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A B S T R A C T   

Neuroinflammation is a key component of epileptogenesis, the process leading to acquired epilepsy. In recent 
years, with the development of non-invasive in vivo positron emission tomography (PET) imaging of translocator 
protein 18 kDa (TSPO), a marker of neuroinflammation, it has become possible to perform longitudinal studies to 
characterize neuroinflammation at different disease stages in animal models of epileptogenesis. This study aimed 
to utilize the prognostic capability of TSPO PET imaging at disease onset (2 weeks post-SE) to categorize epileptic 
rats with distinct seizure burden based on TSPO levels at disease onset and investigate their association to TSPO 
expression at the chronic epilepsy stage. Controls (n = 14) and kainic acid-induced status epilepticus (KASE) rats 
(n = 41) were scanned non-invasively with [18F]PBR111 PET imaging measuring TSPO expression. Animals were 
monitored using video-electroencephalography (vEEG) up to chronic disease (12 weeks post-SE), at which TSPO 
levels ([3H]PK11195) as well as other post-mortem abnormalities (namely synaptic density ([3H]UCB-J), neuronal 
loss (NeuN), and neurodegeneration (FjC)) were investigated. By applying multivariate analysis, TSPO PET 
imaging at disease onset identified three KASE groups with significantly different spontaneous recurrent seizures 
(SRS) burden (defined as rare SRS, sporadic SRS, and frequent SRS) (p = 0.003). Interestingly, TSPO levels were 
significantly different when comparing the three KASE groups (p < 0.0001), with the frequent SRS group 
characterized only by a limited focal TSPO increase at disease onset. On the contrary, TSPO measured during 
chronic epilepsy was found to be the highest in the frequent SRS group and correlated with seizure burden (r =
0.826, p < 0.0001). Importantly, early and chronic TSPO levels did not correlate (r = − 0.05). Finally, significant 
pathological changes in neuronal loss, synaptic density, and neurodegeneration were found not only when 
compared to control animals (p < 0.01), but also between the three KASE rat categories in the hippocampus (p <
0.05). Early and chronic TSPO upregulation following epileptogenic insult appear to be driven by two super
imposed dynamic processes. The former is associated with epileptogenesis as measured at disease onset, while 
the latter is related to seizure frequency as quantified during chronic epilepsy.   

1. Introduction 

Temporal lobe epilepsy (TLE) is the most common focal and phar
macoresistant form of epilepsy in adults, accounting for approximately 
60% of all partial epilepsies (Engel, 1996; Tellez-Zenteno and 

Hernandez-Ronquillo, 2012). The clinical hallmark of TLE is the 
occurrence of spontaneous recurrent seizures (SRS) in parallel to a high 
prevalence of neuropsychiatric comorbid disorders, such as depression 
and anxiety (Keezer et al., 2016), severely affecting the patient’s quality 
of life. 
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TLE can be acquired following epileptogenesis, a process during 
which an initial brain insult (such as status epilepticus (SE), brain trauma, 
or stroke) triggers a series of pathophysiological changes, including 
brain inflammation, abnormal neuronal network reorganization, and 
synaptic circuit alterations (Ben-Ari, 2001; Goffin et al., 2008; Lillis 
et al., 2015), ultimately leading to the development of SRS and neuro
psychiatric comorbidities (Pitkanen and Engel, 2014). The latent period 
between the initial epileptogenic insult and the appearance of clinically 
relevant symptoms can last from a few months to several years (Pitkanen 
et al., 2015). 

In recent years, the relevance of neuroinflammation during epi
leptogenesis (Koepp et al., 2017; Ravizza et al., 2011; Vezzani et al., 
2011, 2013b; Vezzani and Friedman, 2011) as well as during chronic 
epilepsy (Vezzani et al., 2011) has been postulated and reported in an
imal models of TLE (Amhaoul et al., 2015; Auvin et al., 2010; Brackhan 
et al., 2016; Pernot et al., 2011). In particular, translocator protein 18 
kDa (TSPO) (Rupprecht et al., 2010) represents a candidate in vivo 
biomarker to study neuroinflammation as it can be imaged non- 
invasively utilizing positron emission tomography (PET) with several 
radioligands, including [18F]PBR111, [18F]DPA714, and [18F]GE180. 
Several preclinical studies focusing on TSPO PET imaging during epi
leptogenesis have demonstrated its potential as a possible non-invasive 
in vivo marker of epileptogenesis (Bertoglio et al., 2017b; Brackhan 
et al., 2016, 2018; Dedeurwaerdere et al., 2012; Nguyen et al., 2018; 
Russmann et al., 2017). 

