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Abstract
Inhibition of the mammalian target of rapamycin (mTOR) pathway reduces epileptogenesis
in various epilepsy models, possibly by inhibition of inflammatory processes, which may
include the proteasome system. To study the role of mTOR inhibition in the regulation
of the proteasome system, we investigated (immuno) proteasome expression during
epileptogenesis, as well as the effects of the mTORinhibitor rapamycin.
The expression of constitutive (β1, β5) and immunoproteasome (β1i, β5i) subunits
was investigated during epileptogenesis using immunohistochemistry in the electrical poststatus epilepticus (SE) rat model for temporal lobe epilepsy (TLE). The effect of rapamycin
was studied on (immuno)proteasome subunit expression in post-SE rats that were treated
for 6 weeks. (Immuno)proteasome expression was validated in the brain tissue of patients
who had SE or drugresistant TLE and the effect of rapamycin was studied in primary human
astrocyte cultures.
In post-SE rats, increased (immuno)proteasome expression was detected
throughout epileptogenesis in neurons and astrocytes within the hippocampus and
piriform cortex and was most evident in rats that developed a progressive form of epilepsy.
Rapamycin-treated post-SE rats had reduced (immuno)proteasome protein expression
and a lower number of spontaneous seizures compared to vehicle-treated rats. (Immuno)
proteasome expression was also increased in neurons and astrocytes within the human
hippocampus after SE and in patients with drugresistant TLE. In vitro studies using cultured
human astrocytes showed that interleukin (IL)-1β-induced (immuno)proteasome gene
expression could be attenuated by rapamycin.
Because dysregulation of the (immuno)proteasome system is observed before the
occurrence of spontaneous seizures in rats, is associated with progression of epilepsy, and
can be modulated via the mTOR pathway, it may represent an interesting novel target for
drug treatment in epilepsy.

Key words
Brain inflammation, epileptogenesis, status epilepticus, mTOR, temporal lobe epilepsy.
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Introduction
Temporal lobe epilepsy (TLE), one the most common forms of epilepsy in adults, is
characterized by recurrent seizures and often associated with neuropsychological
dysfunction. In about 30–40% of the people with epilepsy, seizures cannot be adequately
controlled by antiepileptic drug (AED) treatment.This is a major problem, and therefore novel
therapeutic strategies are needed. Targeting brain inflammation may be one of the novel
strategies, since clinical and experimental findings support a key role of specific immune and
inflammatory processes in epileptogenesis and chronic seizures in drugresistant TLE 1. In this
respect, the proteasome system is of interest, since it is a major proteolytic system in the
cell that is responsible for the degradation of most intracellular proteins and plays a critical
role in homeostasis and immunity 2. In addition to targeting misfolded proteins arising from
mutations or damaging metabolic events, the proteasome also plays an important role
in the generation of peptides presented by the major histocompatibility complex class I
(MHC-I) molecules 3.
The proteasome consists of a barrel-shaped core particle in combination with
two possible regulatory particles 4,5. The core particle, also known as the 20S core complex,
consists of four heptameric rings positioned in an abba-stoichiometry.The ability for catalytic
activity resides within the 20S core and depends on the β1, β2, and β5 subunits, which show
caspase-, trypsin- and chymotrypsin-like activities, respectively 6. Under inflammatory
conditions, the three constitutive subunits can be replaced by their inducible counterparts
(β1i, β2i, and β5i) forming the immunoproteasome 7,8. This modified proteasome performs
its proteolytic functions more efficiently than the constitutive proteasome 9, and has been
suggested to play a role in epilepsy 10,11. However, the changes in expression of the (immuno)
proteasome during the development and progression of epilepsy are, to the best of our
knowledge, not studied.
A recent study showed that inhibition of the immunoproteasome subunit β5i–
reduced epileptiform activity in vitro 11, and the authors proposed that this is a promising
target for therapeutic intervention for reducing seizures that are not controlled by classical
AEDs. However, specific immunoproteasome inhibitors (e.g., ONX-0914) penetrate the
brain poorly 12. Several studies show that inhibition of the mammalian target of rapamycin
(mTOR) pathway reduces epileptogenesis and/or ictogenesis in various epilepsy models (for
review see Ref. 13) possibly by restoring blood–brain barrier function and inhibition of various
inflammatory processes 14, which may also include the (immuno)proteasome. The latter is
confirmed by a recent study in which the mTOR inhibitor rapamycin was administered after
myocardial infarction and reduced (immuno)proteasome expression and activity at the
border zone of the infarct 15. Considering the significant effects of (immuno) proteasome
inhibition on seizure activity 11, rapamycin may also exert effects on the (immuno)
proteasome expression in brain and inhibit epileptogenesis and/or ictogenesis. To study this,
we investigated the effects of rapamycin on (immuno)proteasome expression in post-status
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epilepticus (SE) rats during different phases of epileptogenesis.The expression of constitutive
and immunoproteasome subunits was studied using immunohistochemistry during the
acute, latent, and chronic phase in this model. The expression of (immuno)proteasome
subunits was validated in hippocampal autopsy material of patients that died after SE and in
resected hippocampal tissue of a large cohort of patients with drug-resistant TLE (with and
without hippocampal sclerosis). Furthermore, we investigated the effects of rapamycin in
vitro in primary human foetal astrocyte cultures under inflammatory conditions.

Materials and Methods
Animals
Adult male Sprague Dawley rats (ordered at 250 g, about 2 months of age), Harlan
Netherlands, Horst, the Netherlands) were used in this study, which 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 a.m. to 8:00 p.m.; food and water
available ad libitum). See Supplementary Methods for electrode implantation, SE induction,
electroencephalography (EEG) monitoring, and perfusion and Supplementary Fig. 2 for the
individual seizure frequency.
Rapamycin treatment
One group of the rats was treated with the immunosuppressant rapamycin as described
previously 16. Briefly, rapamycin was administered intraperitoneally (6 mg/kg/day) under
isoflurane anesthesia starting 4 h after SE. Rapamycin was given daily for 7 days, after which
administration changed to every other day until the rats were sacrificed at 6 weeks post-SE
(n = 7). In addition, vehicle-treated post-SE rats (n = 8) and rapamycin-treated controls (n =
6) were included.
Human subjects
The cases included in this study were obtained from the archives of the departments of
pathology of the Academic Medical Center (AMC, Amsterdam, the Netherlands) and the VU
University medical center (VUmc, Amsterdam, the Netherlands). A total of 37 hippocampal
specimens, removed from patients undergoing surgery for drug-resistant TLE, were
examined. Tissue was obtained and used in accordance with the Declaration of Helsinki and
the AMC Research Code provided by the Medical Ethics Committee. All cases were reviewed
independently by two neuropathologists, and the classification of hippocampal sclerosis
was based on analysis of microscopic examination as described by the International League
Against Epilepsy (ILAE) 17. Control material was obtained during autopsy of age-matched
individuals. Resected hippocampal tissue of 20 patients with hippocampal sclerosis (HS)
and 15 patients without HS (non-HS) was used. In addition, autopsy material of six patients
who died after SE and seven age-matched controls without a history of seizures or other
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neurologic diseases was used. SE arose de novo, and pathologic examination excluded
structural abnormalities in the brain, as well as encephalitis or meningitis. Supplementary
Table 1 summarizes the clinical characteristics of the patients and controls.

