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Abstract

1,3-Dihydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-(trifluoromethyl)-2H-benzimidazol-2-one
(NS1619), a potent activator of the large conductance Ca2* activated potassium (BKc,) channel, has
been demonstrated to induce preconditioning (PC) in the heart. The aim of our study was to test the
delayed PC effect of NS1619 in rat cortical neuronal cultures against oxygen-glucose deprivation,
H»0,, or glutamate excitotoxicity. We also investigated its actions on reactive oxygen species (ROS)
generation, and on mitochondrial and plasma membrane potentials. Furthermore, we tested the
activation of the phosphoinositide 3-kinase (P13K) signaling pathway, and the effect of NS1619 on
caspase-3/7. NS1619 dose-dependently protected the cells against the toxic insults, and the protection
was completely blocked by a superoxide dismutase mimetic and a PI3K antagonist, but not by
BKca channel inhibitors. Application of NS1619 increased ROS generation, depolarized isolated
mitochondria, hyperpolarized the neuronal cell membrane, and activated the PI3K signaling cascade.
However, only the effect on the cell membrane potential was antagonized by BK ¢, channel blockers.
NS1619 inhibited the activation of capase-3/7. In summary, NS1619 is a potent inducer of delayed
neuronal PC. However, the neuroprotective effect seems to be independent of cell membrane and
mitochondrial BK 5 channels. Rather it is the consequence of ROS generation, activation of the PI3K
pathway, and inhibition of caspase activation.
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Mitochondria play a central role in the life and death of neurons as well as other cells.
Diminished mitochondrial energetics with increased reactive oxygen species (ROS) generation
and Ca?* overload are initiators of cascades leading toward cellular disintegration.
Mitochondria are also major targets of cytoprotective studies. One of the most promising
approaches is preconditioning (PC), in which a non-injurious stress renders cells, tissues, and
organs tolerant to a subsequent, otherwise damaging insult.
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Mitochondrial potassium channels have long been proposed to play a fundamental role in the
initiation and mediation of PC. Following the first report on the presence of ATP sensitive
K* channels in the inner mitochondrial membrane (Inoue et al. 1991), several studies have
demonstrated neuronal PC and protection against numerous neurotoxic insults using selective
pharmacological activators of these channels (for a review see Busija et al. 2004). Neurons,
on the other hand, also express another K* channel that may mediate potential neuroprotective
effects. The large conductance Ca2* activated K* (BKc,) channel which is activated by
depolarization and increased cytosolic Ca2* concentration plays a regulatory role in many
physiological processes including neurotransmitter release, and neuronal excitability. The
BKc, channel is composed of a pore-forming a subunit (BKc,a) and an auxiliary 3 subunit
(BKcaf) which modulates channel activity and sensitivity to specific antagonists (Vergara et
al. 1998). Following the demonstration of the presence of BK¢c, channels in the inner
membrane of mitochondria (mitoBKcy) (Siemen et al. 1999; Xu et al. 2002; Douglas et al.
2006), an increasing number of studies have reported immediate and delayed PC induced
cardio-protection via the activation of BK¢, channels (Xu et al. 2002; Shintani et al. 2004;
Wang et al. 2004; Cao et al. 2005; Sato et al. 2005). In most of these studies, PC was induced
by the benzimidazole derivative 1,3-dihydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-
(trifluoromethyl)-2H-benzimidazol-2-one (NS1619) (Olesen et al. 1994). The protective effect
of the activation of BK¢, channels after the injury was also shown in the brain (Cheney et
al. 2001; Runden-Pran et al. 2002; Hepp et al. 2005). However, whether neuronal PC can be
induced with a BK¢c, channel opener has not yet been investigated.

The aim of our present study was to examine whether the BK ¢, channel opener NS1619 induces
delayed PC in rat cortical neuronal cultures. We also studied the effects of NS1619 on
mitochondrial and plasma membrane potential, and on ROS generation. Furthermore, we
examined the role of the phosphoinositide 3-kinase (PI13K) signaling pathway, cellular
antioxidants, and caspases in the mediation of delayed PC induced by NS1619.

Materials and methods

Materials

Cell culture plastics were purchased from Becton-Dickinson (San Jose, CA, USA). Dulbecco’s
modified Eagle medium, Neurobasal medium, B27 Supplement, 2-mercaptoethanol, and horse
serum were obtained from Gibco BRL (Grand Island, NY, USA). Percoll was purchased from
Amersham Biosciences (Uppsala, Sweden), dispase | from Roche (Mannheim, Germany), and
M40401 from Metaphore Pharmaceuticals (St. Louis, MO, USA). NS1619, paxilline (Pax), 4-
aminopyridine (4AP), and wortmannin (Wrt) were purchased from Sigma (St. Louis, MO,
USA), and iberiotoxin (IbTx) and charybdotoxin (ChTx) from California Peptide Research
(Napa, CA, USA). Hybernate A was obtained from BrainBits LLC (Springfield, IL, USA).
CellTiter-Glo Luminescent Assay and CellTiter 96 AQequs One Solution Assay were both
procured from Promega (Madison, WI, USA). Hydroethidine (HEt), tetramethylrhodamine
ethyl ester (TMRE), 4-{2-[6-(dioctylamino)-2-naphthalenyl]ethenyl}-1-(3-sulfopropyl)-
pyridinium (di-8-ANEPPS), and Amplex Red Catalase Assay Kit were obtained from
Molecular Probes (Eugene, OR, USA). The SOD Assay Kit was purchased from Fluka (Buchs,
Switzerland), Glutathione Peroxidase Assay Kit from Cayman Chemical Company (Ann
Arbor, Ml, USA), and SensoLyte TM Homogenous AMC Caspase-3/7 Assay Kit from
AnaSpec (San Jose, CA, USA). The Bio-Rad D¢ Protein Assay was procured from Bio-Rad
(Hercules, CA, USA). Antibodies were obtained from the following sources: anti-glial
fibrillary acidic protein antibody from Chemicon (Temecula, CA, USA); anti-microtubule
associated protein-2, monoclonal anti-protein kinase Ba/Akt, monoclonal anti-BK¢; channel
a subunit, monoclonal anti-cytochrome c antibodies from Becton-Dickinson; polyclonal anti-
pS*73 Akt antibody from Promega; polyclonal anti-calreticulin antibody from Stressgen
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(Victoria, BC, Canada); polyclonal anti-phospho-glycogen synthase kinase (Gsk) 3a/p (Ser
21/9) antibody, and monoclonal anti-Gsk3p antibody from Cell Signaling Technology
(Danvers, MA, USA); polyclonal anti-BK¢, channel B4 subunit antibody from Sigma; and
anti-rabbit 1gG and anti-mouse 1gG from Jackson Immuno-Research (West Grove, PA, USA).
All other chemicals were from Sigma.

