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Summary 

Epilepsy is an often-stigmatized condition affecting the brain. Patients with epilepsy do 
not only suffer from seizures but also often experience difficulties within society. 
However, in most patients, seizures can be suppressed by anti-seizure medication. Still, 
despite this, about one third of them do not respond to this treatment and they suffer 
from uncontrollable seizures. These patients in the majority of cases suffer from focal 
epilepsies, meaning that the seizures originate from a specific location in the brain. In 
some cases, surgical resection of the epileptic focus is an effective remedy, but this is 
not available for everyone and often does not completely stop seizure occurrence. 
Therefore, other treatment options are being developed for these patients, including 
cell and gene therapies. 

In temporal lobe epilepsy (TLE), a type of focal epilepsy where seizures originate from 
this specific brain region, the hippocampus, a structure responsible, e.g., for memory 
formation and navigation, is often affected. This can be caused by a brain-damaging 
insult where cellular and molecular alterations in the hippocampus after a certain time 
result in hyperexcitability of the tissue and a reduced seizure threshold. Possible 
therapeutic interventions could therefore be introduced even before the patient 
develops spontaneous seizures, i.e., during the latent period after the insult called 
epileptogenesis. In this thesis, we used animal models of TLE and tried to increase 
inhibition in the hippocampus to either suppress spontaneous seizures in chronic 
epilepsy or modify the epileptogenesis processes. 

For this purpose, we generated inhibitory neurons, so-called GABAergic interneurons, 
from human embryonic stem cells (hESCs). These cells are capable of inhibiting other 
neurons due to their release of gamma-aminobutyric acid (GABA), which is the main 
inhibitory neurotransmitter of the brain. The hESC-derived cells functionally matured 
in vitro into GABAergic interneurons capable of forming inhibitory synapses onto other 
human neurons either derived from foetal brains or located in tissue resected from 
patients with epilepsy. These results encouraged us to move forward to examine the 
potential of these cells in vivo. For this, we utilised a rat model of TLE. We induced 
status epilepticus (SE) in rats by systemically injecting kainic acid, and four weeks after 
the SE, transplanted hESC-derived GABAergic precursors into the hippocampi of these 
animals. The transplanted cells were able to survive in the host tissue and mature into 
functional GABAergic interneurons over time. Their formation of functional 
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inhibitory synapses towards the host neurons was also confirmed and we assumed this 
resulted in the observed reduction of spontaneous seizure frequency in the treated 
animals. 

In the second half of this thesis, we investigated mechanisms by which the glial cell 
line-derived neurotrophic factor (GDNF) could suppress seizures, as shown in previous 
studies. We used electrophysiology to elucidate the specific actions of GDNF on 
principal neurons of the hippocampus. In both mouse and human hippocampal slices 
GDNF increased the inhibitory drive onto these cells, which we then attributed to a 
specific signalling pathway, including the GDNF family receptor alpha-1 (GFRα1) and 
the transmembrane receptor tyrosine kinase (Ret). We used this knowledge further and 
genetically modified mesenchymal stem cells (MSCs) to produce GDNF. MSCs have 
reportedly anti-inflammatory and neuroprotective properties and we therefore asked 
whether these cells, also releasing GDNF, could have anti-epileptogenic effects in an 
animal TLE model. We used a similar model as before, but this time transplanted the 
cells one day after the SE induction, targeting early epileptogenesis. Both the 
unmodified MSCs and the GDNF-MSCs altered the development of epilepsy, the 
former reduced the number of animals that developed spontaneous seizures and 
lowered seizure frequencies, while the latter decreased seizure incidence during the first 
two weeks after SE but not at the later stages. Certain behavioural alterations, such as 
short-term memory deficits or higher anxiety levels, were also ameliorated by both cell 
lines. 

Taken together, these data provide several promising strategies towards developing 
novel treatments for epilepsy. This thesis explored the use of two distinct pathways, 
both focusing on increasing network inhibition, and offers valuable information that 
can be used to further advance the development of the proposed therapeutic 
approaches.  
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Populárně-vědecké shrnutí 

Epilepsie je často stigmatizovaná nemoc postihující mozek. Pacienti s epilepsií trpí 
nejen nepředvídatelnými záchvaty, a právě tato nepředvídatelnost bývá často překážkou 
pro společenský život. U většiny pacientů však lze záchvaty potlačit specifickými léky. 
Přesto stále asi třetina z nich na tuto léčbu nereaguje a trpí nekontrolovatelnými 
epileptickými záchvaty. Tito pacienti ve většině případů trpí fokálními epilepsiemi, 
tedy epilepsiemi, jejichž zdrojem je konkrétní místo v mozku. V některých případech 
je účinným terapeutickým prostředkem chirurgická resekce epileptického ložiska, která 
však není dostupná pro každého a často zcela nezastaví výskyt záchvatů. Proto se pro 
tyto pacienty vyvíjejí další možnosti léčby, včetně buněčné a genové terapie. 

Jedním z typů fokálních epilepsií je epilepsie spánkového laloku (temporal lobe 
epilepsy, TLE), u níž, jak již název napovídá, pocházejí záchvaty z této konkrétní oblasti 
mozku, a při níž je často postižen hipokampus, struktura zodpovědná za eg. ukládaní 
vzpomínek a prostorovou navigaci. Tento druh epilepsie je často způsoben poškozením 
mozku, kdy buněčné a molekulární změny v hipokampu po určité době vedou 
k nadměrné excitabilitě tkáně a snížení prahu záchvatů. Možné terapeutické intervence 
by tedy mohly být zavedeny ještě dříve, než se u pacienta objeví spontánní záchvaty, 
tedy v průběhu zmíněné latentní fáze po počátečním úrazu, která se nazývá 
epileptogeneze. V této disertační práci jsme použili zvířecí modely TLE a pokusili se 
zvýšit inhibici v hipokampu a buď potlačit spontánní záchvaty v chronické fázi 
epilepsie, nebo modifikovat procesy epileptogeneze. 

Jako první terapeutickou možnost jsme v laboratoři vytvořili inhibiční neurony, tzv. 
GABAergní interneurony, z lidských embryonálních kmenových buněk (human 
embryonic stem cells, hESC). Tyto buňky jsou schopny inhibovat další neurony díky 
tomu, že uvolňují kyselinu gama-aminomáselnou (gamma-aminobutyric acid, GABA), 
která je hlavním inhibičním neurotransmiterem v mozku. Tyto buňky odvozené od 
hESC funkčně maturovaly in vitro v GABAergní interneurony schopné tvořit inhibiční 
synapse s dalšími lidskými neurony, které byly buď derivované z kortexů potracených 
plodů, nebo umístěné v mozkové tkáni získané z chirurgické resekce epileptických 
pacientů. Tyto výsledky nás nasměrovaly k tomu, abychom pokročili vpřed ke 
zkoumání potenciálu stejných buněk in vivo. K tomu jsme použili potkaní model TLE. 
U potkanů jsme vyvolali status epilepticus (SE) systémovými injekcemi kyseliny 
kainové a čtyři týdny poté jsme transplantovali GABAergní prekurzory odvozené od 



12  

hESC do hipokampů těchto zvířat. Transplantované buňky byly schopny integrace do 
hostitelské tkáně a časem dozrály ve funkční GABAergní interneurony. Jejich tvorba 
funkčních inhibičních synapsí směrem k hostitelským neuronům byla také potvrzena a 
my jsme se mohli domnívat, že to bylo důvodem k viditelnému snížení frekvence 
spontánních epileptických záchvatů u těchto zvířat. 

V druhé polovině této práce jsme zkoumali inhibiční potenciál neurotrofního faktoru 
odvozeného z gliálních buněk (glial cell line-derived neurotrophic factor, GDNF). Bylo 
prokázáno, že tento neurotrofní faktor má vlastnosti redukující epileptické záchvaty u 
zvířecích modelů epilepsie; mechanismus jeho působení však nebyl plně pochopen. 
Použitím elektrofyziologie jsme se pokusili objasnit specifické účinky GDNF na hlavní 
excitační neurony hippocampu. V myších i lidských hipokampálních řezech měla 
aplikace GDNF za následek zvýšení inhibice na tyto buňky, což jsme následně 
přisoudili specifické signální dráze, která sestává mimo jiné z receptoru alfa-1 rodiny 
GDNF (GFRα1) a transmembránové receptorové tyrosinkinázy (Ret). Tyto poznatky 
jsme dále vytěžili a geneticky modifikovali mezenchymální kmenové buňky 
(mesenchymal stem cells, MSC) k produkci GDNF. MSC mají údajně protizánětlivé a 
neuroprotektivní vlastnosti, a proto jsme si položili otázku, zda by tyto buňky s adicí 
GDNF mohly mít antiepileptogenní účinky ve zvířecím modelu TLE. Použili jsme 
stejný model potkana jako dříve, ale tentokrát jsme buňky transplantovali jeden den po 
indukci SE se zaměřením na epileptogenezi. Jak nemodifikované MSC, tak GDNF-
MSC pozměnily vývoj epilepsie, ty nemodifikované snížily počet zvířat, u kterých se 
vyvinuly spontánní záchvaty a snížily frekvenci záchvatů, oproti tomu GDNF buňky 
měly spíše brzký účinek a prodloužily intervaly mezi záchvaty. U obou buněčných linií 
byly také do určité míry korigovány změny chování asociované s epilepsií. 

Celkově vzato existuje několik slibných strategií k vývoji nových způsobů léčby 
epilepsie. Tato práce zkoumala použití dvou odlišných cest, přičemž obě se zaměřovaly 
na zvýšení inhibice. V této práci poskytujeme cenná data, která lze použít k dalšímu 
pokroku ve vývoji těchto inovativních terapeutických přístupů.  
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Populärvetenskaplig sammanfattning 

Epilepsi är ett ofta stigmatiserat tillstånd som påverkar hjärnan. Epilepsipatienter lider 
vanligtvis inte bara av anfall utan upplever ofta svårigheter i samhället. För de flesta 
patienter kan anfallen förhindras med anti-epileptiska mediciner. Dessa läkemedel är 
dock inte verksamma i ungefär en tredjedel av epilepsipatienter, vilka lider av 
okontrollerbara anfall. Majoriteten av dessa fall lider av fokala epilepsier, dvs att anfallen 
börjar från en specifik plats i hjärnan. I vissa fall kan dessa områden tas bort kirurgiskt, 
men detta är inte genomförbart för alla patienter och stoppar ofta inte anfallen 
fullständigt. Därför utvecklas nu alternativa behandlingsmetoder för dessa patienter, 
bland annat cell- och genterapier. 

Temporallobsepilepsi (TLE) är en typ av fokal epilepsi där anfallen uppkommer i 
tinningloben och ofta leder till problem med nervkopplingarna i hippocampus, ett 
område som är viktigt för bland annat inlagring av långtidsminnen och navigering. TLE 
orsakas ofta av någon form av hjärnskada där cellulära och molekylära förändringar i 
hippocampus så småningom leder till hyperexcitabilitet. Denna hyperexcitabilitet kan 
sedan sänka tröskeln för initiering av epileptiska anfall. Möjliga terapier skulle därför 
kunna introduceras även innan patienten utvecklar spontana epilepsianfall, under den 
process som kallas epileptogenes. I denna avhandling har vi använt djurmodeller av 
TLE för att försöka öka inhibitoriska signaler i hippocampus och antingen hämma 
spontana epilepsianfall i kronisk epilepsi eller modifiera epileptogenesen. 

Först genererade vi inhibitoriska neuron, så kallade GABAerga interneuron, från 
humana embryonala stamceller (hESCs). Dessa celler är kapabla att inhibera andra 
neuron på grund av deras frisättning av gamma-aminobutyrisk syra (GABA), som är 
den huvudsakliga inhibitoriska signalsubstansen i centrala nervsystemet. De genererade 
GABAerga cellerna mognade funktionellt i kultur och visade sig kapabla att forma 
inhibitoriska synapser på andra humana neuron, vilka antingen isolerats från humana 
embryon eller från vävnad som kirurgiskt avlägsnats från epileptiska patienter. Dessa 
resultat drev oss till att prova dessa cellers potential in vivo. För att göra detta använde 
vi oss av en råttmodell av TLE där man injicerar kainsyra systemiskt för att inducera 
status epilepticus, varefter hESC-genererade GABAerga prekursorceller 
transplanterades in i hippocampus fyra veckor efter injektionerna. Cellerna i 
transplantatet överlevde ympningsprocessen och mognade med tid till GABAerga 
neuron, vilka bekräftades forma inhibitoriska synapser med värdneuron. Vi antar att 
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detta resulterade i den minskning av mängden spontana epilepsianfall hos behandlade 
djur. 

I den andra halvan av avhandlingen utforskar vi den inhibitoriska potentialen av 
gliacellinjederiverad neurotrofisk faktor (GDNF). Denna neurotrofiska faktor har visat 
sig ha anti-epileptiska egenskaper, vars mekanism ej är helt förstådd. Vi utnyttjade 
elektrofysiologi för att klargöra de specifika effekterna som GDNF har på de 
excitatoriska cellerna i hippocampus. I hjärnsnitt av hippocampus från både mus och 
människa har GDNF en ökande effekt på inhibitoriskt driv, vilket vi kunde attribuera 
till en specifik signaleringsväg. Denna signaleringsväg involverar receptorn GFRα1 samt 
tyrosinkinasreceptorn Ret. Vi använde denna kunskap ytterligare och utnyttjade 
genetiskt modifierade mesenkymala stamceller (MSCs) för att producera GDNF. 
MSCs har rapporterats ha anti-inflammatoriska och nervcellskyddande egenskaper och 
vi undrade därför huruvida celler som uttrycker GDNF skulle kunna ha anti-
epileptogena effekter i en TLE-modell. Vi använde en liknande djurmodell som tidigare 
men transplanterade istället cellerna en dag efter SE, med målet att påverka 
epileptogenesen. Både de icke-modifierade och de modifierade MSCs påverkade 
utvecklingen av kronisk epilepsi. De icke-modifierade minskade mängden djur som 
utvecklade epilepsi samt minskade frekvensen mellan spontana anfall medan de 
modifierade hade en tidig effekt samt förlängde intervallen mellan anfall. Vissa 
beteendeförändringar korrigerades till viss del av båda cellinjer. 

För att sammanfatta. 

Det finns flera lovande behandlingstrategier som kan utvecklas till nya terapier för 
epilepsi. Denna avhandling har utforskat användandet av två distinkta vägar som båda 
fokuserar på att öka inhibition och bidrar med värdefulla data som kan användas för 
att utveckla nya cellbaserade terapier för epilepsi. 
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EC Entorhinal cortex 

ELISA Enzyme-linked immunosorbent assay 

ESCs Embryonic stem cells 

ETSP Epilepsy Therapy Screening Program 

FBS Foetal bovine serum 

FCD Focal cortical dysplasia 

FGF-2 Fibroblast growth factor 2 

GABA Gamma-aminobutyric acid 

GDNF Glial cell line-derived neurotrophic factor 

GFP Green fluorescent protein 

GFRα1 GDNF family receptor alpha-1 

hdInts Human embryonic stem cell-derived interneurons 

hiAD-MSCs Human immortalised adipose-derived mesenchymal stem cells 

hESCs Human embryonic stem cells 

ILAE International League Against Epilepsy 

iPSCs Induced pluripotent stem cells 

IPSCs Inhibitory postsynaptic currents 

ISIs Inter-seizure intervals 

KA Kainic acid 

LFP Local field potential 

MGE Medial ganglionic eminence 

ML Medial-lateral 

MSCs Mesenchymal stem cells 

NBQX 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo-quinoxaline-2,3-dione 
disodium salt 

NCAM Neural cell adhesion molecule 

NMDA N-methyl-D-aspartate 

NSCs Neural stem cells 

NTFs Neurotrophic factors 
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PBS Phosphate-buffered saline 

PDL Poly-D-lysine 

PFA paraformaldehyde 

PSCs Pluripotent stem cells / Postsynaptic currents 

PT Post-transplantation 

PTX Picrotoxin 

Ri Input resistance 

RMP Resting membrane potential 

Rs Series resistance 

RT Room temperature 

SE Status epilepticus 

sPSCs Spontaneous postsynaptic currents 

SRS Spontaneous recurrent seizure 

TBS Tris-buffered saline 

TEA Tetraethylammonium. 

TLE Temporal lobe epilepsy 

TTX Tetrodotoxin 

WHO World Health Organization 
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Introduction 

Epilepsy 

Neurological disorders, i.e., disorders of the central nervous system (CNS), affect 
hundreds of millions of people worldwide. The Global Burden of Disease Study carried 
out by the World Health Organization (WHO) reports across the years, that 
neurological disorders cast the heaviest burden on people’s lives out of all the diseases 
evaluated [1]. To assess this burden WHO uses a metric called disability-adjusted life 
years (DALYs) combining the time lived with a disability and the time lost due to 
premature mortality. Among the most common neurological disorders, epilepsy stands 
in fifth place, representing around 1% of all DALYs globally, surpassed only by stroke, 
migraine, dementia, and meningitis [1]. With an estimation of around 46 million 
people living with active epilepsy in 2016 [2], it has been reported that approximately 
4-10 out of 1000 people suffer from this disease worldwide [3,4]. 

In addition to suffering from seizures, epilepsy patients often face other difficulties 
which can also affect their families and society in general. Epilepsy is associated with 
higher levels of depression and anxiety, people in some cases even fear leaving their 
homes not to experience a seizure in public [5]. Despite the efforts to destigmatize this 
condition, patients with epilepsy may still bear a psychosocial burden. In some 
countries people who suffer from epilepsy have troubles finding a spouse, they are 
denied employment even though their condition would not affect their performance, 
and children with epilepsy may be forced to skip school and have lower study scores 
[6,7]. These are just some examples of how this condition can affect the daily lives of 
patients and their close ones, casting some light on the prevailing global burden of 
epilepsy, and emphasizing the importance of disseminating knowledge about this 
common condition. 

Although all patients with epilepsy experience seizures, not all people having seizures 
are diagnosed with epilepsy. The International League Against Epilepsy (ILAE) 
formulated the following definition [8]: 

“Epilepsy is a disease of the brain defined by any of the following conditions 

1. At least two unprovoked (or reflex) seizures occurring >24 hours apart 



20  

2. One unprovoked (or reflex) seizure and a probability of further seizures similar to 
the general recurrence risk (at least 60%) after two unprovoked seizures, occurring 
over the next 10 years 

3. Diagnosis of an epilepsy syndrome” 

To understand this definition, we need to first understand what an unprovoked seizure 
is. The word “unprovoked” implies the absence of a temporary or reversible factor 
lowering the threshold and causing a seizure at that point in time [8], i.e., an 
unprovoked seizure is a seizure occurring in the absence of triggering factors, such as a 
potentially responsible clinical condition. In the presence of precipitating factors such 
as a brain injury or a tumour, closely temporally related seizures are defined as acute 
symptomatic seizures [9]. The definition above mentions also reflex seizures, which can 
be triggered by e.g., photic stimuli. Individuals with an enduring abnormal 
predisposition to have such seizures fall within the conceptual definition of epilepsy 
[8]. 

As implied, a seizure affects the brain. By definition, an epileptic seizure is “a transient 
occurrence of signs and/or symptoms due to abnormal excessive or synchronous 
neuronal activity in the brain” [10]. Seizures can affect the patient’s emotional state, 
memory, consciousness, cognition, motor, and sensory functions, or behaviour. They 
are classified into several categories [11], based on their onset as either focal or 
generalised or as motor or non-motor, with each category having several subcategories 
(Figure 1). 

 

Figure 1. ILAE 2017 classification of seizure types. Seizures are classified by their onset to focal (with a region-
specific localised onset), generalized (onset over wide areas of the brain), and unknown (the onset cannot be 
localised). Adapted from [11]. 
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Available treatments 

Due to the different types and origins of seizures, epilepsy cannot be perceived as a 
single specific disease but rather a complex of various disorders. Epilepsy therapy is 
therefore as complex as the disease itself and needs to be tailored to the specific patient. 
Up to this date, there is no definite cure for epilepsy and the goal of the treatment is 
therefore to reach seizure freedom. In most cases, this is achieved by anti-seizure 
medications (ASMs). Currently, there are around 30 ASMs available for epilepsy 
therapy [12]. They mostly act on either inhibitory or excitatory synapses between 
neurons, normalising the brain’s electrical activity (Figure 2). 

 

Figure 2. Mechanism of action of ASMs on synapses. Current ASMs act upon various targets within the 
presynaptic and postsynaptic regions, targeting e.g. specific ion channels, neurotransmitter receptors, and 
transporters. Asterisks indicate multiple mechanisms of action. AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazole 
propionic acid; GABA γ-aminobutyric acid, GABA-T, GABA aminotransferase; GAT-1, GABA transporter 1; KCNQ, 
Kv7 potassium channel family; NMDA, N-methyl-D-aspartate; SV2A, synaptic vesicle protein 2A. Adapted from 
[12]. 

ASMs, however, are only a symptomatic treatment and can have adverse effects that 
influence the patient’s relationship with the medication and quality of life [13]. 
Moreover, despite the continuous development of new ASMs, still, about one third of 
patients with epilepsy experience seizures that cannot be controlled [14–17]. This 
proportion of drug-resistant patients has unfortunately not changed during the decades 
of new drug development [14,18,19], suggesting that novel approaches towards 
epilepsy therapy should be investigated, possibly modifying the disease itself and not 
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only relieving its symptoms. The investigation of such approaches is the main aim of 
this thesis. 

Temporal lobe epilepsy and the hippocampus 

One of the epilepsies often refractory to ASMs is temporal lobe epilepsy (TLE), the 
most common type of focal epilepsy, where seizures originate in the temporal lobe. A 
majority of patients suffering from TLE are drug-resistant [20,21]. And in addition to 
suffering from seizures, they are prone to behavioural comorbidities, such as depression 
and anxiety or impairment of learning and memory [22]. For these patients, surgical 
resection of the epileptic focus is a well-established treatment method. However, the 
probability of reaching seizure freedom after undergoing temporal lobectomy declines 
over time, reaching as low as 40% after 15 years [23,24]. With relapse being so 
common, surgery might not be the ideal solution for TLE patients, although in some 
cases, it is the only option available. 

One of the structures affected in TLE is the hippocampus. This specific structure within 
the temporal lobe has been widely studied over the decades for its involvement in 
memory formation. The interest in the hippocampus was sparked by the well-known 
case of patient H.M., who underwent experimental surgery for epilepsy in 1953, where 
the hippocampi in both hemispheres were removed. The patient was afterward not 
capable of forming new, declarative memories [25,26]. Since then, research of the 
hippocampus has led to the discovery of long-term potentiation [27], as well as different 
types of neurons associated with the spatial framework, such as place cells or head 
direction cells [28,29]. The hippocampus is believed to be responsible for storing an 
experience by combining its cognitive, sensory, and emotional components [30]. 

On the structural level, the hippocampus is formed as a polysynaptic circuit (Figure 3). 
Sensory inputs from the entorhinal cortex (EC) are lead through the perforant path to 
the granule cells in the dentate gyrus (DG), from here mossy fibres of the granule cells 
pass the information to the principal neurons in the cornu ammonis (CA)3 region. 
These cells then connect to the CA1 principal neurons, from where the information is 
then transmitted back to the deeper layers of the EC, either directly or through the 
subiculum [31]. 
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Figure 3. The hippocampal circuitry. A simplified illustration of the hippocampal pathways. Sensory inputs are 
led by the perforant pathway from the entorhinal cortex (EC) to the dentate gyrus (DG), from here to the CA3 
and further to CA1, from where connections lead back to the EC directly or through the subiculum (S). CA, cornu 
ammonis; LPP, lateral perforant pathway; MPP, medial perforant pathway; MF, mossy fibers; SC, Schaffer 
collaterals. 