Immunohistochemistry
Human and rat brain tissue was stained for immunohistochemistry using antibodies against
β1, β5, β1i, and β5, as well as phosphorylated-S6 (pS6; as read-out for mTOR activity). For
details see Supplementary Methods.

3

Evaluation of immunohistochemistry
Immunoreactivity was evaluated in neurons and astrocytes within the human and rat
dentate gyrus (DG) and CA1 by semiquantitative analysis as described previously 18. For the
rat, immunoreactivity was also determined in the piriform cortex, in which usually extensive
inflammation and neuronal loss occurs. The intensity of the staining was evaluated using a
scale of 0–3 (0, no; 1, weak; 2, moderate; and 3, strong staining). The score represents the
predominant cell staining intensity found in each case. In addition, the frequency of β1, β1i,
β5, or β5i-positive cells (1, single to 10%; 2, 11–50%; 3, >50%) was also evaluated to give
information about the relative number of positive cells. The immunoreactivity score (IRS)
was calculated by multiplying the intensity score by the frequency score. The analysis was
performed by an experimenter blinded to the group assignments.
Cell cultures
Primary foetal astrocyte–enriched cell cultures were obtained from human foetal brain tissue
(14–19 weeks of gestation) obtained from medically induced abortions. All material has been
collected from donors from whom written informed consent for the use of the material for
research purposes had been obtained by the Bloemenhove clinic (these informed consents
are kept together with the medical record of the donor by the clinic). Tissue was obtained
in accordance with the Declaration of Helsinki and the AMC Research Code provided
by the Medical Ethics Committee of the AMC. Cell isolation was performed as described
elsewhere 18. Briefly, after removal of blood vessels, tissue was mechanically minced into
smaller fragments and enzymatically digested by incubating at 37°C for 30 min with 2.5%
trypsin (Sigma-Aldrich; St. Louis, MO, USA). Tissue was washed with incubation mediumcontaining Dulbecco’s modified Eagle’s medium (DMEM)/HAM F10 (1:1) medium (Gibco/
Life Technologies, New York, NY, USA), supplemented with 50 units/ml penicillin, 50 µg/ ml
streptomycin, and 10% foetal calf serum (FCS; Gibco/ Life Technologies) and triturated by
passing through a 70 µm mesh filter. Cell suspension was incubated at 37°C, 5% CO2 for
48 h to allow glial cells to adhere to the culture flask before it was washed with phosphatebuffered saline (PBS) to remove excess of myelin and cell debris. Cultures were subsequently
refreshed twice a week. Cultures reached confluence after 2–3 weeks. Secondary astrocyte
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cultures for experimental manipulation were established by trypsinizing confluent cultures
and subplating onto poly-L-lysine (PLL; 15 lg/ml, Sigma-Aldrich) precoated 6- and 12-well
plates (Costar, Cambridge, MA, USA; 1 x 105 cells/well in a 6-well plate for protein isolation
and Western blot, 5 x 104 cells/well in a 12-well plate for RNA isolation and polymerase chain
reaction (PCR). Astrocytes were used at passage 2–4. Cell cultures were stimulated with
human recombinant (r)IL-1β (Peprotech, Rocky Hill, NJ, USA; 10 ng/ml) for 24 h (n = 5 wells
per condition). Treatment of astrocytes with 100 nM rapamycin in 0.05% dimethyl sulfoxide
(DMSO; n = 6 wells per condition from a total of three donors) was either started 24 h before,
and continued during IL-1β stimulation (pretreatment), or given simultaneously with IL-1β
stimulation (simultaneous treatment). Cells were harvested 24 h after stimulation. Viability
of human cell cultures was not influenced by the performed treatments (as determined
with flow cytometric analysis using Fixable Viability Dye eFluor 780, eBioscience, San Diego,
CA, USA)18. pS6 expression (as read-out for mTOR activity) was studied using Western blot
analysis (n = 2 wells per condition from a total of two donors); for details see Supplementary
Methods.

RNA isolation and real-time quantitative PCR analysis
For RNA isolation, cell culture material was homogenized in Qiazol Lysis Reagent (Qiagen
Benelux, Venlo, the Netherlands). Total RNA was isolated using the miRNeasy Mini kit
(Qiagen Benelux) according to manufacturer’s instructions. The concentration and purity of
RNA were determined at 260/280 nm using a Nanodrop spectrophotometer (Ocean Optics,
Dunedin, FL, USA). To evaluate β1, β1i, β5, or β5i mRNA expression, 200 ng of cell culturederived total RNA was reverse-transcribed into complementary DNA (cDNA) using oligo(dT)
primers. PCRs were run on a Roche Lightcycler 480 thermocycler (Roche Applied Science,
Basel, Switzerland) using the following primers: β1 (forward: ACCAGCTCGGTTTCC ACA,
reverse: CCCGGTATCGGTAACACATC); β5 (forward: GAGTCTCAGTGATGGTCTGAGC,
reverse: ACTCCATGGCGGAACTTG); β1i (forward: ACCAACCGGGGACTTACC, reverse:
TCAAACACTCGGTTCACCAC); β5i (forward: CCCTACCCACCCCTGTTT, reverse:
CACCCAGGGACTGGAAGA). Quantification of data was performed using the computer
program LinRegPCR in which linear regression on the Log (fluorescence) per cycle number
data is applied to determine the amplification efficiency per sample 19,20. The starting
concentration of each specific product was divided by the geometric mean of the starting
concentrations of reference genes (EF1α and C1orf43), and this ratio was compared between
groups.
Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics 22. Multiple groups were
compared using the Kruskal-Wallis test. For comparison between two conditions the MannWhitney U-test was used. Correlations were assessed using the Kendall’s tau correlation test.
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For cell culture data, statistical analyses were performed with GraphPad Prism software
(GraphPad Software Inc., La Jolla, CA, USA) using nonparametric statistical testing (MannWhitney U-test). A value of p<0.05 was assumed to indicate a statistical difference.

Results
Expression of constitutive subunits β1 and β5 in rat brain
Expression of constitutive proteasome subunits was investigated in the DG and CA1 of the
rat hippocampus and in the piriform cortex. Expression of β1 and β5 was minimal to weak
in the hippocampus of controls (Supplementary Fig. 3A and 4A; Table 1). The IRS of β1 was
higher in latent (1 week after SE) and chronic phases (7 months after SE) compared to
controls in the hippocampus and in the piriform cortex (Supplementary Fig. 3C–E; Table 1).
The IRS of β5 was higher in both neurons and astrocytes during the acute phase (1 day after
SE) as well as in neurons within the DG during the latent phase (Supplementary Fig. 4B, C;
Table 1). Higher β5 IRS was evident during the chronic phase in the DG, CA1, and piriform
cortex compared to controls (Supplementary Fig. 4D, E; Table 1). Of interest, the IRS was
higher in the chronic progressive group as compared to the chronic nonprogressive group in
neurons and astrocytes (Table 1) of the piriform cortex.

