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Abstract

Brain ischemia and the following reperfusion are important causes for brain damage and leading causes of brain morbidity and
human mortality. Numerous observations exist describing the neuronal damage during ischemia/reperfusion, but the outcome
of such conditions towards glial cells still remains to be elucidated.

Microglia are resident macrophages in the brain. In this study, we investigated the anoxia/reoxygenation caused damage to a
microglial cell line via determination of energy metabolism, free radical production by dichlorofluorescein fluorescence and
nitric oxide production by Griess reagent. Consequences of oxidant production were determined by measurements of protein
oxidation and lipid peroxidation, as well. By using site-specific antioxidants and inhibitors of various oxidant-producing
pathways, we identified major sources of free radical production in the postanoxic microglial cells. The protective influences of
these compounds were tested by measurements of cell viability and apoptosis. Although, numerous free radical generating
systems may contribute to the postanoxic microglial cell damage, the xanthine oxidase- and the cyclooxygenase-mediated
oxidant production seems to be of major importance.
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Abbreviations: Dpi, diphenylene iodoniumchloride; Ind, Indomethacin; L-Na, L-NAME (N-nitro-L-arginine methyl ester) ;
MDA, Malondialdehyde; MQ, MitoQ; Oxy, Oxypurinol; ROS, Reactive oxygen species

Introduction indicate a pivotal role of microglia in cerebral brain
damage [7-9]. Microglial cells derive from the
monocyte/macrophage lineage and are highly present
in the CNS [10-12]. In wovitro, these cells are
phagocytotic and display class II antigens as response
Among the main targets of free radicals are proteins O Stimulation [10-13]. They are often exposed to free
and polyunsaturated fatty acids [3,4], which are highly ~ radicals, since they produce the respiratory burst
abundant in the brain, and which will be converted to s Pro-inflammatory response. A major mediator for
numerous products, including protein carbonyls and ~ this ROS production is the NADPH oxidase [14].
malondialdehyde (MDA). A variety of studies exist Furthermore, microglia contain the nitrite oxide
about ROS-induced brain injury and oxidative  synthase isoform NOS-2, which produces NO
damage after global or focal cerebral ischemia [4—6].  following calmodulin binding [15-17]. It was also
However, an increasing number of relevant reports  reported that micoglial NO and oxidant production

Cerebral ischemia, with disruption of blood flow in
brain areas, is associated with severe brain damage. It
is firmly established that the following reperfusion
causes an enhanced free radical production [1,2].
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might mediate neuronal cell death in neurodegenera-
tive diseases [15]. Besides the NADPH oxidase, other
prominent sources of oxidants are the purine- and
arachidonic acid metabolism pathways [18-20].
Herein, the enzymes xanthine oxidase and the
cyclooxygenases, respectively, are the major players
responsible for oxidant production. Furthermore, one
of the most important locations of ROS formation is
the mitochondrial respiratory chain [21].

Since the ischemic/reperfusion damage in microglial
cells was not investigated throughout, we explored in
the present study the microglial cell line BV-2 in an
anoxia/reoxygenation model. We used several enzyme
inhibitors and site-directed antioxidants to evaluate
the contribution of several pathways to the postanoxic
ROS production.

Material and methods
Cell culture

The mouse microglial cell line BV-2 was cultivated in
glutamine-free DMEM, high glucose, supplemented
with 1% glutamine, 1% penicilline/streptomycine and
10% bovine calf serum at 37°C and 5% CO, in a
humidified atmosphere. The cells were seeded in T75
flasks, grown for 2—3 days until sub-confluency and
re-cultivated. For experiments, cells were seeded at a
density of 6 x 10* cells X cm™ 2 and harvested by
scraping.

