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1Centre for Laser Microscopy, Department of Physiology and Biochemistry, Faculty of Biology, University of Belgrade, Belgrade, Serbia, 2 Fraunhofer Institute for Cell

Therapy and Immunology, Leipzig, Germany, 3 Translational Centre for Regenerative Medicine, University of Leipzig, Leipzig, Germany, 4Massachusetts General Hospital

and Harvard Medical School, Boston, Massachusetts, United States of America

Abstract

Astrocytes can tolerate longer periods of oxygen and glucose deprivation (OGD) as compared to neurons. The reasons for
this reduced vulnerability are not well understood. Particularly, changes in mitochondrial membrane potential (Dym) in
astrocytes, an indicator of the cellular redox state, have not been investigated during reperfusion after extended OGD
exposure. Here, we subjected primary mouse astrocytes to glucose deprivation (GD), OGD and combinations of both
conditions varying in duration and sequence. Changes in Dym, visualized by change in the fluorescence of JC-1, were
investigated within one hour after reconstitution of oxygen and glucose supply, intended to model in vivo reperfusion. In all
experiments, astrocytes showed resilience to extended periods of OGD, which had little effect on Dym during reperfusion,
whereas GD caused a robust Dym negativation. In case no Dym negativation was observed after OGD, subsequent chemical
oxygen deprivation (OD) induced by sodium azide caused depolarization, which, however, was significantly delayed as
compared to normoxic group. When GD preceded OD for 12 h, Dym hyperpolarization was induced by both GD and
subsequent OD, but significant interaction between these conditions was not detected. However, when GD was extended
to 48 h preceding OGD, hyperpolarization enhanced during reperfusion. This implicates synergistic effects of both
conditions in that sequence. These findings provide novel information regarding the role of the two main substrates of
electron transport chain (glucose and oxygen) and their hyperpolarizing effect on Dym during substrate deprivation, thus
shedding new light on mechanisms of astrocyte resilience to prolonged ischemic injury.
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Introduction

Oxidative phosphorylation is the major adenosine triphosphate

(ATP) synthesis pathway in mitochondria. Energy required to

drive this process is stored as the mitochondrial membrane

potential (Dym) across the inner mitochondrial membrane. This is

realized by respiratory proton (H+) pumps as core elements of the

electron transport chain (ETC, complexes I–IV). Lack of the two

main substrates of the ETC, glucose (electron donor) and oxygen

(electron acceptor), causes a breakdown of the vital trans-

membrane potential and thereby ceases oxidative phosphoryla-

tion.

Since the brain lacks sufficient oxygen and glucose storage

capabilities, interruption of continuous blood supply to the organ

in vivo (cerebral ischemia) can lead to disastrous consequences on

the cellular level already within seconds to minutes, and causes

macroscopic brain infarction in the long run. However, there are

remarkable differences regarding the tolerance of ischemic

conditions among the major brain cell populations. In contrast

to neurons, astrocytes are more resistant to ischemic conditions

in vitro than in vivo. The cells were reported to be relatively resistant

to sole oxygen deprivation (OD) or glucose deprivation (GD) when

compared to combined oxygen-glucose deprivation (OGD). Less

than 3 h of OGD do not produce irreversible astrocyte injury

[1,2,3] and signs of apoptosis in astrocytes have been reported not

earlier than after 4 h of OGD [4]. Exposures longer than 6–8 h

significantly increase the number of apoptotic and necrotic

astrocytes in culture [1,5], and induces formation of autophago-

somes [6] as well as peaking LDH release [2,7] from the remaining

cells.

A relatively short period of oxygen withdrawal (up to 20 min)

causes mitochondrial depolarization thereby abolishing Dym

fluctuations in cultured astrocytes [8]. However, much longer

exposure times are needed for increased lactate dehydrogenase

(LDH) release and noticeable morphological changes indicating

cellular injury, such as somatic swelling and detachment from the

culture dish [9]. Findings from more recent studies suggest that

astrocytes can maintain hyperpolarized mitochondria even during

extended periods of OD [10]. When glucose supply is preserved,

even 5 days of continuous OD cause little astroglial injury [1].

On the other hand, already 1.5 h of GD under normoxic

conditions induce mitochondrial membrane hyperpolarization,

followed by Dym decrease 4 h after GD onset. Even though not
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immediately followed by significant LDH increase or astrocyte

death [2,11], these observations implicate different levels of

tolerance to OD versus GD. However, astrocytes are also

surprisingly resilient against GD: cell injury comparable to 6–8 h

of OGD injury requires.36 h of GD [1]. Preceding structural cell

damage, astrocytes exhibit changes in Dym dynamics already

between 45 min and 2 h of exposure to OGD. However, the exact

time point of these early Dym imbalances onset is discussed

controversy [3], and changes in Dym during simulated reperfusion

after extended OGD exposures were not investigated in detail yet.

