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Neuroprotective and neurorescuing effects of isoform-specific nitric
oxide synthase inhibitors, nitric oxide scavenger, and antioxidant
against beta-amyloid toxicity
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1 Beta amyloid (Af) is implicated in Alzheimer’s disease (AD). Af;_4 (5, 10, or 20 uM) was able
to increase NO release and decrease cellular viability in primary rat cortical mixed cultures.

2 L-NOARG and SMTC (both at 10 or 100 um) — type I NOS inhibitors — reduced cellular NO
release in the absence of Af;_4. At 100 uM, both drugs decreased cell viability.

3 L-NIL (10 or 100 um), and 1400W (1 or 5 uM) — type II NOS inhibitors — reduced NO release
and improved viability when either drug was administered up to 4 h post Af; 4, (10 uM) treatment.
L-NOARG and SMTC (both at 10 or 100 uM) were only able to decrease NO release. Carboxy-
PTIO or Trolox (both at 10 or 100 uM) — a NO scavenger and an antioxidant, respectively—
increased viability when administered up to 1 h post Af;_4, treatment. Either L-NIL (50 um) or
1400W (3 um) and Trolox (50 uM) showed synergistic actions.

4 Peroxynitrite (100 or 200 uM) reduced cell viability. Viabilities were improved by L-NIL
(100 um), 1400W (5 um), carboxy-PTIO (10 or 100 um), and Trolox (10 or 100 um).

5 Hence, the data show that Af; 4, induced NO release in neurons and glial cells, and that Af
neurotoxicity is, at least in part, mediated by NO. NO concentration modulating compounds and
antioxidant may have therapeutic importance in neurological disorders where oxidative stress is
likely involved such as in AD.
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Introduction

The immunologic and vascular properties of nitric oxide
(NO) has long been recognized (Ignarro et al., 1987;
Stuehr & Marletta, 1985). The roles of NO in neurobiol-

some neurons (Dinerman et al., 1994). The extensive
distribution of these NOS in the brain suggests that NO is
likely to have important neurophysiological functions.

ogy has been a research focus since the discoveries of the
inhibitory effects of NO in the peripheral nervous system
(Ceccatelli et al., 1994; de Man et al., 1991) and NO
production in the brain (Bredt et al., 1990; Schmidt et al.,
1989). NO is an enzymatic product of nitric oxide
synthase (NOS), which exists in three isoforms. In the
brain, all three isoforms are present. Type I NOS
(neuronal NOS, nNOS) is expressed in neurons in diverse
locations with different densities, including the neocortex
(Bredt er al., 1990). Type II NOS (inducible NOS, iNOS)
is found in astrocytes and microglia (Kroncke er al.,
1995). Type III NOS (endothelial NOS, eNOS) has been
identified most abundantly in endothelial cells but also in
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Research thus far has shown that in addition to the
regulation of cerebral vasoactivity, NO is likely to
participate in learning and memory by acting as the
retrograde messenger in long-term potentiation and
depression (Haley et al., 1992; Linden & Connor, 1993),
as well as participating in axonal remodelling during
development (Hess et al., 1993). NO can also be
neurotoxic primarily due to its oxidative properties, which
includes its ability to induce the production of peroxyni-
trite, which is a highly destructive reactive oxygen species
(ROS) (Beckman et al., 1994a). NO has been implicated
in cerebral ischaemia (Dawson, 1994; Eliasson et al., 1999)
and in a number of neurodegenerative disorders, including
Huntington’s disease (Meldrum & Garthwaite, 1990),
AIDS-associated dementia (Adamson et al., 1996), multiple
sclerosis (Giovannoni et al., 1998), amyotrophic lateral
sclerosis (Almer et al., 1999), as well as in Alzheimer’s
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disease (AD) (Smith et al, 1997). These apparent
paradoxical effects of NO may be dependent on the
NOS isoform involved (Hara et al., 1996; Huang et al.,
1996). Despite the possible importance of NO in the
aetiology of various neurodegenerative diseases, existing
data on the effects of isoform-specific NOS inhibitors on
neurological functioning are limited.

Beta-Amyloid (Af) is a 40 or 42-amino acids peptide
fragment derived from the much larger amyloid precursor
protein (APP) secondary to f3- and y-secretase cleavage
(Haass & Selkoe, 1993). In the AD brain, significant
extraneuronal Af deposits have been noted (Selkoe, 1994),
and Af has been implicated in AD pathogenesis via a
number of distinct but intertwined mechanisms, including
excitotoxicity, Ca?" homeostatic disruption, free radical
production, neuro-inflammation, and apoptosis (Cotman &
Anderson, 1995; Gahtan & Overmier, 1999; Good et al.,
1996; Mattson et al., 1992). Moreover, the 42-amino acid
peptide fragment (Af;_4) appears to be more critically
involved in the aetiology of AD (ElI Agnaf et al., 2000).
Previous studies have shown that Af stimulated NO
production in the brain. However, the data are inconsistent.
Several studies demonstrated synergy between Af and
cytokines to induce microglial NO release (Bonaiuto et al.,
1997; Goodwin et al., 1997; 1i et al., 1996; Meda et al., 1995),
whereas others argued that the increased NO release was the
result of astrocytic activation (Akama et al., 1998; Forloni et
al., 1997; Hu et al., 1998; Wallace et al., 1997). Moreover,
whether Af can induce neuronal NO production (Yang et al.,
1998) remains controversial.

