
Mgr inż. Marek Pawlik 

Methionine sulfoximine as a modulator of initial 

seizures in the lithium-pilocarpine model  

in juvenile rats  

Metionino-sulfoksymina jako modulator inicjacji napadów 

padaczkowych u młodych szczurów w modelu litowo-pilokarpinowym 

Doctoral thesis in the discipline of Medical Sciences, 

in the form of monothematic collection of articles 

Supervisor:  prof. dr. hab. Jan Albrecht 

Auxiliary supervisor: dr. Marta Obara-Michlewska 

Defense of the doctoral dissertation before Scientific Council 

of Mossakowski Medical Research Institute 

Polish Academy of Sciences 

Warsaw, 2022 

http://rcin.org.pl



 

  

http://rcin.org.pl



 

This doctoral research was supported by the National Science Centre (NCN) of Poland 

(2016/23/B/NZ4/03678) and by ESF (POWR.03.02.00-00-I028/17-00). 

 

  

http://rcin.org.pl



  

http://rcin.org.pl



 

First and foremost I would like to thank Prof. Jan Albrecht 

for his comprehensive guidance, countless fruitful discussions, 

brilliant anecdotes, i.e. being the best mentor I could imagine. 

I would also like to thank Dr. Marta Obara-Michlewska  

for her always keen aid in experiments and being the person  

I could always seek guidance from, Dr. Anna Maria Czarnecka 

for introducing me to the mysteries of brain microdialysis  

and her recommendations of the best mountain trails,  

Dr. Mariusz Popek for his valuable practical help and bringing 

a lot of sarcasm and humor to the Department  

of Neurotoxicology, and Karolina Orzeł-Gajowik  

for encouraging me to work in MMRI PAS five years ago, 

echoing Mariusz in sarcastic sneers and being the best friend 

this whole time. 

I also wish to extend my thanks to all my other colleagues  

from the Department of Neurotoxicology, those still present  

and those whom I had the pleasure of meeting during these five 

years, for creating an exceptional work environment. 

Finally, I wish to thank my partner Daria, my parents  

and grandparents for always being there for me. 

 

http://rcin.org.pl



  

  

http://rcin.org.pl



Table of contents: 

List of abbreviations used in the dissertation: 9 

Streszczenie (abstract in Polish) 11 

Abstract (in English): 12 

Novelty of the dissertation 15 

1. Introduction 17 

1.1. Temporal lobe epilepsy – basic disease characteristics 17 

1.2. Li-Pilo model of TLE 17 

1.3. Glu and mechanism of seizures: role of Glu recycling to Gln 18 

1.4. MSO – the glutamine synthetase inhibitor 19 

1.5. Biomarkers of epileptogenesis 20 

2. The objective of dissertation 21 

2.1. General objective 21 

2.2. Specific objectives 21 

3. Materials and Methods 23 

3.1. Animals 23 

3.2. Juvenile rat Li-Pilo TLE model 23 

3.3. Pretreatment with MSO 23 

3.4. Surgical procedures 23 

3.5. EEG, EMG and extracellular Glu recording on free moving animals 24 

3.6. Metabolic studies 24 

3.7. [3H]D-Asp uptake and efflux in acute brain slices 24 

3.8. GS activity assay 25 

3.9. RT-qPCR 25 

3.10. Western Blotting 25 

3.11. Data evaluation 25 

4. Summary of the most important results with reference to the current state   

of knowledge 27 

4.1. Pretreatment with MSO delays onset and alleviates symptoms of initial seizure 27 

4.2. The delayed onset of seizures is not due to decreased Glu synthesis 27 

4.3. Pretreatment with MSO reduces the release of Glu 28 

4.4. c-Fos mRNA expression is negatively correlated with a time lapse to the onset   

of seizure 28 

4.5. Summary of the results 29 

5. Conclusions 31 

6. References 33 

7. Reprints of articles included in the collection 39 

7.1. Certified by the MMRI PAS Library, five-year impact factor (IF)   

of publications included in the collection. 39 

7.2. Reprints of articles 41 

7.2.1. Article I  41 

7.2.2. Article II   55 

7.2.3. Article III 75 

8. Statements 101

http://rcin.org.pl



 
8 

  

http://rcin.org.pl



 
9 

List of abbreviations used in the dissertation: 

[3H]D-Asp  –  tritium-labelled D-aspartate  

ACh  –  acetylcholine  

GC-MS  –  gas chromatography-mass spectrometry 

GGC  –  glutamine-glutamate cycle 

Gln  –  glutamine  

Glu  –  glutamate 

GS  –  glutamine synthetase 

GSH  –  glutathione  

HPLC  –  high-pressure liquid chromatography 

KA  –  kainic acid 

MSO  –  L-methionine-D,S-sulfoximine 

Pilo  –  pilocarpine  

SE  –  status epilepticus  

TLE  –  temporal lobe epilepsy 

  

http://rcin.org.pl



 
10 

 

  

http://rcin.org.pl



 
11 

Streszczenie (abstract in Polish) 

Zachodząca w cyklu glutamina-glutaminian (GGC) przemiana glutaminy (Gln)  

do glutaminianu (Glu) odpowiedzialna jest za syntezę ok. 70 procent puli tego neuroprzekaźnika. 