Histopathology 

Together with the excitatory glutamatergic neurons responsible for the circuit 
formation, inhibitory, gamma-aminobutyric acid (GABA)-ergic neurons are also 
present in the hippocampus and maintain the important balance between excitation 
and inhibition [32]. In TLE, both cell types can be affected. The most common 
histopathological abnormality found in patients with drug-resistant TLE is 
hippocampal sclerosis [33,34]. The main hallmark of hippocampal sclerosis is the loss 
of the principal excitatory neurons, which is additionally associated with astrogliosis, 
i.e., the presence of reactive astrocytes. The neuronal cell loss can affect any region of 
the hippocampus and based on the pattern of the neurodegeneration, the ILAE 
classified three different types of hippocampal sclerosis [33] (Figure 4). Another 
common histopathological feature of TLE is the loss or dysfunction of the inhibitory 
cells in the hippocampus, i.e., GABAergic interneurons [35–37]. This reorganization 
of the neural circuit results in diminished inhibition, structural alteration of synapses, 
and increased activity of the excitatory circuit, which may altogether contribute to a 
reduced seizure threshold [38–40]. In this thesis, we focused on increasing inhibition 
in the epileptic hippocampus, thereby possibly ameliorating the severity of the disease 
by decreasing seizure frequency. 
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Figure 4. Examples of the histopathological subtypes of hippocampal sclerosis in patients with TLE defined 
by ILAE. (A) The most common type of hippocampal sclerosis. Significant specific pyramidal cell loss in CA4 and 
CA1. Damage to sectors CA3 and CA2 is also frequently visible. Note cell loss also in the dentate gyrus (DG), and 
preservation of cells in the subiculum (Sub). (B) CA1 predominant neuronal cell loss and gliosis (C) CA4 
predominant neuronal cell loss and gliosis (D) No hippocampal sclerosis, gliosis only. Sections were stained for 
neuronal nuclei (NeuN) with hematoxylin counterstaining. DGe/DGi, external/internal limbs of dentate gyrus; 
Sub, subiculum. Scale bar 1000 μm. Adapted from [33]. 

Epileptogenesis 

The histopathological features of TLE are often caused by an initial insult leading to 
the hippocampal reorganisation resulting in an enduring epileptogenic potential of the 
brain and the development of unprovoked seizures [41]. The seizure-free period 
between the insult and the onset of symptomatic epilepsy has been already noted in 
1881, where Gowers described this interval to be several months- to years-long [42]. 
The process ongoing between the initial brain-damaging insult and the first 
unprovoked spontaneous seizure has however been studied only more recently, thanks 
to the development of animal models that resemble this latency period [43]. During 
this period, various changes occur in the brain that eventually leads to the development 
of chronic epilepsy. This process of molecular and cellular changes is called 
epileptogenesis. The insult triggering the transformation of a non-epileptic to an 
epileptic brain can for example be head trauma, infection, tumours, or prolonged acute 
symptomatic seizures such as status epilepticus (SE) [44]. However, epileptogenesis 
might not be limited by the occurrence of the first spontaneous seizure, but rather 
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continues if seizures are not well controlled as a consequence of the seizures themselves 
[45] (Figure 5). There are many cellular and molecular alterations ongoing during 
epileptogenesis, some may reflect the effort to repair the insult-induced damage, such 
as neurogenesis or activation of inflammatory cells. However, it is when the brain’s 
attempt to self-repair fails that chronic epilepsy may develop [44,46]. Other 
detrimental changes include neurodegeneration, gliosis, mossy fibre sprouting, loss or 
reorganisation of dendrites, damage to the blood-brain barrier (BBB), and subsequent 
angiogenesis, or alteration in ion channel function [46] (Figure 5). 

 

Figure 5. Steps in the development and progression of temporal lobe epilepsy. The process starts with a brain-
damaging insult, which triggers the tissue reorganisation during epileptogenesis. After a latency period, 
spontaneous seizures occur, together with cognitive decline and behavioural alterations. If seizures are not well 
controlled, further progression of the process may result in the development of chronic epilepsy refractory to 
medication. Inspired by [44,45]. 
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Targeting the process of epileptogenesis, and therefore preventing seizures or reducing 
the severity of the disease, is another pathway towards lessening the burden of epilepsy. 
However, no reliable biomarkers have been recognised yet, which would identify 
patients at risk of developing epilepsy [47]. Moreover, which of the many 
epileptogenesis processes are promising targets for therapy needs to be further 
investigated. As mentioned above, animal models of epilepsy largely contributed to the 
understanding of the epileptogenesis process. Using relevant models of TLE may 
therefore be the key in developing novel therapies targeting epileptogenesis as well as 
chronic epilepsy when it develops [48]. 

Animal models of TLE 

Animal disease models are essential for both basic research and preclinical therapy 
development. For epilepsy, numerous models have been established and are being 
constantly developed and improved. Several new ASMs have been discovered by testing 
various novel compounds in animal models, which strongly supports the value of this 
type of research. This also implies that animal epilepsy models do indeed resemble 
human seizures in the response to ASMs [49]. 

Since this thesis is focused on TLE, non-relevant models will not be mentioned, but 
are reviewed in Löscher et al., 2017 [48]. The first developed model of drug-resistant 
TLE is thought to be the amygdala kindling model in rats, in which repeated electrical 
stimulations of the amygdala via a depth electrode lead to prevailing seizure 
susceptibility and other comorbidities resembling human TLE [50,51]. This amygdala 
kindling model contributed to the development of the ASM levetiracetam [52] and has 
been widely used for studying epileptogenesis, however, the kindled animals do not 
exhibit spontaneous seizures [44], and therefore, this model does not completely reflect 
symptomatic TLE in human patients. Among the most commonly used models of TLE 
are the post SE models, in which sustained SE is induced either by electrical stimulation 
or by chemoconvulsant administration. Sustained electrical stimulation of the 
amygdala or hippocampus leads to the development of spontaneously recurring seizures 
(SRSs) after a seizure-free latency period [53]. Similar outcomes are achieved after 
systemic injection of pilocarpine, from which rats develop SE and after approximately 
two weeks start showing SRSs. The rat pilocarpine model is the most frequently used 
post-SE TLE model, having similarities to human TLE in both chronic seizures and 
histopathological alterations [54,55]. Another widely used SE-inducing 
chemoconvulsant is kainic acid (KA), which activates a subset of glutamatergic 
receptors and therefore, induces excitation. KA can be injected either directly into the 
amygdala [56] or hippocampus of either rats [57] or mice [58] and cause more local 
damage, or used systemically for inducing SE, resulting in a more widespread bilateral 
brain damage. Two of these KA-SE TLE models are included in the Epilepsy Therapy 
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Screening Program (ETSP), a work frame established by the National Institute of 
Neurological Disorders and Stroke at the National Institutes of Health, which 
facilitates the discovery of new therapeutic agents for epilepsy [59]. One of these is the 
intrahippocampal KA mouse model, which has the advantage of exhibiting 
electrographic SRSs with a very high frequency [58]; the second is the systemic KA rat 
model, where after a latency period of days to weeks after SE, the rats show partial and 
generalised behavioural seizures [60]. In this thesis, this model has been used both to 
study a disease-modifying therapeutic intervention and to investigate a potential anti-
epileptogenic treatment. 

Emerging novel therapies 

Currently available treatments of TLE are in a majority of cases only symptomatic, i.e., 
relieving patients from seizures but not targeting the cause of the disease itself. 
Moreover, the high incidence of drug resistance among TLE patients calls for the 
development of innovative non-pharmacological treatment options. 

Cell therapy 

One of the potential therapies currently being explored for epilepsy as well as other 
neurological conditions is cell therapy. This approach consists of the use of live-cell 
transplantation for therapeutic purposes. The final aim of cell therapy is either cell 
replacement in cases where a specific cell type is affected or reparation of the 
physiological function of the affected tissue [61]. For this purpose, stem cells are widely 
used, which are unspecialised cells capable of self-renewal, and importantly, they can 
differentiate into multiple cell types depending on their origin. Based on their ability 
to differentiate, stem cells can be either pluripotent, i.e., capable of generating virtually 
every cell in the human body, or multipotent, i.e., with a limited differentiation 
potential [62]. Examples of pluripotent stem cells (PSCs) are embryonic stem cells 
(ESCs), which are derived from the inner cell mass of the blastocyst stage embryo 
[63,64], or induced PCSs (iPSCs), which are cells derived from adult somatic cells 
genetically reprogrammed back to a pluripotent state [65–67]. Multipotent stem cells 
are for instance neural stem cells (NSCs), which are committed to the generation of 
cells of the CNS, such as neurons and glial cells [68], or mesenchymal stem cells 
(MSCs) which can give rise to cells of the mesenchymal lineage, such as osteocytes, 
chondrocytes, myocytes, and adipocytes [69]. 
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GABAergic interneurons 
The advantage of using stem cells for cell therapy is the possibility to generate a desired 
specific cell type. Within the development of novel therapies for TLE, this potential 
has been utilized to generate GABAergic interneurons with the prospect to inhibit the 
seizure-prone neuronal network [70]. This approach is addressing one of the previously 
mentioned pathological hallmarks of TLE, i.e., the loss or malfunction of GABAergic 
interneurons within the hippocampal network. 

In animal models of epilepsy, different sources of GABAergic progenitor/precursor cells 
have been used in preclinical research. These cells are transplanted into the affected 
brain structures of the epileptic animals and the efficacy of the therapeutic intervention 
is assessed by looking at SRS frequency, histological outcomes, or effects on behaviour 
(Figure 6). 

One of the earlier methods being explored is the transplantation of GABAergic 
progenitor cells derived from developing rodent embryos, specifically from the 
ganglionic eminence regions where GABAergic interneurons arise during development 
[71–76]. The transplantation of these cells proved to be effective in the pilocarpine 
mouse model, in which the authors observed a markedly reduced SRS frequency 
together with alleviation of behavioural comorbidities [75,76]. In the rat KA-SE model 
of chronic TLE, transplanted medial ganglionic eminence (MGE) derived NSCs gave 
rise to GABAergic interneurons in the rat hippocampus and reduced SRS frequency 
[76,77]. These studies represent a valuable proof of concept for the use of GABAergic 
interneurons for epilepsy treatment. However, more clinically relevant approaches are 
currently emerging. 

The use of human cell sources allows for easier clinical translation of the proposed 
therapies. Although human foetal-derived NSCs have shown to be beneficial in a rat 
TLE model [78], the use of foetal cells comes with major ethical concerns. A more 
viable option is the use of human PSCs. To our knowledge, only two studies up to this 
date have investigated the therapeutic potential of human PCS-derived GABAergic 
interneurons in preclinical studies with rodent epilepsy models. In the first study [79] 
the pilocarpine mouse model was used, and MGE-like cells for transplantation were 
derived from a human embryonic stem cell (hESC) line by introducing small molecules 
into the cell culture media, directing the cells towards the MGE fate. The 
transplantation of these cells resulted in reduced SRS frequencies and improved 
outcomes in behavioural tests. The authors of the second, more recent study [80] used 
a human iPSC line as a cell source for producing MGE-like cells using a different small-
molecule-based protocol for mimicking the differentiation process during brain 
development. After grafting into the hippocampi of rats with KA-induced TLE, these 
cells were also able to attenuate SRSs and behavioural and histological comorbidities. 
Paper II of this thesis is the third study reporting the therapeutic potential of human 
PSC-derived GABAergic interneurons in an epileptic rodent model, although using a 
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distinct method for cell differentiation. Yang and colleagues published in 2017 a simple 
protocol for generating GABAergic interneurons from PSCs by transcription factor 
reprogramming [81]. This is a more direct approach introducing two transcription 
factors determining the GABAergic fate into the cells’ genetic information by using a 
lentiviral delivery system. The adaptation of this protocol to our conditions as described 
in paper I is where the story of this thesis began. 

 

Figure 6. Strategies used for preclinical studies of GABAergic cell therapy for temporal lobe epilepsy. Cells 
derived from the ganglionic eminences of rodent embryos, either primary cells or neural stem cells, are used for 
transplantation into rodent models of TLE. As are the more clinically relevant human PSC-derived GABAergic 
interneuron precursors generated in vitro by differentiation. After transplantation, these cells mature into 
GABAergic interneurons and their therapeutic potential is assessed by evaluating SRSs, behavioural tests, and 
histology. GABA, gamma-aminobutyric acid; TLE, temporal lobe epilepsy; SRS, spontaneous recurrent seizures. 

Mesenchymal stem cells 
Among cell therapies not restricted to neurological diseases, the use of MSCs represents 
an interesting avenue towards epilepsy treatment. MSCs can be derived from a number 
of tissues. They were first identified in bone marrow aspirates [82,83], but other sources 
are now being utilised for MSC isolation, such as adipose tissue [84,85], umbilical cord 
[86], or placenta [87]. These tissues are easily harvestable and can be either replenished 
or are unwanted and would be otherwise discarded. The therapeutic potential of these 
cells lies in their immunomodulatory properties and their ability to promote 
endogenous tissue regeneration [88]. Indeed they are currently being investigated in a 
number of clinical trials with no reported serious adverse effects [89]. The consequences 
of MSC transplantation are currently being evaluated in animal models of several CNS 
disorders. In a stroke model, the cells were shown to be neuroprotective [90], as was 
also demonstrated in a model of multiple sclerosis, where the beneficial effects were 
attributed to immunomodulation as well [91]. They were shown to promote recovery 
after spinal cord injury in mice [92] or reduce dopaminergic cell death and promote 
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functional recovery in models of Parkinson’s disease [93,94]. MSCs are thought to 
induce these beneficial effects not through their stemness per se but rather by releasing 
a wide variety of vesicles, exosomes, cytokines, and growth factors, which modulate the 
immune response or promote cell survival [95] (Figure 7). 

 

Figure 7. Modes of MSC action. MSCs can differentiate into cells of the ectodermal, mesodermal, and 
endodermal lineage, they can fuse with another cell, or through gap junctions, MSCs can transfer their 
mitochondria to neighboring cells. MSCs release vesicles/exosomes containing RNA, microRNA (miRNA), and/or 
proteins which can be engulfed by surrounding cells. They also secrete cytokines, chemokines, growth factors, 
and other molecules which affect immunomodulation, angiogenesis, anti-apoptosis, anti-oxidation, and cell 
migration/stimulation. IL-6, interleukin-6; HGF, hepatocyte growth factor; IDO, indoleamine 2,3-dioxygenase; HO-
1, heme oxygenase 1; TGF, transforming growth factor; NO, nitric oxide; HLA-G5, human leukocyte antigen class 
I molecule G5; PGE2, prostaglandin E2; VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor; 
IGF, insulin-like growth factor; MCP1, monocyte chemotactic protein 1; SDF1, stromal cell-derived factor 1; PIGF, 
placental growth factor; IL-6, interleukin 6; Bcl-2, B-cell lymphoma 2; Akt, v-akt murine thymoma viral oncogene 
homolog 1; STC1, stanniocalcin 1; GM-CSF, granulocyte-macrophage colony-stimulating factor; TNF, tumour 
necrosis factor; GDNF, glial-derived neurotrophic factor; SCF, stem cell factor; LIF, leukemia inhibitory factor; CCL, 
chemokine C-C motif ligand; CXCL, chemokine C-X-C motif ligand. Adapted from [95]. 

Not surprisingly, the use of MSCs has been investigated also for their therapeutic 
potential in epilepsy. Since inflammation and neurodegeneration take part in 
epileptogenesis [46,96], most of the studies using MSCs explored their potential for 
modulating the epileptogenic processes, as was also the case of our investigation in paper 
IV. Rodent MSCs have been used in the majority of cases, and studies report their 
beneficial effects when transplanted after SE in the rat pilocarpine TLE model [97–99], 
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with MSC-treated animals having fewer SRSs and better behavioural test scores, 
together with alleviating related histopathological features in the hippocampus, such as 
neuronal cell loss or aberrant mossy fibre sprouting. Transplantation of rodent MSCs 
in mice after KA-induced SE had similar effects on mossy fibre sprouting, in addition 
to the observed reduction of microglia activation and astrogliosis [100], which reflects 
the immunomodulatory properties of the cells. Rodent MSCs have also been 
investigated in chronic epilepsy, i.e., the cells were transplanted when SRSs had already 
developed. The results from these studies using the pilocarpine rat model suggest that 
this treatment may be effective in the later stages of the disease as well, since MSC 
transplanted animals displayed less epileptiform discharges [101] and a lesser extent of 
neurodegeneration [102], together with molecular changes such as reduction of pro-
inflammatory cytokine and oxidative stress marker levels. 

Again, human MSCs are not as widely used in preclinical studies but would be preferred 
from the translational point of view. Moreover, MSCs are thought to be immune-
evasive, which allows xenogeneic and allogenic cells to possibly survive within the host 
tissues for several weeks without the need for immunosuppression [103–105]. In rats 
with pilocarpine-induced SE, human MSCs were studied for their effects on 
epileptogenesis, where they were deemed as neuroprotective and anti-inflammatory, 
reducing the SRS occurrence in treated animals [104]. 

In addition to the native therapeutic aspects of MSCs, they can be used as a delivery 
system for specific therapeutic agents [106] – a combination of cell and gene therapy, 
which will be discussed next. 

Gene therapy 

Gene therapy is a novel therapeutic approach, which utilises the possibility to introduce 
genes of interest into cells by inducing the production of a missing protein or a 
therapeutic agent. This can either be done directly in vivo by using viral particles for 
delivery and inducing the production of the protein of interest from endogenous cells, 
or ex vivo, where cells are firstly genetically modified in vitro and then used for in vivo 
transplantation as a delivery system of the desired protein. 

In epilepsy, both gene therapy approaches have been studied, particularly in focal 
epilepsies such as TLE [107,108]. For the in vivo approach, the major factor that needs 
to be considered is the vector of the DNA delivery. The ideal vector needs to reach high 
enough safety levels to be translatable to the clinic, without the risk of mutagenesis, be 
readily manufacturable at a relevant scale, have a high efficiency of transduction, and a 
stable and sustained expression in target cells. Among the many other factors that 
should be considered are the cell type specificity, potential cytotoxicity, packaging 
capacity, and the ability to cross the BBB [108,109]. The most widely used type of 
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vector for targeting the CNS is the class of adeno-associated viruses (AAVs). AAVs are 
considered relatively safe, they induce a prolonged expression of the transgene with 
almost no integration into the host genome, and cause minimal inflammatory responses 
[110]. 

Various viral vectors have also been used in preclinical studies of gene therapy 
treatments for epilepsy. Among others, the delivery of neurotrophic factors (NTFs) has 
been widely investigated due to their trophic, neuroprotective, and other potentially 
beneficial effects. Fibroblast growth factor 2 (FGF-2) induces proliferation of neural 
progenitors and is neuroprotective, as is the brain-derived neurotrophic factor (BDNF), 
which in addition promotes neuronal differentiation [111]. In the pilocarpine rat TLE 
model, both these NTFs exhibited antiepileptogenic effects, such as reduction of SRSs 
and neurodegeneration together with increased neurogenesis [112]. BDNF has also 
been utilized in an ex vivo approach, where cells modified to release BDNF were 
encapsulated and inserted into the hippocampi of pilocarpine-treated rats after the 
development of SRSs. This intervention resulted in reduced SRS frequencies, better 
cognitive performance, a lesser extent of cell death, and elevated neurogenesis [113]. 
From the NTF family, another potential therapeutic agent has emerged – the glial cell 
line-derived neurotrophic factor (GDNF), which is investigated in this thesis and will 
therefore be discussed more thoroughly. 

Glial cell line-derived neurotrophic factor 
As its name implies, GDNF was first discovered by Lin et al. in 1991 as an NTF derived 
from glial cells, which promotes the survival and differentiation of dopaminergic 
neurons [114]. Since then it has been extensively studied as a potential therapeutic 
agent in Parkinson’s disease [115,116], as well as in other CNS disorders such as spinal 
cord injury [117] and importantly, epilepsy. 

Several studies showed the anti-seizure potential of GDNF, with both in vivo and ex 
vivo methods of delivery. Our group previously reported that direct in vivo injections 
of an AAV-GDNF vector suppressed acute seizures and increased seizure threshold 
[118]. Using the ex vivo route, implanting encapsulated GDNF-producing cells into 
the hippocampi, the earlier positive effects on seizure suppression were further 
supported. The encapsulated cells diminished seizures after electrical kindling [119], 
and their beneficial effects were also seen after implantation in the chronic phase of two 
post-SE TLE models. In rats with TLE, modelled by intrahippocampal KA injections, 
the unilateral implantation of encapsulated GDNF-releasing cells resulted in reduced 
numbers of SRSs [120]. In the pilocarpine rat model, the bilateral implants of the cells 
additionally resulted in the prevention of hippocampal volume loss and reduced 
neurodegeneration [121]. 

Apart from possible neuroprotection, how GDNF exerts these seizure-inhibiting effects 
is not yet fully understood. The main receptor binding GDNF and activating the 
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transmembrane receptor tyrosine kinase (Ret) intracellular signalling pathway is the 
GDNF family receptor alpha-1 (GFRα1) [122]. However, several alternative pathways 
have additionally been discovered. The GDNF-GFRα1 complex can act as a cell 
adhesion molecule and promote the formation of neuronal synapses in the 
hippocampus [123]. Other potential signalling pathways involve the neural cell 
adhesion molecule (NCAM) [124] or the heparin sulphate proteoglycan Syndecan-3, 
which was found to be expressed preferentially in GABAergic interneurons [125]. Since 
GDNF and the receptors involved in GDNF-mediated signalling are highly expressed 
in the principal neurons of the hippocampus [123,126,127], it is of interest to identify 
the molecular mechanisms of its inhibitory potential, as was also studied in paper III of 
this thesis. 

Combining cell and gene therapy 

The combination of the two above-described therapeutic approaches, cell therapy, and 
gene therapy, is not completely identical to ex vivo gene therapy. The cells used have a 
therapeutic potential on their own which is further enhanced by genetic modification 
[128]. An example of this combinatorial approach is the use of genetically modified 
NSCs, which by themselves have the potential in treating CNS disorders but can be 
additionally modified to deliver therapeutic agents of interest [129]. Another cell type 
commonly used for this purpose are MSCs. As described above, MSCs have 
immunomodulatory and neuroprotective properties, and combining these beneficial 
effects with introducing a desired transgene may be of use in various diseases [106]. 

Indeed, the therapeutic potential of genetically modified MSCs was investigated in a 
number of preclinical studies in animal models of CNS disorders. In stroke animal 
models, MSCs modified to produce NTFs, such as BDNF [130], FGF-2 [131], or 
GDNF [132], have shown promising results. MSCs overexpressing BDNF reduced 
neurodegeneration in a model of Huntington’s disease [133]. GDNF-producing MSCs 
were shown to have a therapeutic potential in Parkinson’s disease models [134,135]. In 
an epilepsy model, specifically the intra-amygdala KA mouse model, MSCs releasing 
adenosine were shown to have antiepileptogenic effects, ameliorating SRSs [136,137]. 
In this thesis, the potential of MSCs genetically modified to release GDNF transplanted 
into a rat epilepsy model was explored in paper IV.  
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Aims of the thesis 

The overall aim of this thesis was to address the persisting gap in therapies available for 
patients with epilepsy, whose spontaneous seizures cannot be controlled by 
pharmaceutical treatments, and to explore the possibility of ameliorating the disease 
before spontaneous seizures occur. Specifically, the possibility to increase inhibition 
within the neuronal network and subsequently reduce the seizure burden in animal 
models of epilepsy was investigated. 