Since NO and Af have been implicated in neurotoxicity
and putative links between these two potentially neurotoxic
substances appear to exist, the aim of this study was to
examine the effects of Af on NO release and the potential
protective and rescuing ability of various NOS inhibitors in
primary rat cortical neuronal and glial cultures. Our data
suggest that Af-induced neurotoxicity is NO-mediated, and
that isoform-specific NOS inhibition provides beneficial
effects.

Methods
Primary cortical mixed cell cultures

Solutions used for primary neuronal and glial cell cultures
were obtained from Gibco BRL (Burlington, Ontario,
Canada) unless otherwise stated. Culture medium was
prepared by adding 10% (v v~') foetal bovine serum (FBS)
and 1% (v v~') PSN to high glucose, phenol red-free
Dulbecco’s modified Eagle’s medium (D-MEM).

Mixed cortical glial and neuronal cultured cells were
prepared from E15 to E18 embryos obtained from Spargue-
Dawley rats (Charles River Canada, St-Constant, Québec,
Canada). Animal care was according to protocols and
guidelines of McGill University Animal Care Committee
and the Canadian Council for Animal Care. The embryo
brains were dissected, cerebral cortices were separated, and
the meninges were removed in Ca’>* and Mg?*-free Hank’s
balanced salt solution (HBSS). Cortical tissues were
collected and washed three times using HBSS; following
by digestion in 0.25% trypsin (Sigma, St. Louis, MO,

U.S.A.) for 10 min at 37°C. The cortical tissues were rinsed
once using HBSS and FBS was added to stop the reaction.
The cortical tissue suspension was then triturated 15 times
using a Pasteur pippette, followed by 10 min centrifugation
at 1000 x g. The supernatant was removed and resuspended
by adding the prepared culture medium. The suspension
was triturated twice. The cortical cells were then plated at
day 0 at a density of approximately 15 x 10* viable cells per
well in 24-well plates coated with poly-D-lysine (Sigma).
Cells were grown and maintained in the culture medium
described above at 37°C and 5% CO, humidified
environment. The culture medium was changed on days 1
and 4.

Experimental treatments

All experimental drugs were purchased from Calbiochem
(San Diego, CA, U.S.A.) unless otherwise stated. All drugs
were freshly prepared on the day of the experiment. Each
experimental condition was tested in triplicated wells, and at
least three independent experiments were carried out for each
condition.

On day 7 after plating, the culture medium was removed
and replaced with freshly prepared culture medium in the
presence of either Af; 4, (1, 5, 10, or 20 uMm; U.S. Peptide,
Fullerton, CA, U.S.A.), Af4_1 (Bachem, Torrance, CA,
U.S.A.), or peroxynitrite (100 or 200 uM) with or without
either NS-nitro-L-arginine (L-NOARG, a type I (and III)
NOS inhibitor (Furfine et al., 1993); 10 or 100 um), S-
methyl-L-thiocitrulline (SMTC; a type I NOS inhibitor
(Furfine et al., 1994); 10 or 100 uMm), N-iminoethyl-L-lysine
(L-NIL, a type II NOS inhibitor (Moore et al., 1994); 10 or
100 um), N-(3-(aminomethyl)benzyl)acetamidine (1400W, a
type II NOS inhibitor (Garvey et al., 1997); 1 or 5 um), 2-
(4-carboxyphenyl)-4, 4, 5, 5-tetramethylimidazoline-1-oxyl-3-
oxide (carboxy-PTIO, a NO scavenger (Hogg et al., 1995);
10 or 100 uM), or 6-hydorxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox, a vitamin E analogue with
antioxidative properties against peroxynitrite-mediated oxi-
dative stress (Salgo & Pryor, 1996); 10 or 100 uM) alone or
in combination. The cultured cells were then incubated for
20 h at the conditions described above. For the time-course
studies, the cultured cells were pre-treated with the
described culture medium containing Af; 4 (10 uM).
Either L-NIL (100 uMm), L-NOARG (100 um), 1400W
(5 um), SMTC (100 um), carboxy-PTIO (100 um) or Trolox
(100 pM) were administered at 1, 4, and 8 h later.
Assessments were carried out 20 h after Af;_4 adminis-
tration. To examine the combining effects of these drugs,
they were paired with each other at half of the maximum
concentrations used, except for 1400W, where 3 uM was
used.