Choć wzmożona transmisja glutaminergiczna jest stałym elementem napadów padaczkowych, 

mechanizm mobilizacji przekaźnikowej puli Glu w inicjacyjnej fazie choroby nie został dobrze 

poznany. Postawiono hipotezę, że zahamowanie aktywnej syntezy Gln, bezpośredniego prekursora 

Glu, mogłoby osłabić lub zatrzymać aktywność napadową mózgu w tej fazie. Aby zbadać tę hipotezę, 

młodym szczurom w litowo-pilokarpinowym modelu padaczki, podawano L-metionylo-D,S-

sulfoksyminę (MSO) – swoisty inhibitor syntetazy glutaminy, lub sól fizjologiczną, po czym 

wywoływano napady drgawkowe przy użyciu agonisty receptora muskarynowego, pilokarpiny 

(Pilo). Przebieg napadów analizowano przez 1 godzinę od iniekcji Pilo, z wykorzystaniem 

behawioralnej skali Racine’a, EEG, EMG oraz biosensorów Glu umieszczonych w hipokampie; 

część zwierząt otrzymała również znakowane izotopowo astrocytarne lub neuronalne prekursory 

cyklu Krebsa, odpowiednio [1,2-13C]octan lub [U-13C]glukozę, w celu zbadania wpływu MSO  

i/lub Pilo na zmiany w przebiegu GGC. Po zakończeniu obserwacji zwierzęta były uśmiercane,  

a ich tkanka mózgowa wykorzystana była do oznaczeń biochemicznych i molekularnych. 

Przeprowadzono również oddzielną serię doświadczeń, z wykorzystaniem skrawków mózgowych, 

pobranych od zwierząt poddanych działaniu MSO, w których badano zmiany w wychwycie  

i wyrzucie [3H]D-asparaginianu ([3H]D-Asp), znakowanego trytem, niemetabolizowanego analoga 

Glu. Ekspresję mRNA kodującego białko wczesnej odpowiedzi, c-Fos, mierzono metodą PCR  

w czasie rzeczywistym. 

Wykazano, że zastosowanie MSO łagodzi napady drgawkowe, a także wyraźnie opóźnia  

ich wystąpienie, zarówno na poziomie behawioralnym, jak i elektrograficznym, nie łagodzi jednak 

współwystępującego z napadami wzrostu poziomu zewnątrzkomórkowego Glu w hipokampie. 

Analiza przemiany in vivo znakowanych 13C prekursorów metabolicznych ([U-13C]glukozy  

i [1,2-13C]octanu) do Gln i Glu przy użyciu chromatografii gazowej - spektrometrii masowej  

(GC-MS) nie wykazała istotnego wpływu MSO na ten proces. Zaobserwowano, że MSO znacząco 

osłabia wyrzutu ([3H]D-Asp), nie wpływając wyraźnie na jego wychwyt. Badania molekularne 

wykazały silną ujemną korelację pomiędzy poziomem ekspresji mRNA c-Fos, a czasem dzielącym 

podanie Pilo od wystąpienia uogólnionego napadu drgawkowego, przy jednoczesnym braku 

zależności ekspresji od intensywności napadów. MSO wykazało tendencję do osłabienia odpowiedzi 

c-Fos na Pilo. 
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W sumie, przedstawione wyniki sugerują, że mechanizm opóźnienia i osłabienia napadów 

drgawkowych w modelu pilokarpinowym przez MSO nie jest związany z obniżeniem syntezy 

glutaminy, a raczej z bezpośrednim oddziaływaniem na mechanizmy uwalniania Glu z synapsy. 

Skuteczność przeciwdrgawkowego działania MSO sugeruje, że ten związek (lub jego pochodna) 

może stać się skutecznym narzędziem w ew. zapobieganiu i terapii najwcześniejszych napadów 

padaczkowych, zaś c-Fos pożytecznym markerem biochemicznym modulacji najwcześniejszej fazy 

inicjacji napadu.  

Abstract (in English): 

Glutamate (Glu) is the main excitatory neurotransmitter in the brain, and about 70 percent of 

its neurotransmitter pool is generated in the glutamine-glutamate cycle (GGC). Although increased 

glutamatergic transmission is a persistent element of epileptic seizures, neither the metabolic origin 

of the Glu surplus nor the mechanisms underlying its enhanced release in initial phase of the disease 

are known. It appeared reasonable to hypothesize that, inhibition of the active synthesis of glutamine 

(Gln), a direct precursor of Glu, would decrease or even stop the initial ictal activity of the brain. To 

test this hypothesis, juvenile rats in a lithium-pilocarpine model of temporal lobe epilepsy were 

administered a low, non-convulsive dose of L-methionine-D,S-sulfoximine (MSO), a specific 

glutamine synthetase inhibitor, or saline, and convulsive seizures were subsequently induced using 

the chemoconvulsant pilocarpine (Pilo). The course of the seizures was analyzed for 1 hour after the 