In the well-established kainic acid-induced status epilepticus (KASE) 
rat model of TLE (Levesque and Avoli, 2013), we have previously re
ported that TSPO expression during epileptogenesis peaks around 1 to 2 
weeks post-SE, it is mainly associated with microglia activation 
(Amhaoul et al., 2015; Bertoglio et al., 2017a), and can be quantified 
using [18F]PBR111 PET imaging (Amhaoul et al., 2015; Dedeurwaerdere 
et al., 2012). Additionally, we demonstrated that a single TSPO PET scan 
at disease onset (2 weeks post-SE) could accurately predict the SRS 
frequency KASE rats will develop during chronic epilepsy (Bertoglio 
et al., 2017b), indicating its potential prognostic value for the stratifi
cation of subjects at risk. Using this powerful paradigm, this study aims 
to investigate the association of TSPO expression at disease onset with 
TSPO levels during chronic epilepsy as well as seizure frequency by 
stratifying epileptic rats into three distinct seizure burden groups based 
on our previous work (Bertoglio et al., 2017b). Additionally, we assessed 
different neuropathology read-outs and their relationship with TSPO 
levels during chronic epilepsy. 

2. Materials and methods 

2.1. Animals 

A total of 55 male Wistar Han rats (Charles River Laboratories, 
France) were purchased at 5 weeks of age. Animals were individually 
housed under a 12 h light/dark cycle in a temperature- (22 ± 2 ◦C) and 
humidity-controlled (55 ± 10%) environment with food and water 
available ad libitum. A minimum of five days was provided to the animals 
before the start of the procedures to acclimatize. All procedures were 
performed according to the European Committee (2010/63/EU) and the 
Animal Welfare Act (7 USC 2131). All of the animal experiments were 
approved by the ethical committee for animal testing (ECD 2014–39) at 
the University of Antwerp (Belgium). 

2.2. Experimental design 

An overview of the experimental workflow is reported in Fig. 1. 
Briefly, 14 days following induction of SE (controls, n = 14; KASE rats, n 
= 41), animals underwent a [18F]PBR111 PET scan to measure TSPO 
levels at disease onset (occurrence of the first spontaneous seizure). 
Next, we applied principal component analysis on the TSPO PET dataset 
to identify clusters of KASE subgroups. Then, we predicted the SRS 
frequency of the animals using partial least square (PLS) regression and 
divided the KASE animals into three groups depending on the estimated 
SRS frequency (namely KASE – rare SRS, KASE – sporadic SRS, and KASE 
– frequent SRS). Finally, we investigated in vivo inter-regional TSPO 
patterns at disease onset as well as post-mortem histopathological 
changes 12 weeks post-SE (chronic disease) among the three KASE 
groups. Specifically, we assessed neuroinflammation and synaptic den
sity using autoradiography ([3H]PK11195 and [3H]UCB-J, respectively) 
as well as neuronal loss and neurodegeneration with NeuN immuno
histochemistry and Fluorojade C immunofluorescence respectively. 
Finally, associations between variables were investigated. 

This study focused on stratification of KASE rats depending on their 
epileptic outcome, thus we allocated more animals to the KASE group (n 
= 41) than the control group (n = 14), still providing an appropriate 
sample size for statistical comparison. Additionally, animals were 
divided into two main groups. The first group of animals (controls, n = 7; 
KASE rats, n = 15) was used to describe the capability of [18F]PBR111 
PET scan 14 days post-SE in predicting SRS outcome. These animals 
were implanted with MRI-compatible epidural electrodes 2 weeks 
before induction of SE and were vEEG monitored continuously (24/7) 
during the entire study (12 weeks) to reliably predict the SRS frequency 
for each subject. The resulting in vivo data for those animals were 

Fig. 1. Flowchart of the analysis. Following induction of SE (controls, n = 14; KASE rats, n = 41), animals underwent a TSPO PET scan at disease onset (14 days post- 
SE). Next, principal component analysis (PCA) was applied on the TSPO PET data to identify KASE subgroups representing different SRS outcome categories, and the 
spontaneous recurrent seizures (SRS) frequency for each individual was predicted by partial least square (PLS) regression. TSPO levels at disease onset as well as 
during chronic epilepsy (12 weeks post-SE) were explored in the KASE categories. Additionally, different post-mortem histopathological features at chronic disease 
were investigated and their association with TSPO levels was assessed. 
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previously published (Bertoglio et al., 2017b) and used in the current 
study to predict the SRS outcome of a second large cohort (controls, n =
7; KASE rats, n = 15). This second group of animals was implanted with 
epidural electrodes during the chronic phase of the disease (8 weeks 
post-SE) and were vEEG monitored continuously (24/7) for a total of 2 
weeks during the chronic phase. 

2.3. Induction of status epilepticus 

A total of 14 animals were randomly assigned to the control group, 
while the remaining 41 were allocated to the KASE group. Induction of 
SE was performed using a low-dose kainic acid (KA, A.G. Scientific, USA) 
protocol with the procedure we previously reported (Bertoglio et al., 
2017a, 2017b). On the date of the induction, control animals displayed a 
bodyweight of 220.5 ± 25 g, while KASE rats were 221.8 ± 28 g. The 
average administered KA dose was 18.4 ± 6.0 mg/kg. One animal did 
not reach SE (97.5% induction rate) and four animals did not survive the 
SE (10% mortality rate). Additionally, two KASE rats did not recover 
from SE and were euthanatized in the following days. These animals 
were excluded from all analyses. 