Assessment of NO release

NO is rapidly converted to nitrate and nitrite in aqueous
solutions. NO released by cultured cells after Af;_4, and
specific NOS inhibitor treatments were inferred by converting
the nitrate produced into nitrite by nitrate reductase,
followed by the addition of the Griess reagent (NO
colorimetric assay kit; Calbiochem), which measured total
nitrite production (Nims et al., 1996).
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Assessment of cellular viability

The viability of cultured cells was evaluated by using 3-4(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrzolium bromide (MTT)
and neutral red (3-amino-7-dimrthyl-amino-2-methylphena-
zine, NR) colorimetric assays. MTT is an indicator of
mitochondrial respiration, which has commonly been used
to infer cellular viability (Bastianetto et al., 1999). Since free
radicals have been shown to alter the activities of mitochon-
drial enzymes (Sims, 1996), NR, a dye which is taken up by
lysosomes of living cells (Bastianetto et al., 1999), was also
used as an additional cellular integrity marker in some
experiments to confirm the results obtained with the MTT
assay. MTT reduction and NR uptake were quantified at 570
and 540 nm, respectively, by using a micro-plate reader (Bio-
Tek Instruments Inc., Ville St-Laurent, Québec, Canada).

Statistical analysis

All data are represented as means+s.e.mean. One-way
analysis of variance (ANOVA) with Bonferroni’s multiple
comparison tests and unpaired Student ¢-tests were used in all
studies to compare controls and treatment groups, with
P <0.05 being considered as significant. For cellular viability
studies, the viability measures of vehicle-treated control
groups were established as 100%.

Results
Effects of Af;_4> on NO release

Various concentrations of Af;_4, were added to cortical
culture cells, and the resultant nitrite concentrations were
measured (Figure 1). At 1 uM, Af; 4, did not increase nitrite
concentration (23.8+1.6 uM). At 5, 10, and 20 uM, Af;_4
caused significantly higher nitrite productions (31.9+1.9,
44.3+2.7, and 46.7+3.1 uM, respectively) than control (no
Ap exposure; 21.6+2.2 uM). No significant difference was
observed between the 10 and 20 uM concentrations. The
reverse peptide sequence Af4_; (10 and 20 uMm) failed to
induce nitrite production.
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Effects of NOS inhibitors on NO release

The effects of two specific type I NOS inhibitors (L-NOARG
and SMTC) and two type II NOS inhibitors (L-NIL and
1400W) on nitrite production by the cultured cells were
assessed next (Figure 2). L-NOARG and SMTC exposures at
100 uM significantly lowered nitrite production (9.5+1.2 and
11.2+1.1 uM, respectively) when compared to control (no
NOS inhibitor exposure; 19.6+1.2 um). In contrast, both L-
NIL (10 and 100 um) and 1400W (1 and 5 uMm) did not show
significant effects on nitrite production.

Effects of NOS inhibitors on NO release in the
presence of AB;_4>

Nitrite productions by the cultured cells after co-administra-
tion of Af;_4> (10 uM) and various specific NOS inhibitors at
different concentrations were measured next (Figure 3).
Apy_4 by itself induced a significant elevation in nitrite

o
(=)
I

404

Nitrite concentration (1 M)

Control 1 5 10 20 10 20

AP 42 (M) AB gy (M)

Figure 1 Effects of Af; 4, on nitrite production in primary cortical
mixed cell cultures. At 5, 10, and 20 um, Af;_4 significantly
increased nitrite production as compared to control (no Af peptide
exposure). The reverse peptide Afis; 1 (10 and 20 pm) did not
increase nitrite production significantly in the cultured cells. Data
represent meants.e.mean of 6-9 wells from seven independent
experiments. One-way ANOVA with Bonferroni’s multiple compar-
ison test and Student z-test were used to analyse statistical
significance. *P<001; **P<0.001.
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Figure 2 Effects of specific NOS inhibitors on nitrite production in primary cortical mixed cell cultures. L-NOARG and STMC
caused significantly lower nitrite release than control (no NOS inhibitor exposure) at 100 uM. L-NIL and 1400W did not show
significant effect on nitrite production at their respective concentrations. Data represent mean +s.e.mean of 4—6 wells from five
independent experiments. One-way ANOVA with Bonferroni’s multiple comparison test and Student #-test were used to analyse

statistical significance. * P <0.05.
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Figure 3 Effects of specific NOS inhibitors on nitrite production in primary cortical mixed cell cultures in the presence of Af; 4,
(10 um). A, _4> caused significant increase in nitrite production when compared to control (no Af or NOS inhibitor exposure).
When L-NOARG (100 um), STMC (100 pum), L-NIL (100 um), or 1400W (5 um), were co-administered with Af; 4, nitrite
productions were significantly lower than Af; 4, alone. Data represent mean+s.e.mean of §—9 wells from seven independent
experiments. One-way ANOVA with Bonferroni’s multiple comparison test and Student #-test were used to analyse statistical
significance. *P <0.05, **P<0.01; ***P<0.001 compared to Af;_4.