Specific aims of the included papers were: 

I. To efficiently generate functional mature GABAergic interneurons from 
hESCs, which are able to synaptically integrate into a human neuronal 
network. 

II. To investigate whether the hESC-derived GABAergic interneurons can 
synaptically integrate into the epileptic rat hippocampus and reduce 
seizures in the KA-SE rat TLE model. 

III. To investigate the reason behind the seizure-inhibiting properties of 
GDNF, focusing on the inhibitory drive in the mouse and human 
hippocampal network and the signalling pathways involved. 

IV. To assess the antiepileptogenic potential of MSCs and genetically 
modified MSCs producing GDNF in the KA-SE rat TLE model. 
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Materials and methods 

Animals 

All animals used within the included studies were housed in the local animal facility 
under a 12-hour light/dark cycle with free access to food and water. Animals were 
housed in individually ventilated cages in groups of 2 or more, except when performing 
video/video-EEG monitoring, where animals were housed individually in adjusted 
open cages. All experimental procedures were approved by the local ethical committee 
for experimental animals (Ethical permit no. M47-15, M49-15 and 02998/2020) and 
conducted in agreement with the Swedish Animal Welfare Agency regulations and the 
EU Directive 2010/63/EU for animal experiments. 

In paper I, C57Bl6/J mice were used for harvesting primary glial cells, and in paper III, 
the same strain was used for hippocampal slice preparation. For in vivo cell grafting, 
immunodeficient nude rats (NIH Nude rat, Charles River) were used in paper II, and 
Sprague Dawley rats (SD rats, Janvier Labs) in paper IV. 

Status epilepticus induction 

In paper II and paper IV, TLE was modelled by initiating KA-induced SE, which 
resulted in the development of SRSs. KA was injected subcutaneously in the neck 
region, starting with a higher initial dose (10 mg/kg of KA for nude rats, 5 mg/kg for 
SD rats). Subsequently, a lower dose (5 mg/kg for nude rats, 2.5 mg/kg for SD rats) 
was injected every hour until 4 or more stage 3, or higher, seizures per hour were 
detected (protocol illustrated in Figure 8). Seizures were monitored since the first 
injection and classified according to the modified Racine scale. Only stages 3 – 5 were 
documented: Stage 3 – unilateral forelimb clonus; Stage 4 – generalized seizure with 
rearing, body jerks, bilateral forelimb clonus; Stage 5 – generalized seizure with rearing, 
imbalance, falling, or wild running (Racine, 1972). After experiencing SE, animals were 
subcutaneously injected with a 1:1 Ringer/glucose (25 mg/ml) solution for rehydration 
and returned to housing cages supplemented with wet food. Animals were then weighed 
every day for 7 days after the SE induction and once per week henceforth to monitor 
their well-being. 
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Figure 8. Schematic illustration of the protocol used for KA-SE inductions. Rats are firstly injected with a full 
dose of KA and subsequently observed for 1 hour. If no seizures are detected, a half dose of KA is administered. 
This continues until 4 or more seizures/hour are detected (SE has been reached). If less than 4 seizures/hour are 
detected an additional quarter dose of KA may be administered. KA, kainic acid; SE, status epilepticus. 

In vitro methods 

Cell cultures 

Mouse primary glial cell cultures were used in paper I for co-culture in neuronal 
differentiations. The cells were harvested from the cerebral cortices of newborn mice at 
P3 to P5 by decapitation, brain extraction, and dissection. Separated cortices were cut, 
homogenised, and digested by trypsin. Cells were then dissociated mechanistically by a 
scalpel blade and then using a cell strainer, and subsequently plated onto T75 flask 
coated with poly-D-lysine (PDL; Sigma-Aldrich) in MEM (Gibco) additionally 
containing 5% foetal bovine serum (FBS; Sigma-Aldrich), 2% B-27 (Gibco), 1% 
GlutaMAX (Gibco), 1% Penicillin–Streptomycin and 0.4% D-Glucose (w/v; Sigma-
Aldrich). The primary glial cells were passaged at least once before co-culturing, with a 
maximum of 5 passages. 

For generating human embryonic stem cell-derived interneurons (hdInts) in paper I 
and paper II, H1 (WA01) ES cells were used. The cells were obtained from WiCell 
Research Resources (WiCell, WI, USA) and maintained in mTeSR1 medium (Stem 
Cell Technologies) on Matrigel-coated plates (Corning). 

In paper I, hdInts were co-cultured with human primary cortical cells to investigate the 
formation of functional synapses. These cells were derived from cerebral cortices of 
aborted human foetuses at 8 weeks of age according to guidelines approved by the local 
ethical committee (Ethical permit number: Dnr 6.1.8-2887/2017), as previously 
described [138]. Briefly, the tissue was dissected, cut into small pieces, and then 
triturated with a pipette tip into a single-cell suspension. After washing with Neurobasal 
(Gibco) medium supplemented with B27, the cells were plated onto PDL/fibronectin 
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(Life Technologies) (both 10 µg/mL)-coated glass coverslips at a density of 50,000 
cells/well and maintained in the same medium until co-culturing. 

For in vivo grafting in paper IV, human immortalised adipose-derived MSCs (hiAD-
MSCs; ASC52telo, hTERT immortalized Mesenchymal stem cells, ATCC 
SCRC4000, ATCC, VA, USA) were used. Two cell lines were generated from these 
cells using lentiviral transduction and subsequent fluorescence-activated cell sorting (for 
more detailed procedures see Materials and Methods section of paper IV). Briefly, the 
hiAD-MSCs were transduced with lentiviral particles containing either pCCL_EF1a-
mCh or pCCL_EF1a-GDNF-mCh and sorted by flow cytometry, based on intense 
mCherry fluorescence. The sorted cells were cultured in T75 flasks in Mesenchymal 
Stem Cell Basal Medium (ATCC PCS-500-030, ATCC, VA, USA) supplemented with 
Mesenchymal Stem Cell Growth Kit (ATCC PCS-500-040, ATCC, VA, USA), 
Penicillin-Streptomycin (10 units/ml, Gibco), and Amphotericin B (25 ng/ml, Gibco). 
Cells were expanded as needed and cryopreserved so that the same passage could be 
used for all in vivo experiments. 

Quality assessment of hiAD-MSC lines 

To ensure that the properties of used MSCs remained unchanged across the 
experiments in paper IV, routine quality checks were performed. After in vivo grafting, 
the remaining cells were re-plated in 12-well plates (~13.000 cells/well), in the same 
culturing media as mentioned above. After 3 days in culture, the culturing media was 
collected for enzyme-linked immunosorbent assay (ELISA) measurements of GDNF 
release and replaced with differentiation media (StemPro Adipogenesis Differentiation 
Kit or StemPro Osteogenesis Differentiation Kit, both from Gibco). The cells were 
differentiated in the media for 21 days and afterwards fixed with 4% paraformaldehyde 
(PFA). 

Human tissue 

For experiments involving human tissue in paper I and paper III, human brain slices 
were cut from tissue received from surgical resections performed at Lund University 
Hospital and Rigshospitalet University Hospital, Copenhagen, and were maintained as 
previously described [139,140]. Tissue was obtained from patients undergoing surgical 
treatment for drug-resistant epilepsy (patient information is summarised in Table 1). 
All following procedures were approved by the local Ethical Committee in Lund 
(#212/2007) and Copenhagen (H-2-2011-104), respectively, and all experiments were 
performed in accordance with the Declaration of Helsinki. Written informed consent 
was obtained from all subjects prior to each surgery. 
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Briefly, resected tissue was collected in ice-cold sucrose-based cutting solution, 
containing (in mM): 200 sucrose, 21 NaHCO3, 10 glucose, 3 KCl, 1.25 NaH2PO4, 
1.6 CaCl2, 2 MgCl2, 2 MgSO4 (all from Sigma-Aldrich), adjusted to 300–310 mOsm 
and 7.4 pH. In the same solution, 300 µm slices were cut using a vibratome (Leica 
VT1200S). For long-term organotypic cultures in paper I, the slices were subsequently 
transferred to a rinsing media, containing HBSS (Life Technologies), HEPES (4.76 
mg/ml; Sigma-Aldrich), Glucose (2 mg/ml; Sigma-Aldrich) and 
Penicillin/Streptomycin (50 µl/ml; Life Technologies). After 15 min in the rinsing 
media, slices were transferred to membrane inserts (Millipore, PIHP03050) in 6-well 
plates containing BrainPhys medium (Stemcell Technologies) supplemented with B27, 
Glutamax (1:200), and Penicillin/Streptomycin (10 µl/ml; Life Technologies), and 
incubated in 5% CO2 at 37 °C. The organotypic slices were used for in vitro grafting 
of hdInts, for which they were kept in culture for at least 1 day before seeding hdInts 
on the surface. For acute electrophysiological recordings in paper III, cut slices were 
transferred directly to a submerged incubation chamber filled with aCSF, containing 
(in mM): 129 NaCl, 21 NaHCO3, 10 glucose, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, and 
1.6 CaCl2, adjusted to 300–310 mOsm, 7.4 pH, heated to 34 °C, and continuously 
bubbled with 95% O2 and 5% CO2. Slices were incubated submerged for 15-30 
minutes before being transferred to cell culture membranes inside a humidified 
interface holding chamber containing the same aCSF, in which they were maintained 
for at least 24 hours before the start of the recordings. 

Table 1. Patient information. TLE, temporal lobe epilepsy; FCD, focal cortical dysplasia. 
Patient Study Resection Age (years) Sex 

1 Paper I TLE 49 Male 

2 Paper I FCD 27 Female 

3 Paper III TLE 18 Male 

4 Paper III TLE 4 Female 

5 Paper III TLE 43 Female 

Lentiviral constructs and virus generation 

In paper I and paper II, the following lentiviral constructs were used: lentivirus vector 
hSyn-hChR2(H134R)-mCherry-WPRE (obtained by cloning at the lab from Addgene 
#20945, a gift from Karl Deisseroth [141]); and for the doxycycline-inducible Tet-On 
system: lentivirus vector FUW-TetO-Ascl1-T2A-puromycin (Addgene #97329), 
lentivirus vector FUW-TetO-Dlx2-IRES-hygromycin (Addgene #97330), and 
lentivirus vector FUW-rtTA (Addgene #20342), all gift from Marius Werning [81]. 
The lentiviral particles were produced using PEI for transfection of 293T cells in a 
biosafety level 2 environment as previously described [142]. 

In paper IV, the pCCL_EF1a-mCh and pCCL_EF1a-GDNF-mCh plasmids were 
generated by Cristina Salado Manzano at CIEMAT (Madrid, Spain), and donated by 
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Dr. Josep M. Canals Coll from Universitat de Barcelona. The viral particles were 
produced at the Viral Vector service of Centro Nacional de Investigaciones 
Cardiovasculares (Madrid, Spain), by co-transfecting 293T cells with the lentiviral 
plasmid and a packaging plasmid. 

Differentiation of hESCs into inhibitory GABAergic neurons 

In paper I and paper II, GABAergic interneurons were derived from H1 ESCs, which 
were transduced with Tet-On system lentiviral particles and ChR2-mCherry lentivirus 
before differentiation. The induced GABAergic interneurons were generated as 
described in Yang et al. (2017) [81], with some modifications. Briefly, for starting the 
differentiation protocol, 60-70% confluent cells were treated with Accutase (Stem Cell 
Technologies) and plated as single cells in 6-well plates (~3–5x105 cells/well) at day in 
vitro (DIV) 0. Cells were seeded on plates coated with Matrigel (Corning), in mTeSR1 
containing 10 mM Y-27632 (Stem Cell Technologies). On DIV 1, the culture medium 
was replaced with N2 medium consisting of DMEM/F12 supplemented with 1% N-2 
Supplement (both Gibco), containing doxycycline (2 g/L, Sigma-Aldrich) to induce 
the Tet-On gene expression. The culture was kept in the same medium for one week. 
At 2 DIV, a drug-resistance selection period was started by adding puromycin (0.5 
mg/mL, Gibco) and hygromycin (750 mg/mL, Invitrogen) to the fresh media. At 5 
DIV antibiotics were removed and cytosine-D-arabinofuranoside (Ara-C, 4 M, Sigma-
Aldrich) was added to fresh media. On day 7 of the differentiation, cells were detached 
into a single-cell suspension using Accutase or TrypLE Express Enzyme (Gibco) and 
used for either continued differentiation in vitro, co-culture with human primary cells 
and in vitro grafting in organotypic human slices (paper I), or in vivo grafting in nude 
rats (paper II). The different uses are summarised in Figure 9. 
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Figure 9. Illustration of the generation of hdInt precursors and their uses. H1 ESCs are transduced by lentiviral 
particles containing the transcription factors Ascl1 and Dlx2 together with the ChR2-mCherry lentivirus. After 7 
days of differentiation induced by doxycycline, hdInt precursors are used either for continued differentiation in 
vitro with mouse primary glia or human primary cortical cells, or for grafting onto human tissue from patients 
with epilepsy or into the hippocampi of epileptic rats. ESCs, embryonic stem cells; DIV, days in vitro; ChR2, 
channelrhodopsin-2; hdInt, human ESC-derived interneuron. 

For continued differentiation in vitro, detached cells were plated together with mouse 
primary glial cells on Matrigel-coated glass coverslips in 24-well plates (3-5x105 and 
5x104 cells/well respectively). The medium was replaced with Growth medium 
consisting of Neurobasal medium supplemented with 5% FBS, 2% B27, and 1% 
GlutaMAX. The cultures were kept in the same medium until analysis at 25 DIV, 35 
DIV, or 49 DIV, with half of the medium being exchanged every 2–3 days. 
Additionally, from ~10 DIV, Ara-C was added to the medium to inhibit glial cell 
proliferation, and from 15 DIV, BDNF (14 ng/ml, R&D Systems) was added. 
Importantly, doxycycline was withdrawn from the medium at 14 DIV. For co-culture, 
detached hdInt precursors were seeded onto human primary cortical cells at a density 
of 15x104 cells/well. Then, both cell types were cultured together following the same 
differentiation protocol for 4 weeks. For in vitro grafting, after seeding the cells, the 
human tissue organotypic cultures were kept for 30 min in the incubator in an air-



43 

liquid interface, and afterwards, media was added on top to cover the surface. The 
cultures were kept in the BrainPhys based medium as mentioned above until the time 
point of analysis (4 to 6 weeks), with the addition of doxycycline for 1 week. 

Stereotaxic surgeries 

Cell grafting 

Cell transplantation surgeries in paper II were performed 4 weeks post-SE. HdInt 
precursors were dissociated at 7 DIV using TrypLE Express Enzyme (Gibco), 
centrifuged, resuspended to a concentration of 100.000 cells/µl in HBSS (Gibco) 
containing 10 mM Y-27632 and DNase I Solution (1 g/ml, Stem Cell Technologies), 
and kept on ice until grafting. The cell suspension was then injected stereotaxically in 
the hippocampi of epileptic nude rats under isoflurane anaesthesia. Cells were injected 
bilaterally with the following coordinates from bregma: anterior-posterior (AP) -6.2 
mm, medial-lateral (ML) ±5.2 mm, dorsal-ventral (DV) -6.0, -4.8 and -3.6 mm. In 
total, 3 µl of cell suspension per hippocampus were delivered; 1 µl at each DV 
coordinate (600.000 cells per animal). To continue the hdInt differentiation in vivo, 
animals were given doxycycline in drinking water (1 mg/ml, 0.5% sucrose) for two days 
before and four weeks post-transplantation (PT). Cells remaining after grafting were 
re-plated on Matrigel-coated coverslips in 24-well plates and cultured in N2 medium 
overnight, until being fixed with 4% PFA containing 0.25% glutaraldehyde, and 
analysed by immunocytochemistry. 

For cell transplantations in paper IV, hiAD-MSCs were thawed and after 2 days in 
culture detached and resuspended, following the same procedures as above. The cell 
suspension was injected bilaterally into the hippocampi of Sprague Dawley rats 16-24 
hours after SE. The injection procedure was identical to the one described above with 
a slight change in coordinates: AP -5.6 mm, ML ±5.0 mm, DV -6.0, -4.8 and -3.6 
mm. Electrodes and a transmitter for video-EEG monitoring were implanted directly 
after cell transplantation during the same surgical procedure. 

Electrode implantation 

In paper II and paper IV, electrodes and transmitters for wireless video-EEG monitoring 
were implanted in a subset of animals. The procedure was performed mostly as 
described previously [143]. Briefly, the transmitter (F40-EET, Data Sciences 
International, MN, USA) was inserted in a subcutaneous pocket on the rat’s back. One 
stainless steel electrode (Plastics One, Roanoke, VA, USA), soldered to the wire of the 
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transmitter, was implanted in the right hippocampus with the same coordinates as used 
for the cell injections. The second electrode was placed on top of the dura mater above 
the motor cortex. Two reference electrodes were placed on the dura mater, 2 mm rostral 
to the lambda. One stainless screw was attached to the skull bone to secure the electrode 
assembly by dental cement. After suturing and disinfecting the wound, the animals 
were injected with a Ringer/glucose (25 mg/ml) solution (1:1 ratio) and returned to 
housing cages supplied with wet food. Animals were weighed every day for a week after 
implantation and afterwards once per week. 

Seizure monitoring 

To start the video-EEG monitoring, the rat cages were individually placed on top of 
receiver units (Data Sciences International, MN, USA), and the wireless transmitters 
were activated by a magnet. Four cameras (Axis, Sweden) were used to continuously 
record video footage of the animal activity. Seizures were then detected offline in 
NeuroScore (Data Sciences International, MN, USA), where EEG traces were 
correlated to the video recordings. A scheme of the recording setup is illustrated in 
Figure 10. 

 

Figure 10. Video-EEG recording setup. The receiver platform wirelessly receives the EEG signal from the 
transmitter, which is activated by a magnet. The electrode placement in the rat’s brain is depicted in the 
magnification – a depth electrode is placed in the hippocampus, a surface electrode is placed above the motor 
cortex. Cameras record the behaviour of the animals. The EEG and the video traces are recorded and stored 
together. 

In paper II, seizures were detected mostly by only video monitoring (without EEG 
recordings). The same camera setup was used, and only behavioural seizures were 
retrospectively visually evaluated. 
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Behavioural analysis 

In paper IV, several behavioural tests were performed to assess whether the therapeutic 
intervention with MSCs had a restoring effect on epilepsy-associated behavioural 
alterations. For performing and analysis of the tests, ANY-maze software (Stoelting) 
was used. The open-field test was used for anxiety and locomotion measurements. In 
1x1 m, arenas the first 15 minutes of the test were analysed for anxiety related behaviour 
and the last 15 minutes for locomotion. The session was considered as a habituation 
stage for the simple novel object recognition test on the following day. During the 
learning phase, animals were placed in arenas containing two identical objects. After a 
3-hour break, one of the two objects was exchanged for a novel one and the animals 
were placed back in the arena to monitor the time they spend exploring the different 
objects. 

Electrophysiology 

In papers I, II and III, various electrophysiological recordings were performed. For 
whole-cell patch-clamp recordings of cells grown in culture in paper I, glass coverslips 
were used for continuing the hdInt differentiations from DIV 7. The coverslips 
containing the cells were transferred to the recording chamber filled with artificial 
cerebrospinal fluid (aCSF) consisting of (in mM): 129 NaCl, 21 NaHCO3, 10 glucose, 
3 KCl, 1.25 NaH2PO4, 2 MgSO4, and 1.6 CaCl2 (all from Sigma-Aldrich), adjusted to 
300–310 mOsm, pH 7.4, heated to 32 °C, and continuously bubbled with 95% O2 
and 5% CO2. 

For recordings performed in paper II and paper III, hippocampal slices were used. The 
animals were briefly anaesthetized with isoflurane and decapitated. Brains were rapidly 
removed and transferred to an ice-cold cutting aCSF solution containing (in mM): 75 
sucrose, 67 NaCl, 26 NaHCO3, 25 D-glucose, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 7 
MgCl2 (all from Sigma-Aldrich), equilibrated with 95% O2 and 5% CO2), with a pH 
~7.4 and osmolarity ~300 mOsm. The brains were cut in the ice-cold solution on a 
vibratome into 300 µm thick quasi-horizontal hippocampal slices, which were then 
transferred to recording aCSF containing (in mM): 118 NaCl, 2 MgCl2, 2 CaCl2, 2.5 
KCl, 26 NaHCO3, 1.25 NaH2PO4, 10 D-glucose. Slices were incubated in this 
solution for 30 min at 34 °C and then kept at room temperature (RT) until recording. 

For studying the effect of GDNF in paper III, hippocampal slices were incubated for 1 
hour in recording aCSF, either with or without including 2 nM of mouse GDNF 
(Sigma-Aldrich). Alternatively, the slices were incubated with 10 µM XIB4035 (Sigma-
Aldrich), 1 µM PP2 (Tocris), 0.1% DMSO control aCSF, GDNF 2 nM with 0.1% 
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DMSO, or a combination of the above. After the incubation period, slices were 
immediately used for recordings or processed for protein extraction. 

Whole-cell patch-clamp 

The whole-cell patch-clamp recording method was used in papers I, II and III. This 
method allows investigation on a single-cell level, where one can study membrane 
properties, visualise currents flowing across the membrane, or assess the response of the 
cell to various drugs or stimulations in real-time. Briefly, a single cell is approached 
with a patch pipette filled with an electrolyte solution and a recording electrode 
connected to an amplifier. After forming a GΩ seal on the membrane surface of the 
cell, suction is applied through the pipette and the seal is ruptured, allowing access to 
the intracellular compartment. 

The individual cells were visualized using infrared differential interference contrast 
video microscopy (BX51WI; Olympus). hdInts in paper I and paper II were identified 
under 520 nm fluorescent light for mCherry+, and for a subset of experiments in paper 
I, human primary neurons were identified by green fluorescent protein (GFP) 
expression. The tip resistance of the glass pipettes used for approaching the cells was in 
the range of 2-6 MΩ, these were filled with a specific intracellular solution. For 
recording from hdInts in paper I the solution consisted of (in mM): 122.5 K-gluconate, 
17.5 KCl, 10 KOH-HEPES, 0.2 KOH-EGTA, 2 Mg-ATP, 0.3 Na3GTP, and 8 NaCl 
(pH 7.2–7.4, ~300 mOsm; all from Sigma-Aldrich). For recording from human 
primary neurons, the solution contained (in mM): 140 KCl, 10 HEPES, 0.2 EGTA, 4 
Mg-ATP, 0.4 Na3GTP, and 10 NaCl (pH 7.2–7.4, ~300 mOsm). The same 
intracellular solution was used in paper II for all recordings. For recordings from mid-
distal CA1 pyramidal neurons in paper III, the pipette solution contained (in mM): 
135 CsCl, 8 NaCl, 0.2 CsOH-EGTA, 10 CsOH-HEPES, 2 MgATP, 0.3 Na3GTP, 5 
QX-314. Biocytin (0.5–1 mg/ml, Biotium) was additionally dissolved in all 
intracellular solutions for retrospective identification of the recorded cells. All 
recordings were performed using a HEKA EPC9 or EPC10 amplifier (HEKA 
Elektronik) and sampled at 10 kHz with a 3 kHz Bessel anti-aliasing filter while using 
PatchMaster software for data acquisition. For offline analysis, Igor Pro (Wavemetrics) 
and Python were used. 

