
https://doi.org/10.1007/s13311-021-01160-0

ORIGINAL ARTICLE

Chemogenetic Seizure Control with Clozapine and the Novel 
Ligand JHU37160 Outperforms the Effects of Levetiracetam 
in the Intrahippocampal Kainic Acid Mouse Model

Jana Desloovere1   · Paul Boon1 · Lars Emil Larsen1,2 · Marie‑Gabrielle Goossens1 · Jean Delbeke1 · 
Evelien Carrette1 · Wytse Wadman1 · Kristl Vonck1 · Robrecht Raedt1 

Accepted: 4 November 2021 
© The American Society for Experimental NeuroTherapeutics, Inc. 2021

Abstract
Expression of inhibitory designer receptors exclusively activated by designer drugs (DREADDs) on excitatory hippocampal 
neurons in the hippocampus represents a potential new therapeutic strategy for drug-resistant epilepsy. To overcome the 
limitations of the commonly used DREADD agonist clozapine, we investigated the efficacy of the novel DREADD ligand 
JHU37160 in chemogenetic seizure suppression in the intrahippocampal kainic acid (IHKA) mouse model for temporal lobe 
epilepsy (TLE). In addition, seizure-suppressing effects of chemogenetics were compared to the commonly used anti-epileptic 
drug (AED), levetiracetam (LEV). Therefore, an adeno-associated viral vector was injected in the sclerotic hippocampus 
of IHKA mice to induce expression of a tagged inhibitory DREADD hM4Di or only a tag (control) specifically in excita-
tory neurons using the CamKIIα promoter. Subsequently, animals were treated with LEV (800 mg/kg), clozapine (0.1 mg/
kg), and DREADD ligand JHU37160 (0.1 mg/kg) and the effect on spontaneous seizures was investigated. Clozapine and 
JHU37160-mediated chemogenetic treatment both suppressed seizures in DREADD-expressing IHKA mice. Clozapine 
treatment suppressed seizures up to 34 h after treatment, and JHU37160 effects lasted for 26 h after injection. Moreover, both 
compounds reduced the length of seizures that did occur after treatment up to 28 h and 18 h after clozapine and JHU37160, 
respectively. No seizure-suppressing effects were found in control animals using these ligands. Chemogenetic seizure treat-
ment suppressed seizures during the first 30 min after injection, and seizures remained suppressed during 8 h following 
treatment. Chemogenetics thus outperformed effects of levetiracetam (p < 0.001), which suppressed seizure frequency with 
a maximum of 55 ± 9% for up to 1.5 h (p < 0.05). Only chemogenetic and not levetiracetam treatment affected the length of 
seizures after treatment (p < 0.001). These results show that the chemogenetic therapeutic strategy with either clozapine or 
JHU37160 effectively suppresses spontaneous seizures in the IHKA mouse model, confirming JHU37160 as an effective 
DREADD ligand. Moreover, chemogenetic therapy outperforms the effects of levetiracetam, indicating its potential to sup-
press drug-resistant seizures.
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Introduction

