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Summary
Objective: Mesiotemporal lobe epilepsy is the most common type of drug-resistant

partial epilepsy, with a specific history that often begins with status epilepticus due

to various neurological insults followed by a silent period. During this period,

before the first seizure occurs, a specific lesion develops, described as unilateral

hippocampal sclerosis (HS). It is still challenging to determine which drugs, admin-

istered at which time point, will be most effective during the formation of this

epileptic process. Neuroinflammation plays an important role in pathophysiological

mechanisms in epilepsy, and therefore brain inflammation biomarkers such as

translocator protein 18 kDa (TSPO) can be potent epilepsy biomarkers. TSPO is

associated with reactive astrocytes and microglia. A unilateral intrahippocampal

kainate injection mouse model can reproduce the defining features of human tem-

poral lobe epilepsy with unilateral HS and the pattern of chronic pharmacoresistant

temporal seizures. We hypothesized that longitudinal imaging using TSPO positron

emission tomography (PET) with 18F-DPA-714 could identify optimal treatment

windows in a mouse model during the formation of HS.

Methods: The model was induced into the right dorsal hippocampus of male

C57/Bl6 mice. Micro-PET/computed tomographic scanning was performed before

model induction and along the development of the HS at 7 days, 14 days,

1 month, and 6 months. In vitro autoradiography and immunohistofluorescence

were performed on additional mice at each time point.

Results: TSPO PET uptake reached peak at 7 days and mostly related to

microglial activation, whereas after 14 days, reactive astrocytes were shown to

be the main cells expressing TSPO, reflected by a continuing increased PET

uptake.

Significance: TSPO-targeted PET is a highly potent longitudinal biomarker of

epilepsy and could be of interest to determine the therapeutic windows in epilepsy

and to monitor response to treatment.
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1 | INTRODUCTION

The current spectrum of antiepileptic drugs (AEDs) consists
of symptomatic treatments that are effective in the majority
of patients with epilepsy. However, around 30% of patients
remain pharmacoresistant, reflecting the complex and multi-
faceted mechanisms underlying epilepsy.1 Although progress
has been made in the development of the newer generation
of AEDs, no treatment can currently modify epileptogenesis
or prevent, stop, or cure epilepsy. Therefore, there is an
urgent need for new therapies that would target altered path-
ways complementary to those currently treated by AEDs.

Recent crucial findings regarding neuroinflammation
have drawn attention to pathophysiological mechanisms
that might play a significant role in epilepsy.2 Therefore, in
subjects with pharmacoresistant epilepsy, neuroinflamma-
tion can be explored as a biomarker of seizure focus3,4 and
frequency.5–7 From this, neuroinflammation could also be a
target for the development and monitoring of novel thera-
pies.8 Translocator protein 18 kDa (TSPO) expression is
associated with neuroinflammatory processes involving
reactive astrocytes and microglia.9 TSPO is expressed at
low levels in healthy brain but is markedly increased at
sites of brain injury and inflammation, making it of great
interest as a biomarker for the study of diseases that
include a component of neuroinflammation.10

TSPO positron emission tomography (PET) is currently
a reference tool for monitoring neuroinflammation involved
in many brain diseases such as Alzheimer disease,11

stroke,12 traumatic brain injury,13 multiple sclerosis,14 amy-
otrophic lateral sclerosis,15 and brain tumors.16 There have
also been studies in humans reporting increased TSPO
binding in different types of epilepsy such as Rasmussen
encephalitis,17 focal cortical dysplasia,4 and mesial tempo-
ral lobe epilepsy (MTLE).3 TSPO expression in the central
nervous system is commonly associated with microglial
activation. However, TSPO has been proven to be
expressed in different cell types such as astrocytes and
endothelial cells and the similarities and differences in
TSPO expression mechanisms between humans and rodents
has to be well recognized and handled.18 The rodent model
should be chosen in association with human data and as a
function of the disease step to be investigated.