Primary rat cortical neuronal culture

Timed pregnant Sprague—Dawley rats were obtained from Harlan (Indianapolis, IN, USA) and
were maintained and used in compliance with the principles set forth by the Animal Care and
Use Committee of Wake Forest University Health Sciences. Primary rat cortical neurons were
isolated from E18 Sprague—Dawley fetuses as described in Gaspar et al. (2006). The cells were
plated at a density of 2 x 10° cells/cm? onto poly-.-lysine coated glass coverslips for confocal
microscopic analysis while 106 cells/cm? were placed onto poly-o-lysine coated plates or dishes
for the other experiments in plating medium which consisted of 60% Dulbecco’s modified
Eagle medium, 20% Ham’s F-12 Nutrient Mixture, 20% horse serum, and .-glutamine (0.5
mM). After cell attachment, the plating medium was replaced with regular cell culture medium
(‘feeding medium’; FM) which consisted of Neurobasal medium supplemented with B27 (2%),
t-glutamine (0.5 mM), 2-mercaptoethanol (55 pM), and KCI (25 mM). Positive
immunostaining for microtubule-associated protein-2 and negative immunostaining for glial
fibrillary acidic protein verified that the cultures consisted of more than 98% of neurons on
day 7 in vitro. Experiments were carried out on 7 to 9-day-old cultures, during which period
neurons expressed N-methyl-o-aspartate, a-amino-3-hydroxy-5-methylisoxazole-4-
propionate, and kainate receptors and were vulnerable to glucose deprivation (Mattson et al.
1991, 1993).

Treatment with NS1619

To induce delayed PC, 7-day-old neuronal cultures were treated with increasing doses of
NS1619 (10, 25, 50, 100, 150, and 200 uM) for 6 h in FM once a day for three consecutive
days. In other sets of the experiments, the cells were treated with NS1619 (100 uM) and the
K* channel antagonists, IbTx (1 uM), ChTx (1 uM), Pax (4 uM), 4AP (1 mM), the PI3K
inhibitor Wrt (100 nM), or with the Mn-based non-peptidyl S,S-dimethyl substituted bis-
cyclohexylpyridine derivative superoxide dismutase mimetic M40401 (50 uM) which has no
reactivity towards hydrogen peroxide, nitric oxide, peroxynitrite, and hypochlorite (Salvemini
etal. 1999; Cuzzocreaetal. 2001). After each treatment, the drugs were washed out thoroughly,
and the cells were kept in FM. The selected doses of these compounds showed no toxicity in
preliminary experiments.

Combined oxygen and glucose deprivation

Neurons in 96-well plates were exposed to oxygen and glucose deprivation (OGD) for 180 min
at 37°C using a protocol described previously (Goldberg and Choi 1993; Kis et al. 2003).
Briefly, one day after the last treatment, the cells were rinsed, the medium was replaced with
glucose-free Earle’s balanced salt solution (EBSS) and then the cultures were placed in a
ShelLab Bactron Anaerobic Chamber (Sheldon Manufacturing Inc., Cornelius, OR, USA)
filled with a humidified anaerobic gas mixture (5% COs, 5% H, and 90% N,) at 37°C. Control
cell cultures were incubated in glucose-containing (5.5 mM) EBSS in a regular 5% CO, cell
culture incubator for 180 min. OGD was terminated by replacing the glucose-free EBSS with
FM and thereafter the cultures were maintained in the regular 5% CO, incubator within
normoxic conditions.

J Neurochem. Author manuscript; available in PMC 2010 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gaspar et al. Page 4

Exogenous hydrogen peroxide toxicity

The FM on neuronal cultures in 96-well plates was replaced with Neurobasal medium
containing H,O, (80 uM) 1 day after the last treatment and the cells were incubated at 37°C
in the 5% CO, incubator. After 6 h of incubation the cultures were washed, FM was restored,
and the cultures were returned to the 5% CO, incubator.

Glutamate excitotoxicity

Cell cultures in 96-well plates were exposed to glutamate (200 uM) 24 h after the last NS1619
treatment in FM for 60 min at 37°C in the 5% CO, incubator. Afterward the cells were rinsed
and returned to the 5% CO, incubator in FM.

Quantification of neuronal survival

The cell viability in neuronal cultures was determined 24 h after the neurotoxic insults using
the tetrazolium-based CellTiter 96 AQyequs One Solution assay. Absorbance at 492 nm was
measured with a microplate reader (FLUOstar OPTIMA, BMG Labtech GmbH, Offenburg,
Germany). Comparisons were always made in the same manner, between sister cultures
exposed to the neurotoxic stimulus on the same day, and cell viability was expressed as a
percentage of the corresponding control culture (untreated, and not exposed to the lethal insult)
as follows:

% viability=(absorbance ;. ,r, — absorbance,, . crounn) X 100
/(absorbance .\ po; — absorbance,, crounn)-

Isolation of rat brain mitochondria and mitochondria enriched liver preparations

Brain mitochondria and mitochondria rich liver preparations were isolated using a
discontinuous Percoll gradient as described previously (Rajapakse et al. 2001; Gaspar et al.
2007). All the instruments and buffers were kept ice-cold during the procedure. Male Sprague—
Dawley rats (280-320 g; Harlan) were over-anesthetized with isoflurane and decapitated. The
brain, without the cerebellum, and the liver were removed and weighed, and were then
homogenized in mitochondrial isolation buffer (MIB) containing sucrose (250 mM), K*-EDTA
(0.5 mM), Tris-HCI (10 mM), and 1% bovine serum albumin (pH 7.4) using Dounce
homogenizers and glass pestles (Kontes Glass Co., Vineland, NJ, USA). The homogenates
were centrifuged for 3 min at 500 g, and then the supernatants were collected and resuspended
in equal amounts of 24% Percoll in MIB. This suspension was layered onto a discontinuous
Percoll gradient (24% and 40% in MIB). The gradient was centrifuged for 5 min at 28 000 g
and the layer between the 24% and 40% Percoll suspensions containing the purified
mitochondria was collected. The preparation was washed in MIB and centrifuged for 12 min
at 15 000 g. For fluorescent plate reader measurements, protein content was determined using
the Bio-Rad D¢ Protein Assay (Aqps = 650 nm), and then equal amounts of mitochondria were
transferred in MIB into black-walled, clear-bottomed 96-well plates and were used within 3 h.

