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Abstract—Combinations of Ca2+ channel inhibitors have

been proposed as an effective means to prevent excess

Ca2+ flux and death of neurons and glia following neuro-

trauma in vivo. However, it is not yet known if beneficial out-

comes such as improved viability have been due to direct

effects on intracellular Ca2+ concentrations. Here, the

effects of combinations of Lomerizine (Lom), 2,3-dioxo-7-

(1H-imidazol-1-yl)6-nitro-1,2,3,4-tetrahydro-1-quinoxalinyl]

acetic acid monohydrate (YM872), 3,5-dimethyl-1-adaman-

tanamine (memantine (Mem)) and/or adenosine 50-triphos-
phate periodate oxidized sodium salt (oxATP) to block

voltage-gated Ca2+ channels, Ca2+ permeable a-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) recep-

tors, NMDA receptors and purinergic P2X7 receptors
http://dx.doi.org/10.1016/j.neuroscience.2016.10.005
0306-4522/� 2016 IBRO. Published by Elsevier Ltd. All rights reserved.
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Abbreviations: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropio
nic acid; AMPARs, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptors; ANOVA, analysis of variance; ATP, adenosine 50-
triphosphate; Ca2+, calcium; CNS, central nervous system; DMSO,
dimethyl sulfoxide; EGTA, ethylene glycol-bis(2-aminoethylether)-N,N,
N0,N0-tetraacetic acid; FOV, field of view; GFAP, glial fibrillary acidic
protein; H, hours; HBSS, Hanks balanced salt solution; Lom,
Lomerizine; MC, mixed cortical; Memantine (Mem), 3,5-dimethyl-1-
adamantanamine; Min, minutes; NB, Neurobasal� medium; NMDA, N-
methyl-D-aspartate; NMDARs, N-methyl-D-aspartate receptors; oxATP,
adenosine 50-triphosphate periodate oxidized sodium salt; P2X7R,
P2X7 receptors; PBS, phosphate buffered saline; PFA,
paraformaldehyde; PVG, Piebald Viral Glaxo; ROI, region of interest;
SCI, spinal cord injury; SEM, standard error of the mean; TPEN, N,N,
N0,N0-Tetrakis(2-pyridylmethyl)ethylenediamine; VGCCs, voltage-
gated Ca2+ channels; YM872, 2,3-dioxo-7-(1H-imidazol-1-yl)6-nitro-1
,2,3,4-tetrahydro-1-quinoxalinyl]acetic acid monohydrate.
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(P2X7R) respectively, on Ca2+ concentration and viability

of primary mixed cortical (MC) cultures exposed to hydro-

gen peroxide (H2O2) insult, were assessed. The contribution

of ryanodine- sensitive intracellular stores to intracellular

Ca2+ concentration was also assessed. Live cell calcium

imaging revealed that a 30-min H2O2 insult induced a slow

increase in intracellular Ca2+, in part from intracellular

sources, associated with loss of cell viability by 6 h. Most

combinations of inhibitors that included oxATP significantly

decreased Ca2+ influx and increased cell viability when

administered simultaneously with H2O2. However,

reductions in intracellular Ca2+ concentration were not

always linked to improved cell viability. Examination of the

density of specific cell subpopulations demonstrated that

most combinations of inhibitors that included oxATP pre-

served NG2+ non-oligodendroglial cells, but preservation

of astrocytes and neurons required additional inhibitors.

Olig2+ oligodendroglia and ED-1+ activated microglia/-

macrophages were not preserved by any of the inhibitor

combinations. These data indicate that following H2O2

insult, limiting intracellular Ca2+ entry via P2X7R is generally

associated with increased cell viability. Protection of NG2+

non-oligodendroglial cells by Ca2+ channel inhibitor combi-

nations may contribute to observed beneficial outcomes

in vivo. � 2016 IBRO. Published by Elsevier Ltd. All rights

reserved.

Key words: Ca2+ channel inhibitors, intracellular Ca2+ con-

centration, oligodendroglia, NG2-glia, Cell viability.
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INTRODUCTION

In the CNS, calcium (Ca2+) plays a vital role in important

physiological processes such as cell differentiation,

growth and survival (Komuro and Rakic, 1996; Gomez

and Spitzer, 2000; Spitzer et al., 2000). Changes in

cytosolic Ca2+ stimulate multiple Ca2+-dependent path-

ways, normally designed to maintain cell structure and

function. These include, but are not limited to, calpain

activation (Lipton, 1999), lipid peroxidation (Braughler

and Hall, 1992), nitric oxide synthesis (Bolanos et al.,

1997) and mitochondrial free radical production

(Camello-Almaraz et al., 2006). However, Ca2+ also

plays a salient role in cell death, with excessive

intracellular Ca2+ accumulation leading to over-

activation of Ca2+-dependent pathways that are the final

common mechanisms for damage and/or death of a vari-

http://dx.doi.org/10.1016/j.neuroscience.2016.10.005
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ety of CNS cell types (Tekkok and Goldberg, 2001; Prilloff

et al., 2007). Following neurotrauma, neurons and glia

close to the site of insult are vulnerable to secondary

degeneration and may undergo delayed death via a mul-

titude of these Ca2+-dependent cellular and molecular

cascades. Downstream mechanisms of damage include

glutamate excitotoxicity (Doble, 1999; Hausmann, 2003;

Matute et al., 2006), inflammation (Hausmann, 2003),

Wallerian degeneration (Kerschensteiner et al., 2005;

Weishaupt et al., 2010), glial scarring (Fawcett and

Asher, 1999), dysmyelination (Totoiu and Keirstead,

2005; Payne et al., 2011), and apoptosis (Liu et al., 1997).

Ca2+ is known to enter neurons and glia through a

range of channels and receptors, including but not

limited to: voltage-gated Ca2+ channels (VGCCs)

(Agrawal et al., 2000); purinergic P2X7 receptors

(Matute et al., 2007); glutamate-gated, GluR2 subunit

lacking, Ca2+ permeable ionotropic a-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid receptors (AMPARs)

(Hollmann et al., 1991); and N-methyl-D-aspartate recep-

tors (NMDARs) (Matute, 2006). Increased glutamate is a

common consequence following injury to the CNS (Doble,

1999) and can lead to over-activation of NMDA and

AMPA receptors on neurons and glia, specifically oligo-

dendrocytes, rendering these cells susceptible to

increased Ca2+ influx and depolarization (Matute et al.,

1997; Doble, 1999). ATP also typically increases in

response to injury (Neary et al., 2005), which can directly

injure vulnerable cells, as well as trigger ATP-gated Ca2+

influx (Matute et al., 2007). Reactive species such as cell

permeant H2O2 are generated as a consequence of injury

both in vivo (Cornelius et al., 2013; O’Hare Doig et al.,

2014a) and in vitro (Mandavilli et al., 2005; Ma et al.,

2012), and also lead to increased influx through Ca2+

channels (Muralidharan et al., 2016). As such, over-

activation of Ca2+ channels and receptors results in an

appreciable influx of Ca2+ into cells. As a consequence

of both Ca2+ and reactive species entry, mitochondria

swell, oxidative metabolism is compromised, and cyto-

chrome c is released into the cytoplasm, associated with

oxidative damage to DNA, lipids and proteins, and neu-

ronal and glial cell death (Gandhi et al., 2009; Huang

et al., 2009; Kowaltowski et al., 2009).

