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dysfunction and seizure progression
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markers (for microglia, monocytes, macrophages, T lymphocytes, and dendritic

cells) on hippocampal sections of drug-resistant TLE patients and patients who
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whereas T lymphocytes and dendritic cells were not or were scarcely detected. In
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1 | INTRODUCTION

Increasing evidence suggests an important role for brain
inflammation in epilepsy.' Several studies show activation
of the innate immune response, including microglia and
astrocytes that produce specific inflammatory cytokines, in
resected brain tissue from patients with temporal lobe epi-
lepsy (TLE) and in experimental epilepsy models, which
coincides with blood-brain barrier (BBB) disruption.‘g'11
The activation of inflammatory processes has been con-
firmed using large-scale gene expression profiling (microar-
ray analysis) on resected hippocampi of patients with
TLE.'? Microarray studies on epileptogenic brain regions
of rats with TLE showed that brain inflammation was the
most prominent process changed during different phases of
epileptogenesis.'®> Furthermore, studies in rodent epilepsy
models show that brain inflammation can enhance neuronal
excitability,"'*'® 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 implement anti-inflamma-
tory strategies to prevent its development. Until now, there
has been ample evidence that the innate response plays a
role during the development of TLE.! More recently, the
role of peripheral inflammation in TLE has come to atten-
tion, with a central role for the infiltration of leukocytes
and/or activated circulating cytokines.'® However, their pre-
cise 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 hip-
pocampus in relation to seizure activity and BBB
dysfunction.

2 | MATERIALS AND METHODS

2.1 | Immunohistochemistry on human brain
tissue

Human brain tissue was obtained from the archive of the
Department of Neuropathology of the Amsterdam UMC,
The Netherlands. Patients underwent resection of the hip-
pocampus for drug-resistant TLE (TLE with hippocampal
sclerosis [HS], International League Against Epilepsy type
1, n = 21; TLE no-HS, n = 6). In addition, autopsy mate-
rial was used of five patients who died during acute status
epilepticus (SE). This material was compared to normal-
appearing hippocampi of six autopsy specimens from
patients without history of seizures or other neurological
diseases. Tissue was obtained and used in a manner com-
pliant with the Declaration of Helsinki. Brain tissue was

Key Points

e Monocyte infiltration, microglia, and perivascular
macrophages were persistently increased in both
epileptogenic human and rat hippocampus

e T lymphocytes and dendritic cells were not or
were scarcely detected in both epileptogenic
human and rat hippocampus

e The number of CD68+ monocytes and CD163+
perivascular macrophages, as CCL2
expression were related to the number of sponta-
neous seizures of rats

e The number of CDI163+ perivascular macro-
phage cells was positively correlated to BBB
permeability in the rat hippocampus

as well

stained for immunohistochemistry using various antibodies.
For details, see Appendix S1 (Materials and Methods) and
Tables S1 and S2.

2.2 | Experimental animals

Adult male Sprague Dawley rats (Harlan Netherlands,
Horst, The Netherlands) weighing 200-300 g at the start of
the study were used. To exclude variations in seizure fre-
quency due to differences in the estrous cycle, we did not
use female rats. The study was approved by the University
Animal Welfare Committee. The rats were housed individ-
ually in a controlled environment (21 + 1°C, humidity
60%, lights on 08:00 am-8:00 pm, food and water available
ad libitum). See Figure S1 for a schematic overview of the
study and Appendix S1 (Materials and Methods) for elec-
trode implantation, SE induction, electroencephalographic
monitoring, and perfusion.

2.3 | Fluorescein injection and perfusion

To determine BBB permeability, fluorescein (FSC;
100 mg/kg intravenous; Merck, Darmstadt, Germany) was
injected via the tail vein under isoflurane anesthesia (4 vol
%), as described previously.” Rats were disconnected from
the electroencephalographic recording setup 3.5 hours after
tracer injection and deeply anesthetized with pentobarbital
(intraperitoneally, 60 mg/kg). Rats were perfused through
the ascending aorta with 300 mL of 0.37% Na,S solution
and 300 mL 4% paraformaldehyde in 0.1 mol/L phosphate
buffer, pH 7.4. Brains were postfixed in situ overnight at
4°C, dissected, and cryoprotected in 30% phosphate-buf-
fered 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
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using various antibodies. For details, see Appendix Sl
(Materials and Methods) and Table S2.