Isolation of rat cardiac mitochondria

Heart mitochondria were isolated from male Sprague—Dawley rats using a previously described
method (Katakam et al. 2007). Briefly, hearts were homogenized in ice-cold isolation buffer
containing mannitol (225 mM), sucrose (75 mM), 3-(N-morpholino)propane-sulfonic acid (5
mM), EGTA (0.5 mM), taurine (2 mM), and 0.2% bovine serum albumin (pH 7.25). The
homogenate was centrifuged twice at 1000 g for 5 min (4°C) and the supernatant was then
centrifuged at 10 000 g for 10 min (4°C). After washing, the pellet was re-suspended in a buffer
containing mannitol (225 mM), sucrose (25 mM), 3-(N-morpholino)propanesulfonic acid (5
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mM), EGTA (1 mM), KH,PO,4 (5 mM), and taurine (2 mM) supplemented with 0.2% bovine
serum albumin (pH = 7.4), placed on ice and used within 3 h.

Determination of mitochondrial membrane potential

The changes of mitochondrial membrane potential were analyzed using TMRE. Measurements
were performed in phosphate buffered saline (PBS) containing 1 mg/ml glucose (neurons) or
in MIB (mitochondria) at 37°C. Isolated rat brain mitochondria in MIB and neurons in FM
were loaded with NS1619 (10-200 uM) and TMRE (0.5 puM). A second set of isolated
mitochondria were co-treated with IbTx (1 pM), ChTx (1 uM), Pax (4 uM), or 4AP (1 mM).
After 20 min of incubation in the dark at 4°C (mitochondria) or 37°C (neurons), the drugs were
washed out thoroughly, and TMRE-fluorescence was measured in each well using the same
microplate reader that was used for viability measurements (Agx = 510 nm, Agm = 590 Nm).
Data were expressed as a percentage of the intensity of the untreated control culture:

% TMRE-fluorescence,,,,, .

=(TMRE-fluorescence,,,,,
— TMRE—-fluorescence
/(TMRE—fluorescence o,

— TMRE—-fluorescence,

) x 100

BACKGROUND

BACKGROUND).

Analysis of ROS formation

Reactive oxygen species generation was assessed in black-walled 96-well plates with HEt using
the same microplate reader used in the TMRE measurements. Isolated rat brain mitochondria
in MIB, and neurons in transport medium (Hibernate A supplemented with 2% B27, 0.5 mM
-glutamine, 55 uM 2-mercaptoethanol, and 25 mM KCI) were loaded with HEt (5 uM) and
were treated with NS1619 (10-200 uM) 1 min before the assay. In another experiment, rat
brain mitochondria were loaded with HEt (5 uM) and were treated with NS1619 (100 uM),
and one of the following K* channel blockers: IbTx (1 uM), ChTx (1 uM), Pax (4 uM), or
4AP (1 mM) 1 min before the assay. HEt-fluorescence (Aex = 510, Aoy = 590 nm) in each well
was measured at 37°C every minute for 30 min. Data were expressed as a change in relative
fluorescent intensity/minute or as a percentage of the starting intensity of the untreated control
as follows:

% HEt—fluorescencey,
=(HEt—fluorescence
/(HEt—fluorescence

— HEt—fluorescence ,, . grounn) X 100
— HEt—fluorescencey,, . rounn )-

SAMPLE

CONTROL

Measurement of plasma membrane potential

Plasma membrane potential was monitored using the voltage sensitive dye di-8-ANEPPS.
Neuronal cultures in FM were loaded with 1 pM di-8-ANEPPS in PBS in the dark for 20 min
at 37°C, then were washed three times with PBS and placed into transport medium. Confocal
images of cellular di-8-ANEPPS fluorescence were acquired using a laser scanning microscope
(LSM 510; Zeiss, Jena, Germany) with a 63% water immersion objective (Zeiss). Fluorescent
images (Aex = 488 nm, Agm1 > 650 nm, and Aegmp = 500-550 nm) of randomly selected fields
were recorded every 20 s. NS1619 (10-200 puM) or vehicle was administered after 1 min of
measurement. In other experiments, IbTx (1 uM), ChTx (1 uM), or 4AP (1 mM) was co-applied
with 100 pM NS1619. The average pixel intensity of individual cell bodies was determined
using the software supplied by the manufacturer (LSM 510; Zeiss). Ratio of emissions was
calculated and data were expressed as a percentage of the starting ratio of the corresponding
control culture using the following equations:
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di—8—ANEPPS—fluorescent ratiog,
=(di—8—ANEPPS—fluorescencey, ;. at dem1)
/(di—8—ANEPPS —fluorescencey,p; ; at Adem2)

and

% di—8—ANEPPS—fluorescent ratiog,,,, .
=(di—-8—ANEPPS—fluorescent ratio,,,,, .
— di—-8—ANEPPS—fluorescent ratio
/(di—8—ANEPPS—fluorescent ratio,
—di—-8—ANEPPS—fluorescent

) x 100

BACKGROUND
CONTROL

BACKGROUND )'

The ATP level of neurons was measured with the glow-type CellTiter-Glo Luminescent Assay.
Cortical neurons cultured in opaque-walled 96-well plates were equilibrated to room
temperature (21°C) for 30 min. CellTiter-Glo was added to each well, and the plates were
incubated at room temperature for 10 min to stabilize the luminescent signal, which was then
measured with a FLUOstar OPTIMA microplate reader. An ATP standard curve was generated
for each measurement to calculate the ATP contents of wells.

Western blotting for cytochrome c, calreticulin, a and B4 subunits of the BK¢4 channel, total
and phosphorylated Akt, and Gsk3pB

Cultured cells were washed twice in ice-cold PBS and then were harvested by scraping in ice-
cold Nonidet P40 lysis buffer supplemented with proteinase inhibitors (1 pg/mL aprotinin, 50
pug/mL phenylmethylsulfonyl fluoride, and 1 pg/mL leupeptin), and a phosphatase inhibitor
cocktail (1 MM EDTA, 1 mM sodium orthovanadate, 10 pg/mL benzamidine, 1 mM sodium
pyrophosphate, and 1 mM sodium fluoride). Equal amounts of protein for each sample were
separated by 10% sodium dodecy! sulfate-polyacrylamide gel electrophoresis and transferred
onto a polyvinylidine difluoride sheet (Polyscreen PVDF; Perkin Elmer Life Sciences, Boston,
MA, USA). Membranes were incubated in a blocking buffer (Tris-buffered saline, 0.1% Tween
20 and 5% skimmed milk powder) for 1 h at room temperature (21°C) after which the blots
were incubated with polyclonal anti-calreticulin (1 : 5000), monoclonal anti-cytochrome ¢ (1 :
1000), monoclonal anti-BK¢, o subunit (1 : 500), polyclonal anti-BKc, channel B4 subunit
(1 : 400), monoclonal anti-Akt (1 : 1000), polyclonal anti-pS#73 Akt (1 : 2500), monoclonal
anti-Gsk3p (1 : 1000), and polyclonal anti-phospho-Gsk3a/p (1 : 1000) antibodies overnight
at 4°C. The membranes were then washed three times in Tris-buffered saline with 0.1% Tween
20 and incubated for 1 h in the blocking buffer with anti-rabbit IgG (1 : 50 000) or anti-mouse
1gG (1 : 5000) conjugated to horseradish peroxidase. The final reaction products were
visualized using enhanced chemiluminescence (SuperSignal West Pico; Pierce, Rockford, IL,
USA) and recorded on X-ray film. Films were digitalized using a FOTO/Analyst® Investigator-
PC Electronic Documentation System and the provided Image v5.00 software (FOTODYNE
Inc., Hartland, WI, USA). Densitometry was performed with the public domain ImageJ 1.30v
software (http://rsh.info.nih.gov/ij; National Institutes of Health, USA).

