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CHAPTER 2

Abstract
Because brain inflammation may contribute to the pathophysiology of temporal lobe
epilepsy (TLE), we investigated the expression of various inflammatory markers of the
innate and adaptive immune system in the epileptogenic human and rat hippocampus in
relation to seizure activity and blood‐brain barrier (BBB) dysfunction.
Immunohistochemistry was performed using various immune cell markers (for
microglia, monocytes, macrophages, T-lymphocytes, and dendritic cells) on hippocampal
sections of drugresistant TLE patients and patients who died after status epilepticus. The
expression of these markers was also studied in the electrical post–status epilepticus rat
model for TLE, during the acute, latent, and chronic epileptic phase. BBB dysfunction was
assessed using albumin immunohistochemistry and the BBB tracer fluorescein.
Monocyte infiltration, microglia, and perivascular macrophage activation were
persistently increased in both epileptogenic human and rat hippocampus, whereas
T-lymphocytes and dendritic cells were not or were scarcely detected. In addition to this,
increased expression of C‐C motif ligand 2 (CCL2) and osteopontin
was observed. In humans, the expression of CD68 and CCL2 was related to the duration of
epilepsy and type of pathology. In rats, the expression of CD68, CCL2, and the perivascular
macrophage marker CD163 was related to the duration of the initial insult and to the
number of spontaneous seizures. Interestingly, the number of CD163‐positive perivascular
macrophages was also positively correlated to BBB dysfunction in chronic epileptic rats.
These data suggest a proepileptogenic role for monocytes/macrophages and other
cells of the innate immune response, possibly via increased BBB leakage, and indicate that
T-cells and dendritic cells, which are closely associated with the adaptive immune response,
are only sparsely infiltrated during epileptogenesis in the electrical post–status epilepticus
rat model. Future studies should reveal the relative importance of these immune cells and
whether specific manipulation can modify or prevent epileptogenesis.
Keywords
Brain inflammation, perivascular macrophages, status epilepticus, temporal lobe epilepsy.
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Introduction
Increasing evidence suggests an important role for brain inflammation in epilepsy 1, 2. Several
studies show activation of the innate immune response, including microglia and astrocytes
which produce specific inflammatory cytokines, in resected brain tissue from patients with
temporal lobe epilepsy (TLE) and in experimental epilepsy models, which coincides with
blood-brain barrier (BBB) disruption 3-11. The activation of inflammatory processes has been
confirmed using large-scale gene expression profiling (micro-array analysis) on resected
hippocampi of patients with TLE 12. Micro-array studies on epileptogenic brain regions of
rats with TLE showed that brain inflammation was the most prominent process changed
during different phases of epileptogenesis 13. Furthermore, studies in rodent epilepsy models
show that brain inflammation can enhance neuronal excitability 1, 14-18, possibly via disruption
of the BBB.
The identification of inflammatory changes at critical phases during epileptogenesis
could help to determine the role of inflammation in the progression of epilepsy and is of
crucial importance when we may try to implement anti-inflammatory strategies in order
to prevent its development. Until now, there is ample evidence that the innate response
plays a role during the development of temporal lobe epilepsy 1. More recently, the role of
peripheral inflammation in TLE has come to attention with a central role for the infiltration
of leucocytes and/or activated circulating cytokines 19. However, their precise contribution
to epileptogenesis and BBB dysfunction is still not understood. We therefore studied the
expression of various inflammatory markers of the innate and adaptive immune system
in the epileptogenic human and rat hippocampus in relation to seizure activity and BBB
dysfunction.
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Materials and Methods
Immunohistochemistry on human brain tissue
Human brain tissue was obtained from the archives of the Department of Neuropathology
of the Amsterdam UMC, the Netherlands. Patients underwent resection of the hippocampus
for drugresistant TLE (TLE with hippocampal sclerosis (HS), ILAE type 1, n=21; TLE no-HS
n=6). In addition, autopsy material was used of 5 patients who died during an acute status
epilepticus (SE). This material was compared to normal-appearing hippocampi of 6 autopsy
specimens from patients without history of seizures or other neurological diseases. Tissue
was obtained and used in a manner compliant with the Declaration of Helsinki. Brain
tissue was stained for immunohistochemistry using various antibodies. For details see
Supplementary Methods and Supplementary Table 1 and 2.
Experimental animals
Adult male Sprague Dawley rats (Harlan Netherlands, Horst, the Netherlands) weighing
200-300 grams at the start of the study. To exclude variations in seizure frequency due to
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differences in the oestrous cycle, we did not use female rats. The study was approved by
the University Animal Welfare committee. The rats were housed individually in a controlled
environment (21±1°C; humidity 60%; lights on 08:00 AM - 8:00 PM; food and water
available ad libitum). See Supplementary Fig. 1 for a schematic overview of the study and
Supplementary methods for electrode implantation, SE induction, EEG monitoring and
perfusion.

Fluorescein injection and perfusion
In order to determine BBB permeability, fluorescein (FSC; 100 mg/kg i.v., Merck, Darmstadt,
Germany) was injected via the tail vein under isoflurane anesthesia (4 vol%), as described
previously 5. Rats were disconnected from the EEG recording set-up 3.5 hours after tracer
injection and deeply anesthetized with pentobarbital (Nembutal, intraperitoneally, 60 mg/
kg). Rats were perfused through the ascending aorta with 300 ml of 0.37% Na2S solution
and 300 ml 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Brains were post-fixed
in situ overnight at 4°C, dissected, and cryoprotected in 30% phosphate-buffered sucrose
solution, pH 7.4. After overnight incubation at 4°C, brains were frozen in isopentane (-30°C)
and stored at -80°C until sectioning. Brain tissue was stained using various antibodies. For
details see Supplementary Methods and Supplementary Table 2.
Quantification of immunohistochemistry
The number of CD68-immunoreactive (IR) cells was estimated semi-quantitatively in the
hippocampus and classified as follows: 0=no cells, 1=sparse, 2=moderate, 3=high, 4=very
high. The intensity of CD11b/c-IR cells was estimated semi-quantitatively in the hippocampus
and classified as follows: 1=moderate, 2=strong, 3=very strong. The number of CCL2-IR
glial cells in the hippocampus was estimated semi-quantitatively and classified as follows:
1=no cells, 2=sparse, 3=moderate, 4=high. The intensity of CCL2-IR neurons was classified
as follows: 1=weak, 2=moderate, 3=strong. The total number of CD163-IR cells was counted
throughout the hippocampus.
The immunoreactivity score for albumin staining was calculated by multiplying
the intensity score by the frequency score. The intensity of albumin immunoreactivity was
estimated semi-quantitatively and classified as follows: 1=no, 2=weak, 3=moderate and
4=strong staining. The frequency score for albumin immunoreactivity was classified as
follows: 0=no albumin present, 1=some spots of albumin around vessels, 2=many albumin
spots, 3=entire hippocampus is positive for albumin.
Quantification of blood-brain barrier leakage
To detect extravasation of fluorescein (FSC), horizontal sections were mounted on slides
(Superfrost Plus, Menzel, Braunschweig, Germany) and coverslipped with mounting
medium for fluorescence (Vectashield, Vector Laboratories, Burlingame, CA, USA).
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Sections were counterstained with DAPI. FSC was detected using a confocal-laser scanning
microscope (Zeiss LSM510) with appropriate filter settings (excitation 488 nm, emission 520
nm). Images were made using Zeiss software (Zeiss LSM Image browser). A quantification
of FSC was made, similar as in our previous study 5. Briefly, a grid (230 x 230 µm, 15 x 15
squares) was placed on the selected brain region. Next, the intensity of the FSC signal was
measured, and the number of squares that contained a FSC signal was counted. Finally, the
“permeability index” was calculated (number of squares that contained a FSC signal x FSC
intensity).