2.4. Anatomical T2 MRI 

T2 MRI scans were performed on a 9.4 T Biospec scanner (Bruker, 
Germany) in the same week of PET/CT scan with the same procedure 
previously described (Bertoglio et al., 2017b). Animals were anes
thetized using isoflurane (Forene, Belgium) in a mixture of N2/O2 (in
duction 5%, maintenance 2.5%) and placed in a prone position into the 
scanner. Body temperature was maintained constant by using a rectal 
thermistor with feedback-controlled warm air circuitry (MR-compatible 
Small Animal Heating System, SA Instruments, Inc., USA). Respiration 
rate was also monitored throughout the experiment using a pressure- 
sensitive sensor under the rat (MR-compatible Small Animal Moni
toring and Gating System, SA Instruments, Inc., USA). After a Tripilot 
scout image, a rapid acquisition with relaxation enhancement (RARE) 
sequence was used to obtain 70 coronal slices with a 0.4 mm thickness 
(0.17 × 0.114 × 0.35 mm3 voxels), an acquisition matrix of 256 × 344, 
and a field of view (FOV) of 30 × 40 × 28 mm2. The MR image acqui
sition procedure lasted for about 10 min, after which the animals were 
placed in a recovery box while heated under an infrared lamp. All data 
were acquired using ParaVision 5.1 (Bruker, Germany). Volumes of in
terest (VOIs) were manually delineated for each animal in PMOD 3.6 
software (Pmod Technologies, Zurich, Switzerland) to correct for 
possible hippocampal sclerosis when quantifying [18F]PBR111 PET 
images. The following VOIs were considered: whole brain (WB), olfac
tory bulb (OLF), frontal cortex (FC), insular cortex (INS), hippocampus 
(HC), extrahippocampal temporal lobe (TEMP), ventricles (VENT), 
piriform cortex (PIR), thalamus (THAL), and cerebellum (CB). 

2.5. TSPO PET imaging 

TSPO was visualized using the radioligand [18F]PBR111. Synthesis 
of [18F]PBR111 was achieved using a Fluorsynton I automated synthesis 
module (Comecer Netherlands, The Netherlands) as previously 
described (Bourdier et al., 2012) with a molar activity of 206.4 ± 30.2 
GBq/µmol. MicroPET/Computed tomography (CT) images were ac
quired using two virtually identical Siemens Inveon PET/CT scanners 
(Siemens Preclinical Solution, Knoxville, USA). Animal preparation was 
performed as previously described (Bertoglio et al., 2017b). Briefly, rats 
were anesthetized using isoflurane in medical oxygen (induction 5%, 
maintenance 2–2.5%). The respiration rate of the animal was monitored 
during the entire scan and body temperature was maintained constant 
using a feedback-controlled warm air circuitry (Minerve, France). The 
radioligand was injected into the tail vein of the animal using an auto
mated pump (Pump 11 Elite, Harvard Apparatus, USA) over 1-min. 
Animals were injected 10.5 ± 2.0 MBq [18F]PBR111 corresponding to 

a cold mass of 0.28 ± 0.02 nmol/kg. One control and two KASE rats were 
excluded from the analysis because of faulty tracer injection. 

Immediately after the PET scan, a 10 min 80 kV/500 μA CT scan was 
performed for attenuation correction and co-registration purposes. 
Iterative PET image reconstruction was performed after Fourier rebin
ning (Defrise et al., 1997) using an ordered-subset expect
ation–maximization algorithm (OSEM-2D) (Hudson and Larkin, 1994) 
including corrections for normalization, dead-time, attenuation, and 
random coincidences provided by the manufacturer. PET image frames 
were reconstructed on a 128 × 128 × 159 grid with 0.776 × 0.776 ×
0.796 mm3 voxels. 

Image analysis and processing of the data was performed in PMOD 
3.6 software (Pmod Technologies, Zurich, Switzerland). Registration of 
the CT and PET images to the individual MRI was achieved by auto
mated rigid matching of the individual CT images to the correspondent 
MRI. Since PET and CT images were acquired on the same gantry, the 
same automated rigid matching was applied to co-register PET and MR 
images. All images were visually checked for accuracy. The time win
dow of 45 to 60 min post-injection of the radiotracer was used for 
measurement of the TSPO levels as standardized uptake value (SUV), 
calculated as the concentration of radioactivity in the tissue divided by 
the injected radioactivity over the body weight of the animal. The tissue 
radioactivity was extracted using the VOIs manually delineated on the 
individual MR images. Finally, average SUV images for each investi
gated group were obtained by averaging the SUV images of animals 
assigned to the category (i.e. controls, KASE – rare SRS, KASE – sporadic 
SRS, and KASE – frequent SRS). 

2.6. Principal component analysis 

Principal Component Analysis (PCA) is a data reduction method that 
determines a set of linearly uncorrelated components that account for 
multi-dimensional variability in a dataset. The following brain regions 
were included in the analysis: FC, INS, THAL, HC, PC, TEMP, OB, CB, 
and VENT. The two-dimensional PCA accounted for a total of 86.1% of 
the total variance of the data (PC1 = 77.5% and PC2 = 8.6%). INS, 
TEMP, and VENT contributed to dimension 1 (PC1), while FC was the 
main contributor to dimension 2 (PC2). Given the large dataset (n = 40), 
the resulting subject-to-variable ratio was 4.4, well above the recom
mended ratio of 1.2 to obtain satisfactory results (Barrett and Kline, 
1981), indicating an adequate sample size for PCA. 