production (46.3+2.7 uM) when compared to the control
(without Af or NOS inhibitor exposure; 18.6+2.2 uM).
Nitrite productions after Af; 4 and L-NOARG (100 um)
or Af_4> and SMTC (100 uM) treatments were significantly
lower than Af;_4 alone (33.54+2.0 and 34.54+1.6 uMm,
respectively). The co-administration of Ap; 4 and L-NIL
(100 um) or 1400W (5 uM) induced similar but more
significant effects in reducing nitrite production (23.9+1.9
and 27.8+1.0 uM, respectively).

Effects of NOS inhibitors on NO release after
AP 4> pre-treatment

Various specific NOS inhibitors were administered at 1, 4 and
8 h after Af; 4 treatment, and the resultant nitrite
concentrations were assessed (Figure 4a—d). L-NOARG at
100 um (Figure 4a) and SMTC at 100 um (Figure 4b) were
able to significantly reduce nitrite production (26.5+2.0 and
25.24+1.1 uM, respectively) as compared to Af;_4, treatment
alone (38.3+2.7 uM), when administered after Af; 4 at the
1 h time point. When L-NIL at 100 um (Figure 4c) was
administered 1 or 4 h after Af;_4, pre-treatment, the
resultant nitrite levels (26.5+2.1 and 28.0+1.9 uM, respec-
tively) were significantly lower than Af;_4, treatment alone.
No significant difference was observed between Af;_4, and
APy _4 with L-NIL if added at 8 h after A, 4, treatment.
Similar results were obtained with 1400W (5 um;
274425 uM at 1 h and 28.7+1.3 uM at 4 h; Figure 4d).
All conditions that contained either of the type I NOS
inhibitors showed higher nitrate release than those with type
II NOS inhibitors.

Effects of AP ;_4> on cellular viability

Various concentrations of Af;_4 were administered to the
cultured cells, and viabilities were measured by assessing
MTT reductions (Figure 5a) and NR uptakes (Figure 5b). At
5, 10 and 20 uM, Af; 4 significantly lowered MTT levels
(78+2, 62+3 and 58+4% of control, respectively). No
significant difference on MTT reductions were observed

between Af;_4 at 10 and 20 uM. Moreover, all concentra-
tions tested here significantly reduced NR uptakes when
compared to control (8242, 74+3, 62+3 and 55+4% of
control for 1, 5, 10 and 20 uM, respectively). The reverse
control peptide A4, 1 (10 and 20 uM) had no effect on MTT
or NR activities.

Effects of NOS inhibitors on cellular viability

MTT reductions (Figure 6a) and NR uptakes (Figure 6b) by
cultured cells after exposures to various specific NOS
inhibitors were measured next. L-NOARG and SMTC at
100 uM concentration decreased both MTT (84+2 and
87+ 1% of control, respectively) and NR (81+2 and
80+ 1% of control, respectively) levels. L-NIL and 1400W
had no significant effect on either viability markers with the
concentration tested.

Effects of NOS inhibitors, carboxy-PTIO, and Trolox on
cellular viability in the presence of Af;_4

Carboxy-PTIO and Trolox possess antioxidative -effects
against NO-mediated oxidative stress. Their potential effects
against Af toxicity were investigated here along with NOS
inhibitors (Table 1). The co-administration of SMTC
(100 uMm) and Ap, 4 significantly reversed the effects of
APy 4 alone (72+2% vs 61+2% of control). Similar results
were obtained with a co-administration of L-NIL at 10 or
100 uM (7642 and 93+2% of control, respectively), 1400W
at SuM (92+2% of control), carboxy-PTIO at 10 and
100 uMm (83+2 and 91+1% of control, respectively) or
Trolox at 10 or 100 uM (7242 and 86+2% of control,
respectively) and Aff;_4,. Similar results were obtained using
NR uptake as viability marker.

