisting of an intraperitoneal
post-injection of LY 393613 (15 mg/kg, n=5), either 30
min after the endothelin-1 injection (group 4), or 60 min
after the endothelin-1 injection (group 5); set 2: rats receiv-
ing an intraperitoneal post-injection of nimodipine (0.10
mg,/kg, n=5), either 30 min (group 4), or 60 min (group
5) after the endothelin-1 injection; and set 3: rats receiving
an intraperitoneal post-injection of verapamil (0.40 mg/kg,

n=15), 30 min after the endothelin-1 injection (group 4),
or 60 min after the endothelin-1 injection (group 5).

2.3.5. Group 6

Again, this group is divided in three sets of experi-
ments.

Set 1. rats subjected to a local administration of
LY393613 (1.5 mg/kg) near the middle cerebral artery,
simultaneously with the endothelin-1 injection (n = 3); set
2: rats subjected to a local administration of nimodipine
(10 wg/kg) near the middle cerebral artery, simultane-
ously with the endothelin-1 injection (n= 3); and set 3:
rats subjected to a loca administration of verapamil (40
ng/kg) near the middle cerebral artery, simultaneously
with the endothelin-1 injection (n = 3).

After the insult, we collected dialysates for 3 h. At the
end of these microdialysis experiments, the rats were
sacrificed with an overdose of pentobarbital.

2.4. Chromatographic assays

Glu analysis was carried out after precolumn derivatiza-
tion with o-phtalaldehyde/B-mercaptoethanol by reversed
phase microbore liquid chromatography with gradient elu-
tion and fluorescence detection (Smolders et al., 1995).
Dopamine was analyzed using an isocratic reversed-phase
ionpair microbore liquid chromatography method with
electrochemical detection (Smolders et al., 1996).

2.5. Laser Doppler flowmetry

Laser Doppler flowmetry was done to verify the loca
“striatal” blood flow. The stereotaxic placement of the
cannulain the proximity of the middle cerebral artery, and
the laser probe in the striatum were done under the same
conditions as described above. In these experiments, rats
were kept under anaesthesia with a mixture of ketamine/
diazepam (50:5 mg/kg).

Intraperitoneal injections of LY393613 (n=4), ni-
modipine (n = 4), and verapamil (n = 4), were performed
either 30 min before, or 30 min after the endothelin-1
injection. In anaesthetized rats, a fourfold higher dose of
endothelin-1 was required to obtain an ischaemic insult
comparable to that in freely moving rats (Laureys et al.,
1999; Bogaert et al., 2000).

2.6. Histology

The same surgical procedure was followed as described
for the microdialysis groups. However, no probe was
implanted in the striatum, hence, avoiding striatal damage.
This alows an objective measurement of the ischaemic
damage. Sections of 100-p.m thickness were made using a
vibratome (MA752 motorized Advance Vibroslice, Camp-
den Instruments, UK). The sections were stained with
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cresylviolet and were examined by light microscopy (Zeiss,
Stemi 2000-C, Zeiss Belgium). The images of these sec-
tions were digitalized with a camera (Sony DXC, Sony
Belgium), connected to the microscope and a computer. A
computer program (NIH, Image 1.41) quantified the dam-
aged zone on the digital images. Every 600 pm, the
damage was measured and multiplied with the interspace.
The sum of these data results in a total volume of damage,
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expressed as cubic millimeter. Someone without knowl-
edge of the protocol did these measurements.