Catalase assay

Catalase activity was assessed with the Amplex Red Catalase Activity Assay Kit. Neurons on
96-well plates were pre-treated with NS1619 (50, 100 uM) for 3 days, then 24 h after the last
treatment the plates were rinsed with PBS, and enzyme activity was measured with the same
microplate reader that was used for other fluorescent measurements (Aex = 555 nm and Ay =
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590 nm). A standard curve was generated for each measurement to calculate catalase activity
of wells. Data were expressed as a percentage of the activity of the untreated control culture
using the following equation:

% catalase activity , .~ =catalase activity,, . x 100
/catalase activity ..

Enzyme activity assay for manganese superoxide dismutase

Manganese superoxide dismutase (MnSOD) activity was measured using the tetrazolium-
based SOD Assay Kit as directed by the manufacturer. Neurons on 96-well plates were pre-
treated with NS1619 (50, 100 uM) for 3 days, then 24 h after the last treatment the cells were
incubated with NaCN (5 mM) for 10 min to inhibit CuZnSOD activity. Subsequently the plates
were rinsed with PBS, and enzyme activity was measured with the same microplate reader that
was used for the viability measurements (Azps = 460 nm). Data were expressed as a percentage
of the activity of the untreated control culture using the following equations:

MnSOD activity_, o
= [ (absorbancemsm\,ﬁ CONTROL absorbanceNEGATl\'F_ CONTROL)

— (absorbance — absorbance,, ., cxouno)]
/(absorbance — absorbance,

SAMPLE

POSITIVE CONTROL NEGATIVE CONTROL)

and

% MnSOD activity_, . .~ =MnSOD activity,, . x 100
/MnSOD activity

CONTROL *

Glutathione peroxidase assay

Glutathione peroxidase (GPx) activity was measured with the Glutathione Peroxidase Assay
Kit as directed by the manufacturer. The assay measures GPx activity indirectly by the
oxidation of NADPH to NADP*. Neurons on 96-well plates were pre-treated with NS1619
(50, 100 uM) for 3 days, then 24 h after last treatment the plates were rinsed with PBS, and
changes in absorbance at 350 nm were measured every minute for 10 min with the same
microplate reader as that used for the viability measurements. Data were expressed as a
percentage of the activity of the untreated control culture using the following equations:
GPx activity,,, . -~ =[(change of absorbance, . =X min~!
—change of absorbance , . ..onp ¥ min~')
/0.00373uM~!'] x (0.19ml1/0.02ml) x dilution

(where 0.00373 uM ™1 is the adjusted NADPH extinction coefficient, 0.02 ml is the sample
volume, and 0.19 ml is the final volume) and

9% GPx activity =GPx activity x 100

o SAMPLE
/GPx activity ...

SAMPLE
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Caspase-3/7 activity assay

Caspase-3/7 activity was assessed using the SensoLyte TM Homogenous AMC Caspase-3/7
Assay Kit as directed by the manufacturer. Neuronal cells on 96-well plates were treated with
NS1619 (10, 25, 50, 100 uM) for 3 days, then 24 h after last treatment the plates were exposed
to OGD, H,0,, or glutamate, as in the viability experiments. Caspase activity was measured
every 5 min for 1 h starting immediately after the insults with the same microplate reader as
that used for other fluorescent measurements (Agx = 355 nm and Aer, = 460 nm). Caspase activity
in corresponding control cultures was monitored without exposure to neurotoxic insults. The
change of activity was calculated from the linear part of the curves using the following equation:

Caspase - 3/7 aCtiVitysAMPLli
=(caspase — 3/7 fluorescence,,,,,, .

— caspase — 3/7 fluorescence,,, .

at 60 min
at 30 min)/30.

Statistical analysis

Statistical analyses were performed with SigmaStat (SPSS, Chicago, IL, USA). Data are
presented as means + SEM. Differences between groups were assessed by one way anova Or
two way repeated measures avova, Where appropriate, followed by Tukey comparison tests. A
value of p < 0.05 was considered to be statistically significant.

Results

NS1619 induced delayed PC

One-day treatment with NS1619 induced minimal neuroprotection against OGD, hydrogen
peroxide, and glutamate excitotoxicity (data not shown); therefore, a once-daily treatment
protocol was used for 3 days to induce delayed PC. Treatment for 6 h each day with
concentrations of NS1619 below 150 uM had no toxic effect on the viability of quiescent cells,
whereas doses of 200 UM and above resulted in significant cell death (Fig. 1a). This treatment
protocol resulted in a robust and dose-dependent protection against both OGD (Fig. 1b) and
hydrogen peroxide toxicity (Fig. 1c). In both cases, the best protection was achieved using 100
UM NS1619 but lower doses of the drug provided better survival after the H,O, challenge.
The improvement of neuronal viability after glutamate excitotoxicity showed similar dose-
dependency, but NS1619 proved to be less protective in this paradigm (Fig. 1d). Because of
the apparent difference between the protection against OGD and glutamate toxicity, to test the
involvement of NMDA receptors in the mediation of these two cell death paradigms, we
performed experiments in which increasing doses of the NMDA receptor antagonist MK-801
(1-100 uM) were applied to the cells during exposure to either OGD (180 min) or glutamate
(200 uM, 60 min), and found that MK-801 almost completely antagonized glutamate
excitotoxicity-induced cell death while it was much less effective against OGD (Fig. 2). In
addition, no dose-dependence of MK-801 was seen with the tested concentrations. As NS1619
showed the best protection against hydrogen peroxide, this experimental setup was used in
further experiments to study the protective mechanism of the compound.

The K* channel antagonists could not abolish the PC effect of NS1619

To identify the underlying mechanisms of delayed PC, we co-treated neuronal cultures with
NS1619 (100 uM), and with the BK¢, channel inhibitors IbTx (Fig. 3a), ChTx (Fig. 3a), or
the lipid soluble Pax (Fig. 3b). Furthermore, we tested whether the voltage sensitive potassium
(Ky) channel inhibitor 4AP (Fig. 3b) had any antagonizing effect on the neuroprotection. The
selected doses of these compounds showed no effect on neuronal viability. Moreover, none of
them blocked the delayed PC effect of NS1619.
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Reactive oxygen species generation and the activation of the PI3K signaling pathway were
essential in the initiation of delayed PC

The PI3K inhibitor Wrt proved to be safe within a dose range between 10 nM and 100 nM and
had little effect on cell survival (Fig. 3c). On the other hand, co-application of Wrt with NS1619
was effective in antagonizing the neuroprotective effect. In fact, 100 nM Wrt completely
eliminated the protection. Treatment of neurons with doses of the superoxide dismutase
mimetic M40401 between 10 uM and 50 uM did not influence viability of control neurons and
did not affect cell survival after exposure to H,0, (Fig. 3c). However, co-treatment with
M40401 completely abolished the delayed PC effect of NS1619.