2.7. Partial least squares regression 

PLS regression, a method for constructing predictive models based 
on highly collinear factors, was applied to predict the SRS frequency of 
KASE animals scanned at disease onset by regressing the independent 
variables (factors, i.e. regional [18F]PBR111 uptake) on the dependent 
variable (response, i.e. SRS/day) and vice versa (Naes and Martens, 
1985). As we previously demonstrated that PLS regression can be 
applied to [18F]PBR111 PET imaging at disease onset to identify SRS 
frequency in KASE rats (Bertoglio et al., 2017b), we extended the 
approach to a larger dataset and to determine three SRS categories 
(KASE – Rare SRS = 0.08 [0.028, 0.15] SRS/day, KASE – Sporadic SRS =
0.17 [0.11, 0.22] SRS/day, and KASE – Frequent SRS = 0.62 [0.27, 0.87] 
SRS/day). A quasi-Poisson distribution was used to account for count 
data and overdispersion. The optimal number of components was ob
tained by cross-validation (Gomez-Carracedo et al., 2007). 

2.8. Electrode implantation 

Electrodes were implanted on all animals two weeks before the start 
of the vEEG recordings to guarantee an adequate recovery time. Rats 
that underwent 12 weeks vEEG recording (controls, n = 6; KASE rats, n 
= 15) were implanted with an MRI-compatible epidural tripolar elec
trode (Bilaney Consultants, Plastics One Inc., Germany) as already 
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described (Bertoglio et al., 2017b). Animals monitored only during 
chronic epilepsy (10 weeks post-SE) (controls, n = 7; KASE rats, n = 15) 
were implanted with four surface Teflon-coated stainless steel wires 
electrodes (330 μm; Science Products, Germany), soldered to a gold- 
plated connector pin at one end, and a stainless-steel screw on the 
other end (PlasticsOne, Bilaney Consultants, Germany). Connector pins 
from all electrodes were mounted into a protective plastic pedestal 
(PlasticsOne, Bilaney Consultants, Germany), and the entire assembly 
was insulated and fixed to the cranium with dental cement (Simplex 
Rapid, Kemdent, UK & Durelon, 3 M ESPE, USA) as previously described 
(Amhaoul et al., 2015). Following the surgery, xylocaine (2%; Astra
Zeneca, Belgium) was locally applied to the wound, buprenorphine 
(0.01 mg/kg, subcutaneously (s.c.); Ecuphar, the Netherlands) injected 
for pain relief, and Hartmann’s solution (10 ml/kg, s.c.; Viaflo Baxter 
Healthcare, Belgium) administered to prevent dehydration. Animals 
were returned to their home cages for recovery and placed under an 
infrared lamp. Additional care was taken over the days following sur
gery, with the animals receiving enriched soft food pellets and Hart
mann’s solution (10 ml/kg, s.c.) if needed. 

2.9. vEEG recording 

Freely moving control and KASE rats were subjected to continuous 
vEEG for the recording period as previously described (Amhaoul et al., 
2015; Bertoglio et al., 2017b). Animals were connected to the digital 
EEG acquisition system (Ponemah P3 Plus; Data Sciences International, 
USA) using a three-channel connector cable with a spring and a rotor- 
containing commutator (Bilaney Consultants, Plastic One Inc., Ger
many). Besides, a network video camera (Axis P1343, Axis Communi
cations, Sweden), coupled with a night-vision infrared lamp (Raymax 25 
IP, Raytec, UK) used to improve video quality during the lights-off 
period, was synchronized to the EEG acquisition system. 

vEEG recordings were manually analysed for SRS identification by 
an experienced investigator using Neuroscore 3.0 (Data Sciences Inter
national, USA) as previously reported (Williams et al., 2009). Besides, 
synchronized video-recordings were used to visually classify SRS 
severity using the behavioural scale of Racine (Racine, 1972) as previ
ously described (Bertoglio et al., 2017a). The number of SRS per day was 
determined for statistical analysis. Three rats lost their electrode as
sembly before the conclusion of the vEEG period and they were eutha
nized before the study endpoint to avoid discomfort. 

2.10. Tissue collection 

At 12 weeks post-SE, controls (n = 13) and KASE rats (n = 30) were 
rapidly decapitated. Brains were immediately dissected, snap-frozen in 
2-methylbutane at − 35 ◦C for 3 min, and further preserved at − 80 ◦C. 
Serial coronal sections of 20 µm thickness of the dorsal hippocampus 
were collected in triplicate starting at bregma − 2.40 mm (Paxinos and 
Watson, 2007), on positively charged glass slides (Menzel-Gläser, 
Thermo Fischer Scientific, USA) using a cryostat (Leica, Germany). All 
post-mortem analyses were performed on consecutive slides at bregma 
− 3.00 mm to visualize the dorsal hippocampus and piriform cortex 
because of their high interconnectivity with other limbic nuclei, playing 
a key role in seizure generation and propagation in TLE. 