2.4 | Quantification of immunohistochemistry

The number of CD68-immunoreactive (IR) cells was esti-
mated semiquantitatively in the hippocampus and classified
as follows: cells, 1 = sparse,
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 C-C motif ligand 2 (CCL2)-IR glial cells
in the hippocampus was estimated semiquantitatively and
classified as follows: 1 = no cells, 2 = sparse, 3 = moder-
ate, 4 = high.

The intensity of CCL2-IR neurons was classified as fol-
lows: 1 = weak, 2 = moderate, 3 = strong.

The total number of CDI63-IR cells was counted
throughout the hippocampus.

The immunoreactivity score for albumin staining was
calculated by multiplying the intensity score by the fre-
quency score. The intensity of albumin immunoreactivity
was estimated semiquantitatively and classified as follows:
1 = no, 2 = weak, 3 = moderate, 4 = strong staining. The
frequency score for albumin immunoreactivity was classi-
fied as follows: 0 = no albumin present, 1 = some spots of
albumin around vessels, 2 = many albumin spots, 3 = en-
tire hippocampus is positive for albumin.

0 =no 2 = moderate,

2.5 | Quantification of BBB leakage

To detect extravasation of FSC, horizontal sections were
mounted on slides (Superfrost Plus; Menzel, Braunschweig,
Germany) and coverslipped with mounting medium for
fluorescence (Vectashield; Vector Laboratories, Burlingame,
California). Sections were counterstained with 4,6-diamidino-
2-phenylindole. FSC was detected using a confocal-laser
scanning microscope (LSM510; Carl Zeiss, Oberkochen,
Germany) 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.’ Briefly, a grid
(230 x 230 pm?, 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 an FSC signal was
counted. Finally, the “permeability index” was calculated (number
of squares that contained an FSC signal x FSC intensity).

2.6 | Statistical comparisons

For immunohistochemistry, in which the absolute number
of cells was counted or a semiquantitative analysis was

:' ° L) 1933
Epilepsia-*
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.

3 | RESULTS

3.1 | 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 fre-
quency was not different between groups.

3.2 | 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 per day during the week before they
were Kkilled; with a nonprogressive seizure
development, which had on average 0.4 + 0.1 seizures

and rats

per day during the last week. The seizure frequency was
different these groups at this time point
(P < 0.05). The individual seizure frequency during the
last 2 weeks of electroencephalographic recording is
shown in Table S5.

between

3.3 | CD3, CD83, and CD209
immunoreactivity in human and rat brain

CD3-(T lymphocytes), CD83-(immature and mature den-
dritic cells), and CD209-positive cells (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-positive cells 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.

3.4 | CD68 immunoreactivity in human brain

3.4.1 | 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 immunoreactiv-
ity was observed in close proximity of blood vessels
(Figure 1A).
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FIGURE 1 CD68 and CD163 immunoreactivity in human brain. CD68 and CD163 staining is shown 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 and 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 E, arrow indicates a
CD68-immunoreactive cell next to a vessel), compared to controls. CD68 cells were more frequently observed in patients with HS compared to
patients without HS (Table S3). CD163-positive cells were scarcely present around vessels in controls. CD163 immunoreactivity was higher in
patients who died after SE and in patients with temporal lobe epilepsy, compared to controls. After SE, CD163-positive cells had an activated
morphology with large cell bodies and coarse processes (inset in D) and were also located in the parenchyma. gcl = granular cell layer. Scale
bar: A-H, 200 pm; insets, 20 pm
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3.4.2 | Status epilepticus

In patients who died as a result of SE, CD68 immunoreac-
tivity was not or was sparsely observed in the hippocampus
(Figure 1C).

3.4.3 | Temporal lobe epilepsy

The number of CD68-positive cells increased in the hip-
pocampus of TLE patients, compared to controls
(Table S3). CD68 was sparsely present in the hippocampus
in 50% of the patients without hippocampal sclerosis (no-
HS, Figure 1G). CD68 could not be detected in the remain-
ing no-HS cases. In HS cases, a moderate to high number
of CD68-positive cells was present throughout the hip-
pocampus (Figure 1E). More CD68-positive cells were pre-
sent in HS than in no-HS (Table S3 and Figure S7B).

