


1 | INTRODUCTION

Accumulating clinical and experimental evidence indicates that neu-

roinflammation contributes to the pathophysiology of epilepsy (Aro-

nica et al., 2017; Devinsky et al., 2013; Gershen et al., 2015; Löscher

et al., 2020). Microglia are critical regulators of central nervous system

(CNS) immunity and are highly reactive to various types of brain

insults, including status epilepticus (SE), ischemia or infection (Eyo

et al., 2014; Hanisch & Kettenmann, 2007; Qin et al., 2019; Rock

et al., 2004). Importantly, there exist numerous reports of reactive

microglia in both human and animal models of epilepsy (Broekaart

et al., 2018; Feng et al., 2019; Hiragi et al., 2018; Morin-Brureau

et al., 2018; Zattoni et al., 2011). In experimental temporal lobe epi-

lepsy (TLE), microglia are characterized by an amoeboid morphology

(De Simoni et al., 2000; Wyatt-Johnson et al., 2017), production of

proinflammatory cytokines (Aronica et al., 2007; Benson et al., 2015;

Sano et al., 2021; Varvel et al., 2016) as well as increased proliferation

and enhanced K+ conductance (Avignone et al., 2008; Feng

et al., 2019). However, even though the link between reactive micro-

glia and epilepsy is well documented, mechanistically the contribution

of microglia to the pathophysiology of epilepsy is still incompletely

understood.

A number of studies show that tumor necrosis factor alpha

(TNFα) transcript and protein levels increase rapidly in brain paren-

chyma and microglia following SE (Benson et al., 2015; De Simoni

et al., 2000; Lehtimäki et al., 2003; Nikolic et al., 2018; Sano

et al., 2021; Vezzani et al., 2002). Moreover, TNFα signaling increases

seizure susceptibility (Patel et al., 2017; Probert et al., 1995; Rana &

Musto, 2018; Riazi et al., 2008; Weinberg et al., 2013). It remains

unclear, however, whether microglia constitute the primary source of

TNFα in experimental TLE, as other cells including astrocytes and infil-

trating monocytes, are also immunocompetent (Devinsky et al., 2013;

Vezzani et al., 2011). Previously, we have shown that disruption of

astrocytic gap junction (GJ) coupling and concomitant impairments in

extracellular K+ buffering temporally precede neuronal cell death and

spontaneous seizure development in a mouse model of kainate (KA)-

induced TLE, pointing to a causal involvement in the genesis of the

disease (Bedner et al., 2015). The seizure-induced decrease in cou-

pling could be mimicked in situ by incubation of acute hippocampal

slices with a combination of interleukin 1ß (IL1ß) and TNFα (Bedner

et al., 2015). Similarly, both treatment of cultured primary astrocytes

with TNFα as well as co-culturing of astrocytes with activated micro-

glia impair coupling efficiency (Haghikia et al., 2008; Même

et al., 2006). Together, these data suggest that microglial cytokines

indirectly promote epileptogenesis, by reducing coupling efficiency

and thus the K+ and glutamate buffering capacity of astrocytes. In the

present study, we therefore examined the contribution of reactive

microglia and microglial TNFα to astrocyte GJ uncoupling and epilep-

togenesis in a mouse model of TLE. Pharmacological depletion of

microglia using the colony-stimulating factor 1 receptor (CSF1R)

inhibitor PLX5622 combined with microglia-specific inducible knock-

out of TNFα were employed to assess the contribution of microglia to

early astrocyte dysfunction and TNFα production following KA-

induced SE. Additionally, continuous telemetric electroencephalogra-

phy (EEG) was combined with immunohistochemistry to investigate

effects of TNFα depletion in microglia on acute and chronic epilepti-

form activity as well as the development of hippocampal sclero-

sis (HS).

2 | MATERIALS AND METHODS

2.1 | Animals

Male C57B6/J, FVB (Charles River, Sulzfeld, Germany) or GFAP-eGFP

(Nolte et al., 2001) mice aged 90–120 days were used for the experi-

ments. To study the effects of microglia specific knock-out of TNFα

on epileptogenesis and astrocytic gap junction coupling, Cx3cr1CreERT2

knock-in mice (Yona et al., 2013) were crossed with TNFαloxp/loxp (Gri-

vennikov et al., 2005) mice to yield Cx3cr1CreERT2/+-TNFαloxp/loxp

mice. Both male and female Cx3cr1CreERT2/+-TNFαloxp/loxp and

Cx3cr1CreERT2/+-TNFα+/+ were used. Maintenance and handling of

animals were performed according to EU and local governmental reg-

ulations. Experiments were approved by the North Rhine–Westphalia

State Agency for Nature, Environment and Consumer Protection

(approval number 84-02.04.2015.A393 and 81-02.04.2020.A420). All

measures were taken to minimize the number of animals. Mice were

kept under standard housing conditions (12 h/12 h dark–light cycle)

with food and water provided ad libitum.

2.2 | Drugs

2.2.1 | Tamoxifen treatment

To induce site-specific recombination of loxP-flanked sequences,

Cx3cr1CreERT2/+-TNFαloxP/loxP and Cx3cr1CreERT2/+-TNFα+/+ mice

received intraperitoneal (i.p.) injections of tamoxifen (Sigma-Aldrich,

#T5648, Steinheim, Germany) dissolved in sunflower seed oil (Sigma-

Aldrich, #88921) and EtOH at a ratio of 1:10. Mice were injected daily

for 5 consecutive days receiving 2 mg per day of tamoxifen (100 μl

per mouse). A comparable treatment regimen has previously been

shown to induce high site-specific recombination in the CNS of this

Cre-mouse line (Goldmann et al., 2013). Mice were used for experi-

ments �30 days after tamoxifen administration in order to restrict

Cre-mediated recombination to microglia (Parkhurst et al., 2013).

Tamoxifen-injected Cx3cr1CreERT2/+-TNFα+/+ mice served as the con-

trol group (CTRL).

2.2.2 | PLX5622 treatment

PLX5622 was provided by Plexxikon Inc. (Berkeley, CA 94710, USA)

and formulated in AIN-76A standard chow by Research Diets Inc.

(New Brunswick, NJ 08901 USA) at 1200 ppm. Male FVB or C57B6J

mice were fed with either a PLX5622-containing or AIN-76A control
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diet for 7, 21, or 28 consecutive days before the start of the experi-

ments. Twenty-one days of oral PLX5622 application have previously

been shown to almost completely deplete IBA1+ microglia from the

brain (Dagher et al., 2015). The diet was provided ad libitum and food

intake was monitored by weighing the amount of diet consumed by

the animals.

2.3 | Unilateral intracortical kainate injection and

implantation of telemetric EEG transmitters

We employed the TLE-HS animal model as described previously (Bed-

ner et al., 2015; Deshpande et al., 2020; Henning et al., 2021). Briefly,

mice were anesthetized with a mixture of medetomidine (Cepetor,

CP-Pharma, Burgdorf, Germany, 0.3 mg/kg, i.p.) and ketamine (Keta-

midor, WDT, Garbsen, Germany, 40 mg/kg, i.p.) and placed into a ste-

reotaxic frame equipped with a manual microinjection unit (David

Kopf; Tujunga, CA, USA). A total volume of 70 nl of a 20 mM solution

of KA (Tocris, Bristol, UK) dissolved in 0.9% sterile NaCl was stereo-

taxically injected into the neocortex just above the right dorsal hippo-

campus. The stereotaxic coordinates were: 2 mm posterior to bregma,

1.5 mm from midline, and 1.7 mm from the skull surface. Sham control

mice received injections of 70 nl saline under the same conditions.

Immediately after KA injection, two drill holes were made at 1 mm

posterior to the injection site and 1.5 mm lateral from midline to insert

two monopolar leads required for electrographic seizure detection.

Telemetric transmitters (TA10EA-F20 or TA11ETA-F10; Data Sci-

ences International (DSI), St. Paul, MN, USA) were implanted subcuta-

neously into the right abdominal region and the two monopolar leads

were inserted �1 mm deep into the cortex. Attached leads were fixed

to the skull using superglue and covered with dental cement. The

scalp incision was subsequently sutured and anesthesia stopped with

atipamezol (Antisedan, Orion Pharma, Hamburg, Germany, 300 mg/

kg, i.p.). To reduce pain, mice were injected with carprofen for 3 days

(Rimadyl, Pfizer, Karlsruhe, Germany). Moreover, 0.25% Enrofloxacin

(Baytril, Bayer, Leverkusen, Germany) was administered via drinking

water to reduce the risk of infection. After surgery, mice were

returned to clean cages and placed on individual radio receiving plates

(RPC-1; Data Sciences International, New Brighton, MN, USA), which

capture data signals from the transmitter and send them to a com-

puter running Ponemah software (Version 5.2, Data Sciences Interna-

tional). EEG recordings (24 h/day, 7 days/week) were started directly

after transmitter implantation and continued for 28 days after SE

induction.

