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Abstract

Ž .It has been suggested that large amounts of nitric oxide NO produced by inducible NO synthase are involved in the mechanisms of
neurotoxicity after cerebral ischaemia. We have recently demonstrated that inducible NO synthase was expressed within hours after rat
forebrain slices were exposed to oxygen–glucose deprivation. Therefore, we sought to determine whether NO produced by inducible NO

Žsynthase contributes to tissue damage in this model, by using a new, highly selective, inhibitor of inducible NO synthase, N- 3-
Ž . . Ž .aminomethyl benzyl acetamidine 1400W . We found that incubation with 1400W from the start of the oxygen–glucose deprivation

Ž .period until the end of the experiment decreases tissue damage determined as lactate dehydrogenase LDH efflux 4 h after the
oxygen–glucose deprivation period, the time at which inducible NO synthase expression is maximal in this model. This effect may be a
result of direct inhibition of inducible NO synthase activity, raising the possibility of a clinical use of selective inhibitors of this NO
synthase isoform in the management of cerebral ischaemia. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .There is increasing evidence that nitric oxide NO is
involved in the mechanisms of neurotoxicity after cerebral
ischaemia: NO production is enhanced at all stages of
cerebral ischaemia and this increase in NO production is
accompanied by up regulation of both NO synthase activ-

Ž .ity and gene expression for review, see Iadecola, 1997 .
It has been suggested that large amounts of NO pro-

duced by de novo expression of inducible NO synthase
contribute to the progression of the damage and would
thus be neurotoxic: for example, knockout mice lacking
inducible NO synthase present smaller infarcts after an

Ž .ischaemic injury than do wild-type mice Iadecola, 1997 .
In addition, the administration of a relatively selective

Ž .inducible NO synthase inhibitor aminoguanidine 24 h
after occlusion of the rat middle cerebral artery has been
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shown to reduce the extent of the brain damage associated
with focal ischaemia, suggesting that NO production by
inducible NO synthase contributes to the tissue damage
associated with late stages of focal cerebral ischaemia
Ž .Iadecola et al., 1995a .

We have recently demonstrated that inducible NO syn-
thase is expressed in several cell types including neurones
after oxygen–glucose deprivation in rat forebrain slices. In
our model, maximal inducible NO synthase expression was
found 180 min after the end of a 20-min oxygen–glucose
deprivation period, suggesting that NO might play an
important pathogenic role in the tissue damage that occurs

Ž .in early stages of cerebral ischaemia Moro et al., 1998 .
It now remains to be established whether selective

inhibition of inducible NO synthase with no effect on the
constitutive NO synthase isoforms decreases tissue damage
in this model. Aminoguanidine has been used, but it also
inactivates the constitutive isoforms of NO synthase in the
simultaneous presence of Ca2q, calmodulin and other co-

Ž . Žfactors Wolff and Lubeskie, 1995 . In this context, N- 3-
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Ž . . Ž .aminomethyl benzyl acetamidine 1400W is the most se-
lective inhibitor of inducible NO synthase isoform de-
scribed to date. Furthermore 1400W is an irreversible
inhibitor or an extremely slowly reversible inhibitor of
inducible NO synthase; in addition, its inhibitory effect on
constitutive NO synthase isoforms is relatively weaker, is
rapidly reversible and competitive with that of L-arginine
Ž .Garvey et al., 1997 .

In the present study we therefore used 1400W to deter-
mine whether NO produced by inducible NO synthase
contributes to tissue damage in rat forebrain slices exposed
to oxygen–glucose deprivation.

2. Materials and methods

2.1. Preparation and incubation of slices

Ž .Male Sprague–Dawley rats 200–250 g were killed by
Ždecapitation according to procedures approved by Com-

mittee of Animal Care at the Universidad Complutense of
.Madrid , and the slices were prepared and preincubated as

Ž .described Moro et al., 1998 . Slices were then incubated
Žin a modified Krebs–Henseleit solution incubation solu-

. Ž . Ž . Ž . Ž .tion containing mM : NaCl 120 , KCl 2 , CaCl 2 ,2
Ž . Ž . Ž .NaHCO 26 , MgSO 1.19 , KH PO 1.18 , glucose3 4 2 4

Ž . Ž .11 and 5,6,7,8-tetrahydrobiopterin BH , 10 mM bub-4

bled with 95% O r5% CO . The slices corresponding to2 2

the control group were then incubated 10 min further
under the same conditions. Slices corresponding to the

Ž .‘ischaemic’ oxygen–glucose-deprived group were incu-
bated 10 min in the solution without glucose and equili-
brated with 95% N r5% CO to mimic an ischaemic2 2

condition. After these periods of 10 min, the medium from
both groups was replaced every 30 min with fresh incuba-
tion solution containing glucose and equilibrated with 95%
O r5% CO to simulate a ‘reperfusion’ period. In some2 2

Ž .experiments, 1400W 20 mM was included in the incuba-
tion solution during both ‘ischaemic’ and ‘reperfusion’
periods. Slices were taken out at different times: 120, 180,
210 and 240 min after the oxygen–glucose deprivation
period and frozen immediately with liquid nitrogen.