Anoxialreoxygenation

To simulate ischemic conditions, the cells were
exposed to anoxic conditions in an anoxic chamber
(IUL Instruments GmbH, Konigswinter, 37°C,
humid atmosphere) in PBS (PAA Austria). PBS was
degassed and exposed to anoxic conditions overnight
to remove traces of O,. Normoxic controls were
incubated under air in 10 mM glucose in PBS (37°C,
humid atmosphere). Reoxygenation was performed by
transfer of the anoxic cells to normal (normoxic)
conditions in a CO, incubator. The PBS was removed
and the cells were cultivated in complete medium
(DMEM high glucose).

Enzyme inhibitors and antioxidants

Various enzyme inhibitors and antioxidants were used.
The compounds were added to the reoxygenation
medium before exposure to the cells. Cells were then
incubated as described above. The following enzyme
inhibitors and antioxidants were applied:

Oxypurinol (Oxy; 10wM, inhibitor of the
xanthine oxidase); indomethacin (Ind; 10 M,
inhibitor of the cyclooxygenases 1 and 2); N-nitro-L-
arginine methyl ester (L-NAME; 100 wM, inhibitor of
the NO-synthase); diphenylene iodoniumchloride

(DPI; 20 uM, inhibitor of the NADPH oxidoreduc-
tase); MitoQ (10-(6’-ubiquinonyl)decyltriphenyl-
phosphonium, 10wM, a mitochondria-targeted
antioxidant—this compound was kindly provided by
Michael Murphy, New Zealand); Trolox (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid, 1 mM,
an antioxidative water-soluble vitamin E analog).

Deternunation of cell viability

The Trypan Blue exclusion assay was carried out to
test the cell viability by using 0.4% Trypan Blue
solution. Cells were scraped and counted in a Fuchs—
Rosenthal cell counting chamber. Anoxic cells were
harvested under anoxic conditions. Control and
reoxygenated cells were handled as usual. Living cells
were calculated as percentage to the total cell number.

Apoprosis/caspase-3 assay

Cells were washed once in cold PBS, suspended in
cold PBS and counted by the Trypane Blue exclusion
method. Cells (1 X 10° cells/ml) were transferred into
a lysis buffer provided by BD Biosciences (Pharmin-
gen, Germany). The fluorogenic substrate Ac-DEVD-
AMC (5pl, BD Biosciences) was added to each
well/reaction of a 96-well plate containing 200 pl
HEPES buffer. The reaction was performed for 1 h at
37°C. The liberated AMC was quantified by spectro-
fluorometric measurements (Excitation: 380 nm,
Emission: 460 nm).

ATP measurements

Cells were suspended in PBS. An equal volume of 6%
v/v HCIO,4 was added to disrupt cells and precipitate
the proteins. After short centrifugation (14,000 rpm at
4°C), K,CO3 was added to neutralize the acidic
solution, and the samples were incubated on ice for
1h, centrifuged again and stored at —20°C until
measurement. The samples were analyzed on an
isocratic ion-pair RP-HPLC (column: Supelcosil®
150 X 4.6 mm LC-18-S; 5 um) using tetrabutylam-
monium phosphate buffer/acetonitrile eluent. The
detection was performed by UV light (254 nm). The
adenylate energy charge was calculated as follows:
{[ATP] + 0.5[ADP]}/{[ATP] + [ADP] + [AMP]}.
The sum of adenylates was calculated as {[ATP] +
[ADP] + [AMP]}.

Measurement of oxidant production

Cellular oxidant production was determined by using
the DCFH-DA assay. In brief, cells were incubated
with 25 uM DCF-DA (dichlorofluorescein diacetate,
Sigma Deisenhofen) in culture medium without fetal
calf serum for 45min at 37°C. DCF-DA is a
membrane permeable compound which is hydrolyzed
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by intracellular esterases and converted to the
fluorescent dichlorofluorescin (DCF) when oxidized.
After DCF-DA loading, the cells were washed twice
with warm PBS and subjected to anoxia/reoxygena-
tion. The fluorescence was measured in a fluorimeter
at an excitation wavelength of 485 nm and an emission
wavelength of 538 nm at the indicated time-points.

