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A B S T R A C T   

Prevention or modification of acquired epilepsy in patients at risk is an urgent, yet unmet, clinical need. 
Following acute brain insults, there is an increased risk of mesial temporal lobe epilepsy (mTLE), which is often 
associated with debilitating comorbidities and reduced life expectancy. The latent period between brain injury 
and the onset of epilepsy may offer a therapeutic window for interfering with epileptogenesis. The pilocarpine 
model of mTLE is widely used in the search for novel antiepileptogenic treatments. Recent biochemical studies 
indicated that cholinergic mechanisms play a role in the epileptogenic alterations induced by status epilepticus 
(SE) in this and other models of mTLE, which prompted us to evaluate whether treatment with the muscarinic 
antagonist scopolamine during the latent period after SE is capable of preventing or modifying epilepsy and 
associated behavioral and cognitive alterations in female Sprague-Dawley rats. First, in silico pharmacokinetic 
modeling was used to select a dosing protocol by which M-receptor inhibitory brain levels of scopolamine are 
maintained during prolonged treatment. This protocol was verified by drug analysis in vivo. Rats were then 
treated twice daily with scopolamine over 17 days after SE, followed by drug wash-out and behavioral and 
video/EEG monitoring up to ~6 months after SE. Compared to vehicle controls, rats that were treated with 
scopolamine during the latent period exhibited a significantly lower incidence of spontaneous recurrent seizures 
during periods of intermittent recording in the chronic phase of epilepsy, less behavioral excitability, less 
cognitive impairment, and significantly reduced aberrant mossy fiber sprouting in the hippocampus. The present 
data may indicate that scopolamine exerts antiepileptogenic/disease-modifying activity in the lithium- 
pilocarpine rat model, possibly involving increased remission of epilepsy as a new mechanism of disease- 
modification. For evaluating the rigor of the present data, we envision a study that more thoroughly ad-
dresses the gender bias and video-EEG recording limitations of the present study.   

1. Introduction 

Mesial temporal lobe epilepsy (mTLE) is one of the most common 
epilepsy syndromes, characterized by complex partial and secondarily 
generalized seizures and hippocampal sclerosis, the presumed patho-
physiological substrate of mTLE (Engel, 2001; Engel et al., 2008). The 
disabling seizures associated with mTLE are typically resistant to anti-
seizure drugs (Schmidt and Löscher, 2005). Patients with drug-resistant 
mTLE have a poor prognosis, with debilitating psychiatric and cognitive 

comorbidities and increased mortality (Engel et al., 2008). Such patients 
may benefit from surgical intervention with resection of the epilepto-
genic region; however, surgical resection is appropriate for only a mi-
nority of patients in whom an identifiable focus in noneloquent brain 
areas can be identified (Nilsen and Cock, 2004). mTLE is often a long- 
term consequence of acute brain insults, such as traumatic brain 
injury (TBI), stroke, brain infections, or prolonged seizures (Klein et al., 
2018). Thus, patients at risk for developing mTLE can be easily identi-
fied, but nothing can be done to prevent the development of the disorder 
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(Dichter, 2009). As a consequence, the development of novel therapies 
for preventing the development and progression of epilepsy in patients 
at risk is an important unmet medical need (Binder et al., 2020). 

For developing novel antiepileptogenic treatments, animal models of 
mTLE are essential tools. Since its introduction over 30 years ago, the 
pilocarpine or lithium-pilocarpine models of status epilepticus (SE)- 
induced mTLE in rodents have been used extensively for the study of 
acquired mTLE and how to prevent or modify its development after SE 
(Leite et al., 2002; André et al., 2007; Curia et al., 2008; Scorza et al., 
2009; Löscher and Brandt, 2010; Lévesque et al., 2016; Kelly and 
Coulter, 2017; Löscher, 2020). As in patients with epileptogenic brain 
insults, a pilocarpine-induced SE is followed by a latent period that 
precedes the onset of clinically obvious spontaneous recurrent seizures 
(SRS); this latent period is thought to offer a therapeutic window for 
interfering with epileptogenesis (André et al., 2007; Curia et al., 2008). 
However, almost all attempts to prevent epilepsy in pilocarpine models 
by various treatments administered during the latent period failed 
(Pitkänen et al., 2007; Scorza et al., 2009; Löscher and Brandt, 2010; 
Löscher, 2020). At least in part, this may be because systemic adminis-
tration of convulsive doses of pilocarpine in rodents results in a very 
severe condition with frequent SRS, pronounced behavioral and cogni-
tive alterations, and widespread brain damage in the hippocampus and 
numerous extrahippocampal areas, including the piriform cortex and 
several nuclei of the thalamus and the amygdala (Curia et al., 2008; 
Lévesque et al., 2016). 

The ability of the muscarinic agonist pilocarpine to induce SE is 
likely to depend on activation of the M1 muscarinic acetylcholine (ACh) 
receptor subtype, since M1 receptor knockout mice do not develop sei-
zures in response to pilocarpine (Hamilton et al., 1997). However, the 
mechanisms involved in SE-induced epilepsy are only partially under-
stood (Klein et al., 2018; Engel Jr. and Pitkänen, 2020). Network reor-
ganization, as a consequence of neuronal loss and SE-induced mossy 
fiber sprouting (MFS), may be involved, but overall the contribution of 
neuronal damage and sprouting to the development of SRS is unclear 
(Curia et al., 2008; Buckmaster, 2014; Cavarsan et al., 2018). More 
recently, we found that extracellular levels of ACh are altered during SE 
and the latent period following SE in the lithium-pilocarpine model and 
an electrically induced SE model of mTLE (Meller et al., 2019). Func-
tional evidence for a role of cholinergic mechanisms in the epileptogenic 
alterations induced by SE came from studies in which the muscarinic 
antagonists scopolamine and biperiden were administered during the 
latent period in rats, resulting in the development of significantly fewer 
SRS in comparison to vehicle controls (Pereira et al., 2005; Bittencourt 
et al., 2017). However, in the latter studies, SRS were recorded only by 
video monitoring for periods of 6–9 h/day, which did not allow deter-
mining whether the anticholinergic treatments prevented epilepsy in 
any of the rats. 

This prompted us to study whether scopolamine is capable of pre-
venting or modifying epilepsy and associated behavioral and cognitive 
alterations in the lithium-pilocarpine model of mTLE. Scopolamine, a 
centrally acting muscarinic ACh receptor antagonist used over decades 
to treat motion sickness and nausea, has recently attracted considerable 
interest because of its rapid antidepressant activity, which may be 
mediated by effects on glutamatergic and GABAergic neurotransmis-
sion, mTOR signaling, and synaptogenesis (Dulawa and Janowsky, 
2019; Wohleb et al., 2017; Witkin et al., 2019), i.e., effects that are also 
highly relevant for interfering with epileptogenesis (Löscher, 2020). 

2. Materials and methods 

2.1. Animals 

Female Sprague-Dawley rats were purchased from Janvier (Le 
Genest-St-Isle, France) at an age of 8 weeks (body weight of 200–220 g) 
and kept under controlled environmental conditions (23 ± 1 ◦C; 50–60% 
humidity; 12-h light/dark cycle; light on at 6:00 a.m.) with free access to 

standard laboratory chow (Altromin 1324 standard diet, Altromin Spe-
zialfutter GmbH, Lage, Germany) and tap water. After arrival, rats were 
habituated for at least 1 week to the experimenters and handling. Rats 
were kept in groups of five in cages with environmental enrichment. 
Following surgery, which was performed at an age of 9–10 weeks, they 
were kept singly to avoid mutual gnawing damage of the implanted 
electrodes, but were kept together with other rats in the vivarium and 
were regularly handled to provide social contacts, which reduce the 
stress of single housing (Manouze et al., 2019). 

Female rats were used to allow comparing the present data with 
those of our previous studies on epileptogenesis and anti-epileptogenesis 
in the lithium-pilocarpine rat model (e.g., Brandt et al., 2010; Rattka 
et al., 2011; Rattka et al., 2012; Brandt et al., 2015; Brandt et al., 2016; 
Meller et al., 2019). The main reason why we prefer female rats for long- 
term experiments on epileptogenesis is that they are easier to handle 
than males if it comes to daily drug injections and behavioral experi-
ments. Female rats were housed without males to keep them acyclic or 
asynchronous concerning their estrous cycle (cf., Kücker et al., 2010; 
Rattka et al., 2011). One may argue that even an irregular estrous cycle 
exerts an influence on seizure susceptibility; however, in previous ex-
periments in the lithium-pilocarpine model of post-SE mTLE in female 
Sprague-Dawley rats, we did not determine any significant relationship 
between estrous cycle and SE induction or seizure threshold (Brandt 
et al., 2016). 

All experiments were done in accordance with the EU council 
directive 2010/63/EU and the German Law on Animal Protection 
(“Tierschutzgesetz”). Ethical approval for the study was granted by an 
ethical committee (according to §15 of the Tierschutzgesetz) and the 
government agency (Lower Saxony State Office for Consumer Protection 
and Food Safety) responsible for the approval of animal experiments in 
Lower Saxony. All efforts were made to minimize both the suffering and 
the number of animals. All animal experiments of this study are reported 
in accordance with ARRIVE guidelines (Kilkenny et al., 2010). 

2.2. Lithium-pilocarpine model 

For the lithium-pilocarpine model, an EEG electrode was stereo-
tactically implanted into the right dentate gyrus of the hippocampus 
(AP, − 3.9; LL, − 1.8; DV, − 3.6 mm from bregma, according to the atlas 
of Paxinos and Watson, 2007). The bipolar electrode (see Fig. S1) con-
sisted of two twisted Teflon-coated 0.2 mm diameter stainless steel wires 
separated by 0.5 mm at the tip and was implanted under anesthesia with 
chloral hydrate (400 mg/kg i.p.). One screw, placed above the left pa-
rietal cortex, served as the indifferent reference electrode. Additional 
skull screws, dental acrylic cement, and superglue anchored the entire 
headset. The position of the bipolar depth electrode, reference electrode, 
and anchor screws is illustrated in Fig. S1. During surgery, rats were kept 
on a warming pad to avoid hypothermia. To prevent postoperative 
infection, rats were treated with marbofloxacin (4–5 mg/kg s.c.) twice 
daily for 7 days, starting 2 days before surgery. To minimize intra- and 
postoperative pain, rats were treated topically with tetracaine and 
bupivacaine (2% and 0.25% solutions, respectively) during and with 
levomethadone (1.5 mg/kg s.c.) once daily for 3 days after surgery. 

After 2 weeks of post-surgical recovery, lithium chloride (127 mg/kg 
p.o.) was administered 12–18 h before pilocarpine treatment to increase 
the convulsant potency of pilocarpine and reduce mortality (Curia et al., 
2008). Furthermore, the anticholinergic methyl-scopolamine (1 mg/kg 
i.p.), which does not penetrate into the brain, was administered 30 min 
before pilocarpine to reduce peripheral muscarinic adverse effects of 
pilocarpine (Curia et al., 2008). To ensure the occurrence of SE and 
further decrease mortality, individual dosing of pilocarpine was per-
formed by a modified version of a dose-escalation protocol described by 
us previously (Glien et al., 2001). For this purpose, pilocarpine was 
administered i.p. at a bolus dose of 30 mg/kg, followed, if needed, by 
repeated i.p. injection of 10 mg/kg every 30 min until the onset of a SE. 
SE was typically characterized by intermittent generalized convulsive 
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seizure activity (with inter-seizure intervals of <3 min) without that the 
animals normalized in between the seizures or, less often, by continuous 
limbic seizure activity, consisting of head nodding, stereotyped chew-
ing, and bilateral forelimb clonus, interrupted by generalized convulsive 
seizures with rearing and falling. The average dose of pilocarpine for 
inducing SE was 44 ± 7.1 mg/kg (mean ± SD; range 40–60 mg/kg). The 
average time between the first pilocarpine injection and the onset of SE 
was 62.9 ± 27.6 min (mean ± SD; range 31–125 min). Overall mortality 
in SE rats was 0%. 

After 90 min SE, it was terminated by a combination of diazepam (10 
mg/kg i.v.) and phenobarbital (25 mg/kg i.v.), which is more effective 
than either drug alone (Bankstahl and Löscher, 2008). As previously 
reported (Bankstahl and Löscher, 2008; Brandt et al., 2010), this treat-
ment was very effective in terminating the pilocarpine-induced SE 
within 30 min following administration. All rats were closely observed 
during the SE and for several hours after termination of SE to exclude 
differences among rats injected with pilocarpine alone vs. the treatments 
described below. Four hours after SE termination, injections of diaz-
epam (10 mg/kg) and phenobarbital (25 mg/kg) were repeated i.p. to 
avoid SE recurrence. A third dose of diazepam alone (10 mg/kg) was 
given i.p. 8 h after SE onset. Following SE, all rats were fed with baby 
food or powdered pellets with water and were injected with saline over a 
couple of days until they resumed normal feeding behavior. 