Restoring the disturbed balance between excitation and inhi-
bition is the main goal of most anti-epileptic drug (AED) 
treatments [1]. Commonly used AEDs fail to exclusively 
modulate neurons in the epileptic network but have more 
widespread effects in the brain and body, thereby frequently 
causing severe side effects. Moreover, AEDs are ineffective 
in about 30% of patients [1]. Optogenetics and chemogenet-
ics are experimental techniques that allow modulation of 
specific cell types and hold promise to lead to new anti-
epileptic treatments with improved target specificity and 
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reduced therapy-related side effects [2–4]. Chemogenetics 
allow long-term suppression of a specific brain area or net-
work without the need for implantation of any device. This 
technique involves in vivo gene therapy to induce expres-
sion of a designer receptors exclusively activated by designer 
drugs (DREADDs) by neurons in the ictogenic zone. The 
most commonly used DREADDs are hM3Dq and hM4Di 
(human muscarinic M4 Gi-coupled DREADD receptor). 
These receptors are derived from the human Gq-coupled 
M3 and Gi-coupled M4 muscarinic receptors and mediate 
neuronal activation or inhibition, resulting in increased or 
decreased neurotransmitter release, respectively [5, 6]. As a 
result of genetic engineering, the modified DREADD recep-
tors no longer bind acetylcholine but demonstrate a very 
high affinity for specific drugs. These drugs can be admin-
istered at subclinical doses to selectively target DREADD-
expressing neurons. DREADD expression can be limited 
to a specific subtype of neurons using selective promoters 
(e.g., Ca2+/calmodulin-dependent protein kinase II alpha 
(CamKIIα) promoter for glutamatergic neurons) [5, 6]. 
Chemogenetic inhibition of excitatory neurons in the sei-
zure focus has been shown to strongly reduce the number of 
epileptic seizures in various preclinical models for epilepsy 
[7–12]. In the intrahippocampal kainic acid (IHKA) mouse 
model, hippocampal seizures can be completely suppressed 
after clozapine N-oxide (CNO)- and clozapine-mediated 
hM4Di activation [7, 8]. Here, we evaluated JHU37160 
(abbreviated as JHU in the remaining of this paper) as an 
alternative to clozapine since it is reported to have higher 
potency and DREADD occupancy compared to clozapine, 
which has an unfavorable side effect profile [13, 14]. Com-
pared to our previous study [7], the protocol was modified 
in that (1) we injected a lower titer of viral vector (E + 11 
instead of E + 13 genome copies/ml) to avoid toxicity [15] 
and (2) the time between induction of TLE and viral vector 
injection was increased from 2 to 10 weeks to evaluate the 
effectiveness of chemogenetic treatment in a more chronic 
disease stage. Moreover, we compared this potential new 
therapeutic approach with the standard anti-epileptic drug, 
levetiracetam, which is frequently used in treatment of drug-
resistant epilepsy and has been reported to suppress seizures 
in IHKA mice and thus serves as a good comparison to this 
novel therapy [16–18].

Methods

Animals

Male C57BL/6 Hsd mice were obtained from Envigo (The 
Netherlands). All animals were housed in a room with a 
fixed 12-h light/dark cycle (lights on between 6 AM and 6 
PM) with controlled temperature (20–24 °C) and humidity 

(40–60%). Food and water were provided ad libitum. During 
EEG recordings, mice were housed individually in trans-
parent cages positioned next to each other to allow social 
interaction. Approval for the study protocol was granted 
by the Animal Experimental Ethical Committee of Ghent 
University (ECD 16/31), and treatments and care were in 
compliance with the ARRIVE (Animal Research: Report-
ing of In Vivo Experiments) and EU Directive 2010/63/EU 
guidelines. All animals were 8 weeks old at the onset of 
the experiments. A detailed overview about treatments and 
groups of animals is provided as Supplementary Fig. S1.

Intrahippocampal Kainic Acid Injection

Mice (n = 15) were anesthetized with isoflurane (5% for 
induction, 2% for maintenance) and fixed in the stereotactic 
frame. A midline incision is made in the skin above the skull, 
and sutures (bregma/lambda) are visualized. A burr hole is 
made above the right hippocampus (coordinates: −2.0 mm 
anteroposterior (AP) and + 1.5  mm mediolateral (ML) 
relative to bregma). Kainic acid (KA) (200 ng in 50 nl 
saline, Bio-Techne) was injected in the dorsal hippocam-
pus (−1.8 mm dorsoventral (DV) to dura) using a Hamilton 
Neuros syringe (point style 4) mounted on a pump for auto-
matic injection (Stoelting Quintessential Stereotaxic Injec-
tor, Stoelting Co.) at a rate of 100 nl/min. After injection, the 
needle was left in place for 5 min and slowly removed and 
the skin was closed to finish the surgery as soon as possible. 
During surgery, body temperature was maintained at 37 °C 
by a thermoregulated heating pad. Mice developed status 
epilepticus and had behavioral seizures following surgery 
as a consequence of the KA injection.