2.11. Autoradiography 

In vitro autoradiography was performed to quantify neuro
inflammation and synaptic density using the TSPO ligand [3H]PK11195 
(PerkinElmer, USA) as previously described (Bertoglio et al., 2017a) and 
synaptic vesicle glycoprotein 2A (SV2A) ligand [3H]UCB-J (Novandi 
Chemistry AB, Sweden), respectively. First, sections were air-dried at 
room temperature, re-incubated for 20 min with binding buffer (50 mM 
Tris-HCl buffer, pH 7.4), and dried using a warm airflow. Next, 
consecutive slides were incubated with either total binding solution (TB, 

1 nM of [3H]PK11195 or [3H]UCB-J in binding buffer) or non-specific 
binding solution (NB, 1 nM of [3H]PK11195 + 40 µM of cold 
PK11195 or [3H]UCB-J + 10 µM of cold UCB-J in binding buffer) for 1 h 
at room temperature. Subsequently, sectioned were washed in the 
binding buffer on ice, dipped into distilled water, and dried for 2 h at 
room temperature. Sections and tritium standards (American Radio
labelled Chemicals Inc., USA) were exposed for 6 weeks to Amersham 
Hyperfilm MP (GE Life Sciences, Belgium). Autoradiographic films were 
developed manually and digitalized using an Epson V700 photo scanner 
(Seiko Epson Corporation, Japan). 

Regions-of-interest (ROIs) were manually delineated in triplicate for 
CA1, HC, PIR, and TEMP by an experienced investigator blind to con
dition using Fiji - ImageJ software (National Institute of Health, USA). 
Regional specific binding was quantified by subtracting the non-specific 
binding from the total binding (in Bq/mg tissue) divided by the decay- 
corrected molar activity of the radioligand (in Gb/µmol) on an experi
mental day to obtain the final value (number of mol/mg) for statistical 
analysis. 

2.12. Histology 

Histological assessment was performed to evaluate the neuronal loss 
and ongoing neurodegeneration by visualizing neuronal nuclei (NeuN) 
and fluorojade C (FjC), respectively. NeuN immunostaining was 
executed as previously described (Bertoglio et al., 2017a). Briefly, 
following an initial fixation step (4% paraformaldehyde, PFA, for 10 
min) and blocking (0.5% Triton-X and 5% normal donkey serum, NDS, 
for 20 min) sections were incubated overnight with the mouse anti-rat 
NeuN primary antibody (1:2000, Merck Millipore, Germany) in block
ing solution. The next day, sections were incubated with peroxidase- 
conjugated donkey anti-mouse antibody (IgG-HRP, 1:500, Jackson 
Immunoresearch, UK) in antibody diluent for 1 h, after which they were 
exposed for 10 min to the colorimetric diaminobenzidine marker. 
Finally, sections were dehydrated and coverslipped. Images were ac
quired with a NanoZoomer-ZR slide scanner (Hamamatsu, Japan) 
equipped with a 20X objective and processed with the Pannoramic 
Viewer (3DHISTECH Ltd, Hungary). Neuronal density was measured 
using Fiji - ImageJ software (National Institute of Health, USA) in CA1 
and PC by converting them into grayscale (8-bit) and applying an in
tensity threshold to all images to remove the background signal. The 
intensity threshold, and the minimum and maximum cell size parameter 
values were initially determined empirically. The outcome of the anal
ysis was the total number of positive cells in the field of view, performed 
blinded to condition on triplicate sections of which the mean score was 
considered for statistical analysis. 

FjC staining was executed to determine ongoing neurodegeneration 
as previously reported (Bertoglio et al., 2017a; Schmued et al., 2005). 
Briefly, after an initial fixation step (4% PFA for 10 min), sections were 
dipped into a 1% sodium hydroxide in 80% ethanol solution for 5 min, 
rinsed in 70% ethanol for 2 min, and immersed into 0.06% potassium 
permanganate solution for 10 min. Next, sections were transferred into a 
solution of 0.0005% FjC (Merck Millipore, Germany) dissolved in 0.1% 
acetic acid. Finally, sections were dehydrated and coverslipped. Images 
of CA1 and PC were acquired in triplicate at 20X with a fluorescent 
microscope (Olympus, Japan) using Olympus CellSens software. The 
total number of FjC positive cells was visually counted by two inde
pendent investigators blind to the condition. The mean value of each 
region was considered for statistical analysis. 

2.13. Statistical analysis 

All data were assessed for normal distribution using the D’Agostino- 
Pearson omnibus normality test. [18F]PBR111 data were normally 
distributed, therefore an unpaired T-test was applied to compare con
trols and KASE rats. Besides, one-way ANOVA with Holm-Sidak post-hoc 
correction for multiple comparisons was used to analyse [18F]PBR111 
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data when KASE rats were divided into KASE categories. For all the other 
variables, the Mann-Whitney U test was applied for comparison between 
controls and all KASE rats. To investigate differences among controls 
and KASE categories, we used the Kruskal-Wallis test with post-hoc 
Dunn’s multiple comparison test. Spearman rank correlation tests were 
applied to examine the relationship between measurements, exemplified 
by piriform cortex. All the above analyses were performed using 
GraphPad Prism (v8.4) statistical software. PCA and PLS regression were 
performed in RStudio (version 1.2 build 1351), using the factoextra and 
pls packages, respectively. For consistency, all data are represented as 
median ± 95% confidence intervals (CI). All tests were two-tailed, and 
significance was set at p < 0.05. 