Pilo injection, using the Racine behavioral scale, EEG, EMG and intrahippocampal Glu biosensors; 

some of the animals also received 13C-labelled astrocytic or neuronal precursors of the TCA cycle, 

[1,2-13C]acetate or [U-13C]glucose, respectively, to assess metabolic changes under the action of 

MSO and/or Pilo. After observation, the animals were sacrificed and their brain tissue was used for 

biochemical and molecular assays. A separate series of experiments was also performed using acutely 

isolated brain slices isolated from MSO-pretreated animals, to examine changes in the uptake and 

efflux of a non-metabolizable Glu analogue, [3H]D-Aspartate ([3H]D-Asp). Expression of mRNA 

coding for the early response protein, c-Fos, was analyzed using real time PCR.  

Pretreatment with MSO alleviated seizures and significantly delayed their onset, both at the 

behavioral and electrographic levels, but did not attenuate the seizure-associated accumulation of 

extracellular Glu in the hippocampus. In metabolomic studies, MSO did not markedly affect the de 

novo synthesis of Gln and Glu. As analyzed in brain slices, MSO significantly attenuated the release 

of [3H]D-Asp, but not its uptake. Expression level of c-Fos mRNA was negatively correlated with the 

latency onset to the first generalized seizure, but not with seizure intensity, and MSO tended to 

attenuate the Pilo-dependent c-Fos response. 
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The results demonstrate the effectiveness of MSO in attenuating the initial Pilo-induced 

seizures, especially in delaying their onset. However, metabolomic data indicate that the seizure-

attenuating effects of MSO are not due to inhibition of glutamine synthase activity, but rather to its 

direct action on the Glu-releasing machinery. In perspective, the results suggest that MSO or its 

derivative(s) may become a useful tool in prevention or therapy of the very initial seizures and that, 

c-Fos appears to be a useful, therapy-sensitive biochemical marker of the very initial stage of 

epileptogenesis. 
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Novelty of the dissertation 

In this dissertation the following findings were demonstrated for the first time: 

 Pretreatment with a low, non-convulsive dose of the glutamine synthase inhibitor MSO 

delays the onset of electrographic and behavioral seizures in the juvenile rat  

lithium-pilocarpine (Li-Pilo) model of TLE, and alleviates symptoms of the initial  

Pilo-induced seizures. 

 Low-dose MSO does not affect conversion of metabolic precursors to Glu and Gln,  

but decreases Glu efflux in acute brain slices. Collectively, the results indicate that the 

seizure-modulating effect of MSO occurs by a non-canonical mechanism, reflecting 

interference with the Glu-releasing machinery. 

 Expression of mRNA coding for the early response protein c-Fos is negatively correlated 

with the period from convulsant administration to the onset of seizure, but shows no 

correlation with seizure intensity. 

 MSO tends to attenuate the c-Fos mRNA expression evoked by Li-Pilo.  
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1. Introduction 

1.1. Temporal lobe epilepsy – basic disease characteristics 

Epilepsy, one of the most common neurological diseases affecting around 65 million people 

worldwide,1 is characterized by recurrent, unprovoked or reflex seizures.2 Its most common form is 

temporal lobe epilepsy (TLE)3,4 featured by seizures originating in limbic structures, such as the 

hippocampus, entorhinal cortex and amygdala, or in the temporal neocortex.3,5 It is also the most 

pharmacoresistant type of epilepsy; despite the plethora of available medications6–9 (Article III),10 

estimates show that 51 to as much as 75 percent of people with advanced stage of disease still suffer 

from recurrent seizures.11,12 In addition to a substantial impediment to quality of life and daily 

functioning, chronic epilepsy can also lead to many severe comorbidities, such as cardiovascular 

disorders, dementia, depression, fractures,13 and often leads to ‘sudden unexpected death  

in epilepsy’.14,15 

TLE is characterized by a triphasic course: epileptogenesis, usually occurring in childhood or 

adolescence,16 begins with initial seizure(s), defined as the initiation phase or initial status epilepticus 

(SE). After the initial seizures extinguish, the disease progresses to the latent, seizure-free phase 

which can last a few days or even several years. Despite the asymptomatic character of this phase, 

astrocytosis and neuronal loss in the hippocampus develop gradually. These changes in neuronal and 

astroglial organization finally lead to the chronic phase in which spontaneous seizures reappear, and 

to hippocampal sclerosis, a morphological degeneration that is a hallmark of developed TLE.17,18 

1.2. Li-Pilo model of TLE 

Over the years, many animal models have been developed to reflect the three phases of human 

epileptogenesis, the most frequently used involve systemic application of chemical convulsants – 

pilocarpine (Pilo)19 or kainic acid (KA).20,21 The two models are characterized by relatively low 

invasiveness (no surgery or direct interference with the brain needed) and labor-intensity, while still 

maintaining high reliability22 and effectiveness, allowing the use of numerous animals in a short 

time.23 Both models replicate the main features of clinical TLE with clearly defined latent and chronic 

periods of similar length, and comparable rates of pharmacoresistance among experimental animals.22 

However, Pilo has the ability to induce the SE faster than KA (respectively ~1 h and ~2 h after 

convulsant administration),24 leading to a higher frequency of seizures, and a much earlier, more 

pronounced neuronal loss,22,24 making it the preferred model for research into early changes in TLE. 