2.7. Data presentation and statistical analysis
The results of the microdialysis experiments, shown in

the figures, are the mean dialysate concentrations (in per-
centage of the baseline level) (mean + S.E.M.). The basal
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Fig. 1. (A) The effect of a systemic application (i.p.) of 15 mg,/kg LY 393613 on extracellular dopamine and Glu levels in the striatum of freely moving
rats. LY 393613 was administered in the beginning of collection period 7. Results are expressed as percentage (mean + S.E.M., n = 4). All dialysates were
sampled under perfusion with Ringers' solution. Each bar represents a 20-min collection period. Stetistics: one-way ANOVA for repeated measures
followed by Fisher's PLSD post hoc tests. Asterisks denote values, significantly different from the baseline value (*a = 0.05). (B) The effect of a systemic
application (i.p.) of 0.1 mg,/kg nimodipine on extracellular dopamine and Glu levels in the striatum of freely moving rats. Nimodipine was administered in
the beginning of collection period 7. Results are expressed as percentage (mean + S.E.M., n=4). All dialysates were sampled under perfusion with
Ringers' solution. Each bar represents a 20-min collection period. Statistics: one-way ANOVA for repeated measures followed by Fisher's PLSD post hoc
tests. Asterisks denote values, significantly different from the baseline value (*a = 0.05). (C) The effect of a systemic application (i.p.) of 0.4 mg/kg
verapamil, on extracellular dopamine and Glu levels in the striatum of freely moving rats. Verapamil was administered in the beginning of collection
period 7. Results are expressed as percentage (mean + S.E.M., n=4). All dialysates were sampled under perfusion with Ringers solution. Each bar
represents a 20-min collection period. Statistics: one-way ANOVA for repeated measures followed by Fisher's PLSD post hoc tests. Asterisks denote
values, significantly different from the baseline value (*«a = 0.05).
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value in the figures is the mean of six stable neurotrans- (two-tailed, P < 0.05). The significance of differences be-
mitter dialysate concentrations, obtained in basal condi- tween the histology data, as well as the significance of
tions, i.e. prior to endothelin-1 or drug administration. difference between the data obtained using laser Doppler
Diaysate concentrations were not corrected for the recov- flowmetry, was also determined by the Student's t-test

ery across the dialysis membrane. Statistical analysis of the (two-tailed, P < 0.05).
changes of dopamine and Glu dialysate concentrations in
time was performed using one-way analysis of variance
(ANOVA) for repeated measures, and Fisher's protected

least significance difference (Fisher's PLSD) post hoc tests 3. Results

(a = 0.05). The same statistical analysis was used to eval-

uate the laser Doppler experiments, in which the blood 3.1. Microdialysis

flow was expressed as percentage of the baseline level

(mean + SE.M.). Basal striatal levels (mean + S.E.M.) (n= 20) in freely

The significance of differences between peak diaysate moving rats were 2.20 + 0.15 nM for dopamine, and 0.64
concentrations was determined by the Student's t-test + 0.03 M for Glu.
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Fig. 2. (A) The effect of pretreatment with 15 mg,/kg LY 393613, 0.1 mg/kg nimodipine or 0.4 mg,/kg verapamil (i.p.) on ischaemia-induced extracellular
dopamine levels in the striatum of freely moving rats, subjected to a focal cerebral insult by injecting 120-pmol endothelin-1 near the middle cerebral
artery. The drugs were injected half an hour before the endothelin-1 injection (endothelin-1 was injected in the beginning of collection period 9). Results
are expressed as percentage (mean + S.E.M.), n= 6 for the treated animals and n = 20, for the control experiments. All dialysates were sampled under
perfusion with Ringers' solution. Each bar represents a 20-min collection period. Statistics: one-way ANOVA for repeated measures followed by Fisher's
PLSD post hoc tests. Asterisks denote values, significantly different from the baseline value (*a = 0.05). (B) The effect of a pretreatment with 15 mg/kg
LY 393613, 0.1 mg,/kg nimodipine or 0.4 mg,/kg verapamil (i.p.) on ischaemia-induced extracellular Glu levels in the striatum of freely moving rats,
subjected to a focal cerebral insult by injecting 120-pmol endothelin-1 near the middle cerebral artery. The drugs were injected half an hour before the
endothelin-1 injection (endothelin-1 was injected in the beginning of collection period 9). Results are expressed as percentage (mean + S.E.M., n = 6). For
the control experiments, n=20. All dialysates were sampled under perfusion with Ringers solution. Each bar represents a 20-min collection period.
Statistics: one-way ANOVA for repeated measures followed by Fisher's PLSD post hoc tests. Asterisks denote values, significantly different from the
baseline value ("o = 0.05).
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3.1.1. Group 1

Administration of 120 pmol endothelin-1, in the prox-
imity of the middle cerebral artery, in freely moving rats,
increased the extracellular striatal dopamine and Glu levels
(mean + SE.M.) (n= 20) significantly to a maximum of
2412 + 373% and 5508 + 1398%, respectively. Extracellu-
lar striatal Glu levels remained significantly elevated until
the end of the experiment, while the extracellular dopamine
levels returned to baseline in collection 12.