There are a number of pharmacoresistant models of epi-
lepsy in rodents, but the model with the unilateral injection of
kainate in mice has been shown to be the closest to the human
pathology.19–21 The similarities include a unilateral lesion that
is limited to the hippocampus, with a pattern of classical uni-
lateral hippocampal sclerosis (HS) and a persistent lifetime of
spontaneous recurrent seizures. In rat models of epilepsy
induced by kainic acid (KA) or by pilocarpine,7,22 the lesions
are often not confined to the hippocampus, as in human

MTLE. TSPO PET imaging of these rat models has shown a
transient peak uptake within the limbic system, reaching its
maximum at 7 days after status epilepticus (SE) but declining
toward baseline at 14-16 weeks post-SE. Only one very
recent longitudinal study in KA mice has shown persistent
TSPO expression up to 3 months.23

Our objective was to monitor the evolution of TSPO
PET signal using 18F-DPA-714 to determine which glial
cells were involved during the formation of the HS using
immunofluorescence in a longitudinal study of this mouse
model of epilepsy.

2 | MATERIALS AND METHODS

2.1 | Animal models

All experiments were performed under an animal use and
care protocol approved by the Animal Ethics Committee
and were conducted in accordance with the European
Union regulations on animal research.

Experiments were performed on adult C57Bl/6 male mice
(4 months old; Charles River, Saint-Germain-Nuelles, France)
housed in individual cages with food and water ad libitum and
kept in a 12-hour light-dark controlled cycle. Mice were anes-
thetized with isoflurane and placed in a stereotaxic frame.
Injections were made using a 30-gauge removable needle
(Hamilton Company, Reno, NV, USA) connected to a 10-lL
microsyringe. KA (Sigma-Aldrich, St. Louis, MO, USA)
dissolved in 0.9% saline (50 nL, 0.2 lg) was injected over
1 minute using an automatic syringe pump into the right dor-
sal hippocampus (anteroposterior, �1.8 mm; mediolateral,
�1.6 mm; dorsoventral, �1.8 mm) with bregma as refer-
ence.21 After injection, the needle was maintained in situ for
an additional 1 minute to limit reflux along the injection track.
Sham mice were also prepared by injecting 50 nL of 0.9%
saline at the same location using the same procedure.

Key Points

• Longitudinal TSPO PET imaging with 18F-DPA-
714 can follow the progression of MTLE in
small brain structures of the mouse, such as the
hippocampus

• The different components of glial activation relative
to the longitudinal PET signal during the formation
of HS were determined using immunofluorescence

• The persistently high TSPO signal in the estab-
lished HS shows chronic activation of astrocytes,
which suggests a new possible treatment window
in drug-resistant epilepsy
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The KA model was induced in 20 mice for PET imag-
ing and in vitro autoradiography and immunofluorescence.
Upon recovery from anesthesia, all of them showed at least
1 characteristic of SE such as immobility, rotations, or mild
clonic movements of the forelimbs that lasted for up to
48 hours as previously described.21 No treatment was
administered after induction of SE. Three mice died within
1-2 days after surgery. Fifteen sham mice were prepared,
and none died after surgery.

2.2 | Experimental design

For PET imaging, epileptic mice underwent 18F-DPA-714
scans before model induction (baseline, n = 9) and at 7
and 14 days (n = 6), 1 month (n = 8), and 6 months
(n = 8) after the model induction (Figure S1). Sham mice
were scanned with the exact same procedure to obtain
scans at baseline (n = 8), 7 days (n = 5), 14 days (n = 4),
1 month (n = 8), and 6 months (n = 6). Repeated scans of
the same animals were performed whenever possible. Not
all animals could be scanned at all time points, because the
number of scans per day was limited due to the decay of
specific radioactivity and/or the failure of injection.

All mice from the longitudinal PET studies were eutha-
nized at 6 months to confirm HS. Three further cohorts of
baseline, KA, and sham mice were prepared specifically
for in vitro autoradiography and immunohistochemistry,
and 3 mice from each cohort were euthanized at each time
point corresponding to the time points of the PET scans.