3.5 | CD68 immunoreactivity in rat brain

3.5.1 | Control

CD68 (ED-1) staining was not observed in controls (Figure 2A).

3.5.2 | Acute phase

CD68-positive cells were present in all hippocampal sub-
fields, and the number of cells was increased compared to
controls (Table S4 and Figure S7E). Most CD68-IR cells
had a round appearance, some with IR processes. In two 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.

3.5.3 | Latent phase

CD68-IR cells were abundantly present in all hippocampal
layers (Figure 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 Figure 2C). Significantly more cells
were observed compared to control rats and to rats that
were killed in the acute phase (Table S4 and Figure S7E).
CD68 colocalized with ferritin (Figure S4A-C), indicating
that these CD68-positive cells were microglia. CD68 did
not colocalize with the astrocytic marker glial fibrillary
acidic protein (Figure S4D-F).

3.5.4 | Early chronic phase

CD68-positive cells were present throughout the hippocam-
pus, both in the parenchyma and near blood vessels

| iR e o | 1935
Epilepsia-*
(Figure 2E). CD68 cells had a round appearance. The num-
ber of CD68-IR cells was higher compared to controls

(Table S4 and Figure S7E); however, fewer cells were IR
compared to the latent phase.

3.5.5 | 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 con-
trol rats (Table S4 and Figure S7E).

In rats that had a progressive form of epilepsy, more
CD68 cells were observed (Figure 2G, Table S4, and Fig-
ure S7E) compared to rats with a nonprogressive form of
epilepsy. Some CD68-IR cells were located in very near
proximity of blood vessels (inset in Figure 2G).

3.6 | CD11b/c immunoreactivity in rat brain

3.6.1 | Control

CDl11b/c (0OX-42) specifically labels microglia cells.
CD11b/c-IR cells were abundantly present throughout the
hippocampus with moderate immunoreactivity, with a typi-
cal morphology of resting microglia (Figure 2B).

3.6.2 | Acute and latent phase

A dramatic increase of CD11b/c cells was observed, as a
very high number of CDI1b/c cells with very strong
immunoreactivity were present in all hippocampal sub-
fields, with a typical morphology of activated microglia
(Figure 2D, Table S4, and Figure S7F). Especially near the
hippocampal cell body layers, clusters of CD11b/c cells
were found. During the acute phase, these cells had an
amoeboid morphology, whereas during the latent phase
CDl11b/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.

3.6.3 | Early chronic phase

Many clusters of reactive microglia were observed in the
dentate gyrus (Figure 2F), CA3, and CAl, and CDI11b/c
immunoreactivity was higher compared to controls
(Table S4 and Figure S7F).

3.6.4 | Late chronic phase

In chronic epileptic rats that had a nonprogressive 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
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FIGURE 2 CD68 and CD11b/c immunoreactivity in rat brain. CD68 staining in the dentate gyrus of a control rat (A), and in rats sacrificed
during the latent period (C; 1 week after status epilepticus [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-immunoreactive (IR) cells were present
throughout the parenchyma, and some were in close proximity to blood vessels (arrows in the insets of C and G). Quantification of the number
of CD68 cells (Table S4) showed that they were more abundant compared to controls at all time points throughout epileptogenesis. In addition,
more CD68-IR cells were observed in rats with a progressive form of epilepsy (Chronic-prog) compared to rats that did not have a progressive
form of epilepsy. CD11b/c staining in a control rat (B), and in rats 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
(Table S4) in the hippocampus revealed that they were more abundant 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. Scale bar: A-H, 250 pm; insets, 20 pm
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found with activated morphology in all hippocampal layers
(Figure 2H). Both chronic nonprogressive and progressive
rats had higher CD11b/c immunoreactivity compared to
controls. No differences were found between nonprogres-
sive and progressive rats (Table S4 and Figure S7F).

3.7 | CCL2 and osteopontin
immunoreactivity in human and rat brain

Higher expression of CCL2 and osteopontin (OPN) was
observed in epileptogenic human and rat hippocampus
compared to controls. For details, see Appendix S1 (Mate-
rials and Methods).