In addition to the lithium-pilocarpine rats, eight sham controls that 
received all handling, surgery, and treatments except pilocarpine and 
scopolamine (only distilled water, instead) were prepared together with 
the other rats. These sham controls were used for comparison with the 
vehicle- and scopolamine-treated lithium-pilocarpine rats during the 
behavioral and cognitive experiments and the final histopathology as 
illustrated in Fig. 1. 

2.3. In silico estimation of brain pharmacokinetics of scopolamine during 
prolonged treatment 

Before the in vivo experiments with scopolamine, we used in silico 
pharmacokinetic modeling to determine the scopolamine doses and 
dosing intervals needed to maintain brain levels above its IC50 at 
muscarinic receptors in the rat brain. IC50 determined in the rat brain is 
3.25 × 10− 8 M (Nakashima et al., 1993), which roughly corresponds to a 
scopolamine brain concentration of 10 ng/g. To simulate brain kinetics 
following different doses and dosing intervals of scopolamine, a brain 
half-life of 3.5 h was calculated from the terminal elimination phase 
following i.p. administration of 2.5 mg/kg in the rat study of Deutsch 
et al. (1990). The apparent volume of distribution (Vdss; 2.25–2.37 l/kg) 
was taken from the rat study of Nakashima et al. (1993). With these 
data, we simulated brain kinetics during prolonged treatment with 
different i.p. doses (2.5, 4, or 5 mg/kg b.i.d.) of scopolamine, using the 
program PK-Solutions (Summit Research Services; Pharmacokinetics 
and Metabolism Software; Montrose, CO, USA). 

2.4. Tolerability of the calculated scopolamine dosing scheme in rats 

Because the tolerability of drugs may be lower after brain injury 
(Löscher, 2016), we performed a tolerability experiment in naïve rats vs. 
rats after SE induced by lithium-pilocarpine. In this experiment, groups 
of 5–6 rats received scopolamine (or vehicle) at the dosing scheme (4 
mg/kg twice daily) calculated from the simulated brain pharmacoki-
netics of this drug (see above and Results). Tolerability was assessed by 
rigorous observational protocols described previously (Hönack and 
Löscher, 1995). Hyperlocomotion and hypolocomotion, ataxia, behav-
ioral hyperexcitability (as indicated by increased reactions to noise or 

Fig. 1. Schematic illustration of the protocol used for the rat antiepileptogenesis experiments performed in this study. In all experiments, rats were randomly 
assigned to the sham, vehicle, and drug groups, and experiments were performed in a blinded fashion. To avoid any carry-over effects of drug treatment on 
spontaneous seizures, a sufficiently long withdrawal period (>5 weeks) was included between the termination of treatment and the onset of seizure monitoring. EEG: 
electroencephalography; b.i.d., twice daily; SE: status epilepticus. 
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handling), tremor, head weaving (swaying movements of the head and 
upper torso from side to side for at least one complete cycle; i.e., left- 
right-left), stereotyped sniffing, biting, licking or grooming, reciprocal 
forepaw treading (“piano playing”), stereotyped. 

Scopolamine was well tolerated (see Results); so the experiment was 
terminated after 4 days. Because of the excellent tolerability and the 
results of the drug plasma analysis (see Results), the dose of scopolamine 
was increased to 10 mg/kg per day (divided into two daily doses) for the 
antiepileptogenesis trial. 

2.5. Prolonged treatment with scopolamine during the latent period 
following lithium-pilocarpine in rats 

Based on the pharmacokinetic and tolerability experiments, we 
chose a daily scopolamine dose of 10 mg/kg i.p.; on each day, 4 mg/kg 
were administered at 8 a.m. and 6 mg/kg at 6 p.m. over 17 days; 
treatment started 2 h after SE onset. Both onset and duration of treat-
ment with scopolamine were based on the study of Pereira et al. (2005), 
and this treatment duration covered the average latent period after 
pilocarpine in the female Sprague-Dawley rats used here (Rattka et al., 
2011). The higher dose (6 mg/kg) in the evening was chosen because of 
the longer interval (14 h) between the evening and morning dose 
compared to the 10 h between the morning and evening dose. The group 
size of the scopolamine group was 9 rats. A vehicle control group of 8 
rats received vehicle (distilled water) instead of scopolamine over 17 
days (Fig. 1). Body weight was determined in the morning and evening 
of each experimental day and values were averaged per rat and day for 
group analysis. After 2 weeks of treatment, we used the observational 
protocol (Hönack and Löscher, 1995) described above to determine the 
occurrence of drug adverse effects. 

2.6. Determination of plasma levels of scopolamine during prolonged 
treatment 

Two weeks after SE, blood was taken from the tail vein of rats at 10 h 
after scopolamine injection (4 mg/kg) in the morning for analysis of 
drug plasma levels. According to the pharmacokinetic rat study of 
Deutsch et al. (1990), brain levels of scopolamine exceed drug levels in 
plasma, so plasma levels can be used as a rough estimate of brain levels. 
Scopolamine was determined in plasma by high-performance liquid 
chromatography (HPLC) as described by Pietsch et al. (2008), using 
methyl-scopolamine as an internal standard. 

2.7. Video/EEG monitoring of spontaneous seizures 

The video/EEG monitoring protocol chosen for the present study was 
based on previous findings in the lithium-pilocarpine model. Systemic 
administration of pilocarpine in rats promotes sequential behavioral and 
electrographic changes that can be divided into 3 distinct periods: (a) an 
acute period that builds up progressively into a limbic SE that lasts for 
about 24 h if not interrupted earlier, (b) a latent period with a pro-
gressive normalization of EEG and behavior which varies from 1 to 3 
weeks, and (c) a chronic period with SRS characterizing the develop-
ment of epilepsy (Cavalheiro et al., 1991; Curia et al., 2008; Scorza et al., 
2009). Early, insult-associated seizures may occur in the first days after 
SE and are normally not included in the determination of the latent 
period to SRS (Curia et al., 2008; Rattka et al., 2011; Mazzuferi et al., 
2012; Brandt et al., 2015). Excluding such early seizures in the lithium- 
pilocarpine model, we recently determined a latent period of 6–10 days 
in the majority of rats by continuous (24/7) video/EEG monitoring; in 
few rats, the latent period was longer than 2 or 3 weeks (Rattka et al., 
2011). Eight weeks after SE, all rats exhibited SRS (Polascheck et al., 
2010). 

As shown in Fig. 1, in the present study rats were continuously (24/ 
7) video/EEG monitored twice for 2 weeks at 8–10 and 24–26 weeks 
after SE. The system used for video/EEG monitoring and visual analysis 

of focal or generalized seizures has been described in detail previously 
(Brandt et al., 2010; Polascheck et al., 2010; Bankstahl et al., 2012). In 
short, for EEG-recording, rats were connected via a flexible cable to a 
system consisting of one-channel amplifiers (ADInstruments Ltd., Syd-
ney, Australia) and analog-digital converters (PowerLab 8/30 ML870, 
ADInstruments). The data were recorded and analyzed with LabChart 8 
for Windows software (ADInstruments), sampling rate 200 Hz, time 
constant 0.1 s, low pass filter of 60 Hz, and a 50 Hz notch filter. The EEG 
recording was directly linked to simultaneous digital video recording 
using high-resolution infrared cameras (NYCTO Vision, CaS Business 
Services, Wunstorf, Germany). For video/EEG monitoring, rats were 
housed singly in clear plexiglass cages (one per cage). For monitoring 
during the dark phase, infrared LEDs were mounted above the cages. 

The EEGs were visually analyzed for paroxysmal activity. Based on 
the concurrent video recordings, the type (focal vs. generalized 
convulsive) and severity of seizures were rated by the Racine scale 
(Racine, 1972). Based on this scale, seizures were subdivided into focal 
(stage 1–3) and generalized convulsive (stage 4–5). Furthermore, the 
duration of each seizure was recorded. A spontaneous seizure was 
defined by clinical seizure activity paralleled by paroxysmal alterations 
in the accompanying EEG and a duration of at least 10 s (all seizures 
lasted for >10 s). In addition to seizures observed by video/EEG 
recording, seizures observed during handling, other manipulations of 
the animals, or by direct observation of the rats in their home cages were 
noted. 

2.8. Behavioral and cognitive analyses 

In addition to determining the effects of treatment with scopolamine 
during the latent period on the subsequent development of SRS, we 
evaluated whether scopolamine altered the behavioral and cognitive 
changes developing after SE in the lithium-pilocarpine model. In addi-
tion to the scopolamine- and vehicle-treated epileptic groups, we 
included an age-matched group of 8 non-epileptic sham control rats (see 
above) in the behavioral testing. As indicated in Fig. 1, the behavioral 
tests were performed within two time slots, i.e. (1) between the two 
video/EEG monitoring periods and (2) after the second video/EEG 
monitoring period. The tests were performed in the following sequence: 
behavioral hyperexcitability tests, elevated plus-maze test, Morris water 
maze test (acquisition and spatial probe), social interaction test, Morris 
water maze test (retention), and open field test. We did not perform a 
seizure threshold test during epileptogenesis as done in previous studies 
in the lithium-pilocarpine model (Rattka et al., 2011; Bröer and Löscher, 
2015) to avoid that the seizures induced by such an invasive test affected 
the outcome of the present experiments. 

Before each test, the rats were transferred to a room next to the room 
in which the experiments were performed. The two rooms were con-
nected through a door, which was closed during the behavioral trials so 
that the respective rat that was subjected to a behavioral test was not 
affected by the presence of an experimenter or the other rats. The ex-
periments were performed between 8 a.m. and 1 p.m. For the elevated 
plus-maze, social interaction, open field, and water maze tests, a video 
tracking system with the EthoVision software from Noldus (Wagenin-
gen, Netherlands) was used. Behavioral testing was performed only if no 
seizure was observed for at least 1 h before the test. If a spontaneous 
seizure occurred during a trial, the trial was disrupted, the rat was 
placed back into its home cage, and the trial was repeated after a time 
interval of 1 h. 

2.8.1. Behavioral hyperexcitability tests 
Rice et al. (1998) described four behavioral tests that potentially 

discriminate differences in behavioral excitability and sensory respon-
siveness between epileptic and control rats in the pilocarpine model. 
These tests were taken from the functional observational battery 
described by Moser et al. (1988) and performed 13 weeks after SE. The 
four tests, which are quick and easy to perform without prior training of 
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the rats or special equipment, are described in the following. 

1. Approach-response test: A pen held vertically is moved slowly to-
ward the face of the animal. Responses were scored as 1, no reaction; 
2, the rat sniffs at the object; 3, the rat moves away from the object; 4, 
the rat freezes; 5, the rat jumps away from the object; and 6, the rat 
jumps at or attacks the object.  

2. Touch-response test: The animal is gently prodded in the rump with 
the blunt end of a pen. Responses were scored as 1, no reaction; 2, the 
rat turns toward the object; 3, the rat moves away from the object; 4, 
the rat freezes; 5, the rat jerks around toward the touch; 6, the rat 
turns away from the touch; and 7, the rat jumps with or without 
vocalizations.  

3. Finger-snap test: A click noise with a clicker several centimeters 
above the head of the animal is performed. Responses were scored as 
1, no reaction; 2, the rat jumps slightly or flinches or flicks the ear 
(normal reaction); and 3, the rat jumps dramatically.  

4. Pick-up test: The animal is picked up by grasping around the body. 
Responses were scored as 1, very easy; 2, easy with vocalizations; 3, 
some difficulty, the rat rears and faces the hand; 4, the rat freezes 
(with or without vocalization); 5, difficult, the rat avoids the hand by 
moving away; and 6, very difficult, the rat behaves defensively, and 
may attack the hand. 

All tests were performed thrice on 1 day with three independent 
observers for each rat, and the medians of their scores were calculated 
for each animal for each test. The tests were performed in the home 
cages. 

2.8.2. Elevated plus-maze test 
The elevated plus-maze is a validated model to assess the level of 

anxiety in rodents (File, 1993) and was performed 13 weeks after SE. 
The apparatus was constructed with black plastic. It comprises two open 
arms (50 × 10 cm), two enclosed arms (50 × 10 × 30 cm), and a central 
platform (10 × 10 cm). The configuration has the shape of a plus sign, 
and the apparatus is elevated 86 cm above the floor level. The grip on 
the open arms is facilitated by the inclusion of a small edge (0.5 cm high) 
around their perimeter, made of transparent Plexiglas. Before each trial, 
the maze was cleaned thoroughly with 0.1% acetic acid solution. At the 
beginning of the test, rats were placed on the central platform always 
facing the same closed arm. The test lasted 5 min. The behavior of rats in 
the test was analyzed using the EthoVision software. Activity and 
anxiety-related behaviors were assessed. Standard measures comprised: 
the total distance moved (cm), the time (sec) spent in different sections 
of the maze (center, open and closed arms), and rearing frequency. 