2.2. NO synthase actiÕity

Two different measurements of NO synthase were per-
formed.

Ž .1 NO synthase activity was determined after sonica-
tion of both control and oxygen–glucose-deprived fore-

Ž .brain slices Labsonic 2000 at 48C in 5 volumes of buffer
containing 320 mM sucrose, 1 mM EDTA, 1 mM DL-di-
thiothreitol, 10 mgrml leupeptin, 100 mgrml phenyl-
methylsulphonyl fluoride, 10 mgrml soybean trypsin in-
hibitor, 2 mgrml aprotinin and 50 mM Tris brought to pH
7.0 at 208C with HCl. The homogenate was centrifuged at
48C at 12 000=g for 20 min and the pellet was discarded.

NO synthase activity was then determined in the post
mitochondrial supernatant by monitoring the conversion

w 14 x w 14 xofL- U- C arginine into U- C citrulline as described by
Ž .Salter et al. 1991 with modifications by Rees et al.

Ž . Ž1995 , according to which the co-factors NADPH 100
. Ž . Ž . Ž .mM , BH 3 mM , FAD 3 mM and FMN 3 mM are4

included in the enzyme assay. Using this modification, we
Ž .obtained a significant improvement 10–20-fold in the

values for constitutive NO synthase, but not those for
inducible NO synthase. The activity of the Ca2q-dependent

Ž .isoforms constitutive NO synthases was determined from
w14 xthe difference between the C citrulline produced from

control samples and from samples containing 1 mM EGTA;
2q Žthe activity of the Ca -independent isoform inducible

.NO synthase was determined from the difference between
samples containing 1 mM EGTA and samples containing 1

G ŽmM EGTA and 1 mM N -monomethyl-L-arginine L-
.NMMA .

Ž .2 To test the effect of 1400W on inducible NO
synthase activity, we used slices exposed to oxygen–glu-
cose deprivation to obtain the enzyme from the ho-
mogenate. To examine the effects of 1400W on constitu-
tive NO synthase activity, freshly cut forebrain slices were
used to obtain the enzyme from the homogenate. The
activity was determined as described before, where the

Žconcentration of L-arginine in the assay buffer Rees et al.,
.1995 was 20 mM. In addition, to study the L-arginine-in-

duced reversal of 1400W-induced inhibition of NO syn-
thase isoforms, 200 mM L-arginine was used. The effect of

Ž .1400W 2–200 mM on inducible NO synthase activity
was determined from the difference between samples con-
taining 1 mM EGTA and samples containing 1 mM EGTA

Ž .and 1400W 2–200 mM . The effect of 1400W on consti-
tutive NO synthase activity was determined by comparing
w14 xC citrulline produced from control samples and from

Ž .samples containing 1400W 20 mM .
The protein content of the homogenate from each slice

Žwas determined using bicinchoninic acid Hill and Straka,
.1988 .

( )2.3. Lactate dehydrogenase LDH assay

Tissue damage was measured by examining the LDH
efflux to the incubation solution. Samples of this solution
were taken every 30 min during 240 min of reperfusion
and the enzyme activity was measured spectrophotometri-
cally at 340 nm by following the oxidation of NADH
Ž . Ždecrease in absorbance in the presence of pyruvate Koh

.and Choi, 1987 , using a Spectronic 601 spectrophotom-
eter or a Molecular Devices microplate reader.

2.4. Chemicals and statistical analyses

w 14 xL- U- C arginine was obtained from Amersham, BH 4
wŽ . x6R -5,6,7,8-tetrahydro-L-biopterin dihydrochloride was

Ž .obtained from RBI Research Biochemicals International ,
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Ž Ž . . Ž .N- 3- aminomethyl benzyl acetamidine 1400W was ob-
Ž .tained from Glaxo-Wellcome UK and other chemicals

were from Sigma or as indicated in previous sections.
Results are expressed as means"S.E.M. of the indicated
number of experiments, and statistical comparisons were
made using a Newman–Keuls test. P-0.05 was consid-
ered as statistically significant.