NS1619 induced mitochondrial depolarization and ROS generation

We tested the immediate effects of NS1619 on both isolated brain mitochondria and cultured
neurons. The compound dose-dependently depolarized isolated mitochondria (Fig. 4a)
indicated by the decrease of TMRE-fluorescence intensity. Mitochondrial depolarization was
also seen, although to a lesser extent, in cultured neurons (TMRE-fluorescence: untreated
control, 100.00 + 2.10%; NS1619 25 uM, 97.49 + 1.62%; NS1619 50 uM, 88.01 + 2.28%*;
NS1619 100 uM, 79.02 + 1.68%*; NS1619 150 uM, 70.79 + 1.56%*; NS1619 200 uM, 67.44
+ 1.16%*; *p < 0.05 vs. untreated control; data presented as mean + SEM, n = 16). However,
mitochondrial depolarization could not be antagonized using BK¢, channel antagonists, or a
Ky channel blocker (Fig. 4b). Similar dose-response curves of ROS production were generated
in isolated mitochondria (Fig. 4c) which showed a marked increase in HEt-fluorescence over
time depending on the dose of NS1619 applied. NS1619 also increased ROS generation in
cultured neurons (HEt-fluorescence of neurons after 30 min of measurement, expressed as the
% of starting value: untreated control, 205.60 + 6.62%; NS1619 10 uM, 211.40 + 4.70%);
NS1619 25 uM, 234.80 + 4.03%*; NS1619 50 UM, 267.60 + 7.08%*; NS1619 100 uM, 322.60
+5.85%*; NS1619 200 uM, 402.30 + 7.66%*; *p < 0.05 vs. untreated control; values presented
as mean + - SEM, n = 32). Again, the K* channel blockers did not reduce the ROS surge elicited
by NS1619 in mitochondria (Fig. 4d).

NS1619 resulted in plasma membrane hyperpolarization

Lower doses of NS1619 did not change plasma membrane potential significantly (Fig. 4e). To
induce marked hyperpolarization, shown as an increase in the di-8-ANEPPS fluorescent ratio,
the administration of at least 100 uM NS1619 was needed. IbTx (1 uM) and ChTx (1 uM)
completely, and 4AP (1 mM) partially counteracted the effect of 100 uM NS1619 on the cell
membrane (Fig. 4f). The K* channel antagonists per se had no effect on the plasma membrane
potential of cortical neurons (data not shown).

NS1619 induced rapid activation of Akt and inhibition of Gsk3p

Western blot analysis showed undetectable levels of the phosphorylated forms of Akt (Fig. 5a)
and Gsk3p (Fig. 5b) in untreated control neurons. Treatment with 100 uM NS1619 resulted in
almost immediate phosphorylation of both proteins. While the highest expression of
phosphorylated Akt was measured 1 h after the initiation of NS1619 treatment, Gsk3f
phosphorylation peaked at 30 min. In both cases, the level of the phosphorylated proteins
approached baseline within 3 h. NS1619 had no effect on the expression of phosphorylated
protein kinase C (data not shown).

Chronic NS1619 treatment induced sustained mitochondrial depolarization and mild but
significant depletion of cellular ATP

Three-day treatment with increasing doses of NS1619 resulted in dose-dependent
mitochondrial depolarization which was still detectable 24 h after the last treatment, at the time
of the cell death paradigms (Fig. 6a). Additionally, co-treatment with K* channel blockers
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(IbTx, 1 uM; ChTx, 1 uM; Pax, 4 uM; 4AP, 1 mM) had no effect on NS1619-induced sustained
mitochondrial depolarization (Fig. 6b).

Treatment for 3 days with NS1619 (50 uM, 100 uM) mildly reduced the ATP content of
neurons (Fig. 6¢). Six-hour exposure to hydrogen peroxide (80 uM) did not change ATP levels
in neurons. In contrast, exposing cells to 60 min of glutamate excitotoxicity (200 uM) resulted
in robust ATP depletion. Similarly, 180 min exposure to OGD caused almost complete loss of
ATP.

Chronic treatment with NS1619 did not affect the activity of cellular antioxidants, but reduced
caspase-3/7 activation upon exposure to hydrogen peroxide

Three-day treatment of cultured neurons with the most effective doses of NS1619 (50 and 100
pM) had little effect on the activity of catalase, GPx, and MnSOD (Fig. 7a). On the other hand,
NS1619-treatment effectively decreased the activity of caspases 3 and 7 in resting cells
(caspase-3/7 activity in relative fluorescent unit change/min: untreated control, 117.24 + 3.06;
NS1619 10 pM, 121.29 + 3.37; NS1619 25 uM, 118.28 + 2.12; NS1619 50 pM, 100.15 +
1.73*;NS1619 100 uM, 93.11 + 1.87*, *p < 0.05 vs. untreated control; data expressed as mean
+ SEM, n = 8-16). Exposure to H,0, (80 pM) for 6 h resulted in an approximate four-fold
increase in caspase-3/7 activity which was significantly and dose-dependently reduced by
NS1619 treatment (Fig. 7b). In contrast, OGD and glutamate excitotoxicity caused a
considerable decline in the activity of caspases which was further reduced by NS1619 in the
OGD paradigm (Fig. 7b).

Expression of BKcaa and BKcaB4 in mitochondria

The expression of BKc0 and BK4p4 was examined in mitochondria isolated from the rat
brain, heart, and mitochondria rich preparations from the rat liver, as well as in rat brain lysate
using western blotting (Fig. 8). The purity of mitochondrial samples was assessed using
antibodies against the mitochondrial-specific protein, cytochrome ¢, and the endoplasmic
reticulum-specific calreticulin. Very little contamination with calreticulin was found in the
brain and heart samples. Nevertheless, none of the mitochondria enriched preparations
expressed BK ;0. Brain lysate, on the other hand, expressed high levels of the examined
protein. In contrast, BKc5p4 could be found in each mitochondrial preparation. Furthermore,
we found higher expression in the mitochondrial fractions than in brain lysate.

