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h i g h l i g h t s

• Epileptogenesis-associated microglial ROS generation is altered in an electrical post-SE model.
• Excessive generation of microglial ROS was demonstrated in the early post-SE phase.
• Moderate generation of microglial ROS was detected in the latency phase.
• Microglial ROS generation returned to control levels in the chronic epileptic phase.
• Radical scavenging approaches might only be beneficial shortly after the initial insult.
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a b s t r a c t

Reactive oxygen species and inflammatory signaling have been identified as pivotal pathophysiological
factors contributing to epileptogenesis. Considering the development of combined anti-inflammatory
and antioxidant treatment strategies with antiepileptogenic potential, a characterization of the time
course of microglial reactive oxygen species generation during epileptogenesis is of major interest. Thus,
we isolated microglia cells and analyzed the generation of reactive oxygen species by flow cytometric
analysis in an electrical rat post-status epilepticus model.

Two days post status epilepticus, a large-sized cell cluster exhibited a pronounced response with exces-
sive production of reactive oxygen species upon stimulation with phorbol-myristate-acetate. Neither in
the latency phase nor in the chronic phase with spontaneous seizures a comparable cell population with
induction of reactive oxygen species was identified.

We were able to demonstrate in the electrical rat post-status-epilepticus model, that microglial ROS
generation reaches a peak after the initial insult, is only marginally increased in the latency phase, and
returns to control levels during the chronic epileptic phase. The data suggest that a combination of anti-
inflammatory and radical scavenging approaches might only be beneficial during a short time window
after an epileptogenic brain insult.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Experimental and clinical research indicates that inflamma-
tory signaling and oxidative stress can significantly contribute
to epileptogenesis following brain insults [1,2]. Oxidative stress
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induced by excitotoxicity and neuronal death results in the pro-
duction of reactive oxygen species (ROS) leading to an imbalance
of oxidant production and antioxidant defense. Therefore, ROS is
discussed as a key pathophysiological mechanism not only occur-
ring after the brain insult but also contributing to epileptogenesis
[1]. However, there is limited knowledge about ROS generation
in acquired epilepsies including temporal lobe epilepsy (TLE) and
during epileptogenesis as well as about the time course of ROS pro-
duction generated by specific cell types such as microglia cells.
During pathological insults, microglia cells thicken, retract their
processes, proliferate, migrate and release several factors, like ROS
[3].
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Anti-inflammatory and antioxidant strategies are intensely
evaluated in rodent models of epilepsy [4,5]. Therefore, the identifi-
cation of the time course of microglial ROS generation is critical for
the development of rational pharmacological intervention strate-
gies targeting oxidative stress and inflammation.

Seizure-associated stimulation of free radicals has been
reported in some animal models following exposure to chemo-
convulsants like kainic acid [5–9]. Considering that it is impossible
to distinguish between direct effects of the chemoconvulsant and
epileptogenesis-associated alterations in chemical epilepsy mod-
els, available data are difficult to interpret. Thus, we decided to
perform a thorough functional analysis of the course of microglial
ROS generation in an electrical rat post-status epilepticus (SE)
model with stimulation of the basolateral amygdala to exclude this
bias.

Functional analysis of microglial ROS production is possible
based on exposure of freshly isolated cells to chemical stimuli
and assessment of the response. For instance, the generation of
ROS can be evaluated in response to phorbol-myristate-acetate
(PMA) stimulation [10,11] followed by flow cytometric analysis.
Based on the fact, that the time course of microglial responsiveness
and ROS generation is of particular relevance for the identifica-
tion of time windows for intervention strategies, we have isolated
microglia cells and applied a flow cytometric analysis to eluci-
date the course of epileptogenesis-associated ROS alterations in
an electrical rat post-SE model with development of spontaneous
recurrent seizures (SRS). The results of our study may render a basis
for future assessment of antiepileptogenic approaches targeting
inflammation along with oxidative stress.

2. Material and methods

2.1. Animals and animal model

Female Sprague Dawley rats were purchased at a bodyweight of
200–224 g (Harlan, Udine, Italy). The experiments were performed
in compliance with the European Union directive 2010/63/EU for
animal experiments and with the German Animal Welfare act.
Experiments were approved by the Government of Upper Bavaria
and Lower Saxony (license number 55.2-1-54-2532-173-11). All
efforts were made to decrease pain or discomfort of the animals
used in the experiment.