3. Results 

3.1. TSPO levels at disease onset identify categories of KASE rats with 
different seizure burden 

TSPO levels were measured non-invasively using [18F]PBR111 PET 
imaging 2 weeks post-SE. [18F]PBR111 uptake was significantly higher 
in KASE rats compared to control animals in all investigated brain re
gions with the largest difference observed in the extra-hippocampal 
temporal lobe (controls = 0.51 [0.47, 0.54], KASE rats = 1.48 [1.23, 
1.73], p < 0.0001) (Fig. S1a). Given the variability among KASE rats, we 
applied PCA, which distinguished 3 independent clusters of KASE rats 
(Fig. 2a). Based on our a posteriori knowledge of the SRS outcome for half 
of the animals (n = 15), we could categorize the 3 clusters of KASE 
animals according to the future SRS burden they will experience with 
the progression of the disease (i.e. ‘Rare SRS’, ‘Sporadic SRS’, and 
‘Frequent SRS’) and estimate the different SRS frequency among the 
KASE categories (KASE – Rare SRS = 0.08 [0.028, 0.15] SRS/day, KASE 
– Sporadic SRS = 0.17 [0.11, 0.22] SRS/day, and KASE – Frequent SRS 
= 0.62 [0.27, 0.87] SRS/day; p = 0.003) with a significant post-hoc 
difference between KASE – Frequent SRS versus KASE – Rare SRS (p =
0.0002) as well as KASE – Sporadic SRS (p = 0.0449) (Fig. 2b). Average 
[18F]PBR111 SUV PET images for the four experimental groups (Fig. 2c) 
depicted the elevated yet different [18F]PBR111 binding in the temporal 
lobe and hippocampus of KASE rats categories. Accordingly, TSPO levels 
were significantly different among groups (e.g. in temporal lobe, F3,36 =

92.73, p < 0.0001). Interestingly, [18F]PBR111 uptake in KASE – Spo
radic SRS was significantly higher than the other KASE categories (p <
0.0001) (Fig. 2d). The distinct TSPO cerebral distribution pattern across 
KASE categories was also visible in their correlation matrices (Fig. S2). 

3.2. TSPO levels at disease onset and during chronic epilepsy are 
independent 

TSPO levels 12 weeks post-SE were measured using in vitro [3H] 
PK11195 autoradiography. Similar to the finding at 2 weeks post-SE, 
TSPO levels were significantly higher in KASE animals compared to 
control rats in all investigated regions (e.g. in PIR: controls = 82.5 [30.5, 
106.8] fmol/mg; KASE rats = 194.1 [94.1, 254.3] fmol/mg, +135%, p 
< 0.01) (Fig. S1b). Nonetheless, when considering the different KASE 
categories, TSPO levels during the chronic period increased significantly 
with the SRS frequency of the KASE rats (Fig. 2e), unlike what was 
observed at disease onset (Fig. 2d). Accordingly, no association between 
TSPO measurements at disease onset and chronic epilepsy was observed, 
as exemplified by piriform cortex (r = − 0.05, p = 0.79) (Fig. 2f). In 
addition, TSPO levels measured at 2 weeks post-SE in individual brain 
structures did not correlate with seizure frequency (r = − 0.12, p = 0.52) 
(Fig. 2g), unlike TSPO measurement at 12 weeks post-SE, which was 
strongly associated (r = 0.826, p < 0.0001) (Fig. 2h). 

3.3. Post-mortem assessment during chronic disease 

In addition to TSPO levels, neuronal loss, neurodegeneration, and 

SV2A density were assessed 12 weeks post-SE. In terms of neuronal loss, 
KASE rats displayed a significantly reduced neuronal count compared to 
controls in both the CA1 and PIR (e.g. in PIR: controls = 524.3 [489, 
585.4] counts; KASE rats = 303.0 [256.0, 336.3] counts, − 42.2%, p <
0.0001) (Fig. S3a). Representative NeuN images of CA1 in control and 
KASE – Frequent SRS rats are depicted in Fig. 3a. KASE rats in the 
different categories did not differ from each other (Fig. 3b), nonetheless, 
a negative correlation with TSPO levels was observed (r = − 0.649, p =
0.0003) (Fig. 3c). 