Recombinant Adeno‑Associated Viral Vector 
Injection and Intrahippocampal EEG Electrode 
Implantation

At least 10 weeks after KA injection, mice were again anesthe-
tized to inject the viral vector (recombinant adeno-associated 
viral vector (rAAV)) and implant EEG electrodes. For intrac-
erebral injection, the same procedure was followed as during 
the IHKA injection. Again, a burr hole was made above the 
right hippocampus (coordinates: −2.0 mm AP and + 1.5 mm 
ML relative to bregma) and a Hamilton Neuros syringe (point 
style 4) mounted on the pump for automated injection (Stoelt-
ing Quintessential Stereotaxic Injector, Stoelting Co.) was 
lowered in the dorsal hippocampus (−1.8 mm DV to dura). 
The viral vector containing the DREADD sequence under 
control of the CamKIIα promoter tagged with a hemagglu-
tinin (HA) tag was injected in the dorsal hippocampus of  
the animals in the DREADD group (500 nl at rate of 100 nl/
min, rAAV2/7-CamKIIα-hM4D(Gi)-HA, DREADD group, 
n = 9, titer: 2.6E + 11 genome copies/ml). The CamKIIα pro- 
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moter provides a high selectivity (90–95%) of the expression 
in excitatory neurons [19, 20]. In the control group, a rAAV 
only containing an mCherry tag under control of the CamKIIα 
promoter was similarly infused (500 nl, rate of 100 nl/min, 
rAAV2/7-CamKIIα-mCherry, control group, n = 5, titer: 2.1E-
11 genome copies/ml) at the KA injection site. Next, five addi-
tional burr holes were made. Two were used for placement 
of epidural screw electrodes (custom made by attaching an 
insulated copper wire to an anchor screw): one over the left 
parietal cortex (to record cortical EEG) and one over the right 
frontal cortex (which was used as a recording ground/refer-
ence). Three additional screws were placed over the parietal 
cortex (two right and one left) to provide anchoring. Lastly, a 
stainless steel bipolar depth recording electrode (200 µm tip 
separation, custom made by twisting two stainless steel wires, 
California fine wire 70 µm bare diameter) was implanted in 
the right hippocampus (same AP/ML coordinates as rAAV 
injection, 2 mm DV to dura) and electrodes were attached to a 
connector and fixed to the skull with acrylic cement to make a 
head cap. During surgery, body temperature was maintained at 
37 °C by a thermoregulated heating pad. Post-surgery animals 
were treated with meloxicam (1 mg/kg) to manage pain.

EEG Recording and Treatments

Two weeks after viral vector injection and electrode implan-
tation, mice were connected to the EEG setup for continuous 
recording. This setup consists of a head stage with unity gain 
preamplifier (custom made) connected to a 6-channel cable 
and a commutator (SL6C 6-channel commutator, Plastics 
One), allowing the animals to move freely. EEG signals were 
high-pass filtered at 0.15 Hz and amplified 512 × (custom 
made). An analog–digital convertor (NiDAQ card, National 
Instruments, USB-6259) was used to digitize EEG at a sam-
pling rate of 2 kHz (16-bit resolution, ± 10 V input range), 
and the output was stored on a PC for offline analysis. The 
EEG traces were plotted (Matlab, MathWorks) and visually 
evaluated for epileptic activity. Electrographic seizures were 
defined as a repetitive pattern of complex, high-amplitude 
EEG spikes lasting at least 7 s at hippocampal electrodes. 
Consecutive seizures are separated by at least 7 s; other-
wise, they were counted as one. Electrographic seizures were 
rarely generalized and were thus typically observed in the 
hippocampal EEG channels only and not at the cortical scalp 
electrode. During a typical seizure, no clear behavioral alter-
ation was observed. One animal of the DREADD group did 
not display clear electrographic seizures and was excluded 
from the experiment. The other animals were treated with 
clozapine (Cloz; 0.01 mg/ml, 0.3% DMSO in saline, 0.1 mg/
kg i.p., Tocris Bioscience) in a crossover design with lev-
etiracetam (LEV; 100 mg/ml, 800 mg/kg, i.p., Keppra) fol-
lowed by treatment with JHU37160 (JHU; 0.01 mg/ml in 
saline, 0.1 mg/kg i.p., Hello Bio). Two additional control 

animals were treated with levetiracetam after which they 
were used in another experiment. One DREADD animal 
died after the crossover study during a period not related to 
injections and did not receive JHU treatment. All injections 
took place at 2 PM, and between treatments, there was a 
washout period of 7 days. An overview of the experimental 
protocol and treatment schedule can be found in Fig. S1.