Therefore, the present study investigated Dym during simulated

reperfusion within one hour after extended exposure of cultured

primary mouse astrocytes to GD or OGD. Since it has been

proposed that either OD or low cytosolic ATP/ADP ratio can up-

regulate glycolysis and thus support Dym via ATP hydrolysis

[12,13,14], we have also studied the effect of reduced glucose levels

(preconditioning) prior to OGD. In addition, by applying a potent

respiration inhibitor (NaN3) during the simulated reperfusion, we

have investigated the effect of ‘‘chemical OD’’ on Dym which was

already affected by preceding OGD.

Materials and Methods

Astrocyte Primary Cell Culture
All animal experiments were performed according to the NIH

Guide for Care and Use of Laboratory Animals (1985) and the

European Communities Council Directive (86/609/EEC), and

were approved by the responsible animal welfare authority at the

Leipzig Regional Board (protocol number T22/12). All efforts

were made to minimize animal suffering and to reduce the

number of animals used.

Primary brain cells were prepared from the dissociated

forebrain cortices of fetal BALB/c mice on gestation day 18

(E18) as previously described [15]. In brief, embryos were

sacrificed by decapitation, brains were exposed, and meninges

removed. Cortices were minced before gentle dissociation in

DMEM supplemented with 10% (vol/vol) FBS. Cells were then

seeded in 75 cm2 cell culture flasks (10 hemispheres per flask) and

incubated at 37uC under a humidified 5% CO2-containing

atmosphere. After 7 days in vitro (DIV7), flasks were vigorously

shaken for several minutes to displace microglia and loosely

adhered oligodendrocytes. Cells were washed with phosphate

buffered saline (PBS), and medium was changed twice a week.

After DIV14, the cells were trypsinized, split 1:2, and further

grown in DMEM containing 10% FBS for additional 10–14 days

before being plated at a density of 56104 cells on poly-L-lysine-

coated 14 mm cover slips. Cells were used in experiments 4 days

later.

In vitro Glucose Deprivation, Oxygen Deprivation and
Oxidative Stress
The experimental procedure was divided into three steps:

glucose preconditioning in normoxic conditions (i.e. GD), OGD

and reperfusion. We used three different culturing media: ‘‘high

glucose’’ (hG), ‘‘low glucose’’ (lG) and ‘‘no glucose’’ (nG) medium

(Fig. 1).

For OGD, astrocytes on cover slips were rinsed two times with

incubation medium, either lG or nG. The culture medium was

replaced with the incubation medium shortly before transferring

plates to an incubator (Binder Labware, Tuttlingen, Germany)

containing a humidified gas mixture of 1% O2, 5% CO2 and 94%

N2 at 37uC. Control astrocyte cultures were incubated under

normoxic conditions. Following OGD, cultures were reoxygenated

and fresh medium was provided for 10 min at 37uC under

normoxic conditions in a humidified atmosphere containing 5%

CO2, simulating reperfusion in vivo. Subsequently, astrocytes were

stained for microscopic imaging (see below).

Sodium azide (NaN3), a potent inhibitor of the cytochrome c

oxidase (complex IV) and FOF1-ATPase’s hydrolyzing function

[16,17,18,19] was used for induction of ‘‘chemical OD’’. To

induce mitochondrial depolarization 5, 10, or 25 mM were

applied for 10 min each. We also used high concentrations of

hydrogen peroxide (3 and 15 mM H2O2) to verify the results

observed with NaN3 since such concentrations of H2O2 inflict

both loss of Dym and cell membrane integrity [20].

Mitochondrial Membrane Potential Measurements
The mitochondrial membrane potential was examined by

staining astrocytes with JC-1 (5,59,6,69-tetrachloro-1,19,3,39-tetra-

ethylbenzimidazolyl-carbocyanine iodide), a lipophilic, cationic

dye that exhibits a fluorescence emission shift upon aggregation

from 530 nm (green monomer) to 590 nm (red ‘‘J-aggregates’’)