Discussion

Our study is the first to demonstrate neuronal PC with the BK ¢, channel agonist NS1619. We
also showed that (i) the neuroprotection could not be counteracted using BKc, or Ky channel
blockers; on the other hand, the PI13K inhibitor Wrt, and the superoxide dismutase mimetic
M40401 completely antagonized the delayed PC effect of NS1619; (ii) NS1619 depolarized
mitochondria and increased ROS generation; (iii) the BKc, channel opener activated the PI3K
— Akt — Gsk3p signaling axis, and inhibited the activation of caspases 3 and 7; and finally (iv)
we could not verify the existence of the a subunit of the BKc, channel, which is the essential
pore forming subunit, in rat mitochondria.

The BK¢, channel was first identified in the plasma membrane of red blood cells (Gardos
1958). Later, the channel was shown to be present in mitochondria of a glioma cell line (Siemen
et al. 1999), in heart mitochondria (Xu et al. 2002), and recently it has been also found in
mitochondria of the brain (Douglas et al. 2006). The cardioprotective effect of mitoBK,
channels was first suggested in the heart of guinea pigs (Xu et al. 2002). In that study, NS1619
induced cardioprotection to an extent similar to that elicited by mitochondrial ATP sensitive
K* channel openers. Moreover, the protection was independent of the vasodilator effect of the

J Neurochem. Author manuscript; available in PMC 2010 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gaspar et al.

Page 11

drug and could be antagonized by the BK¢, channel blocker Pax (Xu et al. 2002). Notably,
neither NS1619 nor Pax are mitoBKc, specific. Furthermore, no pharmacological agents
specific to these putative channels are currently known. Therefore, caution must be exerted
when interpreting the PC effect of NS1619 as a pure action on mitoBK¢, channels. It has also
been reported that BK ¢, channel openers inhibit mitochondrial function because of inhibition
of Complex | of mitochondrial respiratory chain in human glioma cells (Debska et al. 2003)
and in isolated cardiac mitochondria (Kicinska and Szewczyk 2004). Moreover, NS1619 was
shown to inhibit L-type Ca2* and Ky, channels (Edwards et al. 1994; Holland et al. 1996; Park
et al. 2007). Finally, NS1619 also induces Ca?* release from intracellular pools (Yamamura
et al. 2001; Korper et al. 2003). These studies suggest that characteristics unrelated to BK¢,
channels may also contribute to the beneficial effects of NS1619 via mitoBK¢,-independent
activation of cytoprotective signal transduction pathways.

In our experiments, NS1619 effectively induced delayed neuronal PC against various toxic
stimuli. Treatment of neurons for 3 days proved to be more effective than a single-day protocol;
therefore, our experiments were performed using the 3-day regimen. Previously we showed a
similar improvement in the protection with 3-day paradigms using other pharmacological PC
agents (Kis et al. 2003; Gaspar et al. 2007). In the present study, we demonstrated dose-
dependent neuroprotection with NS1619 against exogenous hydrogen peroxide toxicity, OGD,
and glutamate excitotoxicity, although protection against the latter was much less effective.
To address the difference seen in the protection against OGD and glutamate, we tested the
involvement of NMDA receptors in the mediation of these cytotoxic paradigms using a specific
antagonist and found that under our experimental conditions glutamate excitotoxicity was
almost exclusively dependent on NMDA receptor activation while NMDA receptors played
only minor role in OGD-induced cell death.

The protective effect of NS1619 could not be antagonized with BK ¢, channel inhibitors. These
results suggest that the activation of cell membrane BK¢, channels is not required to initiate
PC by NS1619. While IbTx and ChTx are polypeptides, Pax is reportedly lipophilic (Knaus
et al. 1994), thus it is expected to cross cell membranes and might also act on the putative
mitoBK 4 channels in intact cells. Despite this, no inhibition of the protective effect of NS1619
was found by this mycotoxin. On the other hand, elimination of superoxide anion during the
initiation of PC using M40401 completely antagonized the neuroprotection. Our results are in
agreement with those reported by Stowe et al. (2006) which showed that cardiac PC with
NS1619 is also dependent on superoxide generation and removal of this radical in the initiating
phase of PC eliminated the cardioprotection. In addition, we found that the PI13K inhibitor Wrt
was similarly effective in the inhibition of protection. This suggests that the early activation
of the PI3K signaling cascade is essential for the development of delayed neuronal PC.

To identify the initiating events that ultimately led to the development of the preconditioned
phenotype, we examined the immediate effects of NS1619. The compound depolarized
mitochondria and induced dose-dependent ROS generation in both cultured neurons and
isolated mitochondria. However, these effects could not be antagonized with K* channel
blockers. On the other hand, these antagonists blocked the cell membrane hyperpolarization.
Previously we showed that 10-20 uM NS1619 induced significant hyperpolarization of
cultured neurons in PBS (Gaspar et al. 2007; Mayanagi et al. 2007). Moreover, doses of
NS1619 between 10-30 uM were reported to induce PC in the heart (Xu et al. 2002; Wang et
al. 2004; Sato et al. 2005). In the present study, higher concentrations of the drug were needed
to elicit similar effects. The fact that these experiments were performed in B27-supplemented
cell culture media and albumin-containing MIB instead of in a protein-free buffer may explain
this discrepancy, as binding to proteins in the medium may reduce the availability of the drug.
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Next, we examined the effects of NS1619 on signal transduction pathways. Our western blots
showed rapid phosphorylation of two core components of the PI3K pathway, Akt and
Gsk3p. The PI3K pathway is a pro-survival signaling cascade, its role in PC was first suggested
by Tong et al. (2000). Several constituents of the pathway are ROS-sensitive (Otani 2004;
Sugden and Clerk 2006) and their activation leads to the phosphorylation of Akt. Akt (also
known as protein kinase B) is a serine/threonine kinase which acts as a master switch integrating
signals from both inside and outside the cell and regulates a variety of cellular processes
including inhibition of apoptosis, control of cell proliferation, and metabolism with
implications in the pathomechanism of diseases such as cancer and diabetes (for reviews see
Engelman et al. 2006; Manning and Cantley 2007). Activation of Akt by phosphorylation was
demonstrated in several PC and ischemia/reperfusion models (Tong et al. 2000; Yano et al.
2001; Kamada et al. 2007). Among many others, active Akt phosphorylates Gsk3p, caspase-9,
and Bad. Gsk3p is a constitutively active serine/threonine kinase and its phosphorylation at
serine-9results in inactivation. Among the substrates of Gsk3p, several metabolic and signaling
proteins, structural proteins, and transcription factors have been identified (Grimes and Jope
2001) and numerous studies have linked Gsk3p to Alzheimer’s disease and bipolar disorder
(reviewed in Doble and Woodgett 2003). Inhibition of Gsk3p was also demonstrated in
neuroprotective studies (Chin et al. 2005; Liang and Chuang 2007). These reports support our
findings regarding the central role of the PI3K signaling cascade in the neuroprotective effect
of NS1619.