2.4 | EEG data analysis

EEG data was analyzed using NeuroScore (version 3.4.0) software

(Data Sciences International) as described previously (Henning

et al., 2021). Briefly, recordings were high pass filtered at 1 Hz and

the number of seizures, their duration and spike numbers were deter-

mined using the spike train analysis tool implemented in NeuroScore

based on the following criteria: threshold value = 7.5 � SD of the

baseline (i.e., activity during artifact- and epileptiform-free epochs

four weeks after SE) � 1000 μV, spike duration = 0.1–50 ms, spike

interval = 0.1–2.5 s, minimum train duration = 30 s, train join

interval = 1 s, minimum number of spikes = 50. The number of arti-

facts was minimized by repeating the spike train analysis with a

threshold ranging from the maximum amplitude of actual epileptiform

spikes (i.e., determined subjectively by manually scrolling through the

EEG recording) � 1000 μV and subsequently subtracting that value

from the value obtained during initial spike quantification (i.e.,

7.5 � SD of the baseline � 1000 μV). Fast Fourier transformation

(FFT) was conducted to derive absolute δ (0.5–4 Hz), θ (4–8 Hz), α (8–

13 Hz), β (13–30), and γ (30–50 Hz) power values, which were nor-

malized to baseline activity prior to conducting statistics. The number

of spontaneous generalized seizures during the chronic phase was

determined manually from the EEG recordings by two experienced

experimenters. Finally, to analyze EEG activity during SE in PLX5622

treated mice, spike number and EEG band power were normalized to

the activity during the postictal state. For that, activity during at least

five postictal periods lasting �10 s was quantified. The spike thresh-

old was set at 10 � SD of baseline activity during the postictal state.

All animals included in the study developed SE. Three animals (2 PLX

and 1 control mice) were excluded from the analysis because the EEG

signal was too noisy to allow accurate quantification of the baseline

EEG activity.

2.5 | Whole-cell patch clamp and biocytin-filling of

astrocytes

Mice were anesthetized with isoflurane (Piramal Healthcare, Morpeth,

UK) and decapitated. Brains were quickly removed and 200 μm-thick

coronal slices were cut on a vibratome (VT1000S, Leica Microsystems,

Wetzlar, Germany) in ice cold preparation solution containing (in mM):

87 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 7 MgCl2, 0.5 CaCl2, 25

glucose, 75 sucrose, equilibrated with carbogen to stabilize pH (5%

CO2/95% O2, pH 7.4). After storage of slices (15 min, 35�C) in prepa-

ration solution, slices were transferred to a solution containing (in

mM): 126 NaCl, 3 KCl, 2 MgSO4, 2 CaCl2, 10 glucose, 1.25 NaH2PO4,

26 NaHCO3, gassed with carbogen (aCSF). To aid identification of

astrocytes in the tissue, aCSF was supplemented with SR101 (1 μM,

Sigma Aldrich, S7635, incubation 20 min, 35�C) (Kafitz et al., 2008).

After SR101 staining, slices were transferred to aCSF and kept at

room temperature (RT) for the duration of the experiments. For

recordings, slices were transferred to a recording chamber and con-

stantly perfused with aCSF. Patch pipettes fabricated from borosili-

cate capillaries with a resistance of 3–6 MΩ were filled with a

solution containing (in mM): 130 K-gluconate, 1 MgCl2, 3 Na2-ATP,

20 HEPES, 10 EGTA and biocytin (0.5%, Sigma Aldrich) (pH 7.2, 280–

285 mOsm). To analyze gap junction coupling, whole-cell patch clamp

recordings of SR101-positive astrocytes were performed during which

astrocytes were filled with biocytin (20 min, RT). In addition to SR101

staining, astrocytes were identified by their characteristic morphology,
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passive current–voltage relationship, low input resistance and a rest-

ing membrane potential close to the Nernst potential of K+. Current

signals were amplified (EPC 8, HEKA Electronic, Lambrecht, Germany),

filtered at 3 or 10 kHz, and sampled at 10 or 30 kHz (holding potential

�80 mV). Online analysis was performed with TIDA 5.25 acquisition

and analysis software for Windows (HEKA) and Igor Pro 6.37 soft-

ware (WaveMetrics, Lake Oswego, OR, USA). Voltages were cor-

rected for liquid junction potentials. Only recordings matching the

following criteria were included in the analysis: (i) resting potential

negative to �60 mV, (ii) membrane resistance ≤10 MΩ, and (iii) series

resistance ≤20 MΩ. After the recording, slices containing a biocytin-

filled astrocyte were stored in 4% paraformaldehyde (PFA)-containing

phosphate buffered saline (PBS) overnight at 4�C and subsequently

transferred into PBS and stored at 4�C until immunohistochemistry.

2.6 | Immunohistochemistry

2.6.1 | Tissue preparation

Animals were deeply anaesthetized by i.p. injection with 100–120 μl

of a solution containing 40 mg/kg ketamine (WDT) and 0.3 mg/kg,

medetomidine (CP-Pharma). After checking for hind paw reflexes,

transcardial perfusion was applied with ice-cold PBS (30 ml) followed

by 4% ice-cold PFA in PBS (30 ml). Brains were removed and stored

for 24–48 h in 4% PFA-containing solution and subsequently stored

in PBS at 4�C until slicing. Brains were cut into 40 μm thick coronal

slices using a Leica VT1200S vibratome (Leica Microsystems).

2.6.2 | Antibody staining

Immunohistochemistry was performed using free-floating slices kept

in 24-well plates. Slices from the dorsal hippocampus close to the KA

injection site were used. For membrane permeabilization and blocking

of unspecific epitopes, slices were incubated (1–2 h, RT) with 0.5%

Triton X-100 (or 2% for staining of biocytin-filled astrocytes) and 10%

normal goat or donkey serum (NGS, NDS) in PBS. Slices were subse-

quently incubated overnight with primary antibody solution contain-

ing PBS on a shaker at 4�C. The following primary antibodies were

applied: rat anti-CD68 (1:200, BioRad Laboratories, MCA1957,

Munich, Germany), rat anti-CD169 (1:400, BioRad Laboratories,

MCA884), rabbit anti-GFAP (1:500, DAKO, Z0334, Hamburg, Ger-

many), rabbit anti-IBA1 (1:400, Wako Chemicals, #019-19741, Neuss,

Germany), mouse anti-NeuN (1:200, Merck Millipore, MAB377,

Darmstadt, Germany), rabbit anti-Tmem119 (1:500, Abcam,

ab209064), rabbit anti-TNFR1 (1:100, Abcam, ab19139, Berlin, Ger-

many). On the following day, slices were washed three times with

PBS for 5–10 min each and subsequently incubated with secondary

antibodies conjugated with Alexa Fluor® 488, Alexa Fluor® 647,

streptavidin-conjugated Alexa Fluor® 647 (1:500, 1:600 respectively,

Invitrogen, Karlsruhe, Germany) or streptavidin-conjugated Cy3

antibody (1:300, Sigma Aldrich, S6402) in PBS (2% NGS, 1.5-2 h, RT).

For staining of NeuN, slices were incubated with goat anti-mouse bio-

tin (1:500, Dianova, AB_2338557, Hamburg, Germany) prior to incu-

bation with streptavidin-conjugated Cy3 antibody (1 h, RT). After

washing slices again three times with PBS (5–10 min), nuclear staining

with Hoechst (1:200, diluted in dH2O) was performed (10 min, RT). A

final washing step (3� PBS, 5 min each) was performed and slices

were mounted with Aquapolymount (Polysciences, Heidelberg, Ger-

many) on objective slides and covered with cover slips. Slides were

stored at 4�C before confocal imaging.

2.6.3 | Confocal microscopy

A confocal laser scanning microscope (SP8, Leica, Hamburg, Germany)

at 8 bit using 10� (numerical aperture (NA): 0.4) 20� (NA: 0.75), 40�

(NA: 1.1), and 63� (NA: 1.2) objectives was used. Image resolution

was set at 1024 � 1024 pixels recorded at a speed of 400 Hz, with a

pinhole size of 1 airy unit (AU). Standard photomultiplier tubes or

hybrid detectors were used for detection of fluorescent signals. Laser

and detector settings were applied equally to all images acquired. Z-

stacks were recorded at 0.36 μm (TNFR1), 0.42 μm (CD68), 1 μm

(IBA1 & GFAP morphology, CD169), or 2 μm (GJ coupling & Hippo-

campal sclerosis) intervals.