2.3 | PET imaging procedure
18F-DPA-714 was synthesized as previously described.24

Mice were anesthetized with isoflurane (3.5% for induction,
1.5%-2% for maintenance of anesthesia). Static PET scans
of 60 minutes were acquired immediately after a tail vein
injection of 2.59-15.45 MBq of 18F-DPA-714 (injected
mass = 0.05-0.25 ng; specific activity = 34.52-407 GBq/
lmol, in a volume of 100 lL) using a micro-PET/computed
tomographic (CT) device (Inveon PET-CT; Siemens Medi-
cal Solutions, Erlangen, Germany). After the static PET, a
CT scan was performed for attenuation correction and also
for registering PET/CT images to a magnetic resonance
imaging (MRI) template. Images were reconstructed using a
2-dimensional ordered subset expectation maximization
(OSEM) iterative algorithm, without any postfiltering.

2.4 | PET image analysis

PET images were automatically coregistered to the CT scan.
Skull CT contours were manually coregistered to the Mir-
rione MRI template atlas.25 The combination of 2 transfor-
mations was used to overlay the PET and MRI images. All

image processing was performed using Pmod 3.6 software
(PMOD Technologies, Zurich, Switzerland). The regions of
interest including right and left hippocampus and other
extrahippocampal regions (cortex, thalamus, amygdala, and
cerebellum) were identified per the Mirrione atlas. The
18F-DPA-714 uptake of each region was calculated as
percentage injected dose per cubic centimeter of tissue
(%ID/cc) over the 60-minute scan. The uptake of each
region was then normalized to the uptake in the cerebellum,
which was not significantly different at any time point com-
pared to baseline level (Figure 1). The choice of this region
for normalization is also supported by other publications.14

2.5 | In vitro autoradiography and
immunohistofluorescence

To validate and interpret in vivo measurements, at each
time point, the animals were maintained under strong anes-
thesia (4% isoflurane) and the mouse brain was washed via
transcardiac perfusion with saline 0.9% through the left
ventricle. Brains were harvested and snap-frozen in 2-
methylbutane and stored at �80°C. Serial coronal sections
(10-lm thickness) were collected and mounted on coated
glass slides (Superfrost Ultra Plus; Thermo Fisher Scien-
tific, Waltham, MA, USA) using a cryostat (CM3050;
Leica, Wetzlar, Germany) and stored at �80°C until
autoradiography or immunohistochemistry was performed.
For each mouse brain, serial coronal sections were col-
lected at �1.34, �1.58, �1.82 mm (dorsal hippocampus)
and �2.3, �2.70, �3.28 mm (ventral hippocampus) from
bregma.26 The anatomy of brain sections was confirmed by
hematoxylin and eosin staining (Figure S3).

2.5.1 | 18F-DPA-714 in vitro autoradiography

The brain coronal sections were incubated in 37 MBq of
18F-DPA-714 for 20 minutes at 4°C. They were then washed
twice for 2 minutes in 50 mmol/L tris-HCl (pH = 7.4) buf-
fer at 4°C. After a quick dip in ice-cold distilled water, the
slides were dried. Autoradiography was then obtained by
exposing the slides, placed in a cassette at room temperature,
to a high-performance phosphor storage screen for 24 hours.
The screens were read using a Storm scanner.

For the semiquantification of the autoradiography, we
analyzed 6 sections per mouse. For each section, regions
were manually drawn within the right and left hippocam-
pus, thalamus, cortex, and right and left amygdala. For
each region i, the mean signal intensity value Ri over the
sections in which the region was present was calculated. In
addition, in each mouse j, the mean cerebellum signal
intensity (Cerebj) was calculated over 5 additional sections
in which the cerebellum was present. For each mouse j, the
signal in each target region was normalized by dividing the
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average value Ri measured in that region i by the mouse-
specific average cerebellum signal intensity Cereb: Ri/Cerebj.
The autoradiography image analysis was conducted using
ImageJ (National Institutes of Health, Bethesda, MD, USA).