[14,21,22]. In healthy cells with high mitochondrial Dym, JC-1

enters the mitochondrial matrix in a potential-dependent manner

and forms aggregates. Staining was performed using 2.5 mg/ml

JC-1 at 37uC for 15 min. After staining, cells were rinsed 3x with

phosphate buffered saline (PBS). Dye equilibration was allowed for

10 min at room temperature prior to imaging. Images were taken

using Nikon Eclipse Ti-E inverted microscope with a Plan Fluor

10x objective. Samples were illuminated with Nikon C-HGFIE

Intensilight (Precentered Fiber Illuminator) and fluorescence was

recorded using Nikon DS-Qi1Mc digital camera. Stained,

polarized mitochondria were detected with fluorescence settings

for Cy3 (excitation/emission = 550/570 nm, EV=50 msec). Loss

of mitochondrial integrity was detected with settings for FITC

(excitation/emission = 485/535 nm, EV=500 msec). Images

were analyzed using the NIS-Elements v3.0 software (Nikon

Instruments Inc., Melville NY, USA) by assessing the average

fluorescence intensity from an individual image. Micrographs were

slightly enhanced for printing (ImageJ 1.48a) and modification

parameters (brightness, contrast and LUTs) were strictly the same

for each micrograph depicted in one panel to ensure compara-

bility.

Statistical Analysis
Measurements from individual plates were performed at least in

triplicates with fluorescence intensities of all images obtained from

a single experimental setting being averaged. The JC-1 fluores-

cence values were first normalized to its respective control for red

and green signal separately before the ratio between them was

calculated. All data sets were tested for normal distribution with

Shapiro-Wilk’s normality test. Statistically significant differences

between average values obtained in different experimental settings

were analyzed by one-way ANOVA and Holm-Sidak’s multiple

comparisons test as a post hoc test (GraphPad Prism 5.03). We used

approximations of two-way ANOVA to examine the effect of

culture media in comparison to OGD. All values are presented as

mean 6 standard deviation (SD). P-values ,0.01 were considered

as statistically highly significant (indicated by double symbols: *, #
or D).

Results

Astrocytes were exposed to GD or OGD, varying the duration

and sequence of each treatment. Effects on Dym were investigated

by JC-1 staining (Fig. 1).

Mitochondrial Hyperpolarization following OGD
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Chemical OD Following OGD
Effect of chemical OD [16,17,18,19] was assessed during

simulated reperfusion following 6 h of OGD in lG medium.

Control astrocytes were incubated under normoxic conditions in

hG medium.

There was no significant difference between control and OGD

astrocytes (p.0.01, Fig. 2A,C). However, subsequent chemical

treatment with both 5 and 10 mM NaN3 significantly lowered JC-

1 red/green fluorescence ratio in treated normoxic astrocytes as

compared to untreated control (83.1618.9% and 58.1615.3%,

p,0.01). On the other hand, astrocytes subjected to 6 h of OGD

and treated with 5 mM NaN3 afterwards did not show any

significant change of JC-1 red/green fluorescence ratio when

compared to control levels. Therefore, addition of 5 mM NaN3

during simulated reperfusion to both normoxic and OGD

astrocytes led to significant differences between these groups

(one-way ANOVA, 83.1618.9% vs. 97.4614.9%, p,0.01).

Although normoxic astrocytes treated with 10 mM NaN3 exhib-

ited lower fluorescence ratio when compared to respective OGD

protocols (58.1615.3% vs. 68.2614.4%, respectively), there was

no statistically significant difference between them.

Chemical OD vs. Oxidative Damage: Effect of NaN3 vs.
H2O2
Our next aim was to compare the effect of NaN3 and H2O2 on

Dym (Fig. 2B). To this end, astrocytes were exposed to different

NaN3 or H2O2 concentrations for 15 min in order to simulate

conditions of ETC impairment or oxidative stress/damage,

respectively. In all experimental conditions the JC-1 fluorescence

was recorded without washing out NaN3 or H2O2 (i.e. without

simulated reperfusion), since the effect of NaN3 was found

transient and reversible already 15 min after washing out the

inhibitor in previous experiments (data not shown). A dose-

dependent, significant decrease of JC-1 red/green fluorescence

ratio was observed for both NaN3 (75.2566.7% at 5 mM and

51612.51% at 25 mM, p,0.01) and H2O2 (74.1767.6% at

3 mM, and 45.367.7% at 15 mM; p,0.01). When red and green

signals were analyzed separately, we found that NaN3 increased

solely the green signal to 188.6625.4% (red signal remained

98.9621.1), while H2O2 decreased the green signal to

90.0633.3% and also decreased the red signal to 39.8613.5%.

Loading the dye under ETC inhibition did not show any

significant difference in JC-1 red/green fluorescence ratio when

compared to pre-dye loading procedure.