2.8.3. Morris water maze test 
The Morris water maze (Morris, 1984), in which rats learn to escape 

from water onto a hidden platform, is a widely used test of visuospatial 
memory and hippocampal integrity. In the present study, the test was 
performed at 22 (acquisition and spatial probe) and 26 weeks after SE 
(retention test). The water maze apparatus was made of a black circular 
tank (diameter 150 cm, 60 cm deep) filled with water to a height of 27 
cm. The water temperature was 19 ± 1 ◦C. The maze was surrounded by 
several visual cues. After a habituation trial (day 0, 60 s, no platform), a 
submerged black escape platform (1.5 cm below the water level, 10 ×
10 cm) was placed in the middle of the southwest quadrant on 5 
consecutive days (acquisition). This quadrant was not preferred or 
avoided by the rats during the habituation trial. Each day, the animals 
were placed into the pool at four different starting points. On day one 
beginning from the north turning clockwise until four trials were 
accomplished, on day 2 beginning from the east, day 3 from the south, 
day 4 from the west, and day 5 from the north again, respectively. An-
imals, which did not find the escape platform within 60 s, were placed 
there by the experimenter. All rats remained on the platform for 10 s. 
Between the four trials per day, the animals were allowed to rest for 60 s 

in a transport cage. After the four trials, they were placed in a standard 
Plexiglas box with the floor covered with paper towels under a red light 
to dry. For each trial, the escape latency (in sec) was measured by a 
computerized tracking system (EthoVision). For each rat, the data of the 
four trials per day were averaged. For the probe trial (the last trial on day 
5), the platform was removed and the crossings of the former platform 
position during a single trial over 60 s and the time animals spent in the 
target quadrant versus the adjacent quadrants were recorded. Further-
more, the swimming velocity was determined by the tracking system. 
Retention of spatial memory was tested 4 weeks after the spatial probe, 
again without the platform. 

All training trials in the water maze were video recorded for post- 
experimental analysis. For days 1, 3, and 5, all video tracks were 
viewed by an experimenter blinded to the animal treatment groups, and 
swimming paths were categorized into different swimming patterns for 
further analysis of the learning strategies used by each rat as described 
by us in detail recently (Stanelle-Bertram et al., 2018). The following 
strategies were analyzed: (1) non-spatial, random strategies: ‘circling’ 
(swimming in tight circles, possibly with some net directional move-
ment), ‘random’ (animal has no strategy and randomly swims across 
large areas of the pool), and ‘thigmotaxis’ or wall-hugging behavior; (2) 
spatial (hippocampus-dependent) strategies: ‘spatial’ (swimming 
directly to the platform) and ‘focal’ (swimming directly to and searching 
intently in the close proximity to the platform); and (3) other systematic 
(but non-spatial) strategies: ‘chaining’ (circular swimming at an 
approximately fixed distance >15 cm from the wall) and ‘scanning’ 
(searching the interior portion of the tank without spatial bias) 
(D’Hooge and De Deyn, 2001; Graziano et al., 2003; Brody and Holtz-
man, 2006; Korz, 2006; Gehring et al., 2015). 

2.8.4. Social interaction test 
The social interaction test was used to evaluate anxiety-related 

behavior (File and Hyde, 1978) and was conducted similarly as 
described previously (Neyazi et al., 2018) 23 weeks after SE. Female 
Sprague-Dawley rats, which were approximately age- and weight- 
matched and unknown to rats from the experimental groups, func-
tioned as partner rats. After rats from the experimental groups 
(including sham controls) and partner rats were marked differently with 
varicolored animal marking sticks (Raidex, Dettingen/Erms, Germany), 
pairs of them were placed simultaneously into a round black open field 
(ø 83 cm, 25 cm high) with opposite starting positions at the periphery. 
Before each trial, the field was cleaned thoroughly with 0.1% acetic acid 
solution. Social interaction was recorded for 5 min for each rat pair 
using colour discriminating tracking software (EthoVision). The cumu-
lative time (sec) rats spent in a defined distance to each other (<10 cm) 
was quantified and analyzed across experimental and sham control 
groups. 

2.8.5. Open field test 
The open field is a very popular animal model of anxiety-like 

behavior (Prut and Belzung, 2003) and was performed 29 weeks after 
SE. The procedure consists of subjecting an animal to an unknown 
environment from which escape is prevented by surrounding walls. In 
such a situation, rodents spontaneously prefer the periphery of the 
apparatus to activity in the central parts of the open field. In the present 
study, the test was performed in a round open field with a black-painted 
wall and floor (ø 83 cm, 25 cm high). The animals were placed indi-
vidually in the center of the open field. Behavior was observed for 5 min. 
Before each trial, the field was cleaned thoroughly with 0.1% acetic acid 
solution. The open field was divided into three zones: center, an internal 
ring, and outer ring (close to the walls of the open field). The center and 
internal ring were considered aversive places for the rats. For each rat, 
the total distance moved (cm) and the time spent in each zone (sec) were 
measured by a computerized tracking system (EthoVision). Rearings and 
grooming were recorded manually by the experimenter. 
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2.9. Histology and immunohistology 

As shown in Fig. 1, at the end of all in vivo experiments, at 31 weeks 
post-SE, the two groups of post-SE rats and the age-matched non- 
epileptic sham controls were deeply anesthetized with chloral hydrate 
and transcardially perfused with 4% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4). Four series of 40 μm-thick horizontal sections of 
the brain were cut on a freezing microtome. One of the series was Nissl- 
stained with thionin for visualization of neurodegeneration in the hip-
pocampal formation. 

2.9.1. Hippocampal neurodegeneration 
Typically, in SE models the severity of damage varies along the 

septotemporal axis of the hippocampus, being more severe temporally 
than septally (Nissinen et al., 2000; Pitkänen et al., 2002), so different 
standardized locations along the anterior-posterior axis of the hippo-
campal formation were examined in the present experiments: AP, − 2.8, 
− 3.6, and − 4.8 mm from bregma. In a first step, thionin-stained sections 
of the following subregions of the hippocampal formation were visually 
inspected for damage: CA1, CA3a, and CA3c/CA4. Furthermore, extra-
hippocampal areas such as the piriform cortex, amygdala, and dorsal 
thalamus were examined. The severity of neuronal damage in a section 
was semiquantitatively assessed by a grading system described previ-
ously (Brandt et al., 2007) as follows: score 0, no obvious damage; score 
1, abnormal appearance of the structure without clear evidence of 
visible neuronal loss; score 2, lesions involving 20–50% of neurons; 
score 3, lesions involving >50% of neurons. In this respect, it is 
important to note that neuronal loss must exceed 15% to 20% before it is 
reliably detected by visual inspection (Fujikawa et al., 2000). Interme-
diate scores were also possible. In addition to scoring regions for 
neuronal damage, the granule cell layer of the dentate gyrus was visually 
analyzed for granule cell dispersion, which is a characteristic alteration 
in the dentate gyrus in both rat models of mTLE and patients with mTLE 
(Ribak and Dashtipour, 2002). Visual assessment was conducted blindly 
concerning the treatment status of the animal. 

Compared to the extent of cell loss occurring after a SE in CA3 and 
CA1, which can be easily scored by microscopic examination, loss of 
neurons in the dentate hilus is more difficult to assess without cell 
counting. Therefore, in a second step, polymorphic neurons (i.e., mossy 
cells and interneurons) were counted in the dentate hilus of the hippo-
campal formation. Microscopic images (Leica Microsystems GmbH, 
Wetzlar, Germany) of the hippocampal sections were taken at a 100×
magnification with the Zeiss Axio Vision software (Carl Zeiss AG, 
Oberkochen, Germany). Neurons and glial cell types were distinguished 
in Nissl stained sections of the hippocampus by size and cytological 
features as described previously (Brandt et al., 2007; Garcia-Cabezas 
et al., 2016). Neuronal loss in the hilus was quantified in three sections 
per hippocampus in both hemispheres at − 2.8, − 3.6, and − 4.8 mm from 
bregma. In the case of shrinkage of the hippocampus, correct localiza-
tion of the hippocampal subregions was defined based on adjacent brain 
regions. The hilus was defined as the inner border of the granule cell 
layer and two straight lines connecting the tips of the granule cell layer 
and the proximal end of the CA3c region. In a first approach, all profiles 
>8 μm within these borders were counted; the area of each hilus was 
measured with the ImageJ software (National Institutes of Health). 
Neuronal densities (neurons per unit area) were calculated based on 
neuronal counts in the hilus and hilus area. All neuron counts were 
performed by a person who was blinded concerning the origin of the 
sections. 

To verify that the profiles that we counted in the thionin-stained 
brain sections were neurons, additional sections were immunostained 
with the neuronal marker NeuN as described recently (Johne et al., 
2021). All other details were as described above for thionin-stained 
sections. 

2.9.2. Immunostaining for GFAP 
Expression of glial fibrillary acid protein (GFAP) was used for 

immunohistochemical identification of astrocytes (Sofroniew and Vint-
ers, 2010). Details of the methods used for GFAP labeling have been 
described recently (Johne et al., 2021). Based on morphology, GFAP- 
labeled astrocytes were categorized as non-reactive, hypertrophic, and 
palisading as described by Schiweck et al. (2018). In addition, the in-
tensity of GFAP labeling in the dentate hilus was measured with the 
ImageJ software as described (Johne et al., 2021). 

2.9.3. Immunostaining for synaptoporin 
Immunostaining against the synaptic vesicle protein synaptoporin 

can be used to visualize aberrant granule cell MFS that typically de-
velops after a pilocarpine-induced SE in rodents (Volz et al., 2011). 
Synaptoporin, also known as synaptophysin 2 and p38-2, is highly ho-
mologous to synaptophysin 1, but while synaptophysin 1 is more uni-
formly expressed in most nerve terminals, synaptoporin is particularly 
enriched in mossy fiber synapses in the hippocampus (Fykse et al., 1993; 
Grabs et al., 1994), making it an excellent marker for aberrant MFS (Volz 
et al., 2011; Häussler et al., 2016; Peret et al., 2014; Kourdougli et al., 
2015, 2017; Schmeiser et al., 2017; Freiman et al., 2021). Immunohis-
tological staining of synaptoporin was performed in a further series of 
the prepared 40 μm-thick coronary brain sections (− 3.6 to − 3.7 mm 
from bregma) as previously reported (Müller et al., 2009; Schidlitzki 
et al., 2020). Briefly, the free-floating sections were washed in Tris- 
buffered saline (TBS; 5 × 2 min) and then incubated with blocking 
medium for 1 h (containing bovine serum albumin, normal goat serum, 
TritonX100). Afterward, sections were incubated with primary anti-
bodies overnight at 4 ◦C (mouse anti-NeuN, clone A60, Merck Millipore, 
Billerica, MA, USA; rabbit anti synaptoporin, order number 120003, 
Synaptic Systems, Göttingen, Germany); on the following day, sections 
were washed (6 × 2 min in TBS), secondary antibodies were added 
(Alexafluor [AF]-conjugated goat anti-rabbit [AF 488; Jackson Immu-
noResearch Laboratories, Inc., West Grove, PA, USA] and goat anti- 
mouse [AF 568; Thermo Fisher Scientific, Waltham, MA, USA]), and 
sections were stained for 1 h at room temperature. Finally, sections were 
washed (2 × 2 min in TBS) and cell nuclei were stained with DAPI. 
Stained sections were mounted on glass slides and coverslipped with 
Vector Vectastain Hardset mounting medium (Vector Laboratories, CA, 
USA). Fluorescent slides were analyzed using a Zeiss AxioObserver 7 
microscope equipped with a Colibri 7 LED light source and the Zeiss Zen 
Blue software (Carl Zeiss AG, Oberkochen, Germany). Images were ac-
quired under identical conditions of acquisition parameters on a 100×
magnification at a 14-bit depth. Further analysis was performed using 
the ImageJ software. 

Mossy fibers represent granule cell axons innervating pyramidal cells 
of the CA3 region by projecting and branching through the hilus of the 
dentate gyrus, the stratum lucidum of the CA3 region (as supra-
pyramidal projections), and – to a lesser extent – infrapyramidally 
(through the stratum oriens close to the pyramidal CA3 layer) and 
intrapyramidally (Gaarskjaer, 1986; Wiera and Mozrzymas, 2015), thus 
leading to a high grade of synaptoporin immunofluorescence signaling 
in these structures. To evaluate potential aberrant MFS into adjacent 
regions, images were visually evaluated in the first place. 

A closer look was given to the images through objective and blinded 
quantification analysis by assessing regional mean grey values as a 
measure of the mean pixel brightness and, thus, mean intensity of the 
immunohistochemistry staining (Di Cristo et al., 2007) via the ImageJ 
software in the regions of interest (ROIs). Absolute mean grey values of a 
defined area in the hilus and relative values of the inner molecular layer 
of the dentate gyrus with the corresponding hilus area as reference 
values were measured bilaterally in each animal. The area assessed in 
the hilus was bordered by a straight line through the hilus perpendicular 
to the course of the CA3c region being tangent to its proximal end and by 
the inner border of the granule cell layer (in direction to the apex of the 
dentate gyrus), as the intensity of synaptoporin in this part of the hilus 
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was the highest. Furthermore, mean grey values of stratum radiatum 
and stratum oriens were compared as a percentage to the corresponding 
stratum lucidum values in the CA3a region. An angle of 120◦ was plotted 
onto the image with the bisecting line passing perpendicularly through 
the vertex of the curved CA3a region and with the vertex of the angle 
situated in the stratum radiatum 65 μm away from the concave edge of 
the stratum lucidum. In addition, a smaller circle (r = 65 μm) and a 
bigger circle (r = 380 μm) were plotted with the vertex of the 120◦ angle 
as the center of both circles. The ROIs stratum lucidum and stratum 
oriens were represented by the areas bordered by both rays of the angle, 
the big circle, and the respective structural borders of both regions. The 
stratum radiatum was represented by the area of the small circle. 