3.1.2. Group 2

Drug-alone group: The intraperitoneal injection of
LY 393613 (15 mg,/kg) (n= 4) (set 1) resulted in a signif-
icant decrease of the striatal Glu release, remaining till the

end of the experiment. A maximum decrease of 36%,
compared to the basal value was observed. Dopamine
release was affected significantly in only two collection
periods, i.e. collection period 10 and 14 (increased extra-
cellular dopamine levels were 114% and 113%, respec-
tively).

Intraperitoneal administration of nimodipine, (0.1
mg,/kg) (n=4) (set 2), resulted in a sustained and signifi-
cant decrease of the extracellular dopamine levels (maxi-
mal decrease occurred in collection 11, i.e. to 73%, com-
pared to the basal value). Glu levels were also decreased
significantly till the end of the experiment with a maxi-
mum decrease of 33% in collection 13.

Intraperitoneal application of verapamil (0.4 mg/kg)
(n=4) (set 3) dightly, but significantly, affected the
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Fig. 3. (A) The effect of a post-treatment with 15 mg,/kg LY393613, 0.1 mg,/kg nimodipine, or 0.4 mg/kg verapamil (i.p.) on ischaemia-induced
extracellular dopamine levels in the striatum of freely moving rats, subjected to a focal cerebral insult by injecting 120-pmol endothelin-1 in the proximity
of the middle cerebral artery. The drugs were injected half an hour after the endothelin-1 injection (endothelin-1 was injected in the midst of collection
period 7). Results are expressed as percentage (mean + S.E.M., n=5). For the control experiments, n = 20. All dialysates were sampled under perfusion
with Ringers’ solution. Each bar represents a 20-min collection period. Statistics: one-way ANOVA for repeated measures followed by Fisher's PLSD post
hoc tests. Asterisks denote vaues, significantly different from the baseline value (*a = 0.05). (B) The effect of a post-treatment with 15 mg,/kg
LY 393613, 0.10 mg,/kg nimodipine, or 0.40 mg/kg verapamil (i.p.) on ischaemia-induced extracellular Glu levels in the striatum of freely moving rats,
subjected to a focal cerebral insult by injecting 120-pmol endothelin-1 in the proximity of the middle cerebral artery. The drugs were injected half an hour
after the endothelin-1 injection (endothelin-1 was injected in the midst of collection period 7). Results are expressed as percentage (mean + SE.M., n=5).
For the control experiments, n = 20. All dialysates were sampled under perfusion with Ringers' solution. Each bar represents a 20-min collection period.
Statistics: one-way ANOVA for repeated measures followed by Fisher's PLSD post hoc tests. Asterisks denote values, significantly different from the
baseline value (*a = 0.05).



L. Bogaert et al. / European Journal of Pharmacology 411 (2001) 71-83 77

transmitter releases. Dopamine levels decreased to 85% in
collection 13, whereas the minimum of extracellular stri-
atal Glu (i.e. 86% compared to the basal value) occurred
during collection period 10 (Fig. 1A,B,0).