2

Statistical comparisons
For immunohistochemistry, in which the absolute number of cells was counted or a
semi-quantitative analysis was performed, statistical comparisons between groups were
performed using a Mann-Whitney U test. Correlations were tested using the Spearman
Rank Order Correlation Test. P<0.05 was assumed to indicate a significant difference. Data
is expressed as mean±SEM.
Results
Seizure activity in patients
Patients with TLE and HS (type 1) had 12±2 seizures (mean±SEM) per month. Patients
with TLE without HS experienced 16±4 seizures per month. The seizure frequency was not
different between groups.
Seizure activity in rats
Two groups of rats could be distinguished during the chronic epileptic phase (7-9 months
after SE): rats with a progressive seizure development, which had on average 13±3 seizures/
day during the week before they were killed and rats with a non-progressive seizure
development, which had on average 0.4±0.1/day seizures during the last week. The seizure
frequency was different between these groups at this time point (p<0.05). The individual
seizure frequency during the last 2 weeks of EEG recording is shown in Supplementary Table
5.
CD3, CD83 and CD209 immunoreactivity in human and rat brain
CD3 (T-lymphocytes), CD83 (immature and mature dendritic cells) and CD209 (mature
dendritic cells) were scarce in human control hippocampus and were occasionally
detected in hippocampi of patients who died after SE and in TLE patients with and without
hippocampal sclerosis (data not shown). In rats, CD3, CD83 and CD209 were not detected in
the hippocampus of controls or at any time point during epileptogenesis (data not shown). In
positive control tissue (thymus) all these antibodies displayed a staining pattern as expected.

51

CHAPTER 2

CD68 immunoreactivity in human brain
Control
CD68 is a marker for activated microglia, monocytes or macrophages. CD68-IR cells were
not present in control hippocampus. In one case, sparse CD68 immunoreactivity was
observed in close proximity of blood vessels (Fig. 1A).
Status Epilepticus
In patients who died as a result of SE, CD68 immunoreactivity was not or sparsely observed
in the hippocampus (Fig. 1C).
Temporal Lobe Epilepsy
The number of CD68-positive cells increased in the hippocampus of TLE patients, compared
to controls (Supplementary Table 3). CD68 was sparsely present in the hippocampus in 50%
of the patients without hippocampal sclerosis (no - HS, Fig. 1G). CD68 could not be detected
in the remaining no - HS cases. In HS-cases, a moderate to high number of CD68-positive
cells was present throughout the hippocampus (Fig. 1E). More CD68-positive cells were
present in HS vs no - HS (Supplementary Table 3 and Supplementary Fig. 7B).
CD68 immunoreactivity in rat brain
Control
CD68 (ED-1) staining was not observed in controls (Fig. 2A).
Acute phase
CD68-positive cells were present in all hippocampal subfields and the number of cells was
increased compared to controls (Supplementary Table 4 and Supplementary Fig. 7E). Most
CD68-IR cells had a round appearance, some with IR processes. In two out of five rats CD68
was sparsely distributed. In the other rats, a moderate to high number of CD68-positive
cells was observed; they were scattered throughout the parenchyma, but were also present
around blood vessels.

Figure 1. CD68 and CD163 immunoreactivity in human brain
CD68 and CD163 staining in autopsy control (A & B), in the brain of a patient who died after a status
epilepticus (SE; C & D) and in brains of patients with temporal lobe epilepsy with hippocampal
sclerosis (HS; E & F) and without hippocampal sclerosis (no - HS; G & H). CD68 was scarcely present in
controls and in the hippocampus of patients who died after SE. Higher CD68 expression was observed
in both no - HS and HS cases, especially around blood vessels (inset in C, arrow indicates a CD68-IR cell
next to a vessel), compared to controls. CD68 cells were more frequently observed in patients with
HS compared to patients without HS (Supplementary Table 3). CD163 was scarcely present around
vessels in controls. CD163 immunoreactivity was higher in patients who died after SE and in patients
with TLE, compared to controls. In SE, CD163-positive cells had an activated morphology with large
cell bodies and coarse processes (inset in D) and was also located in the parenchyma. gcl=granular cell
layer. Scale bar, A-H: 200 µm; insets: 20 µm.
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Latent phase
CD68-IR cells were abundantly present in all hippocampal layers (Fig. 2C). CD68-positive
cells were observed in high numbers in all rats and these cells were distributed throughout
the parenchyma, but also in close proximity of blood vessels (inset in Fig. 2C). Significantly
more cells were observed compared to control rats and to rats that were killed in the acute
phase (Table 4 and Supplementary Fig. 7E). CD68 colocalized with ferritin (Supplementary
Fig. 4A-C), indicating that these CD68-positive cells were microglia. CD68 did not colocalize
with the astrocytic marker GFAP (Supplementary Fig. 4D-F).
Early chronic phase
CD68-positive cells were present throughout the hippocampus, both in the parenchyma
as well as near blood vessels (Fig. 2E). CD68 cells had a round appearance. The number of
CD68-IR cells was higher compared to controls (Supplementary Table 4 and Supplementary
Fig. 7E), however, less cells were IR compared to the latent phase.
Late chronic phase
Sparse to moderate CD68 immunoreactivity was found in the hippocampus of chronic
epileptic rats that had a non-progressive form of epilepsy, which was more than in control
rats (Supplementary Table 4 and Supplementary Fig. 7E).
In rats that had a progressive form of epilepsy, more CD68 cells were observed (Fig.
2G, Supplementary Table 4 and Supplementary Fig. 7E) compared to non-progressive rats.
Some CD68-IR cells were located in very near proximity of blood vessels (inset in Fig. 2G).