Initially, a significant drawback of the Pilo model was the high mortality rate, but a modification 

consisting in pretreatment with lithium (Li-Pilo) allowed one to reduce the dose of Pilo needed to 

induce SE, and thus notably reduced mortality, as well as many other cholinomimetic side effects of 
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Pilo.25–27 The studies described in this dissertation employed this model adapted to young immature 

rats, to best reflect the most common, juvenile variant of TLE.27,28 

1.3. Glu and mechanism of seizures: role of Glu recycling to Gln 

Glutamate (Glu), the major excitatory transmitter in the brain, appears to play a crucial role in 

evoking and maintaining epileptic seizures. Extracellular accumulation of Glu in the brain as shown 

using the microdialysis technique is thought to represent its pool active in neurotransmission.29 

Increased extracellular Glu is observed immediately before and during the seizure in the human 

epileptogenic hippocampus30,31 and neocortex,32 and in pertinent brain structures in a plethora of acute 

and chronic animal models of TLE.33–36 Of note, the magnitude of the increase of extracellular Glu 

seems to correlate positively with the ictal activity.31 A study involving a group of 72 chronic epileptic 

patients demonstrated that Glu, but not the inhibitory amino acid GABA or their precursor Gln, 

increases markedly and remains high throughout a seizure.32 In the initial phase of TLE the status of 

extracellular neurotransmitters appears to be more complicated. Meurs et al.,37 using microdialysis in 

three different rat models of the intrahippocampal administration of convulsive agents, showed an 

immediate increase in Glu levels following seizure induction. In the latter study, the increase of Glu was 

followed by elevation of GABA, which contrasts with the observation made in the chronic phase.31 However, 

even an increase of Glu level is not necessary a rule in the initial phase – for contrasting results see: 

Millan et al.,33 Smolders et al.38  

About 70% of the Glu in the neurons originates from Gln generated in the glutamate/glutamine 

cycle (GGC)39 (Figure 1), suggesting that the Glu precursor glutamine (Gln), which in the GGC is 

the product of the astrocytic enzyme glutamine synthetase (GS) may play a role in the maintenance 

of paroxysmal excitation elicited by Glu. Indeed, Tani et al.40 showed that even though GGC is not 

absolutely required for maintaining basic levels of glutamatergic transmission, it is critical to 

sustaining higher rates of excitatory neurotransmission. Data from the TLE kainate model obtained 

by Kanamori and Ross35,36 support the association of seizures with a pool of Glu which is directly 

derived from Gln. An increase in extracellular Glu during seizures was accompanied by a decrease 

in extracellular Gln,36 whereas inhibition of neuronal Gln uptake resulted in a reduction in seizure 

frequency.35 Furthermore, a recent study on MSO rat model of TLE has shown that increased blood 

Gln evoked by oral Gln supplementation, significantly increased the frequency of convulsive seizures 

during the early phase of GS inhibition.41  
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Figure 1. Glutamine-Glutamate Cycle and the backbone of the original hypothesis for methionine sulfoximine 

(MSO) pretreatment. During epileptic seizure, glutamatergic transmission is enhanced. MSO inhibits glutamine 

synthetase (GS) activity in astrocyte (green) and consequently glutamine (Gln) synthesis. As a result, the recycling of Gln 

to glutamate (Glu) reduces in glutamatergic neuron (blue), and subsequently the perisynaptic accumulation of Glu 

decreases, thus mitigating the seizure. 

 

 Chronic TLE is characterized by reduced GS expression and activity 42,43 (see extensive review 

by Eid et al.44), which critically contributes to the observed high levels of extracellular Glu in interictal 

periods45,46 and thus to recurrent seizures.47,48 Accordingly, epileptic seizures can be evoked by 

prolonged chemical inhibition of GS with the GS inhibitor MSO48–50 and have also been reported to 

concur with mutations in the GS gene.51,52  

We hypothesize that the initiation phase involves a reverse sequence of events compared to the 

chronic period, namely, that the initial seizures are elicited and maintained by Glu derived from newly 

synthesized Gln. 