3

Expression of immunoproteasome subunits β1i and β5i in rat brain
Both inducible subunits β1i and β5i showed no to weak expression in controls (Fig. 1A and
2A). The β1i IRS was higher compared to controls during the acute and latent phase, mainly
in dendrites of CA1 pyramidal cells, DG granule cells, and neurons within the piriform cortex
(Fig. 1B,C, Table 1). During the chronic phase, a higher IRS of β1i compared to controls was
also observed in dendrites and somata of neurons within the DG, CA1, and piriform cortex as
compared to controls (Fig. 1D,E; Table 1). During this phase, the IRS was higher in neurons of
the DG and in neurons and astrocytes of the piriform cortex (Table 1) of rats that developed
a progressive form of epilepsy as compared to rats that developed a nonprogressive form
of epilepsy. The β5i IRS was higher compared to controls in astrocytes within the DG during
both acute and latent phases together with the piriform cortex during the latent phase (Fig.
2B,C; Table 1). During the chronic phase, β5i IRS was higher in the DG, CA1, and piriform
cortex for rats that developed a progressive form of epilepsy compared to controls (Fig.
2E; Table 1). In nonprogressive rats, the β5i IRS was higher in astrocytes within the DG and
neurons of the piriform cortex compared to controls (Fig. 2D; Table 1). Of interest, the IRS for
β5i was higher in the progressive group compared to the nonprogressive group.
(Immuno)proteasome subunit expression in rat brain and seizure frequency
A positive correlation between the IRS and the number of seizures in the week before the
animals were killed was observed in β5 positive neurons of the DG (τ=0.55, p<0.05) and
in astrocytes within the CA1 for both β5 (τ=0.73, p<0.05) and β5i (τ=0.83, p=0.01). Strong
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Table 1. Immunoreactivity scores of β1, β1i, β5, β5i proteasome subunits in rat
hippocampus and piriform cortex
Dentate gyrus
β1

β1i

β5

β5i

CA1

Piriform Cortex

neurons

astrocytes

neurons

astrocytes

neurons

astrocytes

Control

6

1

6

1

6

1

Acute

6 (6-9)

1

6 (3-6)

1

6 (6-9)

1

Latent

9 (6-9)*

6 (4-6)**

9 (6-9)*

6 (4-6)**

9**

6 (4-6)**

Chronic p

9**

6**

9*

6*

9**

6*

Chronic np

9 (6-9)*

6 (4-6)**

9 (6-9)**

6 (4-6)**

9**

6 (4-6)**

Control

0 (0-1)

2 (1-3)

1

1 (1-2)

1 (1-3)

1 (1-3)

Acute

6 (2-6)**

2

4 (2-6)*

1 (1-2)

6 (4-6)**

3 (2-3)

Latent

5 (2-6)**

3 (2-3)

4 (2-6)**

2 (1-2)

5 (4-6)**

2.5 (2-3)

Chronic p

6 (4-6)**^

3*

6**

2*

6**^^

3 (2-4)*^

Chronic np

4**

2.5 (2-3)

6*

2

4*

2

Control

2

1

2 (2-4)

1

2 (2-4)

1 (1-2)

Acute

4 (4-6)**

2 (1-2)*

4 (2-6)

2 (1-2)*

4 (4-6)*

2 (2-3)*

Latent

4 (2-4)*

1 (1-2)

3 (2-4)

1

4 (2-4)

1.5 (1-2)

Chronic p

6**^

2.5 (2-3)**

6 (4-6)*

2.5 (2-3)*

6**^

3**^^

Chronic np

5 (2-6)

2 (1-3)*

5 (2-6)

2 (1-2)*

4 (2-6)

2 (1-2)

Control

4 (2-4)

1

4 (2-4)

1

4 (2-4)

2 (1-2)

Acute

4 (4-6)

2 (1-4)*

4 (4-6)

1 (1-2)

4 (2-6)

2 (1-4)

Latent

4 (4-6)

2 (1-2)*

4

1 (1-2)

5 (4-6)*

2.5 (2-3)*

Chronic p

6**

4 (3-4)**^

6*

3 (2-3)*^

6**

3 (3-4)**^

Chronic np

4 (4-6)

2.5 (1-3)*

5 (2-6)

1.5 (1-2)

6 (4-6)*

2 (1-3)

Immunoreactivity score (IRS) is given as median (minimum-maximum). IRS is defined as intensity score (0:
no; 1: weak; 2: moderate; 3: strong IR) multiplied by frequency score (1: single to 10%; 2: 11-50%; 3: >50%). p,
progressive; np, non-progressive. Different compared to control, p<0.05: *, p<0.01: **. Different compared
to chronic np, p<0.05: ^, p<0.01: ^^.

correlations between seizure frequency and subunit β1i and β5 were found in the piriform
cortex in both neurons (τ=0.78, p<0.05, τ=0.68, p<0.05, respectively) and astrocytes (τ=0.78,
p<0.05, τ=0.80, p<0.01, respectively). A positive correlation was also found between β5i IRS
in astrocytes within the piriform cortex and seizure frequency (τ=0.58, p<0.05).
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Figure 1. Expression of immunoproteasome β1i subunit
in rat hippocampus and piriform cortex.
Increased expression of β1i was
observed, mainly in dendrites
within the hippocampus and
piriform cortex, during the acute
(B; n = 5), latent (C; n = 6), and
chronic phase (D, E) compared
to controls (A; n = 5). During
the chronic phase, increased
expression of β1i was particularly
evident in rats that developed a
progressive form of epilepsy (E;
n = 6 as compared to rats that
developed a nonprogressive
form of epilepsy (D; n = 5),
or controls. Insets in C depict
expression of subunit β1i (green)
in astrocytes (glial fibrillary acidic
protein (GFAP)-positive, red)
and occasionally in activated
microglia (IBA-1-positive, red).
Pcl, pyramidal cell layer; sr,
stratum radiatum; slm, stratum
lacunosum moleculare; ml,
molecular layer; gcl, granular cell
layer. Arrows indicate positive
cells with neuronal morphology;
arrowheads indicate positive
dendritic staining. Scale bar
hippocampus: 500 µm; CA1, DG,
piriform: 50 µm; insets: 25 µm.