Figure 2. CD68 and CD11b/c immunoreactivity in rat brain
CD68 staining in the dentate gyrus of a control rat (A), in a rat sacrificed during the latent period (C; 1
week after SE), early during the chronic period (E; 6 weeks after SE) and late during the chronic period
(G; 7 months after SE). The latter rat had a progressive form of epilepsy. CD68 was not observed in
controls. Higher expression was observed in the latent period (C) and throughout epileptogenesis,
compared to controls. CD68-IR cells were present throughout the parenchyma and some were in
close proximity of blood vessels (arrows in the inset of C & G). Quantification of the number of CD68
cells (Supplementary Table 4) showed that CD68 was higher compared to controls at all time-points
throughout epileptogenesis. In addition, more CD68-IR cells were observed in rats with progressive
form of epilepsy (chronic prog) compared to rats that did not have a progressive form of epilepsy
(chronic non-prog). CD11b/c staining in a control rat (B), in a rat sacrificed during the latent period
(D; 1 week after SE), early during the chronic period (F; 6 weeks after SE) and late during the chronic
period (H; 7 months after SE). The latter rat had a progressive form of epilepsy. In controls, CD11b/c-IR
cells had the morphology of resting microglia cells. In contrast, CD11b/c-IR cells had the morphology
of activated microglia cells during the latent period (D) and throughout epileptogenesis (F & H).
Quantification of the number of CD11b/c cells (Supplementary Table 4) revealed that the number
of CD11b/c cells in the hippocampus was higher compared to controls at all time-points throughout
epileptogenesis. ec=entorhinal cortex, gcl=granule cell layer, h=hippocampus, iml=inner molecular
layer, p=piriform cortex, s=septum, t=thalamus. Scale bar, A-H: 250 µm; insets: 20 µm.
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CD11b/c immunoreactivity in rat brain
Control
CD11b/c (OX-42) specifically labels microglia cells. CD11b/c-IR cells were abundantly present
throughout the hippocampus with moderate immunoreactivity, with a typical morphology
of resting microglia (Fig. 2B).
Acute and latent phase
A dramatic increase of CD11b/c cells was observed, since a very high number of CD11b/c cells
with very strong immunoreactivity was present in all hippocampal subfields, with a typical
morphology of activated microglia (Fig. 2D, Supplementary Table 4 and Supplementary
Fig. 7F). Especially near the hippocampal cell body layers, clusters of CD11b/c cells were
found. During the acute phase these cells had an amoeboid morphology, while during the
latent phase CD11b/c-IR cells had a characteristic reactive bushy appearance and distended
clubfoot-like endings or a stellate morphology with larger cell bodies and coarse processes.
Early chronic phase
Many clusters of reactive microglia were observed in the dentate gyrus (DG; Fig. 2F), CA3
and CA1 and CD11b/c immunoreactivity was higher compared to controls (Supplementary
Table 4 and Supplementary Fig. 7F).
Late chronic phase
In chronic epileptic rats that had a non-progressive form of epilepsy, a few reactive microglia
cells with strong immunoreactivity were present. Similarly, in rats that had a progressive
form of epilepsy a few CD11b/c-IR cells were found with activated morphology in all
hippocampal layers (Fig. 2H). Both chronic non-progressive and progressive rats had higher
CD11b/c immunoreactivity compared to controls. No differences were found between nonprogressive and progressive rats (Supplementary Table 4 and Supplementary Fig. 7F).
CCL2 and OPN immunoreactivity in human and rat brain
Higher expression of CCL2 and OPN was observed in epileptogenic human and rat
hippocampus as compared to controls. For details, see Supplementary results.
CD163 immunoreactivity in human brain
Control
CD163 specifically labels mature macrophages and monocytes. In controls, a low number of
CD163 positive cells was observed in the hippocampus (50±10 cells; mean±SEM). CD163-IR
cells had an inactive morphology and were located in perivascular regions and around the
meninges (Fig. 1B).
Status Epilepticus
The number of CD163-IR cells was higher in the hippocampus of people who died after
SE (4119±2401). Perivascular CD163-IR cells had an activated morphology, with large cell
bodies and coarse processes. Additionally, CD163 immunoreactivity was also observed in
the parenchyma (Fig. 1D).
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Figure 3. CD163 immunoreactivity in rat brain
CD163 staining in the hippocampus of a control rat (A), in a rat sacrificed during the acute period (B; 1
day after SE), latent period (C; 1 week after SE), early during the chronic period (D; 6 weeks after SE)
and late during the chronic period (7 months after SE) in a rat that developed a progressive form of
epilepsy (E). The thymus served as positive control (F). A low number of CD163-IR cells was observed in
the hippocampus of controls (A). These mature tissue macrophages were exclusively present around
blood vessels and the meninges and not in the parenchyma. During the acute phase, the number of
CD163-IR cells was higher compared to controls and had the morphology of activated macrophages
(B & C). CD163-IR cells were only present around blood vessels and the meninges and not in the
parenchyma. During the early chronic phase, less perivascular and meningeal CD163-IR cells were
observed compared to the acute and latent phase, however, they were more numerous compared
to controls and had the morphology of activated macrophages (D). During the chronic phase, the
number of IR cells in rats with a progressive form of epilepsy was higher compared to controls, but
the morphology of CD163-IR macrophages was comparable to controls (E). Scale bar, A-F: 500 µm;
insets: 20 µm.
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Temporal Lobe Epilepsy
A higher number of CD163-IR cells was observed in patients with TLE (no – HS, 122±20; HS,
299±90) as compared to controls. In patients with HS, CD163-IR cells were activated and
immunoreactivity was observed around blood vessels as well as in the parenchyma (Fig. 1F,
H).

CD163 immunoreactivity in rat brain
Control
A low number of CD163-IR cells was observed in the hippocampus (31±7 cells; mean±SEM).
These mature tissue macrophages were exclusively present around blood vessels and the
meninges (Fig. 3A) and not in the parenchyma.
Acute and latent phase
The number of CD163-IR cells in the acute phase (77±7) and latent phase (98±5) was higher
compared to controls and had the morphology of activated macrophages (Fig. 3B and C).
CD163-IR cells were only present around blood vessels and the meninges and not in the
parenchyma.
Early chronic phase
Less perivascular and meningeal CD163-IR cells were observed (81±4) compared to the
latent phase, however more cells were present compared to controls and these cells had the
morphology of activated macrophages (Fig. 3D).
Late chronic phase
The number of CD163-IR cells in the hippocampus of rats with a progressive form of epilepsy
(105±5) was higher compared to rats with a non-progressive form of epilepsy (61±3), and
CD163-IR cells seem to favor the vascular wall (inset in Fig. 3E) and the pia/vascular interface
(lower left corner of Fig. 3E). Both groups had more CD163-positive cells compared to
controls.
Blood-brain barrier leakage in relation to CD163 expression in rat brain
BBB permeability was assessed in the hippocampus by fluorescein (FSC) entry and albumin
immunohistochemistry. FSC and albumin were not detected in the hippocampus of control
rats (Fig. 4A, D), indicating an intact BBB, and a few CD163 cells were observed around blood
vessels (red cells in Fig. 4A, green cells in Fig. 4D). Extravasation of FSC (green parenchymal
staining in Fig. 4B) and albumin (red parenchymal staining in Fig. 4E) was evident during
the acute phase, which coincided with an increase in the number of CD163 cells that had
the morphology of activated macrophages, with large cell bodies and coarse processes (red
cells in Fig. 4B, green cells in Fig. 4E). During the chronic epileptic phase, BBB leakage was
still evident, although to a much smaller extent than in the acute phase. FSC was found as
particles with high fluorescence intensity close to cell nuclei (Fig. 4C). These particles were
most evident in rats with a high seizure frequency. Immunostainings with anti-CD163 showed
that FSC colocalized (yellow staining in Fig. 4C) with CD163 (red cells in Fig. 4C) in most
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Figure 4. Blood-brain barrier permeability and CD163 expression
Blood-brain barrier permeability was assessed in the hippocampus by fluorescein (FSC) entry and
albumin immunohistochemistry. Sections were counterstained with DAPI (blue) to visualize nuclei.
FSC was not detected in the hippocampus of control rats (A), indicating an intact blood-brain
barrier and a few CD163-IR cells were observed around blood vessels (red cells in A, green cells in D).
Extravasation of FSC (green parenchymal staining in B) and albumin (red parenchymal staining in E)
was evident during the acute phase, which coincided with an increase in the number of CD163 cells
that had the morphology of activated macrophages, with large cell bodies and coarse processes (red
cells in B, green cells in E). During the chronic epileptic phase BBB leakage was still evident, although
to a much smaller extent than in the acute phase. FSC was found as particles with high fluorescence
intensity close to cell nuclei (C). These particles were most evident in rats with a high seizure frequency.
Immunostainings with anti-CD163 showed that FSC colocalized (yellow staining in C) with CD163 (red
cells in C) in most cases. Albumin extravasation was more abundant compared to FSC (red staining in
F) and albumin also colocalized with CD163 (yellow staining in F), though it was also detected outside
CD163-IR cells (green staining in F). A significant positive correlation between the FSC index (BBB
permeability) and the number of hippocampal CD163-positive cells was observed (G); Spearman rank,
ρ=0.95, p<0.05. Scale bar A-F: 20 µm.
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cases. Albumin extravasation was more abundant compared to FSC (red staining in Fig. 4F)
and albumin also colocalized with CD163 (yellow staining in Fig. 4F), however, it was also
detected outside CD163-IR cells (green staining in Fig. 4F). A significant positive correlation
between the FSC index (BBB permeability) and the number of hippocampal CD163-positive
cells was observed (Fig. 4G); Spearman rank, ρ=0.95, p<0.05.