2.6 | Immunofluorescence

2.6.1 | Triple staining TSPO/CD11b/glial
fibrillary acidic protein

Cryostat brain sections were fixed with 10% paraformalde-
hyde, blocked with 5% bovine serum albumin and 0.5%
Tween, and then incubated for 1 hour at temperature room
with a rabbit monoclonal primary antibody against TSPO

(anti-PBR antibody [EPR5384], 1:500; Abcam, Cambridge,
MA, USA), a rat monoclonal primary antibody against
CD11b (Abcam, 1:500), and a chicken monoclonal primary
antibody against glial fibrillary acidic protein (GFAP;
Abcam, 1:500). Then the sections were rinsed twice and
incubated for 30 minutes at room temperature with a sec-
ondary antirabbit antibody (Alexa Fluor 488, 1:1000), a
secondary antirat antibody (Alexa Fluor 564, 1:1000), and
a secondary antichicken antibody (Alexa Fluor 647,
1:1000). Sections were counterstained with 4,6-diamidino-
2-phenylindole (DAPI) to visualize the cell nuclei.

A mosaic acquisition with a magnification of 209 was
performed, entirely covering the brain section using an
Axio Observer Z1 microscope (Carl Zeiss, Oberkochen,

FIGURE 1 Percentage injected dose per cubic centimeter of tissue (%ID/cc) ratio of 18F-DPA-714 uptake in the hippocampi and other
extrahippocampal regions compared to 18F-DPA-714 uptake in cerebellum at the different imaging times in the kainic acid (KA)-injected group.
The uptake of 18F-DPA-714 in the KA group displays significant differences between the different time points for the right hippocampus
(*P < .05) at every time point (n = 6 mice for KA group)
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Germany). The fusion of mosaic images were generated
by AxioVision 4.6 (Carl Zeiss). A sequential acquisition
of separate wavelength channels was used to avoid fluo-
rescence crosstalk. Exposure times were set so that pixel
brightness was never saturated and kept constant during
the entire image acquisition and between different experi-
ments.

To visualize the TSPO and glial distribution, a constant
threshold method (moments dark)27 was applied to the
mosaic images for each channel using ImageJ. To visualize
the colocalization, the staining was adjusted on images cap-
tured at the hilus so that an optimal representation of
TSPO, microglia, and astrocyte was achieved.

2.6.2 | Double staining TSPO/CD31

To determine whether there was a colocalization between
endothelial cells and TSPO, we also performed a double
staining TSPO/CD31 with a rat monoclonal primary anti-
body against CD31 (1:500; BD Biosciences, Franklin
Lakes, NJ, USA) and a secondary antirat antibody (Alexa
Fluor 564, 1:1000). Sections were counterstained with
DAPI to visualize the cell nuclei.

2.7 | Statistical analysis

All data were analyzed using nonparametric tests, and
results were presented as median (25% percentile-75% per-
centile). For in vivo PET images, Wilcoxon matched pairs
signed-rank tests were performed to compare the signal
between each time point and the baseline of the same ani-
mal to reduce the intersubject variability. For longitudinal
analysis at all time points, Pearson coefficient was used
only on the same animals. Animals with missing time
points were not included in the statistical test. For autora-
diography, the baseline mice and the sham mice of each
time point were grouped to create a control group. Mann-
Whitney U test was performed to compare the KA group
at each time point with the control group. Analyses were
performed using Prism 6 software (GraphPad Software, La
Jolla, CA, USA). Values of P < .05 were interpreted as
statistically significant.