All histological analyses were performed separately for the left and 
right hemispheres. Statistical comparison between hemispheres did not 
indicate significant differences; thus combined data from both hemi-
spheres are shown in Results. 

2.10. Drugs 

Lithium chloride, methyl-scopolamine (as bromide salt), scopol-
amine (as hydrobromide trihydrate), and pilocarpine (as hydrochloride) 
were purchased from Sigma-Aldrich (Steinheim, Germany). Phenobar-
bital (as sodium salt) was purchased from Serva (Heidelberg, Germany), 
diazepam (as a commercial solution, Diazepam-ratiopharm®) from 
Ratiopharm GmbH (Ulm, Germany), marbofloxacin (as a commercial 
solution, Marbocyl® FD) from Vétoquinol GmbH (Ravensburg, Ger-
many), bupivacaine (as a commercial solution, Carbostesin®) from 
AstraZeneca GmbH (Wedel, Germany), tetracaine (as hydrochloride) 
from Caesar & Loretz GmbH (Hilden, Germany), and levomethadone (as 
a commercial solution, L-Polamivet®) from Merck, Sharp & Dohme 
(Munich, Germany). For systemic drug administration, compounds were 
dissolved in distilled water and administered at a volume of 1–3 ml/kg. 
Injection volumes of the commercial solutions of diazepam, levome-
thadone, and marbofloxacin were 2 ml/kg, 0.6 ml/kg, and 0.4 ml/kg, 
respectively. 

2.11. Statistics 

In all experiments, rats were randomly assigned to the drug and 
vehicle groups and all experiments were performed in a blinded fashion. 
Depending on whether data were normally distributed or not, either 
parametric or nonparametric tests were used for statistical evaluation. 
For comparison of two groups, either Student’s t-test or the Mann- 
Whitney U test was used. In the case of more than two groups, we 
used either one-way or two-way analysis of variance (ANOVA) with post- 
hoc testing and correction for multiple comparisons. Depending on data 
distribution, either the Dunnett’s, Dunn’s, or Tukey’s multiple com-
parison tests were used for post-hoc comparisons following ANOVA. For 
comparison of frequencies in a 2 × 2 table, Barnard’s unconditional test 
(Barnard, 1947) was used, because this test preserves the significance 
level and generally is more powerful than Fisher’s exact test for mod-
erate to small samples (Lydersen et al., 2009). To determine whether a 
behavioral alteration, a combination of behavioral alterations, or neu-
rodegeneration differed between rats with vs. without SRS, derived data 
underwent receiver operating characteristic (ROC) curve analyses 
(Soreide, 2009). The area under the curve (AUC) was then compared 
with chance (AUC = 0.5). In line with current statistical consensus, AUC 
of >0.9 is considered outstanding, 0.8–0.9 is considered very good, 
0.7–0.8 is considered acceptable, and <0.7 is considered poor. Except 
for Barnard’s unconditional test, all statistical analyses were performed 
with the Prism 9 software from GraphPad (La Jolla, CA, USA). Two-sided 
tests were used; a P ≤ 0.05 was considered significant. 

3. Results 

3.1. Pharmacokinetic in silico experiments for selection of dosing and 
dosing intervals of scopolamine 

Using the pharmacokinetic rat data reported for scopolamine by 
Deutsch et al. (1990) and Nakashima et al. (1993), we simulated 
multiple-dose pharmacokinetics intending to maintain brain levels 
above the brain IC50 (~10 ng/g) of scopolamine at M-receptors (see 
Methods), using the program PK-Solutions. This could be achieved by 
twice-daily i.p. administration of 2.5, 4.0, or 5.0 mg/kg scopolamine 
(Fig. 2A–C). Minimal brain drug levels calculated for these multiple- 
dose regimens were 17.7, 28.4, and 35.4 ng/g, respectively. 

3.2. Scopolamine is well tolerated at the calculated dosing scheme 

When scopolamine was injected twice daily at 4 mg/kg i.p. over 4 
days in naïve rats or rats after SE, it was well tolerated without any 
significant difference to vehicle controls (not illustrated). Because of the 
excellent tolerability and the drug plasma data of scopolamine (see 
below), the dose of this drug was increased to 10 mg/kg per day 
(injected as 4 mg/kg in the morning and 6 mg/kg in the evening) for the 
antiepileptogenesis trial. During treatment with scopolamine, 10 mg/ 
kg/day, over 17 days following SE, no behavioral adverse drug effects 
were observed. However, rats of the vehicle group exhibited behavioral 
hyperexcitability that was not observed in the scopolamine-treated 
group (Fig. S2). Body weight of the sham, vehicle, and scopolamine 
groups fell significantly below pre-SE control values for 4–7 days after 
SE or sham SE, but increased thereafter (Fig. S3). Vehicle-treated rats 
reached higher body weights than sham controls at the end of the 17 
days, whereas scopolamine-treated rats did not significantly differ in 
body weight gain from sham controls. 

3.3. Drug analysis during treatment indicates sufficiently high 
scopolamine levels 

In the tolerability experiments with 4 mg/kg scopolamine b.i.d. 
described above, blood was sampled 12 h after the morning dose of 
scopolamine on day 4. As shown in Fig. 2D, except for one rat, plasma 
levels well exceeded the IC50 of scopolamine (10 ng/g). In rats that were 
treated with 4 mg/kg in the morning and 6 mg/kg in the evening over 
17 days during the latent period, starting 2 h after SE onset, blood was 
withdrawn 10 h after the morning dose at day 14 of scopolamine 
administration. As shown in Fig. 2E, plasma levels of all rats were well 
above the IC50 of scopolamine, thus demonstrating that the in silico 
pharmacokinetic modeling resulted in the estimated scopolamine con-
centrations. In this respect, it is important to note that, following sys-
temic (i.p.) administration of scopolamine in rats, brain drug levels 
exceed those in plasma (Deutsch et al., 1990), so plasma levels can be 
used as a rough estimate of brain levels as done here. 

3.4. Prolonged treatment with scopolamine during the latent period after 
status epilepticus facilitates remission of epilepsy 

In total, 11,424 h of video/EEG were visually analyzed for SRS. 
Typical SRS as recorded in the EEG and verified in the corresponding 
video are illustrated in Fig. 3. Furthermore, Fig. 4 provides a heatmap 
illustrating the incidence and frequency of SRS in the video-EEG 
monitoring periods. In vehicle controls, 7/8 rats (88%) exhibited SRS 
when video/EEG recorded over two 2-week periods at 8–10 as well as 
24–26 weeks after SE (Fig. 5A,B), demonstrating no spontaneous 
remission of epilepsy over the 6 months of the experiment. The majority 
of SRS were generalized convulsive (stage 5) seizures (Fig. S4A,B). 
Median seizure frequency was 5.5 (range 0–9) seizures per 2 weeks at 
8–10 weeks post-SE and 5.0 (range 0–323) seizures per 2 weeks at 
24–26 weeks post-SE, respectively (Fig. 5C,D). The median duration of 
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spontaneous seizures was similar at both recording periods (Fig. S4C,D). 
In rats that were treated twice daily with scopolamine over 17 days 

during the latent period, beginning 2 h after SE onset, video/EEG 
monitoring of SRS was started 8 weeks after SE in the scopolamine 
group, i.e., ~6 weeks after drug withdrawal (Fig. 1) to avoid any direct 
effect of scopolamine on spontaneous seizures. SRS incidence was 6/9 
rats (67%) at 8–10 weeks after SE, which was not significantly different 
from vehicle controls (Fig. 5A). However, at 24–26 weeks after SE, SRS 
incidence of the scopolamine group was only 33%, which was signifi-
cantly different from vehicle controls (Fig. 5B). The significant reduction 
of SRS incidence observed ~6 months after SE may indicate that treat-
ment with scopolamine during the latent period following SE facilitated 
spontaneous remission of epilepsy in part of the rats. 

Compared to the vehicle group, seizure frequency was significantly 
lower in the scopolamine group at both 8–10 and 24–26 weeks post-SE 
(Fig. 5C,D). The severity and duration of SRS were not significantly 
different between both monitoring periods (Fig. S4A-D–). 

When seizure incidence and frequency of SRS in individual rats were 
compared at 8–10 vs. 24–26 weeks after SE, all vehicle-treated rats 

except one exhibited SRS during both monitoring periods (Fig. S5A). In 
contrast, three of the scopolamine-treated rats that exhibited SRS at 
8–10 weeks did not show any spontaneous seizures at 24–26 weeks 
(Fig. S5B). Three other rats of this group did not exhibit SRS during both 
monitoring periods. The remaining three rats exhibited SRS during both 
monitoring periods (Fig. S5B). 

It has been reported previously that SRS in the pilocarpine or 
lithium-pilocarpine models are not homogenously distributed across 
video-EEG recording periods, but often occur in clusters with a cyclic 
pattern, peaking every 5–8 days in male Wistar rats (Goffin et al., 2007) 
or 1–11 days (mean 5 days) in female Sprague-Dawley rats (Bankstahl 
et al., 2012) as used here. Thus, based on these previous reports, it was 
unlikely that seizure clusters were not captured by the design of inter-
mittent video-EEG monitoring used here. As illustrated in the heatmap 
in Fig. 4, with one exception, the vehicle controls exhibited a cyclic 
seizure pattern as described previously, with intervals of 1–8 days be-
tween seizures (mean = 3.4). A similar pattern was seen in the 
scopolamine-treated rats. Only one rat (vehicle control rSCOP 10) 
exhibited a high frequency of daily seizures without any seizure-free 

Fig. 2. Simulation of brain pharmacokinetics of scopolamine and actual drug concentration measurements. In A, the rat brain pharmacokinetic data reported for 
single-dose i.p. injection of scopolamine (2.5 mg/kg) by Deutsch et al. (1990) were used to simulate pharmacokinetics after multiple dosing (2.5 mg/kg twice per day 
[b.i.d.]) by PK-Solutions. Prediction of steady-state parameters (which was reached after 8 injections as indicated by the red curve) resulted in maximal and minimal 
brain levels of 1031 and 17.7 ng/g, respectively. In B, the dose was increased to 4 mg/kg b.i.d., resulting in maximal and minimal brain levels of 1650 and 28.4 ng/g, 
respectively. In C, the dose was increased to 5 mg/kg b.i.d., resulting in maximal and minimal brain levels of 2063 and 35.4 ng/g, respectively. In D, scopolamine 
levels were determined in plasma of 5 rats 12 h after drug injection of 4 mg/kg i.p. on day 4 of prolonged scopolamine administration (4 mg/kg b.i.d.) during the 
tolerability experiments. Data are shown as boxplots with whiskers from minimal to maximal values; the horizontal line in the boxes represents the median value; in 
addition, individual data are shown. The hyphenated line indicates the brain IC50 of scopolamine (10 ng/g) as determined in rats by Nakashima et al. (1993). Drug 
levels of one rat were below this value. In E, scopolamine levels were determined in plasma of 5 rats 10 h after drug injection of 4 mg/kg i.p. on day 14 of prolonged 
scopolamine administration (4 mg/kg at 8 a.m. and 6 mg/kg at 6 p.m.) during the efficacy experiments; drug levels 10 h after 4 mg/kg thus represent trough levels 
immediately before the next drug administration. Again, the hyphenated line indicates the brain IC50 of scopolamine (10 ng/g), demonstrating that all rats exhibited 
drug levels well above the IC50. Although the simulated drug levels in A–C represent brain levels and the actual drug levels in D and E represent plasma levels, 
Deutsch et al. (1990) showed that brain levels of scopolamine exceed its plasma levels in rats, so plasma levels can be used as a rough estimate of brain levels. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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intervals in the second monitoring period (Fig. 4). 

3.5. Prolonged treatment with scopolamine during the latent period after 
status epilepticus reduces behavioral and cognitive abnormalities 

3.5.1. Behavioral hyperexcitability tests 
Epileptic rats of the pilocarpine model are known to be hyperexcit-

able and aggressive in response to handling, which starts during epi-
leptogenesis (Rice et al., 1998; Curia et al., 2008). When rats were tested 
for behavioral hyperexcitability by an observational battery of tests at 
13 weeks after SE, rats of the vehicle group significantly differed from 
sham controls in the finger-snap (Fig. S6C) and pick-up test (Fig. S6D), 
while no significant differences were observed for the approach- 
response (Fig. S6A) and touch-response (Fig. S6B) tests. When data of 

all four tests were summed up, vehicle-treated rats differed significantly 
from sham controls (Fig. S6E). In contrast, rats of the scopolamine group 
did not differ from sham controls in any test. Because this could be a 
result of the lower incidence of epilepsy in the scopolamine group, we 
analyzed data separately for rats with SRS and rats without SRS, using 
the SRS incidence shown in Fig. 5B. As illustrated in Fig. S6F, only rats 
with SRS differed significantly from sham controls. These data were also 
used for a ROC analysis, resulting in an AUC of 0.8643 (P = 0.0128), 
thus indicating a very good correlation between hyperexcitability and 
occurrence of SRS (Fig. S7A). 