Given the consequences of excessive Ca2+ entry into

neurons and glia following injury, the administration of

Ca2+ channel inhibitors has been assessed as a

therapeutic strategy for treatment of CNS damage

in vivo. In rodent models of ischemia, application of

nimodipine, an L-Type VGCC inhibitor, resulted in

significant functional recovery (Ouardouz et al., 2003)

and attenuated mitochondrial injury and apoptosis

(Tanaka et al., 2004). However, nimodipine has also been

found to cause hypotension and further ischemic injury to

the spinal cord (Fehlings et al., 1989). Lomerizine (Lom),

a dual L- and T-type VGCC inhibitor which is currently in

clinical use for the treatment of migraines, has been

shown to act more specifically on the CNS with adverse

systemic side effects avoided (Hara et al., 1999). We

have demonstrated reduced retinal ganglion cell death

and microglia/macrophage infiltration, preservation of
Please cite this article in press as: O’Hare Doig RL et al. Specific combinations of
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myelin compaction and limited functional improvements

following treatment of partial CNS injury with Lom

(Fitzgerald et al., 2009), but clinical trials of Lom for treat-

ment of neurotrauma are lacking.

A relatively limited number of P2X7R antagonists

have been developed (Baraldi et al., 2000, 2002,

2003). One of the more effective of these is adenosine

50-triphosphate periodate oxidized sodium salt (oxATP),

an irreversible, non-competitive antagonist of P2X1,

P2X2 and P2X7 receptors, which has been shown to

protect against secondary injury, and improve functional

outcomes in rats following acute impact spinal cord

injury (SCI) (Wang et al., 2004). NBQX, an AMPAR

antagonist, has been shown to have neuroprotective

effects following cerebral ischemia (Gill, 1994; Graham

et al., 1996) and reduce excitotoxic insult in white mat-

ter following injury (Follett et al., 2000). However, NBQX

has poor water solubility, and renal toxicity has limited

use of this drug in the clinic (Xue et al., 1994). More

recently, a highly selective novel competitive AMPA

receptor antagonist [2,3-dioxo-7-(1H-imidazol-1-yl)6-nitr

o-1,2,3,4-tetrahydro-1-quinoxalinyl]acetic acid monohy-

drate (YM872 or ‘‘INQ”), with high solubility, was devel-

oped. YM872 has been assessed in a number of

clinical trials of neuroprotection (Takahashi et al.,

1998), however it was abandoned in phase-III human

clinical trials for stroke in 2010, after failing an interim

futility analysis (Klein and Engelhard, 2010). 3,5-

Dimethyl-1-adamantanamine (memantine or ‘‘Mem”) is

a non-competitive NMDAR antagonist, shown to provide

neuroprotection with minimal side effects in animal mod-

els of ischemia (Block and Schwarz, 1996; Ehrlich

et al., 1999). Memantine therapy has shown beneficial

effects after brain injury, including alleviation of neu-

robehavioral deficits (Huang et al., 2015).

While promising results have been demonstrated in

pre-clinical studies, the translation of these therapeutic

agents to the clinic has been limited and outcomes have

been disappointing, highlighting the clear need for a

new approach. Given the multiple routes of Ca2+ entry

associated with the detrimental aspects of neurotrauma,

it is becoming increasingly recognized that a

combinatorial treatment strategy may be required

(Tuszynski, 2005; Stack et al., 2006). We recently tested

this hypothesis in vivo, assessing the efficacy of various

combinations of three Ca2+ channel inhibitors at reducing

secondary degeneration assessed 3 months following

partial optic nerve transection in Piebald Viral Glaxo

(PVG) rats (Savigni et al., 2013). We used Lom to inhibit

L- and T-type VGCCs, oxATP to inhibit P2X7Rs, and/or

YM872, to inhibit Ca2+ permeable AMPARs. Each of

the treatment combinations involving Lom significantly

increased the proportion of axons with normal compact

myelin, implying a role for excess Ca2+ entry via VGCCs

in myelin decompaction. In areas of nerve vulnerable to

secondary degeneration, there is a significant increase

in node of Ranvier length, associated with loss of visual

function (Szymanski et al., 2013). Only administration of

the three Ca2+ channel inhibitors in combination (Lom

+ oxATP+ YM872) resulted in maintenance of normal
Ca2+ channel inhibitors reduce excessive ca2+ influx as a consequence

ience (2016), http://dx.doi.org/10.1016/j.neuroscience.2016.10.005

http://dx.doi.org/10.1016/j.neuroscience.2016.10.005


159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

R. L. O’Hare Doig et al. / Neuroscience xxx (2016) xxx–xxx 3

NSC 17365 No. of Pages 13

19 October 2016
node of Ranvier length(s), and preservation of function,

with the remaining combinations proving less effective

(Savigni et al., 2013).

However, an association between intracellular Ca2+

concentration and the viability of neurons and glia

following treatment with combinations of Ca2+ channel

inhibitors has not yet been established. Therefore here,

the effects of combinations of the inhibitors (Lom,

OxATP, YM872 and/or Mem) on excess Ca2+ influx and

associated cell death of multiple cell types were

determined, using a high throughput, in vitro model of

oxidative injury in primary mixed cortical (MC) cultures

(Whittemore et al., 1994). Note that the phrase ‘‘Ca2+

channel inhibitors” is used throughout, with the under-

standing that Ca2+ permeable AMPARs, P2X7Rs and

NMDARs are also permeable to other ions that may be

playing a role. Hydrogen peroxide (H2O2) was chosen

as the reactive species stressor given its relative stability

and established role in inducing oxidative damage in neu-

rons and glia (Haskew-Layton et al., 2010).
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EXPERIMENTAL PROCEDURES

Animals

PVG rat pups (postnatal days 0–3) were obtained from

the Animal Resource Centre (Murdoch, Western

Australia). All procedures were approved by The

University of Western Australia Animal Ethics

Committee (Ethics Approval Number RA3/100/673) and

conformed to the National Health and Medical Research

Council (NHMRC) of Australia Code of Practice for use

of Animals for Scientific Purposes. All efforts were made

to minimize animal suffering and to reduce the number

of animals used. Rat pups were euthanized with

intraperitoneal injection of Lethabarb� (Pentobarbital

sodium 850 mg/kg, Virbac). For each cell culture

preparation, cortices from two to six animals were

pooled together, depending upon cell numbers required.