1.4. MSO – the glutamine synthetase inhibitor 

The action of methionine sulfoximine (MSO) as a potent, irreversible GS inhibitor was first 

reported by Pace and McDermott,53 the GS-inhibitory effect of MSO was later shown to be exclusive 

to the S-sulfoximine isomer of MSO.54,55 The effect of MSO depends on the dose – higher doses 

cause convulsive seizures47,55 and upon prolonged treatment lead to hippocampal sclerosis and, 

consequently, chronic TLE.47,48,56 While in the chronic setting MSO contributes to epileptogenesis 

by inactivating GS, its direct convulsive effect appears to be associated with the methylation 

mechanism rather than with GS inhibition.57,58  
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 Experimental data from in vitro studies59,60 and in vivo amyotrophic lateral sclerosis model61 

showed that inhibition of GS results indeed in decreased cerebral levels of both Glu and Gln, however, 

it was not known what effect this would have on convulsant-induced neurotransmitter 

dyshomeostasis. Blin and colleagues62 have shown that even low doses of MSO are able to notably 

decrease GS activity, down to ~15 % of basal level, without causing serious side effects. 

Therefore, in the studies included in this dissertation, we employed a moderate, subconvulsive 

dose of MSO, to assess whether it is capable of diminishing the neurotransmitter pool of Glu and, 

thus, weakening or stopping propagation of initial Pilo-evoked seizures.  

1.5. Biomarkers of epileptogenesis 

With regard to TLE, the term “marker” refers to two different, not ideally overlapping notions. 

One is that of ”clinical” marker, which serves to identify an early manifestation of the disease and to 

design an adequate treatment modality to prevent the advanced symptoms. The other, best coined  

a ”mechanistic marker”, would help to unravel an aspect of mechanism underlying epileptogenesis. 

Ideally, a clinical marker should be present in plasma and its level should not be affected by the 

release from peripheral tissues.63 Though several clinical markers have been identified to date, none 

of them has attained clinical application yet. A serum protein – neurofilament light,64 DNA chaperone 

HMBG1,65 calcium-binding astrocytic protein S100β66 and matrix metalloproteinase 967 are four 

candidate molecules for epileptogenesis biomarkers detected in blood early after SE, with a potential 

diagnostic and prognostic value; however, only the two former molecules are not released in 

significant amounts from peripheral sources. Moreover, they were tested in the chronic phase of TLE, 

so it is not possible to predict their usefulness as markers in the initiation phase. 

With regard to mechanistic markers, a FOS proto-oncogene (c-Fos), an immediate early gene 

and one of the earliest markers of neuronal activity appears to be a plausible candidate.68–71 It was 

previously used to map the activity of specific brain regions during seizures induced in animals by  

4-aminopyridine70,72 and pentylenetetrazol.68,69,73,74 Its expression has also been found to be increased 

in the human epileptic neocortex75 and correlated with epileptiform activity in human brain slices.72  

In this dissertation we investigate how hippocampal c-Fos mRNA expression correlates with 

the intensity and the time to onset of first Pilo-evoked seizures. We specifically asked if expression 

of this marker is modulated by pretreatment with MSO. 
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2. The objective of dissertation 

2.1. General objective 

The main objective of the studies included in this dissertation was to evaluate the role of GS 

and GGC in the initial stage of TLE in the juvenile rat Li-Pilo model. The evaluation was based on 

the analysis of the effects of the GS inhibitor MSO on the development of the first Pilo-induced 

seizures. In due course, this objective evolved into more specific aims encompassing untoward effects 

of MSO. The specific aims are described in the articles I, II and III. 

2.2. Specific objectives 

Article I.  Analysis of the effect of pretreatment with non-convulsive dose of MSO on the course of 

the initial convulsive seizure, in relation to GS inhibition, behavioral symptoms, 

electroencephalographic and electromyographic parameters, and extracellular Glu level 

in the hippocampus. 

Article II.  Evaluation of the impact of MSO pretreatment on: i) conversion of metabolic precursors 

(glucose, acetate) to Gln and its neuroactive metabolites Glu and GABA during the initial 

Pilo-induced seizure development; ii) Glu efflux and uptake in acute brain slices 

subjected to depolarizing conditions. 

Article III.  The correlation analysis of c-Fos mRNA expression with behavioral parameters of 

seizure in Li-Pilo model rats after pretreatment with MSO. Results of the experiments 

were published as part of an extensive review describing state of the art of molecular 

antiepileptogenesis targets. 

Together, the listed articles present a coherent study describing how pretreatment with a non-

convulsive MSO dose modulates a spectrum of parameters characterizing the initial seizures in the 

Li-Pilo model of TLE. 
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3. Materials and Methods 

3.1. Animals 

All animal experiments were approved by the local ethical committee in Warsaw (consent no. 

405/2017) and conducted in accordance with national guidelines and the EC Directive 2010/63/EU. 

Male Sprague Dawley rats (the animal colony of the Mossakowski Medical Research Institute, Polish 

Academy of Sciences in Warsaw – MMRI PAS) were housed individually at constant temperature 

and 12-h light/dark cycling with free access to standard rat food and tap water. Animals undergoing 

surgery for stereotactic implantation of electrodes and biosensors were housed starting at postnatal 

day 19 (P19); those that have not undergone surgery – starting at P23. 

3.2. Juvenile rat Li-Pilo TLE model 

The procedure was essentially as described by van der Hel et al.28 with minor modifications. 