Fig. 1A gives a schematic timeline of the study design. A
depth electrode was implanted into the right basolateral amyg-
dala (stereotactic coordinates in millimeters relative to Bregma: ap
−2.2, ll + 4.7, dv −8.5) of female Sprague Dawley rats (n = 164) as
described earlier [12]. A self-sustained SE was induced (n = 78) by
electrical stimulation as described previously [13]. Animals were
grouped as follows: (1) two days post SE, (2) ten days post SE (group
1. and group 2.: only rats, which developed a type III self-sustained
status epilepticus (four hours of continuous generalized seizure
activity)) and (3) twelve weeks post SE (only rats with SRS). The rats
from the chronic phase underwent a three week video- and EEG-
monitoring as described elsewhere (24 h/7 days per week) [13,14].
Animals were deeply anesthetized with pentobarbital (500 mg/kg,
i.p.; Narkodorm®, cp-Pharma, Burgdorf, Germany) and perfused
transcardially with ice cold electrolyte solution (Sterofundin®,
Braun, Melsungen, Germany) two days ( = acute phase), ten days
( = latency phase), and twelve weeks ( = chronic phase) following
SE.

2.2. Isolation of microglial cells

After perfusion microglial cells were isolated by density gradient
centrifugation (see Fig. 1) and ex-vivo studies were performed as

described by Stein et al. [11]. Cells were collected from the interface
between the density layers of 1.066 g/ml and 1.077 g/ml (Percoll;
GE Healthcare, Freiburg, Germany). Absolute number of cells and
cell viability were determined directly afterwards by trypan blue
staining (Sigma–Aldrich GmbH, Steinheim, Germany).

Pilot experiments revealed that it is necessary to pool three
brains from control or SE animals to gain sufficient cell num-
bers for subsequent microglia analysis. Limitations in the cell yield
per preparation result from the age of the animals in the chronic
epilepsy model.

2.3. Immunophenotyping

Microglial cells were identified based on their expression profile
of CD18+, CD11b+ and CD45low in combination with the parameters
size and complexity [3,11,15–19].

After determining the absolute number of cells, microglial cells
were stained with directly labeled mouse monoclonal antibod-
ies against CD45-AF 647, CD11b-FITC, CD18-FITC and CD3-AF 647.
Flow cytometry was performed using a FACSCaliburTM (Becton
Dickinson, Heidelberg, Germany) as described by Stein et al. [11].
Microglia were analyzed using CellQuest ProTM-Software (version
5.2.1, Becton Dickinson, Franklin Lakes, New Jersey, USA, for Apple
& Macintosh®).

2.4. ROS generation test

ROS generation by microglial cells was assessed by a method
described earlier by Stein et al. [11]. Briefly, dihydrorho-
damine 123 (DHR 123, MoBiTec GmbH, Göttingen, Germany) was
diluted in dimethylsulfoxide (DMSO, Sigma-Aldrich GmbH, Stein-
heim, Germany) in a concentration of 15 �g/ml. The stimulans
phorbol-myristate-actetate (PMA, Sigma–Aldrich GmbH, Stein-
heim, Germany) was diluted in DMSO and further diluted with
phosphate buffered saline (PBS) to a final concentration of 100
nmol. The ROS generation test was performed in duplicates for each
approach. Ninety �l of the cell suspension were pre-incubated for
15 min at 37 ◦C and 5% CO2, then incubated with 10 �l PMA or 10 �l
PBS (negative control) followed by DHR 123 incubation under the
same conditions. To terminate the ROS generation, cells were stored
on ice for 15 min in the dark. Immediately afterwards, cells were
measured.

2.5. Statistical analysis

We performed statistical analysis of group differences using
Graph Pad Prism (version 5.04, GraphPad-San Diego, CA, USA). All
data are given as mean ± SEM. One-way analysis (ANOVA) followed
by a Bonferroni’s Multiple Comparison Test was used for calcula-
tion of intergroup differences. Direct comparison of rats with SE
and electrode-implanted controls was performed by the Student’s
t-test with or without Welch’s correction. The Pearson correlation
coefficient was determined to test for a correlation between seizure
frequency and microglial ROS generation. A p value of <0.05 was
considered statistically significant.