Brain inflammation and seizure activity
Humans
In order to correlate protein expression of CD68 and CCL2 with epilepsy, the number
of seizures/month, the duration of epilepsy and the age of onset was related to protein
expression for all patients who underwent surgery (both HS and no-HS cases). A positive
correlation between duration of epilepsy and protein expression was found for CD68 (Fig.
5A), CCL2 in neurons (Fig. 5B) and CCL2 in glia (Fig. 5C); Spearman Rank Order Correlation,
respectively ρ=0.74, 0.33, 0.60; p<0.05. The seizure frequency and the age of onset was not
correlated to CD68 or CCL2 expression.
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Rats
In order to correlate protein expression of CD68, CCL2 and CD163 with the induced seizure
activity (the initial insult), the duration of the SE was related to protein expression for all rats
that were sacrificed during the acute (1 day after SE) and latent (1 week after SE) phase.
A positive correlation between SE duration and protein expression was found for CD68
(Fig. 6A) and CCL2 in glia (Fig. 6E) and CD163 (Fig. 6G); Spearman Rank Order Correlation,
respectively ρ=0.91, 0.89, 0.87; p<0.05. A negative correlation between SE duration
and protein expression was found for CCL2 in neurons (Fig. 6C); Spearman Rank Order
Correlation, ρ=0.89; p<0.05.
In order to correlate protein expression of CD68, CCL2 and CD163 with spontaneous
seizures, the average number of seizures/day during the week before the rats were sacrificed
was related to protein expression for chronic epileptic rats (7-9 months after SE). A positive
correlation between the seizure frequency and protein expression was found for CD68 (Fig.
6B), CCL2 in neurons (Fig. 6D), CCL2 in glia (Fig. 6F) and CD163 (Fig. 6H); Spearman Rank
Order Correlation, respectively ρ=0.66, 0.51, 0.80, 0.78; p<0.05.

2

Discussion
The main finding of this study is that monocytes/macrophages and other cells of the
innate immune response are persistently activated in the epileptogenic human and rat
hippocampus, which is positively correlated with BBB dysfunction and seizure activity,
while T-cells and dendritic cells, which are closely associated with the adaptive immune
response, were sparsely detected in the hippocampus during epileptogenesis. Furthermore,
higher expression of CCL2 and OPN was observed. We will discuss this in more detail in the
following paragraphs.
Adaptive and innate immune response
Monocyte infiltration, microglia and perivascular macrophage activation were persistently
increased in both epileptogenic human and rat hippocampus which coincided with
increased protein expression of CCL2 and OPN, whereas T-lymphocytes and dendritic cells
were not or scarcely detected. In TLE patients it has been reported that peripheral T-cells,
that are associated with the adaptive immune system, can be detected around blood vessels
but they are scarce 4, 15, 20. Furthermore, penetration of green fluorescent protein labeled
peripheral white blood cells into brain parenchyma was limited after pilocarpine-induced
SE 20. The scarce presence of these cells suggests that they play a less prominent role than
the dramatically increased activated cells of the innate immune response e.g. monocytes,
microglia and astrocytes 4, 7. However, in patients with focal cortical dysplasia or Rasmussen’s
encephalitis activation of both the adaptive and innate immunity was shown 6, 21 and a
prominent role for lymphocytes in epilepsy was suggested in mice and rats in which epilepsy
was induced by the chemoconvulsant pilocarpine 8, 15. In contrast to these findings, an
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Figure 6. CD68, CCL2 and CD163 expression in the rat brain in relation to seizure activity
In order to correlate protein expression of CD68, CCL2 and CD163 with the induced seizure activity
(the initial insult), the duration of the SE was related to protein expression for all rats that were
sacrificed during the acute (1 day after SE) and latent (1 week after SE) phase. A positive correlation
between SE duration and protein expression was found for CD68 (A) and CCL2 in glia (E) and CD163
(G); Spearman Rank Order Correlation, p<0.05, ρ-values respectively 0.91, 0.89 and 0.87. A negative
correlation between SE duration and protein expression was found for CCL2 in neurons (C); Spearman
Rank Order Correlation, p<0.05, ρ-value 0.89. In order to correlate protein expression of CD68, CCL2
and CD163 with spontaneous seizures, the average number of seizures/day during the week before
the rats were sacrificed was related to protein expression for chronic epileptic rats (7-9 months after
SE). A positive correlation between the seizure frequency and protein expression was found for CD68
(B), CCL2 in neurons (D), CCL2 in glia (F) and CD163 (H); Spearman Rank Order Correlation, p<0.05,
ρ-values respectively 0.66, 0.51, 0.80 and 0.78.
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antiepileptogenic and neuroprotective role for both innate and adaptive immune cells has
been suggested after kainic acid-induced SE in mice 22. Taken together, the innate immune
response is mainly activated in the epileptogenic brain, suggesting a prominent role during
epileptogenesis, while activation of the adaptive immune response may depend on the type
of epilepsy, animal model, species or neuropathology.

2

Brain inflammation in relation to seizure activity
In rats, the expression of CD68, CCL2 and the perivascular macrophage marker CD163
was related to the duration of SE, indicating that increased expression of these proteins is
triggered by the initial insult. Furthermore, increased expression was also evident during
the latent phase, when seizures are absent, and during the chronic epileptic phase, when
recurrent seizures are detected. The expression of CD68, CCL2 and CD163 was related
to the number spontaneous seizures during the chronic phase in the rat, suggesting that
these proteins can contribute to epileptogenesis and progression of epilepsy. In humans,
the expression of CD68 and CCL2 was related to the duration of epilepsy and the type of
pathology. Although the expression of CD68 and CCL2 was not related to the seizure
frequency in humans (which can be due to the fact that patients take antiepileptic drugs), a
strong positive correlation (ρ=0.74) was found between CD68 expression and the duration of
epilepsy and a weak-moderate correlation between CCL2 in respectively neurons (ρ=0.33)
and glia (ρ=0.60) and the duration of epilepsy. In addition, the activation of the inflammatory
response was related to the neuropathology, since inflammation was more pronounced in
patients with hippocampal sclerosis compared to patients without hippocampal sclerosis.
Likewise, more extensive inflammation was found in rats that had progressive development
of epilepsy. Clinical observations and data from animal studies propose that brain
inflammation is a common factor contributing to, or predisposing one to, the occurrence
of seizures in various forms of epilepsy, especially TLE 6, 23. Since brain inflammation was
already present during the acute and latent period in our study, which was also reported by
others 4 and preceded the onset of epilepsy, our data support a causal role of inflammation in
the generation of spontaneous seizures. Furthermore, our data suggest that macrophages/
monocytes, as detected by the specific markers CD68 and CD163 24 can play a prominent
role and contribute to epileptogenesis.
Osteopontin and C-C motif ligand 2 expression
OPN, a glycoprotein that promotes macrophage migration 25, was persistently increased
in astrocytes and microglia during epileptogenesis in humans and rats, which confirmed
previous findings 13, 26. Interestingly, it has been reported that upregulation of OPN was
markedly suppressed in the absence of the cytokine CCL2 (also known as monocyte
chemoattractant protein-1)27, indicating that CCL2 can induce OPN expression.We previously
showed that CCL2 was the most activated gene, which peaked early during epileptogenesis
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in rats 13. In agreement with this, we detected a persistent increased expression of CCL2 in
astrocytes of the epileptogenic human and rat brain. CCL2 is a potent chemoattractant for
cells of the monocyte lineage (including macrophages, monocytes, and microglia) 28-31, which
may explain the increase of macrophages/monocytes that we observed in the epileptogenic
human and rat brain. Increased expression of CCL2 has also been observed in mice and rats
1-3 days after intrahippocampal kainic acid injection 32,33, in mice in which pilocarpine was
used to induce SE 34, as well as in the human epileptogenic brain 31. CCL2 can induce the
release of proinflammatory cytokines (e.g. interleukin-1β) and lead to neurodegeneration
and BBB disruption 30, 32, 35-37. Since these changes can contribute to the occurrence of seizures,
this suggests an important role for CCL2 during epileptogenesis.