At P23, were injected intraperitoneally (i.p.) with lithium carbonate (222 mg/kg) dissolved in saline 

(pH equalized to 7.4) – the use of Li+ increases the sensitivity of rats to Pilo, thereby reducing its side 

effects and mortality rates.25 At P24, 18–20 h after Li+ treatment, animals were injected i.p. with 

methyl-scopolamine (1 mg/kg), an agent that reduces the peripheral cholinomimetic effects of Pilo, 

and finally thirty minutes later with the chemoconvulsant – M1 receptor agonist Pilo (40 mg/kg). 

From then on, animal’s behavior was continuously monitored for either 15 or 60 minutes, utilizing 

five-stage Racine scale76 to determine the severity of seizures. After a given period, rats were 

anesthetized with isoflurane and immediately decapitated. Control rats that did not receive Pilo were 

given equal volumes of saline at the same time. 

3.3. Pretreatment with MSO 

MSO was dissolved in saline and administered i.p. (75 mg/kg). Rats that were used  

in experiments with Pilo received MSO 150 min before Pilo (or before saline, in the case of control 

groups). Rats used for ex vivo experiments with brain slices received MSO 150 min  

before decapitation. Control rats that did not receive MSO were given equal volumes of saline  

at the same time.  

3.4. Surgical procedures 

Rats at P19 were anesthetized with ketamine (75 mg/kg) and dexmedetomidine (0.5 mg/kg) for 

stereotactic implantation of electrodes and biosensors. EEG electrodes were made of stainless steel 

screws, implanted intracranially, their end resting on the cerebral cortex, and also acting as an anchor 

for the sensor headmounts. EMG electrodes were placed below the neck muscles. For biosensor 

experiments, guide cannula was implanted over the left CA1 hippocampal region. Headmount and 

cannula were secured using dental acrylic cement and the incision was sutured below and above the 
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headmount. Following the surgery, rats were woken up from anesthesia with atipamezole 

hydrochloride (1 mg/kg) and treated with ketoprofen (5 mg/kg) once a day up to P21.  

3.5. EEG, EMG and extracellular Glu recording on free moving animals 

One day prior to the experiment, the rats at P23 were placed in a round transparent cage to 

reduce their stress related to the new environment. The next day rats (P24) were connected to the data 

acquisition system – in animals with only EEG/EMG sensors, the procedure did not require any 

special treatment, however, in those with implanted cannulas, mild isoflurane anesthesia was 

necessary to safely insert the biosensor. From then on, the EEG, EMG, and biosensor data were 

continuously acquired (sampling frequency 2 kHz for EEG/EMG and 1 Hz for a biosensor) up to 60 

min after Pilo administration. Baseline recordings were acquired for at least 30 min prior to MSO 

administration (or saline in control groups).  

3.6. Metabolic studies  

Rats received a single i.p. dose of metabolic precursors, [1,2-13C]acetate or [U-13C]glucose: i) 

either at the same time as Pilo or ii) 45 min after Pilo. In both cases, rats were decapitated 15 min 

after the precursor administration. Hippocampi and entorhinal cortex samples were immediately 

dissected and frozen in liquid nitrogen. Amino acids were extracted from tissue samples and analyzed 

using gas chromatography coupled to mass spectrometry (GC-MS) and high-pressure liquid 

chromatography (HPLC). 

3.7. [3H]D-Asp uptake and efflux in acute brain slices 

Rats anesthetized with isoflurane were decapitated, the brain was immediately removed, and 

cortices were cut into 350 μm thick slices, using McIlwain tissue chopper. The slices were pre-

incubated for 30 min in the Krebs buffer and then used for measuring uptake or efflux of radioactive 

[3H]D-Aspartate ([3H]D-Asp)which is a non-metabolizable analogue of glutamate. 

The efflux of [3H]D-Asp was measured after 15 minutes of incubation in Krebs buffer 

containing [3H]D-Asp (1.4 µCi / mL) and unlabeled D-Asp (100 µmol / L). Slices were moved to  

a chamber perfusion system, rinsed with Krebs buffer (0,5 mL / min rate), and the initial fraction was 

collected for 20 min to establish the baseline efflux. The perfusate samples were then collected for 

20 min, at 1-minute intervals. A depolarizing pulse was introduced by raising KCl concentration in 

the Krebs buffer to (75 mM), with simultaneous reduction of NaCl (47.7 mM) for 2 min, at the time 

point corresponding to fractions 5. and 6. Scintillation fluid (2 mL) was added to each sample and 

brain slice and radioactivity was measured in the liquid scintillation counter (LSC). 

The uptake of [3H]D-Asp was initiated by adding [3H]D-Asp (0.1 μCi / mL) to vary the 

extracellular concentrations of unlabelled D-Asp (50–2000 μM). Incubation with the radioisotope was 
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continued for 3 min and was terminated by rapid vacuum filtration through nitrocellulose filter discs, 

followed by flushing four times with 2 mL of ice-cold Krebs buffer. Slices were weighed, immersed 

in scintillation fluid (4 mL), and the radioactivity was measured in the LCS. 