Measurement of NO formation

The NO production was assessed by the Griess test. In
brief, culture supernatant was mixed with an equal
volume of Griess reagent (Sigma). The absorbance was
measured within 10 min in a plate reader at 540 nm.

Protein oxidation measurements

Protein carbonyls were measured by using the method
of Buss et al. [22], modified by Sitte et al. [23].
Samples of cell lysates were derivatized with 2,4-
dinitrophenylhydrazine and adsorbed to Maxisorb
multiwell plates (Nunc, Germany). Protein carbonyls
were detected using an anti-DNP primary antibody
and an anti-rabbit-IgG peroxidase linked secondary
antibody. O-phenyl diamine was used to develop the
plate and the absorbance was determined using a
multiwell plate reader and a detection wavelength of
492 nm.

Lipid peroxidation measurements

MDA was determined by the method of Wong et al.
[24], with modifications of Sommerburg et al. [25].
After addition of thiobarbituric acid, the cell suspen-
sions (lysates) were boiled for 1 h. Cooling the samples
on ice stopped the reaction. The samples were
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neutralized with NaOH and analyzed on an isocratic
RP-HPLC (column: Supelcosil® 150 X 4mm LC-
18-S; 5um) using a potassium phosphate buffer/
methanol eluent. The detection was performed by
fluorescence (excitation: 525 nm/emission: 550 nm).

Staustical analysis

Data are represented as mean = SEM and were
analyzed by using the Student’s r-test after testing for a
normal distribution. Significance was assumed at the
p < 0.05 level of confidence.

Results

In order to mimic the physiological conditions of
ischemia, we used an approach known as oxygen-—
glucose-depletion common in brain ischemia
research. Such a condition is adding to the anoxia
also a loss of extracellular energy substrates as glucose,
fatty acids or amino acids. Therefore, BV-2 cells were
washed and placed in PBS without oxygen. The
viability of BV-2 cells under such conditions was
tested for up to 16 h. We found a decrease in viability
with time (Figure 1A). After 6 h incubation some 55%
of the cells are still able to exclude Trypan Blue. A
further increase of the anoxic period is accompanied
by a dropping of this percentage. We chose the 6h
anoxic period in order to perform reoxygenation
experiments. BV-2 cells were transferred to normoxic
(20% oxygen) conditions together with the exposure
to fresh tissue culture medium (containing all
substrates). These conditions reflect best the i vivo
conditions of reperfusion. During reoxygenation the
ability of cells to exclude Trypan Blue increased to
above 70% after 18 or 24 h (Figure 1B).
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Figure 1. Viability during anoxia/reoxygeneation of BV-2 cells. Viability was tested by Trypan Blue exclusion test (Panel A and B) as

described in the methods section. The decrease of viability during anoxia is presented in Panel A. Panel B demonstrates the viability during the
reoxygenation after a 6 h anoxic period (A/R = anoxia/reoxygenation). The normoxic control (Con) was exposed for 6 h to PBS with 10 mM
glucose (under the normal oxygenating conditions) and afterwards to normal tissue culture medium. Apoptosis was analyzed by
determination of caspase-3 activity by using the fluorogenic substrate Ac-DEVD-AMC (Panel C). The fluorescence of normoxic, untreated
cells was set as 1. Time point 0 indicates the start of reoxygenation. The data represent the mean = SEM of six independent experiments in
Figure 1A and 1B, and the mean = SEM of four independent experiments in Figure 1C. Statistical significance symbols indicate: +p < 0.05
before anoxia vs. various time points of anoxia, *p < 0.05 after anoxia (0h) vs. various time points of reoxygenation, **p < 0.05 indicated
column vs. 1 h of reoxygenation, #p < 0.05 control (normoxia) vs. various time points of reoxygenation.
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To elucidate whether apoptosis plays a critical role in
the loss of viability, we tested the activity of caspase-3
since this is one of the main mediators induced within
both, the deathreceptor dependent (extrinsic) and
the death-receptor independent (intrinsic) apoptotic
pathways. We found a 30% decrease after 6 h anoxia
compared to normoxic caspase-3 activity levels. This is
in concert with the fact that apoptosis, as far as the
intrinsic apoptotic pathway is concerned, is an ATP-
dependent (mitochondria-dependent) process. Once,
ATP production was re-established due to the
reoxygenation conditions, the apoptosis rate was
enhanced (Figure 1C). There were no detectable
changes in the apoptosis rates in the normoxic control
over time.