3.5.2. Elevated plus-maze test 
As shown in Fig. S8A,B, rats of both pilocarpine groups exhibited 

locomotor hyperactivity. However, despite the increased locomotion, 

Fig. 3. Representative electroencephalogram (EEG) recorded during the study. A shows a normal EEG, B a focal (stage 2) seizure, and C a secondarily generalized 
(stage 5) seizure. The type of seizures (focal vs. generalized convulsive) was judged based on the concurrent video. 

Fig. 4. Heatmap illustrating the incidence and frequency of spontaneous recurrent seizures (SRS) developing after pilocarpine-induced SE in individual vehicle 
controls and rats treated with scopolamine during the latent period after SE. SRS are illustrated for each day of the two 2-week video-EEG monitoring periods at 8–10 
and 24–26 weeks after SE. Abbreviations: VEH, vehicle; SCOP, scopolamine. 
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rats of all groups stayed significantly longer in the closed arms of the 
maze than in the aversive open center and open arms (Fig. S8C). No 
significant inter-group differences were observed. No differences were 
detected in the frequency of rearings between groups during the test. 

3.5.3. Open field test 
As shown in Fig. S9, the rats’ behavior in this test was very similar to 

the behavior observed in the elevated plus-maze (Fig. S8). Both pilo-
carpine groups exhibited increased locomotor activity (Fig. S9A,B), but 
stayed significantly longer near to the wall of the field (outer ring) than 
in the aversive internal ring or center of the open field (Fig. S9C). No 
significant inter-group differences were observed; furthermore, no dif-
ferences in the frequency of rearings and grooming behavior were 
detected between groups during the test. 

3.5.4. Social interaction test 
As shown in Fig. S10, both vehicle- and scopolamine-treated groups 

exhibited significantly less social interaction than sham controls when 
being tested 23 weeks after SE. 

3.5.5. Morris water maze test 
In the Morris water maze test of spatial learning and memory, all 

three groups of rats learned to find the hidden platform over the 

duration of the experiment (Fig. 6A). However, whereas sham controls 
reached short escape latencies within 3 days (with 4 trials per day), the 
two pilocarpine groups needed 4 days, indicating retarded learning. 
Mean swimming velocity was not different across groups (Fig. 6B). In 
the spatial probe on day 5, in which the platform was removed and the 
crossings of the former platform position were recorded during a single 
trial of 60 s to ensure that the rats are aware of the location of the hidden 
platform, sham controls stayed significantly longer in the former target 
quadrant than in adjacent locations of the maze (Fig. 6C). This was not 
observed in the vehicle-treated pilocarpine group (Fig. 6D), whereas rats 
of the scopolamine-treated group behaved similarly as sham controls 
(Fig. 6E). When retention of platform location was tested 4 weeks after 
the probe trial, none of the groups stayed significantly longer in the 
target zone (not illustrated). 

Significant inter-group differences were found in the swimming 
strategies (Fig. 7; Tables S1 and S2) used to locate the hidden platform 
over the course of the experiment. As shown in Fig. 7B, sham controls 
initially used nonspatial random strategies to find the platform, but 
spatial hippocampal strategies rapidly increased over the duration of the 
acquisition phase. At the end of the acquisition phase, both spatial 
(hippocampal) and other systematic (but non-spatial) strategies were 
used to locate the platform by individual rats. In contrast, vehicle- 
treated pilocarpine rats exhibited significantly more often random 

Fig. 5. Effect of treatment with scopolamine during the latent period following lithium-pilocarpine (pilo) on incidence and frequency of spontaneous recurrent 
seizures (SRS) determined intermittently by continuous video/electroencephalography monitoring over 2 weeks at 8–10 as well as 24–26 weeks after status epi-
lepticus (SE). Data in A and B (seizure incidence) are illustrated as a percentage of rats within each group exhibiting SRS within each 2-week recording period, 
whereas data in C and D (seizure frequency) are illustrated as the number of seizures per 2 weeks and shown as boxplots with whiskers from minimal to maximal 
values; the horizontal line in the boxes represents the median value; in addition, individual data are shown. The data shown for vehicle and scopolamine are from 8 
and 9 rats, respectively. Significant differences to vehicle controls are indicated by asterisks (* P < 0.05; ** P < 0.01). See text for doses and dosing intervals. 
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strategies than sham controls over the course of the acquisition phase, 
whereas spatial (hippocampal) strategies were used only in a minority of 
the trials (Fig. 7C). In the scopolamine group, random strategies were 
used significantly less often than in the vehicle group over the duration 
of the acquisition phase, but spatial (hippocampal) strategies were 
replaced by other systematic (but non-spatial) strategies (Fig. 7D). 

Since individual animals may change their strategy within the 4 
trials per day, we analyzed swim strategies in more detail in individual 
trials (Fig. 7E–G; Tables S1 and S2). Furthermore, we tested whether 
animals changed their strategy between the last trial and the next (first) 
trial on the subsequent day. This analysis helps to identify differences in 
long-term memory (overnight) and short-term memory (in between 
trials of 1 day). In general, both sham controls and scopolamine-treated 
rats mainly exhibited systematic spatial or non-spatial strategies, 
whereas epileptic rats of the vehicle group predominantly used random 
strategies, which is also illustrated by the heat map data in Fig. 7I. 

3.6. Prolonged treatment with scopolamine during the latent period after 
status epilepticus exerts neuroprotective effects 

At convulsant doses, pilocarpine and the resultant SE typically 
induce severe and widespread damage in the hippocampus and various 
other brain regions of rats (Curia et al., 2008). However, because we 
terminated pilocarpine-induced SE after 90 min by a very effective 
protocol (diazepam and phenobarbital), which blocks or at least mini-
mizes SE recurrence, brain damage was largely reduced as reported by 
us previously (Brandt et al., 2010). Thus, in vehicle-treated epileptic 
rats, no obvious damage was observed in most rats in hippocampal areas 
CA1, CA3a, or CA3c when visually examining the thionin- (Fig. 8) or 

NeuN-stained sections (Fig. S11) or using a semiquantitative scoring 
system for rating neurodegeneration (Fig. S12). However, in the dentate 
hilus, neuronal counting in both thionin- and NeuN-stained brain sec-
tions revealed a significant reduction of neuron number and density 
(Fig. 9). This was similar at the three section levels examined; so only 
data for sections at − 3.6 mm from bregma are illustrated in Fig. 9. In the 
thionin-stained sections, a significant increase of hilar area was observed 
in vehicle-treated rats after pilocarpine, which was not observed in rats 
treated with scopolamine after SE (Fig. 9B). However, the increase in 
hilar area was not observed in NeuN-stained sections (Fig. 9E). Granule 
cell dispersion was not observed (Fig. 8, Fig. S11). Significant neuro-
degenerative alterations in vehicle-treated epileptic rats were also 
observed in other brain regions, i.e., the amygdala, piriform cortex, and 
dorsal thalamus (Fig. S13). 

In rats that were treated with scopolamine during the latent period, 
the increase in hilar volume was prevented (Fig. 9B). However, loss of 
hilar neurons was similar to that observed in vehicle-treated rats 
(Fig. 9A,C). Furthermore, significant neurodegeneration was observed 
in CA1 (Fig. S12). This was due to two animals (rSCOP 21 and rSCOP 30) 
with severe (score 3) neurodegeneration in the CA1 (Fig. S12), one of 
which (rSCOP 30) exhibited SRS despite treatment with scopolamine 
during the latent period after SE (Fig. 4). In contrast to vehicle controls, 
no significant neurodegeneration was observed in the scopolamine 
group in piriform cortex, amygdala, and dorsal thalamus except for a 
moderate neuronal loss in piriform cortex at section level − 3.6 mm from 
bregma (Fig. S13). 

When the neuronal density in the hilus of pilocarpine-treated rats of 
the vehicle and scopolamine groups was further subdivided into rats that 
did and did not exhibit SRS, the two subgroups differed significantly: 

Fig. 6. Evaluation of learning and memory in the Morris water maze (MWM) test, performed 22 weeks after status epilepticus. Group size is 7 (sham), 8 (pilocarpine 
[pilo]-vehicle), and 9 (pilo-scopolamine [scop]), respectively. In A, the acquisition of platform finding (escape latency) is shown. Data are illustrated as means ±
SEM. In all three groups, escape latencies on day 5 were significantly (P < 0.01) shorter than latencies on day 1, demonstrating significant learning. However, sham 
controls reached short escape latencies already after 3 days with four individual trials each, while the pilo groups needed 4 days, indicating that learning was 
retarded (* P < 0.05 between vehicle group and sham; o P < 0.05 between scop group and sham). In B, the swimming velocity is shown. No significant inter-group 
differences were observed. In C–E, data of the probe trial on day 5 are illustrated as a measure of short-term memory. Significant differences in the percent of time 
spent in the target quadrant (SW) compared to the adjacent quadrants (mean of SE and NW quadrants) are indicated by asterisks (* P < 0.05) in C and E. For further 
details, see Fig. 5 legend. 
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251 ± 17.9 neurons/mm2 in rats with SRS (n = 10) vs. 369 ± 26 neu-
rons/mm2 in rats without SRS (n = 7), mean ± SEM, respectively; P =
0.0015. To examine the relationship between neuronal density in the 
hilus and SRS in more detail, a ROC analysis was performed, resulting in 
a highly significant ROC AUC (AUC = 0.9286; P = 0.0034; Fig. S7B), 
indicating that SRS are associated with neuronal loss in the hilus. 

3.7. Prolonged treatment with scopolamine during the latent period after 
status epilepticus does not affect morphological alterations of astroglia 

It has been previously demonstrated for the pilocarpine and lithium- 
pilocarpine models that prominent astrogliosis develops in areas with 
neuronal loss (André et al., 2007; Curia et al., 2008). As in other models 
of brain injury, this reactive gliosis is characterized by dramatic changes 
in astrocyte morphology, including prominent hypertrophy, altered 
ramification, and outgrowth of particularly long processes (André et al., 
2007; Schiweck et al., 2018). In the present study, such morphological 
alterations of astroglia were only rarely seen, likely because, as 
described above, brain damage was largely reduced by effective SE 
termination. As shown in Fig. S11C, GFAP-positive non-reactive astro-
glia were seen in the hippocampus of all three groups of rats without any 
obvious inter-group difference. About 8 months following SE, hyper-
trophic astrocytes (as illustrated in Fig. S14B) were only observed in the 
CA1 in one vehicle-treated rat (rSCOP 23) and two scopolamine-treated 
rats (rSCOP 21 and rSCOP 30). The two scopolamine-treated rats were 
those with severe (score 3) neurodegeneration in the CA1 (Fig. S12). In 
addition, reactive astrocytes that polarize and extend long “palisading” 
processes (as illustrated in Fig. S14C) were observed in two vehicle- 
treated rats (rSCOP 15, rSCOP 28) and three scopolamine treated rats 
(rSCOP 21. rSCOP 27, rSCOP 30), respectively. In most sections, the cell 
bodies of these palisading astrocytes were located in the stratum 
moleculare and the palisading processes extended toward the CA1. 
Rarely, such palisading astrocytes were also observed in the dentate 
gyrus but differed in morphology from radial glia-like neuronal pro-
genitor cells that have been described in the pilocarpine model (Li et al., 
2010). Thus, overall, reactive astrocytes were seen in three vehicle- 
treated and three scopolamine-treated rats without any obvious inter-
group differences. In sham controls, we never observed reactive astro-
cytes. In addition to analyzing the morphological alterations of 
astroglia, we measured the intensity of GFAP labeling in the dentate 
hilus and found no significant intergroup differences (not shown). 

3.8. Prolonged treatment with scopolamine during the latent period after 
status epilepticus prevents mossy fiber sprouting 

Granule cell axons (mossy fibers) project into the hilus of the dentate 
gyrus and stratum lucidum of CA3 in rodents and other species, 
including humans, where they synapse with inhibitory interneurons, 
hilar mossy cells, and CA3 pyramidal cells, but only very rarely with 
other granule cells (Buckmaster, 2012; Cavarsan et al., 2018). Accord-
ingly, when synaptoporin was used to label mossy fibers, the highest 
density of labeling was observed in the dentate hilus and stratum luci-
dum of CA3 (Fig. 10A–C). As reported previously (Mello et al., 1993; 
Okazaki et al., 1995), pilocarpine-induced SE led to aberrant sprouting 

of granule cell axons (mossy fibers) into the inner molecular layer of the 
dentate gyrus (Fig. 10B,E), whereas no such sprouting was observed in 
sham controls (Fig. 10A,D). At higher magnification, synaptoporin- 
positive punctuate structures, most likely representing synaptic bou-
tons, could be seen in the inner molecular layer of the dentate gyrus of 
vehicle treated rats after pilocarpine (Fig. 11B,D). This is in line with 
previous findings that aberrant mossy fibers project into the molecular 
layer, where their boutons appose granule cell dendrites, thus creating a 
recurrent excitatory network (Buckmaster, 2012). Such synaptoporin- 
positive synaptic boutons were not observed in the molecular layer of 
sham controls (Fig. 11A). In scopolamine-treated rats, MFS into the 
inner molecular layer was markedly reduced compared to the vehicle- 
treated pilocarpine group (Fig. 10C,F; Fig. 11C). In addition, aberrant 
MFS, characterized by punctuate structures, was observed into the 
stratum radiatum and stratum oriens of the CA3 in vehicle-treated 
pilocarpine rats (Fig. 10H), whereas such sprouting was markedly 
reduced in scopolamine-treated rats (Fig. 10I). In apparent contrast to 
the pilocarpine model in mice (Häussler et al., 2016), no MFS was 
observed in the CA2 region. 