2.7 | Quantification of immunostainings

2.7.1 | Microglial/macrophage morphology

Microglia/macrophage morphology was quantified based on IBA1

staining using the publicly available (https://github.com/hansenjn/

MotiQ) plugin MotiQ for FIJI (Schindelin et al., 2012). Two to four

IBA1+ cells per image were cropped out of 30 μm z-stacks (40�/1.1

NA objective, region of interest (ROI): 242.42 � 242.42 � 30 μm3)

from each condition to create single-cell images. Next, single-cell

images were binarized by application of an automated intensity

threshold (Otsu for KA experiments and Moments for PLX5622

experiments) to 0.5 scaled maximum intensity projections (MIPs) of

the original image. Binary single-cell images were further filtered by

removing all particles smaller than 100 voxels from the image. Finally,

3D reconstructions and skeletons were generated from which cell vol-

ume, average and total process length, ramification and polarity index

were quantified and statistically compared between conditions. A

Gauss filter (sigma = 2) was applied prior to skeletonization. The rami-

fication index indicates the complexity of the cell's shape using the

following equation:

Ramification index¼
cell surface area

4π� 3�cell volume
4π

� �
2
3

ð1Þ

The polarity index was defined as:
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Polarity index¼
convex hull center�cell center

2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3�convex hull volume
4π

3

q ð2Þ

and indicates the degree of unbalance in the distribution of processes

emanating from the cell's soma (Fülle et al., 2018). The density of

IBA1+ and CD169+ (ROI: 242.42 � 242.42 � 30–32 μm3) cells was

quantified using the spot detection algorithm implemented in IMARIS

8.0 (Bitplane, Zurich, Switzerland).

2.7.2 | Microglia and astrocyte morphology and

marker expression in PLX5622 experiments

The number of IBA1+ cells as well as the total volume occupied by

the microglia-specific marker Tmem119 in PLX5622-treated FVB

mice were determined in 3D images recorded using either a 10�/0.4

NA objective (IBA1; ROI: 969.70 � 969.70 � 15 μm3) or 40�/1.1 NA

objective (Tmem119; ROI: 242.42 � 242.42 � 15–17 μm3) using the

spot and surface detection algorithms implemented in IMARIS 8.0,

respectively. Moreover, astrocyte morphology was determined based

on GFAP staining in 3D images (63�/1.2 NA objective; ROI:

153.92 � 153.92 x 30 μm3) using the in-built Autopath algorithm

implemented in IMARIS 8.0. Reconstruction parameters were kept

identical across all images analyzed.

2.7.3 | Quantification of CD68 and IBA1 volumes

Custom-written macros in FIJI were used to determine the volume of

CD68 and IBA1 signals occupied in each image (40�/1.1 NA objec-

tive; ROI: 242.42 � 242.42 � 20–22 μm3). Images were background

subtracted (15 pixel rolling ball radius), median filtered (2 pixel radius)

and subsequently binarized (Triangle for CD68 and Moments thresh-

old for IBA1) after which the area occupied by the respective signal

within each focal plane was quantified using the analyze particles

function in FIJI. The obtained area values were subsequently summed

up across all focal planes in order to obtain the total volume occupied

by each signal.

2.7.4 | Colocalization of TNFR1 and GFAP

Colocalization analysis was performed with FIJI in TNFR1/GFAP

double-stained hippocampal sections of KA-injected or control

C57B6J mice. Images were recorded using a 63�/1.2 NA objective

(ROI: 92.35 � 92.35 � 12 μm3). GFAP+ images were median fil-

tered (3 pixel radius) and subsequently binarized (Triangle thresh-

old). Image values of 0 and 1 were obtained by subtraction of the

value 254 from the thresholded GFAP+ image. Next, the binary

GFAP+ images and the TNFR1+ images were multiplied to derive

the TNFR1 signal intensity in GFAP+ pixels. Signal intensities were

subsequently summed up across all focal planes to derive the total

TNFR1 content in astrocytes. Cumulative TNFR1 signal intensity

was divided by the total volume occupied by the GFAP signal to

account for differences in GFAP expression between experimental

conditions.

2.7.5 | Coupling efficiency of biocytin-filled

astrocytes

Coupling efficiency was determined by manual counting of

biocytin+ cells using the cell counter plugin implemented in FIJI and

compared between injected (ipsilateral) and non-injected (contra-

lateral) hemispheres. Another observer blinded to the experimental

conditions recounted images of biocytin-filled astrocytes, and cell

counts were subsequently averaged across both counts prior to

statistical analysis.

2.7.6 | Hippocampal sclerosis

The extent of hippocampal sclerosis was estimated based on the

quantification of four parameters: (i) the extent of granule cell disper-

sion (GCD) in the dentate gyrus (DG), (ii) the shrinkage of the CA1

stratum radiatum, (iii) the number of CA1 pyramidal neurons, and (iv)

the extent of astrogliosis in CA1 stratum radiatum. GCD, stratum

radiatum shrinkage and the number of CA1 pyramidal neurons were

estimated in maximum intensity projections (MIPs) (ROI:

1163.64 � 1163.64 � 30–32 μm3). The extent of astrogliosis was

measured in individually defined ROIs in CA1 stratum radiatum and

subsequently normalized to ROI size. GCD quantification was per-

formed as described previously (Deshpande et al., 2020; Henning

et al., 2021). Briefly, GCL width was measured at four positions indi-

cated as T1–T4. T1 and T2 were measured along a vertical line con-

necting the upper and lower cell layers of the DG, T3 and T4 at a

distance halfway between the vertical line and the tip of the hilus.

The average of the four values was used as an estimation of GCD.

Shrinkage of the stratum radiatum was determined by drawing a verti-

cal line connecting the pyramidal and molecular layer, above the high-

est point of the DG granule cell layer. The length of the vertical line

served as an indication of the remaining width of the stratum radia-

tum. The extent of astrogliosis was measured by quantifying the area

occupied by the GFAP signal in individual ROIs within all focal planes

of each image. The total volume occupied by the GFAP signal was

subsequently derived by summing up the area calculated across all

focal planes and was normalized to the volume of the ROI prior to sta-

tistical analysis. Both GCD, stratum radiatum width and astrogliosis

were quantified using FIJI software. The number of pyramidal neurons

in the CA1 region was measured using the automated spot detection

algorithm implemented in IMARIS8.0 within a 360 � 120 � 30 μm3

ROI placed within the CA1 pyramidal layer just above the highest

point of the DG granule cell layer.
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2.8 | Quantification of hippocampal TNFα

concentrations

2.8.1 | Tissue preparation and biochemical

extraction of hippocampal protein

Cx3cr1CreERT2/+-TNFαloxp/loxp and Cx3cr1CreERT2/+-TNFα+/+ mice

were transcardially perfused as described above. Dorsal hippocampi

were quickly removed, weighed and flash frozen in liquid nitrogen

before storage at �80�C until biochemical extraction. Frozen hippo-

campi were homogenized in homogenization buffer (1� PBS, 5 mM

NaF, 20 mM pyrophosphate, 1� protease/phosphatase inhibitor (Cell

Signaling, #5872, Frankfurt am Main, Germany)) using a Precellys®

device (Bertin Instruments, Darmstadt, Germany) for 2� 15 s at

5000 rpm. Next, an equal volume of 2� RIPA buffer (50 mM Tris,

150 mM NaCl, 2% NP-40, 1% NaDOC, 0.2% SDS) was added to the

sample, followed by sonication of the sample for 10 s and incubation

on ice for 30 min. The homogenate was centrifuged for 30 min at

100,000g and the supernatant was collected. The total protein con-

centration in the supernatants was determined using a bicinchoninic

acid (BCA) assay (Thermo Fisher Scientific, Bremen, Germany) accord-

ing to the manufacturer's instructions.

2.8.2 | ELISA

For quantification of hippocampal TNFα concentrations an electro-

chemiluminescence ELISA (V-PLEX Mouse TNF-α Kit, K152QWD,

MESO SCALE DIAGNOSTICS, LLC, Rockville, USA) was performed

with a 1:1 sample dilution using the reagents supplied by the manu-

facturer and according to the manufacturer's instructions. Each sam-

ple was measured in duplicate and the average was normalized to the

weight of hippocampal tissue and expressed as pg/mg tissue.