3. Results

3.1. Purity of the ex-vivo cell yield

Cell yields varied from 1.0 × 106 to 2.4 × 106 total viable cells
in electrode-implanted control animals and from 0.8 × 106 to
2.8 × 106 in SE animals per 5.3–6.6 g brain tissue. A ToPro-3 staining
distinguished living from dead cells via FACS analysis. Viable cells
were used for further ex-vivo analysis.
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Fig. 1. Experimental design (A) and procedure of ex-vivo analysis (B).
Microglial cells were depicted in a dot plot representing co-expression of CD11b and CD45low. These cells were used for further ex-vivo examination.

Cells co-expressing CD11b and CD45low were considered
microglia cells (Fig. 1B). These cells were gated and displayed in
a dot plot for size and complexity, in which they formed a homoge-
nous cell cluster. Only cells within this gate were used for further
analysis.

The purity of isolated microglia cells was controlled based on the
CD11b and CD18 expression profile (Suppl. Table 1). The percent-
age of CD18+ cells ranged from 72% to 92% in electrode-implanted
control animals and from 30% to 94% in SE animals (Suppl. Table 1).
CD3 was used to determine a contamination with T-lymphocytes.
A low T-cell contamination of less than 2% was evident.

3.2. Two days post SE isolated cells generated ROS upon
stimulation

The analysis of ROS generation upon stimulation with PMA was
performed considering different cell populations from electrode-
implanted controls and SE animals (Fig. 2). Respective cell
populations were selected based on clustering of cells in the param-
eters size and complexity. In electrode-implanted controls, a small-
and a medium-sized cell cluster were evident in samples obtained
from all three time points (Fig. 2A–C). Basal ROS levels of the small-
sized cell clusters proved to be elevated in SE animals two and ten
days following the epileptic insult (two days pPBS = 0.03 and ten
days pPBS = 0.02, Table 1).

In control animals, the small- and medium-sized cell clusters
differed in their basal levels of ROS generation with a higher level
in the medium-sized cell clusters compared to the small-sized
cell clusters (two days pPBS < 0.05, ten days pPBS < 0.05, 12 weeks
pPBS < 0.05, Table 1). In line with these findings, the response to PMA
in the medium-sized cell clusters exceeded that in the small-sized
cell clusters (two days pPMA < 0.05, ten days pPMA < 0.05, twelve
weeks pPMA < 0.05, Table 1). No increase was observed in response
to PMA stimulation in electrode implanted controls (two days

psmall = 1.0, pmedium = 0.08, Fig. 2G and Table 1; ten days psmall = 0.4,
pmedium = 0.6; twelve weeks psmall = 0.8, pmedium = 0.2, Table 1).

Two days post SE three cell clusters (small-, medium- and large-
sized) were identified (Fig. 2D). The large-sized cell clusters were
characterized by a higher complexity as compared to the smaller
cell clusters. These three cell clusters also exhibited different basal
levels of ROS generation with the highest basal level evident in
the large-sized cell cluster (two days pPBS,small vs medium < 0.05,
pPBS,medium vs large < 0.05, Table 1). The mean ROS generation inten-
sity from PBS-treated cells ranged from 5.7 to 21.0 in the small-,
from 29.0 to 58.6 in the medium-sized, and from 62.5 to 122.0 in
the large-sized cell population. The mean ROS generation intensity
from PMA treated cells in the large-sized cell clusters ranged from
72.0 to 314.0. Neither the small- nor the medium-sized cell clus-
ters exhibited any relevant response to PMA stimulation (p = 0.4 and
p = 0.4, respectively, Fig. 2H and Table 1). In apparent contrast, ROS
generation increased in a significant manner upon PMA exposure
in the large-sized cell population (p = 0.0495, Fig. 2H and Table 1).

Ten days and twelve weeks post SE, cell clustering accord-
ing to size and complexity proved to be comparable with that in
electrode-implanted controls (Fig. 2 E and F). Ten days post SE the
mean ROS generation intensity of PBS-treated cells ranged from 6.1
to 12.7 in the small- and from 42.0 to 90.5 in the medium-sized cell
clusters. Twelve weeks post SE the mean ROS generation intensity
of PBS-treated cells ranged from 6.7 to 10.9 in the small- and from
43.4 to 59.5 in the medium-sized cell clusters.