3.1.3. Group 3

Intraperitoneal administration of LY 393613 (15 mg,/kg)
(n=6), 30 min prior to the insult, reduced the ischaemia-
induced striatal Glu release significantly, but not the
dopamine release, compared to the controls (n = 20) (0.01
< P < 0.05). A reduction of 60% was observed compared
to the controls in collection 10. Moreover, the extracellular
Glu levels returned towards baseline values, whereasin the
control group, the extracellular striatal Glu levels remained
elevated (i.e. 700% of the baseline value in the control
experiments in collection 15, versus 142% of the baseline
value in the LY 393613 pre-treated animals) (i.e. set 1 of
this group).
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Intraperitoneal administration of nimodipine (0.1
mg,/kg) (n=6), 30 min prior to the insult reduced the
ischaemia-induced Glu release (but not the dopamine re-
lease) significantly compared to the controls (0.01 < P <
0.05). A decrease in the ischaemiarinduced striatal Glu
release of 42%, compared to the controls was seen in
collection 10 (i.e. set 2 of this group).

Vergpamil (0.4 mg/kg) (n=6) did not ater the is-
chaemia-induced dopamine nor Glu release significantly
when administered intraperitoneally 30 min before the
insult (i.e. set 3 of this group) (Fig. 2A,B).

3.1.4. Group 4, 5

LY 393613, administered intraperitoneally, 30 min after
the insult (15 mg/kg) (n=5), produced a slight attenua-
tion of the ischaemia-induced Glu release in the collection
periods 9 to 13 after the drug administration, but this failed
to reach significance. The ischaemia-induced dopamine

control

[ LY393613 + endothelin-1
2 nimodipine +endothelin-1
verapamil +endothelin-1

control

1 LY393613 +endothelin-1
nimodipine + endothelin-1
verapamil + endothelin-1

Collection
Fig. 4. (A) The effect on extracellular striatal dopamine levels of the administration of LY 393613 (1.5 mg,/kg), nimodipine (10 p.g,/kg), or verapamil (40
wg/kg), simultaneously with endothelin-1 in the proximity of the middie cerebral artery during collection period 7. Results are expressed as percentage
(mean + SE.M., n=3). For the control experiments, n= 20. All diaysates were sampled under perfusion with Ringers' solution. Each bar represents a
20-min collection period. Statistics: oneeway ANOVA for repeated measures followed by Fisher's PLSD post hoc tests. Asterisks denote values,
significantly different from the basdline value (*a = 0.05). (B) The effect of the administration of LY 393613 (1.5 mg/kg), nimodipine (10 n.g,/kg) or
verapamil (40 wg/kg), simultaneously with endothelin-1 in the proximity of the middle cerebral artery during collection period 7. Results are expressed as
percentage (mean + S.E.M., n= 3). For the control experiments, n= 20. All dialysates were sampled under perfusion with Ringers' solution. Each bar
represents a 20-min collection period. Statistics: one-way ANOVA for repeated measures followed by Fisher's PLSD post hoc tests. Asterisks denote

values, significantly different from the baseline value (*«a = 0.05).
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Fig. 5. Alterations in striatal cerebral blood flow after endothelin-1 injection near the middle cerebral artery. The administration of endothelin-1 occurred at
5 min. Drugs were injected intraperitonealy haf an hour before the endothelin-1 injection. The values are expressed as percentage (mean + SEM.),
n =4, Statistics: one-way ANOVA for repeated measures followed by Fisher’'s PLSD post hoc tests. Asterisks denote only the first value significantly

different from the corresponding baseline value (*« = 0.05).

release was not affected significantly (i.e. set 1 of this
group).

Injection of the Ca2* channel blockers nimodipine (0.1
mg/kg) (n=5) (i.e. set 2 of this group) and verapamil
(0.4 mg/kg) (n=5) (i.e. set 3 of this group) produced no
significant changes in the ischaemia-induced releases of
the neurotransmitters (dopamine and Glu) (Fig. 3A,B).

When the administration of the tested compounds was
delayed up to 1 h after the insult, none of the transmitter
releases monitored, showed any effect (data not shown).