85 animals were used in the experiments of the study.
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Tissue dissection

Following euthanasia, the skin overlying the skull was

removed, and the skull was peeled away. Deep cuts

were made at the margin of the cortex and superior

colliculi caudally (both sides) and again at the border of

the olfactory lobes, and cortex rostrally. The middle

section of the brain with cortices intact was removed

from the skull, and transferred to a sterile petri dish

containing cold (�4 �C) Neurobasal�-A medium (NB-A,

Life Technologies). The cortex was then peeled away

from underlying midbrain structures and the meninges

were teased off. The ‘naked’ cortex was then transferred

to a second sterile petri dish containing cold NB-A.

Once all tissue was collected, a scalpel blade was used

to chop the cortices into small pieces, which were

transferred using a transfer pipette to a 50 mL falcon

tube containing 10 mL NB-A.
Please cite this article in press as: O’Hare Doig RL et al. Specific combinations of
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Cell culture

MC cells were prepared as described in (Whittemore et al.,

1994). In brief: following an initial 3 min (min), 200 g cen-

trifugation, tissue was enzymatically digested in 10 mL

Phosphate Buffered Saline (PBS; Invitrogen) solution con-

taining 165 U papain (Worthington), 3000 U of DNase 1

from bovine pancreas (dissolved in Earls Balanced Salt

Solution; both from Sigma–Aldrich), 1.65 lM cysteine

(Sigma–Aldrich) and 50 lM NaOH for 5 min (min), at

37 �C. Enzyme treated tissue pieces were centrifuged for

22 min at 200 g, enzyme solution was removed and tissue

was dissociated in 10 mL of NB2 media, consisting of:

Neurobasal�-A medium (NB-A), containing 500 lM glu-

tamine (Life Technologies), 2% B27 (Life Technologies),

100 U/mL penicillin (Invitrogen) and 100 lg/mL strepto-

mycin; (Invitrogen). All multi-well plates and coverslips

were pre-coated with poly-L-lysine (10 lg/mL) in UltraPur-

eTM distilled water, for one hour (h) at room temperature,

followed by washing 3� with PBS prior to cell seeding.

MC cells were seeded at 1.5 � 105 cells/cm2 in NB2: into

12-well plates containing 15-mm coverslips (for calcium

imaging); or 24-well plates (for live/dead viability assay).

Following seeding, cells were allowed to incubate for

24 h after which NB2 media were replaced with fresh

media containing 57% NB2 and 43% NB1 media (NB2/

NB1 growth media). NB1 media is NB2 media

supplemented with 4.2% fetal calf serum (Life Technolo-

gies), 1% (v/v) horse serum (Life Technologies), 26.7 lM
L-glutamic acid monosodium salt hydrate (Sigma–Aldrich),

and 22.2 lM 2-mercapathoethanol (Life Technologies).

NB2/NB1 media were replaced every 48–72 h.
Treatments

Effects of combinations of Ca2+ channel inhibitors, Lom

(LKT Labs), OxATP (Sigma), YM872 (LKT Labs), and/or

Mem (Sigma) were assessed. Choices of treatment

concentrations were based on previously published

studies using these agents individually. Lom was

dissolved in dimethyl sulfoxide (DMSO) before being

added to medium at a final concentration of 1 lM
(Tamaki et al., 2003): final concentration of DMSO was

less than 1% v/v. OxATP (1 mM; (Matute et al., 2007)),

YM872 (240 lM; (Savigni et al., 2013)) and Mem

(60 lM, (McAllister et al., 2008)) were dissolved in med-

ium. Ca2+ channel inhibitors were administered to cul-

tures such that all possible combinations of single and

multiple inhibitors were assessed.
Analysis of inhibitor and H2O2 stability

Stability of the inhibitors in the presence and absence of

H2O2 were assessed by reverse phase High

Performance Liquid Chromatography (HPLC), on a

Waters 2695 HPLC with a Waters 2489 UV/vis detector

with elution through a C18 analytical column

(150 � 4.60 mm, 5 lm, 25 �C). For all inhibitors, the

ratio of inhibitor:H2O2 concentration equated to those

used in cell analysis experiments, described below. For

OxATP, two samples were prepared by dissolving

OxATP in water in the absence and presence of H2O2
Ca2+ channel inhibitors reduce excessive ca2+ influx as a consequence
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(OxATP:H2O2, 1:0.4). A mobile phase of Acetonitrile

(A):0.1 M Phosphate buffer pH 7 (B) was used with

gradient elution and varying flow rates as follows: 0 min,

100% B at 0.85 ml/min; 4 min, 95% B at 0.8 ml/min;

8 min, 75% B at 1 mL/min; 12 min, 70% B at 1 ml/min.

Injection volume was 10 lL, detection wavelength was

254 nm with retention times of 5.4 min (OxATP) and

5.2 min (OxATP+ H2O2). Total run time was 12 min.

For Lom and YM872 the mobile phase consisted of

Water with 0.5% Trifluoroacetic acid:Acetonitrile (31:69

v/v) with isocratic elution at 0.5 ml/min. Total run time

was 15 min, detection wavelength was 210 nm and

sample injection volume was 1 lL. Lom was dissolved

in methanol in the absence and presence of H2O2 (Lom:

H2O2, 1:400) with retention times of 4.7 min. However,

an additional peak at 3.3 min was evident in the

presence of H2O2 indicating possible degradation of

Lom. YM872 was dissolved in water in the absence and

presence of H2O2 (YM872:H2O2, 1:1.65) with retention

times of 2.9 min.

Stability of H2O2 in the presence and absence of the

compounds was measured by fluorescence detection of

H2O2 using the hemin-catalyzed oxidation of p-

hydroxyphenylacetic acid to yield the fluorescent dimer.

Briefly, p-hydroxyphenylacetic acid (80 lM) and hemin

(8 lM) were dissolved in ammonia buffer, pH 10. This

solution was then used to prepare samples of H2O2

(400 lM) in the absence and presence of: YM872,

OxATP, Lom (see compound:H2O2 ratios detailed

above) and Memantine (Memantine:H2O2, 1:6.7).