Neither the small- nor the medium-sized cell populations
increased ROS generation upon PMA stimulation at these time
points (ten days post SE psmall = 0.3, pmedium = 0.2; twelve weeks
post SE psmall = 0.8, pmedium = 0.06, Table 1). However, ten days fol-
lowing SE the small-sized cell clusters in SE animals showed an
increased intensity of ROS generation compared to control animals
(pPBS = 0.02, pPMA = 0.01; Table 1).

There was no correlation between the seizure frequency (range
1–109 during the three weeks of video-/EEG-monitoring) and the
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Table 1
ROS generation intensity of the different cell clusters.

Reactive oxygen species – mean fluorescence intensity (geo mean)

2 Days post SE 10 Days post SE 12 Weeks post SE

Control x̄ ± SEM SE x̄ ± SEM Controls x̄ ± SEM SE x̄ ± SEM Controls x̄ ± SEM SE x̄ ± SEM

PBS PMA PBS PMA PBS PMA PBS PMA PBS PMA PBS PMA

Small-sized cell
cluster

6.6 ± 0.3a 6.6 ± 0.2a 10.9 ± 1.6h 16.7 ± 5.9 7.1 ± 0.3a 6.8 ± 0.2a 9.6 ± 0.8a,g,h 8.6 ± 0.5a,g 9.3 ± 1.0 9.0 ± 0.6 8.5 ± 0.4 8.7 ± 0.2

Medium-sized
cell cluster

43.6 ± 1.7c 48.5 ± 2.0d 42.7 ± 3.4c 55.9 ± 14.3 45.7 ± 2.4c 48.0 ± 3.0d 56.0 ± 4.9c 48.9 ± 3.1d 49.2 ± 2.8c 54.6 ± 2.5d 49.0 ± 1.7c 53.3 ± 1.3d

Large-sized cell
cluster

90.3 ± 6.1e 153.2 ± 27.1b,f

SE = Status epilepticus; PBS = phosphate buffered saline; PMA = phorbol-myristate-acetate; x̄ ± SEM = mean ± standard error of the mean; means are calculated from 5 repet-
itive experiments, ROS generation tests were performed in duplicates for each approach;

a Mean calculated from 4 repetitive experiments;
b Significant difference between PBS and PMA treated cells in the large-sized cell cluster;
c Significant difference between small- and medium-sized cell clusters (PBS);
d Significant difference between small- and medium-sized cell clusters (PMA);
e Significant difference between medium- and large-sized cell clusters (PBS);
f Significant difference between medium- and large-sized cell clusters (PMA);
g Ten days post SE the small-sized cell cluster in SE animals showed an increased intensity of ROS generation compared to control animals (PBS and PMA);
h Significant difference between PBS treated cells in control and SE animals.

respective ROS generation intensities in the chronic phase (Pearson
r = 0.035, p = 0.569; Suppl. Table 2).

In summary, our results point toward excessive generation of
microglial ROS generation at two days post SE, and only marginally

increased ROS generation at ten days post SE. At twelve weeks post
SE ROS generation returned to control levels.

Fig. 2. Time course of ROS generating cell populations in electrode-implanted controls (A–C) and in SE animals (D–F).
Two days, ten days and twelve weeks post SE (A–F) a small- and a medium-sized ROS generating cell population were identified. (D) Two days post SE an additional large-sized
ROS generating cell population was identified. Quantitative analysis of ROS generation: (G) No increase of ROS generation upon PMA stimulation. (H) The large-sized cell
population produced ROS upon stimulation.
PBS = phosphate buffered saline; PMA = phorbol-myristate-acetate; S = small-sized cell population, M = medium-sized cell population, L = large-sized cell population. All data
are given as mean ± SEM; p < 0.05; (*) significant difference upon PBS (negative control) and PMA stimulation.
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4. Discussion

Oxidative stress has been described as a factor that does not
only occur acutely as a result of a precipitating injury but also dur-
ing epileptogenesis and in the chronic epileptic brain [1,5,8,20–22].
Therefore, we evaluated the alterations of microglial ROS genera-
tion in the course of epileptogenesis in an electrical post-SE model
avoiding a putative chemoconvulsant-associated bias.