When the extent of MFS was quantified by image analysis, the 
impression during visual inspection of brain sections was confirmed 
(Fig. 12). In vehicle-treated pilocarpine rats, significant MFS was 
observed in stratum moleculare (Fig. 12C), stratum radiatum (Fig. 12E) 
and stratum oriens (Fig. 12G), whereas the density of synaptoporin la-
beling was significantly decreased in the dentate hilus (Fig. 12A). In 
scopolamine-treated pilocarpine rats, changes in the hilus, stratum 
radiatum, and stratum oriens were prevented, whereas significant in-
crease of synaptoporin labeling was observed in the stratum moleculare. 
This, however, was mainly due to the three rats with SRS in the 
scopolamine group (Fig. 12C). We, therefore, performed a second series 
of analyses in which we compared synaptoporin labeling in the 6/9 
scopolamine-treated pilocarpine rats without SRS vs. the 7/8 vehicle- 
treated pilocarpine rats with SRS (Fig. 12B,D,F,H). By this analysis, 
synaptoporin labeling in the stratum moleculare was significantly lower 
in the scopolamine than the vehicle group (Fig. 12D). 

This strongly indicated that SRS are associated with aberrant MFS in 
our experiments and that scopolamine treatment after SE predominantly 
prevents aberrant MFS in those rats in which also SRS were prevented at 
24–26 weeks after SE. To examine this relationship, ROC analyses were 
performed, comparing the density of synaptoporin labeling with the 
occurrence or absence of SRS at 24–26 weeks after SE (Fig. S15). Highly 
significant ROC AUCs were obtained for stratum moleculare (AUC =
0.9857; P = 0.0009), stratum radiatum (AUC = 1.0; P = 0.0006), and 
stratum oriens (AUC = 0.9143; P = 0.0047) labeling, respectively. 

4. Discussion 

Cholinergic mechanisms have long been thought to play an impor-
tant role in the onset and propagation of epileptic seizures and seizure- 
induced brain damage, irrespective of the mechanism of seizure induc-
tion (McNamara et al., 1980; Kalichman, 1982; McNamara et al., 1985; 
Bradford and Peterson, 1987; Wasterlain et al., 1993; Friedman et al., 
2007; Steinlein and Bertrand, 2010; Steinlein et al., 2012; Yakel, 2012). 
The entorhinal cortex-hippocampus complex, which is believed to be the 

Fig. 7. Swim strategies used by rats to find the hidden platform over the 5 days of the acquisition training in the Morris water maze. Strategies were colour-coded as 
follows (for representative examples see A): (1) grey: random, nonspatial strategies (random, circling, and thigmotaxis); (2) blue: other nonspatial (but systematic) 
strategies (chaining and scanning); (3) orange: spatial (hippocampal) strategies (spatial direct and focal). Spatial hippocampal strategies represent the best cognitive 
performance while random strategies represent the worst performance. In B–D, the predominant strategy of each rat in each of the four trials per day on days 1, 3, 
and 5 of the acquisition phase was used for the calculation of group values. In the course of the acquisition phase, vehicle-treated epileptic rats exhibited a 
significantly higher percentage of random strategies than sham controls (P < 0.01) or scopolamine (scop)-treated rats (P < 0.05). In E–G, the average swim patterns 
in each group are illustrated for individual days of the acquisition phase. Significant differences between days and groups are shown in Tables S1 and S2. H illustrates 
the location of the hidden platform, the quadrants, and the starting positions in the maze and I provides average group heat maps of the 3rd trial on day 5 to illustrate 
the differences in swimming strategies illustrated in B–C and E–G. The heat map of the scop group resembles the heat map of sham controls, whereas the pilocarpine 
(pilo) vehicle group is clearly different. For further details, see Fig. 6 legend. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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site of origin of seizure activity in the majority of patients with mTLE 
and rodent models of mTLE, is enriched with cholinergic innervation, 
which plays a key role in the normal control of neuronal excitability and 
cognitive function (Friedman et al., 2007). 

4.1. Scopolamine facilitates remission of epilepsy in the lithium- 
pilocarpine model 

In the present study, we examined whether transient treatment with 

the muscarinic ACh receptor antagonist scopolamine after an initial 
brain injury with lithium-pilocarpine exerts a disease-modifying effect 
in this widely used model of mTLE. Treatment of rats with scopolamine 
during the latent period following pilocarpine-induced SE did not 
significantly reduce the number of rats with SRS at 2 months post-SE, 
whereas at 6 months the number of rats with SRS was significantly 
reduced by >60% compared to vehicle controls. Once developed, epi-
lepsy with SRS is a permanent disorder in rats of the pilocarpine or 
lithium-pilocarpine models without known spontaneous remission 

Fig. 8. Photomicrographs of thionin-stained sections of the hippocampus. A–C are overviews of the hippocampus in the three groups of rats (sham, pilocarpine 
[pilo]-vehicle, and pilo-scopolamine [scop], respectively), while D–F show the dentate hilus and G–I the CA1 at higher magnification. No obvious neuro-
degeneration or granule cell dispersion was observed in the pilo-treated rats. Scale bars: A–C 500 μm, D–I 50 μm. 
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Fig. 9. Quantification of neurons and area in the dentate hilus, performed 31 weeks after status epilepticus. Group size is 8 (sham), 8 (pilocarpine [pilo]-vehicle), and 
9 (pilo-scopolamine [scop]), respectively. A shows the number of hilar neurons, B the hilus area, and C the neuronal density in the hilus in thionin stained sections, 
while D–F show respective data for NeuN stained sections. All data are from an anterior-posterior section level of − 3.6 mm from bregma and data from both 
hemispheres were averaged per rat. Data from other section levels were similar. For further details, see Fig. 5 legend. Asterisks indicate significant differences 
between the groups (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). 

Fig. 10. Representative photomicrographs of immu-
nostaining for synaptoporin in the hippocampus. 
Representative overviews of the hippocampus of a 
sham-treated animal (A), as well as animals with 
pilocarpine-induced status epilepticus treated with 
vehicle (B) or scopolamine (C). The vehicle-treated 
animal (rSCOP 15) had spontaneous recurrent sei-
zures in both recording periods, while the 
scopolamine-treated rat (rSCOP 3) only exhibited one 
spontaneous seizure in the first recording period 
(Fig. 4). Magnifications of the dentate gyrus (D–F) 
and CA3a (G–I) are shown from the same staining 
and animal, and the location of the close-up is 
depicted in the rectangles (A–C). In the sham control 
(A,D,G), synaptoporin-positive staining is seen in the 
hilus and CA3 regions, but only weakly in the inner 
molecular layer of the dentate gyrus (white arrow, 
D). In contrast, intense staining in the inner molecu-
lar layer is seen in the pilocarpine-treated vehicle rat 
(white arrow, E), demonstrating aberrant mossy fiber 
sprouting as characterized by punctuate structures 
(see Fig. 11 for higher magnification). This is mark-
edly reduced in the scopolamine-treated rat (white 
arrow, F). In the CA3a region, vehicle-treated animals 
showed synaptoporin-positive punctuate structures in 
the stratum radiatum (SR, green arrow) and stratum 
oriens (SO, hollow arrow) (H), which were not 
observable in animals of the sham and scopolamine 
groups (G, I). Lines drawn on G, H, and I mark the 
borders of stratum lucidum (SL). Also, the stratum 
pyramidale has been labeled (SP). Scale bars: A–C: 
500 μm, D–I: 50 μm. (For interpretation of the ref-
erences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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(Curia et al., 2008). This is also indicated by the present data in the 
group of vehicle-treated epileptic rats, which exhibited the same SRS 
incidence (88%) at 2 and 6 months post-SE. Thus, the present finding 
with scopolamine would seem to indicate that this drug facilitates 
remission of epilepsy in part of the rats of the lithium-pilocarpine model, 
which, to our knowledge, has not been reported previously for any other 
treatment that was administered during the latent period in this or other 
post-SE models of mTLE. 

In addition to the significant effect on the incidence of epilepsy at 6 
months post-SE, treatment with scopolamine significantly reduced the 
frequency of SRS at both 2 and 6 months following SE, indicating a 
disease-modifying effect. Furthermore, the scopolamine-treated group 
exhibited less behavioral hyperexcitability, which is a hallmark of 
epileptic rats in this model (Rice et al., 1998; Curia et al., 2008), less 
impairment of learning and memory, and less neurodegenerative alter-
ations and aberrant MFS, all indicative of disease modification. 

4.2. Scopolamine reduces the cognitive impairment in the lithium- 
pilocarpine model 

Release of ACh in the hippocampus is important for learning and 
memory, and cholinergic dysfunction in this region has been linked to a 
variety of neurological disorders and diseases, including (but not limited 
to) Alzheimer’s disease, epilepsy, and other diseases that are associated 
with cognitive dysfunction (Hasselmo, 2006; Friedman et al., 2007; 
Yakel, 2012). In the hippocampus, i.e., the major brain target in the 
pilocarpine and other models of mTLE (Curia et al., 2008; Gorter et al., 
2016), cholinergic M1 and M3 receptors are mainly expressed in 

principal neurons, and M2 and M4 on interneurons, with very low levels 
of M5 receptors detected (Volpicelli and Levey, 2004). The diversity of 
muscarinic effects and the presence of each of the molecular subtypes in 
the hippocampus suggest that these receptors play key roles in learning 
and memory (Drever et al., 2011). Indeed, different muscarinic re-
ceptors act in synergy to facilitate learning and memory (Leaderbrand 
et al., 2016). Thus, Bittencourt et al. (2017) suggested that the M1 
receptor-preferring antagonist biperiden may be more favorable for 
epilepsy prevention than the non-selective inhibitor scopolamine 
because the latter drug disturbs learning and memory function in ani-
mals and humans (Klinkenberg and Blokland, 2010). It is therefore 
important that the present study shows that scopolamine was well 
tolerated and positively impacted cognition comparable to sham, non- 
epileptic animals when using the Morris water maze as a test paradigm. 

The Morris water maze is generally considered a test of spatial 
learning and memory (Morris, 1984; Morris et al., 1989). However, this 
may not always be the case, especially when performance is impaired 
due to drug treatment or brain injury. In these situations, the perfor-
mance of the animals may depend on other factors such as search 
strategy use (D’Hooge and De Deyn, 2001). Furthermore, animals 
typically switch strategy over the course of several trials or even within a 
trial (Gehring et al., 2015). In intact rodents, random nonspatial stra-
tegies (e.g., circling, thigmotaxis, random swimming) dominate at the 
beginning of the acquisition phase and are subsequently replaced by 
spatial (hippocampal) strategies, which necessitate significant spatial 
learning, and other systematic but non-spatial, possibly striatal strate-
gies (D’Hooge and De Deyn, 2001; Graziano et al., 2003; Brody and 
Holtzman, 2006; Korz, 2006; Gehring et al., 2015). Disruption of 