Fluorescence was measured in triplicate on a Varian

Cary Eclipse instrument with excitation at 320 nm and

emission at 410 nm in a 1 mL cuvette with a 10-mm

path length. Average fluorescence intensity was 40

± 0.5 in the absence and presence of each of the

compounds.

Cell analysis

The following experiments were undertaken following

10 days of culture in NB2/NB1growth media at 37 �C
(95% air/5% CO2 v/v). Control cultures were incubated

in identical fashion but without H2O2, and/or without the

addition of Ca2+ channel inhibitors or other modulators

as detailed below.

Live Ca2+ imaging. Ca2+ imaging was performed on

MC cells attached to glass coverslips at room

temperature, using the ratiometric Ca2+-sensitive dye

Fura-2AM (Invitrogen). All solutions were prepared

immediately prior to imaging. Cells were loaded with

4 lM Fura-2AM in NB-A (+10 mM HEPES, without

Phenol Red; Life Technologies) at room temperature,

for 30 min, then gently washed with Hanks Balanced

Salt Solution (HBSS; Life Technologies). Coverslips

were then transferred to an RC-26G chamber system

(Warner Instruments) containing 1 mL NB-A (+10 mM

HEPES). Images were captured every 15 s for 2 min in

order to measure basal Ca2+ levels. A pre-prepared

solution containing a final H2O2 concentration of

400 lM±Ca2+ channel inhibitors (at concentrations

described above), and/or the ryanodine receptor agonist
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ryanodine (20 lM, 40 lM, or 60 lM; Sigma–Aldrich) or

the Zn chelator N,N,N0,N0-Tetrakis(2-pyridylmethyl)ethyle

nediamine (TPEN, 1 or 10 lM; Sigma–Aldrich) was then

applied to the chamber at the beginning of a 30- min

acquisition. The choice of H2O2 concentration was

based upon previous studies and our own pilot

experiments that indicated 400 lM provides a sustained

and consistent increase in intracellular Ca2+ without

biphasic effects or oscillations (Herson et al., 1999). In ini-

tial experiments, individual intracellular Ca2+ concentra-

tions were determined. MC cells were incubated with

Fura-2 AM as above and imaged for 10 min following

addition of 10 lM ionomycin (Molecular Probes) in HBSS

(+3 mM Ca2+, Mg2+) to determine Rmax values. MC cells

were then washed gently with HBSS (Ca2+ free) and

imaged for another 10 min following addition of 10 lM
BAPTA AM (Molecular Probes). The mean intracellular

Ca2+ concentration at baseline (no H2O2 present) was

�73 nM.

Cells were visualized using an Olympus BX51WI

upright microscope equipped with an XM10

monochrome CCS camera (Olympus). Imaging was

performed at 60� magnification, capturing a field of

view (FOV) of 147.2 lm � 100.4 lm, with an exposure

time of 20 ms and 2 � 2 pixel binning. Regions of

interest (ROIs) per FOV were defined for each individual

cell within the FOV, and were used to determine F340/

F380 ratios using Olympus Xcellence RT software. One

FOV per coverslip was assessed, consistent for all

coverslips.
Cell viability. MC cells were incubated in

H2O2 ± Ca2+ channel inhibitors and/or EGTA (10 lM,

0.1 mM or 1 mM; Sigma–Aldrich) for 30 min, 6 or 24 h.

Immediately following the incubation, cells were gently

rinsed with HBSS, and incubated with 1 lM Calcein-AM

(Invitrogen) and 2 lM Ethidium homodimer (Ethd-1;

Invitrogen) for 30 min. Cultures were then imaged at

40� magnification using an Olympus IX51 inverted

fluorescence microscope. FOV were randomly assigned

and consistent for all culture wells. Viability was

quantified by counting all viable and dead cells in 2 FOV

per well (450 lm � 350 lm), with three wells per

condition. Data were expressed as the percentage of

viable cells ± S.E.M.
Densities of individual cell populations. MC cells were

incubated in H2O2 ± Ca2+ channel inhibitors for 30 min,

6 or 24 h. Following incubation, cell cultures were

washed 3� with PBS, then fixed with 2% v/v

paraformaldehyde (PFA; 0.1 M phosphate buffer; pH

7.2) for 10 min, followed by a further 20 min with 4% v/v

PFA (0.1 M phosphate buffer; pH 7.2). Cells were then

washed a further 3� with PBS and

immunohistochemical analyses conducted according to

established procedures (Fitzgerald et al., 2010), using

primary antibodies to identify specific cell types: neurons,

b-III tubulin (1:1000; Covance); astrocytes, glial fibrillary

acidic protein (GFAP; 1:500; Sigma–Aldrich); NG2+

non-oligodendroglial cells, NG2+ (1:500; Abcam)/Olig2�
(1:500, R and D Systems); oligodendroglia, Olig2;
Ca2+ channel inhibitors reduce excessive ca2+ influx as a consequence

ience (2016), http://dx.doi.org/10.1016/j.neuroscience.2016.10.005
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activated microglia/ macrophages (ED1; 1:500; Abcam)

and Hoechst nuclear stain (1:2000; Invitrogen). Second-

ary antibodies were species specific AlexaFluor� 488

and 555 (1:400; Invitrogen). Cultures were imaged at

40� magnification using an Olympus IX51 inverted fluo-

rescence microscope. Quantification of densities of indi-

vidual cell populations was conducted by counting all

immunopositive cells in 4 FOV per well

(450 lm � 350 lm), with 2 wells/treatment group. FOV

were randomly assigned and consistent for all culture

wells. Mean number of immunopositive cells were

expressed per mm2.
445

446
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448
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452

453

Fig. 1. Hydrogen peroxide insult increases intracellular Ca2+ in MC

cells via intracellular and extracellular sources. Representative

images show increased Fura340 fluorescence (blue) at 30 min in

MC cells stressed with H2O2 (A); scale bar = 20 lm. Quantification of

DF-Ratio through analysis of Fura-2 AM emissions under 340/380 nm

excitation, immediately preceding and following 400-lm H2O2 insult,

traces of mean data over time are shown (B): 3–4 separate

experiments were conducted for each data point, encompassing a

total of 27–40 cells/treatment group. MC cells treated with

H2O2 ± ryanodine (10 lm, 20 lm or 40 lm) for 30 min, traces of

mean data shown (B): 3–4 separate experiments encompassing a

total of 10–20 cells/treatment group. DF-Ratio in MC cells treated with

H2O2 ± TPEN (1 lm or 10 lm) for 30 min, traces of mean data

shown (D): 3–4 separate experiments were conducted, encompass-

ing a total of 10–20 cells/treatment group; note that the coloring of

traces for control and H2O2 are represented using the same colours

as in B. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
Statistical analyses