To identify the effectors of NS1619-induced PC, we performed activity assays on several
important cellular antioxidant systems, but found no change. On the other hand, we
demonstrated that 3-day treatment with NS1619 caused sustained mitochondrial depolarization
and a parallel mild ATP depletion which is compatible with the reported inhibitory effect on
respiratory complex I (Debska et al. 2003; Kicinska and Szewczyk 2004). Exposure of neurons
to exogenous hydrogen peroxide resulted in no further change in cellular ATP content. In
contrast, OGD and glutamate excitotoxicity caused robust ATP depletion. Furthermore,
H,0, induced the activation of caspases 3 and 7 which was effectively antagonized by NS1619.
The effector caspases 3 and 7 are downstream targets of caspase 9 which is inhibited by active
Akt (Manning and Cantley 2007). In contrast, no caspase activation was observed after OGD
and glutamate excitotoxicity. These results may support the findings of a previous report from
our laboratory showing that in our experimental setting OGD and glutamate exposure resulted
predominantly in necrosis (Kis et al. 2003).

The large conductance Ca?* activated K* channels consist of four pore-forming o subunits and
may have modulatory B subunits; the latter has four known isoforms. Type Il BK¢, channels,
expressed in the brain, are rendered less sensitive to IbTx and ChTx by the presence of
BKcap4 (Reinhart et al. 1989; Meera et al. 2000). We performed western blot analysis on
isolated mitochondria and mitochondria enriched samples to search for BKc,0 and BK¢,4
using commercially available antibodies. We confirmed the presence of the modulatory subunit
in our samples. However, our western blots unequivocally showed that the BK 40 subunit
which was highly abundant in the brain was not detectable in mitochondria. Thus, our findings
neither reject nor support the existence of a functioning BK¢, channel in mitochondria.
BKcaa is encoded by a single gene but undergoes extensive alternative splicing (Fury et al.
2002) which might explain why our antibody picked up a strong signal in whole brain lysate
but did not show any expression of a putative splice variant in the mitochondrial preparations.
On the other hand, our results clearly indicate that the delayed neuronal PC effect of NS1619
is not related to this putative mitochondrial BK ¢, channel as the mitochondrial actions of the
compound could not be antagonized using specific channel antagonists, although the doses of
the blockers we used were equal to or higher than those reported to inhibit K* currents through
BKc, channels composed of BKcao and BKcgp4 (Meera et al. 2000). This finding is in
agreement with a recent report which showed that the mitochondrial effects of NS1619 were
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independent of mitoBK ¢, specific K* transport (Cancherini et al. 2007). Furthermore, in our
study, none of the BK, channel inhibitors could antagonize the neuroprotection. These results
also demonstrate that the action of NS1619 on the cell surface BK¢, channel is not an initiating
event of delayed PC.

In summary, this is the first study to demonstrate the PC effect of NS1619 in neurons. The
neuroprotection is independent of both cell membrane and mitochondrial BK¢, channels, but
is probably the result of the inhibition of the mitochondrial electron transport chain, generation
of ROS, and activation of the PI3K signaling pathway. This cascade in turn results in the
activation of cytoprotective mechanisms including the inhibition of caspases, and ultimately,
protects neurons against various toxic insults.

Abbreviations used

4AP 4-aminopyridine

BKca large conductance Ca2* activated potassium (channel)

BKcaa a subunit of BK¢, channel

BKcap B subunit of BK¢, channel

ChTx charybdotoxin

di-8-ANEPPS 4-{2-[6-(dioctylamino)-2-naphthalenyl]ethenyl}-1-(3-sulfopropyl)-
pyridinium

EBSS Earle’s balanced salt solution

FM feeding medium

GPx glutathione peroxidase

Gsk glycogen synthase kinase

HEt hydroethidine

IbTx iberiotoxin

Ky voltage sensitive potassium (channel)

MIB mitochondrial isolation buffer

mitoBKc, mitochondrial BK¢, (channel)

MnSOD manganese superoxide dismutase

NS1619 1,3-dihydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-
(trifluoromethyl)-2H-benzimidazol-2-one

OGD oxygen and glucose deprivation

Pax paxilline

PBS phosphate-buffered saline

PC preconditioning

PI3K phosphoinositide 3-kinase

ROS reactive oxygen species

TMRE tetramethylrhodamine ethyl ester

Wrt wortmannin
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Fig. 1.

NS1619 (NS) induced delayed neuronal preconditioning. Cultured cortical neurons were
treated with NS1619 for 6 h daily on three consecutive days. The effect of NS1619 per se on
cell survival was assessed 48 h after the last treatment (a). To test the protective effect of
NS1619, 24 h after the last treatment other cultures were exposed to oxygen and glucose
deprivation (OGD) for 180 min (b), 80 uM hydrogen peroxide (H,O,) for 6 h (c), or 200 uM
glutamate (Glut) for 60 min (d). Cell viability was then measured on the next day. In all
experiments, viability was expressed as a percent of the viability of control cultures which were
not treated with NS1619 and were not exposed to any of the toxic insults (white bars).
*Significant difference (p < 0.05) compared to untreated control cultures which were not
exposed to any of the insults. #Significant difference (p < 0.05) compared to untreated cultures
which were exposed to the corresponding toxic insult. Data are expressed as mean £ SEM,;
cells from at least two individual cultures (n = 16-32).
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Fig. 2.

The differential involvement of NMDA receptors in glutamate and oxygen-glucose deprivation
(OGD)-induced cell death. Cortical neuronal cultures were exposed to glutamate (200 uM) for
60 min or to OGD for 180 min in the presence of increasing doses of the NMDA receptor
antagonist MK-801. *Significant difference (p < 0.05) compared to untreated control cultures
which were exposed to the same cytotoxic paradigm. Data are expressed as mean + SEM,; cells
from at least two individual cultures (n = 8-16).
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Fig. 3.

The phosphoinositide 3-kinase inhibitor wortmannin (Wrt) and the superoxide dismutase
mimetic M40401 but not the K* channel blockers antagonized the preconditioning effect of
NS1619 (NS). Cultured cortical neurons were treated with NS1619 (100 uM) with or without
the large conductance Ca2* sensitive K* channel inhibitors iberiotoxin (IbTx; 1 pM),
charybdotoxin (ChTx; 1 uM) (a), paxilline (Pax; 4 uM), the voltage sensitive K* channel
blocker 4-aminopyridine (4AP; 1 mM) (b), Wrt (100 nM), or M40401 (50 pM) (c) for 6 h daily
on three consecutive days. On the next day, the cultures were exposed to 80 uM H,O, for 6 h.
Cell viability was measured 24 h later and was expressed as a percent of control cultures which
were not treated with any of the compounds and were not exposed to H,O,. *Significant
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difference (p < 0.05) compared to untreated control cultures which were not exposed to
H,0,. #Significant difference (p < 0.05) compared to untreated cultures which were exposed
to H,O5. Data are expressed as mean + SEM; cells from at least two individual cultures (n =
8-32).
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Fig. 4.