Passive membrane properties 
In paper I, the resting membrane potential (RMP) was determined in current-clamp 
mode at 0 pA immediately after whole-cell configuration was established. Series 
resistance (Rs) and input resistance (Ri) were calculated from a 5-mV pulse of 100 ms 
duration, applied through the patch pipette. In paper II a series of these pulses was used 
to estimate RMP, Rs, Ri, and cell membrane capacitance (Cm). To determine the 
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ability to fire action potentials (APs), 500 ms current steps ranging from -40 pA to 200 
pA in 10 pA steps were applied while holding the cell membrane potential at 
approximately -70 mV. To measure the AP properties, 1-s long linear ramp currents 
were injected into the cells, ranging from 0-25 pA up to 0-500 pA. Sodium and 
potassium currents were evoked by a series of 100-ms long voltage steps ranging from 
-90 mV to +40 mV in 10 mV steps. 

Spontaneous synaptic activity 
Spontaneous postsynaptic currents (sPSCs) were recorded at -70 mV. The events were 
then detected automatically and analysed offline using a custom Python script [144]. 
To avoid potential artefacts, events with a correlation coefficient to a generated PSC 
template lower than 0.6 were excluded from the analysis, as well as those with 
amplitude lower than 3 pA and rise-time higher than 5 ms. Additionally, in paper I, 
events with decay-time longer than 20 ms or shorter than 1.5 times the rise-time of the 
event were also excluded. In paper III events with 20-80% rise time longer than 5 ms 
and halfwidth shorter than the 20-80% rise time were excluded instead. 

Optogenetics 
Optogenetics was used to study the formation of functional efferent synapses from 
hdInts towards “host” neurons in culture or tissue. In both paper I and paper II, ChR2 
was expressed in the hdInts under the synapsin promoter. ChR2 is a light-gated ion 
channel that upon exposure to blue-light acts as a cation channel. Its expression in 
neurons allows for specific activation of these cells. In both studies to depolarise the 
ChR2-expressing hdInts blue light (460 nm) was applied with a LED light source 
(Prizmatix, Israel). The light was delivered either for a duration of 500 ms or by 5 pulses 
of 3 milliseconds separated by 97 ms intervals. The efferent synaptic connection 
towards a recorded host cell was then detected as a postsynaptic current with a specific 
delay from the light pulse onset. See Figure 11 for a schematic illustration. 
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Figure 11. Use of optogenetics for the detection of efferent synapses from hdInts towards host neurons. The 
ChR2-expressing hdInt is activated by 460 nm (blue) light, which changes the conformation of the ChR2 molecule 
in the cell’s membrane and allows the flow of cations across the membrane. This triggers depolarisation of the 
hdInt which leads to firing an AP. The AP propagates to the synaptic regions and causes the release of a 
neurotransmitter (in our case GABA), which then signals to the synaptically connected neuron. The connected 
neuron receives the signal through its neurotransmitter receptors (in our case GABAergic) expressed in the 
postsynaptic region, this then leads to the opening of ion channels on the cell membrane which we can detect 
as PSCs when recording from the cell. ChR2, channelrhodopsin-2; mCh, mCherry; AP, action potential; PSC, 
postsynaptic current. 

Drugs 
For whole-cell patch-clamp recordings various drugs were used to investigate synaptic 
activity and membrane properties of the recorded cells. The drugs and their 
concentrations are summarised in Table 2. 

Table 2. Drugs and concentrations. PTX, picrotoxin; GABA, g-amminobutyric acid; D-AP5, (2R)-amino-5-
phosphonovaleric acid; NMDA, N-methyl-D-aspartate; NBQX, 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo-
quinoxaline-2,3-dione disodium salt; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid; TTX, 
tetrodotoxin; TEA, tetraethylammonium. 

Drug Function Concentration 

PTX GABA receptor blocker 100 μM 

D-AP5 NMDA receptor blocker 50 μM 

NBQX AMPA receptor blocker 10 μM 

TTX Sodium channel blocker 1 μM 

TEA Potassium channel blocker 10 mM 

 

Local field potential recordings of epileptiform activity 

In paper II the effect of grafted hdInts on epileptiform activity was tested on 
hippocampal slices by blue-light application. The epileptiform activity was induced by 
either high-K+ aCSF or zero-Mg2+ aCSF. The high-K+ aCSF contained (in mM): 118 
NaCl, 2 MgCl2, 2 CaCl2, 26 NaHCO3, 1.25 NaH2PO4, 10 D-glucose and 7.5 to 9.5 
KCl. The zero-Mg2+ was identical but contained no MgCl2 and only 2.5 KCl. Local 
field potentials (LFPs) were recorded by glass pipettes with 1-3 MΩ of resistance filled 
by the same aCSF. The pipette was placed near the graft and where the epileptiform 
discharges were most prominent. The LFPs were recorded using the same amplifier and 
sampling rate as for whole-cell patch-clamp recordings. The epileptiform discharges 
were detected and analysed offline using a custom-made script in Matlab. 
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Immunological methods 

Immunocytochemistry, immunohistochemistry, and imaging 

We used immunostainings in all the studies included in the thesis for detecting various 
proteins of interest. For more detailed protocols see the methods sections of the 
respective papers. 

Generally, when staining cells (paper I, II and IV), they were washed by phosphate-
buffered saline (PBS) and fixed for 10-30 mins by 4% PFA before starting the 
procedure. When staining tissue sections either whole 300 µm slices from the 
vibratome were used after overnight fixation in 4% PFA (paper I, II and III), or they 
were sub-cut into 30 µm sections on a microtome (paper II and III). For all GABA 
stainings, 0.25% glutaraldehyde was added to the PFA solution. In paper IV, tissue was 
collected directly for these experiments. Rats were anaesthetised and perfused with 
0.9% ice-cold saline, followed by ice-cold 4% PFA, the brains were extracted and fixed 
in the same PFA solution overnight. After at least 2 days of incubation in 25% sucrose, 
the brains were cut into 30 µm sections on a microtome. Sections not used directly for 
stainings were kept in a glycerol based anti-freeze solution at -20 °C. 

For starting the staining procedures, after thorough washing, the samples were 
incubated in a blocking solution to prevent unspecific antibody binding. This solution 
consisted of 5-10% serum specific for the secondary antibody in PBS with 0.25% 
Triton-X. In some cases, permeabilization (paper I) or antigen retrieval (paper III) was 
performed before the blocking step. After 1-2 hours of blocking, samples were 
incubated with primary antibodies diluted in the same blocking solution, either 
overnight or for 48 hours at 4 °C (300 µm slices), for enzymatic stainings overnight at 
RT. After washing off the primary antibody solution, in some cases a second blocking 
step was included, otherwise, samples were incubated with secondary antibodies for 
1.5-2 hours (or 24-48 hours at 4 °C for 300 µm slices) either fluorophore-conjugated 
to allow for fluorescent detection (AlexaFluor Plus 488/555/647, 1:500-1000, Thermo 
Fisher Scientific) or biotinylated for streptavidin amplification or diaminobenzidine 
(DAB) detection (1:200, Vector Laboratories). In some cases, for signal amplification 
and visualisation of patched biocytin-filled cells, streptavidin-conjugated fluorophores 
were used (1:2000, Jackson Immunoresearch). For DAB detection, sections were then 
incubated with peroxidase-conjugated avidin-biotin (ABC) kit solution for 1 hour 
(Vectastain ABC kit), washed thoroughly and then revealed by peroxide-catalysed DAB 
precipitation (ImmPACT DAB Peroxidase Substrate, both from Vector Laboratories). 
After washing, tissue sections were mounted on gelatine-coated slides. DAB-revealed 
sections were dehydrated in an ascending series of alcohols, cleared with xylene and 
coverslipped with Pertex mountant. Immunofluorescent samples were 
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mounted/coverslipped with PVA-DABCO. Cell nuclei were stained with 
Hoechst/DAPI either by including it in PBS in the last washing step before mounting 
or directly in the mounting media (1:1000). For detailed information of antibodies and 
dilutions used, see Table 3. Images were acquired either by confocal microscopy (Nikon 
Confocal A1RHD) or by epifluorescence or brightfield microscopy (Olympus BX61). 

Table 3. Summary of primary antibodies. 
Antibody Host Company Cat. No. Dilution 

Oct4 Rabbit Abcam ab19857 1:500 

MAP2 Chicken Abcam ab5392 1:2000 

MAP2 Mouse Sigma-Aldrich M2320 1:500 

mCherry Chicken Abcam ab205402 1:2000 

GABA Rabbit Sigma-Aldrich A2052 1:2000 

GAD65/67 Rabbit Sigma-Aldrich G5163 1:500-1000 

CB Rabbit Swant CB-38a 1:1000 

CR Rabbit Swant CR-7697 1:1000 

PV Mouse Swant PV235 1:1000 

SST Rat Millipore MAB354 1:100 

NPY Rabbit Sigma-Aldrich N9528 1:5000 

CCK Rabbit Sigma-Aldrich C2581 1:1000 

GFAP Mouse Sigma-Aldrich G3793 1:150 

TH Mouse Millipore MAB318 1:200 

vGlut1 Mouse Synaptic Systems 135511 1:200 

KGA Rabbit Abcam ab93434 1:1000 

STEM121* Mouse Takara Bio Y40410 1:400 

Sox2 Rabbit Abcam ab97959 1:1000 

Ki67 Rabbit Novocastra NCL-Ki67p 1:250 

Nestin Mouse Abcam ab6142 1:500 

β-III-tubulin Rabbit Abcam ab18207 1:1000 

Gephyrin Rabbit Synaptic Systems 147011 1:500 

Synaptophysin** Mouse Abcam ab8049 1:50 

Syndecan 3** Rabbit Proteintech 10886-1-AP 1:50 

Ret*** Rabbit Abcam ab134100 1:200 

Phospho-Ret*** Rabbit Sigma-Aldrich SAB4504530 1:200 

Fyn*** Rabbit Cell Signaling Tech. 4023 1:500 

Phospho-Fyn*** Rabbit Abcam ab182661 1:500 

CD68/ED1 Mouse Bio-Rad MCA341R 1:200 

*, Streptavidin amplification used for immunofluorescence; **, used for array tomography; ***, used for 
western blot. 

 

In paper III, array tomography was used for the detection of specific proteins expressed 
in the mouse hippocampus. The staining procedure varies from the one described above 
and is described in the Methods section of the paper. 

For osteocyte and adipocyte stainings in paper IV, different staining procedures were 
used. After fixation cells were thoroughly washed with distilled water. For osteocyte 
staining, cells were incubated with 2% Alizarin-Red Staining Solution (Sigma-Aldrich) 
for 2-3 minutes, then rinsed well with water. For adipocyte staining, cells were 
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incubated with 60% isopropanol, then incubated with Oil Red O solution (Sigma-
Aldrich) for 15 mins and washed thoroughly with water. Images were acquired on an 
inverted microscope (Olympus CKX53). 

Image analysis was done using ImageJ (NIH) or Python. The specific procedures are 
described in the methods sections of the respective papers. 

Western blot 

In paper III, a subset of 300 µm vibratome slices which were incubated in different 
conditions (see electrophysiology section) was used for protein quantification by 
Western blot. Tissue was collected into cold N-PER Neuronal Protein Extraction 
Reagent containing Halt Protease and Phosphatase Inhibitor Cocktail (Thermo 
Scientific), homogenized, and kept on ice for 10 minutes. Afterwards, samples were 
centrifuged for 10 minutes at 10.000 g at 4°C, supernatants were collected, aliquoted 
and stored at -80°C. 

To measure protein concentrations in the samples, a Pierce BCA Protein Assay Kit was 
used (Thermo Scientific). Samples were then denatured at 95 °C for 5 minutes in Bolt 
LDS Sample Buffer containing Bolt Sample Reducing Agent (Invitrogen). To run 
SDS-PAGE 30 ug of protein per sample loaded on Bolt 4-12% Bis-Tris Gels with Bolt 
MES SDS Running Buffer (Invitrogen) and PageRuler Plus Prestained Protein Ladder 
(Thermo Scientific). After electrophoresis, gels were blotted onto PVDF membranes 
using Trans-Blot Turbo Mini PVDF Transfer Packs and the Trans-Blot Turbo 
Transfer System (Bio-Rad) on a High MW program. The membranes were then 
directly fixed with 0.4% PFA for 30 minutes and then thoroughly rinsed with water. 
After washing with tris-buffered saline (TBS) containing 0.1% Tween 20 (TTBS), the 
membranes were blocked in TTBS containing 5% skim milk for 90 minutes at RT and 
then incubated with primary antibodies diluted in TTBS containing 1% Bovine Serum 
Albumin (BSA) overnight at 4°C. Primary antibodies and their used concentrations are 
summarized in Table 3. The next day membranes were washed, incubated in blocking 
solution containing anti-rabbit HRP-coupled secondary antibodies and Anti-beta Actin 
antibody (HRP-coupled; Abcam, ab49900) for 90 minutes at RT and thoroughly 
washed after. Membranes were then exposed to SuperSignal West Pico PLUS 
Chemiluminescent Substrate (Thermo Scientific) and signals were detected using a 
ChemiDoc Imaging System (Bio-Rad). In some cases, membranes were stripped using 
Restore PLUS Western Blot Stripping Buffer (Thermo Scientific) and re-stained with 
total protein antibodies. Levels of total and phosphorylated proteins were estimated by 
measuring band intensities with Image Lab Software (Bio-Rad). For Phospho-Ret and 
Ret analysis, the combination of the two bands was considered as total Ret, for 
Phospho-Fyn and Fyn analysis the Fyn band was considered as total Fyn due to the 
identical molecular weight. In all cases, beta-actin was used as a loading control. 
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Enzyme-linked immunosorbent assay 

In paper IV, ELISA was used to measure the amount of GDNF release from the MSC 
lines. The culture media was collected 3 days after plating the cells leftover from cell 
injections. The levels of GDNF were quantified using a commercially available kit 
(GDNF Human ELISA Kit, Invitrogen). 

Gene expression analysis 

In paper I, the expression of certain genes related to different stages of 
neurodevelopment and neuronal subtypes was evaluated using RT-qPCR. RNA was 
extracted from cells using RNeasy mini kit (Qiagen) and then reversed to cDNA using 
Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Fisher Scientific). 
The obtained cDNA was mixed with PowerUp SYBR Green Master Mix (Thermo 
Fisher) before running the qPCR. A complete list of the genes and primers used is 
available within the supplementary information of paper I. Data were represented using 
the ΔCt method, in which all gene expression values are calculated as the average change 
based on two different housekeeping genes (ACTB and GAPDH). 

Data analysis and statistics 

Statistical analysis was performed in Prism (GraphPad), Python (Intel) or Statistica 
(TIBCO). Generally, for data normally distributed an unpaired t-test was used, when 
the normality of data was not confirmed, the Mann-Whitney test was used instead. For 
paired data, the Wilcoxon test was used, while multiple paired comparisons were 
performed using the Friedman test with Dunn’s post hoc test. The binomial test, the 
Chi-square test or the Fisher’s exact test were used for proportion comparisons. 
Spearman correlation was used for exploring the relationship between two variables. 
One-way ANOVA with Tukey’s post hoc test (for normally distributed data) or 
Kruskal-Wallis with Dunn’s post-hoc test was used for comparing more than two 
groups together. Linear or non-linear regression was used for the comparison of data 
with fitted curves. For all these tests, the level of significance was set to p<0.05. For the 
Kolmogorov-Smirnov test, which was used to compare cumulative probability 
distributions, the level of significance was set to p<0.01.  
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Results 

The overall aim of this thesis was to reduce seizure activity in animal models of epilepsy 
by increasing inhibition within the hippocampal circuitry. In the first half of the thesis, 
we investigated the inhibitory potential of hESC-derived GABAergic interneurons 
(papers I and II), and in the second half, we assessed the inhibitory effects of GDNF 
(papers III and IV). For more detailed results, I kindly refer the reader to the respective 
papers. 

GABAergic interneurons generated from human ESCs 
integrate into human neuronal networks in vitro 

In paper I, we established the protocol to generate GABAergic interneurons from 
hESCs in the lab by following a published method [81] and introducing some 
modifications. Firstly, we thoroughly examined the phenotype and electrophysiological 
properties of the generated cells across 49 days of differentiation. Secondly, we 
investigated whether they are able to form functional efferent synapses towards human 
neurons in primary culture and resected tissue from patients with epilepsy. 

Human ESCs rapidly differentiate into GABAergic interneurons with electrophysiological 
properties maturing over time 
Together with a clear morphological change of the cultured cells, the switch from a 
pluripotent stem cell state towards a neuronal phenotype was observed on the gene 
expression level. A fast reduction of pluripotency markers was observed during the first 
week of differentiation together with a steady increase in neuronal and GABAergic 
markers over the whole differentiation period. To accompany the gene expression 
results, immunocytochemistry at the final stages of the differentiation revealed that 
87% of MAP2+ cells (a neuronal marker) were positive for GABA together with a 
similar number of cells being positive for GAD65/67, another marker of GABAergic 
neurons. A very small number of cells were deemed glutamatergic or dopaminergic. 
Within the whole GABAergic population, two interneuron subtypes were 
predominant, i.e., interneurons expressing calretinin (CR) and calbindin (CB). Cells 
expressing CR represented 29% of the population, while CB-expressing cells accounted 
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for 36% of the GABAergic cells. Other interneuron subtypes, such as somatostatin-, 
neuropeptide-Y- or parvalbumin-expressing interneurons, were rarely spotted (<1%). 

To assess the functional maturation of the hdInts and confirm their GABAergic nature 
on the synaptic level, individual cells within the cultures were subjected to whole-cell 
patch-clamp recordings. The cells were examined at 25, 35 and 49 DIV and clear signs 
of their functional maturation over time in vitro were observed, such as higher resting 
membrane potentials (RMP) at the later timepoints or increased number of cells able 
to fire induced action potentials (APs), these having higher amplitudes, faster rise times 
and larger afterhyperpolarisation (AHP) amplitudes. The observed changes were 
correlated to an increased expression of functional voltage-dependent sodium and 
potassium channels on the cell membrane, as shown by larger induced currents at the 
later time points. In addition to the mentioned parameters, spontaneous postsynaptic 
currents were analysed. An increase in the number of detected postsynaptic events at 
the latest time point indicated continuous formation of new synapses within the 
neuronal network, and importantly, these currents were diminished by the application 
of picrotoxin (PTX), a GABA receptor blocker, while blocking glutamatergic receptors 
had no such effect. These results further support the claim that the generated cells are 
mostly GABAergic, as suggested by gene expression and immunocytochemistry 
analyses. 

HdInts form functional efferent synapses onto human neurons in vitro 
Synaptic integration of the hdInts into a previously established human neuronal 
network was investigated in two separate sets of experiments: (i) co-culture with human 
primary neurons from aborted foetuses and (ii) grafting onto cultured slices from brain 
resections from patients with epilepsy. 

The hESCs used for hdInt generation were transduced by a ChR2-mCherry lentivirus 
prior to differentiation. This allowed us to specifically activate the hdInts with blue 
light while recording from a “host” cell nearby and detect efferent postsynaptic 
currents. Indeed, after delivering a blue-light pulse these postsynaptic currents were 
observed in human primary neurons after 4 weeks of co-culture with hdInts. The 
application of PTX blocked these synaptic responses indicating that the formed 
synapses were of an inhibitory nature. Correspondingly, when grafting the hdInts onto 
human tissue, already at 4 weeks post-transplantation (PT), similar postsynaptic 
currents emerging after blue-light activation of the hdInts were detected when 
recording from host neurons. These were then readily blocked by PTX as in the co-
culture with human primary neurons. These results add to the previously described 
morphological and functional maturation of the hdInts into inhibitory neurons and 
demonstrate that they can integrate into human neuronal networks on a synaptic level. 
These cells could be therefore considered as a promising resource for the future 
development of cell-based therapies for epilepsy. 
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GABAergic interneurons generated from human ESCs 
suppress seizure activity in the epileptic rat brain 

In the next study (paper II) we asked whether grafted hdInts could suppress 
spontaneous recurrent seizures (SRSs) in rats with modelled TLE. Additionally, we 
investigated their functional maturation and formation of efferent connections in the 
epileptic rat hippocampus over time and tested whether optogenetic activation of the 
cells is sufficient for reducing epileptiform activity in the rat hippocampal slices. 

Grafted hdInts functionally mature in the epileptic rat hippocampus over time and form 
efferent synapses 
As in paper I, whole-cell patch-clamp recordings were utilized to investigate the 
maturation of the hdInts over time. In this study, hdInt precursors were transplanted 
into the rat hippocampus 4 weeks after KA-SE, and the grafted cells were analyzed at 
two time points, 3 months PT and 6 months PT. Already at the earlier time point, all 
the recorded grafted hdInts were able to fire induced APs, however, the AP amplitudes 
were larger at 6 months PT, the threshold was lower, duration shorter and AHP 
amplitude higher. Together with the higher RMP of the recorded cells at the later time 
point, these changing properties indicated progressive functional maturation of the 
grafted hdInts in the epileptic rat hippocampus. Additionally, these changes 
corresponded to the increased sodium and potassium currents recorded at 6 months 
PT, which indicated a higher number of the functional ion channels on the cell 
membrane. Spontaneous postsynaptic currents were analyzed as well to explore the 
synaptic integration of the grafted cells into the rat hippocampal network. As expected, 
cells at the later timepoint received more synaptic inputs as shown by a higher frequency 
of events. These currents furthermore displayed faster rise times and higher amplitudes. 
Taken together these results show that over time the hdInts functionally mature in the 
epileptic hippocampus and integrate more into the neuronal network with time. 

To complement these data, we used the expression of ChR2 in the grafted cells to 
investigate the formation of efferent synapses from the grafted hdInts onto host neurons 
within the rat hippocampal slices. As in paper I, postsynaptic currents induced by the 
blue-light mediated activation of hdInts were detected when recording from host 
neurons. These currents were more abundant at the later time point of analysis, 
suggesting that the grafted hdInts form more efferent synapses over time. Interestingly, 
these efferent connections were observed also between two hdInts, with the same 
progression of synapse formation across the two time points. Importantly, the 
GABAergic nature of the efferent synapses was verified. The application of PTX at both 
timepoints resulted in the currents being blocked whether it was a graft-to-host or graft-
to-graft synaptic connection. These results show that the grafted hdInts functionally 
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connect with each other as well as with host neurons and that the formed efferent 
synapses are indeed inhibitory. 

The hdInt population in the rat epileptic hippocampus comprises mostly of two 
interneuron subtypes 
In addition to electrophysiological experiments, the hippocampal slices from epileptic 
rats were subjected to immunohistochemical analysis at both 3 and 6 months PT to 
further assess their phenotype. As mentioned in the results of paper I, the GABAergic 
cell population generated in vitro was comprised of mainly CB- and CR-expressing 
interneurons. Immunohistochemistry of the in vivo grafted hdInts revealed that also, 
in this case, these two interneuron subtypes represented the vast majority of the cell 
population at both time points of analysis, with slightly more CR+ cells at 6 months 
PT. At 3 months PT CB-expressing cells represented 37% of STEM121+ cells (human 
cell marker) and at 6 months PT 38%. CR-expressing cells accounted for 32% of 
STEM121+ cells at 3 months PT, while at 6 months PT the percentage was slightly 
higher, i.e., 38%. The hippocampal slices with hdInt grafts were also stained for GABA. 
As it was not possible to count individual cells in this case the overall fluorescence levels 
were examined with the graft area having clearly higher levels than the surrounding 
tissue. These data from immunohistochemistry contribute to the previous 
electrophysiology results, further supporting that the grafted cells mature into 
GABAergic interneurons in vivo. 

Optogenetic activation of hdInts in hippocampal slices reduces epileptiform activity 
Local field potential recordings were used at 6 months PT to investigate whether the 
grafted hdInts have an inhibitory effect after their optogenetic activation. Firstly, 
epileptiform discharges were induced in the tissue and then by administering a pulse of 
blue light the hdInts were activated. During these light stimulation periods, the rate of 
the epileptiform discharges was diminished suggesting that GABA release from the 
grafted interneurons has an inhibitory effect in the epileptic tissue. 