All statistical analyses were performed using SPSS�
Version 20 (IBM�) analysis software. For analysis of

live cell calcium imaging, all data were derived from 3 to

5 independent experiments, each experiment using cells

prepared from separate groups of rat pups. Variability

between experiments was examined and we did not find

outliers from specific experiments. Because of the large

number of inhibitor combinations being compared it was

not feasible to conduct all assessments within each

single experiment. Therefore, in accordance with best

practice in the published literature (Zhang et al., 2005),

data from the experiments were combined for the final

statistical analyses. A minimum of 14 and frequently as

many as 40 cells in total were assessed for each treat-

ment condition. The baseline F340/F380 ratios were aver-

aged and at each time point, F340/F380 ratios were

divided by the mean baseline (F340/F380 ratio before

addition of H2O2 +/� inhibitors) to give a DF-Ratio. As
experiments were conducted on mixed cultures it was

not appropriate to convert DF-Ratios to Ca2+ concentra-

tions, due to established variabilities between Ca2+ con-

centrations in neurons and glia (Suadicani et al., 2010)

and altered responses to stressors (van den Pol et al.,

1992). DF-Ratios were compared using two-way repeated

measures analysis of variance (ANOVA), with Games-

Howell post hoc tests (a= 0.05) to compare

H2O2 ± Ca2+ channel inhibitors to H2O2 treated cultures,

at each time point assessed during the 30-min incubation

period. Analyses of cellular viability were conducted using

a two-way ANOVA (a= 0.05), with Games-Howell post

hoc tests to compare H2O2 ± Ca2+ channel inhibitors to

H2O2 control at each time point. Analyses of densities of

individual cell types were conducted using a two-way

ANOVA (a= 0.05), with Dunnett’s post hoc tests to com-

pare H2O2 ± Ca2+ channel inhibitors to H2O2 control at

each time point. All data were expressed as means

± standard error of the mean (S.E.M.); F and degrees

of freedom (df) are reported for each ANOVA conducted

and subsequent p values refer to post hoc test outcomes.
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RESULTS

Differential reduction in intracellular Ca2+ with
various Ca2+ channel inhibitor combinations

H2O2 insult resulted in gradual increases in mean

DF-Ratio (indicative of changes in intracellular Ca2+
Please cite this article in press as: O’Hare Doig RL et al. Specific combinations of

of oxidative stress and increase neuronal and glial cell viability in vitro. neurosc
concentration) in MC cells over a 30-min incubation

period, relative to control (Fig. 1B), with a significant

increase demonstrated at 30 min (df = 1, F= 15.67,

p 6 0.05; representative images Fig. 1A). The

intracellular Ca2+ concentration of MC cells not

exposed to H2O2 did not change (p> 0.05, Fig. 1A, B).

Increases in intracellular Ca2+ concentration can occur

via influx across the cell membrane (extracellular

source) or release from intracellular Ca2+ stores. The

contribution of ryanodine receptor-dependent release of

Ca2+ from the endoplasmic reticulum was assessed by

challenging the cultures with increasing concentrations

of the antagonist ryanodine simultaneously with H2O2

insult. 40 lM ryanodine was required to reduce the

DF-Ratio at 30 min relative to H2O2 control (df = 4,

F= 32.27, p 6 0.05, Fig. 1B). However, the DF-Ratio in

the presence of 40 lM ryanodine remained higher than
Ca2+ channel inhibitors reduce excessive ca2+ influx as a consequence

ience (2016), http://dx.doi.org/10.1016/j.neuroscience.2016.10.005
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Fig. 2. Various combinations of Ca2+ channel inhibitors reduce the intracellular Ca2+ concentration of

MC cells following H2O2 insult. DF-Ratios derived from Fura-2 AM emissions under 340/380 nm

excitation immediately preceding and following a 400-lm H2O2 insult ± Ca2+ channel inhibitors at

30 min (A): 4–5 separate experiments were conducted, encompassing a total of 14–40 cells/treatment

group; *statistically significantly different from H2O2, p 6 0.05. Note that while all control values at 0 min

approach 1.0, they are not identical. Traces of mean DF-Ratios throughout the 30-min incubation period

are shown for MC cells treated with single inhibitors (B), pairs of inhibitors (C) or three or 4 inhibitors in

combination (D); note that the coloring of traces for control and H2O2 in C and D are represented using

the same colours as in B. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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in controls without H2O2 at this time (p 6 0.05, Fig. 1B),

indicating additional sources of intracellular Ca2+.

Additional control experiments were conducted to

assess the effect of ryanodine alone as well as the

potential contribution of Zn to the Fura-2 signal, given

that under some conditions Fura-2 can detect free Zn

(Grynkiewicz et al., 1985). Addition of Ryanodine alone

at the tested concentrations did not stimulate Ca2+

release above control levels at 30 min (df = 4,

F= 13.83, p> 0.05, Fig. 1B). Addition of the Zn chelator

TPEN to cultures simultaneously with H2O2 insult also did

not significantly reduce the DF-Ratio at 30 min, relative to

H2O2 alone (p> 0.05, Fig. 1C), indeed there was a non-

significant trend to an increase with the chelator, indicat-
Please cite this article in press as: O’Hare Doig RL et al. Specific combinations of Ca2+ channel inhibitors reduce

of oxidative stress and increase neuronal and glial cell viability in vitro. neuroscience (2016), http://dx.doi.org/1
ing that the DF-Ratio was not

increased due to contributions

from free Zn.

In the absence of cells,

HPLC stability analyses of Lom,

oxATP and YM872 incubated

for 30 min in the presence of

H2O2, demonstrated that there

was no effect of H2O2 on

oxATP or YM872 stability, but

Lom was degraded by

approximately 15% (data not

shown). Memantine could not

be analyzed due to the lack of

a chromophore that could be

detected by HPLC. Additionally,

fluorescence detection of H2O2

indicated that H2O2 stability did

not alter in the presence of

each of the inhibitors,

confirming a lack of a direct

effect of the inhibitors on H2O2

and indicating that outcomes to

be measured were due to

effects of the inhibitors on cells.

The effects of all possible

combinations of the Ca2+

channel inhibitors Lom, oxATP,

YM872, and/or Mem on the

intracellular Ca2+ concentration

(DF-Ratio) of H2O2 stressed

MC cells were assessed. The

changes in Ca2+ concentration

are expressed relative to the

baseline Ca2+ concentration in

the same culture before the

addition of H2O2 and inhibitors.