Fig. 11. Representative photomicrographs of immunostaining 
for synaptoporin in the dentate gyrus of (A) a sham-treated 
rat, (B) a rat with pilocarpine-induced status epilepticus 
treated with vehicle, or (C) scopolamine. D is a magnification 
of B. The vehicle-treated animal (rSCOP 24) had spontaneous 
recurrent seizures in both recording periods, while the 
scopolamine-treated rat (rSCOP 29) did not exhibit any 
spontaneous seizure in the two recording periods (Fig. 4). 
Compared to Fig. 10, the photomicrographs shown here were 
done at higher magnification to illustrate the synaptoporin- 
positive punctuate structures, most likely representing syn-
aptic boutons, that can be seen in the inner molecular layer of 
the dentate gyrus of vehicle-treated rats after pilocarpine (B, 
D) but not sham controls (A). In the scopolamine-treated rat 
(C), much less of these punctuate structures are seen. GCL, 
granule cell layer; IML, inner molecular layer.   
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Fig. 12. Quantification and comparison of 
the intensity of the immunohistochemical 
staining of the synaptic vesicle protein 
synaptoporin (mean grey values) in images 
of hippocampal sections (40 μm) between 
groups in different regions of interest. 
Group size is 8 (sham), 8 (pilocarpine 
[pilo]-vehicle), and 9 (pilo-scopolamine 
[scop]), respectively, and individual data 
are shown with the median. Mean grey 
values of the regions of interest from the 
left and right hemispheres were averaged, 
considering the area sizes of corresponding 
regions. Closed circles represent animals 
with spontaneous recurrent seizures (SRS) 
and open circles represent animals without 
SRS (using the SRS incidence shown in 
Fig. 5B); absolute mean grey values per 
animal in the defined area of the hilus were 
significantly lower in the vehicle group 
compared to the scop group and sham 
controls (A and B); relative mean grey 
values of the inner molecular layer with the 
defined area of the corresponding hilus as 
100% reference were significantly 
increased in vehicle and scop groups 
compared to sham controls (C and D); 
relative mean grey values of defined areas 
of the stratum radiatum (E and F) and 
stratum oriens (G and H) with the defined 
area of the corresponding stratum lucidum 
(SL) as 100% reference were significantly 
increased in the vehicle group compared to 
the scop group and sham controls. In B, D, 
F, and H, rats without SRS (open circles) 
from the vehicle group (n = 1) and rats 
with SRS (closed circles) from the scop 
group (n = 3) were excluded. After exclu-
sion of these values, the synaptoporin in-
tensity, i.e., mossy fiber sprouting, in the 
inner molecular layer in scop-treated rats 
was significantly lower compared to the 
vehicle-treated group (D). Asterisks indi-
cate significant differences between the 
groups (* P < 0.05; ** P < 0.01; *** P <
0.001).   
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hippocampal function can enhance striatum-dependent procedural 
learning (Lee et al., 2008). In the present experiments, rats of the 
scopolamine group used significantly less often random strategies than 
rats of the vehicle group, but spatial (hippocampal) strategies were 
replaced by non-spatial, possibly striatal strategies, which was not 
observed in the vehicle group. This difference could be due to the less 
widespread neuronal damage observed in the scopolamine group. 
Interestingly, by taking a closer look in-between training days, we could 
observe differences comparing the first trials of day 5: while sham- 
treated animals and scopolamine-treated animals used systematic stra-
tegies to escape from the water maze, a large majority of vehicle-treated 
rats showed random swimming. This could indicate impairments of 
long-term memory since vehicle animals seemed to have trouble 
remembering strategies used from the prior training day. Again, as this 
was not present in the scopolamine treatment group, this could be due to 
a decreased neuronal damage in this group. 

4.3. Lack of increased anxiety-related behavior in the lithium-pilocarpine 
model 

As reported previously for the rat pilocarpine model (Detour et al., 
2005; Brandt et al., 2010; Brandt et al., 2016), rats of the two pilocarpine 
groups did not exhibit increased anxiety-related behavior in the elevated 
plus-maze and open field tests, although anxiety, psychosis, and 
aggressive behavior are among the frequent comorbid psychiatric dis-
orders identified in patients with mTLE (Kanner, 2004). A likely 
explanation for the lack of anxiety-like behaviors in epileptic rats of the 
lithium-pilocarpine model was previously proposed by Detour et al. 
(2005). Because such rats exhibit lesions in the ventral hippocampus, 
entorhinal cortex, and amygdala, i.e., networks which are involved in 
fear expression, Detour et al. (2005) suggested that disruption of these 
networks causes a misevaluation of threatening situations, which could, 
in turn, reduce anxiety and/or enhance impulsive inadapted behavior. 
Indeed, sham control rats in the present study did avoid more often the 
aversive open arms compared to the slightly less aversive center of the 
elevated plus-maze, which might represent a more cautious evaluation 
of the situation, while in pilocarpine-treated rats no differences between 
both areas within the groups were measured, possibly indicating more 
impulsive behavioral patterns. Furthermore, as reported previously 
(Inostroza et al., 2012), we observed significantly reduced social inter-
action in the present experiments in pilocarpine-treated rats, which was 
not affected by scopolamine administration during the latent period. 

4.4. Scopolamine reduces neurodegeneration and prevents aberrant MFS 
in the lithium-pilocarpine model 

Scopolamine did not prevent the loss of hilar neurons, i.e., a char-
acteristic morphological alteration in the pilocarpine model and patients 
with mTLE (Curia et al., 2008). In thionin-stained sections, a significant 
increase in hilar area was observed, which was prevented by scopol-
amine. An increase in hilus area (or volume) is often seen in the pilo-
carpine model and other models of mTLE and has been related to 
astrogliosis, edema, or ectopic granule cell development (Brandt et al., 
2004; McCloskey et al., 2006). In addition to the prevention of hilar 
volume changes, scopolamine-treated rats did not exhibit some of the 
neurodegenerative alterations observed in extrahippocampal brain 
areas, indicating a neuroprotective effect of the treatment. 

Staining of astrocytes by GFAP indicated reactive astrocytes in the 
CA1 and dentate gyrus of several vehicle and scopolamine-treated rats 
without any obvious intergroup differences. In this respect, it is 
important to note that brain sections were prepared at about 8 months 
after SE. Astrocyte hypertrophy and GFAP upregulation appear after 
about 2–3 days post-injury, while palisading astrocytes are observed 
approximately 1 week after injury (Schiweck et al., 2018). In close 
proximity to lesion sites, palisading and hypertrophic astrocytes sustain 
their reactivity permanently, whereas astrocytes at greater distances 

from the injury return to their normal state (Schiweck et al., 2018), 
which likely explains the relatively few reactive astrocytes observed at 
about 8 months following SE. Furthermore, as a result of the effective SE 
termination by repeated administration of diazepam and phenobarbital, 
which blocks or at least minimizes SE recurrence, brain damage was 
largely reduced as reported by us previously (Brandt et al., 2010), which 
may have contributed to the relatively modest astrogliosis observed 
here. 

Astrocytes have emerged as crucial actors in epilepsy, because they 
undergo functional changes after brain injury, including dysregulation 
of astroglial potassium and gap junction channels (Coulter and 
Steinhäuser, 2015; Klein et al., 2018). These functional changes alter 
glio-neuronal communication and, by impairing uptake and redistribu-
tion of extracellular K+ accumulated during neuronal activity, can 
contribute to or cause seizures (Coulter and Steinhäuser, 2015; Klein 
et al., 2018). Furthermore, glutamate uptake by astrocytes is compro-
mised after brain injury, leading to an excess of extracellular glutamate 
that can directly contribute to neuronal hyperexcitability and excito-
toxic neuronal damage (Coulter and Steinhäuser, 2015). Nearly all of the 
astrocytes which exhibit GFAP immunoreactivity also exhibit musca-
rinic ACh receptors, and seizures increase the astrocytic expression of 
these receptors in the hippocampus (Porter and McCarthy, 1997). Thus, 
effects of scopolamine on the functional alterations of astrocytes 
following SE might be involved in the present results, which should be 
examined in forthcoming experiments (see also Section 4.5). 

The most striking difference between the scopolamine and vehicle 
group was the almost complete prevention of aberrant MFS by scopol-
amine, particularly in rats that did not exhibit SRS at 24–26 weeks 
following pilocarpine (i.e., ~21–23 weeks after the scopolamine treat-
ment period). Based on observations in rodent models and patients with 
mTLE, it has been suggested that aberrant MFS can render hippocampal 
circuits hyperexcitable and, therefore, epileptogenic, because of recur-
rent excitation of the granule cells of the dentate gyrus due to aberrant 
sprouting of their axon collaterals (i.e., MFS) (Tauck and Nadler, 1985; 
Cronin et al., 1992; Zeng et al., 2009; Scharfman, 2019). Although the 
functional contribution of MFS to epileptogenesis has been controversial 
in the past (Buckmaster and Lew, 2011; Buckmaster, 2014; Yamawaki 
et al., 2015; Cavarsan et al., 2018), a more recent study in pilocarpine- 
treated rats with selective activation of sprouted mossy fiber axons with 
optogenetics demonstrated the contribution of sprouted mossy fiber 
activation to epileptiform activity (Hendricks et al., 2019; but see 
Beenhakker and Ritger, 2019). Typically, aberrant MFS is correlated 
with the extent of hilar cell loss, which is a hallmark of mTLE (Buck-
master, 2014). It is thus interesting that in the present study prophy-
lactic treatment with scopolamine after SE, although not preventing the 
loss of hilar cells, prevented aberrant MFS, which was associated with 
remission of epilepsy. Thus, our data substantiate that aberrant MFS is a 
potential therapeutic target for epilepsy. 

4.5. Potential mechanisms underlying the present data on scopolamine 

How can the impressive disease-modifying effects of scopolamine be 
explained? In contrast to the subtype-selective M1 ACh receptor 
antagonist biperiden, the centrally acting nonselective antimuscarinic 
agent scopolamine is a high-affinity antagonist at the five known 
muscarinic receptors but does not act at nicotinic receptors (Dulawa and 
Janowsky, 2019). As outlined in the Introduction, scopolamine exerts 
rapid antidepressant effects in both preclinical models and patients, 
which seem to be mediated by M1 receptors in the medial prefrontal 
cortex (Navarria et al., 2015). In the latter region, M1 receptors are 
present on several cellular types: pyramidal neurons, GABAergic in-
terneurons, and astrocytes (Oda et al., 2018). Glial expression of M1 
receptors has also been described in the hippocampus (Shelton and 
McCarthy, 2000), so it would be useful to determine which cell types are 
involved in the anti-epileptogenic properties of scopolamine observed 
here. Given the strong evidence about the role of potassium buffering via 
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potassium channels on astrocytes in mechanisms of seizures and epi-
lepsy (Coulter and Steinhäuser, 2015), a more detailed analysis of sco-
polamine’s effects on functional alterations of astroglia shortly after SE 
would be interesting. 

The main cholinergic inputs in the hippocampus are from projections 
originating in the medial septum and the diagonal band of Broca, via the 
pre-commissural branch of the fimbria-fornix pathway, providing direct 
input to both principal neurons and interneurons (Drever et al., 2011). 
In addition, a small number of cholinergic interneurons have been 
described in the various hippocampal layers; however, evidence for the 
existence of these neurons has been inconsistent (Blusztajn and Rin-
nofner, 2016). Pereira et al. (2005) reported that prolonged adminis-
tration of scopolamine after pilocarpine-induced SE reduced the density 
of cholinergic fibers in the granular and molecular layers of the dentate 
gyrus. However, a regression analysis of the data did not support the 
existence of an association between the pattern of cholinergic staining 
and the onset or frequency of SRS (Pereira et al., 2005). 

Given that scopolamine is an antagonist of pilocarpine, it could be 
argued that our results are a consequence of a pharmacological blockade 
of pilocarpine and thus restricted to this single model. However, 
scopolamine is not capable of blocking SE once it is established in the 
pilocarpine model (Buterbaugh et al., 1986; George and Kulkarni, 
1996), because SE becomes rapidly self-sustaining and independent of 
muscarinic receptors (Morrisett et al., 1987). Nonetheless, the current 
observations with prolonged scopolamine administration starting after 
an SE duration (90 min) that is sufficient to induce epilepsy in the ma-
jority of rats indicate that cholinergic mechanisms are involved in the 
long-term consequences of SE. Consistent with this finding, scopolamine 
has been shown to retard epileptogenesis in the amygdala kindling 
model of TLE and to block kindling-induced MFS in the CA3 region, 
indicating that the cholinergic system contributes to the long-term 
structural and functional alterations that are characteristic of the 
kindled state (Cain et al., 1987; Westerberg and Corcoran, 1987; Adams 
et al., 2002). In line with this suggestion, the disease-modifying effects 
of scopolamine reported here were observed several months after pilo-
carpine (and termination of treatment with scopolamine), indicating 
long-lasting neuroplastic alterations in response to scopolamine treat-
ment. Potential mechanisms related to M1 receptors include the inhi-
bition of potassium channels (Hamilton et al., 2001; Jones, 2003; 
Lanzafame et al., 2003; Rossignol and Jones, 2006; Maslarova et al., 
2013) and potentiation of NMDA receptors (Calabresi et al., 1998; 
Marino et al., 1998). Mice lacking the M1 muscarinic ACh receptor 
exhibit a decreased susceptibility to pilocarpine-induced seizures and 
loss of regulation of M-current (KCNQ) potassium channel activity 
(Hamilton et al., 2001). Furthermore, scopolamine reduces functional 
connectivity between brain areas (Bajo et al., 2015), which may inter-
fere with the formation of an epileptic network during the latent period. 