Effects of NOS inhibitors, carboxy-PTIO, and Trolox on
cellular viability after AP;_4> pre-treatment

Various specific NOS inhibitors, carboxy-PTIO, or Trolox
were administered at 1, 4, and 8 h post Af;_4, treatment,

British Journal of Pharmacology vol 133 (7)
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Figure 4 Effects of specific NOS inhibitors on nitrite production in primary cortical mixed cell cultures at 1, 4, and 8 h post Af;
42 (10 pum) treatment. Af; 4, caused significantly higher nitrite production than control (no Af or NOS inhibitor). L-NOARG (a)
and SMTC (b) significantly decreased nitrite release when administered at 1 h post Af; 4 treatment. L-NIL (c) and 1400W (d)
caused significant reductions in nitrite release when administered up to 4 h after Af; 4, treatment. Data represent mean +s.e.mean
of 4—6 wells from four independent experiments. One-way ANOVA with Bonferroni’s multiple comparison test and Student r-test
were used to analyse statistical significance. *P <001;**P <0.001 compared to Af; 4.
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Figure 5 Effects of Af; 4, and Afi;o | on MTT reduction and neutral red (NR) uptake by primary cortical mixed cell cultures.
Api_4p (5, 10 and 20 um) caused significant decreases in MTT reductions (a) as compared to the control (no Af peptide exposure).
Apf4r_1, at 10 or 20 um, showed no significant effect on MTT reduction. A} 4, (1, 5, 10 and 20 uM) caused significant decreases in
NR uptakes (b) as compared to the control. Afi4, i, at 10 or 20 uM, had no significant effect on NR uptake by the cultured cells.
Data represent mean+s.e.mean of 6—9 wells from six independent experiments. One-way ANOVA with Bonferroni’s multiple
comparison test and Student r-test were used to analyse statistical significance. *P<0.05; **P<0.01; ***P<0.001.

and MTT reductions (Figure 7a—f) were measured. Both L- 7c) or 1400W (5 pum; Figure 7d) was administered 1 or 4 h
NOARG at 100 um (Figure 7a) and SMTC at 100 um after Af, 4 treatment, the resultant MTT reduction values
(Figure 7b) had no effects on MTT levels when compared (93+2 and 89+4% of control, 94+4 and 90+2% of
to Afi_4 alone (56+5%). When L-NIL (100 um; Figure control, respectively) were significantly higher than Apf;_4

British Journal of Pharmacology vol 133 (7)
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Figure 6 Effect of specific NOS inhibitors on MTT reduction and neutral red (NR) uptake by primary cortical mixed cell cultures.
L-NOARG and SMTC caused significant decreases in MTT reduction (a) and NR uptake (b) at 100 um concentration. L-NIL and
1400W showed no effects on MTT reduction or NR uptake. Data represent mean+s.e.mean of 6—9 well from four independent
experiments. One-way ANOVA with Bonferroni’s multiple comparison test and Student ¢-test were used to analyse statistical

significance. *P<0.05;** P<0.01.

Table 1 Effects of NOS inhibitors, carboxyl-PTIO, and
Trolox on MTT reduction and neutral red (NR) uptake by
primary rat cortical mixed cultures treated with Af; 4

MTT reduction NR uptake

(% of control) (% of control)
Ap (10 um) 61.44+2.0F 53.4+2.1%
L-NOARG (10 um) 67.5+1.6 54.5+1.3
L-NOARG (100 um) 70.5+1.6 60.5+1.6
STMC (10 um) 68.4+1.8 58.5+2.5
STMC (100 pm) 72.2+2.1% 943+1.5
L-NIL (10 pum) 75.6+2.2% 59.0+2.0
L-NIL (100 pm) 92.6 +1.9%** 89.341.9%**
1400W (1 pum) 70.0+1.5 59.0+2.0
1400W (5 um) 92.042.2%** 89.342.0%**
Carboxy-PTIO (10 um) 83.142.3%* 66.2+1.1%
Carboxy-PTIO (100 um) 91.04 1.2%** 89.943.0%**
Trolox (10 um) 72.0+1.6% 68.0+2.3*%
Trolox (100 um) 86.3 £2.0%** 80.7+1.6%*

AP _4p decreased MTT reduction and NR uptake signifi-
cantly as compared to control (no Af;_4 or drug exposure).
The co-administration of Af; 4 with SMTC at 100 um
showed higher MTT reduction than Af; 4 alone. L-NIL at
10 or 100 um (L100) significantly increased MTT reduction,
but only showed significantly higher NR uptake at 100 pum.
1400W at 5 um caused higher MTT reduction and NR
uptake. Carboxy-PTIO increased MTT reduction and NR
uptake significantly at 10 and 100 gM. Trolox also showed
significantly higher MTT reduction and NR uptake at 10
and 100 um. Data represent mean+s.e.mean of 6—9 wells
from five independent experiments. One-way ANOVA with
Bonferroni’s multiple comparison test and Student #-test
were used to analyse statistical significance. TP <0.001
compared to control; *P<0.05; **P<0.01; ***P<0.001
compared to Af 4.

treatment alone. No significant difference in MTT reduction
was observed when L-NIL or 1400W was added at 8 h
later. Carboxy-PTIO (Figure 7e¢) and Trolox (Figure 7f) at
100 uMm reversed the effects of Aff; 4, when added 1 h post-
Apfi_4p treatment (91+5 and 74+5% of control, respec-
tively).