Ca2+ channel inhibitors were

administered to cultures singly,

in pairs, in groups of three or all

four inhibitors, and DF-Ratios
were compared to outcomes

from H2O2 treated cultures

without inhibitors. Of the single

inhibitors, only oxATP

significantly reduced DF-Ratio
at 30 min (df = 16, F= 20.78;

p 6 0.05, Fig. 2A, B). Of the
combinations of two inhibitors, only Lom+ YM872,

Lom+Mem, oxATP + YM872, and oxATP +Mem

significantly reduced DF-Ratio (df = 16, F= 20.78,

p 6 0.05; Fig. 2A, C). The trend to an increased

DF-Ratio with Mem+ YM872 was not significant at any

time point (p> 0.05). The finding that Lom+ YM872

resulted in a significant reduction in DF-Ratio whereas

YM872 alone did not, confirmed that the concentration

of Lom used was sufficient to cause a biological effect

despite some degradation in the presence of H2O2. Of

the remaining combinations of three or four inhibitors,

only Lom+ oxATP+ YM872, oxATP+ YM872

+ Mem, and Lom+ oxATP+ YM872 + Mem
excessive ca2+ influx as a consequence
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significantly reduced DF-Ratio (df = 16, F = 20.78,

p 6 0.05; Fig 2A, D). It is important to note that the

apparently higher DF-Ratio following treatment with

Lom+ oxATP+Mem was not significantly different to

the H2O2 control. This trend toward an anomalous

finding was likely due to differences in ROI numbers

between the two groups and the somewhat high

variability observed with this inhibitor combination.

Comparisons between DF-Ratios from MC cells treated

with the various inhibitor combinations that reduced

intracellular Ca2+ concentration relative to H2O2 without

inhibitors, did not reveal significant differences between

these inhibitor combinations at 30 min (p> 0.05, Fig 2A).
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Differential reduction in cell viability with various
Ca2+ channel inhibitor combinations

The association of acute changes in Ca2+ concentration

with cell viability at 30 min as well as at later time points

(i.e. 6, 24 h), was assessed in MC cells exposed to

H2O2 insult. Following a 30-min incubation with H2O2,

the time point at which Ca2+ imaging was performed,

there was no significant decrease in the percentage of

viable cells relative to control (Fig. 3A, B). At 6 h, the

percentage of live cells was significantly reduced, and

remained significantly reduced at 24 h (p 6 0.05,

Fig. 3A, B) relative to control. The density of cells in
Fig. 3. Time-dependent changes in MC cell viability with H2O2 insult. Mean ±

MC cells following incubation with 400 lm H2O2 for 30 min, 6 or 24 h compar

time point (A): *statistically significantly different from control at each ti

Representative images of MC cells stained with Calcein-AM and Ethidium

incubation with 400 lm H2O2 are shown (B), scale bar = 75 lm.

Please cite this article in press as: O’Hare Doig RL et al. Specific combinations of

of oxidative stress and increase neuronal and glial cell viability in vitro. neurosc
control cultures was 1001.36 ± 70.18 cells/mm2, was

not significantly reduced at 30 min (1129.36

± 84.92 cells/mm2) but was significantly reduced at 6

(379.36 ± 54.51 cells/mm2) and 24 h (405.08

± 117.72 cells/mm2, p 6 0.05) relative to control

(731.75 ± 93.75 and 658.73 ± 48.66 cells/mm2

respectively).

The effects of Ca2+ channel inhibitor combinations on

cell viability were assessed at 6 h; the choice of 6 h as

opposed to 24 h was based upon the aim of assessing

changes in viability associated with altered Ca2+

concentrations at 30 min, while minimizing secondary

effects likely to contribute to cell death at later time

points. Of the fifteen Ca2+ channel inhibitor

combinations, only seven combinations significantly

increased the percentage of live cells compared to H2O2

control (df = 16, F= 29.36, p 6 0.05). Specifically, of

the single inhibitors, only oxATP significantly increased

the percentage of viable cells (p 6 0.05, Fig. 4). Note

that reductions in intracellular Ca2+ concentration with

single inhibitors (Fig. 2A, B) were directly associated

with improvements in cell viability. Of the combinations

of two inhibitors, only Lom+ oxATP, oxATP + YM872,

and oxATP +Mem significantly increased the

percentage of live cells compared to H2O2 control

(p 6 0.05, Fig. 4). It is interesting to note that
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improvements in cell viability with

treatment with Lom+ oxATP were

not associated with reduced

intracellular Ca2+ concentration,

whereas treatment with oxATP

+ YM872 and oxATP +Mem were

associated both with reduced

intracellular Ca2+ concentration

(Fig. 2A, B) and improved viability. In

contrast, Lom+ YM872 and Lom

+Mem treatments, which were

observed to decrease intracellular

Ca2+ concentration (Fig. 2A, B), had

no effect on cell viability (p> 0.05,

Fig. 4). Of the remaining

combinations of three or four

inhibitors, Lom+ oxATP+ YM872,

Lom+ oxATP+Mem, oxATP

+ YM872 + Mem, as well as Lom

+ oxATP+ YM872 + Mem all

significantly increased the

percentage of viable cells (p 6 0.05,

Fig. 4). These improvements in

cellular viability were directly

associated with reductions in

intracellular Ca2+ concentration for

Lom+ oxATP+ YM872, oxATP

+YM872+Mem, and Lom+ oxATP

+ YM872 + Mem treatments

(Fig. 2A, B). However Lom+ oxATP

+Mem improved viability without

altering intracellular Ca2+

concentration (Figs. 2A, 4). The

effects of oxATP on viability in

decreased extracellular Ca2+
reduce excessive ca2+ influx as a consequence
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Fig. 4. Treatment with various combinations of Ca2+ channel inhibitors increases viability of MC

cells following H2O2 insult. Mean ± SEM percent viable MC cells following incubation with 400 lm
H2O2 ± combinations of Ca2+ channel inhibitors for 6 h; *statistically significantly different from

H2O2 only control, p 6 0.05.

Fig. 5. Effects of the Ca2+chelator EGTA on MC viability in the presence of oxATP and H2O2

insult. Mean ± SEM percent viable MC cells following incubation with 400 lm H2O2 ± oxATP,

with or without increasing concentrations of EGTA for 6 h; *statistically significantly different from

H2O2 only control, p 6 0.05.
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concentrations were assessed using

increasing concentrations of EGTA

to chelate Ca2+. The chosen EGTA

concentrations have been shown to

decrease extracellular Ca2+

concentration while maintaining cell

viability (Takadera et al., 2010).