We determined basal microglial ROS generation and upon cell
stimulation with PMA. PMA is a strong stimulator of ROS produc-
tion, which has been repeatedly used in experiments assessing ROS
generation activities of microglia cells [10,11,23]. Basal ROS levels
proved to be elevated in SE animals two and ten days following the
epileptic insult and a pronounced ROS generation was evident fol-
lowing PMA exposure of one cell population isolated from animals
two days following SE. In the chronic phase ROS levels returned to
control levels. The early finding is in line with the study of Sleven
et al. [24], who found reduced glutathione levels in an electrically-
induced limbic SE model up to 44 h after SE and suggested that
reduction of oxidative stress following the insult might help to pre-
vent pathological consequences of SE. However, the question about
the long-term course during epileptogenesis remained to be further
addressed.

A similar time course of ROS generation was evident in the kainic
acid model of epilepsy [9,25]. In contrast, a pilocarpine-induced
SE resulted in an early ROS peak followed by a sustained increase
of ROS levels during the latency and chronic period [25]. When
comparing the findings from different studies, the incidence of SRS
development for the respective epilepsy model needs to be consid-
ered. While in the kainic acid model <50% of the treated animals
might develop SRS, the pilocarpine model reliably results in SRS
in almost all rats [26]. Unfortunately, Dal-Pizzol et al. [25] did not
monitor if experimental animals developed SRS. Therefore, it can-
not be excluded that animals without SRS are included in their
analysis. In our hands, all animals representing the chronic epilep-
tic phase exhibited SRS in the course of the experiment. However, a
rather low to moderate seizure frequency is typical for the electri-
cal post-SE model. Our findings suggest that the low seizure density
does not trigger a sustained increase in ROS generation in the
chronic phase. We cannot exclude that in a model with high SRS fre-
quency ROS generation is increased. Moreover, the technique might
be appropriate for the assessment of microglial ROS generations
during the early phase and the latency phase of epileptogenesis, but
might lack sensitivity to determine more subtle chronic activation
patterns in the phase with SRS.

Depending on the cellular localization ROS have physiological
as well as pathological roles in the brain [1,27]. Here, we ana-
lyzed microglial ROS production and demonstrated an early peak
of ROS following the initial brain insult. Microglia cells are strongly
activated in this phase related to pronounced neuronal death and
release of danger-associated molecular pattern molecules such as
HMGB1 [2,28]. Thus, the transient increase in microglia responsive-
ness and ROS generation might reflect the time course of neuronal
damage, which has been repeatedly described in the hippocampus
and other regions of the temporal lobe in the early phase following
electrically induced SE. Neuronal death associated with the effects
of oxidative damage may lead to the progressive nature of epilep-
togenesis and the long-term pathological effects [29]. This seems
to be reasonable not only for mature but also for immature animals
and might be linked to an inhibition of the mitochondrial complex
I [30].

It is well known that macrophages are larger than microglia
cells and generate higher levels of ROS [11]. Moreover, microglia
cells display a morphological polymorphism [3,31,32]. The differ-
ent cell sizes and phenotypes of microglia cells are reflected by
different cell clusters referring to size and complexity of the cells

in the FACS analysis. Here, we observed different cell clusters,
which might reflect either different cell types or different pheno-
types of microglia cells. These cell clusters were therefore analyzed
separately. In this context, it needs to be critically considered
that peripheral immune cells might have crossed the blood-brain-
barrier due to epilepsy-associated alterations compromising the
barrier function [3,33–35]. This might have marginally affected the
outcome of ROS generation in the performed analysis.

A limitation of our study might be that we had to pool three
whole brains per experiment to gain sufficient cell yields. The dilu-
tion effect might have contributed to the lack of alterations in the
chronic phase.

In conclusion, we were able to demonstrate that microglial ROS
generation in the time course of epileptogenesis reaches a peak
after the initial insult, is only marginally increased in the latency
phase and returns to control levels during the chronic epileptic
phase in the electrical rat post-SE model.

The time course of microglial ROS generation suggests that the
application of combined anti-inflammatory and radical scavenging
approaches might only be beneficial, when applied during a short
critical time window after an epileptogenic brain insult.
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