Figure 1. Schematic representation of the experimental design and most important results. Figure illustrates crucial steps in
investigation of Dym changes during simulated reperfusion within one hour after extended exposure of astrocytes to GD or OGD. The culturing
media are designated as: high glucose (hG), low glucose (lG) or no glucose (nG). During the experiments cells were cultured either in normoxic
(normO2) or hypoxic (hypoO2) conditions. Ellipsoid shapes show conditions the cells were subjected to. Text on connector lines shows whether we
found significant effect of given experimental condition(s). Octagons indicate conclusions we made.
doi:10.1371/journal.pone.0090697.g001

Mitochondrial Hyperpolarization following OGD
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The Role of Glucose in Oxygen Deprivation
In order to further investigate the effect of OGD on Dym, we

subjected astrocytes to 8 h of OGD in either lG or nG medium, as

well as solely GD in normoxic conditions (Fig. 3A).

There was no statistically significant interaction between effects

of culturing media and OGD treatment (two-way ANOVA, p.

0.05). OGD alone did not exert significant effects with level of

significance being noticable low (p = 0.059), but the effect of

culturing media alone did show significance (p,0.01, accounting

for about 34% of the total variance). There was a significant

increase in JC-1 red/green fluorescence ratio from the control in

astrocytes cultured for 8 h in normoxic conditions in nG medium

(one-way ANOVA 120.6611.8%, p,0.01). Astrocytes cultured in

nG medium and subjected to 8 h of OGD also showed a slight

increase in fluorescence ratio (111.0611.4%), however, this

difference was not statistically significant (p.0.01). Astrocytes

cultured in lG conditions and subjected to 8 h of OGD, also did

not show any statistically significant change of fluorescence ratio

(102.0610.6%, p.0.01).

Figure 2. OGD in lG partly preserves Dym (i.e. delays depolarization) caused by subsequent NaN3 treatment. (A) Sodium azide (NaN3)
causes concentration-dependent decline of Dym in both experimental conditions. However, OGD in lG medium significantly delayed the decrease in
JC-1 fluorescence ratio caused by treatment with 5 mM NaN3 during simulated reperfusion. (B) Expectedly, both NaN3 and H2O2 show concentration-
dependent effect by lowering the JC-1 red/green fluorescence ratio. Astrocytes were stained with JC-1 either before or during the treatment with
NaN3 (marked as pre-dye loading and dye loading under ETC inhibition, respectively). NaN3 has not affected the cell membrane organization allowing
at the same time JC-1 to enter the cytoplasm and mitochondria within. (C) Representative fluorescent micrographs of astrocytes labeled with JC-1
Original micrographs were converted to tritanope color palette (ImageJ 1.48a). Depolarization is visible in the normoxic group (b, c) (seen as
concentration-dependent decrease in magenta and increase in blue color), but it is more pronounced than in OGD group after treatment with NaN3

(e, f). Some mitochondria remained partly depolarized. Data are expressed as a percentage normalized to the red/green fluorescence ratio values of
untreated control (the first bar from left). Significant differences are indicated by **p,0.01 with respect to untreated control, ##p,0.01 between
treatment and its respective control, DDp,0.01 between different inhibitor concentrations.
doi:10.1371/journal.pone.0090697.g002

Mitochondrial Hyperpolarization following OGD
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GD Preconditioning
Since there was no significant difference in Dym during

reperfusion between astrocytes subjected to 8 hours of OGD

either in lG or nG (Fig. 3A), the next set of experiments

investigated the effect of OGD preceded by a GD (lG or nG)

preconditioning step for 12 h (Fig. 3B,D).

There was no significant interaction between effects of

preconditioning and OGD on JC-1 red/green fluorescence ratio

(two-way ANOVA, p.0.05), but there were statistically significant

differences between all tested groups (one-way ANOVA, p,0.01).

Astrocytes that were cultured in lG medium and subjected to 6 h

of OGD showed a significant increase in JC-1 red/green

fluorescence ratio as compared to astrocytes incubated under

normoxic conditions (114.669.2%, p,0.01). Incubation in nG

also showed a significant increase in fluorescence ratio as

compared to astrocytes incubated in lG (126.864.3%, p,0.01).

In addition, astrocytes incubated in nG subjected to 6 h of OGD

showed a further increase of fluorescence ratio (145.864.0%)

which was significantly different from all three previously

mentioned conditions (p,0.01).

Extended Preconditioning
Further, the effect of extending preconditioning was studied.