3.8 | CD163 immunoreactivity in human
brain

3.8.1 | Control

CD163 specifically labels mature macrophages and mono-
cytes. 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 (Figure 1B).

3.8.2 | Status epilepticus

The number of CDI163-IR cells was higher in the hip-
pocampus 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 par-
enchyma (Figure 1D).

3.8.3 | Temporal lobe epilepsy

A higher number of CDI163-IR cells were 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 (Figure 1F, H).

3.9 | CD163 immunoreactivity in rat brain

3.9.1 | Control

A low number of CD163-IR cells were observed in the
hippocampus (31 + 7 cells, mean + SEM). These mature
tissue macrophages were exclusively present around blood
vessels and the meninges (Figure 3A) and not in the par-
enchyma.

. L 1937
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3.9.2 | 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 these cells had the morphology of activated macrophages
(Figure 3B and C). CD163-IR cells were only present around
blood vessels and the meninges and not in the parenchyma.

3.9.3 | Early chronic phase

Less perivascular and meningeal CDI163-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 (Figure 3D).

3.9.4 | 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 nonprogressive form of epilepsy
(61 £ 3), and CD163-IR cells seem to favor the vascular
wall (inset in Figure 3E) and the pia or vascular interface
(lower left corner of Figure 3E). Both groups had more
CD163-positive cells compared to controls.

3.10 | BBB leakage in relation to CD163
expression in rat brain

BBB permeability was assessed in the hippocampus by FSC
entry and albumin immunohistochemistry. FSC and albumin
were not detected in the hippocampus of control rats (Fig-
ure 4A, D), indicating an intact BBB, and a few CD163 cells
were observed around blood vessels (red cells in Figure 4A,
green cells in Figure 4D). Extravasation of FSC (green
parenchymal staining in Figure 4B) and albumin (red
parenchymal staining in Figure 4E) was evident during the
acute phase, which coincided with an increase in the number
of CD163 cells that had the morphology of activated macro-
phages, with large cell bodies and coarse processes (red cells
in Figure 4B, green cells in Figure 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 (Figure 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-
ure 4C) with CD163 (red cells in Figure 4C) in most cases.
Albumin extravasation was more abundant compared to FSC
(red staining in Figure 4F) and albumin also colocalized with
CD163 (yellow staining in Figure 4F); however, it was also
detected outside CD163-IR cells (green staining in Fig-
ure 4F). A significant positive correlation between the FSC
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FIGURE 3 CDI63 immunoreactivity in rat brain. CD163 staining in the hippocampus of a control rat (A), in rats sacrificed during the acute
period (B; 1 day after status epilepticus [SE]), latent period (C; 1 week after SE), early during the chronic period (D; 6 week after SE), and late
during the chronic period (7 months after SE), and in a rat that developed a progressive form of epilepsy (E; Chronic-prog). F, The thymus
served as positive control. A low number of CD163-immunoreactive (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, fewer 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 pm; insets,
20 pm

index (BBB permeability) and the number of hippocampal
CD163-positive cells was observed (Figure 4G); Spearman
rank, p = 0.95, P < 0.05.

3.11 | Brain inflammation and seizure
activity

3.11.1 | Humans

To correlate protein expression of CD68 and CCL2 with epi-
lepsy, the number of seizures per month, the duration of epi-
lepsy, and the age of onset were 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 (Figure 5A),
CCL2 in neurons (Figure 5B), and CCL2 in glia (Figure 5C);
Spearman rank order correlation, respectively: p = 0.74,
0.33, 0.60; P < 0.05. The seizure frequency and the age of
onset were not correlated to CD68 or CCL2 expression.

3.11.2 | Rats

To correlate protein expression of CD68, CCL2, and
CD163 with the induced seizure activity (the initial insult),
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FIGURE 4 Blood-brain barrier (BBB) permeability and CD163 expression. BBB permeability was assessed in the hippocampus by
fluorescein (FSC) entry and albumin immunohistochemistry. Sections were counterstained with 4,6-diamidino-2-phenylindole (DAPI; blue) to
visualize nuclei. FSC was not detected in the hippocampus of control rats (A), indicating an intact BBB, and a few CD163-immunoreactive (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), although it was also detected
outside CD163-IR cells (green staining in F). G, A significant positive correlation between the FSC index (BBB permeability) and the number of
hippocampal CD163-positive cells was observed; Spearman rank order correlation, p = 0.95, P < 0.05. Scale bar: A-F, 20 pm

the duration of 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 (Figure 6A) and CCL2 in glia (Figure 6E) and
CD163 (Figure 6G); Spearman rank order correlation,

respectively: p = 0.91, 0.89, 0.87; P < 0.05. A negative
correlation between SE duration and protein expression
was found for CCL2 in neurons (Figure 6C); Spearman
rank order correlation, p = 0.89; P < 0.05.