3

Expression of constitutive subunits β1 and β5 in human hippocampus
Resected brain tissue was used from 20 patients with TLE with hippocampal sclerosis (HS
group) and 17 patients without HS (non-HS group). In addition, autopsy brain tissue from
patients who died after SE (n = 6) and autopsy control tissue (n = 7) was used. The clinical
features of the cases are summarized in Supplementary Table 1. There were no differences
in age between the four groups, and neither was there a difference in duration of epilepsy,
age of onset of epilepsy, or seizure frequency between the HS and non-HS groups. Weak
expression of the constitutive subunits β1 was observed in the cytoplasm of neurons within
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the DG and CA1 of control tissue (Supplementary Fig. 5A, B), whereas staining in astrocytes
was absent. Constitutive subunit β5 was weakly expressed in the nucleus and cytoplasm of
some neurons and astrocytes within the DG and CA1 of control tissue (Supplementary Fig.
6A, B). After SE, the expression of β5 increased in neurons within the DG (Supplementary
Fig. 6F) and CA1 (Supplementary Fig. 6E and Table S2) compared to controls. In non-HS, the
IRS of β1 and β5 was higher in neurons and astrocytes as compared to controls, but this was
most evident in the nucleus and cytoplasm of neurons and astrocytes within the HS-group
(Supplementary Fig. 5C, D, G, H; Supplementary Fig. 6C, D, G, H; Supplementary Table 2).

Expression of immunoproteasome subunits β1i and β5i in human hippocampus
Immunoproteasome subunits β1i and β5i showed no to weak expression in the DG (Fig. 3B
and 4B) and CA1 (Fig. 3A and 4A) of controls. The β1i IRS was higher in astrocytes within the
DG and CA1 after SE (Fig. 3E,F) compared to controls (Supplementary Table 2). The β1i and
β5i IRS was higher in patients with TLE (Fig. 3C, D, G, H; 4C, D, G, H; Supplementary Table 2)
as compared to controls, and was most evident in neurons and astrocytes of patients with
HS.
Spontaneous seizure frequency and expression (immuno)proteasome subunits in
hippocampus of rapamycin-treated rats
To investigate the effect of rapamycin on seizure activity and (immuno)proteasome subunit
expression, post-SE rats were treated for 6 weeks. The expression of pS6, (the downstream
target of mTOR) was lower in rapamycin-treated post-SE rats (Supplementary Fig. 7C) as
compared to vehicle-treated post- SE rats (Supplementary Fig. 7B) and was comparable
to control rats (Supplementary Fig. 7A), indicating that the mTOR pathway was properly
inhibited.
The seizure frequency of rapamycin-treated post-SE rats was lower compared to
vehicle-treated post-SE rats (0.12 ± 0.09 seizures per day vs. 8.30 ± 2.45 seizures per day
during the week before they were sacrificed).
The IRS of both subunits β5 and β5i was lower in neurons within the DG and CA1
of post-SE rats treated with rapamycin compared to rats that received vehicle (Table 2).
Furthermore, the IRS of β1 in DG neurons, β1i in DG, and CA1 neurons and astrocytes, and
β5i in DG and CA1 astrocytes in rapamycin-treated rats was not different from controls,
whereas the IRS of vehicle-treated rats was increased in those areas as compared to controls
(Table 2).
Modulation of (immuno)proteasome expression in human foetal astrocytes
Because we observed reduced immunoproteasome expression in rapamycin-treated rats
we studied the modulation in more detail in an in vitro system. We therefore investigated the
effect of rapamycin on (immuno)proteasome expression under inflammatory conditions in
human foetal astrocytes. Stimulation with IL-1β increased expression of the inducible subunits
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Figure 2. Expression of immunoproteasome β5i subunit
in rat hippocampus and piriform cortex.
β5i expression is higher
in astrocytes within the
hippocampus and piriform
cortex, during acute (B; n = 5),
latent (C; n = 6), and chronic
phases (D, E) compared to
controls (A; n = 5). During
the chronic phase, increased
expression of β5i was particularly
evident in neurons and
astrocytes of rats that developed
a progressive form of epilepsy
(E; n = 6), as compared to rats
that developed a nonprogressive
form of epilepsy (D; n = 5) or
controls (A). Insets in C depict
expression of subunit β5i (green)
in astrocytes (GFAP-positive,
red) and occasionally in activated
microglia (IBA-1-positive, red).
Pcl, pyramidal cell layer; sr,
stratum radiatum; slm, stratum
lacunosum moleculare; ml,
molecular layer; gcl, granular cell
layer. Arrows indicate positive
cells with neuronal morphology;
arrowheads indicate positive
dendritic staining. Scale bar
hippocampus: 500 µm; CA1, DG,
piriform: 50 µm; insets: 25 µm.

3

β1i and β5i, but not of the β1 and β5 subunits (Supplementary Fig. 8A). When rapamycin was
added to these cultures, we confirmed proper inhibition of the mTOR pathway by Western
blot analysis, since the expression of pS6 was reduced when cells were pretreated with
rapamycin or when rapamycin was added simultaneously with IL-1β (Supplementary Fig. 8B).
The IL-1β–induced expression of β1i and β5i could be decreased when cells were pretreated
with rapamycin and when rapamycin was added simultaneously with IL-1β (Supplementary
Fig. 8C). Rapamycin pretreatment and simultaneous treatment with IL-1β also decreased
expression of the constitutive subunits β1 and β5 (Supplementary Fig. 8C).
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Table 2. Immunoreactivity scores of β1, β1i, β5, β5i proteasome subunits in rat
vehicle and rapamycin-treated rats.
Dentate Gyrus
β1

β1i

β5

β5i

CA1

neurons

astrocytes

neurons

astrocytes

6

1

6

1

Epilepsy vehicle

9 (6-9)*

6 (4-6)**

9 (6-9)*

6 (4-6)**

Epilepsy RAPA

6 (6-9)

6 (3-6)**

9 (6-9)*

6 (4-6)**

Control RAPA

0 (0-1)

1 (1-2)

0

1

Epilepsy vehicle

4 (0-6)*

2.5 (1-3)*

4 (0-6)*

2.5 (1-3)*

Epilepsy RAPA

3 (0-6)

1 (1-6)

3 (0-6)

1 (1-6)

Control RAPA

2 (2-3)

1

2 (2-3)

1

Epilepsy vehicle

6 (4-6)***

3 (2-3)***

6 (4-6)***

3 (2-3)***

Epilepsy RAPA

3 (3-6)*^

3 (3-4)***

3 (3-6)*^

3 (3-4)***

Control RAPA

2 (2-4)

1

2 (2-4)

1

Epilepsy vehicle

4 (3-6)

2 (1-4)*

4 (3-6)

2 (1-4)*

Epilepsy RAPA

2 (2-4)^

1 (1-2)

2 (2-4)^

1 (1-2)

Control RAPA

Immunoreactivity score (IRS) is given as median (minimum-maximum). IRS is defined as
intensity score (0: no; 1: weak; 2: moderate; 3: strong IR) multiplied by frequency score (1:
single to 10%; 2: 11-50%; 3: >50%). RAPA, rapamycin. Different compared to control RAPA,
p<0.05: *, p<0.01: **, p=0.001: ***. Different compared to epilepsy vehicle, p<0.05: ^.