2.9 | Single-cell semiquantitative real time reverse

transcription PCR

Single-cell transcript analysis was performed on astrocytes harvested

from brain slices of the hippocampal CA1 region of KA-injected and

non-injected C57B6J mice (Seifert et al., 2009). Astrocytes were iden-

tified by labeling with the fluorescent dye SR101 and based on elec-

trophysiological characterization. Cells were aspirated into a patch

pipette and expelled into reaction tubes filled with 3 μl DEPC-treated

water, flash frozen in liquid nitrogen and stored at �20�C until the

start of the RT-PCR. A reverse transcription reaction was started by

adding 4.5 μl RT-mastermix containing RT-buffer (ThermoScientific),

dNTPs (4 � 250 μM, ThermoFisher), random hexamers (50 μM,

Roche) RNasin (20 U, Promega), and Maxima H Minus reverse tran-

scriptase (100 U, ThermoScientific) and incubated at 37�C for 1 h.

Next, 40 μl of the mastermix were added to the RT product and a pre-

amplification was performed for 20 cycles (denaturation at 94�C,

25 s; annealing at 51�C, 45 s; extension at 72�C, 25 s; final elongation

at 72�C, 7 min) with a thermocycler PTC-200 (MJ Research). The mas-

termix contained PCR buffer, MgCl2 (2.5 mM), dNTPs (4 � 50 μM),

primers (200 nM each, Eurogentec), and 5 U Taq polymerase (Invitro-

gen). Thereafter, an aliquot of 1 μl was used as template for the real-

time PCR using Takyon Mastermix (Eurogentec) or TaqMan universal

PCR Mastermix for amplification of TNFα (Applied Biosystems), in a

final volume of 12.5 μl. For detection and quantification of TNFR1,

TNFR2, TNFα, and the reference genes GFAP and HPRT1, a Taqman

primer/probe mix was used (Applied Biosystems). PCRs for the

respective target and housekeeping genes were run in parallel wells

for each sample as triplicates using a CFX384 Touch Real-Time PCR

Detection System (BioRad Laboratories). Samples were incubated for

2 min at 50�C and after denaturation (10 min, 95�C), 50 cycles (dena-

turation at 95�C, 15 s; primer annealing and extension at 60�C, 60 s)

were performed. The accumulation of the PCR product was detected

by consecutively measuring the fluorescence intensity of the Taqman

probe during each PCR cycle. The target gene/GFAP and target gene/

HPRT1 expression ratios were determined by comparing CT values of

the target gene with those of the respective reference genes. The rel-

ative quantification of different genes was determined according to

the following equation:

Xtarget=XGFAP=HPRT1 ¼E
CT GFAP=HPRT1
GFAP=HPRT1 =ECTtargettarget ð3Þ

yielding the gene ratio with X being the input copy number, E is the

efficiency of amplification, and CT is the cycle number at threshold

detection. By quantification of target gene expression relative to

GFAP or HPRT1, CT was determined for each gene at the same fluo-

rescence emission, Rn. The amplification efficiency was determined

based on serial dilutions of mRNA and was 2.08 (HPRT1), 1.98

(GFAP), 2.03 (TNFR1), 2.02 (TNFR2), and 1.94 (TNFα). DEPC-water

added to the RT-reaction served as a negative control.

2.10 | Statistical analysis

All statistical analyses were performed using R software (R Core

Team, 2021, version 4.0.5, Austria) (R Core Team, 2021). Data are dis-

played as mean + standard deviation (SD) or as box plots representing

median (line) and quartiles (25th and 75th percentile) with whiskers

extending to the highest and lowest values within 1.5 times the inter-

quartile range (IQR). Prior to statistical analysis, data were checked for

normality by inspection of histograms and Q–Q plots as well as by

applying a Shapiro–Wilk test. Levene's test was performed to check

for homogeneity of variance between groups. In case of a significant

deviation from normality, data were transformed according to Tukey's

ladder of powers (Tukey, 1977) prior to conduction of statistical tests

or by performing the appropriate non-parametric equivalent. For com-

parison of two independent groups, Student's t-test or Wilcoxon-rank

sum test were used. More than two groups were compared with one-

way analysis of variance (ANOVA) followed by post-hoc Tukey test or

using Kruskal–Wallis test with Dunn's post-hoc test. p-Value
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F IGURE 1 KA-induced TLE induces rapid microglia reactivity accompanied by delayed macrophage infiltration. (a) Representative images

depicting the morphology of individual IBA1-positive cells in the ipsilateral hippocampal CA1 stratum radiatum of FVB mice at 4 h, 1, 5, and

14 days post SE induction. 3D reconstructions and skeletons were derived from the images to quantify the morphology of individual microglia/

macrophages. Scale bar: 10 μm. (b–e) Quantitative analyses of density, volume, ramification index, and average process length of IBA1-positive

cells indicate rapid and persistent activation of microglia/macrophages following KA-induced SE. n = 15–20 cells/condition, N = 3 mice/

condition; two-way ANOVA; * versus contra, # versus sham. (f) Representative maximum intensity projection (MIPs) of CD169-positive

macrophages (cyan) at 4 h, 5 days, and 14 days post SE induction. Scale bar: 50 μm. Images are background subtracted and brightness adjusted.

(g) CD169 expression was increased in the hippocampal CA1 stratum radiatum during the latent and chronic periods, but not during SE. n = 2–3

slices/mouse, N = 3 mice/condition; two-way ANOVA; * versus contra, # versus sham. (h) Representative MIPs of a combined CD68 (magenta)

and IBA1 (green) staining in the ipsilateral hippocampal CA1 stratum radiatum of sham- and KA-injected mice. Scale bar: 20 μm. Images depict a

background subtracted and brightness adjusted region of interest (ROI) representative of the whole image. (i) CD68 expression was increased

during the latent phase after KA-induced SE. n = 3 slices/mouse, N = 3 mice/condition; two-way ANOVA; # versus sham, $ versus KA4h. Data

are displayed as box plots representing median and quartiles. Black dots represent individual data points. **p < 0.01, ***p < 0.001; #p < 0.05,

##p < 0.01, ###p < 0.001, $$$p < 0.001
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adjustment for more than two groups was based either on Tukey's or

the Benjamini–Hochberg method. For multifactorial data, two-way

ANOVA or two-way aligned rank transform ANOVA (Wobbrock

et al., 2011) were performed. Kaplan–Meier estimates were compared

using a log-rank test and Fisher's exact test was used to analyze con-

tingency tables. Differences between groups were considered statisti-

cally significant at p < 0.05. If not stated otherwise, “n” refers to the

number of cells or slices, and “N” refers to the number of ani-

mals used.

3 | RESULTS

3.1 | Activation of innate immune cells in

experimental TLE

Activation of microglial cells and invasion of neural tissue by blood-

derived immune cells has been described in the sclerotic hippocampus

of drug-resistant TLE patients and in various experimental epilepsy

models (Broekaart et al., 2018; Di Nunzio et al., 2021; Feng

et al., 2019; Morin-Brureau et al., 2018; Zattoni et al., 2011). In the

unilateral intracortical KA mouse model of TLE with HS, which closely

reproduces key features of the human condition, pronounced micro-

gliosis was found in the chronically epileptic hippocampus (Deshpande

et al., 2020). However, the time course of microglial activation during

the early phase of epileptogenesis has not been studied in our model,

and no information on immune cell infiltration is yet available. Here,

we performed morphometric analysis of IBA1-immunolabeled cells in

the hippocampal CA1 at different stages of KA-induced epileptogen-

esis to assess the temporal pattern of microglia activation. We

focused on four different time points, representing the acute phase (i.

e., before onset of neuronal death, 4 h post KA injection), the latent

period (1 and 5 days) and the chronic phase (14 days) (Bedner

et al., 2015). Microglial cell density, cell volume, branching index and

average length of cell processes were quantified using 3D reconstruc-

tions and cytoskeletal predictions extracted from high-resolution con-

focal images (Figure 1a) and statistically compared between sham-

and KA-injected mice as well as between the injected (ipsilateral) and

non-injected (contralateral) hemispheres. The density of IBA1-positive

cells remained unchanged 4 h and 1 day after KA injection, but

increased markedly on the fifth day in the hippocampi of both hemi-

spheres. While after two weeks innate immune cell density further

increased on the ipsilateral side, it returned to baseline contralaterally

(Figure 1b, see Table S2 for descriptive statistics of Figure 1). Hyper-

trophy of IBA1-positive cells was already detectable 4 h after KA

injection (Figure 1c). Similar to the alterations in cell density, these

changes, as well the reduction in process length (Figure 1e), were per-

sistent ipsilaterally but transient on the contralateral side. However,

ramification of IBA1-positive cells remained unchanged across all time

points investigated (Figure 1d).