Blood-brain barrier dysfunction
Increased secretion of CCL2 by astrocytes and monocytes/macrophages in the
epileptogenic brain can lead to opening of the BBB 37. Furthermore, we showed that the
number of CD163-positive perivascular macrophages was positively correlated to BBB
permeability in chronic epileptic rats, suggesting an important role for these cells in BBB
dysfunction. This is in line with a previous study in which resected brain tissue from patients
with TLE was used, showing a strong presence of inflammatory mediators and BBB leakage
in cases with epilepsy 38. Since disruption of the BBB can affect epileptogenesis and may
lead to progression of epilepsy 5, 9, 11, 20, inhibition of brain inflammation may decrease CCL2
secretion from astrocytes, monocytes and macrophages and can be a potential therapy in
order to reduce seizures.
Interestingly, dexamethasone reduced the number of seizures after pilocarpineinduced SE in rats and improved BBB integrity. In addition, rats that received CD163-targeted
liposomes were partially protected against 6-hydroxydopamine-induced dopaminergic
neurodegeneration 39. Furthermore, glucocorticosteroids reduced the occurrence of seizures
in pediatric drug-resistant epilepsy patients in the same study 10. Limiting the entry of blood
monocytes via blockade of CCL2 synthesis or its receptor CCR2 reduced lipopolysaccharideinduced seizures 31, and attenuated BBB disruption and neuronal damage after pilocarpineinduced SE 40. Therefore, it is tempting to speculate that blood monocytes that enter the
brain during epileptogenesis are proepileptogenic. Future studies should reveal whether
more specific manipulation (e.g. aimed at CCL2) can modify or prevent epileptogenesis
in TLE. Drugs blocking CCL2/CCR2 signaling are currently under development for several
inflammatory brain disorders 31 and could also be tested in drugresistant epilepsy.
Concluding remarks
In conclusion, these data show that the innate immune response is persistently activated in
human TLE and in the electrical post-SE rat model. This suggests a proepileptogenic role of
the innate immune response, particularly for monocytes and (perivascular) macrophages
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possibly via increased leakage of the BBB, while the adaptive immune system does not seem
to play a major role. Future studies should reveal whether specific manipulation of the innate
immune response can modify or prevent epileptogenesis in TLE.
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Supplementary Materials and Methods
Immunohistochemistry on human brain tissue
Brain tissue was fixed in 10% buffered formalin, paraffin embedded, sectioned at 6 µm and
mounted on precoated glass slides (Star Frost, Waldemar Knittel, Braunschweig, Germany)
for immunohistochemistry (Supplementary Table 1). Sections were deparaffinated in
xylene, rinsed in ethanol (100%, 95%, 70%) and incubated for 20 min in 0.3% hydrogen
peroxide diluted in methanol. Antigen retrieval was performed using a pressure cooker in
0.01 M sodium citrate buffer (pH 6.0) at 120°C for 10 min. Slides were then washed with
phosphate-buffered saline (PBS), pH 7.4 and incubated overnight in monoclonal mouse
anti-human CD68 (1:200, clone PG-M1, IR613, DAKOCytomation, Glostrup, Denmark),
mouse anti-rat CD163 (1:300, AbD Serotec, Dusseldorf, Germany), monoclonal mouse antihuman CD3 (1:200, clone F7.2.38, M7254, DAKOCytomation, Glostrup, Denmark), mouse
anti-human CD209 (1:50, clone DCN46, Becton Dickinson, Breda, the Netherlands), mouse
anti-CD83 (1:50, clone HB15a, Beckman Coulter, Woerden, the Netherlands), monoclonal
mouse anti-human CCL2 (1:10, clone 23002, MAB2791, R&D Systems Abingdon, UK) or goat
anti-mouse osteopontin (1:100, AF808, R&D Systems, Abingdon, UK) or rabbit anti-human
albumin (1:80,000, A0001, Glostrup, Denmark) at 4°C. Hereafter, sections were washed
in PBS and stained with a polymer-based peroxidase immunohistochemistry detection
kit (PowerVision Peroxidase system, ImmunoVision, Brisbane, CA, USA). After washing,
sections were stained with 3,3’-diaminobenzidin tetrahydrochloride (DAB, 1:10, SigmaAldrich, Zwijndrecht, the Netherlands) and 0.015% hydrogen peroxide in 0.05 M Tris-HCl
(pH 7.6). Sections were counterstained with hematoxylin, dehydrated in alcohol and xylene
and coverslipped. Sections incubated without primary antibodies or with preimmune serum
were essentially blank.
Electrode implantation and status epilepticus induction
For an schematic overview of the study, see Supplementary Fig. 1. Rats were anesthetized
with an intramuscular injection of ketamine (74 mg/kg; Alfasan, Woerden, the Netherlands)
and xylazine (11 mg/kg; Bayer AG, Leverkusen, Germany), and placed in a stereotactic
frame. In order to record hippocampal EEG, a pair of insulated stainless steel electrodes
(70 µm wire diameter, tips 800 µm apart) was implanted into the left dentate gyrus under
electrophysiological control as previously described 1. A pair of stimulation electrodes
was implanted in the angular bundle. Two weeks after recovery from the operation, each
rat was transferred to a recording cage (40x40x80 cm) and connected to a recording and
stimulation system (NeuroData Digital Stimulator, Cygnus Technology Inc, Delaware Water
Gap, PA, USA) with a shielded multi-strand cable and electrical swivel (Air Precision, Le
Plessis Robinson, France). A week after habituation to the new condition, rats underwent
tetanic stimulation (50 Hz) of the hippocampus in the form of a succession of trains of
pulses every 13 seconds. Each train was of 10 seconds duration and consisted of biphasic
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pulses (pulse duration 0.5 ms, maximal intensity 500 µA). Stimulation was stopped when
the rats displayed sustained forelimb clonus and salivation for several minutes, which usually
occurred within 1 hour (average stimulation time 54±3 min). Behavior was observed during
electrical stimulation and several hours thereafter. Rats had on average 6±1 generalized
seizures (stage 5 on Racine’s scale) during stimulation. Immediately after termination of the
stimulation, periodic epileptiform discharges (PEDs) occurred at a frequency of 1-2 Hz which
lasted on average 10.0±0.4 hours (status epilepticus). Rats had frequent seizures during this
period as observed by both their behaviour and EEG.