Statistics

The number of seizures and seizure length was determined 
per 30-min bins during 8 h before each treatment (baseline) 
and up to 54 h post treatment. Given the long-lasting effects 
of DREADD activation, 2-h bins were used to evaluate 
the seizure-suppressing effects of clozapine and JHU. A 
within-subject comparison was performed for the seizure-
suppressing effects of levetiracetam and clozapine as those 
compounds were administered in a crossover design. For 
JHU and clozapine treatments, no within-subject compari-
son was done as JHU was injected after the clozapine/lev-
etiracetam crossover (overview of treatment schedule can be 
found in Supplementary Fig. S1). Effects of clozapine and 
JHU treatments were evaluated by constructing 4 random-
effects models with either the number of seizures per hour 
or average seizure length as dependent variable, subject ID 
as random factor, and time as fixed factors (SPSS statis-
tics). The ante-dependence first-order and the first-order 
autoregressive moving average (ARMA1.1) models were 
selected as covariance structures for the 2 models comparing 
the number of seizures and the 2 models regarding seizure 
length, respectively. To compare the effects of clozapine 
and levetiracetam, two random-effects models were simi-
larly constructed with either the number of seizures per hour 
or average seizure length as dependent variable, subject ID 
as random factor and treatment, and time and treatment by 
time as fixed factors (SPSS statistics), and the first-order 
autoregressive moving average model (ARMA1.1) was 
selected as covariance structure. All data are represented as 
mean ± standard error of the mean (SEM), and a Bonferroni 
correction was applied. A p value of < 0.05 was required for 
rejection of the null hypothesis. GraphPad software (v6-8), 
Windows PowerPoint 365, ImageJ, and Inkscape were used 
to create the artwork.

Immunohistochemistry

Mice were transcardially perfused with phosphate-buffered 
saline (PBS) and a 4% paraformaldehyde in 0.1 M phosphate 
buffer solution. Coronal brain sections were made using a 
cryostat (Leica) after cryoprotection with a 30% sucrose 
solution and snap freezing in ice-cold isopentane. After two 
washing steps (2 × 5 min, dH2O), sections were kept in 0.5% 
and 1% H2O2 (dissolved in dH2O) for 30 min and 60 min, 
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respectively. Next, sections were permeabilized and blocked 
in 0.2% Triton X-100/0.4% fish skin gelatin (= blocking 
buffer, dissolved in PBS) for 1 h followed by the primary 
antibody solution (rat anti-HA tag, Roche 11,867,423,001, 
1:1000) in which they were kept overnight (4 °C). Next, 
sections were washed twice in blocking buffer for 10 min 
and transferred to secondary antibody solution for 1 h (don-
key anti-rat Ig-G Alexa Fluor 488, Thermo Fisher A-21208, 
1:1000). After two PBS wash steps (2 × 5 min), nuclei were 
stained with DAPI (4′,6‐diamidino‐2‐fenylindool, 1 µg/ml, 
Sigma‐Aldrich, 1 min) and sections were mounted on glass 
slides. Slides were scanned with a fluorescent microscope 
(Panoramic 250, 3D Histech, 40 × magnification) and auto-
matically stitched. Exposure times were set using the nega-
tive control (slice which was not incubated with primary 
antibody solution but with only blocking buffer during that 
staining step), and this exposure time remained constant dur-
ing the entire scanning process.

Results

Treatment with DREADD Agonists Clozapine 
and JHU37160

During the baseline period, mice had on average 21 ± 1 sei-
zures of 42 ± 5-s duration per h (example of an EEG trace 
and seizure in Fig. 1). A strong and robust seizure suppres-
sion was observed after injection of JHU and clozapine in 
DREADD-expressing mice (Fig. 2). During the first hours 
after injection, the number of seizures was almost com-
pletely suppressed, and seizures that did occur were shorter 