By direct comparison of extracellular ACh levels in two post-SE 
models of mTLE, the lithium-pilocarpine model and an electrical SE 
model, we recently disclosed a significant decrease in hippocampal 
levels of this excitatory neurotransmitter in the chronic epileptic state of 
epileptic rats, which was not seen in rats that did not develop epilepsy 
(Meller et al., 2019) and may be a consequence of reduced synthesis of 
ACh or a shift of the ACh esterase (AChE) isoforms in the epileptic brain 
suggested by Zimmerman et al. (2008). Similarly, Pereira et al. (2005) 
reported a decrease in AChE-positive fibers in the dentate gyrus of the 
pilocarpine model of mTLE. M1 and M3 muscarinic receptors in the 
hippocampal formation have been reported to be downregulated in most 
studies in post-SE and kindling models of TLE (McNamara, 1978; 
Dasheiff et al., 1982; Mingo et al., 1997, 1998; Zimmerman et al., 2008; 
Cavarsan et al., 2011), while nicotinic receptors were hardly altered 
(Zimmerman et al., 2008). However, while these data would suggest 
downregulation of the cholinergic system in epileptic rats, Zimmerman 
et al. (2008) reported an enhanced susceptibility of the entorhinal cortex 
of epileptic rats from two post-SE models to seizure induction by ACh, 
suggesting that cholinergic hypersensitivity may initiate seizure events 

in the epileptic temporal cortex. Such hypersensitivity would also 
explain the downregulation of M-receptors and reduced synthesis or 
enhanced breakdown of ACh in the hippocampus suggested by our 
microdialysis experiments in epileptic rats (Meller et al., 2019). The 
finding that prolonged treatment with biperiden after pilocarpine- 
induced SE was capable of elevating the threshold of hippocampal 
excitability in epileptic rats (Bittencourt et al., 2017) would suggest that 
blockade of M1 receptors during epileptogenesis prevents or reduces the 
hypersensitivity in response to ACh release suggested by Zimmerman 
et al. (2008). This could also explain the findings with scopolamine re-
ported here. 

4.6. Potential limitations of the present study 

The limited intermittent video-EEG recording design used in the 
present study with monitoring for a total of 1 month out of 6 presents 
challenges for data interpretation. In particular, intermittent seizure 
clustering cannot be excluded as one of the reasons for lower SRS inci-
dence in the scopolamine-treated group at the late video-EEG recording 
time point. As described in Section 3.4, intermittent seizure clustering 
has been described by us and others previously in the pilocarpine and 
lithium-pilocarpine rat models (Goffin et al., 2007; Curia et al., 2008; 
Bankstahl et al., 2012; Lévesque et al., 2016) and was also observed in 
the present study. Both, vehicle- and scopolamine-treated rats exhibited 
a cyclic seizure pattern with an average interval of ~3–4 days between 
the seizures. Thus, we consider it unlikely that seizure clusters were not 
captured by the design of intermittent video-EEG monitoring used here. 
In this respect, it is important to note that the antiepileptogenic/disease- 
modifying effect of scopolamine suggested by intermittent video-EEG 
monitoring was substantiated by the many other disease-modifying ef-
fects of prophylactic treatment with this drug observed in our study. 

Among the other potential limitations of our study is that synapto-
porin labels both mossy fibers and interneurons (Singec et al., 2002), 
which may form a bias for assessment of sprouting in the terminal field 
of mossy fibers in the dentate gyrus. However, as shown by Singec et al. 
(2002), in contrast to mice, normal rats exhibit only weak synaptoporin 
staining in the inner molecular layer of the dentate gyrus, which was 
also observed in our study. Furthermore, synaptoporin has been widely 
used to demonstrate MFS in the inner molecular layer of the dentate 
gyrus in both mouse and rat post-SE models of mTLE (e.g., Volz et al., 
2011; Peret et al., 2014; Kourdougli et al., 2015 and 2017) and patients 
with mTLE (Schmeiser et al., 2017; Freiman et al., 2021). In the present 
study, numerous synaptoporin-positive boutons, most likely presenting 
mossy fiber terminals, were seen in the inner molecular layer of 
pilocarpine-treated rats (but not sham controls), indicating extensive 
innervation of granule cell dendrites. 

Another potential limitation of the present study is that all experi-
ments were performed only in female rats, which may limit the signif-
icance of the data, although only a few previous studies examined SE- 
induced epileptogenesis in both sexes (Scharfman and MacLusky, 
2014). Also, apart from MFS, the exact mechanisms of epileptogenesis 
modified by scopolamine remain to be evaluated. However, any treat-
ment that favorably modifies outcome in the pilocarpine model is of 
potential interest and might be of significance if cholinergic mechanisms 
contribute more generally in SE induced by various causes, as indicated 
by previous studies (Zimmerman et al., 2008; Hillert et al., 2014; Meller 
et al., 2019). 

Concerning the present data on scopolamine, we cannot exclude that 
diazepam and phenobarbital, which were repeatedly injected to termi-
nate SE after 90 min and prevent SE recurrence, contributed to the 
disease-modifying effects of scopolamine, although 90% of vehicle 
controls developed SRS. However, as reported previously (Brandt et al., 
2010), hippocampal neurodegeneration in rats with SE termination by 
diazepam and phenobarbital was much less severe compared to rats in 
which SE is transiently suppressed by diazepam, which does not prevent 
recurrence of SE. The reduced neurodegeneration could be either due to 
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the effective SE termination or a neuroprotective effect of the diazepam/ 
phenobarbital combination. We previously also tested combinations of 
diazepam, phenobarbital, and scopolamine for SE termination in the 
lithium-pilocarpine model and found that repeated administration of 
this combination in the first 8 h after SE onset, starting 90 min after the 
onset of SE, did not prevent SRS, which were recorded up to 13 months 
after SE (Brandt et al., 2015). Interestingly, similar to the observations of 
the present study, the drug cocktail prevented neuronal damage in the 
hippocampus, but rats exhibited cell loss in the dentate hilus, which was 
related to the development of epilepsy (Brandt et al., 2015). 

4.7. Conclusions 

Initiated by our recent study on extracellular ACh levels in the hip-
pocampus in two post-SE models of mTLE (Meller et al., 2019) and 
promising findings with muscarinic ACh receptor antagonists in the 
pilocarpine model (Pereira et al., 2005; Bittencourt et al., 2017), we 
examined the effect of prolonged administration of scopolamine during 
the latent period of the lithium-pilocarpine model on development of 
SRS, behavioral and cognitive alterations, and neuronal damage and 
MFS. For this purpose, we developed a dosing protocol that allowed 
maintenance of scopolamine levels above its IC50 for inhibition of 
muscarinic receptors. By monitoring SRS up to ~6 months after SE, we 
found a significant reduction of SRS incidence, which may involve 
increased remission of epilepsy as a new mechanism of disease modifi-
cation. However, based on the potential limitations of our study 
described in Section 4.6, a study that more rigorously addresses the 
recording limitations and gender bias might more convincingly merit 
the interpretation as evidence of disease modification. If this effect can 
be confirmed in the present and other models of acquired mTLE, it 
would represent a new paradigm for disease modification in epilepsy. 
Because of the recent preclinical and clinical interest in scopolamine as a 
rapidly acting antidepressant drug (Dulawa and Janowsky, 2019), 
translation of its disease-modifying effects to patients is conceivable. 
The exact mechanisms of such effects remain to be understood, but 
plastic changes in response to prolonged M1 receptor inhibition are 
likely to be involved. The antidepressant effect of scopolamine is 
thought to be mediated by M1 receptors in the prefrontal cortex (Nav-
arria et al., 2015). Alterations in functional connectivity between the 
prefrontal cortex and hippocampus have been recorded as a correlate of 
depressive symptoms in patients with mTLE (Kemmotsu et al., 2013). 
Thus, the combination of antidepressant and antiepileptogenic/disease- 
modifying activity makes scopolamine an interesting candidate for the 
treatment of patients at risk for developing mTLE. 
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Brandt, C., Ebert, U., Löscher, W., 2004. Epilepsy induced by extended amygdala- 
kindling in rats: lack of clear association between development of spontaneous 
seizures and neuronal damage. Epilepsy Res. 62, 135–156. 

Brandt, C., Glien, M., Gastens, A.M., Fedrowitz, M., Bethmann, K., Volk, H.A., 
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Vezzani, A., Walker, M.C., Löscher, W., 2018. Commonalities in epileptogenic 
processes from different acute brain insults: do they translate? Epilepsia 59, 37–66. 

Klinkenberg, I., Blokland, A., 2010. The validity of scopolamine as a pharmacological 
model for cognitive impairment: a review of animal behavioral studies. Neurosci. 
Biobehav. Rev. 34, 1307–1350. 

Korz, V., 2006. Water maze swim path analysis based on tracking coordinates. Behav. 
Res. Methods 38, 522–528. 

Kourdougli, N., Varpula, S., Chazal, G., Rivera, C., 2015. Detrimental effect of post Status 
Epilepticus treatment with ROCK inhibitor Y-27632 in a pilocarpine model of 
temporal lobe epilepsy. Front. Cell. Neurosci. 9, 413. 

Kourdougli, N., Pellegrino, C., Renko, J.M., Khirug, S., Chazal, G., Kukko-Lukjanov, T.K., 
Lauri, S.E., Gaiarsa, J.L., Zhou, L., Peret, A., Castren, E., Tuominen, R.K., Crepel, V., 
Rivera, C., 2017. Depolarizing gamma-aminobutyric acid contributes to 
glutamatergic network rewiring in epilepsy. Ann. Neurol. 81, 251–265. 
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P11 promoter methylation predicts the antidepressant effect of electroconvulsive 
therapy. Transl. Psychiatry 8, 25. 

Nilsen, K.E., Cock, H.R., 2004. Focal treatment for refractory epilepsy: hope for the 
future? Brain Res. Brain Res. Rev. 44, 141–153. 

Nissinen, J., Halonen, T., Koivisto, E., Pitkänen, A., 2000. A new model of chronic 
temporal lobe epilepsy induced by electrical stimulation of the amygdala in rat. 
Epilepsy Res. 38, 177–205. 

Oda, S., Tsuneoka, Y., Yoshida, S., Adachi-Akahane, S., Ito, M., Kuroda, M., Funato, H., 
2018. Immunolocalization of muscarinic M1 receptor in the rat medial prefrontal 
cortex. J. Comp. Neurol. 526, 1329–1350. 

Okazaki, M.M., Evenson, D.A., Nadler, J.V., 1995. Hippocampal mossy fiber sprouting 
and synapse formation after status epilepticus in rats: visualization after retrograde 
transport of biocytin. J. Comp. Neurol. 352, 515–534. 

Paxinos, G., Watson, C., 2007. In: Paxinos, G., Watson, C. (Eds.), The Rat Brain in 
Stereotaxic Coordinates, 6th ed. Elsevier, Amsterdam.  

Pereira, H.A., Benassi, S.K., Mello, L.E., 2005. Plastic changes and disease-modifying 
effects of scopolamine in the pilocarpine model of epilepsy in rats. Epilepsia 46 
(Suppl. 5), 118–124. 

Peret, A., Christie, L.A., Ouedraogo, D.W., Gorlewicz, A., Epsztein, J., Mulle, C., 
Crépel, V., 2014. Contribution of aberrant GluK2-containing kainate receptors to 
chronic seizures in temporal lobe epilepsy. Cell Rep. 8, 347–354. 

Pietsch, J., Günther, J., Henle, T., Dressler, J., 2008. Simultaneous determination of 
thirteen plant alkaloids in a human specimen by SPE and HPLC. J. Sep. Sci. 31, 
2410–2416. 

Pitkänen, A., Nissinen, J., Nairismagi, J., Lukasiuk, K., Grohn, O.H., Miettinen, R., 
Kauppinen, R., 2002. Progression of neuronal damage after status epilepticus and 
during spontaneous seizures in a rat model of temporal lobe epilepsy. Prog. Brain 
Res. 135, 67–83. 

Pitkänen, A., Kharatishvili, I., Karhunen, H., Lukasiuk, K., Immonen, R., Nairismagi, J., 
Grohn, O., Nissinen, J., 2007. Epileptogenesis in experimental models. Epilepsia 48 
(Suppl. 2), 13–20. 
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Rattka, M., Brandt, C., Löscher, W., 2012. Do proconvulsants modify or halt 
epileptogenesis? Pentylenetetrazole is ineffective in two rat models of temporal lobe 
epilepsy. Eur. J. Neurosci. 36, 2505–2520. 

Ribak, C.E., Dashtipour, K., 2002. Neuroplasticity in the damaged dentate gyrus of the 
epileptic brain. Prog. Brain Res. 136, 319–328. 

Rice, A.C., Floyd, C.L., Lyeth, B.G., Hamm, R.J., DeLorenzo, R.J., 1998. Status epilepticus 
causes long-term NMDA receptor-dependent behavioral changes and cognitive 
deficits. Epilepsia 39, 1148–1157. 

Rossignol, T.M., Jones, S.V., 2006. Regulation of a family of inwardly rectifying 
potassium channels (Kir2) by the m1 muscarinic receptor and the small GTPase Rho. 
Pflugers Arch. 452, 164–174. 

Scharfman, H.E., 2019. The dentate gyrus and temporal lobe epilepsy: an "Exciting" era. 
Epilepsy Curr. 19, 249–255. 

Scharfman, H.E., MacLusky, N.J., 2014. Sex differences in the neurobiology of epilepsy: a 
preclinical perspective. Neurobiol. Dis. 72 (Pt B), 180–192. 

Schidlitzki, A., Bascunana, P., Srivastava, P.K., Welzel, L., Twele, F., Töllner, K., 
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