2

EEG monitoring
Continuous EEG recordings (24 hours/day) were made to determine seizure frequency.
Hippocampal EEG signals were amplified (10x) via a field effect transistor that connected
the headset to an amplifier (20x; CyberAmp, Axon Instruments, Burlingame, CA, USA), bandpass filtered (1-60 Hz), and digitized by a computer. A seizure detection program (Harmonie,
Stellate Systems, Montreal, Canada) sampled the incoming signal at a frequency of 200
Hz per channel. All EEG recordings were visually screened and seizures were confirmed
by trained human observers. Seizures are characterized by synchronized high-voltage
amplitude oscillations and were scored when the amplitude increased more than 2-fold and
lasted for at least 10 sec. We have extensively characterized the electrical post-SE rat model
2, using continuous video-EEG recordings (24/7) for several months. Using these recordings,
we identified the acute stage (24 hours after SE) in which seizures occur in the aftermath of
SE, the latent stage (1-2 weeks after SE) in which seizures are absent) and the chronic phase,
which is characterized by the reoccurrence of spontaneous seizures. In the present study
were therefore sacrificed rats during the acute phase (1 day after SE; n=5), in the latent phase
(1 week after SE; n=5), early during the chronic phase (6 weeks after SE; n=5) or late during
the chronic phase (7-9 months after SE). We previously showed that during the chronic
phase two groups of rats can be distinguished in the post-SE rat model 2 which we identified
as “progressive” and non-progressive” group. This is based on the comparison between
the seizure frequency at the start (individual average of the first 2 weeks of EEG recording,
starting from the day the first seizure was encountered) and the seizure frequency at the end
of the observation period (average of last 2 weeks of EEG recording). Rats with a progressive
type of epilepsy are characterized by a clear increase in number of seizures during the first 2
months after SE, after which seizure activity reaches a steady state (on average about 8-15
seizures/day). Rats with a non-progressive type of epilepsy show occasional seizures without
an increase in seizure frequency. In the present study, 6 rats belonged to the progressive
group and had on average 13±3 seizures/day during the week before they were sacrificed. Six
rats belonged to the non-progressive group and had on average 0.4±0.1 seizures/day during
the last week. Five SHAM-operated control rats were also included.
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Immunohistochemistry on rat tissue
Rat brains were cut on a sliding microtome and 40 µm horizontal sections were collected
in 0.1 M phosphate buffer for immunohistochemistry. Horizontal sections between 51005600 µm below cortex surface (midlevel) of the brain (according to 3) of control and postSE rats were stained (one section/staining) with different immunohistochemical markers
(Supplementary Table 1). Sections were washed in 0.05 M PBS, pH 7.4 and incubated for 30
minutes in 0.3% hydrogen peroxide in PBS to inactivate endogenous peroxidase. Sections
were then washed (2x10 minutes) in 0.05 M PBS, followed by washing (1x60 min) in PBS+0.5%
Triton X-100+0.4% Bovine Serum Albumin (BSA). Sections were incubated with mouse-anti
rat CD68 (1:100, clone ED-1, MAB 1435, Millipore, Amsterdam, the Netherlands), mouse antirat CD11b/c (1:100, clone OX-42, 550299 Becton Dickinson, Breda, the Netherlands), rabbit
anti-rat CCL2 (1:400, Millipore, Amsterdam, the Netherlands), goat anti-mouse osteopontin
(1:100, R&D Systems, Abingdon, UK), mouse anti-rat CD163 (1:100, AbD Serotec, Dusseldorf,
Germany), mouse anti-rat CD3 (1:100, clone 1F4, AbD Serotec, Dusseldorf, Germany),
mouse anti-human CD209 (1:50, clone DCN46, Becton Dickinson, Breda, the Netherlands),
mouse anti-CD83 (1:50, clone HB15a, Beckman Coulter, Woerden, the Netherlands) in
PBS+0.1% Triton X-100+0.4% BSA at 4°C (Table 2). Rat thymus was used as positive control
for some antibodies. Twenty-four hours after the incubation with the primary antibody, the
sections were washed in PBS (3x10 minutes) and then incubated for 60 minutes in AB-mix
(Vectastain ABC kit, Peroxidase Standard pk-4000, Vector Laboratories, Burlingame, CA,
USA). After washing (3x10 minutes) in 0.05 M Tris-HCl, pH 7.9, the sections were stained
with 3,3’-diaminobenzidin tetrahydrochloride (DAB, 1:10, Sigma-Aldrich, Zwijndrecht,
the Netherlands) and 0.015% hydrogen peroxide in 0.05 M Tris-HCl (pH 7.6). The staining
reaction was f-ollowed under the microscope and stopped by washing the sections in TrisHCl. After mounting slides (Superfrost Plus, Menzel, Braunschweig, Germany), the sections
were air dried, dehydrated in alcohol and xylene and coverslipped with Entellan (Merck,
Darmstadt, Germany). Sections incubated without primary antibodies or with preimmune
serum were essentially blank.
Fluorescent immunohistochemistry
A subset of sections was used for fluorescent immunohistochemistry to determine in which
cell types CD68, CCL2 and OPN were localized (Supplementary Table 1). Double labeling
was performed with the microglial markers mouse anti-rat CD11b/c (1:100, clone OX-42,
Becton Dickinson, Breda, the Netherlands) or rabbit anti-horse spleen ferritin (1:2000,
F6136, Sigma-Aldrich Chemie, Zwijndrecht, the Netherlands) the astrocytic marker mouse
anti-Glial Fibrillary Acidic Protein (GFAP; 1:500, clone G-A-5, 814369, Boehringer Mannheim
Biochemica, Germany), the neuronal marker mouse-anti Neuron Specific Nuclear Protein
(NeuN; 1:1000, MAB377, Merck, Amsterdam, the Netherlands). Free-floating sections were
washed (2x10 minutes) in 0.05 M PBS, followed by washing (1x60 min) in PBS+0.4% Bovine
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Serum Albumin (BSA)+0.1% Triton X-100. Twenty-four hours after the incubation with the
primary antibodies, the sections were washed in PBS (3x10 minutes) and incubated for 1.5
hours in goat anti-mouse IgG-Alexa Fluor 488 (1:200, Invitrogen, Breda, the Netherlands) and
goat anti-rabbit IgG-Alexa Fluor 546 (1:200, Invitrogen, Breda, the Netherlands). Following
three additional washes in PBS, sections were mounted on slides (Superfrost Plus, Menzel,
Braunschweig, Germany) and coverslipped with mounting medium for fluorescence
(Vectashield, Vector Laboratories, Burlingame, CA, USA). Images were acquired using a
confocal-laser scanning microscope (Zeiss LSM-510) and Adobe Photoshop.

2

Supplementary Results
CCL2 immunoreactivity in human brain
Control
CCL2 is chemokine ligand 2 which is known for its chemoattractant properties to leucocytes
(it is also known as monocyte attractant protein 1 or MCP1). In controls, weak to moderate
CCL2-IR was present in neurons. CCL2 was not observed in glial cells (Supplementary Fig.
2A, Supplementary Table 2 and Supplementary Fig. 7C and D).
Status Epilepticus
In patients who died after SE, weak CCL2 immunoreactivity was observed in neurons
whereas glial cells were devoid of CCL2, similar as in controls (Supplementary Fig. 2B).
Temporal Lobe Epilepsy
Increased CCL2 immunoreactivity was observed in neurons of patients with hippocampal
sclerosis (Supplementary Fig. 2C and Table 2), while in patients without hippocampal
sclerosis CCL2 immunoreactivity in neurons was similar to controls (Supplementary Fig.
2D and Table 2). Weak immunoreactivity was observed in glial cells of patients without HS,
while moderate immunoreactivity was detected in glial cells of HS cases, which was higher
compared to controls (Supplementary Fig. 2D, Supplementary Table 2 and Supplementary
Fig. 7C and D).
CCL2 immunoreactivity in rat brain
Control
Moderate CCL2 immunoreactivity was present in the dendrites and somata of granule and
pyramidal cells as well as in other neurons throughout the hippocampus (Supplementary
Fig. 2A, Supplementary Table 3 and Supplementary Fig. 7G). CCL2 colocalized with NeuN,
indicating neuronal expression (Supplementary Fig. 4G-I). CCL2 was not present in glia,
except for a few astrocytes in the white matter which had weak CCL2 immunoreactivity.
Acute and latent phase
CCL2 immunoreactivity decreased in neurons and this was especially clear in the granule cell
layer and pyramidal cell layer of CA3 and CA1. In contrast, CCL2 immunoreactivity increased
in glial cells (Supplementary Fig. 3B and C, Supplementary Table 3 and Supplementary
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Fig. 7C and D). CCL2 colocalized with GFAP, indicating that these cells were astrocytes
(Supplementary Fig. 4J-L).
Early chronic phase
CCL2 expression in neurons was similar to control rats, however strong glial immunoreactivity
was still observed (Supplementary Fig. 3D, Supplementary Table 3 and Supplementary Fig.
7C and D).
Late chronic phase
Neuronal CCL2 expression of chronic epileptic rats that had a non-progressive form of
epilepsy was almost similar to control rats, while glial immunoreactivity was higher compared
to controls (Supplementary Fig. 3E, Supplementary Table 3 and Supplementary Fig. 7C and
D). These CCL2-IR glial cells were scattered throughout the hippocampus. In rats that had a
progressive form of epilepsy, neurons were strongly stained. Both principal cell layers as well
as hilar neurons were more intensely stained compared to neurons in controls. In addition,
CCL2 immunoreactivity was increased in glial cells, compared to controls (Supplementary
Fig. 3F, Supplementary Table 3 and Supplementary Fig. 7C and D).