3.1.5. Group 6

We aso examined the direct effects of the Ca?* chan-
nel blockers on the vasoconstrictive properties of endothe-
lin-1. For this purpose, endothelin-1 was co-administered
via the same catheter with LY 393613 (1.5 mg/kg) (n=3)
(i.e. set 1 of this group), nimodipine (10 wg/kg) (n=23)
(i.e. set 2 of this group), and verapamil (40 wg/kg)
(n=23) (i.e. set 3 of this group). Neurotransmitter levels
were monitored for a 2—3-h period. None of the tested
drugs altered the ischaemia-induced increases in extracel-

control experiments
([0 pre-treatment experiments
[ post-treatment experiments

100
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75 o
................. * - —
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endothelin-1 120 pmol LY 393613 nimodipme verapamil LY 393613 nimodipmne verapamil
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Fig. 6. Volume of ischaemic damage, 24 h after the insult, is expressed as cubic millimeter (mean + S.E.M.). Micro-application of Et-1 (120 pmol), near
the MCA (n = 7) was used for control. Pretreatment of the rats occurred 30 min before the insult. Animals were treated systemically (i.p.) with 15 mg,/kg
LY 393613 (n = 5), with 0.10 mg,/kg nimodipine (n = 3), or with verapamil 0.40 mg/kg), (n = 3). Post-treated animals had an i.p. injection of the drugs
30 min after the insult. The same doses as mentioned in the pre-treated group were used, n = 3 in the three groups. Asterisks denote values, significantly

different from the control group (*P < 0.05).
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lular Glu or dopamine significantly (Fig. 4A,B). Therefore,
the attenuation of the ischaemia-induced Glu levels, ob-
served after the intraperitoneal administration of the Ca?*
channel blockers, was not directly due to the antagonism
of the endothelin-1 vasoconstrictive properties.

3.2. Laser Doppler flowmetry

Laser Doppler flowmetry showed that the infusion of
500 pmol endothelin-1 near the middle cerebral artery
produced a large decrease in striatal blood flow to approxi-
mately 30% of the baseline levels, lasting for about 40
min. Injections of the tested drugs 30-min beforehand
resulted in an attenuation of decrease in striatal blood flow,
although this failed to reach significance (Fig. 5). Post-in-
sult administration of the drugs was also performed. None
of the tested drugs attenuated the drop of the striatal blood
flow (data not shown).

3.3. Histology

A micro-application of endothelin-1 (120 pmol) caused
an infarct volume of 65+ 6 mm® (n=7). LY393613,
administered at a dose of 15 mg/kg (n="5) produced a
significant reduction in the infarct size (44 + 4 mm?®) when
administered 30 min before the insult (P = 0.05). Post-in-
sult administration of LY 393613 attenuated but did not
significantly change the infarct volume (56 + 3 mmd).
Nimodipine (0.1 mg/kg) (n = 3) also tended to reduce the
infarct size in the animas treated beforehand (59 + 3
mm?), but this was not significant. Verapamil (0.4 mg,/kg)
(n=3) showed no significant changes in the tota is
chaemic damage neither in the pre-treated rats nor in the
post-treated rats (Fig. 6).

4. Discussion

In the present studies, we have examined the effects of
two L-type (nimodipine and verapamil) and a new neu-
ronal, N /P/Q-type (LY 393613), Ca?* channel blocker in
the endothelin-1 model for cerebral ischaemia. This model
consists of a reversible middle cerebral artery occlusion,
giving rise to infarction of both the cortex and striatum.
Using microdialysis, we have demonstrated that LY 393613
provided a significant decrease in the ischaemia-induced
Glu release when administered pre-occlusion in this model.
The effect on Glu of the post-occlusion administration of
LY 393613 failed to reach significance, probably due to a
short therapeutic window of the drug. Consistently,
histopathological findings showed no significant changes
in the post-treated rats, although significance was reached
in the pre-treated rats. Verapamil and nimodipine provided
no significant changes of the infarct volume. For
LY 393613, the mechanism of protection appears to be due
to the blockade of Glu release. Indeed, it was observed that

the protective effect of LY 393613 was not due to a direct
counteraction of the endothelin-1 vasoconstrictive func-
tionality, nor due to a significantly increased striatal blood
flow.