Effects of NOS inhibitors, carboxy-PTIO, and Trolox on
cellular viability in the presence of peroxynitrite

Since NO and peroxynitrite are closely related ROS, the toxic
effect of peroxynitrite was also examined. Peroxynitrite was
administered alone or in combination with various specific
NOS inhibitors or antioxidants, and the resultant MTT
reductions were measured (Figure 8). Administration of
peroxynitrite (100 or 200 uM) significantly decreased MTT
values in the cultured cells (31 +2 and 54 3%, respectively).
The co-administration of carboxy-PTIO (10 or 100 uM) and
peroxynitrite (100 uM) significantly reversed the effects of the
peroxynitrite treatment (57+2 and 65+3%, respectively).
Similar results were obtained with co-administration of
peroxynitrite (100 uM) and Trolox (10 or 100 um) L-NIL
(100 pm), 1400W (5 um), with Trolox being the most potent
of all drugs. Both L-NOARG and SMTC at 100 uM failed to
reverse the effects of peroxynitrite.

Effects of NOS inhibitors, carboxy-PTIO and Trolox on
cellular viability in the presence of Af;_4> when
administered in combinations

The effects of multiple drug treatments on Af;_4 (10 uM)-
induced loss in cell viability were investigated next (Table 2).
Af 4> showed significantly lower MTT reduction (58 +2% of
control). All drug combinations were able to reverse the effect
of Afy_4 on MTT reduction but to different extents. The co-
administration of L-NIL (50 um) and Trolox (50 uM) in the
presence of Af_4; fully reversed the effects of Af; 4o on MTT
level (97+2%). Similar results were seen with 1400W (3 um)
and Trolox co-administration (89+1%). On the other hand,
the co-administrations of L-NIL or 1400W with carboxyl-PTIO
or type I NOS inhibitors failed to show additional effects on
MTT values when compared to L-NIL or 1400W alone (data
not shown). Similarly, the co-administration of carboxyl-PTIO
(50 um) or Trolox with either of the type I NOS inhibitors did
not show significantly different MTT values to those of
carboxyl-PTIO or Trolox alone.
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Figure 7 Effects of specific NOS inhibitors, carboxy-PTIO, and Trolox on MTT reduction by primary cortical mixed cell cultures
at 1, 4 and 8 h post Af; 4> (10 um) treatment. Af; 4> caused significant MTT reduction decrease when compared to the control
(no Ap or drug exposure). L-NOARG (a) or SMTC (b) treatments did not show significant increase in MTT reduction compared
Af; 4 alone. L-NIL (c) or 1400W (d) at 1 or 4 h, but not at 8 h, caused significant increases in MTT reductions. Carboxyl-PTIO
(e) or Trolox (f) treatment showed significantly higher MTT reduction only at 1 h after Af;_4, treatment. MTT levels of L-NIL and
1400W administered at 1 and 4 h after Af; 4, treatment, as well as carboxy-PTIO at 1 h post Af; 4, treatment were similar to
control. Data represent mean+s.e.mean of 4—6 wells from four independent experiments. One-way ANOVA with Bonferroni’s
multiple comparison test and Student 7-test were used to analyse statistical significance. *P<0.01; **P<0.001 compared to Af; 4.
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Figure 8 Effects of NOS inhibitors, Carboxy-PTIO, and Trolox on
MTT reductions by primary cortical mixed cell cultures in the
presence of peroxynitrite. Peroxynitrite (OONO; 100 and 200 um)
caused significant MTT reduction decreases as compared to the
control (no peroxynitrite or drug exposure). The co-administration of
peroxynitrite (100 um) with Trolox at 10 (T10) or 100 um (T100),
carboxy-PTIO at 10 (C10) or 100 um (C100), L-NIL at 100 um
(L100), or 1400W at 5 um (WS5) showed significantly higher MTT
reductions than peroxynitrite treatment alone. L-NOARG at 100 um
(G100) or SMTC at 100 um (M100) showed no significant difference
in MTT reductions. Data represent mean+s.e.mean of 6—9 wells
from five independent experiments. One-way ANOVA with Bonfer-
roni’s multiple comparison test and Student z-test were used to
analyse statistical significance. *P<0.001 compared to peroxynitrite
at 100 pMm.