As not only microglia but also peripheral monocytes express

IBA1, we next sought to determine to what extent the increased den-

sity of IBA1-positive cells resulted from microglial proliferation vs.

invasion of monocytes. For this purpose, we stained hippocampal

slices from epileptic mice with the peripheral myeloid marker CD169

(Butovsky et al., 2012; Gao et al., 2015; Rice et al., 2015). CD169-pos-

itive cells were virtually absent 4 h and 1 day after KA, but abundant

on both hemispheres after 5 days, and ipsilaterally after 14 days

(Figure 1f,g). In order to test that in our model CD169 specifically

labels peripheral monocytes, we performed double-staining of CD169

together with the microglia-specific marker Tmem119 (Bennett

et al., 2016) 5 days post KA injection (Figure S1). Surprisingly, the

staining revealed that a subset of CD169-positive cells also expressed

Tmem119. Ipsilaterally, however, some CD169-positive cells were

Tmem119-negative, which indicates monocyte infiltration.

To further characterize innate immune cell activation, we per-

formed immunohistochemical staining for CD68, which is typically

upregulated during inflammation by activated microglia/macrophages

(Broekaart et al., 2018; Jurga et al., 2020). The resulting diffuse stain-

ing pattern (Figure 1h) made identification of individual cells and thus

quantification of cell density difficult. Therefore, we determined the

volume occupied by CD68 immunoreactivity in the hippocampal CA1

of sham- and KA-injected animals. Here, we observed a strong

increase in immunoreactivity 5 days but not 4 h after KA injection,

confirming that microglia/macrophages acquire a reactive phenotype

after KA-induced SE (Figure 1I).

Taken together, these studies strongly suggest that hippocampal

microglia become rapidly reactive following SE induction, even before

the onset of neurodegeneration (Bedner et al., 2015). Ipsilaterally, the

extent of innate immune cell activation gradually increased during the

first two weeks of epileptogenesis. Transient microglial activation was

also seen in the contralateral hippocampus.

3.2 | Microglia depletion prevents SE-induced GJ

uncoupling

Loss of astrocytic GJ coupling is a characteristic feature of the scle-

rotic hippocampus in human and experimental TLE (Bedner

et al., 2015). Our previous data suggest that the disruption of astro-

cyte coupling is mediated by microglia activation and release of pro-

inflammatory cytokines (Bedner et al., 2015; Khan et al., 2016),

although evidence for a causal relationship is still lacking. Thus, we

employed the orally available CSF1R inhibitor PLX5622 (PLX) (Dagher

et al., 2015) to deplete microglia from the brain prior to KA injection.

Both non-injected and KA-injected (4 h post injection) FVB mice

showed a 50%–60% reduction in IBA1-positive microglia in the hippo-

campus following 21 days of PLX treatment (non-injected: control diet

16,108 ± 1660 (mean ± SD) vs. PLX 21 d 6586 ± 982 cells/mm3; KA-

injected after 4 h: control diet 15,792 ± 2168 vs. PLX21d 7573 ± 952

cells/mm3) (Figure 2a,b). Extending PLX administration to 28 days

slightly increased depletion efficacy, but was nonetheless not suffi-

cient to completely abolish microglia in the hippocampus (Figure S2a,

b). Moreover, the reduction in IBA1-positive microglia was similar

after 7 and 21 days of PLX treatment, indicating rapid clearance of

microglia from the brain (Figure S2b). Tmem119 immunostaining
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confirmed these findings, demonstrating high but incomplete micro-

glia depletion (�70%) in KA mice subjected to 21 days of PLX treat-

ment (Figure S2c,d). The extent of microglia depletion after PLX

treatment was similar in C57B6J and FVB mice (Figure S2e,f). Finally,

quantification of the morphology of surviving microglia after PLX

treatment revealed no significant cytoskeletal changes compared to

mice receiving a control diet (Figure S2g–k). To summarize, these find-

ings contrast previous reports demonstrating almost complete

removal of microglia from the brain after 3 weeks of continuous PLX

treatment (Dagher et al., 2015). Nevertheless, our data show that

CSF1R inhibition causes microglia depletion not only in the healthy

but also the epileptic brain, making it a suitable approach to study the

contribution of microglia to astrocyte dysfunction and epileptogen-

esis. Hence, in a next step we treated mice for 21 days with PLX prior

to KA application and assessed GJ coupling 4 h later by biocytin filling

of individual hippocampal CA1 stratum radiatum astrocytes. In the

F IGURE 2 Legend on next page.
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hippocampus of control mice, KA-induced SE led to a reduction of GJ

coupling efficiency by about 50% at this time point (Bedner

et al., 2015; Henning et al., 2021). Notably, PLX treatment and partial

depletion of microglia completely prevented SE-induced uncoupling

(KA 4 h: 54.14 ± 24.31% vs. PLX 21d + KA 4 h: 87.08 ± 23.03%; per-

centage of coupled astrocytes ipsi- vs. contralaterally) (Figure 2c,d).

Alterations in GFAP expression and morphology are considered

hallmarks of reactive astrocytes (Escartin et al., 2021). Moreover, pro-

inflammatory cytokines released from microglia have been shown to

induce astrogliosis (Liddelow et al., 2017). To further elucidate the

contribution of microglia to astrocyte reactivity during early KA-

induced epileptogenesis, we characterized morphological features of

GFAP-positive astrocytes in PLX-treated mice 4 h post KA injection in

the CA1 stratum radiatum. Cell volume, total process length and cell

density were quantified using 3D reconstructions derived from confo-

cal images and compared between sham, KA and PLX21d + KA-trea-

ted mice (Figure 2e–h). The volume of GFAP-positive astrocytes was

increased ipsilaterally and slightly decreased contralaterally, indepen-

dent of whether mice were treated with PLX or not (Sham: ipsi 197,

164–218 vs. contra 212, 198–215 μm3; KA 4 h: ipsi 291, 250–356 vs.

contra 145, 135–178 μm3; PLX 21 d + KA 4 h: ipsi 406, 345–501 vs.

contra 184, 139–197 μm3) (Figure 2f). The process lengths were

reduced on both sides, an effect that could be prevented by PLX

treatment (Sham: ipsi 508, 297–566 vs. contra 439, 356–508 μm; KA

4 h: ipsi 322, 290–373 vs. contra 320, 282–321 μm; PLX 21 d + KA

4 h: ipsi 538, 439–616 vs. contra 348, 216–532 μm) (Figure 2g). Con-

sistent with our previously published data (Wu et al., 2021), the den-

sity of GFAP-positive cells was ipsilaterally decreased 4 h post KA,

which was not prevented by PLX treatment (Figure 2h). A slight

decrease in astrocyte density was also observed in the ipsilateral hip-

pocampus of sham-injected mice (Sham: ipsi 13,352, 11,596–15,109

vs. contra 14,758, 14,055–16,515 cells/mm3; KA 4 h: ipsi 11,244,

9839–12,650 vs. contra 15,461, 14,055–19,677 cells/mm3; PLX 21

d + KA 4 h: ipsi 9136, 8082–10,541 vs. contra 14,055, 12,650–

15,461 cells/mm3) (Figure 2h). In conclusion, our data reveal that in

addition to microglia, astrocytes become rapidly reactive following SE

induction. However, partial microglia depletion only slightly affected

the morphological alterations these cells underwent 4 h after onset

of SE.

3.3 | Microglia depletion attenuates the severity of

KA-induced SE but increases mortality

The protective effect of PLX treatment on astrocyte coupling

prompted us to examine the consequences of microglia depletion on

epileptogenesis in our TLE-HS model. As astrocyte uncoupling is

thought to causally contribute to epileptogenesis (Bedner et al., 2015;

Deshpande et al., 2020; Onodera et al., 2021), we hypothesized that

PLX exerts antiepileptogenic effects in our model. A subset of mice

was treated with PLX for 21 days and subsequently subjected to

intracortical KA injection, which was immediately followed by implan-

tation of telemetric EEG transmitters. A control group received stan-

dard chow prior to KA injection and transmitter implantation. We

quantified the severity of SE, which in our model is manifested by a

series of convulsive seizures (Figure 2i) lasting up to several hours.

The number of seizures, their duration and the overall time spent in

ictal activity was quantified during the first h of SE. Additionally, we

counted the number of epileptic spikes during the first 6 h of record-

ing and compared the spectral power in the γ range after fast Fourier

transformation (FFT) of the EEG data. Baseline activity did not differ

between groups (p = 0.99, independent samples t-test; data not

shown). We detected significantly less seizures (KA: 17, 15–19 vs.