To check, whether the oxygen and substrate
deprivation really leads to a drastic decline in the
cellular ATDP level we performed HPLC analysis of the
ATP and ADP levels. As demonstrated in Figure 2A, a
drastic decline of ATP concentrations takes place
during the 6 h of anoxia. The ATP levels are recovering
within the first hour of reoxygenation. Interestingly, the
quick recovery of the ATDP level is accompanied by a
drop of the ADP level, resulting in a postanoxic
ATP/ADP ratio higher as the normoxic control
(Figure 2B). These changes were accompanied by
changes in the adenylate energy charge from a
normoxic value of 0.74 = 0.06 to 0.51 £ 0.04 during
anoxia and 0.79 = 0.07 after 1h of reoxygenation
(mean * SE, n = 4). Interestingly, the sum of adenyl-
ates was not changing during anoxia 34.6 *=
5.7nmol X mgprotein ! (vs.35.2 4+ 7.1nmol X mg
protein~ ! in normoxia), but dropped after 1h of
reoxygenation to 25.4 *+ 5.1nmol X mg protein '
(mean = SE, n=4). There were no detectable
changes in the adenine nucleotide levels in the
normoxic control over time.

Since the loss of energy is quickly overcome by BV-2
cells in the postanoxic phase, the major reason for the
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inability of cells to recover viability might be the
postanoxic production of free radicals or oxidants
leading to cellular damage and apoptosis. Therefore,
we decided to measure various oxidative stress related
parameters and started with the production of
DCFH-DA oxidizing species. The fluorogenic com-
pound DCFH-DA is one of the most prominent
markers to reflect the overall oxidative status in cells
[26]. DCF-DA is reported to be oxidized by a variety
of ROS like hydrogen peroxide, organic hydroper-
oxides, nitric oxide and peroxynitrite [27-29]. As
shown in Figure 3A, a dramatic increase in DCF
fluorescence takes place after 2h postanoxic incu-
bation. This increase is significant towards the end of
anoxia as well as towards the time-matched normoxic
control (Figure 3A, insert). The normoxic control
levels of DCF fluorescence were in the range of 100—
130% (data not shown). Since it is well known that
microglial cells produce NO in high quantities due to
the inducible NO-synthase, we assessed the NO-
production by exploring the Griess reagent. As
demonstrated in Figure 3B, the Griess reagent
reaction is clearly enhanced after 1 h reoxygenation.
To measure the consequences of enhanced oxidant
production, we determined actual damage parameters
as protein oxidation- and lipid peroxidation-products.
It is highly established that proteins, which are
abundant and ubiquitous in the cell, are able to form
protein carbonyls as response to direct oxidative stress
[30,31]. A significant increase in protein carbonyls
could be observed after 1 h reoxygenation (Figure 3C).
On the other hand, a multitude of lipid peroxidation
products are generated during oxidative stress. Among
the aldehydic lipid peroxidation products, malondial-
dehyde is an easy one to measure. We were able to find
an increase in the malondialdehyde concentration
only 24h after the beginning of the reoxygenation
(Figure 3D). However, the failure to measure some
earlier increase in this product might be due to the

B ATP/ADP ratio
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Figure 2. ATP content and ATP/ADP in anoxic and postanoxic BV-2 cells. Anoxia/reoxygenation was performed as described above. ATP
and ADP were determined by HPLC analysis. The ATP content (Panel A) and the ATP/ADP-ratio (Panel B) were measured before anoxia
(Con) after 6 h of anoxia (0 h) and at the indicated reoxygenation times. The data represent the mean = SEM of 4 independent experiments;
+p < 0.05 control (normoxia) vs. 6 h anoxia (0h), and *p < 0.05 after anoxia (0h) vs. various times of reoxygenation.