Table 2 Combining effects of NOS inhibitors, carboxy-
PTIO, and Trolox on MTT reductions by primary rat
cortical mixed cell cultures in the presence of Af| 4

MTT reduction

(% of control)
Ap (10 um) 60.3+2.0F
L-NOARG (50 um)+ L-NIL (50 pm) 77.5+1.6%
L-NOARG (50 pum) + 1400W (3 um) 75.74+1.8*%
L-NOARG (50 um) + Carboxy-PTIO (10 um) 80.0+1.3*
L-NOARG (50 um) + Trolox (50 pum) 78.34+2.7*
STMC (50 um) +L-NIL (50 um) 79.54+1.9*%
STMC (50 um)+ 1400W (3 um) 72.742.1*%
STMC (50 um)+ Carboxy-PTIO (50 um) 83.34+2.1%
STMC (50 um)+ Trolox (50 um) 80.14+3.0%
L-NIL (50 um) + Carboxy-PTIO (50 um) 73.8+1.6*
L-NIL (100 um)+ Trolox (50 um) 97.0+2.5%*
1400W (3 um) + Carboxy-PTIO (50 um) 73.14+2.0%
1400W (3 um)+ Trolox (50 um) 93.0+2.1%*

The co-administration of Af;_4, with all drug combinations
showed significantly higher MTT values than Af; 4
treatment alone. Data represent mean+s.e.mean of 6-9
wells from four independent experiments. One-way ANOVA
with Bonferroni’s multiple comparison test and Student 7-
test were used to analyse statistical significance. TP <0.001
compared to control; *P<0.01, **P<0.001 compared to
AP
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Discussion

The current study examined the effects of A on NO release,
and the possible protective and rescuing abilities of NO/ROS
modulating agents. Our results showed that Af;_4,, but not
Apf4 1, caused a concentration-dependent increase in nitrite
production in cultured cortical cells, along with decreases in
cellular wviability. In the absence of Af;_4, L-NIL and
1400W — two type II NOS inhibitors — did not have
significant effect on cellular nitrite production nor cellular
viability, whereas L-NOARG and SMTC - two type I NOS
inhibitors — caused cellular nitrite production and viability to
decrease at the higher concentration tested. Both type II NOS
inhibitors caused reductions in nitrite productions and
maintained cellular viability in the presence of Apf|_4,
whereas type I NOS inhibitors decreased nitrite production
— to lesser extents than type II NOS inhibitors — but failed
to support viability as assessed using MTT and NR assays.
Most interestingly, type I and type II NOS inhibitors
decreased cellular nitrite productions even if administered 1
or 4 h post Af,_4 treatments, respectively. However, only
the type II NOS inhibitors were able to maintain cellular
viability when administered 4 h post Af;_4 treatments.
Peroxynitrite decreased cellular viability significantly, while
Trolox, a vitamin E analogue antioxidant, reversed this effect.
Both type II NOS inhibitors and carboxy-PTIO had similar,
but less effective, actions as Trolox, whereas the type I NOS
inhibitors were ineffective. In the presence of Af; 45, the co-
administration of a type II NOS inhibitor with Trolox
showed synergistic effects and fully maintained cellular
viability.

The neurotoxicity of Af fragments (e.g. Af>s_3s, AP1_40,
Apfi_4) is well documented (Selkoe, 1994; Yankner et al.,
1989). In the present study, Af; 4> was used since it is one of
the naturally occurring sequences which is found in higher
levels than Af};_49 in the AD brain, and possibly participat-
ing in the atiology of the disease (Lorenzo & Yankner, 1994)
(El Agnaf et al., 2000). Previous studies have provided
contradictory evidence regarding the ability of Af to induce
NO production in neurons and glial cells (Forloni et al.,
1997; 1i et al., 1996; Yang et al., 1998). In this study, A, in a
concentration-dependent manner, caused significant NO
release — inferred by increased nitrite production — in
primary rat cortical mixed cell cultures.

In the brain, NO is produced by three isoforms of NOS.
Both type I and type III NOS - expressed primarily in
neurons and endothelial cells, respectively — are constitutive
(Bredt et al., 1990; Dinerman et al., 1994). Type II NOS —
expressed in glial cells — is activated by many agents,
including lipopolysaccarides and a number of cytokines
(Dinerman et al., 1994), and is minimally expressed under
basal conditions. The current study shows that under basal
conditions, type II NOS inhibitors did not affect NO release,
whereas type I NOS inhibitors were clearly able to inhibit it.
These results indicate that the constitutive NOS isoform(s)
are responsible for the production of NO under basal
conditions. Moreover, L-NOARG is shown to inhibit both
type I and type III NOS (Furfine et al., 1993), whereas
SMTC is selective for type I NOS only. The lack of difference
in the inhibition of NO release between L-NOARG and
SMTC suggests that type III NOS does not contribute
significantly to NO release in our model. Although the Griess

reaction is not an absolute measure of NO production, this
does not interfere with the overall interpretation of results in
regard to the respective role of type I or type II NOS
inhibition and the effects of Af; 4.