NS1619 (NS) induced mitochondrial depolarization, reactive oxygen species (ROS)
generation, and plasma membrane hyperpolarization. To assess mitochondrial membrane
potential, isolated rat brain mitochondria were treated with NS1619 (10-200 pM) and loaded
with tetramethylrhodamine ethyl ester (TMRE) (a). Another set of isolated mitochondria was
treated with NS1619 (100 uM) with or without iberiotoxin (IbTx; 1 uM), charybdotoxin (ChTx;
1 uM), paxilline (Pax; 4 uM), or 4-aminopyridine (4AP; 1 mM) during loading with TMRE
(b). After 20 min, mitochondria were washed, and TMRE fluorescence was measured using a
fluorescent microplate reader. *Significant difference (p < 0.05) compared to untreated control
cultures (n = 14-24). Mitochondrial ROS production was monitored using the fluorescent dye,
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hydroethidine (HEt). Isolated rat brain mitochondria were treated with NS1619 (10-200 uM)
1 min before loading with HEt (c). The changes of HEt-fluorescence were recorded for 30 min
using a fluorescent microplate reader. *Significant difference (p < 0.05) compared to the
fluorescent intensity of untreated control mitochondria after 30 min of measurement (n = 14—
16). To evaluate the effect of K* channel inhibitors on NS1619 induced ROS generation,
isolated mitochondria were co-treated with NS1619 (100 pM) and IbTx (1 pM), ChTx (1 uM),
Pax (4 uM), or 4AP (1 mM) 1 min before loading with HEt (d). HEt fluorescent intensity was
measured for 30 min with a fluorescent microplate reader and was expressed as a change in
relative fluorescent units/minute (ARFU/min). *Significant difference (p < 0.05) compared to
the fluorescent intensity of untreated control mitochondria (n = 12-16). Plasma membrane
potential of cultured cortical neurons was measured with the voltage sensitive dye, 4-{2-[6-
(dioctylamino)-2-naphthalenyl]ethenyl}-1-(3-sulfopropyl)-pyridinium (di-8-ANEPPS). The
intensity of di-8-ANEPPS fluorescence was recorded using confocal microscopy. Neuronal
cultures were challenged with either NS1619 (10-200 puM) alone (e) or with NS1619 (100 M)
and IbTx (1 pM), ChTx (1 uM), or 4AP (1 mM) (f) 1 min after the initiation of measurement.
The ratio of emissions was calculated and the fluorescent intensity ratio of the starting value
was considered 100%. *Significant difference (p < 0.05) compared to untreated control; n =
30-37. All data are expressed as mean + SEM.
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Fig. 5.

NS1619 (NS) induced the phosphorylation of Akt and glycogen synthase kinase 3 B (Gsk3p).
Neuronal cultures in 35 mm dishes were treated with NS1619 (100 uM) for 15 min, 30 min,
1 h, and 3 h after which proteins were extracted and subjected to western blot analysis for total
and phosphorylated Akt (a), and Gsk3p (b). The levels of phosphorylated forms were
normalized to the total amount of the same protein. Expression of the phosphorylated form of
proteins in the untreated control groups was not detectable (ND). *Significant difference (p <
0.05) compared to the normalized protein level of untreated control. Data are expressed as
mean £ SEM; n =4,
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Fig. 6.

Three-day treatment with NS1619 (NS) induced sustained mitochondrial depolarization and
mild ATP depletion. Cultured neurons were treated with different doses of NS (a) or with 100
UM NS in the presence of K* channel antagonists iberiotoxin (IbTx, 1 uM), charybdotoxin
(ChTx, 1 uM), paxilline (Pax, 4 pM), or 4-aminopyridine (4AP, 1 mM) (b) for 6 h daily on
three consecutive days. Mitochondrial membrane potential was measured 24 h after the last
treatment using tetramethylrhodamine ethyl ester (TMRE) and a fluorescent microplate reader.
*Significant difference (p <0.05) compared to untreated control cultures. (c) Twenty four hours
after treatment with NS (50 uM, 100 uM) on three consecutive days for 6 h daily the cells were
exposed to hydrogen peroxide (80 uM) for 6 h, glutamate (200 uM) for 1 h, or combined
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oxygen and glucose deprivation (OGD) for 3 h. ATP content was measured immediately after
the termination of the toxic challenges. *Significant difference (p < 0.05) compared to the
untreated control group which was not exposed to any of the insults. #Significant difference
(p < 0.05) compared to the unexposed control with the same treatment. All data are expressed
as mean + SEM; cells from two individual cultures; n = 8-16.
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Fig. 7.

NS1619 (NS) did not change the activity of catalase, glutathione peroxidase (GPx), and
manganese superoxide dismutase (MnSOD) but inhibited the activation of caspase-3/7.
Cortical neuronal cultures were treated with NS1619 (50, 100 uM) for 6 h daily on three
consecutive days then on the fourth day enzymatic activity of catalase, GPx, and MnSOD was
measured using commercially available kits (a). Enzyme activity of the untreated control
cultures was considered 100%. Data presented as mean £ SEM, n = 11-16. To evaluate
caspase-3/7 activity (b), neuronal cultures were treated with NS1619 (10-100 uM) for 6 h daily
on three consecutive days then 24 h after the last treatment cultures were exposed to 80 uM
H,0, for 6 h, oxygen and glucose deprivation (OGD) for 180 min, or 200 uM glutamate for
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60 min. Caspase activity measurement was initiated immediately after the termination of toxic
insults using a commercially available kit and a fluorescent microplate reader. Fluorescent
values were recorded every 5 min for 60 min, and then the change in relative fluorescent units/
minute (ARFU/min) was calculated. *Significant difference (p < 0.05) compared to the
caspase-3/7 activity of untreated control which was not exposed to any of the toxic insults
(leftmost triplet of bars). #Significant difference (p < 0.05) compared to untreated cultures
exposed to the same insult. Data presented as mean + SEM; n = 8-16.
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Fig. 8.

Expression of o and B4 subunits of the large conductance Ca?* activated K+ (BK¢,) channel
in mitochondrial preparations. Mitochondria were isolated from the brain (Brain mito), heart
(Heart mito), and mitochondria rich preparations from the liver (Liver mito) of male Sprague—
Dawley rats. Samples were subjected to western blot analysis for the BKc, channel o
(BKa0), and B4 (BK,B4) subunits. Rat brain lysate was used as a positive control. The purity
of preparations was tested using antibodies directed against the mitochondria-specific
cytochrome c (Cyt. ¢) and the endoplasmic reticulum-specific calreticulin (Calret.).
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