Excessive release of neurotransmitters is known to play
an important role in the development of ischaemic damage.
It is well established that ischaemia causes a massive
release of dopamine and Glu, leading to neuronal death,
probably via an excitotoxic process (Abe et al., 1988;
Globus et al., 1988). The major pathway of the excitotoxic-
ity is believed to be the entry of extracellular C&®" into
ischaemic neuronal cells. Ca?* can enter cells via ligand-
operated Ca?* channels, ion-gated Ca®* channels, or
voltage-sensitive Ca2* channels (VSCC). Initialy, Ca?*
channels were classified into three types of VSCC, the
dihydropyridine-sensitive L-channel and the dihydro-
pyridine-insensitive N- and T-channels (Miller, 1987).
More recently, P-, Q- and R-types have been added (for
review, see Dunlap et al., 1995; Varadi et a., 1995).
LY393613, is a novel neuronal Ca?* channel blocker
acting at N-, P- and Q-types of VSCC and both nimaodipine
and verapamil are L-type VSCC blockers.

4.1. Histological studies demonstrating neuroprotection

In the present studies, we have demonstrated that the
neuronal (N/P/Q-type) Ca’" channel antagonist,
LY 393613 provided a significant reduction in infarct vol-
ume when administered before occlusion. In contrast, ni-
modipine and verapamil provided no significant protection
when administered before occlusion. However, many early
studies reported that L-type Ca®* channel antagonists such
as (S)-emopamil, nimodipine and nicardipine have neuro-
protective effects in models of cerebral ischaemia (Alps,
1992; Lin et a., 1990; Morikawa et al., 1991; Rami and
Krieglstein, 1994). The effect of many of the earlier L-type
Ca?* channel antagonists on blood flow, blood pressure
may have contributed to their neuroprotective actions.

It has been reported that w-conotoxin GVIA, which
blocks the N-type Ca?* channels, and w-agatoxin IVA,
blocking the P/Q-type Ca?* channels, delay neurotrans-
mitter release in striatal dlices, while in contrast nimodip-
ine and nicardipine (L-type VSCC) do not (Toner and
Stamford, 1997), suggesting that N- and P/Q-type VSCCs
play a greater role than L-type VSCC in ischaemic injury
in the striatum in vitro. Additional studies indicated that
when rat hippocampal slices were subjected to oxygen-glu-
cose deprivation, nimodipine (L-type) and daurisoline (P-
type) provided less than 20% protection, w-conotoxin
MVIIA (N-type) provided 40% protection and 200 nM
w-agatoxin IVA (P + Q-type) provided 75% protection
(Small et al., 1997). However, w-conotoxin MVIIC (P + Q
+ N-type) provided complete protection, suggesting that
al three neuronal Ca?* channels contribute to ischaemic
brain injury in the hippocampus.
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Several other in vivo studies have reported that the
w-conotoxin GVIA is effective in reducing the infarct
volume in rat models of focal cerebral ischaemia when
administered during (Takizawa et al., 1995) or after the
occlusion (Buchan et al., 1994; Yenari et al., 1996). It has
also been demonstrated that i.c.v. administration of -
agatoxin IVA, which blocks P/Q-type Ca®* channels,
protects against focal ischaemia in rats (Asakura et al.,
1997). However, other investigators have demonstrated
that another P-type Ca?* channel antagonist, daurisoline (a
non-peptide) failed to protect in a rat model of foca
ischaemia (Lingenhohl et al., 1997).

The conotoxins are large peptide molecules and do not
cross the blood—brain barrier easily. For this reason, they
have been administered centrally or i.v. a high doses,
(affecting the blood pressure). Therefore, more recent ef-
forts have focused on small molecule neuronal Ca?* chan-
nel blockers. We have previously shown that many of
these molecules (SB 201823-A (4-[2-(3,4-dichlorophe-
noxy)ethyl]-1-pentyl piperidine hydrochloride), NS-649
(2-amino-1-(2,5-dimethoxypheny!)-5-trifluoromethyl benz-
imidazole) and CNS1237 (N-acenaphthyl-N’-4-metho-
xynaphth-1-yl guanidine) provide minimal protection in a
gerbil model of global cerebral ischaemia (O’ Neill et a.,
1997). We have also observed that LY 393613 (15 mg/kg
i.p.) provides the greatest neuroprotection than al of the
above molecules in global ischaemia (O'Neill et al., un-
published results).