Osteopontin immunoreactivity in human brain
Control
OPN is a secreted phosphoprotein (SPP1) that can recruit a wide range of inflammatory
cells. OPN immunoreactivity was present in neurons (granule cells, pyramidal cells and hilar
cells) as well as glial cells, although less immunoreactivity was evident in glial cells compared
to neurons (Supplementary Fig. 5A).
Status Epilepticus
In patients who died after SE, OPN staining was hardly detectable in most neurons
(Supplementary Fig. 5C); only a few neurons with moderate immunoreactivity were present.
Almost all glial cells were weakly IR, similar as in controls.
Temporal Lobe Epilepsy
OPN immunoreactivity increased in neurons and glial cells of patients with HS, compared
to controls (Supplementary Fig. 5E). Strong immunoreactivity was observed in principal cell
layers and hilar cells as well as many glial cells.

Osteopontin immunoreactivity in rat brain
Control
Similar as in humans, in control rat hippocampus OPN immunoreactivity was detected in
neurons, which were strongly stained, and in glial cells in which OPN immunoreactivity was
less compared to neurons (Supplementary Fig. 5B). OPN colocalized with NeuN (neurons,
Supplementary Fig. 6A), GFAP (astrocytes, Supplementary Fig. 6D) and CD11b/c (microglia,
Supplementary Fig. 6G).

72

ACTIVATION OF THE INNATE IMMUNE SYSTEM THROUGHOUT EPILEPTOGENESIS

Acute and latent phase
OPN immunoreactivity was weaker in neurons, but stronger in glial cells (Supplementary
Fig. 5D) compared to controls, both in astrocytes as well as microglia (Supplementary Fig.
6E, H).
Late chronic phase
OPN was strongly stained in some neurons in rats that had a progressive form of epilepsy.
In addition, some strongly stained glial cells were present throughout the hippocampus
(Supplementary Fig. 5F), which were astrocytes and microglia (Supplementary Fig. 6F, I).

2

Blood-brain barrier leakage in human brain
Control
Albumin is the main protein in blood and is commonly used as a marker for blood-brain
barrier leakage. In controls, albumin extravasation was sparse in the hippocampus and the
immunoreactivity score was low (Supplementary Fig. 7A).
Status Epilepticus
In the hippocampus of patients who died after SE, the albumin reactivity score was higher
compared to controls (Supplementary Fig. 7A).
Temporal Lobe Epilepsy
A high albumin immunoreactivity score was observed in the hippocampus of patients with
TLE. In patients with HS, albumin extravasation was more abundant as compared to patients
without HS (Supplementary Fig. 7A).
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Supplementary Figures
Video-EEG recording
Electrode implantation

SE

acute

-14 days

0

1 day 1 week
(n=5) (n=5)

latent early chronic

fluorescein

late chronic

6 weeks
7-9 months
(n=6) (prog n=6; non-prog n=6)

3.5 hours

perfusion

Supplementary Figure 1. Schematic overview of the study
Intracranial electrodes were implanted 2 weeks before induction of status epilepticus (SE).
Continuous video-EEG recordings were performed from SE induction until rats were sacrificed. Rats
were sacrificed during the acute, latent, early chronic or late chronic phase (for details about these
phases, see Supplementary methods). To determine blood-brain barrier permeability, fluorescein was
injected intraventricular 3.5 hours before rats were sacrificed.
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2

Supplementary Figure 2. CCL2 immunoreactivity in human brain
CCL2 staining in the hippocampus of autopsy control (A), in the brain of a patient that died after a status
epilepticus (SE; B) and in brains of patients with temporal lobe epilepsy with hippocampal sclerosis
(HS; C) and without hippocampal sclerosis (no - HS; D). Weak to moderate CCL2 immunoreactivity
was detected in granule cells and hilar neurons of controls and patients that died after SE, while CCL2
was not found in glial cells in both groups. Increased CCL2 expression was found in neurons and glial
cells of HS cases (C). Quantification of the number of CCL2-IR neurons and glial cells (Supplementary
Table 2) indicated an increase in the HS group compared to controls and no - HS cases. gcl=granular
cell layer. Scale bars, A-D: 200 µm, inset: 20 µm.
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Supplementary Figure 3. CCL2 immunoreactivity in rat brain
CCL2 staining in the dentate gyrus of a control rat (A), in a rat sacrificed in the acute period (B; 1 day
after SE), latent period (C; 1 week after SE), early in the chronic period (D; 6 weeks after SE) and late in
the chronic period (7 months after SE) in a rat that developed a non-progressive form of epilepsy (E)
and in a rat that had a progressive form of epilepsy (F). Moderate CCL2 immunoreactivity was present
in the dendrites and somata of granule and pyramidal cells as well as in other neurons throughout the
hippocampus of controls, while CCL2 was not detected in glia (A). Quantification of the number of
CD68-IR cells (Supplementary Table 3) showed that CCL2 immunoreactivity was decreased in neurons
in the acute and latent phase and increased in the chronic epileptic phase in rats that developed a
progressive form of epilepsy (chronic-prog). Glial CCL2 immunoreactivity was increased in the acute
phase, peaked in the latent phase and was still increased compared to controls at later phases. Insets
in A and F show a high magnification of CCL2-IR neurons (note the increased immunoreactivity in
F compared to A). Insets in B and C show a high magnification of CCL2-IR glial cells. Arrows depict
CCL2-positive cells. gcl=granule cell layer, iml=inner molecular layer. Scale bars, A-D: 250 µm, inset:
20 µm.
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2

Supplementary Figure 4. Confocal images of rat hippocampus to identity CD68 and CCL2
immunoreactive cells
In the latent phase, CD68 co-localized with ferritin (A-C), indicating that these CD68-positive cells were
microglia. CD68 did not co-localize with the astrocytic marker GFAP (D-F). CCL2 co-localized with
the neuronal marker NeuN in control rats (G-I) and no staining was observed in glial cells. In contrast,
CCL2 colocalized with GFAP in the latent phase (J-L). Scale bar A-L: 20 µm.
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Supplementary Figure 5. Osteopontin immunoreactivity in human and rat brain
OPN staining in the dentate gyrus of autopsy control (A), in a patient that died after a status epilepticus
(SE; C) and in a patient with temporal lobe epilepsy and hippocampal sclerosis (HS; E). OPN staining
in the dentate gyrus of a control rat (B), in a rat sacrificed in the latent period (D; 1 week after SE),
and in the chronic period (7 months after SE) in a rat that developed a progressive form of epilepsy
(F). OPN was present in neurons as well as glial cells in both humans and rats (arrows in A and B).
Neuronal OPN immunoreactivity decreased after a SE in humans and rats (C & D), while glial OPN
immunoreactivity increased in the rat (D). OPN immunoreactivity increased in both neurons (E & F)
and glial cells (E & F) in the chronic epileptic phase in humans with HS and rats with a progressive form
of epilepsy compared to controls. Black arrows depict neuronal cells, white arrows depict cells with
glial morphology. gcl=granule cell layer, iml=inner molecular layer.
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2