3 | RESULTS

3.1 | Evolution of 18F-DPA-714 uptake in
longitudinal PET study

In the epilepsy mice (KA group), compared to the baseline
level (Figure 2A,B), the signal reached a peak at 7 days,
predominantly in the injected hippocampus (2.10%ID/cc
[1.84-2.28], P = .03). The signal in the contralateral hip-
pocampus decreased gradually and returned to baseline

level at 1 month. The signal in the injected hippocampus
also decreased but always remained significantly higher
than baseline even 6 months after injection of KA (1.85%
ID/cc [1.55-1.98], P = .02). To evaluate the surgical effect,
we compared the KA population and the sham population
(saline injection). At any time point after injection, the
TSPO PET signal of KA-injected hippocampus was always
significantly higher compared to saline-injected hippocam-
pus, even 6 months after injection (Figure 2C). In the sham
mice, for all time points, there was no significant difference
in the PET signal observed in the hippocampus regions
compared to the signal in the same region at baseline (Fig-
ure S2B).

In the KA mice, at 7 days, a high uptake was observed
across all brain regions (hippocampus, cortex, thalamus,
and amygdala) in both hemispheres (Figure 2B), except for
the cerebellum (Figure S2A). At 14 days, the uptake of all
regions outside the hippocampus returned to baseline,
except for the cortex. At 6 months, the cortex signal was
no longer significantly different from the baseline level.

3.2 | In vitro autoradiography and TSPO
immunofluorescence

The visual analysis of the brain sections of the baseline
mice showed an intense and localized signal in the lateral
ventricles and third ventricle only (Figure 3A,C). In the
sham mice, we observed a localized signal along the needle
track at 7 and 14 days after surgery, and this signal was no
longer observed after 1 month (Figure 3A). In the KA mice,
in vitro 18F-DPA-714 autoradiography confirmed the high
TSPO signal in the injected hippocampus at all time points,
even up to 6 months (Figure 3C). The high TSPO signal
was also observed in the contralateral hippocampus at lower
magnitude but was no longer observed after 1 month. In the
images in Figure 3B,D, TSPO immunofluorescence images
at the different time points show excellent spatial agreement
with autoradiographic images of the sham and KA groups.
Outside the hippocampus, a high localized signal was
observed in the right cortex between 7 and 14 days (Fig-
ure 3C), predominantly at the injected site. There was also a
high localized signal in basolateral amygdala nucleus, just
beneath the lateral ventricle, and in lateral nuclei of the right
thalamus in some KA mice at some time points between
7 days and 1 month involving preferentially the ipsilateral
thalamus, as summarized in Figure S4.

For the in vitro autoradiography results (Figure 4A,B),
the signal also reached a peak at 7 days in the hippocampi,
predominantly in the right hippocampus (P = .023). The
signal in the right hippocampus decreased at 6 months but
remained significantly higher than in the control
(P = .047). The signal in the left hippocampus returned to
baseline level at 1 month. Figure 4C,D also showed a good
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agreement between autoradiography and PET signal. The
high signal in the cortex, thalamus, and amygdala was
observed only at 7 days. No significant difference of PET
signal was observed in any other brain region even 7 days
after KA injection (Figure S5). The agreement between
autoradiography and PET signal was also observed in these
extrahippocampal regions, but at a lower level.

3.3 | Evolution of the glial activation pattern
during the formation of HS

DAPI images (Figure 5, blue staining) confirmed localized
HS at 6 months after KA injection in the injected

hippocampus with a neuronal cell loss in the CA1 and
CA3 (a-c) of pyramidal layers and granular cell dispersion
at the dentate gyrus. No structural changes were detected
in the contralateral hippocampus.