in duration. Thereafter, both gradually increased again. In 
case of clozapine treatment, the number of seizures per hour 
was no longer different from baseline up to 40 h after injec-
tion (with exception of a 2-h period between 34 and 36 h 
after injection). Effects on the average length of seizures 
lasted up to 28 h after injection. For JHU, the decrease in 
the number of seizures was no longer significant 26 h after 
injection, and effects on seizure length lasted 18 h. For clo-
zapine and JHU, a significant rebound effect was present 
with an increased number of seizures compared to baseline 
between 48 and 52 h and between 42 and 50 h post injec-
tion, respectively. For JHU, seizures also were significantly 
longer during the 40–44-h period after injection. In control 
animals, the number of seizures and seizure lengths seem 
to be unchanged after both JHU treatment (animals had 26 
and 15 seizures per h of 45 s and 78 s during the 4-h base-
line recordings which remained comparable during the first 
4 h after the JHU treatment when animals had 22 and 13 
seizures per h of 56 s and 83 s in control animals 1 and 2, 
respectively) and clozapine treatment (24 and 15 seizures 
per h of 52 s and 78 s during baseline, 27 and 17 seizures 
per h of 48 s and 75 s after clozapine treatment for control 
animals 1 and 2, respectively).

Chemogenetic Treatment Compared to the AED 
Levetiracetam

Seizure suppression was more effective in case of clozapine- 
mediated chemogenetic treatment than with the commonly 
used AED levetiracetam (Fig. 3). Administration of a high 
dose of LEV (800 mg/kg) decreased the number of seizures  
during the first 30 min and between 1.5 and 2 h after treat- 

Fig. 1   Representative example of an EEG trace. A Animals display 
frequent seizures during baseline (10  min are displayed), and those 
are suppressed after chemogenetic treatment (10-min EEG recorded 
during the first hour after treatment is shown). B Zoom on an epi-

leptic seizure recorded during baseline (70  s). C Additional zoom 
(5 s) on the EEG during a seizure. The red bar indicates injection of 
0.1  mg/kg clozapine; H1 and H2 are the 2 hippocampal recording 
channels, and S indicates the scalp EEG
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ment (baseline 11 ± 1 seizures/h of 40 ± 4 s; 0–0.5 h after 
treatment 5 ± 1 seizures/h of 42 ± 4 s; 1.5–2 h after treat-
ment: 7 ± 1 seizures/h of 37 ± 4 s; reduction in seizure fre-
quency of 55 ± 9% and 36 ± 9%). Three out of twelve ani-
mals could be considered as responders to levetiracetam, 
showing a decrease of at least 75% in seizure frequency dur-
ing at least one of the four 30-min periods following treat-
ment. Levetiracetam did not show an effect on the length of 
seizures. Clozapine treatment completely suppressed seizure 
activity during the first 30 min after treatment in all DRE-
ADD mice. During the first 8 h after treatment, the number 
of seizures remained almost completely suppressed (baseline 
10 ± 2 seizures/h; first 8 h after treatment: 1 ± 1 seizures/h) 
and each 30-min interval of the 8-h post-treatment period 
was significantly different from baseline. All animals (8/8) 
were considered responders to chemogenetic treatment. 
Moreover, seizures that did occur during this period were 
different from baseline during multiple 30-min intervals 
(0.5–2 h, 2.5–3 h, and 5–7.5 h after injection). Mixed model 
analysis revealed a significant interaction between time and 
treatment (p < 0.001) as well as effects of time (p < 0.001), 
treatment (p < 0.001) for the number of seizures per hour, 
and significant differences of treatment (p < 0.001) and time 
(p < 0.05) for seizure length.

DREADD Expression

DREADD expression was visualized by fluorescence immu-
nostaining against the HA tag fused to the receptors. In 
the ipsilateral hippocampus, the typical histopathological 
changes due to IHKA injection can be observed [21, 22]. 
These changes are associated with epileptogenesis (devel-
opment of spontaneous seizures after IHKA injection) and 
include loss of CA1 and CA3 pyramidal neurons, loss of 
interneurons, hippocampal shrinkage (smaller hippocam-
pal volume compared to the contralateral hippocampus due 
to cell death), and dispersion of the dentate gyrus granule 
cell layer (making it thicker and less densely organized). 
DREADD expression is mainly observed in the ipsilateral 
(injected) hippocampus (fibers and cell bodies, Fig. 4A, B) 
but also in the contralateral hippocampus (fibers, Fig. 4A, 
C). Some expression is observed in the retrosplenial cortex 
(fibers, Fig. 4D), in reticular and midline thalamic nuclei 
(fibers), and alongside the injection tract (cortex, fibers, and 
cell bodies). Slices showing expression throughout the AP 
axis of the hippocampus can be found in Supplementary 
Fig. S2.