PLX 21 d + KA: 13, 12–16 seizures) and a reduced time spent in ictal

activity (KA: 47, 34–56 vs. PLX 21 d + KA: 30, 25%–36%) in PLX-

treated compared to control mice during the first hour of KA-induced

SE (Figure 2j,l) whereas seizure duration was not affected (KA: 89,

77–119 vs. PLX 21 d + KA: 71, 61–84 s) (Figure 2k). To further

F IGURE 2 Microglia depletion prevents astrocytic uncoupling and attenuates SE severity. (a) Representative MIPs of a combined IBA1 and

Hoechst staining in the hippocampus of non-injected mice fed a control diet (non-injected), PLX-treated (PLX 21 days), KA-injected (KA 4 h) and

PLX- + KA-treated (PLX 21 days + KA 4 h) FVB mice. Scale bar: 200 μm. (b) The number of IBA1-positive cells was reduced by 50%–60% in the

hippocampus of both, KA- and non-injected mice receiving PLX-diet (1200 mg/kg). n = 3 slices/mouse, N = 3 mice/condition; one-way ANOVA;

* versus control diet. (c) Representative MIPs depicting biocytin-filled astrocytes labeled with streptavidin-conjugated Alexa Fluor® 647 in the

ipsi- and contralateral hippocampal CA1 stratum radiatum region in KA-injected (KA 4 h) and PLX- + KA-treated (PLX 21 days + KA 4 h) FVB

mice 4 h post KA injection. Images depict a background subtracted and brightness adjusted ROI representative of the whole coupling cloud. Scale

bar: 50 μm. (d) Partial microglia depletion prevented GJ uncoupling of astrocytes during SE. n = 11 cells/condition, N = 4 mice; Independent

samples t-test. The dashed line indicates the value of the contralateral hemisphere; * versus KA4h. (e) Representative MIPs of combined GFAP

and Hoechst staining in the ipsi- and contralateral hippocampal CA1 stratum radiatum of mice with or without PLX pre-treatment, 4 h after KA

injection. Scale bar: 20 μm. (f–h) Analyses of volume, total process length and density of GFAP-positive astrocytes revealed that microglia

depletion only marginally affects astrogliosis. n = 3 slices/mouse, N = 3 mice/condition; two-way ANOVA; * versus contra, # versus sham. (I)

Representative EEG traces during KA-induced SE in PLX-untreated (top) and PLX-treated (bottom) mice. (j–l) Number of seizures, seizure

duration, and time spent in ictal activity during the first h of SE. PLX pre-treatment reduced number and time spent in seizures but not seizure

duration. N = 9 KA and 11 PLX21d + KA mice; independent samples t-test; * versus KA. (m, n) The number of spikes per min as well as high

frequency EEG activity (γ = 30–50 Hz) were reduced in PLX-treated mice during the first 6 h after KA injection. N = 9 KA and 11 PLX21d + KA

mice; Wilcoxon rank sum test; * versus KA. (o) Kaplan–Meier curve showing that the mortality was increased in PLX-treated compared to

untreated mice following KA injection. N = 17 KA and 13 PLX21d + KA mice; log-rank test. Data are displayed as box plots representing median

and quartiles, or as bar graphs with mean + SD. Black dots represent individual data points. SR, stratum radiatum; SP, stratum pyramidale.

*p < 0.05; **p < 0.05; ***p < 0.001; #p < 0.05; ##p < 0.01; ###p < 0.001
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characterize SE, spike and spectral analyses were performed during an

extended period of 6 h after SE induction. Both spike number (KA:

158, 124–251 vs. PLX 21 d + KA: 66, 43–119 spikes/min) and high-

frequency activity in the γ range (KA: 5, 3.97–7.13 vs. PLX 21 d + KA:

2.6, 1.38–2.93) were significantly reduced in PLX-treated versus con-

trol mice (Figure 2m,n). Unexpectedly, PLX treatment significantly

increased the mortality rate of KA injected mice (KA: 21.43% (3 of 14

mice) vs. PLX 21 d + KA: 69.23% (9 of 13 mice)) (Figure 2o), which

made long-term investigations of the chronic phase impossible.

Together, the data show that partial microglia depletion reduces the

severity of KA-induced SE, implicating microglia as modulators of epi-

leptiform activity.

3.4 | SE-induced uncoupling of astrocytes requires

TNFα released from microglia

So far, our data (Figure 2) support a role for activated microglia in

astrocyte uncoupling and ictogenesis following KA-induced SE, and

we hypothesized that microglia exert their detrimental effects via the

release of TNFα. To explore this hypothesis, we subjected microglia-

specific and inducible TNFα knockout (TNFKO) mice to our TLE model

and performed ELISA to quantify hippocampal TNFα concentrations

4 h post KA injection. TNFα levels were strongly increased in the ipsi-

lateral hippocampus of heterozygous Cre-expressing control (CTRL)

mice (ipsi 0.126, 0.074–0.13; contra 0.006, 0.005–0.009 pg/mg tis-

sue) (Figure 3a). Although in TNFKO versus CTRL mice the ipsilateral

TNFα level upon KA injection was markedly reduced, it was still higher

than on the contralateral side (TNFKO: ipsi 0.005, 0.003–0.006; con-

tra 0.001, 0.001–0.001 pg/mg tissue) (Figure 3a). Nevertheless, this

ipsilateral reduction of TNFα in TNFKO mice was sufficient to

completely prevent the 50% loss of astrocyte GJ coupling occurring in

CTRL mice 4 h post KA injection (CTRL: 44.75 ± 28.91% vs. TNFKO:

102 ± 27.07%; percentage of coupled astrocytes ipsi- vs. contralater-

ally) (Figure 3b,c). Although single-cell transcript analysis did not

detect significant changes in TNFR1 and TNFR2 mRNA expression

levels (Figure S3a,b), there was a significant increase in TNFR1 immu-

noreactivity in GFAP-positive astrocytes at both 4 h and 5 days post

KA injection (Figure S3g,h). Collectively, these data provide evidence

that during early epileptogenesis, microglia are a primary source of

pro-inflammatory TNFα, which impairs astrocytic GJ coupling, proba-

bly via TNFR1 signaling.

3.5 | Microglia-specific reduction of TNFα does

not affect KA-induced SE and subsequent generation

of spontaneous seizure activity

Next, we used continuous EEG monitoring to address the question

whether KA-induced SE and spontaneous seizure generation are

affected in TNFKO mice over the first 4 weeks after KA injection.

During the first hour of SE, neither the number of seizures (CTRL

12.5, 6–15 vs. TNFKO 8, 4.5–13 seizures) nor seizure duration (CTRL

125, 88–149 vs. TNFKO 94, 75–149 s) differed between genotypes

(Figure 3e,f). During the first 6 h after KA injection the number of

spikes (CTRL 11506, 7784–19,223 vs. TNFKO 7018, 2682–31,412

spikes/min) and high frequency EEG activity (CTRL 1.81, 1.44–2.35

vs. TNFKO 2.88, 2.3–3.97) were also similar (Figure 3g,h). Mortality

was not different between both genotypes (data not shown). During

the chronic phase (4 weeks post KA injection), the total number of

spontaneous generalized seizures (SGS) did not differ between the

genotypes (CTRL 10, 4.25–25 vs. TNFKO 18, 15–29.5 SGS)

(Figure 3j). Likewise, the length of the latent phase was not influenced

by the lack of microglial TNFα (CTRL 8.33 ± 8.77 vs. TNFKO 5.29

± 2.5 days until first SGS) (Figure 3k). Finally, neither the total number

of epileptic spikes per min (CTRL 6.25, 3.91–10.57 vs. TNFKO 3.78,

2.41–5.29 spikes/min) nor the total EEG band power (CTRL 1.75,

1.54–1.93 vs. TNFKO 1.75, 1.62–1.87) were different between

experimental groups (Figure 3l,m). Taken together, these results indi-

cate that the microglia-specific reduction of TNFα levels in TNFKO

mice was insufficient to attenuate KA-induced SE or chronic seizure

activity in our TLE model.

F IGURE 3 Reducing microglial TNFα prevented astrocytic uncoupling but did not attenuate seizure activity during SE and the chronic phase.

(a) Tissue concentration of TNFα determined by ELISA was significantly increased 4 h after KA injection in the ipsi- versus contralateral dorsal

hippocampus of both, Cx3cr1CreERT2/+-TNFα+/+ (CTRL) and Cx3cr1CreERT2/+-TNFαloxp/loxp (TNFKO) mice, but the increase in TNFKO mice was

significantly lower (N = 5 CTRL and 8 TNFKO mice; two-way ANOVA; * vs. ipsi, # vs. CTRL). (b) Representative MIPs depicting biocytin-positive

astrocytes 4 h post KA injection in the ipsi- and contralateral hippocampal CA1 stratum radiatum of CTRL and TNFKO mice. Scale bar: 50 μm.