Grafted hdInts reduce spontaneous seizure frequency in vivo 
Lastly, we assessed the therapeutic effect of the cell transplantation in the TLE model 
used. This was done 4 months after inducing SE in rats by KA injections, with hdInt 
precursors being transplanted 4 weeks post-SE. To detect seizures, 7 days of 24/7 video 
recordings were analyzed. The results show that the therapeutic intervention reduced 
the frequency of SRSs in the epileptic animals by a median of 87%, compared to 
untreated controls, together with a significantly reduced total time spent in seizure. 

Taken together, the results from paper II suggest that the functional maturation of the 
grafted hdInts in the epileptic rat hippocampus, their formation of efferent inhibitory 
synapses towards the host cells, and their release of GABA within the hippocampal 
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network inhibits seizure activity in rats with KA-induced TLE. This approach could be 
used in the future for developing novel cell-based therapies for patients with refractory 
epilepsy. 

Glial cell line-derived neurotrophic factor increases 
inhibition in the hippocampus 

In several animal models of epilepsy, GDNF has been shown to suppress seizures. The 
mechanisms of how GDNF contributes to synaptic inhibition in the hippocampus were 
studied in paper III. In this study, we used mouse hippocampal slices and human 
hippocampal slices resected from epilepsy patients. Using whole-cell patch-clamp, 
immunohistochemistry, and western blot we investigated the effect of GDNF on 
GABAergic inhibitory transmission within the hippocampal neuronal network. 

GDNF increases inhibitory synaptic drive onto CA1 pyramidal neurons in the mouse and 
human hippocampus 
To study the effects of GDNF, mouse hippocampal slices were firstly incubated with 
GDNF and afterwards whole-cell patch-clamp recordings were performed from CA1 
pyramidal neurons. When comparing inhibitory postsynaptic currents (IPSCs) 
recorded from cells subjected to GDNF to those from control slices, an increased 
frequency and amplitude of these events was observed. Furthermore, GDNF seemed 
to increase the proportion of high amplitude/fast rise time events. This suggests an 
increase of inhibitory postsynaptic sites of the pyramidal neurons specifically in the 
perisomatic region. Similar results were obtained from human hippocampal slices from 
resections from patients with epilepsy, where a significant decrease in inter-event 
intervals was observed after GDNF incubation, however, with a slight decrease in the 
IPSC amplitudes. 

Contributing to these findings are the results from immunohistochemistry performed 
on the mouse slices, where staining against gephyrin (a postsynaptic marker of 
inhibitory synapses) was shown to have a higher density in slices incubated with 
GDNF. On the contrary, staining against parvalbumin and GAD65/67 did not 
resemble these differences. This further adds to the electrophysiology data, indicating 
that GDNF does not have an effect on the number of GABAergic pre-synapses, but 
rather increases the number of perisomatic inhibitory postsynaptic sites. 

The inhibitory effect of GDNF is mediated through the activation of the Ret pathway 
For investigating the involvement of different intracellular signalling pathways in the 
GDNF-mediated increase of inhibition several drugs were utilised. Specifically for the 
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Ret pathway the drug used was XIB4035, which is a positive modulator of the 
GFRa1/Ret pathway. Adding XIB4035 to the GDNF incubation increased both the 
frequencies and amplitudes of recorded IPSCs. When incubating slices with a supposed 
Ret antagonist SPP86 and GDNF, a decrease in inter-event intervals was detected, 
however, the amplitudes were lower. We concluded that these contrasting results may 
be due to the non-specificity of SPP86, which acts on multiple targets [145]. 

In addition to the electrophysiology data, the involvement of the Ret pathway was 
studied by quantifying the levels of phosphorylated Ret in protein samples from 
GDNF-incubated slices. Western blot analysis revealed higher levels of phosphorylated 
Ret after GDNF incubation, which was not further increased by the positive modulator 
XIB4035. The addition of the Ret antagonist SPP86 however returned the GDNF-
induced Ret phosphorylation to the control levels. Taken together, despite some 
contradictory outcomes, both the electrophysiology and western blot results point to 
the Ret pathway as the most likely mediator of the GDNF effect. 

Two alternative signalling pathways were also investigated for their possible 
contribution to the GDNF-mediated effect on inhibitory synaptic transmission. 
However, none of them has proven to have a significant role. The first was the 
Syndecan-3 pathway since it has been shown that it is expressed mostly in inhibitory 
interneurons [125]. Results from array tomography showed no detectable levels of 
Syndecan-3 staining in perisomatic inhibitory synapses targeting CA1 pyramidal 
neurons, nor in the pyramidal neurons themselves. Together with the low affinity of 
GDNF to Syndecan-3, these results imply no significant contribution of this pathway 
to the GDNF-mediated effect. The second investigated pathway alternative to Ret was 
the NCAM pathway. Activated NCAM signals through the phosphorylation of Fyn, 
therefore, we used PP2, an antagonist of the Fyn kinase, to explore the involvement of 
this pathway. Incubation with GDNF and PP2 resulted in decreased IPSC inter-even-
intervals and increased amplitudes, which would presumably be the opposite if the 
NCAM pathway was involved in the inhibitory effect of GDNF. Correspondingly, no 
significant differences were detected when comparing levels of phosphorylated Fyn in 
slices incubated with GDNF and GDNF with PP2. Taken together, in our 
experimental conditions these two signalling pathways don’t show that they 
considerably contribute to the GDNF-mediated increase in the inhibitory synaptic 
drive on pyramidal neurons, further supporting the involvement of the Ret pathway 
instead. 

To conclude the results from paper III, the data suggest that GDNF may be used in the 
future for developing novel treatment strategies for epilepsy based on its potentiating 
effect on GABAergic inhibitory transmission in the hippocampal network, which may 
counteract the increased excitability of an epileptic brain. 
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Epileptogenesis in rats is altered by human mesenchymal 
stem cells with and without GDNF release 

Utilising the knowledge from paper III, that GDNF potentiates inhibition in the 
hippocampus, in paper IV we asked whether introducing it as soon as possible after SE 
could modify the epileptogenesis process by preventing, delaying, or reducing SRSs in 
the KA-SE rat TLE model. For delivering GDNF to the hippocampus of these animals 
we used human adipose-derived MSCs engineered to release GDNF (GDNF-MSCs), 
and since MSCs alone have a reported therapeutical effect, we used the unmodified 
cells as a control (Ctrl-MSCs). 

Human mesenchymal stem cell transplantation attenuates seizure development during 
epileptogenesis and seizure frequency thereafter 
The MSCs were transplanted bilaterally into the hippocampi of Sprague Dawley rats 
16-24 hours after KA-SE induction, together with implanting cortical and 
hippocampal electrodes for recording EEG activity. This allowed us to monitor brain 
activity since the start of the epileptogenesis process. The animals were monitored for 
35 days. During this time, both GDNF-MSCs and Ctrl-MSCs had inhibitory effects 
on seizure occurrence. The treated animal groups were always compared to Sham 
animals, which went through the same surgical procedure but received only the 
transplantation media without cells. The transplantation of Ctrl-MSCs decreased the 
number of animals developing SRSs during the recording period and decreased the 
seizure occurrence rate. None of these parameters was however modified by GDNF-
MSC transplantation. Nevertheless, when analysing the seizure occurrence probability, 
the GDNF-MSCs had a beneficial effect in the first 2 weeks after transplantation, and 
on the contrary, the Ctrl-MSCs acted therapeutically in the last 3 weeks of the 
recording period. Therefore, the unmodified Ctrl-MSC transplantation resulted overall 
in a better outcome, since the beneficial effect of the GDNF-MSCs was limited only 
to the beginning of the epileptogenesis process. 

Next, the frequency of spontaneous seizures was analysed when they started to occur. 
When comparing to the median of the Sham animals, the Ctrl-MSCs lowered the SRS 
frequency while the GDNF-MSCs had no such effect. However, when looking closer 
at the intervals between individual seizures (inter-seizure intervals, ISIs), the GDNF-
MSC transplantation modified their distribution, prolonging a part of the ISIs. 

Epilepsy-related behavioural alterations are partially corrected by human mesenchymal 
stem cell transplantation 
When looking at the behaviour of MSC-treated and Sham animals, they were always 
compared to healthy rats, which did not undergo any procedure. The behavioural tests 
were performed after the 35 days of seizure recording. Sham animals had higher anxiety 
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levels compared to the healthy ones, whereas the anxiety levels of animals transplanted 
with MSCs, both Ctrl-MSCs and GDNF-MSCs did not differ from the healthy 
controls. However, the MSC treatment was not able to restore the locomotion 
alterations, such as higher distance travelled in the arena and faster speed. Nevertheless, 
the Ctrl-MSC transplantation did to some extent bring the short-term memory deficits 
back to healthy control levels. In summary, the behavioural tests used revealed that the 
unmodified Ctrl-MSCs partially normalised some epilepsy-associated alterations, 
particularly short-term memory deficits and higher anxiety levels, while the GDNF-
MSCs had a therapeutic effect only on the latter. 

Transplantation of human mesenchymal stem cells does not reduce microglia activation 
when cells are no longer present in the tissue 
Since MSCs have an immunomodulatory effect, we investigated whether intervening 
early in the epileptogenesis process by Ctrl- or GDNF-MSC transplantation could 
diminish the epilepsy-related neuroinflammation in the hippocampus. For this 
purpose, immunohistochemical analysis has been performed on tissue collected 40 days 
PT. In Sham animals as well as in the MSC-treated groups the inflammation levels 
were increased compared to healthy controls, as shown by more staining against 
activated microglia (ED1/CD68). Therefore, neither the Ctrl-MSC nor the GDNF-
MSC transplantation did not attenuate this particular pathological process. We 
furthermore assessed how long do the two cell lines survive in the tissue by staining 
against mCherry at 7, 14, 21 and 40 days PT. Surviving Ctrl-MSCs and GDNF-MSCs 
were observed up until 14 days PT in all the transplanted animals, with no remaining 
cells found at 21, nor 40 days PT. 

Taken together, our results from paper IV demonstrate the beneficial effects of MSCs 
with or without GDNF release on seizures and behavioural alterations during the 
epileptogenesis process. The presented data hold potential in developing future 
therapies targeting epileptogenesis. 

  



61 

General discussion 

This thesis adds valuable knowledge to the field of novel epilepsy therapies. We focused 
on TLE as one of the focal epilepsies most commonly pharmacoresistant. To address 
the hyperexcitability of the neuronal network in TLE we aimed to elevate network 
inhibition and hopefully suppress seizure activity in animal epilepsy models. In the first 
half of the work presented here, we focused on generating functionally mature 
GABAergic interneurons for this purpose. In the second half, we explored the 
possibilities of utilising GDNF, its’ mechanisms of action and antiepileptogenic 
properties in combination with MSCs. 

Enhancing network inhibition by GABAergic cell 
transplantation 

In paper I, we generated GABAergic interneurons from hESCs which were able to 
mature over time in vitro. The advantage of the protocol used was its simplicity and 
high yield of a nearly pure GABAergic cell population. This was achieved by 
overexpressing just two transcription factors, Ascl1 and Dlx2, which are essential for 
achieving the GABAergic neuronal phenotype [81]. Other protocols for differentiation 
of GABAergic interneurons from PSCs use small molecules which direct the fate of the 
cells. These protocols are usually laborious, with a need to often change the media 
composition, and take a long time before reaching a certain level of neuronal maturity 
[146–149]. Using the shorter, more direct path, the cells we differentiated were able to 
fire action potentials already at 25 DIV, thanks to their expression of functional sodium 
and potassium channels. 

We generated these cells for the purpose of using them in preclinical studies of cell 
replacement therapy for epilepsy. Cell therapy is a rapidly evolving field being explored 
for the treatment of various CNS disorders. The desired scenario for successful 
replacement of the affected neurons is a functional integration of the transplanted 
neurons into the host neuronal network. The transplanted cells should be able to receive 
synaptic signals from surrounding neurons and importantly, form efferent synaptic 
connections towards the host neurons. To confirm this, electrophysiology is the 
preferred method. Histology may indicate the formation of synapses by staining against 
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presynaptic and postsynaptic proteins [80], moreover, using the rabies virus for 
monosynaptic tracing can reveal the connectivity of the grafted neurons [150]. 
However, with electrophysiology, we can confirm that these synapses are indeed 
functional. For this purpose, optogenetics proved to be an essential tool [151]. Multiple 
studies have used optogenetics in vitro and in vivo to show the formation of functional 
afferent synapses from host cells to grafted hPSC-derived neurons [152,153], while 
others observed functional efferent synapses formed by the grafted cells onto the host 
neurons [79,152,154]. In the context of epilepsy, Cunningham et al. reported that 
grafted hESC-derived GABAergic interneurons forming efferent synapses with host 
neurons were able to ameliorate the disease in a mouse pilocarpine TLE model [79]. 

The ultimate goal of developing novel therapies is to use them to treat human patients. 
Of course, animal disease models are essential in preclinical research, however, the 
human CNS poses naturally a different environment. It is therefore of interest to study 
the interactions of human-derived transplanted neurons to human “host” neurons in 
existing networks, even if this is possible only in vitro. It has been previously shown 
that human derived neurons are able to receive synaptic inputs from host neurons in 
human neuronal cultures [138,155], as we confirmed here as well. However, to our 
knowledge, the formation of functional efferent synapses from the derived neurons 
onto host human neurons has not been yet reported. In our study, we included such 
experiments using human foetal-derived neurons and human brain tissue resected from 
patients with epilepsy. In both cases, we confirmed the synaptic integration of our 
hESC-derived GABAergic interneurons into the pre-existing human neuronal network 
in vitro. Using optogenetics we proved that the differentiated interneurons formed 
functional efferent inhibitory synapses onto human host neurons. This in vitro platform 
of testing graft integration into a human neuronal environment could be used in 
parallel with animal studies to ensure easier clinical translation of developing novel 
therapies. 

In paper II we then investigated the potential of these cells to reduce seizure activity 
using an animal TLE model. Previous studies in animal epilepsy models demonstrated 
that cell therapy may hold promising potential for the treatment of refractory epilepsy. 
However, in most of the cases, the authors used foetal-derived GABAergic precursors 
[71,72,76,77,156]. From the translational perspective, this is not a viable cell source. 
Using cells derived from foetal tissue not only poses major ethical concerns but also 
implies a concerning variability depending on the different origins of the tissue. 
Nevertheless, these studies provide the necessary proof of principle that GABAergic 
interneurons grafted into an epileptic brain may ameliorate epilepsy symptoms. 
Naturally, more recent efforts have been put into developing approaches using human 
cells, which could in the end be used for treating human patients. Human PSCs are 
inherently the preferred cell source for these types of studies, due to their pluripotent 
capacities. The two studies published so far, taking advantage of hPSCs for generating 
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GABAergic interneurons and transplanting them into the hippocampi of rodent TLE 
models, are the ones by Cunningham et al. from 2014 [79] and Upadhya et al. from 
2019 [80]. Even though the results of these studies are very promising, one drawback 
could be seen in the very long times of the differentiation protocols prior to 
transplantation. Both studies used small-molecule protocols for deriving the 
GABAergic precursors from hPSCs, which as mentioned earlier are slow and laborious. 
In this case, it took several weeks of differentiation in vitro before the cells were used 
for transplantation. In the case of our study, where we used the more direct approach 
of overexpressing important transcription factors, we were able to transplant the 
GABAergic precursors safely already 7 days after the start of the differentiation, which 
may be an advantage for future clinical applications. 

For investigating the anti-seizure properties of our hESC-derived GABAergic 
interneurons we used the well-established rat KA-SE TLE model, which resembles 
human acquired TLE in several aspects and is included within the framework of the 
ETSP [59]. Here we transplanted the cells into the hippocampi of the rats four weeks 
after KA-induced SE. Before evaluating the therapeutic outcome of this intervention, 
we asked whether the human cell-derived GABAergic interneurons mature and 
integrate into the rat hippocampus in vivo, as they did in vitro in the human neuronal 
networks. As mentioned before, the maturation and synaptic integration of cells used 
in cell-replacement therapies for CNS disorders is desired for this approach. The cells 
used in our study did indeed functionally mature in vivo in the epileptic rat 
hippocampus. Moreover, we report the continuing progress of the neuronal maturation 
from 3 to 6 months after the transplantation. Using electrophysiology to investigate the 
neuronal properties of the grafted cells we did not encounter a single cell not being able 
to fire induced APs even at the earlier time point. 

To further validate the integration of the grafted cells into the hippocampal network, 
we needed to prove their synaptic integration as well. Only one of the above-mentioned 
studies with hPSC-derived GABAergic interneurons observed functional synaptic 
integration, including afferent and efferent synaptogenesis, using optogenetics and 
electrophysiology [79]. The more recent work by Upadhya et al. reports synaptic 
integration of the grafted cells as well, however only using histological methods [80]. It 
is important to mention here another study where authors used hPSCs to derive 
GABAergic interneurons and studied their antiepileptic potential in a mouse TLE 
model [157]. Unfortunately, these cells failed to suppress seizures in this model of 
epilepsy, despite the grafted interneurons exhibiting mature neuronal properties. The 
authors afterwards published a second study, investigating the maturation of the hPSC-
derived GABAergic interneurons over time in vivo. Although they did report 
substantial morphological and electrophysiological maturation of these cells, they did 
not examine the formation of functional synapses between the grafted and the host 
neurons [158]. In our study we addressed this question thoroughly, using optogenetics 
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as we did in paper I. We showed that the grafted hESC-derived GABAergic 
interneurons were able to form functional inhibitory efferent synapses onto host 
neurons in the epileptic rat hippocampus already 3 months after being transplanted, 
and more synapse formation was seen after additional 3 months, indicating that the 
cells continue to mature and integrate into the host neuronal network. 

To further develop this approach, the cell differentiation should be reproducible and 
yield a high proportion of the desired cell type. With the electrophysiology experiments, 
we confirmed that our grafted interneurons form inhibitory synapses, which supports 
the claim that they are indeed GABAergic. Moreover, we investigated which specific 
subtypes of interneurons are present within the graft population with histology. The 
majority of the grafted cells were in our case CR- and CB-expressing interneurons. This 
was not surprising since very similar percentages of these two cell types were present in 
the in vitro differentiated GABAergic population in paper I. We hypothesised that these 
two interneuron subtypes may have a therapeutic potential in epilepsy since it has been 
shown that they may be affected in the human epileptic hippocampus, where CR 
interneurons were reported to be reduced in numbers and an altered morphology has 
been observed of CB interneurons [36,159]. In rodent TLE models CR interneurons 
are reportedly also vulnerable, with their numbers being strongly decreased and their 
dendrites reduced and segmented [160,161]. Recently a study using the same 
transcription factors as we did, reprogrammed glial cells into mostly CR interneurons 
in vivo in the intrahippocampal KA mouse model of TLE. Using this approach, the 
authors observed a reduction in spontaneous seizures in the treated animals [162]. 

For the validation of our approach used in paper II, we used two different methods. 
Firstly, we took advantage of the optogenetic modification of the grafted cells and 
proved that they are able to inhibit epileptiform discharges in hippocampal slices from 
the epileptic animals in vitro. Secondly, we video-monitored the epileptic rats and 
quantified the number of spontaneous behavioural seizures. We’ve seen that the 
animals that received transplants of the hESC-derived GABAergic progenitors 
displayed a median decrease of 87% in motor seizures. We supported the use of only 
video recordings without recording the EEG activity by our previous results from this 
rat TLE model where 97% of all electrographic seizures had behavioural components 
and were clearly recognisable. This is in accordance with a previous report using the 
KA-SE rat TLE model where 94% of all electrographic seizures reached stage 5 of the 
Racine scale and where no seizure clustering affecting the weekly seizure frequencies 
was observed [80]. Still, however, there is a possibility that our transplants diminished 
the behavioural seizures in these animals to only electrographic seizures, which would 
not be detectable by eye. This could still be considered as a positive outcome of the 
treatment, nevertheless. 

In summary, the results from paper I and paper II of this thesis, showing that hESC-
derived GABAergic interneurons functionally integrate into human neuronal networks 
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in vitro and rat epileptic hippocampal networks in vivo, and confirming their ability to 
suppress seizure activity, represent an important step forward towards developing an 
innovative therapy alternative to current epilepsy treatments. This approach could in 
the future help those patients whose seizures can’t be controlled by available 
medications. 

Enhancing network inhibition by GDNF and 
mesenchymal stem cell transplantation 

The many positive effects of GDNF on neurons have been observed in preclinical 
studies of various CNS disorders. In the field of epilepsy, both our group and others 
have reported the anti-seizure effects of GDNF in animal models, either by 
overexpressing it directly in host cells using in vivo gene therapy [118] or by implanting 
cells previously modified to produce GDNF in vitro [119–121]. What mechanisms 
stand behind these seizure-inhibitory properties of GDNF has however not yet been 
fully clarified. Nevertheless, some studies do provide certain clues. It has been shown 
that the migration of GABAergic interneuron precursors during the development of 
the olfactory bulb is guided by GDNF, with the participation of one of its receptors, 
NCAM [163]. Another one of the GDNF receptors, GFRα1, has been shown to be 
involved in promoting differentiation and migration of cortical GABAergic 
interneurons during development [164]. This study also found that the Ret and 
NCAM pathways were not involved in this process, which further led to the 
identification of the third alternative interneuron-specific GDNF receptor, Syndecan-
3 [125]. It has been also reported that mice lacking GFRα1 had reduced numbers of 
parvalbumin interneurons and displayed a reduced seizure threshold [165]. Taken 
together, the beneficial effects of GDNF on GABAergic interneurons may be the reason 
behind its anti-seizure effects, since GABAergic interneurons are responsible for 
neuronal inhibition in the CNS and the alteration of their numbers or function is a 
well-documented pathology in patients with epilepsy and animal epilepsy models [35–
40]. 

In paper III of this thesis, we investigated the effects of GDNF on CA1 principal 
excitatory neurons in the hippocampus, particularly, how it acts on their inhibitory 
synaptic inputs. After incubating hippocampal slices with GDNF, by using 
electrophysiology, we observed an increase in the inhibitory synaptic drive on the 
principal hippocampal neurons. This was apparent in mouse as well as human 
hippocampal slices. The specific pattern of both higher frequencies and amplitudes of 
the inhibitory postsynaptic events, as we detected in the mouse tissue, has been 
attributed to changes at the postsynaptic sites [166]. We further supported these 
electrophysiology findings by observing a denser gephyrin staining on cell soma 
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membranes of CA1 principal neurons in the GDNF incubated slices. Gephyrin is 
involved in clustering GABAA receptors on the postsynaptic membrane, therefore, this 
further supports that GDNF acts rather postsynaptically, possibly increasing GABAA 
receptor clustering and therefore the efficacy of inhibitory signalling on CA1 pyramidal 
neurons. 

As mentioned above, GDNF acts through various receptors and signalling pathways. 
In paper III we further investigated which of these is involved in the observed effect of 
GDNF on inhibitory synaptic activity. We used electrophysiology, western blots, and 
immunohistochemistry to confirm or rule out the involvement of the respective 
signalling pathways. Enhancing the GFRα1/Ret signalling increased the inhibitory 
effect of GDNF. Furthermore, the phosphorylation of Ret was higher in GDNF-
incubated slices, which then got normalised by inhibiting Ret signalling. All of these 
observations indicate that the Ret pathway is the one responsible for exerting the 
GDNF-mediated inhibitory effects on seizures. The other two options, the 
NCAM/Fyn and the Syndecan-3 pathways, were most probably not involved. We did 
not see any elevated Fyn phosphorylation levels after GDNF exposure, nor did we see 
any changes in the electrophysiological measures when inhibiting the Fyn kinase. No 
Syndecan-3 staining was detected on the somas of CA1 pyramidal neurons, and 
together with the reported lower affinity of GDNF to this receptor [125,167], we 
deemed it unlikely that Syndecan-3 has any role in the observed GDNF-mediated 
changes. 