Discussion

Chemogenetic treatment was very effective in suppressing 
seizures in DREADD-expressing IHKA mice. This was 
reached using two different DREADD agonists, namely 
clozapine and JHU37160. In contrast, treatment with the 
commonly used AED levetiracetam induced only minor 
seizure-suppressive effects.

Initially, DREADD receptors were designed to be sen-
sitive to the inert molecule CNO. However, it became 
clear that CNO poorly crosses the blood–brain barrier and 
that CNO is metabolized to clozapine which passes the 
blood–brain barrier and activates the DREADD receptors. 
Therefore, clozapine itself can be used to activate DREADD 
receptors [7, 23].

However, the use of clozapine in humans is limited by 
the risk of causing severe neutropenia, a potentially lethal 
side effect, even when used in the very low doses typical for 
DREADD activation [24]. Therefore, in view of a possible 
clinical translation of chemogenetics, several novel DRE-
ADD agonists such as compound 21 [25], perlapine [26], 
deschloroclozapine [27], olanzapine [28], JHU37152 [13], 
and JHU37160 [13] are currently under investigation. Here, 
JHU37160 was successfully used as a DREADD ligand in 
chemogenetic seizure suppression. Administration of the 
same dose of JHU37160 and clozapine resulted similarly in 
seizure suppression in DREADD-expressing IHKA mice. 
This study is the first to use JHU37160 for chemogenetic 
modulation of the hippocampus and the first time it has been 
used in chemogenetic seizure suppression. Only few stud-
ies have used JHU37160 for chemogenetic modulation of 
other brain regions targeting the dorsal striatum [13], the 
ventromedial hypothalamus [29], nucleus accumbens addic-
tion pathways [30, 31], or the orbitofrontal cortex [32]. Our 
continuous readout of the effect of chemogenetic inhibition 
is a major advantage to evaluate the timescale of chemoge-
netic effects, allowing optimization of experimental designs 
when, similarly as in the two former mentioned studies, only 
one post-treatment evaluation (such as a behavioral test) is 
possible. Both compounds have similar affinities for the 
hM4Di receptor (clozapine-hM4Di Ki = 3.5 ± 0.7 nM [13, 
23], JHU37160-hM4Di Ki = 3.6 nM [13]). As JHU37160 
has high in vivo potency and potentially fewer off-target 
effects, this drug might open the path towards clinical trans-
lation of chemogenetics [13]. In controls, neither clozapine 
nor JHU37160 did affect seizure activity. A limitation of 
our study is that only two control animals were included. 
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However, results were consistent and in line with our previ-
ous study [7]. Most importantly to date, no off-target effects 

of JHU37160 have been reported [13, 29, 30, 32, 33] and 
JHU37160 did not modulate locomotion or brain metabolic 
activity at 0.1 mg/kg used in this study [13]. However, in the 
future, a thorough behavioral analysis during chronic chemo-
genetic treatment will be necessary to fully evaluate the side 
effect profile of this novel compound [13]. In this study, only 
male animals were used as the oestrous cycle has a large 
impact on the seizure rate of IHKA mice; however, in future 
experiments, also female subjects will need to be added to 
take the next steps in the translation of chemogenetics [34].