Discussion
We demonstrated that the expression of (immuno)proteasome subunits was increased in
neurons and astrocytes during the acute, latent, and chronic phases of the post-SE rat model.
Of interest, the expression of the (immuno)proteasome subunits was most evident in rats
with a progressive development of epilepsy. Increased expression of (immuno)proteasome
subunits was also evident in neurons and astrocytes within resected hippocampi of patients
after SE, as well as in patients with TLE, and was most evident in patients with HS. In vivo,
rapamycin reduced the expression of β5 and β5i subunits in the hippocampus of post-SE rats,
which was associated with a reduced seizure frequency. In vitro, increased expression of the
(immuno)proteasome could be attenuated by rapamycin in IL-1β–stimulated foetal human
astrocytes. These findings will be discussed in further detail in the following paragraphs.
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Figure 3. Expression of immunoproteasome β1i subunit in human hippocampus.
No to weak β1i expression was observed in the CA1 (A) and dentate gyrus (DG; B) of autopsy
controls (n = 7). Increased expression was observed in the hippocampus of patients with TLE without
hippocampal sclerosis (non-HS, n = 15; C & D) compared to controls, and was most evident in patients
with hippocampal sclerosis in the nucleus and cytoplasm of cells with neuronal (arrows) and glial
(arrowheads) morphology (HS, n = 20; G, H, I, & J). Furthermore, increased expression was observed
in the hippocampus of patients who died after SE (E & F, n = 6). Insets a and b in I show double labeling
of β1i (blue) and GFAP (astrocytes; red) and β1i (blue) and NeuN (neurons; red), respectively. Scale bar:
A–H, 100 µm; I–J, 50 µm; insets, 12.5 µm.
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Increased expression of (immuno)proteasome subunits in the epileptic rat and
human brain
In the post-SE rat model, increased expression of constitutive and immunoproteasome
subunits was evident in the hippocampus during the acute phase (one day after SE) and
particularly during the latent phase (one week after SE). The latter coincides with the peak
of the inflammatory response in this model, when gliosis is maximal 21–24 and when neuronal
loss/cellular stress is most abundant 25. Of interest, increased expression of constitutive and
immunoproteasome subunits was also evident during the chronic phase (7 months after SE),
particularly in the piriform cortex of rats that developed a progressive form of epilepsy. This
may be explained by the fact that extensive neuronal loss occurs in this brain region and that
brain inflammation, gliosis, and disruption of the blood–brain barrier is prominently present
during the chronic phase in the piriform cortex of rats with frequent daily seizures 14,25–27.
This suggests that dysregulation of the (immuno)proteasome contributes to progression
of epilepsy. Because the increased expression of constitutive and immunoproteasome
subunits was already apparent before the occurrence of seizures and was persistent
during the chronic phase, this provides a window of opportunity for the modulation of the
immunoproteasome as potential novel therapy.
Increased expression of (immuno)proteasome subunits was also observed in the
hippocampus of patients with SE or TLE. Increased expression of immunoproteasome
subunits was also found in a previous study 10, in which a small cohort of TLE patients
with HS and/or focal cortical dysplasia was studied. In the present study, we used a large
cohort of patients with TLE and discriminated between patients with and without HS.
Increased expression of (immuno) proteasome subunits was most evident in patients
with HS, suggesting that hippocampal pathology is involved in the regulation of the
(immuno)proteasome pathway. Because the immunoproteasome pathway is activated by
inflammatory mediators 28, the higher expression of the immunoproteasome in patients
with HS versus patients without HS might be explained by proinflammatory cytokines
interferon ɣ (IFNɣ), tumor necrosis factor α (TNFα), and interleukin (IL)-1β, which are known
to be particularly increased in TLE with HS 29. This is in agreement with our in vitro studies, in
which IL-1β stimulation of foetal human astrocytes increased the expression of (immuno)
proteasome subunits.
In our previous study, we also observed increased (immuno)proteasome expression
in two other epilepsy-associated pathologies in which brain inflammation and activation of
the mTOR pathway is evident: focal cortical dysplasia and tuberous sclerosis complex 18. Glial
and neuronal expression positively correlated with seizure frequency in these pathologies,
suggesting that increased expression of the (immuno)proteasome can contribute to seizure
activity.
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Figure 4. Expression of immunoproteasome β5i subunit in human hippocampus.
No to weak β5i expression was observed in the CA1 (A) and dentate gyrus (DG; B) of autopsy controls
(n = 7), and in the hippocampus of patients with TLE without hippocampal sclerosis (non-HS, n = 15; C &
D), as well as in the hippocampus of patients who died after SE (E & F, n = 6). Increased expression was
observed in the hippocampus of patients with hippocampal sclerosis in cells with neuronal (arrows),
and glial (arrowheads) morphology (HS, n = 20; G, H, I, & J) compared to controls. The insets in I show
double labeling of β5i (blue) and NeuN (neurons; red). The inset in J shows double labeling of β5i (blue)
and GFAP (astrocytes; red). Scale bar: A–H, 100 µm; I–J, 50 µm; insets, 12.5 µm.

101

CHAPTER 3

Rapamycin reduces (immuno)proteasome expression and the number of spontaneous
seizures in post-SE rats
Post-SE rats that were treated with rapamycin had a lower expression of subunits β5 and
β5i in comparison to vehicle-treated epileptic rats. This was associated with reduced seizure
frequency. Pharmacologic inhibition of the mTOR pathway has been shown to suppress
seizures in post-SE models 16,27,30,but also in other epilepsy models (for review see Citraro
et al.13), as well as in a recent phase-3, randomized, double-blind, placebo-controlled study
in patients with drug-resistant TSC 31. However, the exact mechanisms through which
mTOR inhibition suppresses seizures is not fully understood. In a recent study, Mishto et al.11
showed that pharmacologic inhibition of immunoproteasome subunit β5i by ONX-0914 in
hippocampal/entorhinal cortex slices of rats 2–3 months post- SE delays or even prevents
seizure-like events induced by 4-aminopyridine. This suggests that seizures can be reduced
or prevented via inhibition of the immunoproteasome. Modulating proteasome expression
by inhibiting proteasome subunits in animal models or with knock-out experiments can
provide more insight into the therapeutic potential of modulating the proteasome on the
development of epileptic seizures.
Rapamycin modulates (immuno)proteasome expression in human cultured astrocytes
Because we observed reduced immunoproteasome expression in rapamycin-treated rats
we studied the modulation in more detail in an in vitro system. Rapamycin reduced expression
of both constitutive and inducible subunits in cultured human foetal astrocytes under
inflammatory conditions.This is comparable to what we observed in our previous study using
astroglial cultures derived from patients with focal cortical dysplasia 18. Following the success
of inhibitors of the constitutive proteasome, which is now an established treatment modality
for multiple myeloma, compounds that selectively inhibit the immunoproteasome are
currently under active investigation 9. However, specific immunoproteasome inhibitors (e.g.
ONX-0914) penetrate the brain poorly 12. So, improvement of the bioavailability and blood–
brain barrier passage is needed for these compounds to inhibit the immunoproteasome in
the brain.