Astrocytes in normoxic conditions that were incubated for two

Figure 3. Glucose deprivation leads to hyperpolarization of Dym after both normoxic and OGD conditions. (A) Glucose deprivation for
8 h increases the ratio of JC-1 fluorescence. This effect was not detected when combining GD and OD, but level of significance was noticable low
(p= 0.059). (B) Preconditioning for 12 h with media containing reduced or no glucose promotes hyperpolarization after OGD during simulated
reperfusion. After preconditioning, astrocytes were subjected to hypoxic conditions for additional 6 h (grey bars) or they were maintained in
normoxic conditions (white bars). (C) Lowering glucose in the incubation medium leads to an increased ratio of JC-1 fluorescence during simulated
reperfusion after normoxic and OGD conditions. There was significant interaction between effect of glucose in the culturing media and the effect of
OGD. Astrocytes were incubated for two days either in hG or lG medium. Subsequently, OGD was conducted for 6 h (grey bars). (D) Schematic
representation of the experimental design of C. The duration of each step is shown in brackets. (E) Representative red signal from fluorescent
micrographs of astrocytes labeled with JC-1. Original micrographs were converted to rainbow pseudocolor pallete using LUTs (ImageJ 1.48a).
Increase in red fluorescence is observed when astrocytes are incubated in OGD in nG medium as compared to normoxic conditions in lG medium
(Fig. 2B). The scale bar represents 100 mm. Data are expressed as a percentage normalized to the JC-1 red/green fluorescence ratio values of
untreated control astrocytes (first bar on the left). Significant differences are indicated by **p,0.01 with respect to control (normoxia in hG for Fig. 3A
and 3C, normoxia in lG for Fig. 3B), ##p,0.01 between normoxia and OGD (in lG or nG), DDp,0.01 between two OGD treatments.
doi:10.1371/journal.pone.0090697.g003

Mitochondrial Hyperpolarization following OGD
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days in lG showed significant increase of JC-1 red/green

fluorescence ratio when compared to control astrocytes cultivated

for 48 h in hG (one-way ANOVA, 110.865.1%, p,0.01; Fig. 3C).

Astrocytes that were incubated in hG medium and later subjected

to 6 h of OGD also showed significant increase of fluorescence

ratio as compared to normoxic culture conditions (119.267.6%,

p,0.01). The highest increase in JC-1 red/green fluorescence

ratio was measured in the OGD group that was preconditioned in

lG medium (140.965.0%, p,0.01 as compared to all other

conditions). In addition, there was a statistically significant

interaction between the effect of incubation media and the effect

of OGD (two-way ANOVA, p,0.05, accounting for approx. 3%

of the total variance), reflecting different effects of 6 h of OGD

after 2 days of incubation in hG as compared to lG.

Discussion

Astrocyte resilience to extended exposures to OGD remains

controversial from the aspect of changes in mitochondrial

function, especially in terms of Dym. Often preceding cell death,

such changes were described for time frame between 45 min and

2 h, as well as during simulated reperfusion. Surprisingly results

include both prolonged depolarization [3] and no apparent

changes in mitochondrial respiratory function [23], with possibility

the latter being followed by altered sensitivity to subsequent

chemical treatments [24]. Taking into account that cell death

gradually increases from 6 to 12 h of exposure [1,5] we investigate

changes in Dym after 6 h exposure to OGD. We hypothesize that

in those studies cells that survived the OGD insult maintained

their cellular respiration and energy production after reperfusion,

which is in congruence with results of vitality assays used in those

experiments.

In our study there was no significant effect on Dym within the

first hour after 6 h of OGD in lG medium. To reveal the effect of

OGD, we applied NaN3 to inhibit ETC function during the

reperfusion phase. OGD in lG partly preserved Dym (i.e. delayed

depolarization) caused by treatment with 5 mM NaN3 during

simulated reperfusion. This highly interesting phenomenon may

be related to NaN3 inhibition of the hydrolyzing function of the

FOF1-ATPase and differences in oxidative mitochondrial metab-

olism between incubation in normoxia in hG and OGD in lG.

This should be addressed in further studies. In general, the effect of

NaN3 on Dym has been found transient and reversible [8,25], but

apart from binding to multiple sites on cytochrome c oxidase [26],

NaN3 also binds to FOF1-ATPase and its sensitivity to NaN3

increases after bound ATP is hydrolyzed to produce bound ADP

[16]. This leaves an open question whether cell’s reliance on ATP

hydrolysis, when ATP/ADP ratio is high, makes Dym dissipation

by NaN3 quicker as compared to ETC inhibition alone when

ATP/ADP ratio is low. As compared to relative fluorescence

signals in H2O2 and ETC inhibition trials, it can be concluded that

NaN3 has not affected the plasma membrane organization

allowing at the same time JC-1 to enter the cytoplasm and

mitochondria within. Namely, hydrogen peroxide decreases the

activity of a-ketoglutarate dehydrogenase and NAD(P)H levels

[11,27], but inflicts apoptosis and necrosis at high (0.5–1.0 mM)

and at very high concentrations (5–10 mM), respectively [20].