Together with our proposed scenario of how GDNF could suppress seizure activity in 
animal models of epilepsy, several other alternative mechanisms are possible. One of 
these is supported by the finding that albumin-mediated disruption of the BBB in mice 
triggers epileptogenesis and results in seizures [168]. Claudin-5 is a major component 
of maintaining the integrity of the BBB. The expression of this important molecule was 
found to be increased by GDNF [169], thus, the elevation of extracellular GDNF levels 
could alleviate the BBB damage and, in that way, contribute to seizure reduction. 
GDNF could also act therapeutically within the pathological inflammatory processes 
which are associated with epileptogenesis [96]. An in vitro study reported that astrocyte-
derived GDNF can reduce microglial activation [170], therefore, GDNF could 
hypothetically diminish inflammation in epileptogenesis and ameliorate its outcome. 

Taken together, our results from paper III suggest that GDNF increases inhibition on 
the principal neurons of the CA1 region of the hippocampus by inducing GABAA 
receptor clustering and that this is most probably mediated through the GFRα1/Ret 
signalling pathway. With this, we contributed to the understanding of how GDNF 
may exert its anti-seizure effect. 

In paper IV we continued to investigate whether the GDNF-induced increase in 
inhibition and thereby seizure-suppression, could be achieved by transplanting 
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genetically modified GDNF-releasing human MSCs. For this purpose, we used 
human-derived MSCs as a delivery tool of GDNF and at the same time as a potentiator 
of the possible therapeutic outcomes. MSCs have shown to have a therapeutic potential 
in many CNS disorders [90–92] including epilepsy [97–101,104], even without 
GDNF release. Their beneficial effects are mostly attributed to their neuroprotective 
and anti-inflammatory properties. Within the epilepsy field, this is mostly utilised to 
possibly alleviate the inflammatory processes and neurodegeneration associated with 
epileptogenesis. 

MSCs have been widely used in numerous preclinical studies and clinical trials due to 
the simplicity of their isolation and usage. These cells do not pose any ethical concerns, 
since they can be derived from adult tissue, which ads the option to use autologous cells 
for transplantation. Furthermore, they are immune-evasive [103], which reduces the 
need for immunosuppression when using xeno- or allogeneic transplants. Additionally, 
MSCs can be used as carriers for other therapeutic agents [171–173]. We utilised this 
option in our study to deliver GDNF to the rat hippocampi after KA-SE, since as 
mentioned several times before, GDNF was shown to have seizure-ameliorating effects 
in several animal epilepsy models [118–121]. Among all the advantages of using MSCs, 
there is also the possibility to deliver the cells intravenously. However, for the purpose 
of delivering the therapeutic agent in sufficient amounts to a specific location, we chose 
to inject them through the intraparenchymal route. Supporting our decision, a study 
that compared the two delivery routes reported more cells integrated into the 
hippocampus after intrahippocampal administration of the MSCs compared to the 
intravenous injections and further confirmed that this results in a better therapeutic 
outcome in the rat pilocarpine model of TLE [102]. 

A potential translational drawback of most of the studies which already reported 
positive effects of MSC transplantation in animal epilepsy models is the use of rodent 
cells. As already mentioned in the discussion of the GABAergic approach, the use of 
human cells is generally preferred for further translating cell therapies to human 
patients. Nevertheless, the studies with rodent MSCs provide useful data for the 
development of this approach. Most authors focus on how the MSC treatment affects 
the histopathology during epileptogenesis or in chronic epilepsy. The cells were 
reported to reduce neurodegeneration and inflammation in the pilocarpine rat TLE 
model both when used as an antiepileptogenic treatment [97,99] and when introduced 
after the development of spontaneous seizures [102]. It was shown that MSC 
transplantation one day after inducing KA-SE in mice resulted in reduced mossy fibre 
sprouting, astrogliosis and microglia activation one week after [100]. Although human 
MSCs are not yet used as frequently, similar antiepileptogenic outcomes of their 
transplantation in rodent epilepsy models were observed, including decreased neuronal 
loss and glial activation as a result of transplantation one day after pilocarpine-induced 
SE in rats [104]. 
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Some of these studies include certain measures assessing seizure activity but their 
relevance should be considered with some reservations. Unlike our study where we 
monitored the animals continuously for five weeks with video-EEG recordings, most 
of the mentioned studies either did not use EEG recordings [97,99], therefore, possibly 
missing only electrographic seizures, or used very short episodic recording periods. For 
example, in [98] authors use only 2 hours of EEG recordings per week, and in [101] 
even shorter 15 minute-long EEG recordings were used. In the study with human 
MSCs, only 9 hours of video-EEG recordings per week were analysed [104]. From 
these recordings, the authors of the studies conclude that MSC transplantation reduces 
epileptiform or seizure activity in the treated animals. However, in all the cases where 
only episodic monitoring was utilised, the authors used the rat pilocarpine model of 
TLE, which is characterised by seizure clustering [174–176]. Therefore, it would be 
more relevant to monitor these animals for much longer periods of time to avoid the 
influence of possible seizure clusters on the results. Importantly, our results reported in 
paper IV are derived from long-term video-EEG recordings starting directly after the 
MSC transplantation, i.e., one day after KA-induced SE, and continuing for 35 days. 
This ensures more reliable and conclusive results. 

By analysing the video-EEG recordings, we observed that both Ctrl-MSCs and GDNF-
MSCs alter the probability of seizure occurrence, the former in the last 3 weeks of the 
monitoring, while the latter in the first 2 weeks. Moreover, the transplantation of the 
Ctrl-MSCs resulted in fewer animals developing seizures while the GDNF-MSC 
transplantation mostly prolonged the inter-seizure intervals. Both cell lines reduced 
anxiety levels in the epileptic rats but only the Ctrl-MSCs partially restored short-term 
memory deficits. We cannot attribute these observed differences to the variability of 
cell survival after transplantation between the two cell lines since both Ctrl-MSCs and 
GDNF-MSCs were detected in the tissue at 14 days after transplantation but not at 21 
days. One could speculate that increased inhibition onto the principal neurons by 
GDNF releasing grafts was exerted while the cells were still surviving, while the anti-
inflammatory and cell-protecting effects outlasted the graft survival. It is however still 
unclear why GDNF-releasing transplants were unable to exert the latter effects. 
Identification of how the two cell lines affect the epileptogenesis-associated processes, 
such as neurodegeneration or inflammation would possibly help to clarify these 
outcomes. We did analyse the level of microglial activation in the tissue, but this was 
done only at 40 days after the transplantations and no differences in these measures 
were seen between the groups. We could therefore speculate that the cells may have had 
a transient differential anti-inflammatory effect within the hippocampus while they 
were still surviving and that this might have been sufficient to ameliorate the outcomes 
of the disease progression. 

In summary, paper IV provides a deeper insight into how seizures develop during the 
epileptogenesis process in rats after KA-SE and how the different attributes are affected 
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by MSC transplantation and by combining it with GDNF release. The positive results 
from this study may be of use when developing novel antiepileptogenic treatments. 
However, the differences between the two cell lines used and which specific aspects of 
epileptogenesis they influence should be further investigated. 
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Conclusions and future perspectives 

In this thesis, we focused on a thorough investigation of different therapeutic 
approaches for treating TLE. Since patients suffering from this specific type of focal 
epilepsy often cannot be helped by current medications, the research of alternative 
treatments is of utmost importance. 

In papers I and II, we focused on developing a cell therapy, aiming to inhibit neuronal 
networks with the transplantation of human-derived GABAergic interneurons. The 
advantage of our approach is that we studied the interactions of the hdInts within 
human neuronal networks in vitro and then in an epileptic rodent brain we confirmed 
that these cells have a seizure-inhibiting effect. The combination of multiple methods 
of assessing the therapeutic potential of a novel treatment, as was performed here, is an 
important step towards making a preclinical study more translational. Moreover, 
including a human in vitro platform in preclinical research is implied when the aim is 
to treat human patients in the future. To continue this path perhaps multicentre studies 
could be prompted, investigating the safety and therapeutic effects of these cells in 
multiple epilepsy models. The efficacy of the treatment in one model of the disease 
does not guarantee that it will act the same in different models. For example, the ETSP 
framework could be utilised here, as it is proposed in developing new pharmacological 
treatments for epilepsy [59]. Moreover, assessing the tumorigenicity of the transplant 
and its survival and efficacy in the long term should be further investigated. Here we 
demonstrate that the cell therapy reduces seizures at 3 months PT, studies showing that 
this effect lasts throughout the life of the animals could be performed. Other important 
aspects to consider when translating a cell-based treatment to the clinics are producing 
the cells in good manufacturing practice conditions and the possibility of upscaling to 
the needs of clinical use. For rodent disease models a small number of cells is sufficient, 
however, when transplanting into the human brain the amount would need to increase 
by several-fold. 

In paper III we reported the effects of GDNF on inhibition of the principal neurons in 
the hippocampus which we associated with the GFRα1/Ret signalling pathway. We 
have shown that adding GDNF extracellularly increased the inhibitory drive onto these 
neurons. This we observed in mouse hippocampal slices as well as in resected human 
tissue from patients with epilepsy, which indicates that this inhibitory effect can be 
induced in human epileptic tissue as well. Our study therefore provides new insight 
into how GDNF may exhibit the seizure-inhibiting effects reported in several epilepsy 
models [118–121]. As for the investigation of the antiepileptogenic potential of GDNF 
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through the increased inhibition in paper IV, more research on GDNF signalling 
throughout epileptogenesis would possibly help elucidate at what timepoints would the 
introduction of GDNF be beneficial. In our study, we delivered GNDF into the 
hippocampi of rats one day after the induction of KA-SE using human-derived MSCs 
as a carrier. A beneficial effect of these GDNF-MSCs on seizure incidence was seen 
only for 2 weeks PT, i.e., when alive cells were present in the rat hippocampi. On the 
other hand, the transplantation of naïve MSCs resulted in seizure reduction at the later 
stages of epileptogenesis even with cells no longer present. The reason behind the 
observed differences between the two cell lines could be investigated at multiple time 
points throughout the epileptogenesis process, looking perhaps at neurodegeneration 
and inflammation in the hippocampus in more detail. MSCs are widely utilised for 
their protective, regenerative, and anti-inflammatory properties in a number of clinical 
trials; however, we must not forget that they are derived from various tissue sources and 
can differ in their therapeutic potential. In the case of using MSCs as an 
antiepileptogenic treatment multicentre studies exploring the efficacy and safety of 
different MSCs in multiple models of epileptogenesis would help move this therapeutic 
approach forward. From these efforts, a well-defined clinically translatable cell product 
could arise which could in the future be used for preventing the occurrence of seizures 
in patients at risk of developing epilepsy. Although there are currently no reliable 
biomarkers for identifying these patients, studying epileptogenesis and the possible 
therapeutic interventions preventing the disease is of importance, given that studies of 
biomarker identification are rapidly expanding. 

To conclude, in this thesis, we provide important preclinical data which should 
encourage further development of the proposed novel alternative treatments for 
epilepsy. During this developmental process one should always keep the ultimate goal 
in mind: what we are creating in the lab should eventually be used for treating human 
patients. This mindset is crucial when translating the studied treatment from laboratory 
conditions to clinical practice. 
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Human stem cell‑derived 
GABAergic neurons functionally 
integrate into human neuronal 
networks
Ana Gonzalez‑Ramos1*, Eliška Waloschková1, Apostolos Mikroulis1, Zaal Kokaia2, 
Johan Bengzon3, Marco Ledri1, My Andersson1 & Merab Kokaia1*

Gamma-aminobutyric acid (GABA)-releasing interneurons modulate neuronal network activity in 
the brain by inhibiting other neurons. The alteration or absence of these cells disrupts the balance 
between excitatory and inhibitory processes, leading to neurological disorders such as epilepsy. In 
this regard, cell-based therapy may be an alternative therapeutic approach. We generated light-
sensitive human embryonic stem cell (hESC)-derived GABAergic interneurons (hdIN) and tested 
their functionality. After 35 days in vitro (DIV), hdINs showed electrophysiological properties and 
spontaneous synaptic currents comparable to mature neurons. In co-culture with human cortical 
neurons and after transplantation (AT) into human brain tissue resected from patients with drug-
resistant epilepsy, light-activated channelrhodopsin-2 (ChR2) expressing hdINs induced postsynaptic 
currents in human neurons, strongly suggesting functional efferent synapse formation. These results 
provide a proof-of-concept that hESC-derived neurons can integrate and modulate the activity of 
a human host neuronal network. Therefore, this study supports the possibility of precise temporal 
control of network excitability by transplantation of light-sensitive interneurons.

GABA-releasing interneurons comprise a highly abundant cell type in the central nervous system. Although 
they represent a minority of the total neuronal population (only 20% in comparison to 80% of the excitatory 
neurons), they exert a strong inhibitory effect on principal glutamatergic neurons, controlling network excit-
ability. Furthermore, interneurons modulate cortical maturation, synchronous network oscillations and network 
plasticity1,2. GABAergic interneurons are highly heterogeneous, forming different subpopulations based on their 
function, morphology and connectivity3–5. Dysfunction of interneurons has been implicated in neurological dis-
orders, including schizophrenia, autism, and epilepsy6,7. For instance, in temporal lobe epilepsy, the dysfunction 
and decreased numbers of interneurons in the hippocampus leads to a disruption of the normal hippocampal 
circuitry resulting in a hyperexcitable neuronal network and seizures8.

Human pluripotent stem cells are a powerful tool for both modelling brain development and disease, as well 
as development of cell therapies. The possibility to differentiate patient-specific stem cells to mature regional- and 
transmitter- specific subtypes of particular human interneuron populations provides an exceptional platform 
for studying pathophysiology as well as a potential therapeutic approach for diseases. To this goal, several stud-
ies have focused on generating GABAergic neurons from human stem cells (hSC), both induced pluripotent 
stem cells and ESCs9–11. Moreover, due to the limited endogenous regeneration capacity of the human brain, 
transplantation of neural SCs or hSC-derived neurons into a diseased or injured brain is a promising therapeutic 
approach to restore neuronal population and function. In the past, several studies have shown that transplanted 
fetal rodent medial ganglionic eminence (MGE)-derived GABAergic progenitor cells can integrate into host tissue 
and restore function of lost interneurons in animal models of epilepsy12,13. Despite the high value of these stud-
ies, translation to the clinic requires a human cell source, generating a robust and consistent yield of GABAergic 
neurons, and proof of functional cell integration. In this regard, hSCs offer great potential as an unlimited source 
of derived neurons for cell-based therapeutic strategies.
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In this study, we used a reprogramming approach based on the transgene expression of transcription fac-
tors Ascl1 and Dlx2 to induce the differentiation of hESCs into a pure population of interneurons in a short 
time14. The functional maturation of the derived neurons during the differentiation process was also assessed 
electrophysiologically at various time points. Furthermore, hESC were genetically modified using optogenetics 
to permit modulation of activity of hdINs by light. Using optogenetics, we demonstrate for the first time that 
hdINs can integrate into a human neuronal network by forming functional efferent synapses onto human primary 
neurons. We further confirm integration of hdINs in human epileptic brain slices obtained from surgeries for 
drug-resistant epilepsy, and thereby provide opportunity to modulate disease-altered human neuronal networks.

Results
Human ESC‑derived neurons exhibit a GABAergic phenotype and express calretinin and cal‑
bindin markers.  Previous studies have demonstrated the possibility to generate highly enriched GABAergic 
neuronal cultures from hESCs9–11,14. Here, hESCs were differentiated into GABAergic neurons using a single-
step method overexpressing the transcription factors Ascl1 and Dlx2, which are key factors for this lineage deter-
mination (Fig. 1A, B)14. The phenotype and electrophysiological properties of the hdINs were assessed at 25, 35, 
and 49 DIV (Fig. 1A). First, a clear gradual change in morphology was observed in the cell cultures during dif-
ferentiation, accompanied by a change in gene expression, displayed by a reduction of the pluripotency marker 
OCT4, encoded by POU5F1 gene, and the pluripotency and neural precursor marker SOX2 (Fig. 1K). POU5F1 
had a maximal expression level at 1 DIV, which was decreased at 4 DIV, until not being detected from 7 DIV 
onwards. SOX2 gene expression was high at 1 and 4 DIV with a marked reduction from the 7 DIV time point. 
On the other hand, the MAP2 gene (neuronal marker) expression was already detected at 4 DIV and showed 
a tendency to increase its expression over time (Fig. 1C and K). Similarly, SYN1 displayed a gradual increase 
of expression from 7 to 35 DIV, at which time point the maximal expression was reached indicating the onset 
of synaptic maturation of differentiated neurons (Fig. 1K). The slight reduction of SYN1 expression at 49 DIV 
could be explained by the decrease of cell density due to reduced viability of astrocytes after long-term cultur-
ing in media containing Ara-C. Altogether, these changes indicated a fast, transitional dynamic switch from 
the expression of pluripotency towards neuronal markers around 4 and 7 DIV. Importantly, the differentiation 
protocol did not generate astrocytes or oligodendrocyte precursors from hESCs since human GFAP and human 
PDGFRα expression levels were hardly detectable (Fig. 1K and Figure S1).

Within the neuronal population, most of the hdINs were positive for GABA, 86.66 ± 2.14% positive cells 
out of MAP2 + (85.48 ± 2.98% at 35 DIV and 88.23 ± 3.46% at 49 DIV) (Fig. 1D and F). The GABAergic iden-
tity of the neuronal population was confirmed by expression of GAD65/67, 88.95 ± 3.55% positive cells out 
of MAP2 + (89.87 ± 2.11% at 35 DIV and 88.03 ± 4.3% at 49 DIV) (Fig. 1F) and GAD1 gene expression levels 
(which encodes for GAD67) that increased over the differentiation timeline (Fig. 1K). These results demonstrate 
a predominantly GABAergic phenotype of cells over glutamatergic (VGLUT1/KGA, 0.41 ± 0.19% positive cells 
out of MAP2 +, Fig. 1E and F) or dopaminergic ones (TH, 4.1 ± 0.78% positive cells out of MAP2 +, Fig. 1F). 
The SLC17A7 gene, encoding for VGLUT1, was barely detectable by RT-qPCR (Fig. 1K). Furthermore, within 
the GABAergic neuronal population, the most abundant subtypes were calbindin (CB)- and calretinin (CR)-
expressing interneurons, representing 36.38 ± 0.82% (36.23 ± 1.3% at 35 DIV and 35.25 ± 0.25% at 49 DIV) and 
28.83 ± 3.08% (35.37 ± 1.3% at 35 DIV and 22.3 ± 1.73% at 49 DIV) respectively (Fig. 1G, H and J). Among other 
interneuron subtypes tested, there were cells found expressing somatostatin (SST, 0.79 ± 0.19%, Fig. 1I–J) and 
neuropeptide-Y (NPY, 0.71 ± 0.17%, Fig. 1J), while almost none of them were positive for either parvalbumin (PV, 
0.28 ± 0.28%) or cholecystokinin (CCK, 0%) (Fig. 1J). Results from the immunostaining were supported by gene 
expression data, where also VIP and NKX2.1 (MGE marker) gene expression were included (Figure S1). NKX2.1 
gene expression started appearing at 4 DIV maintaining stable levels and increasing slightly at 25 until 49 DIV. 
These results support the possibility of having some early-stage neurons in the cultures. Moreover, expression of 
PPP1R1B gene that encodes for DARPP-32, a marker for striatal medium spiny neurons, which are GABAergic 
projecting neurons, was not present at 35 DIV and 49 DIV (Figure S1).

Maturation of intrinsic electrophysiological properties of hdINs over time in culture and func‑
tional confirmation of their GABAergic nature.  Electrophysiological properties of the hdINs at differ-
ent time points were investigated to correlate functional maturation with the progress of their morphological 
changes during the differentiation process. Whole-cell patch-clamp recordings were performed at 25 DIV (blue), 
35 DIV (green) and 49 DIV (red) (Fig. 2). Input resistance was similar at all time points analyzed (Fig. 2I and 
Table S1). Small differences in resting membrane potential in cells at both 35 and 49 DIV compared to 25 DIV 
were observed (− 34.27 ± 2.87 mV at 25 DIV, − 47.20 ± 1.84 mV at 35 DIV and − 44.85 ± 1.94 mV at 49 DIV) 
(Fig. 2H and Table S1). Already at 25 DIV, hdINs were able to fire multiple action potentials upon depolariza-
tion (Fig. 2K) and displayed both a fast-inward sodium ion current and a sustained outward potassium (K+) ion 
current (Fig. 2P–W). The percentage of hdINs firing to ramp depolarizing current was increased over time and 
action potentials displayed higher amplitudes, faster rise times and larger after-hyperpolarization at 35–49 DIV 
compared to 25 DIV (Fig. 2A–F and J–O, and Table S1). However, no statistically significant differences in these 
parameters were observed between the 35 DIV and the 49 DIV time points. These observed changes reflect an 
increase in functional voltage-dependent Na+ and K+ channels, supported by larger inward and outward cur-
rent peaks at later time points (Fig. 2S and W). Altogether, these differences in intrinsic properties demonstrate 
a clear functional maturation of hdINs over time in culture, reaching a more mature state already at 35 DIV. 
The firing patterns observed were single, regular or clustered spiking, with no sustained spiking beyond 62 Hz 
observed.
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Figure 1.   Transgene expression of the transcription factors Ascl1 and Dlx2 by Tet-On system triggers the differentiation of hESC to 
GABAergic neurons. (A) Differentiation protocol used for the generation of hdINs. (B) Schematic view of the constructs carried by the 
lentiviral particles used in the differentiation protocol (Tet-On system), and for the expression of ChR2. (C) Immunocytochemistry 
for the neuronal marker MAP2 + of the derived neurons at 49 DIV. (D, E) Immunocytochemistry of hdINs at 35 DIV for GABAergic 
(GABA) and glutamatergic (VGLUT1 and KGA) markers. (F) Quantification of the percentage of GABA +, GAD65/67 +, vGlut1 +/
KGA + and TH + cells over MAP2 + cells as an average of both time points, 35 and 49 DIV. (G–I) Representative images of hdINs 
showing the presence of the interneuron markers CB, CR, and SST. (J) Quantification of the percentage of CR +, CB +, SST +, NPY +, 
PV + and CCK + subtypes over MAP2 + cells. (K) Gene expression profile during the differentiation. Values for the pluripotency gene 
POU5F1 that encodes for OCT4, and SOX2 gene in green. Genes expressed in mature cell populations such as MAP2 and SYN1 in 
neurons, and human GFAP in astrocytes where also analyzed and indicated in blue. Key genes of the two main neuronal populations 
in the brain were also studied and shown in orange, quantifying GAD1 gene which is expressed in GABAergic neurons and SLC17A7 
gene which encodes for VGLUT1 and it is expressed in glutamatergic neurons. NP, neural precursor. Scale bar: 100 µm. Mean ± SEM. 
Schematics were generated and adapted using resources from Servier Medical Art35.
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Figure 2.   Electrophysiological properties of hdINs during maturation process over time in culture. Differential 
cell response (A–C) to 0–25 pA ramps of depolarizing current and (D–F) 50 pA depolarizing current pulses at 
different time points. (G) hdIN filled with biocytin. (H–I) RMP and Ri at different time points. (J) Increased 
proportion of cells with spontaneous APs (colored area) over time. (K) Maximum number of APs that cells 
fired in response to 500 ms current pulses. (L–O) Distribution of AP threshold (L), amplitude (M), duration 
(N) and afterhyperpolarization (O) at different time points. (P–R) Expanded current traces illustrating the 
sodium current and (T–V) the potassium current activated during voltage pulses ranging from − 90 to + 40 mV 
in 10 mV steps at different time points. Sodium and potassium currents were blocked by TTX (1 µM) and 
TTX + TEA (10 mM) respectively (black lines). Sodium (S) and potassium (W) current peak plotted against the 
voltage steps. Scale bar: 100 µm. Mean ± SEM. One-way ANOVA with Tukey’s post hoc test and Fisher’s exact 
test (25 DIV n = 15 in blue, 35 DIV n = 36 in green, and 49 DIV n = 26 in red). *p < .05; **p < .01; ***p < .001; 
****p < .0001; compared to 25 DIV group. Two-way ANOVA with Tukey’s post-hoc test. #, 25DIV vs 35DIV; $, 
25DIV vs 49DIV; &, 35DIV vs 49DIV (25 DIV n = 15 in blue, 35 DIV n = 28 in green, and 49 DIV n = 33 in red). 
AP, action potential; AHP, afterhyperpolarization; RMP, resting membrane potential; Ri, input resistance.
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To further explore the neuronal identity and functionality of hdINs, spontaneous synaptic currents were 
recorded and analyzed. These were more abundant at the latest time point, 49 DIV, indicating continuous syn-
aptogenesis over the time points analyzed (Table S1 and Figure S2A–D). Furthermore, when blocking AMPA 
and NMDA glutamate receptors by applying NBQX and AP-5, respectively (Fig. 3A), no changes were observed 
in either amplitude (62.76 ± 11.19 pA for the baseline and 56.73 ± 10.37 pA for NBQX + AP5) (Fig. 3C and G) 
or inter-event interval (2027.08 ± 497.39 ms for the baseline and 2183.74 ± 514.15 ms for NBQX + AP5) (Fig. 3D 
and G). However, blocking GABAA receptors by adding Picrotoxin (PTX) (Fig. 3B) to the artificial cerebrospinal 
fluid (aCSF) resulted in a significant decrease in amplitude (29.61 ± 3.46 pA for the baseline and 15.97 ± 1.67 pA 
for PTX) (Fig. 3E and H) and increase in the inter-event interval of post-synaptic currents (829.43 ± 86.66 ms for 
the baseline and 12,641.96 ± 2345.03 ms for PTX) (Fig. 3F and H). PTX increased the inter-event interval (Fig. 3F 
and H), reducing their frequency by 64.52 ± 8.23% on average (1.01 ± 0.12 Hz for the baseline and 0.37 ± 0.11 Hz 