To correlate protein expression of CD68, CCL2, and
CD163 with spontaneous seizures, the average number of
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seizures per day during the week before the rats were sacri-
ficed 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 (Figure 6B), CCL2 in neurons (Figure 6D), CCL2 in
glia (Figure 6F), and CD163 (Figure 6H); Spearman rank
order correlation, respectively: p = 0.66, 0.51, 0.80, 0.78;
P < 0.05.

4 | DISCUSSION

The main finding of this study is that monocytes or macro-
phages and other cells of the innate immune response are
persistently activated in the epileptogenic human and rat
hippocampus, which is positively correlated with BBB dys-
function and seizure activity, whereas T cells and dendritic
cells, which are closely associated with the adaptive
immune response, were sparsely detected in the hippocam-
pus during epileptogenesis. Furthermore, higher expression
of CCL2 and OPN was observed. We will discuss this in
more detail in the following paragraphs.

4.1 | Adaptive and innate immune response

Monocyte infiltration, microglia, and perivascular macro-
phage activation were persistently increased in both epilep-
togenic human and rat hippocampus, which coincided with
increased protein expression of CCL2 and OPN, whereas T
lymphocytes and dendritic cells were not or were scarcely
detected. In TLE patients, it has been reported that periph-
eral T cells that are associated with the adaptive immune
system can be detected around blood vessels, but they are
scarce.*'>2° Furthermore, penetration of green fluorescent
protein—labeled peripheral white blood cells into brain par-
enchyma was limited after pilocarpine-induced SE.*° 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 (eg, monocytes, micro-
glia, and astrocytes).*” However, in patients with focal cor-
tical dysplasia or Rasmussen encephalitis, activation of
both the adaptive and innate immunity was shown,®?'
a prominent role for lymphocytes in epilepsy was sug-
gested in mice and rats in which epilepsy was induced by
the chemoconvulsant pilocarpine.®'> In contrast to these
findings, an antiepileptogenic and neuroprotective role for
both innate and adaptive immune cells has been suggested
after kainic acid—induced SE in mice.??> Taken together, the
innate immune response is mainly activated in the epilepto-
genic brain, suggesting a prominent role during epileptoge-
nesis, whereas activation of the adaptive immune response
may depend on the type of epilepsy, animal model, species,
or neuropathology.
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FIGURE 5 CD68 and CCL2 expression in the human brain in
relation to seizure activity. To correlate protein expression of CD68
and CCL2 with epilepsy, the number of seizures per month, the
duration of epilepsy, and the age of onset were related to protein
expression for all patients who underwent surgery (both hippocampal
sclerosis [HS] and no-HS cases). A positive correlation between
duration of epilepsy and protein expression was found for CD68 (A),
CCL2 in neurons (B), and CCL2 in glia (C); Spearman rank order
correlation, P < 0.05, p values, respectively: 0.74, 0.33, and 0.60

4.2 | Brain inflammation in relation to
seizure activity

In rats, the expression of CD68, CCL2, and the perivascu-
lar macrophage marker CD163 was related to the duration
of SE, indicating that higher expression of these proteins is
triggered by the initial insult. Furthermore, higher expres-
sion was also evident during the latent phase, when sei-
zures 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 spon-
taneous seizures during the chronic phase in the rat,
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FIGURE 6 CD68, CCL2, and CD163 expression in the rat brain in relation to seizure activity. To correlate protein expression of CD68,
CCL2, and CD163 with the induced seizure activity (the initial insult), the duration of status epilepticus (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, p values,
respectively: 0.91, 0.89, and 0.87. C, A negative correlation between SE duration and protein expression was found for CCL2 in neurons;
Spearman rank order correlation, P < 0.05, p = 0.89. To correlate protein expression of CD68, CCL2, and CD163 with spontaneous seizures, the
average number of seizures per 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, p values, respectively: 0.66, 0.51, 0.80, and 0.78