Images depict a background subtracted and brightness adjusted ROI representative of the whole coupling cloud. (c) Microglia-specific knockout of

TNFα prevents uncoupling of astrocytes 4 h post KA injection. n = 12–15 cells/condition, N = 4–5 mice; Independent samples t-test. The dashed

line indicates the value on the contralateral hemisphere; * versus CTRL. (d) Representative EEG traces during SE in TNFKO and CTRL mice. (e, f)

No differences between groups regarding number and duration of seizures during the first h of SE were found. (g, h) Similarly, analyses of spike

frequency and normalized γ band EEG activity during the first 6 h of EEG recording revealed no difference between genotypes (inset displays the

median γ band activity over 6 h of SE). (i) Representative EEG traces (ictal activity, top; interictal, bottom) from TNFKO and CTRL mice during

week 4 after KA injection. (j, k) Total number of SGS and the length of the latent phase did not differ between genotypes. (l, m) Spike frequency

and normalized total EEG band power were similar in both groups. N = 7 TNFKO and 8 CTRL mice. Data are displayed as box plots representing

median and quartiles and were analysed using either an independent samples t-test, a Wilcoxon rank sum test or a log-rank test. Black dots

represent individual data points. SR, stratum radiatum; SP, stratum pyramidale. ***p < 0.001; ###p < 0.001
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3.6 | Reduced TNFα release from microglia did not

affect neurodegeneration but attenuated astro- and

microgliosis in KA-induced TLE

Approximately two-thirds of patients with pharmacoresistant TLE

exhibit HS, which is characterized by marked neurodegeneration,

reactive astro- and microgliosis, and GCD (Aronica et al., 2007;

Blümcke et al., 1999; Broekaart et al., 2018). These histopathological

changes are well reproduced in our mouse model of TLE (Bedner

et al., 2015; Deshpande et al., 2020). To determine whether reduction

of microglial TNFα influences HS development, we immunostained

hippocampal slices with antibodies against NeuN, GFAP, and Hoechst

4 weeks after epilepsy induction (Figure 4a). Hippocampal neurode-

generation, GCD and shrinkage of the CA1 stratum radiatum were

similar in the hippocampus of KA-injected CTRL and TNFKO mice

(number of CA1 neurons: CTRL: ipsi 19, 9.5–24 vs. contra 71.5, 60–

82.5; TNFKO: ipsi 25, 4–63 vs. contra 62, 53.5–74; stratum radiatum

width: CTRL: ipsi 134.38, 84.81–147.92 vs. contra 185.4, 159.6–

198.6 μm; TNFKO: ipsi 112.50, 72.15–152.65 vs. contra 179.8,

167.8–194.5 μm; GCD: CTRL: ipsi 78, 68.34–91-13 vs. contra 84.74,

71.33–99.85 μm; TNFKO: ipsi 86.83, 83.17–121.63 vs. contra 82.43,

70.86–89.03 μm) (Figure 4b–d). Next, the degree of astrogliosis in the

hippocampal CA1 stratum radiatum based on the total volume occu-

pied by the GFAP signal was quantified using a custom-written algo-

rithm in FIJI. GFAP immunoreactivity was increased ipsi- vs.

contralaterally in both genotypes, but this increase was less pro-

nounced in TNFKO mice (CTRL (mean ± SD): ipsi 4.5 ± 1.35 vs. contra

3 ± 1.21%; TNFKO: ipsi 3.87 ± 1.65 vs. contra 2.33 ± 0.91%)

(Figure 4e). Finally, we determined the magnitude of microglia/macro-

phage activation by quantifying the volume occupied by IBA1-positive

F IGURE 4 Microglia-specific reduction of TNFα attenuates astro- and microgliosis 4 weeks after KA-injection. (a) Representative MIPs of

combined NeuN (magenta), GFAP (green), and Hoechst (blue) staining in ipsi- and contralateral hippocampal slices from CTRL and TNFKO mice

obtained 4 weeks after KA injection. Scale bar: 200 μm. (b–e) KA-injected CTRL and TNFKO mice displayed similar pyramidal cell loss in the CA1

region, shrinkage of the stratum radiatum and GCD, while astrogliosis in the CA1 stratum radiatum was less pronounced both ipsi- and

contralaterally in TNFKO mice. n = 3 slices/mouse, N = 6 CTRL and 5 TNFKO mice; * versus contra, # versus CTRL. (f) Representative MIPs of

IBA1 staining in the ipsi- and contralateral hippocampal CA1 stratum radiatum from C57B6J, CTRL and TNFKO mice 4 weeks after KA injection.

Scale bar: 20 μm. (g) Microgliosis was present in all genotypes in the ipsilateral hippocampus, but overall reduced in KA-treated TNFKO compared

to C57B6J mice. n = 2–3 slices/mouse, N = 5 mice/condition; * versus ipsi; $ versus C57B6J. Data are displayed as box plots representing

median and quartiles or as bar graphs with mean + SD and were analysed using two-way ANOVA. Black dots represent individual data points.

CA, cornu ammonis; str. rad., stratum radiatum; GCL, granule cell layer. ***p < 0.001; *p < 0.05; #p < 0.05; $p < 0.05
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cells in the hippocampus of C57B6J, CTRL and TNFKO mice, 4 weeks

post KA-induced SE (Figure 4f,g). The data revealed a pronounced

increase in IBA1 immunoreactivity in ipsilateral hippocampi across all

genotypes. While no differences were found in CTRL versus C57B6J

and CTRL versus TNFKO mice, IBA1 immunoreactivity was signifi-

cantly attenuated both ipsi- and contralaterally, in TNFKO compared

to C57B6J mice (C57B6J: ipsi 9.60 ± 4.66 vs. contra 3.87 ± 1.83%;

CTRL: ipsi 8.11 ± 2.45 vs. contra 2.82 ± 0.71%; TNFKO: ipsi 4.95

± 2.24 vs. contra 2.41 ± 0.45%) (Figure 4f,g). Thus, during the first

4 weeks of epileptogenesis, microglia-derived TNFα specifically pro-

motes astrogliosis and innate immune cell activation while neurode-

generation and GCD are less sensitive.

4 | DISCUSSION

In the present study we show that microglia become rapidly and

chronically activated in a mouse model closely resembling key fea-

tures of human TLE (Bedner et al., 2015). By combining pharmacology

and cell-type-specific gene knockout we identified microglia as major

drivers of early TNFα production, severity of SE, reactive gliosis, and

uncoupling of hippocampal astrocytes following KA injection. Micro-

glia activation temporally preceded neuronal cell death and was also

transiently detectable in the contralateral hippocampus, indicating

that it was not a response to neurodegeneration, but rather a result of

seizure activity per se (Bedner et al., 2015). Indeed, microglia register

neuronal hyperactivity during KA-induced SE via a mechanism involv-

ing glutamate-dependent ATP release from neurons, which is sensed

by microglial P2Y12 receptors (Dissing-Olesen et al., 2014; Eyo

et al., 2014). Our stereological analyses revealed a dramatic increase

in the number of IBA1-positive cells during the latent and chronic

phases of epilepsy. Moreover, the extent of innate immune cell activa-

tion gradually increased over time, which was indicated by the appear-

ance of CD68, a marker of activated macrophages (Jurga et al., 2020).

Both microglia and infiltrated monocytes jointly contribute to the pool

of activated innate immune cells in experimental TLE (Feng

et al., 2019; Käufer et al., 2018; Waltl, Käufer, Bröer, et al., 2018), and

invasion of blood-borne monocytes exacerbates neurodegeneration,

blood–brain barrier (BBB) breakdown and inflammation following SE

(Varvel et al., 2016). Our data revealed the emergence of CD169-posi-

tive cells at later time points (i.e., 5 and 14 days post KA injection),

indicating monocyte infiltration after KA injection. However, co-stain-

ing of CD169 with the microglia-specific marker Tmem119 at 5 days

post KA injection questioned the specificity of CD169 as a marker of

infiltrating monocytes. In support of this, reactive microglia have been

shown to upregulate CD169 in other pathological conditions, such as

following lipopolysaccharide (LPS) exposure and in experimental auto-

immune encephalomyelitis (Bennett et al., 2016; Bogie et al., 2018).

Nevertheless, it is possible that the CD169-positive/Tmem119-nega-

tive cells detected in the ipsilateral hippocampus are monocytes that

have crossed the compromised BBB characteristic of our TLE model

(Deshpande et al., 2017; Henning et al., 2021). Notably, the density of

IBA1 and CD169 immunoreactive cells was also transiently increased

in the contralateral hippocampus. Whether contralateral innate

immune cell activation contributes to the pathology of epilepsy

remains to be established.