KASE rats also displayed a significantly higher number of degener
ating neurons compared to control animals in both the CA1 and PIR (e.g. 
in PIR: controls = 0.0 [0.0, 1.3] positive cells; KASE rats = 37.3 [4.0, 
68.0] positive cells, p < 0.0001) (Fig. S3b). Representative FjC images of 
CA1 in control and KASE – Frequent SRS rats are shown in Fig. 3d. When 
considering the different KASE categories, FjC positive cell count was 
different among groups (p < 0.0001) with the KASE rats with Frequent 
SRS displaying significantly higher neurodegeneration compared to 
controls (p = 0.0003) and KASE rats – Rare SRS (p = 0.039) (Fig. 3e). 
Interestingly, neurodegeneration levels were also associated to TSPO 
expression (e.g. PIR: r = 0.713, p < 0.0001) (Fig. 3f). 

Finally, SV2A density was significantly reduced in KASE rats 
compared to control animals in the hippocampus (e.g. in CA1: controls 
= 406.5 [392.7, 441.1] fmol/mg; KASE rats = 289.3 [241.4, 339.8] 
fmol/mg, − 28.8%, p < 0.0001) (Fig. S3). When considering the KASE 
categories, SV2A levels differed among groups in the hippocampus (e.g. 
in CA1: p = 0.0002) with no significant difference was observed between 
KASE categories (Fig. 3g). Only a weak association between SV2A levels 
and TSPO expression was measured (e.g. PIR: r = − 0.420, p = 0.032) 
(Fig. 3h). 

4. Discussion 

The present study assessed neuroinflammation in the KASE model of 
temporal lobe epilepsy by means of TSPO upregulation at disease onset 
and chronic epilepsy. This study corroborated the extensive neuro
inflammation occurring during epileptogenesis as measured non- 
invasively using TSPO PET imaging, consistent with previous reports 
by our and other laboratories in different experimental models of TLE 
(Amhaoul et al., 2015; Bertoglio et al., 2017b; Brackhan et al., 2016, 
2018; Dedeurwaerdere et al., 2012; Nguyen et al., 2018; Russmann 
et al., 2017; Yankam Njiwa et al., 2016). 

To our knowledge, this is the first study to classify KASE rats based on 
their distinctive seizure burden and explore TSPO upregulation at 
different disease stages. The 3 identified KASE rat categories demon
strated distinct TSPO levels during both early and chronic phases. We 
have previously shown that TSPO overexpression at 1 to 2 weeks post-SE 
is mainly driven by microglial activation (Amhaoul et al., 2015; Berto
glio et al., 2017a). It is well known that acute neuroinflammation pro
duces a balance of pro- and anti-inflammatory cytokines which can, in 
turn, polarize microglia to exacerbate or resolve the insult-related 
damage (Cherry et al., 2014; Therajaran et al., 2020). Thus, the 
observed higher levels in TSPO in KASE – sporadic SRS rats at disease 
onset might derive from a higher M2 polarization of microglia in 
response to the epileptogenic insult, in contrast to chronic neuro
inflammation, which is predominantly pro-inflammatory and exacer
bates seizure generation (Vezzani et al., 2011). Accordingly, TSPO 
expression during chronic epilepsy was the highest in the KASE rats with 
frequent SRS and displayed a positive association between TSPO 
expression and seizure frequency (e.g. in PIR: r = 0.826) consistently 
with previous observations (Amhaoul et al., 2015; Bogdanovic et al., 
2014), suggesting a possible role of TSPO as seizure biomarker during 
chronic epilepsy (Koepp et al., 2017). However, we did not observe an 
association between TSPO upregulation during epileptogenesis and 
chronic disease (e.g. in PIR: r = − 0.05). The mechanisms underlying the 
relationship between TSPO upregulation and epileptogenesis are not 
fully understood yet, nonetheless, based on the current knowledge, it 
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appears that TSPO upregulation is driven by different pathophysiolog
ical processes superimposed in a two-waves fashion during early and 
chronic stages of the disease (Fig. 4). On the one hand, the initial wave 
occurs around 1–2 weeks post-SE, depending on the animal model of 
TLE, and it is characterized by extensive neuroinflammation as a result 
of epileptogenic changes induced by the initial brain insult (SE). On the 
other hand, the second chronic TSPO wave is associated with the 
occurrence of seizures in a vicious cycle between neuroinflammation 
and seizures as previously postulated (Vezzani et al., 2011). 

Histological assessment during chronic epilepsy revealed an exten
sive neuronal loss in all KASE categories. This is not surprising as 
neuronal loss and seizures are not mutually dependent (Dingledine 
et al., 2014; Gorter et al., 2003; Pitkanen et al., 2002). Accordingly, we 
previously demonstrated in this animal model that neuronal loss is 
extensive already 1-week post-SE as a consequence of the initial brain 
insult (Bertoglio et al., 2017a) and it appears to be continuing into the 
chronic phase in parallel to higher seizure burden. This could be a direct 
consequence of the interplay between neuroinflammation and seizure 