4.2. Laser Doppler flowmetry

Using laser Doppler flowmetry, we observed that al the
drugs tested showed no significant effects on the striatal
blood flow, either when administered before or after the
insult. The laser Doppler technique used here measures
relative blood flow only locally in the striatum. Therefore,
in certain animals, there will be more reduction in blood
flow in one specific region of the striatum than in the
other. The absence of significant increases in striatal blood
flow following administration of the drugs after the induc-
tion of the ischaemic insult in this study can be explained
by the aready maximal vasodilatation in the ischaemic
brain tissue (Waltz and Sundt, 1967; Garcia, 1984) and by
the greater inter-animal variation due to the very loca
measurement. V asodilatation seems to be an active process
in the very beginning of the ischaemic insult, but when
ischaemia proceeds, it becomes more and more the result
of vasomotor paralysis, as was observed by Lassen and
Christensen, (1976) and by Garcia (1984). LY 393613,
nimodipine, and verapamil did not produce any significant
increase in striatal blood flow. These results suggest that
these compounds reduce ischaemic damage independently
of effects on cerebral hemodynamics. This is in agreement
with other studies using nimodipine (Dirnagl et al., 1990).

4.3. Microdialysis: effects on neurotransmitter release

4.3.1. Dopamine

In the present studies, we found that nimodipine and to
alesser extent verapamil, decreased dopamine levelsin the
striatum. Since intracellular levels of Ca?* regulate the
metabolism of dopamine, Ca2* channel blockers will re-
duce the release. Pileblad and Carlsson, (1986) found that
this was especially the case via L-type VSCC. It has aso
been demonstrated that nimodipine is able to attenuate the
hyperactivity of dopaminergic neurons (Fadda et al., 1989)
and VSCC blockers also can inhibit dopamine uptake.
Devoto et al. (1991) reported inhibition of dopamine up-
take by flunarizine, and other Ca?* channel blockers. It
has also been demonstrated that distinct VSCCs contribute
to release of dopamine from mesencephalic cultures in
vitro (Grilli et al., 1989) and further studies reported that
nimodipine blocks BAYK 8644 (methyl-1,4-dihydro-2,6-
dimethyl- 3-nitro-4[{2-trifluoromethyl - phenyl] -pyridine-5-
carboxylate) stimulated Ca?* entry and dopamine release
in striatal synaptosomes (Woodward and Leslie, 1986).

In contrast, Bowyer and Weiner (1990) showed that
Ca?* evoked dopamine release is dependent on N-type
Ca?* channels. Therefore, dihydropyridines or other com-
pounds acting on L-type Ca®" channels should not alter
neurotransmitter release. This is in disagreement with our
results. The reason for this is not clear so far. As was
aready discussed by Garrido et a. (1991), attention must
be paid towards differences in expression and function of
the different types of Ca?* channels in healthy or diseased
situations. Our results showed that pre-treatment with
LY393613 did not affect the basal levels of dopamine
significantly neither did nimodipine and verapamil. How-
ever, our results point towards a more prominent effect of
L-type VSCC blockers, nimodipine and verapamil, com-
pared to the N /P/Q-type VSCC blocker, LY 393613, on
the release profile of dopamine in intact animals. Injection
of endothelin-1 produced a large increase (20—30-fold) in
extracellular striatal levels of dopamine. The increase was
greatest in the second collection fraction after endothelin-1
infusion. This ischaemia-induced increase in dopamine
levels was not significantly affected by any of the Ca?*
channel blockers we tested.