In the presence of Af;_4, both type I and type II NOS
inhibitors showed significant effects in reducing NO release.
These data suggest that Af-induced NO release was mediated
by both type I and type II NOS. In other words, the origin of
NO appeared to be both neuronal and glial, rather than
solely glial as proposed earlier (Ii et al., 1996). Documented
evidence shows that Af peptides and cytokines can act in
synergy to induce type II NOS-mediated NO release from
activated microglial cells and/or reactive astrocytes. The
current results are in accordance with these studies, even if it
does not establish whether astrocytes or microglia, or both,
are responsible for the type-II NOS-mediated NO produc-
tion. It is worthwhile to mention that the micromolar Af
concentration ranges have been used repeatedly in many in
vitro and in vivo toxicity studies (Doré et al., 1997; Huang et
al., 2000; Nitta er al., 1993; Tang et al., 2000; Wei et al.,
2000). These concentrations are often greater than that of the
documented endogenous Af load necessary to cause
neurotoxicity (Callahan ez al., 2001; Hulstaert er al., 1999).
However, the extrapolation between experimental and
endogenous Ap burden is difficult since these in vitro and in
vivo intracerebroventricular infusion experiments represent
acute toxicity, whereas endogenous Af toxicity is most likely
a chronic phenomenon related to long-term exposure to low
but constant levels of the peptide.

The observation that Af; 4 caused significant increase in
NO release while decreasing cellular viability suggests that
NO is likely to be neurotoxic. This hypothesis is supported
by the findings that type II NOS inhibitors were able to
decrease NO production while improving or maintaining
cellular viability. The time-course also provided further
evidence that Af;_4-induced NO release is neurotoxic.
Moreover, the ability of type II NOS inhibitors to maintain
cellular viability even up to 4 h post Af;_go-treatments
demonstrates the neuroresecuing properties of these agents.
Interestingly, the observed NO-induced neurotoxicity ap-
peared to be NOS-isoform specific, since type I NOS
inhibitors were able to reduce NO release in the presence of
Apf1_4> but failed to improve cellular viability under these
conditions. Alternatively, the apparent lack of effect for type
I NOS inhibitors on Af;_4-induced MTT reduction could
possibly be explained by the fact that Af,_4, appeared to
show greater effects on type II than type I NOS. Further
investigation of NOS isoform-specific neurotoxicity is
certainly worthwhile since in animal models of cerebral
ischaemia, the resultant infarct damage is apparently
dependent on type I and type III NOS, with the former
being neurotoxic while the latter may be neuroprotective
(Hara et al., 1996; Huang et al., 1996).

Peroxynitrite is a radical species generated by a reaction
between NO and superoxide anions (Beckman et al., 1994a, b).
It leads to necrotic cell death by causing typical free radical
damages and energy depletion secondary to glycolytic pathway
impairment and polyADP-ribose polymerase (PARP) over-
activation, a cellular response occurring as an attempt to repair
excessive DNA damage (Beckman et al., 1994b; Ha & Snyder,
1999; Koppal et al., 1999). The current data shows that
peroxynitrite treatment significantly reduced cell viability.
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Trolox has been shown to have protective effect against
peroxynitrite toxicity (Salgo & Pryor, 1996) and was able to
protect cultured cells in the model used here. Interestingly, type
II NOS inhibitors and carboxy-PTIO also provided partial
protection against peroxynitrite-induced toxicity. These find-
ings can be taken as an indication that peroxynitrite may induce
type II NOS expression and subsequent NO release. Under
pathological conditions where type II NOS-mediated NO
release is increased, the resultant NO release would lead to
peroxynitrite formation, thereby providing a positive feedback
mechanism to induce further NO release. Hence, type 11 NOS
inhibitors may be a useful adjunct in attenuating peroxynitrite-
induced toxicity.

Taken together, our results suggest that NO may be
neurotoxic, and that Af;_4-induced toxicity, at least in part,
is NO-mediated. Moreover, the fact that Trolox was able to
improve cellular viability in the presence of Af;_4> suggests
that peroxynitrite also played a role in Af};_4,/NO-mediated
cell toxicity. However, Trolox was not able to fully maintain
cell viability in the presence of Af;_4,, thereby revealing that
other mechanisms are likely to be involved. Data in the
literature suggest that in addition to the production of
peroxynitrite, NO, by itself, is a ROS that can cause
oxidative damages. It also promotes arachidonic acid
inflammatory cascade (Guidarelli er al., 2000; Honda et al.,
2000), and is involved in apoptosis (Dimmeler & Zeiher,
1997). Our results also show that lower concentrations of
type II NOS inhibitors were able to fully protect against
AP _4r-induced toxicity when administered concurrently with
Trolox, revealing the synergistic actions of type II NOS
inhibitors and antioxidants in attenuating the toxic effects of
Ap related peptides.
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