suggesting that these proteins can contribute to epileptogen- and the type of pathology. Although the expression of
esis and progression of epilepsy. In humans, the expression CD68 and CCL2 was not related to seizure frequency in
of CD68 and CCL2 was related to the duration of epilepsy humans (which can be due to patients taking antiepileptic
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drugs), a strong positive correlation (p = 0.74) was found
between CD68 expression and the duration of epilepsy and
a weak to moderate correlation between CCL2 in respec-
tive neurons (p = 0.33) and glia (p = 0.60) and the dura-
tion of epilepsy. In addition, the activation of the
inflammatory response was related to the neuropathology,
as inflammation was more pronounced in patients with hip-
pocampal sclerosis compared to patients without hippocam-
pal 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 vari-
ous forms of epilepsy, especially TLE.®* Because brain
inflammation was already present during the acute and
latent period in our study, which was also reported by
others* and preceded the onset of epilepsy, our data sup-
port a causal role of inflammation in the generation of
spontaneous seizures. Furthermore, our data suggest that
macrophages or monocytes, as detected by the specific
markers CD68 and CD163,* can play a prominent role
and contribute to epileptogenesis.

4.3 | OPN and CCL2 expression

OPN, a glycoprotein that promotes macrophage migration,”
was persistently increased in astrocytes and microglia during
epileptogenesis in humans and rats, which confirmed previous
findings.'*?® Interestingly, it has been reported that upregulation
of OPN was markedly suppressed in the absence of the cytokine
CCL2 (also known as monocyte chemoattractant plrotein-l),27
indicating that CCL2 can induce OPN expression. We previ-
ously showed that CCL2 was the most activated gene, which
peaked early during epileptogenesis in rats.'* 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 (includ-
ing macrophages, monocytes, and microglia),®>! which may
explain the increase of macrophages or 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,****
in which pilocarpine was used to induce SE,** and in the human
epileptogenic brain.>’ CCL2 can induce the release of proinflam-
matory cytokines (eg, interleukin-1f3) and lead to neurodegenera-
tion and BBB disruption.*****7 Because these changes can
contribute to the occurrence of seizures, this suggests an impor-
tant role for CCL2 during epileptogenesis.

in mice

4.4 | BBB dysfunction

Increased secretion of CCL2 by astrocytes and monocytes
or macrophages in the epileptogenic brain can lead to

opening of the BBB.?” 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.”® Because disrup-
tion of the BBB can affect epileptogenesis and may lead to
progression of epilepsy,”!!+?°
mation may decrease CCL2 secretion from astrocytes,
monocytes, and macrophages and can be a potential ther-
apy to reduce seizures.

Interestingly, dexamethasone reduced the number of sei-
zures after pilocarpine-induced SE in rats and improved BBB
integrity. In addition, rats that received CD163-targeted lipo-
somes were partially protected against 6-hydroxydopamine—
induced dopaminergic neurodegeneration.*® Furthermore, glu-
cocorticosteroids reduced the occurrence of seizures in pedi-
atric drug-resistant epilepsy patients in the same study.'®
Limiting the entry of blood monocytes via blockade of CCL2
synthesis or its receptor CCR2 reduced lipopolysaccharide-
induced seizures,31 and attenuated BBB disruption and neu-
ronal damage after pilocarpine-induced SE.** 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 (eg, aimed
at CCL2) can modify or prevent epileptogenesis in TLE. Drugs
blocking CCL2/CCR?2 signaling are currently under develop-
ment for several inflammatory brain disorders®" and could also
be tested in drug-resistant epilepsy.

In conclusion, these data show that the innate immune
response is persistently activated in human TLE and in the elec-
trical post-SE rat model. This suggests a proepileptogenic role
of the innate immune response, particularly for monocytes and
(perivascular) macrophages possibly via increased leakage of
the BBB, whereas the adaptive immune system does not seem
to play a major role. Future studies should reveal whether speci-
fic manipulation of the innate immune response can modify or
prevent epileptogenesis in TLE.

inhibition of brain inflam-
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