3. Results

3.1. Inducible and constitutiÕe NO synthase actiÕity in rat
forebrain slices exposed to oxygen–glucose depriÕation

Oxygen–glucose deprivation for 10 min caused the
appearance of an inducible NO synthase activity in the rat
forebrain slices, which increased time dependently during
the period studied. As shown in Fig. 1, inducible NO
synthase activity appeared approximately 180 min after the
oxygen–glucose deprivation period, reaching its maximal
activity 210 min after the end of this period. During the
same period, inducible NO synthase activity was not de-

Ž .tected in control slices data not shown . On the other
hand, constitutive NO synthase activity in oxygen–glucose
deprived slices was not significantly modified at the times

Ž .studied Fig. 1, P)0.05 .

Fig. 1. Time-course of inducible and constitutive NO synthase activity
from rat forebrain slices exposed to oxygen–glucose deprivation. NO

wsynthase activity was measured by monitoring the conversion of L- U-
14 x w 14 x Ž .C arginine into U- C citrulline see Section 2 . The data represent the
means"S.E.M. of 16 independent experiments. ) P -0.05; )) P -0.01
Ž .Newman–Keuls test .

Fig. 2. LDH levels in incubation solution of rat forebrain slices exposed
Ž .to oxygen–glucose deprivation vs. control tissue P -0.05 . LDH levels

were measured by monitoring the oxidation of NADH in the presence of
Ž . Ž .pyruvate see Section 2 . Inset: Effect of the addition of 1400 W 20 mM

to the slices exposed to oxygen–glucose deprivation on LDH release at
Ž . Ž .240 min. )) P -0.01 control C vs. oxygen–glucose-deprived I ;

aP - 0.05 oxygen–glucose-deprived vs. oxygen–glucose-deprivedq
Ž . Ž .1400W 1400W Newman–Keuls test .

3.2. LDH leÕels in incubation solution from control and
oxygen–glucose-depriÕed rat forebrain slices

Since LDH levels remaining in control and oxygen–
glucose-deprived slices at 240 min of reperfusion were
very high and not significantly different from each other
Ž8375"69 vs. 8512"293 mODrmin in control and oxy-
gen–glucose-deprived slices, respectively, ns4, P)

.0.05 , LDH efflux was merely expressed as the LDH
Ž .activity mODrmin present in the incubation solution.

After 10 min of oxygen–glucose deprivation, LDH levels
Žin the incubation solution were significantly higher P-

.0.05 than those found in control slices during the whole
period of reperfusion. The difference in LDH levels was

Ž .stable DmODrmin: 0.4"0.03 from 30 to 150 min of
reperfusion. However, this difference then increased
Ž .DmODrmin: 0.76"0.01 , to reach a maximum level at

Ž .the latest times of reperfusion Fig. 2 .

3.3. Effect of 1400W on LDH efflux

Ž .The addition of 1400W 20 mM to the incubation
solution from slices exposed to oxygen–glucose depriva-
tion caused a significant inhibition of LDH release at 240
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Table 1
Ž .Effect of 1400W 2–200 mM on inducible NO synthase activity found in brain slices exposed to oxygen–glucose deprivation and on constitutive NO

synthase activity from freshly cut slices

Ž . Ž .Inducible NO synthase activity % Constitutive NO synthase activity %

Control 100 100
a1400W 2 mM 49"9 –
b a1400W 20 mM 11"4 71"4
b1400W 200 mM 11"4 –
b1400W 20 mMqL-Arg 200 mM 11"4 93"8

aP-0.05.
bP-0.01 vs. control.

Ž .ns4–14 Newman–Keuls test .
w 14 x w 14 x Ž .NO synthase activity was measured by monitoring the conversion of L- U- C arginine into U- C citrulline see Section 2 .

Data are expressed as % of NO synthase activity in the absence of 1400W and are means"S.E.M.

Ž . Žmin of reperfusion 35% inhibition, P-0.05 Fig. 2,
. Ž .inset , but not at earlier times data not shown .

3.4. Effect of 1400W on NO synthase actiÕity

Ž .1400W 2–200 mM caused a concentration-dependent
inhibition of the inducible NO synthase activity of the
solution from oxygen–glucose-deprived slices at 20 mM

Ž .L-arginine Table 1, ns14, P-0.05 . The effect of
Ž .1400W 20 mM on inducible NO synthase activity was

Žnot reversed in the presence of 200 mM L-arginine Table
.1, ns4–14, P)0.05 vs. 20 mM 1400W alone . On the

other hand, 20 mM 1400W partially inhibited constitutive
NO synthase activity in the presence of 20 mM L-arginine
Ž .Table 1, ns4, P-0.05 but this effect was reversed by

Ž .200 mM L-arginine Table 1, ns4, P)0.05 vs. control .