Concluding remarks
The (immuno)proteasome system is dysregulated in the epileptic rat and human brain.
Furthermore, proteasome expression levels can be strongly reduced by mTOR inhibition,
suggesting that reduced proteasome activity could be one of the mechanisms by which
epilepsy development can be regulated. Because increased expression of the (immuno)
proteasome occurs before the occurrence of seizures in rats, is associated with progression
of epilepsy, and can be modulated via the mTOR pathway, it may represent an interesting
novel target for drug treatment in epilepsy.
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Supplementary methods
Electrode implantation and status epilepticus induction
Rats were anesthetized with an intramuscular injection of ketamine (57 mg/kg; Alfasan,
Woerden, the Netherlands) and xylazine (9 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. 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, 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 pulses (pulse duration 0.5 ms, maximal
intensity 700 µA). Stimulation was stopped when the rats displayed sustained forelimb
clonus and salivation for several minutes, which usually occurred within one hour.
EEG monitoring
To determine seizure frequency, continuous EEG recordings (24 hours/day) were made
in all rats. 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), band-pass 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 scored by trained human observers. Seizures are characterized by synchronized highvoltage amplitude oscillations and were scored when the amplitude increased more than
2-fold and lasted for at least 10 s.
Perfusion
Rats were perfused at three different time points after SE, 1 day after SE (acute phase; n=5),
1 week after SE (latent phase; n=6) and 7 months after SE (chronic phase). During the chronic
phase we discriminated between rats that had a progressive development of epilepsy (n=6)
with on average 9 seizures/day in the week before they were sacrificed and rats that had a
non-progressive development of epilepsy with a low number of seizures (less than 1 seizure
per week; non-progressive group, n=5). Furthermore, five control rats were included. Rats
were deeply anesthetized with pentobarbital (Nembutal, 60 mg/kg) and perfused via the
ascending aorta (300 ml 0.37% Na2S / 300 ml 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4). After overnight post-fixation the brains were dissected and cryoprotected by
overnight incubation (4°C) in 30% sucrose solution, buffered in 0.1 M phosphate buffer (pH
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7.4). Thereafter, brains were frozen in isopentane (between -25°C and -30°C) and stored at
-80°C until cutting.

Immunohistochemistry
Human brain tissue was fixed in 10% buffered formalin and embedded in paraffin. Paraffinembedded tissue was sectioned at 5 µm, mounted on pre-coated glass slides (Star Frost,
Waldemar Knittel, Braunschweig, Germany) and processed for immunohistochemical
staining. Sections were deparaffinated in xylene, rinsed in ethanol (100%, 95%, 70%) and
incubated for 20 minutes in 0.3% hydrogen peroxide diluted in methanol. Antigen retrieval
was performed using a pressure cooker in Tris-EDTA buffer (10mM Tris + 1mM EDTA, pH 9)
at 121°C for 10 minutes. Slides were washed with phosphate-buffered saline (PBS; 0.1 M, pH
7.4) and incubated overnight with primary antibody (monoclonal rabbit anti-phospho-S6,
1:200, 91B2, Cell Signaling Technology, Danvers, MA, USA; mouse monoclonal IgG1 anti-β1,
1:200; rabbit polyclonal anti-β5, 1:500; mouse monoclonal IgG1 anti-β1i, 1:200; mouse
monoclonal IgG1 anti-β5i, 1:200, Enzo Life Sciences, Farmingdale, NY, USA) in PBS at 4°C.
For single labeling, sections were, after washing with PBS, stained with a polymer-based
peroxidase immunohistochemistry detection kit (Brightvision plus kit, ImmunoLogic, Duiven,
the Netherlands) according to the manufacturer’s instructions. Staining was performed
using Bright DAB substrate solution (1:10 in 0.05 M Tris-HCl, pH 7.6, ImmunoLogic, Duiven,
the Netherlands) with 0.015% H2O2. Sections were dehydrated in alcohol and xylene and
coverslipped.
Double-labelling of β1, β1i, β5 or β5i with NeuN (neuronal nuclear protein (NeuN;
mouse clone MAB377; Chemicon, Temecula, CA, USA; 1:2000) or GFAP (polyclonal rabbit,
DAKO, Glostrup, Denmark, 1:4000; or monoclonal mouse, Sigma, St. Louis, MO, USA;
1:4000) was performed. Sections were incubated with Brightvision poly-alkaline phosphatase
(AP)-anti-rabbit or anti-mouse (Immunologic, Duiven, the Netherlands) for 30 minutes at
room temperature, and washed with PBS. AP activity was visualized with the AP substrate
kit III Vector Blue (SK-5300, Vector laboratories Inc., Burlingame, CA, USA). To remove the
first primary antibody sections were incubated at 121°C in citrate buffer (10 mM NaCi, pH
6.0) for 10 min. Incubation with the second primary antibody was performed overnight at
4°C. Sections with primary antibody other than rabbit were incubated with post-antibody
blocking from the Brightvision+ system (containing rabbit-α-mouse IgG; Immunologic,
Duiven, the Netherlands). AP activity was visualized with the alkaline phosphatase substrate
kit I Vector Red (SK-5100, Vector laboratories Inc., Burlingame, CA, USA). Single labelling of
GFAP with Vector Red and subunits β1, β1i, β5 and β5i with Vector Blue was also performed
(Supplementary Figure 1). Sections incubated without the primary antibody, with preimmune
sera, or with the antibody preincubated with the antigenic peptide (for the polyclonal β5),
were essentially blank.
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Rat brains were cut on a sliding microtome and 40 µm horizontal sections were
collected in tissue collecting solution (30% ethylene glycol and 25% glycerol in 0.05 M
phosphate buffer) and stored at -20°C until immunohistochemistry was performed.
Horizontal sections between 4100-4280 µm (which includes the hippocampus) and 86008820 µm (which includes the piriform cortex) below cortex surface of the contralateral brain
part of control and post-SE rats were stained with different immunohistochemical markers.
Free floating sections were washed in 0.05 M phosphate buffered saline (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 overnight with primary antibodies (monoclonal rabbit anti-phospho-S6, 1:200,
91B2, Cell Signaling Technology, Danvers, MA, USA; mouse monoclonal IgG1 anti-β1, 1:200;
rabbit polyclonal anti-β5, 1:500; mouse monoclonal IgG1 anti-β1i, 1:200; mouse monoclonal
IgG1 anti-β5i, 1:200, Enzo Life Sciences, Farmingdale, USA) in PBS+0.1% Triton X-100+0.4%
BSA at 4°C. After the incubation with the primary antibody, the sections were washed in PBS
(3x10 minutes) and then incubated for 1.5 hours in biotinylated sheep anti-mouse or antirabbit Ig (GE Healthcare, Diegem, Belgium), diluted 1:200 in PBS+0.1% Triton X-100. This was
followed by incubation 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 7.6, the sections were stained with 10% 3,3’-diaminobenzidin tetrahydrochloride
(DAB, Sigma-Aldrich, Zwijndrecht, the Netherlands) and 0.015% hydrogen peroxide in
Tris-HCl (pH 7.6). The staining reaction was followed under the microscope and stopped
by washing the sections in Tris-HCl. After mounting on superfrost plus slides, the sections
were air dried, dehydrated in alcohol and xylene and coverslipped with Entellan (Merck,
Darmstadt, Germany). Double labeling was performed using primary antibodies for β1,
β1i and β5i in combination with either rabbit anti-GFAP antibody (1:1000, DAKO, Glostrup,
Denmark) or rabbit anti-Iba-1 antibody (1:200, Wako Chemicals, Richmond, USA) antibodies.
Sections stained for β5 were combined with mouse anti-GFAP (1:500, Sigma, St. Louis, MO,
USA) and mouse anti-rat CD11b/c (OX-42; 1:100; PharMingen, San Diego, CA, USA). After
overnight incubation at 4°C and rinsing, sections were incubated with secondary antibodies,
Alexa Fluor 488 donkey anti-mouse IgG (H+L) and Alexa Fluor 568 goat anti-rabbit IgG
(H+L) (1:200, Invitrogen, Eugene, OR, USA) for two hours at room temperature. Fluorescent
microscopy was performed using Leica Confocal Microscope TSC SP8 X (Leica, Son, the
Netherlands).