EGTA alone had no significant effect

on cell viability, and viability was sig-

nificantly higher than H2O2 control at

each of the tested concentrations

(df = 11, F= 23.90; p 6 0.05,

Fig. 5). In the presence of H2O2,

1 mM EGTA significantly increased

cell viability compared to H2O2 con-

trol, indicating that increased extracel-

lular Ca2+ contributes to H2O2 insult;

lower EGTA concentrations had no

significant effect. In contrast, in the

presence of oxATP, all tested concen-

trations of EGTA significantly

increased cell viability compared to

H2O2 control (p 6 0.05, Fig. 5), which

together with the demonstrated

reduction of intracellular Ca2+ with

oxATP (Fig. 2A), implies that the pro-

tective role of oxATP is Ca2+

dependent.

Increased viability of neurons,
astrocytes, and NG2+ non-
oligodendroglial cells with various
Ca2+ channel inhibitor
combinations

Early reductions in intracellular Ca2+

concentration were not always

associated with improvements in cell

viability at 6 h. It was therefore

postulated that the Ca2+ channel

inhibitor combinations may have

differential effects on viabilities of

specific cell sub-populations within

the MC cultures. Accordingly, a

selection of Ca2+ channel inhibitor

combinations with a range of effects

was used, and densities of individual

cell sub-populations assessed. The

Ca2+ channel inhibitor combinations

tested were oxATP, Lom+ oxATP,

Lom+ oxATP+Mem, Lom

+ oxATP+ YM872, and Lom

+ oxATP+ YM872 + Mem. Cell

sub-populations were: b-III tubulin+

cells that are predominantly neurons

(Katsetos et al., 1993); astrocytes

(GFAP+); NG2+ non-

oligodendroglial cells, likely to be pre-

dominantly pericytes and in some cir-

cumstances macrophages (Dimou

and Gallo, 2015) (NG2+/Olig2�);

oligodendroglia (Olig2+); and
reduce excessive ca2+ influx as a consequence
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activated microglia/macrophages (ED1+). The Olig2+

sub-population comprised approximately 70% Olig2+/

NG2+ oligodendrocyte precursor cells; the remainder

were Olig2+/NG2� and were therefore likely to be more

mature oligodendrocytes. Following H2O2 insult in the

absence of inhibitors, there was a statistically significant

reduction in the density of b-III tubulin+, GFAP+, NG2

+/Olig2�, Olig2+ and ED1+ cells, compared to control
Fig. 6. Treatment with various combinations of Ca2+ channel inhibitors i

specific cell sub-populations. Mean ± SEM density (/mm2) of bIII tubulin+ n

astrocytes (C), NG2+/Olig2� NG2+ non-oligodendroglial cells (E), Olig2+

and ED1+ activated microglia/macrophages (I) following incubation with 40

channel inhibitors for 6 h compared to control; *statistically significantly diffe

control, p 6 0.05. Representative images of bIII tubulin+ neurons (green) (B)

(red) (D), NG2+(green)/olig2� non oligodendroglial cells (F), Olig2+(red) olig

ED1+ microglia/macrophages (green) (J) are shown; all with Hoechst

bar = 100 lm. (For interpretation of the references to colour in this figure l

referred to the web version of this article.)
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(df = 7, F= 14.38, 4.82, 9.06, 22.95, respectively,

p 6 0.05, Fig. 6). In the presence of the six Ca2+ channel

inhibitor combinations and H2O2, treatment with the five

combinations that included oxATP resulted in significantly

increased density of at least one of the cell sub-

populations compared to the H2O2 only control

(p 6 0.05, Fig. 6). However, no one inhibitor combination

was uniformly effective. Specifically, H2O2 stressed cul-
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tures treated with Lom+ oxATP

+ YM872 or Lom+ oxATP

+ YM872 + Mem significantly

increased the density of b-III tubulin
+ cells (p 6 0.05, Fig. 6A, B). How-

ever, while the increases were signifi-

cant, the degree of improvement was

minor (Fig. 6A). Only treatment with

Lom+ oxATP+ YM872 + Mem

resulted in significantly increased

density of GFAP+ cells (p 6 0.05,

Fig. 6C), with densities following all

remaining treatments not significantly

different from H2O2 only control

(p> 0.05, Fig. 6C, D). Treatment

with oxATP, Lom+ oxATP, Lom

+ oxATP+ YM872, and Lom

+ oxATP+Mem significantly

increased the density of NG2+/

Olig2� cells compared to H2O2 only

control (p 6 0.05, Fig. 6E). However,

only treatment with Lom+ oxATP

+ YM872 and Lom+ oxATP

+Mem resulted in preservation of

these NG2+/Olig2� cells to densities

not significantly different to control

(p> 0.05, Fig. 6E, F). No combina-

tions of Ca2+ channel inhibitors were

observed to have a significant effect

on density of Olig2+ oligodendroglia

or ED1+ microglia/ macrophages,

compared to H2O2 only control

(p> 0.05; Fig 6G–J).
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DISCUSSION

Using a high throughput in vitro model

of CNS injury and multiple

combinations of four Ca2+ channel

inhibitors, we demonstrate that

intracellular Ca2+ concentration is

not always directly related to cell

viability. Furthermore, while

individual cell sub-populations were

vulnerable to H2O2 insult, only some

sub-populations could be rescued by

treatment with Ca2+ channel

inhibitors. Specifically, most Ca2+

channel inhibitor combinations

including oxATP preserved NG2+

non-oligodendroglial cells, but

preservation of astrocytes and

neurons required additional
reduce excessive ca2+ influx as a consequence
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inhibitors. Olig2+ oligodendroglia and ED-1+ activated

microglia/ macrophages were not preserved by any of

the inhibitor combinations.

Intracellular Ca2+ has been shown to be sequestered

into mitochondria during excitotoxicity, triggering

mitochondrial dysfunction and oxidative stress (Dykens,

1994; Lau and Tymianski, 2010). Reactive oxygen spe-

cies (ROS) are generated as natural by-products of oxida-

tive metabolism, and are vital for cell signaling and

homeostasis (Kowaltowski et al., 2009). However, expo-

sure of mitochondria to increasing Ca2+ influx results in

a secondary feed-forward mechanism whereby ROS pro-

duction is enhanced (Dykens, 1994). This phenomenon

has now been demonstrated for many cell types including

neurons (Kahlert et al., 2005), cardiac myocytes (Viola

et al., 2007) and vascular smooth muscle (Chaplin

et al., 2015). Excess ROS can spread, leading to oxida-

tive damage in vivo (Kowaltowski et al., 2009; Fitzgerald

et al., 2010). Following injury to the central nervous sys-

tem, infiltrating inflammatory cells that enter the injury site

are a significant additional source of ROS, including H2O2

(O’Hare Doig et al., 2014b). Multiple feed forward mecha-

nisms that result in ROS initiate further increases in intra-

cellular Ca2+ levels, contributing to additional cell death

(Kristian and Siesjo, 1998). Proposed mechanisms by

which H2O2 causes increased intracellular Ca2+ levels

include activation of VGCCs (Roveri et al., 1992), non-

specific changes in membrane permeability to Ca2+

(Rojanasakul et al., 1993), changes in the Na+–Ca2+

exchanger (Kaneko et al., 1989), and H2O2 induced

Ca2+ release from intracellular stores (Nicotera and

Rossi, 1994). Our data indicate that both release of

Ca2+ from ryanodine-sensitive intracellular stores and

influx of extracellular Ca2+ through P2X7R as well as

other Ca2+ channels contribute to the rise in intracellular

Ca2+ levels following H2O2 insult.