4. Discussion

We have demonstrated that the selective inhibitor of
inducible NO synthase, 1400W, attenuates LDH efflux
into the incubation solution of rat forebrain slices exposed
to oxygen–glucose deprivation as compared the efflux
from control tissue. These findings suggest that pharmaco-
logical inhibition of inducible NO synthase activity after
ischaemia reduces tissue damage, indicating that NO pro-
duction by inducible NO synthase participates in cerebral
ischaemia.

We have previously shown that 20 min of oxygen–glu-
cose deprivation leads to the appearance of Ca2q-indepen-
dent NO synthase activity in rat forebrain slices as early as
120 min after the hypoxic insult, which corresponded to
the expression of the inducible isoform of NO synthase, as
shown by detection of both inducible NO synthase mes-

Ž .sage and protein in these tissues Moro et al., 1998 .
Different authors have found inducible NO synthase ex-
pression in in vivo models of ischaemia-reperfusion but

Žthis expression did not take place before 1–3 days Endoh
et al., 1994; Wallace and Bisland, 1994; Iadecola et al.,

.1995b . Since it is known that much of the tissue damage

following cerebral ischaemia occurs within the first few
Ž .hours Dereski et al., 1993; Garcia et al., 1993 , our data

suggest that NO could play an important pathogenic role
not only in the late stages of ischaemia but also in the
initiation of this process.

We have now shown that the time of appearance of
inducible NO synthase activity is dependent on the dura-
tion of the oxygen–glucose deprivation period since, when
this period lasts 10 min, inducible NO synthase activity
appears 180 min after the ‘ischaemic’ injury, reaching a
maximum at 210 min in our model.

Oxygen–glucose deprivation causes cytotoxicity in our
model, as revealed by the increase during the reperfusion
period of LDH release to the incubation solution of oxy-
gen–glucose-deprived slices as compared with control tis-
sue. However, the participation of inducible NO synthase
in tissue damage does not seem to occur before 180 min.
The addition of 1400W causes a significant inhibition of
LDH release from slices exposed to oxygen–glucose de-
privation at the latest time studied. The effect of 1400W on
LDH levels may be a result of direct inhibition of the
inducible isoform of NO synthase and not of the constitu-
tive isoforms, since 1400W caused significant inhibition of
the inducible NO synthase activity in slices exposed to
oxygen–glucose deprivation, and this inhibition was not

Žreversed in the presence of L-arginine concentrations 200
. Ž .mM in the physiological range Barbul, 1986 . Although

1400W partially inhibited constitutive NO synthase activ-
ity, the effect was reversed in the presence of physiological
concentrations of L-arginine. This might have been ex-
pected since the inhibition of Ca2q-dependent NO synthase
isoforms by 1400W is relatively weak and rapidly re-

Ž .versible with L-arginine Garvey et al., 1997 .
On the other hand, 1400W had significant effect on

LDH release later after the oxygen–glucose-deprivation
period. This is consistent with our data on the time profile
of Ca2q-independent NO synthase activity, suggesting both
that inducible NO synthase could account for cytotoxicity
at those stages in which its activity is maximal, and that
other phenomena such as excitotoxicity were responsible
for the damage at earlier times.
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5. Conclusion

All these data suggest that our model may be consid-
ered a useful in vitro method since it is easily accessible
and is suitable for pharmacological studies trying to deter-
mine the therapeutic role of different tools such as NO
synthase inhibitors in the management of cerebral is-
chaemia.

Although 1400W is closely related to bisisothioureas,
compounds which are acutely toxic, it has been reported
that toxicity is only observed at doses higher than the

Ž .therapeutic ones reviewed in Garvey et al., 1997 .
Together, these observations provide evidence allowing

one to conclude that the administration of the highly
selective inducible NO synthase inhibitor, 1400W, de-
creases the release of LDH in slices exposed to oxygen–
glucose deprivation by direct inhibition of inducible NO
synthase activity. The data indicate that NO production by
inducible NO synthase contributes to the ischaemic dam-
age from early to late stages. This raises the possibility of
clinical use of inducible NO synthase inhibitors in the
management of cerebral ischaemia to diminish neural tis-
sue damage during the reperfusion period.
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