3.3.1 | Microglia

At baseline, microglia presented with low CD11b signal,
thin ramifications, and small soma (Figures 5A, 6). At
7 days after injection, intense CD11b-positive cells with
large body and thick process were observed bilaterally,
predominantly in the hilus and the CA3 (a-c) cell layer
of the ipsilateral hippocampus. In the contralateral region,

FIGURE 2 Longitudinal translocator
protein (TSPO) positron emission
tomography (PET) imaging in the kainic
acid (KA)-injected group. A, Representative
coronal and transaxial brain images of 18F-
DPA-714 (percentage injected dose per
cubic centimeter of tissue [%ID/cc]) from
the same subject at 5 different time points
(baseline, 7 days, 14 days, 1 month, and
6 months; n = 6 mice for KA group and
n = 4 mice for sham group). B, Uptake of
18F-DPA-714 in %ID/cc over the whole 60-
minute scan in the left (no lesion) and right
hippocampus (KA injection) at each time
point. The uptake of 18F-DPA-714 in the
right hippocampus of the KA group is
significantly different from baseline at all
time points, unlike in the left hippocampus.
C, PET signal ratio between the right
hippocampus and cerebellum in the KA and
sham groups. The TSPO signal at any time
point after KA injection is significantly
greater than TSPO signal after saline
injection in the injected hippocampus
(*P < .05)
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microglial activation was not observed within the pyrami-
dal cell layer but distributed only in the strata oriens and
lucidum (Figure S6). At 14 days, CD11b signal
decreased clearly in both the contralateral hippocampus
and the hilus of the injected hippocampus. The signal
remained increased within the ipsilateral CA1 and CA3c
layers and the corresponding strata oriens and lucidum.
CD11b signal continued to decrease at 1 month and
remained very low at 6 months when HS was fully
established. Only CD11b-positive cells with a round
amoeboid shape were visualized in the neuron-depleted
pyramidal zone.

3.3.2 | Astrocytes

At baseline, similar to microglia, astrocytes showed a low
GFAP signal with small body and thin branches (Fig-
ures 5C, 6). At 7 days, GFAP signal increased bilaterally
with more and better-visualized branches. At 14 days,
GFAP signal decreased in contralateral hippocampus but
never returned to baseline level, even 6 months after injec-
tion (Figure S6). Conversely, GFAP cells were denser in
the ipsilateral hippocampus and more pronounced with
time, especially at 6 months, showing severely reactive and
scar-forming astrocytes in the neuronal death zone but also
within the dispersed granular layer.

3.4 | Time course of TSPO expression by
different cells along the disease process

At baseline level, the TSPO signal was low, and it princi-
pally came from endothelial cells. In Figure S8, the base-
line brain slices were stained using the endothelial
biomarker CD31 which revealed the colocalization of the
endothelial cells and TSPO. CD11b and GFAP staining
showed low or absent colocalization with TSPO (Figure 6).
The influence of the endothelial TSPO contribution over
time is shown in Figure S7, and a magnification of some
TSPO colocalizing with endothelial cells at 6 months is
displayed in Figure S9.

Spatial TSPO distribution (Figure 5B) correlated well
with the CD11b signal at 7 and 14 days and with GFAP
signal at 6 months after KA injection.

At 7 days after KA injection, intense TSPO signal was
observed in the whole ipsilateral hippocampus, predomi-
nantly in the hilus, which principally came from microglial
activation (Figure 6). From 14 days to 1 month, TSPO
microglia decreased clearly in the hilus but persisted in the
CA1 and CA3c pyramidal layer. An increased TSPO signal
was also observed in some astrocytes but to a lower extent
than that seen within the microglia cells.

At 6 months after KA injection, TSPO signal could mostly
be observed within the reactive hypertrophic astrocytes and in