Given the consequences of excessive Ca2+ entry into

neurons and glia following injury, it was hypothesized that

reductions in intracellular Ca2+ levels following treatment

with Ca2+ channel inhibitors would be associated with

increased cell viability. Reductions in intracellular Ca2+

concentration with oxATP treatment were directly

associated with substantial improvements in cell

viability. However, treatment with the inhibitor

combinations Lom+ oxATP, Lom+ YM872 and Lom

+Mem revealed that dissociation between intracellular

Ca2+ concentration and cell viability can occur in this

model system. Thus, one cannot simply assume that

intracellular Ca2+ overload results in cell death. As cell

viability was increased following treatment with all

combinations of inhibitors that included oxATP, the

results indicate that controlling intracellular Ca2+

concentration by limiting influx via P2X7Rs may play an

important role in maintaining cortical cell viability in vitro

following insult. As such, the data support the ‘source
specificity hypothesis’ whereby Ca2+ cytotoxicity is not

merely a function of increased Ca2+ concentration, but

instead is linked to specific second messenger

pathways activated by excessive Ca2+ entry through

specific channels (Tymianski et al., 1993). Interestingly

however, treatment with Lom+ YM872 or Lom+Mem
Please cite this article in press as: O’Hare Doig RL et al. Specific combinations of
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were not protective, and nor were YM872 or Mem alone.

Furthermore, almost all combinations of Ca2+ channel

inhibitors that included both YM872 + Mem were not pro-

tective: exceptions were treatments that included oxATP.

While somewhat speculative at this stage, it is possible

that Ca2+ influx through both Ca2+ permeable AMPAR

and/or NMDAR is necessary for MC cell health following

H2O2 insult, and that the cytotoxic consequences of

excessive Ca2+ through these channels can be over-

come by the inhibitory action of oxATP on P2X7Rs and

subsequent downstream events. Inhibition of flux of other

ions through Ca2+ permeable AMPAR, P2X7Rs and

NMDAR may also influence viability.

The apparent dissociation between intracellular Ca2+

concentration and MC cell viability may have been due to

masking of differential effects on individual cell sub-

populations by the effects on the mixed cell population

as a whole. Ca2+ imaging studies on pure neuronal

and/or astrocyte cultures exposed to H2O2 stress and

the multiple combinations of Ca2+ channel inhibitors

were considered, however such studies would ignore

the complexities of inter-cellular interactions, cytokine

release in response to stress and inter-cellular transfer

of reactive species via gap junctions. Increase in

intracellular Ca2+ concentration in neurons via P2X7R

ion channels plays a major role in mitochondrial

dysfunction leading to apoptotic neuronal death (Nishida

et al., 2012). However, treatment with oxATP was insuffi-

cient to protect neuronal density. Reports have indicated

that neurons are particularly sensitive to H2O2 (Behl

et al., 1994; Whittemore et al., 1994). Thus, it is likely that

the 6-h H2O2 insult overwhelmed the protective effect of

oxATP and additional inhibitors were required for even

minimal neuroprotection. While there was a trend to pro-

tection of astrocytes by most of the tested combinations

of Ca2+ channel inhibitors, only the combination of all four

inhibitors resulted in significant protection. Astrocytes

release glutamate and ATP in the injured scenario via a

number of mechanisms (Bal-Price et al., 2002; Ye et al.,

2003) including P2X7Rs (Duan et al., 2003) and this can

have detrimental effects on adjacent cells. The loss of

astrocytes despite treatment with most inhibitor

combinations may have limited their contribution to dam-

age to surrounding cell sub-populations. NG2-glia are an

abundant population of cells in the adult CNS that can

generate multiple cell types including oligodendrocytes,

type 2-astrocytes and pericytes (Richardson et al.,

2011). NG2-glia have been shown to evoke increased

intracellular Ca2+ concentrations in optic nerves in situ
following P2X7R and AMPAR activation, with ATP alone

evoking robust changes in intracellular Ca2+ (Hamilton

et al., 2010). In the current study, inhibition of P2X7R with

oxATP resulted in increased NG2-glia viability. However,

protection was only observed for NG2+ cells that were

not of an oligodendroglial lineage. Olig2+

oligodendroglia, were approximately 70% oligodendro-

cyte precursor cells, and not protected by any of the

Ca2+ inhibitor combinations, likely reflecting the known

selective vulnerability of OPCs to oxidative stress (Back

et al., 1998). Despite a lack of protection of oligoden-

droglia by the tested inhibitor combinations in vitro, Lom
Ca2+ channel inhibitors reduce excessive ca2+ influx as a consequence
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treatment has been shown to preserve myelin compaction

in vulnerable white matter following partial optic nerve

transection in vivo, and short term delivery of oxATP

+ YM872 together with sustained delivery of Lom

preserved node/paranode structure as well as visual

function in this in vivo model (Savigni et al., 2013). These

data indicate that the three Ca2+ channel inhibitors in

combination have a beneficial effect on oligodendroglia

in vivo. While the MC cells utilized in the current study

contain many of the cell types found in vivo, three dimen-

sional architecture and cellular interactions are lacking. It

is increasingly understood that NG2-glia are required at

the Node of Ranvier for axonal and myelin integrity (Butt

et al., 1999). Our demonstration of protection of NG2+/

olig2� cells by combinations of ion channels containing

oxATP indicate that protection of these particular cells

may be a critical element preserving structure and func-

tion of intact but vulnerable myelinated axons of the

CNS in vivo.

CONCLUSIONS

The contribution of specific Ca2+ channels to excess

Ca2+ influx in individual cell sub-populations in this

in vitro model may not reflect the complexities of the

injured CNS. Nevertheless, the data provide insight into

effects of inhibition of individual and multiple Ca2+

channels on cell sub-populations, with a breadth and

scope not feasible in in vivo studies. The demonstration

of protection of MC viability with oxATP alone and in

combination with other Ca2+ channel inhibitors provides

support for further in vivo investigation where the

presence of oxATP is maintained long term after CNS

injury.
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