4.3.2. Glutamate

In the present studies, LY 393613 caused a decrease in
basal Glu levels in normal animals. There was a massive
(50-fold) increase in extracellular Glu levels in the stria-
tum after infusion of endothelin-1. Several other investiga
tors have demonstrated that there is a large increase in Glu
after global (Benveniste et al., 1984; Globus et al., 1988)
and focal (Butcher et al., 1990) cerebral ischaemia. It has
also been reported that Glu can activate post-synaptic
excitatory amino acid receptors to alow Ca?* influx. The
excessive entry of Ca?* is aso thought to be the major
cause of Glu toxicity in nerve cells. The mechanism
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pointing towards Glu excitotoxicity is still not fully under-
stood but the loss of Ca?" homeostasis probably plays an
important role (Choi and Harley, 1993). The ischaemia-in-
duced increase in Glu release, increases intracellular Ca®™,
which activates a large number of Ca?*-dependent pro-
cesses and causes neuronal damage, both of which pro-
mote further increase in Glu release (Choi 1988; Louzada
et a., 1992; Osborne and Herrera, 1994) and decrease Glu
uptake (Yu et al., 1987). Therefore, the excitotoxic insult
is amplified by the continuous stimulation of the Glu
receptors, promoting the spread of excitotoxicity to other
neurons. The Ca?* influx through the Glu receptor-associ-
ated channels seems to be the most important route of
Ca?", when compared with the influx of Ca2* via the
VSCC (Ferreira et al., 1996). In agreement with this,
severa studies demonstrated neuroprotective effects with
excitatory amino acid antagonists (see McCulloch, 1992).

In the present studies, we found that treatment with
LY 393613 was more effective than nimodipine or vera
pamil at attenuating the ischaemia-induced increases in
Glu. These results indicate that N /P/Q-type Ca?* chan-
nels play a critical role in ischaemia-induced Glu release.
These results are also in agreement with several other
studies that have demonstrated that selective blockade of
neuronal Ca2* channels is neuroprotective. As mentioned
above, studies performed with w-conotoxin GVIA (SNX-
111) showed an effective reduction of the neocortical
infarct volume in rat models of focal ischaemia, when
administered during the occlusion (Takizawa et al., 1995)
and after the ischaemic episode (Buchan et al., 1994).
Takizawa et al. (1995) also demonstrated that SNX-111
reduced ischaemia-induced Glu release. A study by Small
et al. (1997) used various combinations of Ca?* channel
blockers to elucidate, which Ca?* channel types contribute
to hypoxia-ischaemic damage in hippocampal dlices in
vitro. Their results indicated that the rank order of protec-
tion was MVIIC (P+ Q + N-type) > w-agatoxin IVA (P
+ Q-type) > w-conotoxin MVIIA (N-type) > nimodipine
(L-type) and daurisoline (P-type). Therefore, al three
(N/P/Q) neuronal Ca?* channels contribute to ischaemic
brain injury in the hippocampus.

As we were using a vasoconstrictor to induce cerebral
ischaemia, we carried out a final set of experiments to test
the effects of the Ca?* channel blockers on the vasocon-
strictive properties of endothelin-1. For that aim, endothe-
lin-1 and the Ca®" channel antagonists were injected
simultaneously, at the same location, near the middle
cerebral artery. The results indicated that the ischaemia-in-
duced increases in Glu and dopamine levels were not
affected by any of the Ca2* channel blockers. Therefore,
the contractile effects of endothelin-1 are not due solely to
an action on voltage-dependent Ca?* channels. These
results are in congruence with another study by de Aguil-
era et al. (1990), reporting the remova of extracellular
Ca2" or the addition of nicardipine attenuated but did not
abolish the contractile responses to endothelin-1.

4.4, Conclusion

In conclusion, our results indicate that LY 393613 atten-
uates ischaemia-induced increases in extracellular Glu lev-
els and reduces infarct volume in this modd of focal
cerebral ischaemia. These effects are not due to the direct
blockade of the vasoconstrictive actions of endothelin-1,
nor to alterations of striatal blood flow. In contrast, ni-
modipine and verapamil failed to provide protection when
administered after the occlusion. Therefore, N /P/Q-type,
and not L-type Ca?* channels, play a more relevant rolein
ischaemic brain damage. LY393613, is a novel small
molecule, Ca®* channel blocker, with low molecular
weight, may be useful as an anti-ischaemic agent.
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