Similar results were obtained for 8 h of OGD regardless of

whether astrocytes were incubated in lG or nG media. However,

hyperpolarization was measurable to some extent (,11% increase)

during simulated reperfusion after OGD in nG medium. We were

also able to demonstrate a significant effect of GD in normoxic

conditions in nG yielding a ,20% increase in Dym during

simulated reperfusion. First, these results corroborate data on the

enhanced tolerance of astrocytes to extended oxygen and glucose

deprivation (showing unchanged Dym following OGD as com-

pared to normoxic hG (control conditions). Second, we compared

effects of DMEM and Neurobasal-A since the nG medium inhibits

glial growth without usage of antimitotic agents simultaneously

providing sustainable glucose- and serum-free environment, used

commonly e.g. for culturing feeder layer of astrocytes in co-culture

with neurons. On the other hand lG medium contains some

residual glucose from 1% FBS which translates roughly to .700-

fold reduction in glucose level, considered here as GD as similarly

described elsewhere [28]. Also glucogenic amino acid L-glutamine

provides astrocytes with a modest alternative source of energy.

Therefore, we further compared effects of culturing astrocytes in

these two media.

Astrocytes withstand Dym dissipation and exhibit cell death

upon treatment with complex I inhibitor rotenone regardless of

the presence of glucose. Accordingly, glucose withdrawal for 6 h

does not induce extensive oxidative stress and apoptosis in

astrocytes, while GD is compensated by increased fatty acid

oxidation [28]. Furthermore, a short-term or chronic increase in

the concentration of glucose in culturing media markedly

suppresses astrocytes oxidative mitochondrial metabolism, but

increases the glycogen level and lactate release [29,30]. These data

taken altogther raise the question whether OGD has a different

effect on cells with lower vs. higher oxidative mitochondrial

metabolism. Additionally, hyperpolarization has been observed

during simulated reperfusion after 8 h of GD in the present study.

Therefore, we actually matched the total duration of the GD

preconditioning and OGD treatment to the time known for OD

alone to evoke astrocyte injury. This time is in fact half of the time

needed for GD alone [1,9,31]. When comparing lG and nG, we

found that the differences between media compositions gave rise to

measurable changes in Dym after OGD. Both conditions led to an

increase in Dym, but did not act synergistically. Those differences

between media should be addressed in further studies.

Finally, we exposed astrocytes to even longer incubation (48 h)

in the lG medium before subjecting them to 6 h of OGD in nG

medium. Preconditioning with lG medium led to an increase in

Dym during reperfusion affecting both normoxic and OGD group.

Hyperpolarization was also observable after the OGD in nG

medium following culturing in hG medium. These results

suggested that lowering glucose in the culture medium several

hours prior to OGD promotes hyperpolarization during the

simulated reperfusion in astrocytes. Results also point to a

significant interaction between preconditioning with GD and

following OGD, implicating synergistic effects of both conditions

in that sequence on Dym, as well as further stressing out the

difference between lG and nG media.

Although lG alone didn’t exhibit any effect on Dym (both as GD

and OGD), its effect became apparent when cells were cultured for

48 h in lG medium and then subjected to 6 h of OGD in nG

medium. This led to the highest mitochondrial hyperpolarization

observed. Such increase in Dym has been demonstrated following

the lack of either oxygen or glucose as the main substrates of the

ETC [10,11,32]. Hyperpolarization itself stalls the function of

ETC and has been referred to as a mechanism contributing to

resistance to apoptosis [12,33]. This phenomenon is present

interestingly even in damaged mitochondria [34].

In conclusion, in all experiments astrocytes showed tolerance to

extended periods of oxygen and glucose deprivation regardless of

whether lG or nG medium was used. We confirmed that GD is a

major contributor to the increase in Dym while the effect of OGD

on Dym is limited and, to some extent, reversible. Although latter

finding seams rather peculiar, it is in line with current literature
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data on enhanced astrocytic tolerance to such insult. Only 14% of

cells die after 6 h of OGD and that number increase to 24% after

9 h of OGD (measured 24 h after the insult) [5]. The hyperpo-

larization level during reperfusion phase, within one hour after

exposure to OGD, was related to lowering glucose several hours

prior to OGD. The effects of the two conditions, GD and OGD,

showed significant interaction, while a relative hyperpolarization

of the OGD cells could also be seen during the reperfusion phase

following subsequent application of NaN3. These finding may

contribute to understand the impact of cerebral ischemia on

astroglial populations and to the evaluation of results, related to

the glucose level and glucose deprivation, obtained by studying

ischemic injury in vitro. Astrocyte energy metabolism seems to be

directly influenced by the level of glucose. Ultimately, these results

point to the protective capacity of mitochondrial hyperpolarization

against apoptotic cell death, and shed light on astrocytic resistance

to prolonged ischemic injury.