FIGURE 3 In vitro distribution of translocator protein (TSPO) expression in coronal slices of a baseline mouse brain (without injection) and
of a mouse brain at different points of time after saline (sham) and kainic acid (KA) injection (7 days, 14 days, and 6 months). A, C, The region
of interest (injected hippocampus) is shown by a red square; yellow arrows show the lateral and third ventricles, whereas the red arrows point to
the needle track. B, D, Representative autoradiographic images of the brain coronal slice after incubation of the specific TSPO tracer 18F-DPA-
714 for the sham and KA groups, respectively. Immunohistochemical (IHC) distribution of mouse TSPO monoclonal antibody is shown in
coronal slices of a mouse brain for the sham and KA groups. An excellent agreement between the TSPO detected via monoclonal antibody and
the radioactive DPA is observed with a high accumulation of the 2 biomarkers at 7 days and 14 days
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FIGURE 4 Autoradiography analysis shows an excellent correlation between translocator protein (TSPO) positron emission tomography
(PET) signal and the specific TSPO signal observed ex vivo. A, B, Evolution of the in vitro 18F-DPA-714 autoradiography signal in the right
hippocampus and left hippocampus of kainic acid (KA) mice at different time points. The ratio of the percentage injected dose per cubic
centimeter of tissue (%ID/cc) in the hippocampus to the cerebellum is presented (*P < .05). C, D, Correlation between PET signal (ratio between
%ID in hippocampus and cerebellum) and autoradiography signal (region of interest [ROI] in arbitrary [arb.] units) at every time point (baseline,
7 days, 14 days, 1 month, and 6 months). The data points were fitted by a linear regression, showing a high coefficient of determination R2

between the PET signal and the observed autoradiography signal (n = 6 mice for KA group for PET imaging and n = 3 for autoradiography for
each time point)

FIGURE 5 Glial cell evolution over
time and translocator protein (TSPO)
expression obtained using
immunohistofluorescence in the right
hippocampus of kainic acid mouse brain
coronal slices. Triple staining was
performed with A, CD11b for microglia
(magenta); B, TSPO antibody for TSPO
expression (green); and C, glial fibrillary
acidic protein (GFAP) for astrocytes (red).
Nuclei were counterstained with 4,6-
diamidino-2-phenylindole (blue). The white
arrow indicates the astrogliosis scar.
Between 0 and 14 days, the TSPO signal is
mainly due to reactive microglia, and after
14 days, there is a strong contribution to
the TSPO signal coming from the reactive
astrocytes
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the astrocytes forming scar (Figure 6). Some microglia/
macrophages expressing TSPO were observed in the
astrogliosis scar as well as some endothelial cells (Figure S7).

4 | DISCUSSION

This longitudinal study of 6 months has demonstrated the
feasibility of using 18F-DPA-714 PET to monitor neuroin-
flammation in vivo in a model of MTLE, even in small
anatomical structures such as the mouse hippocampus. The
TSPO signal seen within the HS persisted with time and
came from activated microglia at 7 days and from the
astrogliosis reaction later on, at 6 months after KA injection.

In line with recent studies using a systemic KA or pilo-
carpine rat model,7,22 we observed peak uptake of 18F-
DPA-714 in the hippocampi 7 days after model induction.
This phenomenon was also reported in different excitotoxic
models such as the injection of quinolinic acid into the rat
striatum28 or KA into the rat thalamus.29

There is also a diffuse enhancement in extrahippocam-
pal regions (Figure 2, shown in percentage injected dose)
not seen on the autoradiography (Figure 3). This discrep-
ancy could be either due to blood-brain barrier distur-
bance (as described in Breuher et al30) or due to more

radiotracer availability in the blood. This emphasizes the
need for the development of more sophisticated quantifi-
cation methods.

Compared to the excitotoxic model in which the
inflammatory signal is only localized in the neuron-
depleted region, in the SE epilepsy model a high and dif-
fuse signal could also be found in the limbic structure.
These signals could be related to microglial activation
modulating both the threshold and intensity of synaptic
activity in local networks.31 This modulation might pre-
vent the severe and recurrent seizures present in SE and
thus explain the silent period. In systemic models, it is
difficult to distinguish the inflammatory signal from neu-
ronal death caused by the systemic KA toxicity. In this
mouse model, it was possible to observe neuroinflamma-
tion in the contralateral hippocampus, but no obvious cell
loss was present. In line with Pernot et al,20 we observed
an activation of microglia in contralateral hippocampus.
Interestingly, we observed that this activation was not
found in pyramidal layers but was high in the strata. Dif-
ferent reasons can explain this phenomenon. One of the
hypotheses is that this phenomenon could be related to
microglial P2Y12 receptor-mediated process extension
contacting neuronal dendrites to attenuate the seizures,
playing a neuroprotective role.32