3.8. GS activity assay  

GS activity was determined using the γ-glutamyl transferase assay.77 Immediately after 

decapitation, brain tissue samples were dissected, frozen, and homogenized in ice-cold buffer 

composed of sucrose and HEPES. Next, brain homogenates were incubated for 20 min at 37 ºC with 

the reaction buffer, containing L-Gln, hydroxylamine-HCl, Na-arsenite, ADP, MnCl2, and imidazole-

HCl. The reaction was terminated by adding the stop-solution, containing trichloroacetic acid, HCl, 

and FeCl3. The solution was cleared by centrifugation, and the reaction product, γ-glutamyl 

hydroxamate, was determined colorimetrically.  

3.9. RT-qPCR 

Total RNA was extracted from hippocampus using Trizol. Extracted RNA was reverse 

transcribed using RT-PCR kit. The mRNA expression was determined with TaqMan probe assays. 

The fold change in gene expression was determined by the 2-ΔΔCT method.78 

3.10. Western Blotting 

Immediately after decapitation, rat hippocampus was isolated on ice, and frozen in liquid 

nitrogen. Frozen tissue samples were homogenized in buffer and centrifuged, then the content of 

protein was assessed by Western Blotting as previously described.79,80 Briefly, membranes were 

incubated overnight at 4 ̊C with primary antibody, washed, incubated with secondary, HRP-

conjugated IgG, and the chemiluminescence was measured. After stripping, membranes were 

incubated with the reference antibody (HRP-conjugated anti-GAPDH) developed as described above. 

3.11. Data evaluation 

Initial data curation was performed in Microsoft Excel 2016, statistical analysis in Prism 7.0, 

and EEG/EMG data processing using Matlab. Detailed information on the particular statistical 

analyzes can be found in the figure captions and in the Materials and Methods sections of Article I 

(pages 9-10) and II (pages 13-14). 
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4. Summary of the most important results with reference to the current state of 

knowledge 

4.1. Pretreatment with MSO delays onset and alleviates symptoms of initial seizure  

Administration of non-convulsive dose of MSO substantially delays the onset of initial seizure 

in juvenile rats subjected to Li-Pilo treatment, both on behavioral (Article I, Figure 3; Article II, 

Figure 1) and electrographic (Article I, Figure 4 B) level. Animals that received MSO showed 

significantly diminished behavioral symptoms of seizures as measured by the Racine scale (Article I, 

Figure 2; Article II, Figure 1), as well as markedly reduced muscle contraction power in EMG (Article 

I, Figure 5). Pretreatment with MSO noticeably increased the number of seizure-free animals (Article 

I, Figure 3; Article II, Figure 1). 

4.2. The delayed onset of seizures is not due to decreased Glu synthesis 

Measurements of extracellular Glu performed with intrahippocampal biosensors did not show 

any change caused by pretreatment with MSO throughout whole observation period (Article I,  

Figure 6 A). The metabolic studies failed to demonstrate any substantial alteration in de novo Glu 

synthesis between MSO-treated and untreated groups (Article II, Figure 2). Considering that during 

the period of the highest symptom variability, GS activity was not reproducibly decreased  

(Article I, Figure 1 A), these results indicate that MSO exerted its effects by a mechanism other  

than GS inhibition.  

MSO inhibits not only GS but also γ-glutamylcysteine synthetase, thus lowering glutathione 

(GSH) levels.81 GSH in the brain acts as a neuromodulator, binding to NMDA receptors,82 and  

its deficit has been shown to impair field excitatory postsynaptic potentials in brain slices,83 which 

could partially explain the lower sensitivity of rats to Pilo. However, available evidence does not 

support this interpretation. In the study by Steullet et al.,83 low GSH levels induced an increase  

in excitability of CA1 pyramidal cells, an effect opposite to that observed by us. Decreased GSH  

has also been shown to be correlated with higher frequency of spontaneous seizures84 and associated 

with severe cognitive impairment,85 the effects not observed even with long-term chronic 

administration of MSO.62  

Since alterations in the GGC do not appear to play a key role here, involvement of other 

neurotransmitter systems appears to be likely. Pilo stimulates not only glutamatergic but also 

cholinergic transmission,86,87 which may be essential for maintaining seizures.86 MSO at a non-

convulsive dose has also been shown to increase acetylcholine (ACh) concentration in the brain,88 

which could strengthen a seizure. However, evidence towards this end is ambiguous. While an 
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antiepileptic drug, ketamine, stimulates ACh release when administered alone,89 it lowers its levels 

when given during seizure.86  

4.3. Pretreatment with MSO reduces the release of Glu 

Ex vivo experiments have shown a distinctly diminished efflux of non-metabolized Glu analog, [3H]D-

Asp, during K+-induced depolarization in acute brain slices from rats pretreated with MSO (Article 

II, Figure 4 A), however, MSO did not significantly affect the uptake of [3H]D-Asp (Article II, Figure 