Acknowledgments

Authors would like to thank Manuela Jaklin and Betty Wielsch for their

valuable help and useful scientific discussions.

Author Contributions

Conceived and designed the experiments: AK MP LR. Performed the

experiments: AK. Analyzed the data: AK AD MP. Contributed reagents/

materials/analysis tools: AD MP. Wrote the paper: AK JB PA LR.

Interpretation of data: AK JB PA LR.

References

1. Goldberg MP, Choi DW (1993) Combined oxygen and glucose deprivation in

cortical cell culture: calcium-dependent and calcium-independent mechanisms

of neuronal injury. J Neurosci 13: 3510–3524.

2. Sochocka E, Juurlink BHJ, Hertz V, Peng L, Hertz L (1994) Cell death in

primary cultures of mouse neurons and astrocytes during exposure to and

‘recovery’ from hypoxia, substrate deprivation and simulated ischemia. Brain

Res 638: 21–28.

3. Reichert SA, Kim-Han JS, Dugan LL (2001) The mitochondrial permeability

transition pore and nitric oxide synthase mediate early mitochondrial

depolarization in astrocytes during oxygen–glucose deprivation. J Neurosci 21:

6608–6616.

4. Yu AC, Wong HK, Yung HW, Lau LT (2001) Ischemia-induced apoptosis in

primary cultures of astrocytes. Glia 35: 121–130.

5. Rajapakse N, Kis B, Horiguchi T, Snipes J, Busija D (2003) Diazoxide

pretreatment induces delayed preconditioning in astrocytes against oxygen

glucose deprivation and hydrogen peroxide-induced toxicity. J Neurosci Res 73:

206–214.

6. Qin AP, Liu CF, Qin YY, Hong LZ, Xu M, et al. (2010) Autophagy was

activated in injured astrocytes and mildly decreased cell survival following

glucose and oxygen deprivation and focal cerebral ischemia. Autophagy 6: 738–

753.

7. Xu M, Yang L, Hong LZ, Zhao XY, Zhang HL (2012) Direct protection of

neurons and astrocytes by matrine via inhibition of the NF-kB signaling pathway

contributes to neuroprotection against focal cerebral ischemia. Brain Res 1454:

48–64.

8. Keil VC, Funke F, Zeug A, Schild D, Müller M (2011) Ratiometric high-

resolution imaging of JC-1 fluorescence reveals the subcellular heterogeneity of

astrocytic mitochondria. Pflugers Arch 462: 693–708.

9. Yu ACH, Gregory GA, Chan PH (1989) Hypoxia-induced dysfunctions and

injury of astrocytes in primary cell cultures. J Cereb Blood Flow Metab 9: 20–28.

10. Smith IF, Boyle JP, Plant LD, Pearson HA, Peers C (2003) Hypoxic remodeling

of Ca2+ stores in type I cortical astrocytes. J Biol Chem 278: 4875–4881.

11. Ouyang YB, Carriedo SG, Giffard RG (2002) Effect of Bcl-xL overexpression on

reactive oxygen species, intracellular calcium, and mitochondrial membrane

potential following injury in astrocytes. Free Radic Biol Med 33: 544–551.

12. Almeida A, Almeida J, Bolaños JP, Moncada S (2001) Different responses of

astrocytes and neurons to nitric oxide: the role of glycolytically generated ATP in

astrocyte protection. Proc Natl Acad Sci U S A 98: 15294–15299.

13. Campanella M, Casswell E, Chong S, Farah Z, Wieckowski MR, et al. (2008)

Regulation of mitochondrial structure and function by the F1 Fo-ATPase

inhibitor protein, IF1. Cell Metab 8: 13–25.

14. Di Lisa F, Blank PS, Colonna R, Gambassi G, Silverman HS, et al. (1995)

Mitochondrial membrane potential in single living adult rat cardiac myocytes

exposed to anoxia or metabolic inhibition. J Physiol 486: 1–13.

15. McCarthy KD, de Vellis J (1980) Preparation of separate astroglial and

oligodendroglial cell cultures from rat cerebral tissue. J Cell Biol 85: 890–902.

16. Muneyuki E, Makino M, Kamata H, Kagawa Y, Yoshida M, et al. (1993)

Inhibitory effect of NaN3 on the F0F1 ATPase of submitochondrial particles as

related to nucleotide binding. Biochim Biophys Acta 1144: 62–68.