RIGHTS



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/02/11
For personal use only

Postanoxic damage of microgha 149

A Free radical production B Griess reagent reaction
2h # 60[ 1 h #
300 300 *
L “ _ I
200 El 40
320 0o ﬁ * S 40f 20
= a
S 200 0 Con AR g 0
5 % 30} * Con AR
T 150 S * T
Py =
=
Q = 20r
A 100 £
50 Z 10t
0 1 2 4 24 0 1 2 4 24
Time after anoxia (h) Time after anoxia (h)
C Protein oxidation D Lipid peroxidation
—~ *
D 0.20 +
401
3 e
& 33 =
£ 30} g0.15}
X =
T 257 S
£ X
—: 20 é 0.10
g 15t )
2 <
<
L a
; 1.0 S 0.05
2
S 051
(=™
0
0 1 2 4 24 0 1 2 4 24

Time after anoxia (h)

Time after anoxia (h)

Figure 3. Oxidant production, protein oxidation and lipid peroxidation in postanoxic BV-2 cells. Experiments were performed as described

in the methods section. The determination of reactive oxygen species was performed by employment of the DCF-DA assay (Panel A). The
fluorescence level directly after anoxia was set as 100%. The insert shows the comparison of the postanixic fluorescence (A/R) and the
normoxic control (Con) at the 2h time point. The data represent the mean = SEM of three independent experiments; *p < 0.05 anoxia
reoxygenation (0h) vs. various times of reoxygenation and # anoxia/reoxygenation vs. time matched control. The measurement of Griess
reagent reactive products is shown in Panel B. The data represent the mean = SEM of three independent experiments; *p < 0.05 after anoxia
(0 h) vs. various times of reoxygenation. The insert shows the normoxic control level (Con) in comparison to the postanoxic level (A/R) at 1 h
of reoxygenation. *p < 0.05 #anoxia/reoxygenation vs. time matched control. Panel C demonstrates the protein carbonyl formation
measured by the ELISA method described in the methods section, whereas Panel D is showing the formation of malondialdehyde determined

by HPLC. The data represent the mean = SEM of three independent experiments; *p < 0.05 after anoxia (0 h) vs. reoxygenation.

rapid metabolism described for aldehydic lipid
peroxidation products.

In the next series of experiments, we tested for the
source of the oxidative stress in the postanoxic BV-2
cells. Here, we measured protein oxidation and lipid
peroxidation in the presence of various antioxidants
and inhibitors. As demonstrated in Figure 4, all used
compounds had a dramatic effect on the protein
carbonyl formation. On the other hand, only oxypur-
inol and indomethacin were able to suppress lipid
peroxidation. This leads to the speculation that the
increase of protein carbonyls in BV-2 cells is a rather
complex process mediated by a network of oxidative
processes, whereas the maintenance of the lipid
hydroperoxide levels (measured by malondialdehyde)
is mediated by xanthine oxidase and cyclooxygenases.
To test the role of these inhibitors on the cell viability
and apoptosis induction, we performed the required
measurements in the presence of the inhibitors. As
demonstrated in Figure 5A, only oxypurinol and
indomethacin lead to a notable increase in cell viability

1h after anoxia. On the other hand, no significant
decline in caspase-3 activation could be detected using
the inhibitors. However, the antioxidants MitoQ and
Trolox suppress the postanoxic caspase-3 activation
significantly without increasing Trypan Blue
exclusion.