Western blot analysis
Cells in culture were homogenized in lysis buffer containing 10 mM Tris (pH 8.0), 150 mM
NaCl, 10% glycerol, 1% NP-40, 0.4 mg/ml Na-orthovanadate, 5 mM EDTA (pH 8.0), 5 mM
NaF and protease inhibitors (cocktail Tablets, Roche Diagnostics, Mannheim, Germany).
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Protein content was determined using the bicinchoninic acid method. For electrophoresis,
equal amount of proteins (10 μg/lane) were separated by sodium dodecylsulfatepolyacrylamide gel electrophoresis (SDS-PAGE, 12% acrylamide). Separated proteins were
transferred to nitrocellulose paper by electroblotting for 1 h and 30 min (BioRad, Transblot
SD, Hercules, CA, USA). After blocking for 1 h in TBS-T (20 mM Tris, 150 mM NaCl, 0.1%
Tween, pH 7.5)/5% non-fat dry milk, blots were incubated overnight at 4°C with the primary
antibodies (phosphorylated S6 (pS6) #5364, rabbit monoclonal, Cell Signaling Technology,
Danvers, MA, USA, 1:1000; β-tubulin, mouse monoclonal, Sigma, St. Louis, MO, USA;
1:2000). After several washes in TBST, the membranes were incubated in TBST / 5% nonfat dry milk, containing the goat anti-rabbit or rabbit anti-mouse antibodies coupled to
horse radish peroxidase (1:2500; DAKO, Glostrup, Denmark) for 1 h. After washes in TBS-T,
immunoreactivity was visualized using ECL western blotting detection reagent (Thermo
Fisher Scientific, Wilmington, DE, USA). For each condition, 2 wells were analyzed from a
total of 2 donors.
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Supplementary Figures

Supplementary Figure 1. Colocalization of (immuno)proteasome subunits in astrocytes in the
human brain
Single labelling of GFAP (A) with Vector Red and subunits β1 (B), β1i (D), β5 (F) and β5i (H) with Vector
Blue. Dual labelling of GFAP with Vector Red and subunit β1 (C), β1i (E), β5 (G) and β5i (I) with Vector
Blue shows colocalization (purple) of all subunits in GFAP-positive astrocytes (arrowheads). Arrows
indicate Vector Blue positive cells with neuronal morphology. Scale bar: 50 µm.

Supplementary Figure 2. Seizure frequency of post-SE rats during the chronic phase
During the chronic phase we discriminated between rats that had a progressive development of
epilepsy (chronic p; 1 or more seizures/day) and rats that had a non-progressive development of
epilepsy with a low number of seizures (chronic np; <1 seizure/week).
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Supplementary Figure 3.
Expression of constitutive
proteasome β1 subunit in rat
hippocampus and piriform
cortex
β1 expression is higher in
neurons and astrocytes within
the hippocampus and piriform
cortex layer II during latent (C,
n=6) and chronic phase (D, E,
n=11) compared to controls
(A, n=5). Insets in C depict
expression of subunit β1 (green)
in astrocytes (GFAP-positive,
red) and occasionally in activated
microglia (IBA-1-positive, red).
pcl, pyramidal cell layer; sr,
stratum radiatum; slm, stratum
lacunosum moleculare; ml,
molecular layer; gcl, granular cell
layer. Scale bar hippocampus:
500 µm; CA1, DG, piriform: 50
µm; insets: 25 µm.

3

111

CHAPTER 3

Supplementary Figure 4.
Expression of constitutive
proteasome β5 subunit in rat
hippocampus and piriform
cortex
β5 expression is higher in
neurons and astrocytes within
the hippocampus and piriform
cortex layer II during acute (B,
n=5) and chronic phase (D & E)
compared to controls (A, n=5).
During the latent phase (C, n=6)
β5 is higher in neurons within the
DG compared to controls. During
the chronic phase, increased
expression of β5 was particularly
evident in neurons (arrows) and
astrocytes of rats that developed
a progressive form of epilepsy
(E, n=6) as compared to rats that
developed a non-progressive
form of epilepsy (D, n=5) or
controls (A). Insets in C depict
expression of subunit β5 (red)
in astrocytes (GFAP-positive,
green) and occasionally in
activated microglia (CD11b/cpositive, green). pcl, pyramidal
cell layer; sr, stratum radiatum;
slm,
stratum
lacunosum
moleculare; ml, molecular layer;
gcl, granular cell layer. Scale bar
hippocampus: 500 µm; CA1, DG,
piriform: 50 µm; insets: 25 µm.
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Supplementary Figure 5. Expression of constitutive proteasome subunit β1 in human
hippocampus
No to weak immunoreactivity of β1 was observed in the CA1 (A) and dentate gyrus DG; B) of autopsy
controls (n=7) and patients that died after SE (E & F, n=6). Increased expression was observed in the
hippocampus of patients with TLE without hippocampal sclerosis (non-HS, n=15; C & D) compared to
controls, and was most evident in patients with hippocampal sclerosis in cells with neuronal (arrows)
or glial (arrowheads) morphology (HS, n=20; G, H, I & J). Inset in I show β1 expression in pyramidal
neurons (NeuN-positive), the inset in J depicts astrocytic (GFAP-positive) expression. Scale bar: A-H:
100 µm; I-J: 50 µm; insets: 12.5 µm.
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Supplementary Figure 6. Expression of constitutive proteasome subunit β5 in human
hippocampus
No to weak β5 expression was observed in the CA1 (A) and dentate gyrus (DG; B) of autopsy controls
(n=7). Increased expression was observed in the hippocampus of patients that died after SE (E & F,
n=6) and in the hippocampus of patients with TLE without hippocampal sclerosis (non-HS, n=15; C &
D) compared to controls, and was most evident in patients with hippocampal sclerosis in the nucleus
and cytoplasm of cells with neuronal (arrows) or glial (arrowheads) morphology (HS, n=20; G, H, I & J).
Insets a and b in I show double labeling of β5 (blue) and GFAP (astrocytes; red) and β1i (blue) and NeuN
(neurons; red), respectively. Scale bar: A-H: 100 µm; I-J: 50 µm; insets: 12.5 µm.