17. Rahn C, Bombick D, Doolittle D (1991) Assessment of mitochondrial membrane

potential as an indicator of cytotoxicity. Fundam Appl Toxicol 16: 435–448.

18. Safiulina D, Veksler V, Zharkovsky A, Kaasik A (2005) Loss of mitochondrial

membrane potential is associated with increase in mitochondrial volume:
physiological role in neurones. J Cell Physiol 206: 347–353.

19. Vasilyeva EA, Minkov IB, Fitin AF, Vinogradov AD (1982) Kinetic mechanism

of mitochondrial adenosine triphosphatase. Inhibition by azide and activation by
sulphite. Biochem J 202: 15–23.

20. Davies KJA (1999) The broad spectrum of responses to oxidants in proliferating
cells: a new paradigm for oxidative stress. IUBMB Life 48: 41–47.

21. Reers M, Smith TW, Chen LB (1991) J-aggregate formation of a carbocyanine

as a quantitative fluorescent indicator of membrane potential. Biochemistry
(Mosc) 30: 4480–4486.

22. Smiley ST, Reers M, Mottola-Hartshorn C, Lin M, Chen A, et al. (1991)
Intracellular heterogeneity in mitochondrial membrane potentials revealed by a

J-aggregate-forming lipophilic cation JC-1. Proc Natl Acad Sci U S A 88: 3671–
3675.

23. Almeida A, Delgado-Esteban M, Bolanos JP, Medina JM (2002) Oxygen and

glucose deprivation induces mitochondrial dysfunction and oxidative stress in
neurones but not in astrocytes in primary culture. J Neurochem 81: 207–217.

24. Kintner DB, Luo J, Gerdts J, Ballard AJ, Shull GE, et al. (2007) Role of Na+-K+-
Cl- cotransport and Na+/Ca2+ exchange in mitochondrial dysfunction in

astrocytes following in vitro ischemia. Am J Physiol Cell Physiol 292: C1113–

C1122.
25. Feeney CJ, Pennefather PS, Gyulkhandanyan AV (2003) A cuvette-based

fluorometric analysis of mitochondrial membrane potential measured in cultured
astrocyte monolayers. J Neurosci Methods 125: 13–25.

26. Yoshikawa S, Caughey WS (1992) Infrared evidence of azide binding to iron,
copper, and non-metal sites in heart cytochrome c oxidase. J Biol Chem 267:

9757–9766.

27. Chinopoulos C, Tretter L, Adam-Vizi V (1999) Depolarization of in situ

mitochondria due to hydrogen peroxide-induced oxidative stress in nerve

terminals. J Neurochem 73: 220–228.
28. Jelluma N, Yang X, Stokoe D, Evan GI, Dansen TB, et al. (2006) Glucose

withdrawal induces oxidative stress followed by apoptosis in glioblastoma cells

but not in normal human astrocytes. Mol Cancer Res 4: 319–330.
29. Abe T, Takahashi S, Fukuuchi Y (2002) Reduction of Alamar Blue, a novel

redox indicator, is dependent on both the glycolytic and oxidative metabolism of
glucose in rat cultured neurons. Neurosci Lett 326: 179–182.

30. Takahashi S, Abe T, Izawa Y, Suzuki N (2012) Effects of fluctuating glucose

concentrations on oxidative metabolism of glucose in cultured neurons and
astroglia. JDM 2: 19–26.

31. Gregory GA, Yu AC, Chan PH (1989) Fructose-1,6-bisphosphate protects
astrocytes from hypoxic damage. J Cereb Blood Flow Metab 9: 29–34.

32. Diaz G, Setzu MD, Zucca A, Isola R, Diana A, et al. (1999) Subcellular
heterogeneity of mitochondrial membrane potential: relationship with organelle

distribution and intercellular contacts in normal, hypoxic and apoptotic cells.

J Cell Sci 112: 1077–1084.
33. Bonnet S, Archer SL, Allalunis-Turner J, Haromy A, Beaulieu C, et al. (2007) A

mitochondria-K+ channel axis is suppressed in cancer and its normalization
promotes apoptosis and inhibits cancer growth. Cancer Cell 11: 37–51.

34. Vander Heiden MG, Chandel NS, Williamson EK, Schumacker PT, Thompson

CB (1997) Bcl-xL regulates the membrane potential and volume homeostasis of
mitochondria. Cell 91: 627–637.

Mitochondrial Hyperpolarization following OGD

PLOS ONE | www.plosone.org 7 February 2014 | Volume 9 | Issue 2 | e90697