Figure 3.   Spontaneous synaptic currents recorded in hdINs are GABAergic. hdINs exhibited spontaneous 
synaptic currents at 35 and 49 DIV (A, B). These spontaneous currents were reduced or abolished by the 
addition of PTX (1 mM, purple arrow) (B and E–F), but were not affected by NBQX (5 µM) and AP5 (50 µM) 
(A and C–D). Cumulative probability curves comparing the events during baseline and addition of the drugs 
for both amplitude (C for NBQX + AP5, and E for PTX) and inter-event interval (D for NBQX + AP5, and 
F for PTX). (G) Distribution of the mean amplitude, inter-event interval and frequency for spontaneous 
synaptic currents recorded from cells during baseline and after the addition of (G) NBQX and AP5, or (H) 
PTX. (I) Average frequency change after the addition of each drug in comparison to the baseline. Mean ± SEM. 
Kolmogorov–Smirnov test for cumulative distributions and Mann–Whitney test for comparison of means 
(NBQX + AP5 n = 7 and PTX n = 14; 10 events per cell and condition). Kolmogorov–Smirnov test: ###p < .0001. 
Mann–Whitney test: *p < .01; **p < .001; ***p < .0001; ****p < .00001.
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for PTX) (Fig. 3H and I), and decreased the overall amplitude of the events, mostly by reducing the number of 
higher amplitude events (Fig. 3E and H). Hence, the majority of synaptic inputs were blocked by PTX but not by 
NBQX and AP-5 (1.18 ± 0.25 Hz for the baseline and 1.02 ± 0.21 Hz for NBQX + AP5, Fig. 3G), supporting the 
predominantly GABAergic nature of the synaptic network, and thereby confirming functionally the inhibitory 
phenotype observed with immunocytochemistry and gene expression analysis.

Synaptic integration of hdINs with human primary cortical neurons in vitro.  Next, we inves-
tigated whether hdINs could integrate into a human neuronal circuit in vitro and thereby modulate neuronal 
activity of host neurons. For this purpose, lentiviral transduction of ChR2-mCherry was performed before start-
ing the differentiation of hESCs. Subsequent analyses revealed that 74.1 ± 1.35% of MAP2-positive cells also 
expressed mCherry (Fig. 4A–H and K), and that expressing cells were readily depolarized by exposure to ChR2-
activating blue light (460 nm wavelength) similarly at 35 and 49 DIV, but not to red light (Fig. 4I–J). These results 
ensured that it was possible to specifically activate hdINs and study their efferent synaptic integration in human 
neuronal cultures. Human primary neuronal cultures were obtained from brain tissue of 8 weeks old aborted 
fetuses, and used as established human neuronal network after 7 DIV15. After four weeks in culture, human 
primary cortical neurons were mostly glutamatergic (Fig. 5G and I–K) with few GABAergic neurons (Fig. 5H), 
and displayed spontaneous synaptic bursting indicating network activity16. The hdINs and human primary neu-
rons were first co-cultured for four weeks (from 7 to 35 DIV), and then whole-cell patch-clamp recordings were 
performed to assess the functionality and integration of hdINs in the network (Fig. 5A–D). At this time point, 
35 DIV, hdINs represented 2.71% of the total number of cells within the co-culture (Fig. 5E–F) and received 
functional afferent connections from the human primary neurons (Fig. 5I), which had a strong glutamatergic 
component  (Fig. 5J–K). Moreover, the activation of hdINs using blue light induced postsynaptic currents in 
recorded human primary neurons (Fig. 6B and D–I). For each cell, these synaptic responses occurred at a certain 
latency from the light stimulation onset which varied from cell to cell (Fig. 6G–I). Thus, in the recorded cells the 
light responses were not generated by light per se since in that case, the response would have been instantaneous 
without any latency period (like in the mCherry + hdIN example (Fig. 6A and C). For each recorded cell, the 
response latency (relative to the light pulse onset) was consistent for all repeated stimulations (Fig. 6H–I) con-
firming stable functional synaptic connections onto human primary cortical neurons after 4 weeks of co-culture. 

Figure 4.   ChR2 is expressed in hdINs, enabling them to respond to blue light. (A–D) Immunocytochemistry 
of hdINs at 35 DIV for the neuronal marker MAP2 + in combination with the fluorescent reporter 
for ChR2, mCherry +, and a mature neuronal marker Syn1 + in simple differentiation cultures. (E–H) 
Immunocytochemistry indicating the co-expression of GABA + and mCherry + in some hdINs at 35 DIV. White 
arrows are examples of double positive cells for the indicated markers. ChR2-mCherry + neurons responded 
to blue light pulse stimulation (I), but not to a red-light pulse stimulation (J). (K) ChR2-mCherry-WPRE 
expression at different time points of the differentiation, shown in red. A magnified graph for ChR2-mCherry- 
WPRE values is shown in red as well on the right of the previous graph. Scale bar: 100 µm. Blue light, 460 nm. 
Red light, 595 nm. Blue and red line, light stimulation for the specific wavelength.
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Figure 5.   Co-cultures of human primary neurons and hdINs at 35 DIV demonstrate afferent synaptic 
connections from the primary neurons to the hdINs. Immunohistochemistry of co-cultures of hdINs and 
human primary neurons used for electrophysiological analysis at 35 DIV. Some of the recorded neurons 
(biocytin +, B and D) were also hdINs mCherry + (white arrows, A and C), and some were mCherry-, indicating 
that the latter were primary neurons (yellow arrows, C–D). (E, F) The ratio of mCherry + /MAP2 + cells to 
human primary neurons mCherry-/MAP2 +. (G, H) Human primary neurons were mostly glutamatergic 
(KGA +, G) and very few GABAergic (GABA +, H). (I) Spontaneous synaptic currents in whole-cell voltage-
clamp mode showing afferent connections to the hdINs at 35 DIV. Some of the events disappeared when 
NBQX and AP5 where applied (right). (J, K) Cumulative probability curves comparing the events during 
baseline (green) and addition of the drugs (orange) for both amplitude (J, left) and inter-event interval (K, 
left). Distribution of the mean amplitude (J, right) and frequency (K, right) for spontaneous synaptic currents. 
Scale bar: 100 µm. Mean ± SEM. Kolmogorov–Smirnov test for cumulative distributions and Wilcoxon test for 
comparison of paired means (n = 5). Kolmogorov–Smirnov test: **p < .005.
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Moreover, the delayed synaptic response was blocked by PTX (Fig. 6D–F, right column), but not by NBQX and 
AP-5 (Fig. 6D–F, middle column), demonstrating the GABAergic nature of the synaptic connections originating 
from the light response of transplanted cells, and confirming to the morphological evidence that hdINs were 
indeed of GABAergic phenotype even when co-cultured with human primary neurons.

Survival, differentiation, and synaptic integration of hdINs transplanted into human tissue 
from brain resections of drug‑resistant epileptic patients.  To determine if survival and synaptic 
integration of dhINs was possible in chronic epileptic tissue, we grafted hdINs onto cultured slices obtained 
from patients undergoing surgery for drug-resistant epilepsy. The hdINs were transplanted after 7 DIV onto 
organotypic cultures of resected adult brain from one temporal lobe epilepsy patient (cortical slices, n = 4 and 
hippocampal slices, n = 3) and one focal cortical dysplasia patient (cortical slices, n = 3), and kept in culture for 
4 to 6 weeks. The grafted hdINs expressed the neuronal marker MAP2 + (Fig. 7A and C) and exhibited exten-
sive arborizations (Fig.  7A) after 4  weeks in culture. hdINs were functional and showed intrinsic properties 
comparable to mature neurons at both 4 and 6 weeks after ex vivo transplantation (Figure S3 A–D). Moreover, 
hdINs responded to blue light with photocurrents (Figure S3 E–G) and received afferent synaptic inputs from 
the neighboring cells (Figure S3 H–I, n = 28 cells). In some of the hdINs, delayed inward synaptic currents were 
observed during the 500 ms light pulse (after the direct light response, Figure S3 J, red arrow), presumably gen-
erated by afferent synaptic connections from other hdINs (Figure S3 J, green arrows). Optogenetic activation of 
hdINs induced postsynaptic currents in host neurons already at 4 weeks AT (Fig. 7A–B and D–E, n = 7), which 
were blocked by PTX but not NBQX + AP5 (Fig. 7F; n = 4), as observed in the co-cultures with human primary 
neurons. These experiments demonstrate that hdINs survive and differentiate into GABAergic phenotype even 
when transplanted into epileptic human brain tissue.

Taken together, our findings demonstrate the capacity of the hdINs to differentiate into mature functional 
neurons, integrate into a human neuronal network by receiving functional afferent connections and, most impor-
tantly, by forming efferent synaptic connections with neighboring human host neurons enabling precise spati-
otemporal modulation of the human neuronal network, including epileptic tissue.

Discussion
Here we demonstrate, for the first time to our knowledge, that hESC-derived GABAergic neurons can form 
functional efferent synaptic connections onto human primary neurons in vitro, and to host neurons in human 
epileptic tissue after transplantation.

By validating and adapting the differentiation protocol published by Yang, et al. (2017)14 to overexpress only 
two transcription factors critical for the GABAergic fate (Ascl1 and Dlx2), we obtained cultures with high yield 
of GABAergic neurons. This protocol also required a shorter time of differentiation compared to those published 
elsewhere based on the use of small molecules9–11,17. Human ESCs differentiated to functional neurons, exhibiting 
a fast TTX-sensitive sodium current and a sustained TEA-sensitive potassium current, allowing cells to fire action 
potentials already at 25 DIV. Efferent synaptogenesis was apparent at 35 DIV and proved to be predominantly 
GABAergic since it was blocked by PTX, but not affected by NBQX and AP-5.

One of the potential future applications of these cells is cell-based replacement therapy. As mentioned before, 
GABA-releasing interneurons are responsible for the modulation of neuronal network activity in the brain, and 
therefore their alteration or absence disrupts the excitatory-inhibitory balance in the neuronal circuits leading 
to neurological disorders8. The substitution and/or replacement of those aberrant or missing interneurons could 
become a potential therapeutic approach for disorders such as schizophrenia, autism, and epilepsy. A translational 
development of this approach towards the clinical applications will require homogeneity and reproducibility of 
the cell differentiation. In this regard, the present study achieved high yield of GABAergic interneurons of two 
major subtypes expressing CB and CR, respectively, as well as forebrain markers such as FOXG114. The markers 

Figure 6.   Effect of ChR2 activation on the human primary neurons co-cultured with hdINs at 35 DIV. hdINs 
were co-cultured at 7 DIV with primary neurons from an 8-week-old human fetus for 4 weeks. Both (A) 
hdINs, expressing mCherry as a reporter for ChR2, and (B) human primary neurons were recorded (n = 18 and 
n = 6, respectively). (C) The activation of ChR2 by blue light in hdINs triggered an inward current, unaffected 
by either NBQX + AP5 or PTX. (D–F) Light activation of ChR2 in hdINs also generated a delayed synaptic 
response in the surrounding primary neurons, indicating synaptic integration of those cells in the pre-existing 
neuronal network. Light responses were assessed during (D) 500 ms light pulse in voltage-clamp, (E) light 
train of 5 pulses of 3 ms with 97 ms of interval between pulses in voltage-clamp, and (F) 500 ms light pulse 
in current-clamp. These responses in the primary cells were blocked by PTX (right column, D–F), but not by 
NBQX + AP5 (middle column, D–F), confirming their GABAergic nature. Note that the GABAergic currents 
are depolarizing in the primary neurons recorded because a high chloride internal solution was used in the 
patch pipette. (G) On the left, bright-field image of a primary neuron being recorded. In the middle, same cell 
showing GFP + expression. On the right, the primary neuron is mCherry- (negative). (H) Histogram of latencies 
of synaptic responses for each neuron recorded. Only the first event for each trace is included in the analysis. 
(I) Two examples of primary cells displaying delayed light-induced synaptic responses. On the top, traces in 
voltage clamp showing the synaptic responses to blue light stimulation (blue line) and, on the bottom, histogram 
of latencies of increased frequency of synaptic responses for each neuron recorded. P-value for Poisson test is 
indicated for the highest frequency distribution time. Blue line, light stimulation. Schematics were generated 
and adapted using resources from Servier Medical Art35.

▸
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Figure 7.   Grafted hdINs established functional efferent synaptic connections to the host adult human neurons. 
(A) hdINs survive and differentiate after transplantation onto human organotypic brain cultures for 4–6 weeks 
AT. hdIN-mCherry + neurons are indicated with white arrows, and host neurons are marked with yellow 
arrows (mCherry-/MAP2 +). (B) Orthogonal projection of a host neuron and magnification on the right. There 
are mCherry + processes surrounding the host neuron (cyan arrows). (C) Orthogonal projection of a hdIN 
mCherry + neuron, which is also MAP2 +. (D) Delayed synaptic response in voltage-clamp mode of the host 
neuron after optogenetic stimulation of the hdINs by a 500 ms light pulse, indicating synaptic integration of 
those cells in the pre-existing neuronal network at 4 weeks AT. (E) Delayed synaptic response in current-clamp 
mode of the host neuron after optogenetic stimulation of the hdINs, illustrating changes of the membrane 
potential (magnification in yellow), that eventually leads to the generation of an AP (magnification in pink). 
Note that the GABAA receptor-generated currents are depolarizing in the host recorded cell because a high 
chloride solution was used in the patch pipette. These responses in the host neurons were blocked by PTX (right 
column in F), but not by NBQX + AP5 (middle column in F), confirming their GABAergic nature. Scale bar: 
20 µm.
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of striatal GABAergic projection neurons CTIP2 and DARPP-32 were absent, suggesting exclusive generation 
of forebrain GABAergic interneurons.

Another important aspect is the validation of animal data in human-derived tissue to ensure that outcomes 
are not specific just to the rodent brain. Currently, however, most of the translational research is being focused on 
animal models. This may have contributed to the failure of some therapies when tested in human clinical trials. 
It is believed that for cell replacement therapy, a functional integration of transplanted neurons into the existing 
brain circuitry is needed. Previous studies have used optogenetics for addressing this issue18–21. For example, 
Cunningham, et al. (2014) transplanted human stem cell-derived GABAergic interneurons expressing ChR2 into 
the hippocampus of a pilocarpine mouse model of epilepsy, and suppressed seizures and behavioral abnormalities 
either by spontaneous firing or by optogenetic stimulation22. Weick, et al. (2011) also used optogenetics to dem-
onstrate functional synaptic integration in vitro of hESC-derived excitatory neurons into a pre-existing mouse 
neuronal circuit16. Using an optogenetic approach, we demonstrate that in cultured human primary cortical 
neurons and in an adult epileptic human neural circuitry, grafted hESC-derived GABAergic neurons integrate, 
forming functional efferent synapses. The human cell co-culture paradigm and the ex vivo transplantation onto 
human epileptic organotypic cultures shown here for testing the efferent synaptic integration of derived neurons 
could be considered as a useful platform incorporated into the roadmap of clinical translation.

One interesting aspect demonstrating efferent synaptic integration of the derived GABAergic neurons is the 
response pattern recorded in co-cultured human primary neurons (Fig. 6D–F). Light responses occurred with 
a consistent latent period upon light stimulation (Fig. 6G–I), that differed from cell to cell. The consistent latent 
period for each cell indicates that the effect is light dependent, rather than spontaneous (Fig. 6G–I). The vari-
ability between cells could be due to multiple causes: (i) Varied length of a polysynaptic chain between the hdINs 
and recorded primary neurons. This is enabled by GABA being an excitatory neurotransmitter at this stage of 
neuronal development, due to higher intracellular concentration of chloride, which depolarizes the membrane 
upon GABAA receptor activation23–29. In support, Dzhala et al. (2005) demonstrated that the peak of SLC12A2 
expression (encoding NKCC1) in human brain occurs at 35 postconceptional weeks (PCW), decreasing rapidly 
during the first year of life (54–92 PCW). It is in early childhood (92–210 PCW, approximately 1–3.3 years) when 
SLC12A5 expression levels (encoding for KCC2 protein) takes over30. (ii) The differential expression of ChR2 
in the hdINs that leads to variability in timing to the first action potential. (iii) Variability of neurotransmitter 
release from grafted cells by direct depolarization of presynaptic terminals by light.

Various types of derived neurons engrafted in human neuronal cultures receiving functional afferent synaptic 
connections, as also shown here, have been reported previously31,32. However, evidence for functional efferent 
connections from the converted neurons to the human fetal primary cortical neurons or the organotypic human 
brain slices has been lacking. Our study provides the first evidence to our knowledge that hESC-derived neurons 
are capable of forming functional efferent synaptic connections to human neurons, and thereby possess the 
potential to modulate activity and network excitability of the human neuronal network.

Methods
Stem cell maintenance.  H1 (WA01) ESC were obtained from WiCell Research Resources (Wicell, WI). 
Human ESC were maintained as feeder-free cells on Matrigel-coated (Corning) plates using Essential 8 Flex 
medium (E8F; Gibco) and passaged as colonies using ReLeSR (Stem Cell Technologies).

Mouse primary glial cell culture.  All animals were bred at the local animal facility and kept in 12 h light/
dark cycle with access to food and water ad libitum. All procedures were approved by the Malmö/Lund Animal 
Research Ethics Board, ethical permit number 02998/2020.

Mouse primary glial cells were harvested from the cerebral cortex of newborn C57Bl6/J mice at P3 to P5. 
Briefly, mice pups were separated from the mum and decapitated without anesthesia using scissors. Thus, the 
brain was extracted and dissected, and the cerebral cortex was cut, homogenized, and digested with trypsin for 
30 min at 37 °C. Cells were dissociated mechanically, passed through a cell strainer, and plated onto T75 flasks 
coated with poly-D-lysine (PDL; Sigma-Aldrich) in MEM (Gibco) supplemented with 5% fetal bovine serum 
(FBS; Sigma), 0.4% D-Glucose (w/v; Sigma), 2% B-27 (Gibco), 1% GlutaMAX (Gibco) and 1% Penicillin–Strep-
tomycin. Primary glial cells were maintained and passaged at confluency using trypsin until a maximum of 5 
passages, being passaged at least once before being used for co-culture with the hdINs.

Lentiviral constructs and virus generation.  High-titer of third-generation lentiviral particles was pro-
duced using PEI for transfection of the 293 T cells in biosafety level 2 environment33. Lentiviral particles were 
obtained for the following constructs: hSyn1-ChR2(H134R)-mCherry-WPRE (obtained by cloning at the lab, 
from Addgene #20945), and the TetOn system consisting on FUW-rtTA (Addgene #20342), FUW-TetO-Ascl1-
T2A-puromycin (Addgene #97329) and FUW-TetO-Dlx2-IRES-hygromycin (Addgene #97330).

Differentiation of hESC‑derived neurons.  Before starting the differentiation procedure, hESC were 
transduced with lentiviral particles carrying hSyn1-ChR2(H134R)-mCherry-WPRE, and the TetOn system 
rtTA/Ascl1-puro/Dlx2-hygro at MOI 5/2.5/2.5 respectively; in fresh E8F medium containing 10  µM ROCK 
inhibitor Y-27632 (Y; Stem Cell Technologies).

hdINs were generated as described in Yang et al. (2017)14, with the addition of some modifications. 
Human ESC were passaged as single cells using Accutase (Stem Cell Technologies). Cells were plated in six-
well plates coated with Matrigel at a density of 3 × 105 cells/well in E8F containing Y on –1 DIV. At 1 DIV, the 
cultured medium was replaced with N2 medium consisting of DMEM/F12 (Gibco) supplemented with N2 
Supplement (1:100; Gibco) and containing doxycycline (DOX; 2 g/l; Sigma-Aldrich) to induce the TetO gene 
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expression. DOX was added to the media for 14 days. At 2 DIV, an antibiotic-resistance selection period was 
started by adding puromycin (puro; 0.5 µg/ml; Gibco) and hygromycin (hygro; 750 µg/ml; Invitrogen) to the 
fresh media. At 5 DIV, the selection period ended and cells were cultured in N2 medium containing DOX and 
cytosine β-D-arabinofuranoside (Ara-C; 4 µM, Sigma). After a week in culture, at 7 DIV, cells were detached into 
a single-cell suspension using Accutase and plated together with mouse primary glial cells on Matrigel-coated 
glass coverslips in a 24-well plate (3–5 × 105 and 5 × 104 cells/well respectively). At this point, the medium was 
replaced with Growth medium consisting of Neurobasal medium supplemented with 2% B27, 1% GlutaMAX 
and 5% FBS. From 7 DIV until the day of the analysis (25 DIV, 35 DIV, and 49 DIV), half of the medium was 
replaced for fresh one every 2–3 days. Additionally, from approximately 10 DIV onwards Ara-C was added to 
the medium to inhibit glial cell proliferation, and from 15 DIV until the last time point BDNF (14 ng/ml, R&D 
Systems) was also added. Importantly, DOX was withdrawn from the medium at 14 DIV.