Supplementary Figure 6. Confocal images in rat hippocampus to identify osteopontin
immunoreactive cells
OPN-positive cells in a control rat, (A, D & G), in a rat that was sacrificed in the acute phase (1 day after
SE; B, E & H) and during the chronic epileptic phase (7 months after SE; C, F & I). OPN co-localized with
the neuronal marker NeuN (A, B & C). OPN was also present in GFAP-positive astrocytes (D, E & F), as
well as in CD11b/c-positive microglia (G, H & I). Scale bar A-L: 20 µm.
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Supplementary Figure 7. Semi-quantitative scores of albumin and immune cell markers
Semi-quantitative scores of immune cell markers and albumin in human (A-D) and rat (E-H)
hippocampus. The albumin immunoreactivity score (IRS) in the hippocampus of patients with TLE
was higher as compared to controls (A). The IRS of albumin in patients with temporal lobe epilepsy
(TLE) and hippocampal sclerosis (HS) was higher as compared to patients without HS (no – HS). The
IRS for CD68 in the hippocampus of patients with TLE was higher as compared to controls. The IRS of
CD68 in patients with TLE-HS was higher as compared to TLE no – HS (B). The IRS of CCL2 in neurons
and glia in patients with TLE-HS was higher as compared to both controls and TLE-no HS (C, D). In the
rat hippocampus, the CD68 IRS was higher during the acute, latent and chronic phases compared to
controls (E). Moreover, the CD68 IRS during the chronic phase was higher in rats with a progressive
form of epilepsy compared to a non-progressive form of epilepsy. The IRS of CD11b/c higher in the
hippocampus during all stages of epileptogenesis compared to controls (F). The IRS of CCL2 in
neurons was higher during the acute, latent, and late chronic phase in animals with progressive form
of epilepsy compared to controls. Furthermore, the CCL2 IRS during the chronic phase was higher
in rats with a progressive form of epilepsy compared to a non-progressive form of epilepsy (G). The
IRS of CCL2 in glia was higher during all stages of epileptogenesis compared to controls (H). Nonprog=non-progressive; prog=progressive; Mann Whitney-U tests, p<0.05; *, compared to controls;
#, compared to no – HS (human, A-D) or late chronic non-prog (rat, E-H). Data in bar graphs are
expressed as median. Dots indicate individual rats.
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Supplementary Tables
Supplementary Table 1. Clinical features of patients
Pathology

n

Gender
m/f

Age

Duration of
epilepsy (years)

Age at
onset

Number of seizures
(per month)

Control

6

4/2

51 (18-81)

-

-

-

SE

5

2/3

55 (26-79)

-

-

-

TLE
no HS

6

3/3

27 (18-35)

5 (1-20)

16 (3-25)

15 (3-25)

TLE
HS type 1

21

14/7

35 (18-66)

23 (6-56)

12 (4-28)

10 (1-50)

All patients with TLE had focal impaired awareness seizures. In addition, 1 patient with TLE- no HS
and 6 patients with TLE-HS had focal to bilateral tonic-clonic seizures. All patients used two or more
antiepileptic drugs. Etiologies in patients withTLE - no HS: malformation of cortical development (n=1),
oligodendroglioma (n=1), dysembryoplastic neuroepithelial tumor (n=1), Sturge-Weber syndrome
(n=1), ganglioglioma (n=2). SE, status epilepticus; TLE; temporal lobe epilepsy; HS, hippocampal
sclerosis; no – HS, without hippocampal sclerosis. Values are given as mean (minimum-maximum).
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Supplementary Table 2. List of primary antibodies
Epitope

Clone

Host

Catalog #

Company Specificity

Human CD68

PG-M1

Mouse

IR613

DAKO

Activated microglia,
monocytes, macrophages

Rat CD68

ED-1

Mouse

MAB1435

Millipore

Activated microglia,
monocytes, macrophages

Rat CD11b/c

OX-42

Mouse

550299

Becton
Dickinson

Microglia

Rabbit

F6136

Sigma

Microglia

Mouse

814369

Böhringer
Mannheim

Astrocytes

Mouse

MAB377

Millipore

Neurons

Mouse

MAB2791

R&D

Chemokine ligand 2

Rat CCL2

Rabbit

AB1834P

Millipore

Chemokine ligand 2

Mouse
Osteopontin

Goat

AF808

R&D

Osteopontin

AbD
Serotec

Perivascular macrophages

Horse
Ferritin
Mouse GFAP

G-A-5

Mouse NeuN
Human CCL2

23002

Rat CD163

ED2

Mouse

Human CD3

F7.2.38

Mouse

M7254

DAKO

T-lymphocytes

Rat CD3

1F4

Mouse

MCA772GA

AbD
Serotec

T-lymphocytes

Human
CD209

DCN46

Mouse

551249

Becton
Dickinson

Mature dendritic cells

Mouse CD83

HB15a

Mouse

PN
IM2069

Beckman
Coulter

Immature and mature
dendritic cells

Rabbit

A0001

DAKO

Blood-brain barrier
disruption

Human
albumin

2
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Supplementary Table 3. Quantification of CD68 and CCL2 expression in human
hippocampus

CD68
CCL2 neurons
CCL2 glia

Control

no - HS

HS

0

1 (0-1)*

3 (1-4)*#

1 (1-2)

1 (1-2)

2 (2-3)*#

0

0 (0-1)

1 (1-3)*#

Semi-quantitative scores (median (range)). HS=hippocampal
sclerosis. *= different from controls, #= different from no - HS;
Mann-Whitney U test p<0.05.

Supplementary Table 4. Quantification of CD68, CD11b/c and CCL2 expression in rat
hippocampus
Control

Acute

Latent

Early
chronic

Late chronic
non-prog

Late chronic
prog

CD68

0

2.5 (1-4)*

4*

3 (2-4)*

1 (1-2)*

2 (2-3)*#

CD11b/c

1

2*

3*

2 (2-3)*

2 (1-2)*

2 (1-3)*

CCL2
neurons

2

1 (1-2)*

1*

2

2

3 (2-3)*#

CCL2
glia

0

2 (1-4)*

4 (3-4)*

3 (2-3)*

1 (1-2)*

1.5 (1-2)*

Semi-quantitative scores (median (range)). *= different from controls, #= different from rats
with a non-progressive form of epilepsy (non-prog); Mann-Whitney U test p<0.05.
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Supplementary Table 5. The number of daily seizures during the last 2 weeks of EEG
recording as well as the time between sacrifice and the last seizure for rats with a
progressive and non-progressive type of epilepsy
days to sacrifice
14

13

12

11

10

9

8

7

6

5

4

3

2

1

15

hrs
between
sacrifice
and last
seizure

2

progessive
rat1

9

7

9

11

12

18

12

16

20

14

21

19

14

0.5

rat2

18

27

30 24 10

5

11

25

32

32

29

22

27

13

2

rat3

3

6

5

2

0

1

0

9

9

9

5

2

5

5

0

rat4

10

3

9

11

11

11

15

11

8

7

5

8

9

10

0.08

rat5

2

11

20

19

16

12

13

20

3

5

8

16

24

11

0.23

rat6

9

7

4

3

1

7

5

2

3

2

3

10

14

8

7

non-progessive
rat7

3

0

0

0

0

0

0

1

4

1

0

0

0

0

96

rat8

0

4

0

0

0

0

0

0

0

11

1

0

0

0

96

rat9

0

1

0

0

0

1

0

1

0

0

2

0

0

0

44

rat10

0

0

0

0

0

0

0

1

0

0

1

0

0

0

56

rat11

0

0

0

0

0

0

0

0

1

0

0

0

0

0

116

rat12

0

1

1

0

0

0

0

2

0

0

0

0

0

0

140
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