114

(IMMUNO)PROTEASOME DURING EPILEPTOGENESIS & ATTENUATION BY MTOR INHIBITION

Supplementary Figure 7. Reduced pS6 expression in the hippocampus rapamycin-treated
post-SE rats
The expression of phosphorylated S6 was used as readout for the activation of the mTOR pathway.
(A) In the hippocampus of controls rats (n=8), pS6 expression was low. (B) Increased expression is
observed in vehicle-treated post-SE rats (n=8) as compared to controls. (C) The expression of pS6 in
rapamycin-treated post-SE rats (n=7) was lower as compared to vehicle-treated rats post-SE and was
comparable to control rats, indicating that the mTOR pathway was properly inhibited. pcl, pyramidal
cell layer; gcl, granular cell layer. Scale bar: 500 µm.

3

Supplementary Figure 8. (Immuno)proteasome expression in foetal astrocytes under
inflammatory conditions during rapamycin treatment
(A) Increased β1i and β5i mRNA expression was observed after IL-1β stimulation (10 ng/ml) for 24h,
n=5 wells per condition. (B) Western blot analysis confirmed inhibition of the mTOR pathway during
rapamycin treatment, since the expression of pS6 was reduced when cells were pre-treated with
rapamycin (pre) or when rapamycin was added simultaneously (sim) with IL-1β, n=2 wells per condition
from a total of 2 donors. (C) Pre- and simultaneous treatment with rapamycin resulted in decreased
mRNA expression of constitutive and immunoproteasome subunits, n=6 wells per condition from a
total of 3 donors. p<0.05: *, p<0.01: **, p<0.001: ***.
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Supplementary Table 1. Clinical characteristics of patients and controls
Group
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#

Gender
m/f

Age

HS Duration
type epilepsy
(years)

Age
Number
at
of seizures
onset (per month)

Antiepileptic
drugs used

Control
n=7

4/3

43
(18-71)

-

-

-

-

-

SE
n=6

4/2

46
(23-67)

-

-

-

-

-

TLE

1

f

20

-

9

11

32

VPA, LEV, PHT

non-

2

f

27

-

13

14

120

CBZ, LMT

HS

3

m

24

-

9

15

8

LEV, PHT

4

m

51

-

11

40

4

CBZ

5

f

33

-

31

2

7

LMT, CLB

6

m

47

-

2

45

8

LMT

7

m

19

-

2

17

450

OXC, CLB

8

m

45

-

27

18

2

TPM, CBZ

9

f

35

-

3

32

13

LMT, LEV, CLB

10

m

41

-

33

8

16

LEV, CBZ, CLB

11

m

22

-

20

2

3

LEV, VPA, PHT

12

m

30

-

NA

NA

5

LEV, PHT

13

m

35

-

27

8

6

CLB, CBZ, LCS

14

f

41

-

23

18

3

CBZ

15

f

47

-

21

26

8

CBZ

TLE

1

m

18

1

16

2

15

CBZ, VPA

HS

2

f

25

1

24

1

70

PHT, OXC, TPM

3

f

50

1

25

25

30

CBZ, LEV, PHT, CLB

4

f

22

1

22

0

9

LEV, OXC

5

m

43

1

8

35

4

VPA, LCS

6

m

47

1

29

18

9

CBZ, PHT

7

m

38

1

36

2

4

OXC, PTM
CBZ

8

m

31

1

3

28

20

9

f

38

1

23

15

7

LMT, CLB

10

f

52

2

12

40

40

LEV, CBZ

11

f

35

1

33

2

150

CBZ, CLB

12

m

29

1

11

18

32

CBZ

13

m

39

1

5

34

32

CBZ
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14

m

40

3

38

2

12

CBZ, CLB

15

m

38

2

10

28

6

CBZ

16

m

37

1

29

8

10

CBZ, LCS, CLB

17

m

43

1

30

13

8

LEV, LMT

18

f

17

1

17

0

4

LEV, CBZ

19

m

23

1

21

2

2

CBZ

20

f

60

1

54

6

3

CBZ, LEV, PHT

SE, status epilepticus; TLE, temporal lobe epilepsy; HS, hippocampal sclerosis; CBZ, carbamazepine; CLB,
clobazam; CNP, clonazepam; LCS, lacosamide; LEV, levetiracetam; LMT, lamotrigine; NA, not available;
OXC, oxcarbazepine; PB, phenobarbital; PHT, phenytoin, TPM, topiramate; VPA, valproate. HS type
according to Blümcke et al. (2013). The age for the control and the SE group is given as mean (minimummaximum).
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Supplementary Table 2. Immunoreactivity scores of β1, β1i, β5, β5i proteasome
subunits in human hippocampus
Neurons
β1

β1i

CA1

DG

CA1

Control

2 (2-3)

2 (2-4)

0

0

SE

2 (1-4)

2(2-3)

0

0

non-HS

2 (1-3)^^^

2 (1-4)^^^

1 (0-2)*^^

0 (0-3)^^^

HS

4 (2-6)**

4 (2-6)**

2 (1-2)***

2 (1-3)***

0 (0-1)

1 (0-1)

0 (0-1)

0 (0-1)

Control

0.5 (0-2)

0.5 (0-4)

2.5 (2-4)**

2.5 (2-4)**

non-HS

1 (0-2)*^^^

1 (0-2)^^^

0 (0-2)^^^

0 (0-1)^^^

HS

3 (2-4)***

3 (1-4)***

4 (2-6)***

3 (1-4)***

0 (0-1)

0 (0-1)

0 (0-1)

0

3 (2-6)**

3 (2-4)**

0 (0-1)

1 (0-1)

1 (1-3)**^^^

1 (1-2)***^^^

0 (0-1)^^^

0 (0-1)^^^

4 (2-6)***

4 (3-6)*

4 (3-9)***

4 (3-6)*

SE

β5

Control
SE
non-HS
HS

β5i

Astrocytes

DG

1 (1-2)

1.5 (1-2)

0.5 (0-1)

0.5 (0-1)

2.5 (1-3)

1.5 (0-3)

1

1 (0-1)

non-HS

2 (1-2)^^^

1 (0-1)*^^^

1 (0-2)^^^

1 (0-2)^^^

HS

4 (2-6)***

4 (2-6)*

4 (1-9)***

4 (2-6)*

Control
SE

Immunoreactivity score (IRS) is given as median (minimum-maximum). IRS is defined as
intensity score (0: no; 1: weak; 2: moderate; 3: strong IR) multiplied by frequency score (1:
single to 10%; 2: 11-50%; 3: >50%). Different compared to control, p<0.05: *, p<0.01: **
p<0.001: ***. Different compared to HS, p<0.01: ^^, p<0.001: ^^^.
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