FIGURE 6 Correlation between the
positron emission tomography translocator
protein (TSPO) imaging, TSPO signaling,
and glial cell activity. A, 18F-DPA-714
uptake in the right hippocampus associated
with the epilepsy stages. The data were
fitted by a nonlinear model (least squares
algorithm). B, Immunohistofluorescence
staining images with CD11b (magenta),
glial fibrillary acidic protein (GFAP; red),
and TSPO (green) magnified at 209 with
the fused images. Each stage of the
epilepsy course could offer a therapeutic
window. Scale bars = 50 lm. %ID/CC,
percentage injected dose per cubic
centimeter of tissue
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A first possible treatment window of interest is therefore
in the early time points when the highest signal is coming
from the microglia. In our study, we showed predominant
microglial activation in the hilus and CA3 at early time
points (7 days after KA injection). This could be explained
by early neuronal death caused by the high affinity of KA
receptors for KA in this region.33 Microglia-mediated
phagocytosis secreting different proinflammatory cytokines
(tumor necrosis factor a, interleukin [IL]-1b, IL-6) in paral-
lel has been shown to play a role in developing seizures.34

Recently, more evidence also showed that anti-inflamma-
tory treatments in this period such as IL-1b inhibition35 or
minocycline inhibiting microglial activation36 can reduce
chronic epileptic activity in KA mice.

A second possible treatment window is at later time
points, when the highest signal is coming from the
astrocytes. At later time points, Brackhan et al22 showed that
11C-PK11195 signal in the hippocampi declined toward
baseline at 14-16 weeks after SE induced by pilocarpine. In
the quinolinic acid rat model of excitotoxicity,29 the TSPO
signal and activated microglia also returned to baseline level
in the lesion at 3 months after injection. In our study, the sig-
nal in the right hippocampus decreased but was still signifi-
cantly higher compared to baseline in all KA mice (n = 8)
even 6 months after induction, which is consistent with the
11C-PBR28 PET study of epilepsy in patients with HS.37

For the first time, we demonstrated a high and persistent
TSPO signal with PET imaging in the HS of a mouse model
of epilepsy, which was shown to come from different com-
ponents of a glial scar (severely reactive astrogliosis and
accumulation of microglia/macrophages) and endothelial
cells. Such glial scar formation has been found in different
models of stroke or trauma that play essential roles in neural
protection and repair. In these models, ablation of proliferat-
ing reactive astrocytes disrupting scar formation resulted in
increased spread and persistence of inflammatory cells, and
failure of repair of the blood-brain barrier inducing more
neuronal loss.38 However, astrogliosis could be either pro-
tective or harmful depending on the model disease, similarly
to microglial activation. Reactive astrogliosis losing essen-
tial homeostatic capabilities has been demonstrated to con-
tribute to the development of spontaneous seizures.39

Rapamycin, an inhibitor of the mTOR pathway, could atten-
uate acute seizure-induced astrocyte injury in KA mice by
restraining astrocyte proliferation and migration and produc-
tion of inflammatory mediators, although there is no consen-
sus on this and it requires further investigation.40,41

Evaluation of this inhibitor when HS is established could
open a new window for an effective treatment, which will
be especially useful in epileptic patients, because the disease
is usually diagnosed at the chronic stage.

TSPO-targeted PET allows for in vivo longitudinal
monitoring of neuroinflammation associated with HS in a

mouse model of MTLE. Combined with in vivo autoradio-
graphy and immunohistofluorescence, it revealed the differ-
ent inflammatory components involved in the formation of
hippocampal sclerosis in that model. The high TSPO per-
sistent signal in the established HS could open a new treat-
ment window in drug-resistant epilepsy.
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