Next, we compared the effects of chemogenetic treat-
ment with those of the commonly used AED levetiracetam, 
to evaluate the clinical potential of this novel treatment 

Fig. 2   Treatment with DREADD agonists clozapine and JHU (both 
0.1  mg/kg, i.p.) suppressed spontaneous seizures in DREADD-
expressing mice. A Clozapine significantly suppressed the number of 
seizures up to 34 h post injection and B JHU up to 26 h post injec-
tion. C Seizures were shorter in duration for 28 h after clozapine and 
D 18 h after JHU treatment, respectively. During the washout period, a 
rebound increase in the number of seizures is seen for both treatments 
(A, B) and in seizure length for JHU treatment (D). None of the com-
pounds changed the number of seizures nor their duration in the two 
control animals (represented individually in blue lines). *p < 0.05. The 
arrow indicates the time of administration of clozapine or JHU

◂

Fig. 3   Comparison between the effects of levetiracetam (LEV, in all 
IHKA mice) and chemogenetic suppression (clozapine in DREADD-
expressing IHKA mice). The number of seizures per hour (A) and the  
seizure length (B) are plotted in 30-min bins for LEV (800  mg/kg) 
and clozapine (0.1 mg/kg) during 8 h before and 8 h after treatments. 
Levetiracetam treatment only affected the number of seizures during 
the first 30 min after treatment and between 1.5 and 2 h post injection  
(A) and did not affect the length of seizures (B). Chemogenetic sup-

pression with clozapine suppressed the number of seizures during all  
30-min bins after treatment (A) as well as seizure length during 
multiple post-treatment bins (B). Asterisk indicates significant dif-
ferences between post-treatment intervals and baseline (*p < 0.05, 
***p < 0.001). The arrow indicates the administration of clozapine or 
LEV. No seizures were present during the first 30 min after clozapine 
treatment; therefore, no statistics could be performed on the seizure 
length during this bin (B)
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strategy. A high dose of levetiracetam (800 mg/kg) only 
slightly reduced the time in seizures during the first 1.5 h 
after treatment (maximal reduction of 48 ± 11%). These 
effects are inferior to the results of previous studies evaluat-
ing LEV-mediated seizure suppression in IHKA mice, an 
accepted model for difficult-to-treat partial seizures [17, 
18, 35]. Duveau et al. [17] reported a reduction of 95% 
of seizure activity between 10 and 30 min after 800 mg/
kg levetiracetam injection. Klein et al. [18] pointed out 
that, similar as in humans, there could be striking inter-
individual differences between animals in the reaction to 
AED treatments. Therefore, on an individual basis, animals 
were considered responders to therapy when achieving a 
decrease of at least 75% in seizure frequency during at 
least one of the four 30-min periods following treatment. 
In the latter study, four out of nine animals were consid- 
ered responders after 800 mg/kg levetiracetam treatment 
[18]. In our series, we identified only three mice out of 
twelve as responders according to this definition. Inducing  
expression of the DREADD receptors probably does not 
influence levetiracetam effects, as both DREADD and 
control animals reacted poorly to levetiracetam treatment. 
Although unlikely, however, effects of levetiracetam might 
differ due to viral vector injection in the hippocampus. 
Levetiracetam is an efficacious and commonly used third-
generation AED, but similar to other AEDs, some patients 
continue to have seizures despite optimal treatment [1,  
16]. Here, we show that using chemogenetics was able to 

suppress levetiracetam-resistant seizures. Levetiracetam 
is presumed to mainly act on the SV2A protein which is 
located on synaptic vesicles and functions as a modulator 
of neurotransmitter release and is known to have a unique 
profile in preclinical animal models [36–38]. Chemoge-
netic treatment works through a different mechanism, as 
activation of the Gi signaling cascade induces a potassium-
mediated hyperpolarization (through GIRK channel open-
ing) and a direct and indirect reduction of neurotransmitter 
release [5, 39, 40]. None of the currently available AEDs 
has a similar mode of action. Only retigabine modulates 
voltage-gated potassium channels; however, this compound 
shows marked adverse effects in epileptic mice [18, 41] and 
humans [42] because it does not only modulate potassium 
channels in the epileptogenic region in the brain but also 
at other sites in the body (e.g., heart or smooth muscles 
of the bladder) and non-epileptic sites in the brain [42]. 
Chemogenetic therapy only modulates neurons expressing 
the designer receptors which provides the unique oppor-
tunity to use a Gi-mediated inhibition of neuronal activity 
with minimal induction of systemic side effects. Compared 
to our previous study, seizure suppression lasted more 
than twice as long after clozapine treatment (34 h vs 16 h) 
[7]. This is probably due to study protocol adjustments. 
First, the mCherry tag coupled to the hM4Di receptor was 
replaced by a human influenza HA tag, since a C-terminal 
–linked mCherry tag has been reported to interfere with 
intracellular trafficking of the receptor (resulting in poor 