Fig. 2. TSPO expression at disease onset identifies KASE categories with distinct seizure burden although independent from chronic TSPO levels. (a) PCA analysis of 
TSPO PET imaging identified 3 clusters of KASE rats. (b) SRS frequency of the 3 KASE categories estimated using partial least squares applied to the TSPO PET data. 
(c) Mean [18F]PBR111 SUV PET images for the 4 experimental groups 2 weeks post-SE. SUV images are overlaid onto MR images for anatomical localization. (d) 
TSPO PET quantification 2 weeks post-SE showed KASE rats with sporadic SRS displaying the highest uptake. Controls, n = 12; KASE – Rare SRS, n = 9; KASE – 
Sporadic SRS, n = 10; KASE – Frequent SRS, n = 9. (e) TSPO levels 12 weeks post-SE increased significantly with the SRS frequency of the KASE rats. Depending on 
structure: Controls, n = 10–12; KASE – Rare SRS, n = 6–9; KASE – Sporadic SRS, n = 6–10; KASE – Frequent SRS, n = 7–9. (f) TSPO levels measured 2 and 12 weeks 
post-SE are not associated. (g) TSPO levels measured at 2 weeks post-SE in individual brain structures do not correlate with seizure burden. (h) TSPO levels measured 
12 weeks post-SE are highly associated with seizure burden. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. INS = insular cortex, THAL = thalamus, HC =
hippocampus, PIR = piriform cortex, TEMP = temporal lobe, FC = frontal cortex, CA1 = cornu ammonis 1, ARG = autoradiography. 

Fig. 3. Post-mortem assessment of the different KASE categories during chronic disease. (a) Representative hippocampal NeuN staining of control and KASE – 
Frequent SRS animal. (b) All 3 KASE categories displayed significant neuronal loss compared to control animals. (c) Correlations between neuronal count and TSPO 
levels. (d) Representative FjC images in CA1 of control and KASE – Frequent SRS animal. (e) Neurodegeneration increased significantly with the SRS frequency of the 
KASE rats. (f) Correlations between FjC counts and TSPO levels. (g) SV2A levels 12 weeks post-SE were significantly reduced in the CA1 of all KASE categories 
compared to controls. (h) Correlations between SV2A and TSPO levels. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. CA1 = cornu ammonis 1, HC =
hippocampus, PIR = piriform cortex, TEMP = temporal lobe, ARG = autoradiography. 
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occurrence during chronic epilepsy (Vezzani et al., 2013a, 2011), trig
gering chronic microglial activation and inducing extensive neuro
degeneration (Bertoglio et al., 2017a). 

In addition to neuroinflammation, synaptic plasticity and functional 
remodelling characterize epileptogenesis and chronic epilepsy (Wykes 
et al., 2019). Accordingly, the hyposynchrony of brain networks during 
epileptogenesis is associated with the seizure frequency established 
during chronic epilepsy as recently demonstrated in KASE rats (Berto
glio et al., 2019a; Christiaen et al., 2019). Thus, we utilized [3H]UCB-J 
autoradiography, a marker of synaptic density, to investigate changes 
during chronic epilepsy. In the present study, we have demonstrated a 
declined hippocampal synaptic density during chronic epilepsy, how
ever, it was mainly restricted to the CA1 layer and not associated with 
seizure frequency. While such focal reduction might be difficult to detect 
in vivo given the spatial resolution of microPET cameras (range of 
0.8–1.5 mm), the potential application of SV2A PET imaging as a non- 
invasive marker for epilepsy is supported by recent work demon
strating its applicability in rodents (Bertoglio et al., 2019b; Thomsen 
et al., 2020), evidence of reduced synaptic density in KASE rats during 
the progression of epilepsy (Serrano et al., 2020) and further corrobo
rated by the observation that SV2A PET can detect the epileptogenic 
focus in patients with refractory TLE (Finnema et al., 2016, 2020). 

The development of disease-modifying treatments to alter or even 
prevent epileptogenesis remains a priority to the field, with identifica
tion and validation of non-invasive objective tools to monitor (and 
predict) disease progression being a key requirement to pursue this goal 
(Koepp et al., 2017; Pitkanen et al., 2019, 2016). Indeed, the inability to 
predict disease severity and stratify patients at risk represents is a major 
shortcoming for the identification of candidate therapeutic targets and 
selection of subjects to include in anti-epileptogenic therapeutic trials. 
In this view, the capability of classifying KASE rats on their future 
distinct seizure frequency based on a single non-invasive TSPO PET scan 
at disease onset holds great potential. For instance, future studies may 
focus on investigating distinct expression patterns using RNA 
sequencing (Hammer et al., 2019) or proteomic profiling (Keck et al., 
2017; Walker et al., 2016) between KASE rats with divergent seizure 
burden (e.g. rare SRS vs frequent SRS) at disease onset to pinpoint novel 
candidate targets. Additionally, TSPO PET could be implemented as pre- 
selection screening of which KASE animals to be included in preclinical 
anti-epileptogenic trials for the assessment of candidate drugs, signifi
cantly reducing the required sample sizes and increasing statistical 
power, thus increasing their feasibility (Klein and Tyrlikova, 2017; 
Loscher, 2020). 

5. Conclusions 

In summary, we found early TSPO upregulation to be associated with 
epileptogenesis, while chronic TSPO overexpression to be related to 
seizure frequency. Early and chronic TSPO upregulation following 
epileptogenic insult appear to be driven by two superimposed dynamic 
processes, leading to important implications for the assessment of neu
roinflammatory therapeutic strategy during disease progression. 
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