Discussion

Little is known about postanoxic microglial damage
and ROS production. Therefore, we measured the
postanoxic radical formation and their potential
sources. Our study is contributing to the hypothesis
that besides cell types like neurons and capillary
endothelial cells, microglia are highly involved in
cerebral tissue damage during ischemia/reperfusion
due to their ability to produce ROS. The viability of
BV-2 cells under hypoxic conditions was dramatically
declining, whereas no Caspase 3 activation could be
determined. On the other hand, during reoxygenation
a “recovery” of Trypan blue-measured viability was
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Figure 4. Effects of enzyme inhibitors and antioxidants on postanoxic protein oxidation and lipid peroxidation. Various enzyme inhibitors
and antioxidants were used to test the effect of free radical generating pathways on the postanoxic damage in BV-2 cells (for conditions and
concentrations see methods section). Panel A demonstrates the effect of these compounds on protein oxidation, whereas Panel B demonstrates
the effects on malondialdehyde formation. The filled bars show the data from anoxia/reoxygenation experiments (A/R), whereas the open
columns represent the normoxic control (Con). All measurements were performed at 1 h of reoxygenation with the exception of the postanoxic
measurements (0 h), which were done directly after the 6 h of anoxia. The data represent the mean = SEM of three independent experiments.
Statistical evaluation is performed within the anoxia/reoxygenation group: *p < 0.05 after anoxia (0 h) vs. 1 h reoxygenation, and **p < 0.05

1 h reoxygenation nontreated vs. treated.

determined, whereas Caspase 3 was activated to a
certain degree. The key factor in the explanation of
this seems to be the presence of ATP. Under anoxic
conditions cells seem not have sufficient ATP to
perform a full-scale apoptotic process and to exclude
Trypan blue. During reoxygenation some cells
re-synthesize ATP and whereas other cells go into
apoptosis.

It was assumed that NADPH oxidase and/or NO-
synthase are the major causes for ROS production.
NADPH oxidase- and NO-synthase activity is
activated in microglia during ischemia/reperfusion
[8,32—-35]. Ischemia-induced overproduction of
NO is caused by glutamate-mediated increases in
intracellular calcium concentrations, resulting in a
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calmodulin-dependent up-regulation of NO-synthase
[33—-36]. However, both of these enzymes do not seem
to be the major oxidant sources in the postanoxic
microglial cell. The most prominent enzymes respon-
sible for oxidative microglial damage seem to be the
xanthine oxidase and cyclooxygenases. Postanoxic
xanthine oxidase formation is also triggered by calcium
[18]. The protease calpain, activated by elevated
calcium levels, cleaves the xanthine dehydrogenase to
form xanthine oxidase [37,38]. In contrast to the
dehydrogenase form, which is only able to reduce
NAD™, the oxidase form can use molecular oxygen
to produce highly reactive superoxide or hydrogen
peroxide [18]. Concomitantly, during ischemia, ATP
is depleted to AMP. AMP is further metabolized to
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Figure 5. Effect of enzyme inhibitors and antioxidants on postanoxic cell viability. Experiments were performed as described above. Viability
(Panel A) and apoptosis (Panel B) were measured via Trypan Blue exclusion test and caspase-3-activity, respectively. The data represent the
mean * SEM of 4-6 independent experiments; *p < 0.05 indicated column vs. anoxia (0h), **p < 0.05 indicated column vs. 1h

reoxygenation without treatment.
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hypoxanthine, which, as well as xanthine, can be
oxidized by xanthine dehydrogenase or xanthine
oxidase [18]. Cyclooxygenases 1 and 2 (COX-1 and
COX-2) are the rate-limiting enzymes for prostaglan-
din and thromboxane biosynthesis. COX-1 is the
constitutively expressed isoform, whereas COX-2 is
induced in response to endotoxin, inflammatory
cytokines and growth factors [39,40]. The expression
of COX-2 is transiently triggered by focal cerebral
ischemia [41-44] or after forebrain ischemia [45].
Furthermore, it has been shown that microglia is the
major source of prostaglandin production after
chronic cerebral ischemia [7].

Concluding, the results described in this study are
suggestive that the xanthine oxidase and cyclooxy-
genases play a major role in microglial ROS
production in postanoxic situations. Other sources
also contribute to the postanoxic oxidative stress with
no apparent influence on Trypan Blue exclusion.
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