To study microglial contributions to epileptogenesis, we examined

consequences of microglia depletion by applying the CSF1R inhibitor

PLX5622 prior to KA injection. In contrast to previous observations

(Basilico et al., 2022; Dagher et al., 2015), in the present study PLX

only partially depleted microglia, regardless of the duration of applica-

tion, mouse genotype or microglial markers employed. The morphol-

ogy of PLX-resistant microglia remained unchanged. The reasons for

the incomplete depletion remain unclear, as our mice had ad libitum

access to the PLX-supplemented diet and readily consumed it (3–4 g/

mouse/day). Nevertheless, this incomplete depletion was sufficient to

completely prevent loss of astrocyte GJ coupling and to mitigate the

severity of KA-induced SE. Together, these findings are consistent

with our hypothesis that microglia indirectly promote epileptogenesis

by decreasing GJ-mediated K+ and glutamate buffering capacity of

astrocytes, and are in line with previous studies that have identified

microglia as drivers of neuronal hyperactivity and seizures (Pascual

et al., 2012; Riazi et al., 2008; Rodgers et al., 2009). It should be

noted, however, that other studies did not find evidence for a role of

microglia in modulating KA- or pilocarpine- induced seizures (Altmann

et al., 2022; Feng et al., 2019; Mirrione et al., 2010) or even reported

increased SE severity after microglia depletion (Liu et al., 2020; Wu

et al., 2020). Possible explanations underlying these discrepancies

include differences between animal models and efficiency of microglia

depletion.

Our stereological data revealed that astrocyte morphology

changes are rapidly induced and occur in parallel with microglia activa-

tion upon SE induction. In addition, partial microglia depletion had

only minor effects on astrocyte morphology changes during SE. This is

in contrast to a previous study, showing that microglia activation pre-

cedes astrocyte reactivity and that depletion of microglia is sufficient

to prevent morphological alterations of astrocytes after pilocarpine-

induced SE (Sano et al., 2021). The lack of effect in the present study

could be due to the incomplete depletion of microglia in our model.

Alternatively, as astrocytes sense neuronal activity via a variety of ion

channels and neurotransmitter receptors (Coulter & Steinhau-

ser, 2015), astrocyte morphology changes in response to hyperactivity

may be largely independent of inflammatory signaling by microglia.

To our surprise, microglia-depleted mice exhibited high mortality

following KA-injection, a phenomenon that was also observed in other

studies of SE- and infection-induced epilepsy (Sanchez et al., 2019;

Waltl, Käufer, Gerhauser, et al., 2018; Wu et al., 2020). These studies

showed that microglia depletion exacerbates neurodegeneration fol-

lowing an epileptogenic insult, indicating that microglia serve neuro-

protective functions in epilepsy (Sanchez et al., 2019; Waltl et al.,

2018; Wu et al., 2020). However, CSF1R is expressed in all myeloid

cells of the body and CSF1R inhibition has been shown to reduce

peripheral macrophage numbers (Green et al., 2020; Merry

et al., 2020). Since macrophages play an important role in wound heal-

ing (Kim & Nair, 2019), reduced macrophage numbers following PLX

treatment could have increased mortality due to impaired
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regeneration after surgical EEG implantation. Thus, whether the

increased mortality after microglia depletion in our model reflects a

protective role of microglia in epilepsy or merely the peripheral side

effects of blocking CSF1R, remains to be clarified. The observed

increase in mortality after PLX treatment in our model nevertheless

implies that microglia depletion does not represent a compelling strat-

egy for the treatment of epilepsy and emphasizes the need for more

targeted microglial manipulations in TLE.

The opposing effects of microglia depletion in our model

prompted us to manipulate these cells in such a way that the antiepi-

leptic aspects of PLX treatment are retained while simultaneously pre-

serving essential functions of microglia for survival of the animals. We

hypothesized that preventing the release of the pro-inflammatory

cytokine TNFα from microglia could be a promising strategy, as the

cytokine has previously been associated with both astrocyte reactivity

and epilepsy (Liddelow et al., 2017; Patel et al., 2017). Using micro-

glia-specific inducible TNFα knockout mice, we identified microglia as

the primary source of TNFα 4 h after KA injection. This finding is in

line with studies demonstrating that microglia are major producers of

TNFα following pilocarpine-induced SE (Sano et al., 2021; Wang

et al., 2015). Importantly, reduction of TNFα in microglia prevented

early astrocyte uncoupling, confirming that the loss of coupling in wild

type mice after KA-induced SE (Bedner et al., 2015) depends on TNFα

signaling. Our immunohistochemical analyses further revealed

increased TNFR1 expression in astrocytes at 4 h and 5 days post KA

injection, suggesting that microglial TNFα acts via TNFR1 to impair GJ

coupling in astrocytes.

In contrast to our expectations, microglia-specific TNFα knock-

out had no effects on SE or chronic epileptiform activity in our

model. There are several possible explanations for this finding.

First, it cannot be excluded that residual release of the cytokine still

occurs in tamoxifen-treated TNFKO mice upon KA-induced SE and

contributes to the ipsilateral increase we have observed, which

might be sufficient to generate hyperactivity. Moreover, experi-

mental data from various pathological conditions show that TNFα

has antithetical effects depending on whether it signals via TNFR1

or TNFR2 (Balosso et al., 2005; Brambilla et al., 2011; Dong

et al., 2016; Karamita et al., 2017; Patel et al., 2017; Weinberg

et al., 2013). In the context of epilepsy, Balosso et al. (2005) dem-

onstrated that the susceptibility to KA-induced acute seizures was

reduced in mice lacking TNFR1 but increased in mice lacking

TNFR2. Similarly, in a study by Patel et al. (2017) it was shown that

combined knockout of TNFR1/TNFR2 decreased acute infection-

induced seizures, while selective TNFR2 deletion led to exacerba-

tion of seizures. Thus, it is possible that reduction of TNFα in

microglia has no consequence on seizure activity in our model

because deleterious and beneficial effects of TNFα signaling via

TNFR1 and TNFR2 cancel out each other. While our data show that

microglia are the primary source of TNFα released during SE, other

immunocompetent cells might contribute to TNFα release at later

stages of epileptogenesis, e.g. peripheral monocytes upon infiltra-

tion into the CNS. In the present study, TNFα reduction was

restricted to microglia by maintaining a sufficiently long interval

between tamoxifen and KA injection, thus exploiting the much fas-

ter turnover rates of peripheral monocytes compared to microglia

(Goldmann et al., 2013; Parkhurst et al., 2013). Conversely, short-

ening the interval between tamoxifen and KA injections would

allow to investigate whether combined reduction of TNFα in micro-

glia and peripheral monocytes attenuates seizure activity in our

TLE model. The discrepancy between the data from our PLX and

TNFKO experiments in terms of affecting SE severity might indi-

cate that factors other than microglia-derived TNFα contribute to

the susceptibility to KA-induced seizures. Indeed, microglia release

several pro-inflammatory cytokines that modulate seizures, includ-

ing interleukin (IL)-1ß (Vezzani et al., 1999, 2011). Additionally, a

non-inflammatory reactive microglial state caused by genetic over-

activation of mTOR and characterized by increased phagocytic

activity has been shown to be sufficient to cause epileptic activity

(Zhao et al., 2018). Thus, partial microglia depletion using PLX may

have prevented phenotypic changes of microglia other than TNFα

release, which might explain its seizure suppressing effects during

KA-induced SE. The identification of microglia-derived factors

underlying the beneficial effect of PLX on KA-induced seizures as

seen in the present study requires further investigations.

In the present study microglia-specific TNFα knockout attenu-

ated astrogliosis and immune cell activation, but did not attenuate

neurodegeneration, GCD and stratum radiatum shrinkage during

the chronic phase of epilepsy. Limited recombination efficiency or

simultaneous modulation of TNFR1 and TNFR2 signaling may be

responsible for the latter, as discussed above. For example, inhibi-

tion of TNFR1 was shown to ameliorate hippocampal cell death in

KA-induced epilepsy (Weinberg et al., 2013), whereas increased

neuronal loss occurred in mice lacking both TNFRs (Bruce

et al., 1996). Thus, specifically targeting the TNFα-TNFR1 axis

might represent a promising strategy to attenuate SE-induced

neurodegeneration.

5 | CONCLUSION

The present study provides novel insights into the role of microglia

reactivity and TNFα release in astrocyte dysfunction and epileptogen-

esis. During KA-induced SE, microglia become rapidly reactive and

constitute a primary source of TNFα, which targets astrocytes, impairs

GJ coupling and contributes to the development of TLE. The observa-

tions of the present study reveal additional mechanisms underlying

inflammation-induced epileptogenesis and emphasize the importance

of targeted anti-inflammatory treatments in TLE.
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