4 B). These results suggest that MSO can directly interfere with mechanisms underlying the Glu 

release. One possibility is that MSO affects the expression/activity of VGLUT1, the principal 

vesicular Glu transporter responsible for loading synaptic vesicles with Glu.90 Another factor that 

may be affected is SV2A, a neuronal membrane protein that participates in synaptic vesicle formation 

and neurotransmitter release,91 which is a target of the widely used antiepileptic drugs levetiracetam92 

and brivaracetam.93 It is also possible that none of these proteins are altered, but their co-expression 

is disturbed, a phenomenon recently observed in Pilo-treated rats not responding to levetiracetam.94  

In conclusion, further study will have to resolve whether the Glu release is reduced due to 

changes in the synthesis or degradation of vesicular proteins directly, by methylation,58 or whether 

the response is secondary to the aforementioned, MSO-induced alterations in ACh and/or GSH levels. 

4.4. c-Fos mRNA expression is negatively correlated with a time lapse to the onset of 

seizure  

The level of c-Fos mRNA expression showed a strong negative correlation with a period 

elapsing between Pilo injection and the initial seizure occurrence, with a tendency of MSO to 

attenuate c-Fos response (Article III, Figure 1 A). This observation, to our knowledge not reported 

before, can be interpreted to mean that the longer the animal stays resistant to the ictal stimulus, the 

lower the c-Fos expression in the brain. The correlation with the intensity of the seizure was also 

tested, but was not apparent there (Article III, Figure 1 B-C), suggesting that the expression of c-Fos 

may be a result of the susceptibility of animals to seizures rather than its severity.  

The above observations leave open the question whether c-Fos should be considered only as an 

early biochemical biomarker of epileptogenesis, or whether it plays a causative role in seizure 

protection. Further studies on other TLE models and analysis of blood c-Fos levels in relation to ictal 

activity are necessary to resolve the question. 

There is evidence bespeaking the protective role of c-Fos. In the rat pentylenetetrazol TLE 

model severity and duration of seizures significantly decreased and the number of c-Fos positive cells 

significantly increased, as a result of trigeminal nerve stimulation, an experimental neuromodulation 

method.73 Interesting data were also obtained in studies on Proechimys guyannensis, an Amazonian 
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rodent species, in which seizures do not develop into SE and afterwards, into chronic TLE.95 Its 

extraordinary resistance to seizures appears to be associated with very limited neurodegeneration in 

the hippocampus, where an unusually high level of c-Fos expression was maintained for several hours 

after the administration of convulsant.96 Similarly to our findings, the authors of that article did not 

find any correlation between c-Fos expression and seizure intensity. 

4.5. Summary of the results 

The studies presented in Articles I and II provide a comprehensive analysis of the role of the 

GS inhibitor, MSO, as a modulator of the early ictal phase in a juvenile rat Li-Pilo model of TLE. 

MSO at a single subconvulsive dose, has been shown to be effective in delaying the onset of both 

convulsive and electrographic seizures, as well as in alleviating behavioral symptoms. However, 

MSO did not affect the incorporation of metabolic precursors into the GGC, the principal route of 

Glu synthesis. This observation indicated that MSO acted by a non-canonical mechanism. Ex vivo, 

MSO significantly inhibited Glu efflux from brain slices upon their depolarization with a generic 

stimulus (high K+), indicating that its seizure-attenuating effect results from interference with an as 

yet unidentified element of the Glu-releasing machinery. Another finding, presented in the Article 

III, was that the level of c-Fos mRNA is negatively correlated with a time to onset of generalized 

seizure, but not with its intensity.  

The results raise hope that MSO or its derivative(s) may be a potential tool for novel 

antieplieptogenic therapies, most likely in combination with already working anti-epileptic drugs, 

however, it would require further research into its mechanisms of action, role in early epileptogenesis, 

and subsequently, associated isobolographic studies. c-Fos may become a valuable biochemical 

marker of the very initial stage of epileptogenesis and the seizure susceptibility. 
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5. Conclusions 

I. Pretreatment with a non-convulsive dose of MSO delays the onset of behavioral and 

electrographic seizures and mitigates the intensity of seizures by a mechanism bypassing its 

canonical mode of action, i.e. inhibition of GS. 

II. In accordance with conclusion I, MSO at doses inhibiting GS activity does not modulate the 

seizure-related increase of extracellular Glu levels in hippocampus of Pilo-treated rats, nor 

affects de novo Gln and Glu synthesis during the initial seizure period. 

III. Pretreatment with MSO significantly decreases K+-induced Glu release in acute brain slices, 

indicating that the seizure modulating effect of MSO may be due to interference with 

mechanisms of synaptic Glu release. 

IV. The level of c-Fos mRNA expression in the hippocampus shows a strong negative correlation 

with the time lapse to the first generalized seizure, and MSO tends to decrease Pilo-related  

c-Fos response; 

V. MSO or its properly designed derivatives may in the future become novel therapeutic modalities 

at the initial stage of epileptogenesis.  
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