Fig. 4   DREADD expression. Alterations typical for the intrahip-
pocampal kainic acid mouse model can be observed in the ipsilateral 
hippocampus: loss of pyramidal neurons in CA1–CA3 regions  (left 
and right CA1 pyramidal cell layers are indicated with a black arrow 
in A), hippocampal shrinkage (sclerosis), and dentate granule cell dis-
persion (reorganization and enlargement of the granule cell layer, thick-
ness of left and right granule cell layers are indicated with a black line 

in A). The HA tag which is coupled to the hM4Di DREADD receptor 
is mainly localized in the sclerotic hippocampus (fibers and cell bod-
ies, A, B) but also in the contralateral hippocampus (fibers, A and C). 
Some expression is observed in strongly connected regions such as ret-
rosplenial cortex (fibers, D), reticular and midline thalamic nuclei (fib-
ers), and alongside the injection tract (cortex, fibers, and cell bodies). 
Some cell bodies are indicated with an arrow. Scale bar = 1 mm
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plasma membrane expression) [43]. Secondly, we injected 
100 times lower viral vector titer (10^11 genome copies/ 
ml) after demonstrating toxic effects of the high viral titer  
[7, 15]. Thirdly, we waited longer after the KA lesion to  
inject viral vector (10 instead of 2 weeks) in order to vali- 
date the effectiveness of chemogenetic treatment in a more  
chronic disease stage [7]. Different effects of these adjust-
ments could have resulted in the prolonged seizure suppres- 
sion. Firstly, the potentially improved membrane localiza- 
tion of DREADD receptors on the cell membrane could 
lead to a larger number of receptors to be activated, result-
ing in stronger activation of the Gi signaling cascade [43]. 
Secondly, at 10 weeks post SE, there is less KA-induced 
inflammation which could neutralize AAV particles. This 
potentially leads to a larger number of affected neurons 
[44]. Third, the mean age during which animals were 
treated with clozapine is higher (between 21 and 23 weeks) 
compared to the previous study (13–16 weeks old). This 
could influence clozapine pharmacokinetics, leading to 
a longer-lasting effect of treatment in older subjects. In 
schizophrenic patients, the same dose of clozapine indeed 
results in higher plasma levels in older patients [45]. How-
ever, effects of chemogenetic suppression are known to last 
longer than merely the presence of the agonist (the half-life 
of clozapine in the blood is only about 2 h in mice) possibly 
due to the long-term modifications in second messenger 
systems [46–49]. The CamKIIα0.4 promoter was used to 
target expression in excitatory neurons with high specific-
ity (90–95% of transduced neurons were non-GABAergic) 
[19, 20]. The silenced neurons are most likely excitatory 
dentate granule cells, as many pyramidal cells and mossy 
cells are lost during epileptogenesis [21, 22]. However, we 
cannot exclude that a small amount of GABAergic neu-
rons was silenced as well [19, 20]. Similar to our previous 
study, DREADD expression was observed also in regions 
strongly connected to the sclerotic hippocampus (in affer-
ent and efferent excitatory neurons), leading to inhibition of 
a larger part of the seizure network, potentially contributing 
to the seizure-suppressive effects [7, 50].

After seizure suppression, a rebound effect with higher 
seizure frequency compared to baseline was observed. 
This could be due to homeostatic changes at the cellu-
lar and/or network level, compensating for the inhibitory 
effects of chemogenetic therapy. This phenomenon is 
observed with many anti-seizure therapies, and a gradual 
discontinuation of therapy might avoid those effects [38].

To conclude, chemogenetic treatment very effectively 
suppressed seizures in DREADD-expressing IHKA mice. 
Both clozapine and the novel DREADD agonist JHU37160 
could be used for chemogenetic seizure suppression, and 
neither compound induced effects in control animals. By 
contrast, treatment with a commonly used AED, leveti-
racetam, only yielded a very modest effect on seizures. 

Thus, chemogenetic treatment outperforms standard treat-
ment with levetiracetam, confirming its potential to sup-
press drug-resistant seizures.
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