Derivation of human fetal primary cortical cells and co‑culture with hdINs.  Human primary 
cortical cells were derived from the cerebral cortex of aborted human fetuses (8  weeks of age) according to 
guidelines approved by the Lund-Malmö Ethical Committee (Ethical permit number: Dnr 6.1.8-2887/2017) 
as described in Miskinyte et al. (2017)31. The tissue was carefully dissected, minced into small pieces, and then 
triturated with a pipette tip into a single-cell suspension. The cells were washed with Neurobasal (Gibco)-based 
medium supplemented with B27, and plated onto poly-d-lysine (Sigma-Aldrich)/fibronectin (Life Technologies) 
(both 10 μg/mL)-coated glass coverslips at a density of 50,000 cells/well and maintained in the same medium 
until co-culturing. For a subset of experiments, human primary neurons were transduced with lentiviral vectors 
carrying EF1α-GFP prior to the co-culture (Fig. 6G).

hdIN precursors were detached at day 7 of differentiation and seeded onto human primary cortical cells at a 
density of 15 × 104 cells/well. Then, both cell types were cultured together following the differentiation protocol 
described above for 4 weeks (reaching 35 DIV for hdINs). Due to the proliferative nature of the neuronal precur-
sors from the human fetuses, at 35 DIV hdINs represented a 2.71% of the total number of cells in the culture, 
calculated by counting 2.01 ± 0.27% mCherry + cells which are the 74.1 ± 1.35% of the total hdINs. So, probability 
of recording from hdIN mCherry- cells instead of human primary neurons was less than 1%. Those values are in 
coherence with the number of cells we would expect from previous counting at 35 DIV in a regular differentiation 
with 500.000 seeding cells at 7 DIV. The number of cells were 61.5 ± 5.42 cells in an area of 680 × 510 µm, and in 
the co-culture scenario where the seeding cells at 7 DIV were 15 × 104 cells/well (3.3 times less) the number was 
7.83 for the same area. Hence, the co-culture environment does not affect the survival of the differentiated cells.

Organotypic cultures of adult human brain tissue and transplantation of the hdINs.  Resected 
neocortical and hippocampal tissue were obtained from patients undergoing surgical treatment for drug-resist-
ant epilepsy (n = 2). The use of resected patient tissue and following procedures were approved by the local 
Ethical Committee in Lund (#212/2007) and were performed in accordance with the Declaration of Helsinki. 
Written informed consent was obtained from all subjects prior to each surgery. Patient information:

Patient 1: TLE resection, male, age 49 years, duration of epilepsy 4 years; approximately 3 seizures/week; 
medication at time of surgery: lamotrigine; pathology: signs of previous limbic encephalitis.

Patient 2: FCD resection, female, age 27 years, duration of epilepsy 16 years; approximately 3–5 seizures/
month; medication at time of surgery: lamotrigine and Trileptal®; pathology: FCD type IIId.

The tissue slices were derived and handled as previously described34. Briefly, tissue was transported from the 
surgery room to the electrophysiology laboratory in an ice-cold sucrose-based slushed cutting solution, contain-
ing in mM: 200 sucrose, 21 NaHCO3, 10 glucose, 3 KCl, 1.25 NaH2PO4, 1.6 CaCl2, 2 MgCl2, 2 MgSO4 (all from 
Sigma-Aldrich, Sweden), adjusted to 300–310 mOsm, 7.4 pH. At the laboratory, the tissue was then transferred 
into the same type of solution, continuously bubbled with 95% O2 and 5% CO2. The 300 µm slices were cut with 
a vibratome (Leica VT1200S) and transferred to a rinsing media, containing: HBSS (Life Technologies), HEPES 
(4.76 mg/ml; Sigma), Glucose (2 mg/ml; Sigma), Penicillin/Streptomycin solution (50 ul/ml; Life Technologies). 
After 15 min in the rinsing media, slices were transferred to membrane inserts (Millipore, PIHP03050) in six 
well plates filled with slice culture medium: BrainPhys medium (Stemcell Technologies) supplemented with B27, 
Glutamax (1:200), Penicillin/Streptomycin solution (10 ul/ml; Life Technologies), and incubated in 5% CO2 at 
37 °C. The organotypic slices were kept in culture for at least 1 day before hdINs were detached at 7 DIV and 
seeded onto the tissue. Organotypic cultures were kept for 30 min in the incubator after seeding the cells in an 
air-liquid interface, then media was added on top to cover the surface.

Immunocytochemistry.  Both hdINs and human primary neurons, plated on glass coverslips were rinsed 
with phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde (PFA) for 20 min at room temperature 
(RT), and washed three times in KPBS. For GABA detection, coverslips were fixed with 0.25% glutaraldehyde in 
4% PFA instead. Then, coverslips were pre-incubated in blocking solution for 1 h (10% normal serum and 0.25% 
Triton X-100 in KPBS). Primary antibodies diluted in the blocking solution were incubated overnight at 4 °C 
(Table S2). Coverslips were washed three times in KPBS and further incubated with Alexa Fluor 488, 555 and 
647 conjugated donkey or goat secondary antibodies (1:1000, Jackson Immunoresearch, PA) against the respec-
tive primary antibodies, diluted in blocking solution for 1.5 h at RT. Nuclei were counterstained with Hoechst 
33342 (1:1000) diluted in the last rinsing with PBS before mounting with Dabco mounting media. Images were 
acquired by an epifluorescence microscope (Olympus BX61).

For staining human organotypic cultures, slices were fixed overnight at 4 °C with 4% PFA and changed to 
KPBS after. Then, slices were incubated for 1 h at RT in permeabilization solution (0.02% BSA + 1% Triton X‐100 
in PBS) and 2 h at RT in blocking solution (5% normal serum + 1% BSA + 0.2% Triton X‐100 in PBS). Primary 
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antibodies were diluted in blocking solution and incubated for 48 h at 4 °C. Then, slices were incubated again 
in blocking solution 2 h at RT. Secondary antibodies were applied in blocking solution for 48 h at 4 °C. Finally, 
nuclei were stained with Hoechst for 20 min at RT before sections were mounted. Images were acquired by 
confocal microscopy (Nikon Confocal A1RHD microscope).

Gene expression analysis.  RNA was extracted from cells using RNeasy mini kit (Qiagen) and then 
reversed to cDNA using Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Fisher Scientific). For 
quantitative PCR, cDNA was prepared with PowerUp SYBR Green Master Mix (Thermo Fisher). Candidate 
genes related to different stages of neurodevelopment and neuronal subtypes were selected for gene expression 
analysis. A complete list of the primers used is shown in Table S3. Three different biological replicates from dif-
ferent batches of differentiation were used for each time point. All the samples were run in technical triplicates, 
and the average Ct-values were used for calculations. Data was represented using the ΔCt method, in which all 
gene expression values are calculated as the average change based on two different housekeeping genes (ACTB 
and GAPDH).

Electrophysiology.  Human dIN precursors were grown on coverslips from day 7 of differentiation when 
they were co-cultured with mouse primary glial cells. For in vitro recordings, the coverslips were transferred 
to the recording chamber containing aCSF (in mM): 129 NaCl, 21 NaHCO3, 10 glucose, 3 KCl, 1.25 NaH2PO4, 
2 MgSO4, and 1.6 CaCl2, adjusted to 300–310 mOsm, pH 7.4, heated to 32 °C and continuously bubbled with 
carbogen (95% O2 and 5% CO2).

Target cells were identified under fluorescent light (520 nm) for mCherry+ and all the recorded cells were 
visualized for whole-cell patch-clamp recordings using infrared differential interference contrast video micros-
copy (BX51WI; Olympus). The glass capillary patch pipette (tip resistance between 2.5 and 6 MΩ) was backfilled 
with a solution containing in mM: 122.5 K-gluconate, 17.5 KCl, 10 KOH-HEPES, 0.2 KOH-EGTA, 2 Mg-ATP, 
0.3 Na3GTP, and 8 NaCl, pH 7.2–7.4 (mOsm 290–300; all from Sigma-Aldrich). Moreover, biocytin (0.5–1 mg/
ml, Biotium) was dissolved in the pipette solution for post-hoc identification of recorded cells. All recordings 
were performed using an EPC10 double patch-clamp amplifier (HEKA Elektronik, Germany), sampled at 10 kHz 
with a 3 kHz Bessel anti-aliasing filter and using PatchMaster software for data acquisition.

After the formation of a GΩ seal, the patch was ruptured giving direct access to the intracellular compart-
ment. Resting membrane potential (RMP) was determined in current-clamp mode at 0 pA immediately after 
establishing the whole-cell configuration. Series resistance (Rs) and input resistance (Ri) were calculated from 
a 5 mV voltage pulse applied through the patch pipette and monitored throughout the experiment. A series of 
square current steps of 500 ms duration from − 40 to 200 pA in 10 pA steps, were applied at a membrane poten-
tial of approximately − 70 mV with holding current as needed, to determine the cells’ ability to generate action 
potentials (AP). Sodium and potassium currents were evoked by a series of 100 ms long voltage steps ranging 
from − 90 to + 40 mV in 10 mV steps and their sensitivity to 1 µM TTX and 10 mM TEA was determined. AP 
characteristics were assessed by administration of a depolarizing ramp current over 1 s, from a holding potential 
of − 70 mV, starting with a 0–25 pA ramp and up to a 0–300 pA ramp in various cells. Spontaneous postsynaptic 
currents were recorded at − 70 mV.

Drugs and concentrations.   Drugs and concentrations: All the used drugs were applied in an aCSF solution per-
fusing the recording chamber, with the following concentrations: N-Methyl-d-aspartic acid (NMDA) receptor 
blocker (2R)-amino-5-phosphonovaleric acid (D-AP5) 50 µM (Abcam); a-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic (AMPA) receptor blocker 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione 
(NBQX) 5 µM (Abcam Biochemicals); GABAA-receptor blocker picrotoxin (PTX) 100 µM (Tocris); Tetrodo-
toxin (TTX) 1 µM (Abcam); and tetraethylammonium (TEA) 10 mM (Abcam).

Optogentics.  For the optogenetic activation of ChR2-expressing cells, blue light of 460  nm wavelength was 
applied with a LED light source (Prizmatix, Modiin Ilite, Israel) connected to the microscope via a waveguide, 
illuminating the slice through the water immersion 40 × microscope objective. Red light (595 nm) was applied 
as a negative control. The frequency and duration of light pulses were programmed and controlled within the 
Patchmaster software. Stimulation of ChR2-expressing cells was done either by continuous application of the 
blue light for 500 ms (pulse) or 5 pulses of 3 ms separated by 97 ms intervals (train).

Human primary neuron and host neurons from the human tissue recordings.  Human primary neurons and 
host neurons from the human organotypic cultures were identified by infrared differential interference con-
trast microscopy, not expressing mCherry under fluorescent light. For a subset of experiments, these cells were 
identified by GFP + expression (Fig. 6G). The patch pipette was backfilled with a solution containing in mM: 
140 KCl, 10 HEPES, 0.2 EGTA, 4 Mg-ATP, 0.4 Na3GTP, and 10 NaCl, pH 7.2–7.4 (mOsm 290–300; all from 
Sigma-Aldrich).

Statistical analysis.  Quantification of the number of immunoreactive cells was performed in five ran-
domly selected 20 × visual fields for each coverslip from at least three independent cell differentiations. Results 
for the different markers were expressed as a percentage of the total number of MAP2 + cells. The number of 
MAP2 + cells varied between 26 to 130 cells in each area counted, with a mean of 52.25 ± 1.78 cells/area, and a 
minimum of 600 cells were counted for each marker and time point.
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Whole-cell patch-clamp recordings were analyzed offline with Igor Pro (Wavemetrics) and Python. AP ampli-
tude was measured on ramp recordings from threshold to peak and AP duration was measured as the width at 
the threshold. The amplitude of the afterhyperpolarization (AHP) was measured on depolarizing square current 
steps as the difference between the AHP peak and the AP threshold. Spontaneous postsynaptic currents were 
detected and analyzed using a custom Python script (https://​github.​com/​AMikr​oulis/​xPSC-​detec​tion). Voltage-
clamp recordings were low-pass filtered at 400 Hz. An averaged postsynaptic current template generated from 
hdINs recordings was used for the detection (Figure S2E). Events with a correlation coefficient to the template of 
0.6 or greater were included in the analysis (Figure S2F). The rise and decay times were measured as the interval 
between 20 and 80% of the maximum amplitude. Before the statistical analysis, four exclusion criteria were 
applied: (1) events with < 5 pA of amplitude were excluded (due to the amplifier’s intrinsic noise floor at 4 pA 
p-p); (2) events with rise-time > 3 ms were excluded; (3) events with decay-time > 20 ms were excluded; and (4) 
events with decay-time shorter than 1.5 times the rise-time of the event were also excluded. For an equal statisti-
cal representation of the different neurons analyzed, an equal number of events were analyzed for all neurons.

Statistical analysis of the data was performed using Prism 7 (GraphPad). The Mann–Whitney test was used 
for comparison of medians, one-way ANOVA with Tukey’s post hoc test for multiple comparisons of means 
and Wilcoxon test for comparison of paired data. Fisher’s exact test was used for comparison of proportions. 
The level of significance for the tests was set at p < 0.05. The Kolmogorov–Smirnov test was used for distribu-
tion comparisons of spontaneous currents and the significance was set to p < 0.01. All data is presented in the 
figures as Mean ± SEM. Outlier detection test was applied for the analysis of spontaneous synaptic activity in 
Fig. 3 and Figure S2, detecting only one outlier that was discarded from the analysis although it did not affect 
the statistical significance.
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Figure S1 

Gene expression profile during the cell differentiation. RT-qPCR analysis for the gene expression 

of oligodendrocyte precursors marker (PDGFRα, blue), the MGE marker (NKX2.1, orange), and the 

main interneuron subtypes markers (pink) together with PPP1R1B gene (pink), which is expressed in 

the striatal GABAergic projecting neurons known as medial spiny neurons. Mean ± SEM (n = 3 

differentiation batches for condition / time point). 

 

 

 

 

 

 

 

 



Figure S2 

Spontaneous synaptic currents recorded in hdINs at 35 and 49 DIV. hdINs exhibited spontaneous 

synaptic currents at 35 and 49 DIV. Approximately 80% of the events at 49 DIV had larger amplitudes 

than at 35 DIV (A). This was accompanied by a higher number of events at 49 DIV (C) compared to 35 

DIV. Nevertheless, distribution of the means for both amplitude (B) and inter-event interval (D) were 

similar between 35 and 49 DIV. (E) Template used for detecting events. (F) Example of event detection 

using a 0.6 correlation coefficient to the model (E), before further filtering using exclusion criteria. Above 

in black there is the recording in voltage-clamp and below in red is the automated event detection 

indicated with red arrows. Mean ± SEM. Kolmogorov-Smirnov test for cumulative distributions and 

Mann-Whitney test for comparison of means (35 DIV n=13 and 49 DIV n=8, 10 events per cell and 

condition). ##, p<.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S3 

Electrophysiological properties and spontaneous synaptic currents in dhINs 4-6 weeks after ex 

vivo transplantation onto adult human organotypic brain cultures. Grafted hdINs were able to 

respond with multiple action potentials to depolarizing current pulses (A) and ramps of depolarizing 

current (B), comparable to mature neurons. Magnification of a current induced action potential in green. 

(C) Expanded current traces illustrating the sodium current and (D) the potassium current activated 

during voltage pulses ranging from -90 mV to +40 mV in 10 mV steps. (E-G) Optogenetic stimulation of 

ChR2 in hdINs triggered inward currents. Light responses were assessed during (E) 500 ms light pulse 

in voltage-clamp, (F) light train of 5 pulses of 3 ms with 97 ms of interval between pulses in voltage-

clamp, and (G) 500 ms light pulse in current-clamp. (H, I) Spontaneous synaptic currents in whole-cell 

voltage-clamp (H) and current-clamp (I) mode showing afferent synaptic activity in the hdINs. (J) 

Optogenetic stimulation of ChR2 in hdINs triggered immediate inward currents (red arrow) and, in some 

cells, also delayed light responses (green arrow) later in the light pulse generated most likely by another 

hdINs connecting to the recorded one. Blue line, light stimulation. 

 



Table S1 

Electrophysiological properties of hdINs. The upper table shows the intrinsic electrophysiological 

properties of hdINs at different time points. The lower table summarizes the properties of the 

spontaneous synaptic currents of hdINs at the two latest time points. (a) Ratio of cells. Mean ± SEM. 

One-way ANOVA with Tukey’s post hoc test for multiple comparisons of means and Fisher’s exact test 

for comparison of proportions (25 DIV n=15, 35 DIV n=36, and 49 DIV n=26) in the upper table. Mann-

Whitney test for comparison of medians (35 DIV n=11 and 49 DIV n=8) and Fisher’s exact test for 

comparison of proportions (35 DIV n=26 and 49 DIV n=25) in the bottom table. *, p<.05; **, p<.01; ***, 

p<.001; ****, p<.0001; indicates a statistically significant difference in comparison to the 25 DIV group 

in the top table and to the 35 DIV group in the bottom one. AP, action potential; RMP, resting membrane 

potential; Ri, input resistance. 

Intrinsic electrophysiological properties 

 hESC-derived Neurons 

 25 DIV 35 DIV 49 DIV 

Spontaneous APs a 2/15 25/36 **** 21/26 **** 

RMP (mV) -34.27 ± 2.87 -47.20 ± 1.84 **** -44.85 ± 1.94 *** 

Ri (MOhm) 1470 ± 244.67 1296.13 ± 178.03 1205.86 ± 158.35 

Fire to Ramps a 9/13 35/36 * 25/26 * 

Action Potential    

Threshold (mV) -34.62 ± 0.94 -36.39 ± 0.95 -33.90 ± 1.49 

Amplitude (mV) 51.98 ± 4.36 75.87 ± 1.7 **** 75.27 ± 2.62 **** 

Duration (ms) 4.58 ± 0.85 2.85 ± 0.27 * 2.14 ± 0.26 *** 

AHP amplitude (mV) 17.58 ± 2.54 25.16 ± 1.15 ** 28.28 ± 1.23 *** 

Max. number 2 ± 0.73 17.9 ± 1.80 **** 18.64 ± 2.39 **** 

 

Electrophysiological properties of spontaneous synaptic currents 

 hESC-derived Neurons 

 35 DIV 49 DIV 

Spontaneous synaptic activity a 13/26 23/25 ** 

Amplitude (pA) 34.33 ± 5.82 49.63 ± 7.39 

Inter-event interval, IEI (ms) 1688.46 ± 322.5 711.02 ± 107.02 

Rising time (ms) 1.1 ± 0.04 1.06 ± 0.05 

Decay time (ms) 14.87 ± 0.55 15.1 ± 0.55 

  
 

 

 

 

 

 

 

 

 



Table S2 

Primary antibodies used for immunocytochemistry. Antibodies used for immunocytochemistry 

detection of different markers for cellular characterization. 

Antibody Host species Dilution Company 

Oct4 Rabbit 1:500 Abcam ab19857 
MAP2 Chicken 1:2000 Abcam ab5392 
MAP2 Mouse 1:500 Sigma Aldrich M2320 
mCherry Chicken 1:2000 Abcam ab205402  
GABA Rabbit 1:2000 Sigma Aldrich A2052 
GAD65/67 Rabbit 1:500 Sigma Aldrich G5163 
Calretinin (CR) Rabbit 1:1000 Swant CR7697 
Calbindin (CB) Rabbit 1:1000 Swant CB-38a 
PV Mouse 1:1000 Swant PV235 
SST Rat 1:100 Millipore MAB354 
NPY Rabbit 1:5000 Sigma Aldrich N9528 
CCK Rabbit 1:1000 Sigma Aldrich C2581 
GFAP Mouse 1:150 Sigma Aldrich G3793 
TH Mouse 1:200 Millipore MAB318 
vGlut1 Mouse 1:200 Synaptic Systems 135511 
KGA Rabbit 1:1000 Abcam ab93434 

 

 

 

Table S3 

Primer sequences used for gene expression analysis. List of primer sequences used for RT-qPCR 

detection of specific genes for cellular characterization. 

TARGET GENE PRIMERS 

Forward Reverse 

h-ACTB CCTTGCACATGCCGGAG GCACAGAGCCTCGCCTT 
h-GAPDH TTGAGGTCAATGAAGGGGTC GAAGGTGAAGGTCGGAGTCA 
h-POU5F1 (OCT4) TCTCCAGGTTGCCTCTCACT GTGGAGGAAGCTGACAACAA 
h-SOX2 CATGGCAATCAAAATGTCCA TTTCACGTTTGCAACTGTCC 
h-MAP2 CCGTGTGGACCATGGGGCTG GTCGTCGGGGTGATGCCACG 
h-SYN1 CCCGTGGTTGTGAAGATGGGGC TGCCACGACACTTGCGATGTCC 
h-NKX2.1 AGGGCGGGGCACAGATTGGA GCTGGCAGAGTGTGCCCAGA 
h-GAD1 (GAD67) GCCAGACAAGCAGTATGATGT CCAGTTCCAGGCATTTGTTGAT 
h-PVALB TGCAGGATGTCGATGACAGA TTTCTTCAGGCCGACCATTT 
h-SST CCCCAGACTCCGTCAGTTTCT CATTCTCCGTCTGGTTGGGT 
h-CALB1 (CB) TGGATCAGTATGGGCAAAGAGA ATCGGAAGAGCAGCAGGAAAT 
h- CALB2 (CR) TGGAAGCACTTTGACGCAGAC CAGAGCCTTTCCTTGCCTTCT 
h-VIP TCTCACAGACTTCGGCATGG TCATTTGCTCCCTCAAAGGGT 
h-NPY TGTTCCCAGAACTCGGCTTG TGCATTGGTAGGATGGGTGG 
h-CCK AGGGTATCGCAGAGAACGGA CTTATCCTGTGGCTGGGGTC 
h-PPP1R1B (DARPP32) GAGAGCCTCAGGAGAGGGGCAC AGGTGGTGTGTAGGCACAGGGG 
h-SLC17A7 (VGLUT1)  AATAACAGCACGACCCACCGCG AGCCGTGTATGAGGCCGACAGT 
h-GFAP AGATCCGCACGCAGTATGA AGTCGTTGGCTTCGTGCTT 
h-PDGFRA CCTTGGTGGCACCCCTTAC TCCGGTACCCACTCTTGATCTT 
m-Actb CATTGCTGACAGGATGCAGAAGG TGCTGGAAGGTGGACAGTGAGG 
m-Gapdh AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA 
m-Gfap ACCAGCTTACGGCCAACAGT TACGCAGCCAGGTTGTTCTC 
WPRE GTCCTTTCCATGGCTGCTC CCGAAGGGACGTAGCAGA 
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Abstract: Epilepsy is a complex disorder affecting the central nervous system and is characterised by
spontaneously recurring seizures (SRSs). Epileptic patients undergo symptomatic pharmacological
treatments, however, in 30% of cases, they are ineffective, mostly in patients with temporal lobe
epilepsy. Therefore, there is a need for developing novel treatment strategies. Transplantation of cells
releasing γ-aminobutyric acid (GABA) could be used to counteract the imbalance between excitation
and inhibition within epileptic neuronal networks. We generated GABAergic interneuron precursors
from human embryonic stem cells (hESCs) and grafted them in the hippocampi of rats developing
chronic SRSs after kainic acid-induced status epilepticus. Using whole-cell patch-clamp recordings,
we characterised the maturation of the grafted cells into functional GABAergic interneurons in the
host brain, and we confirmed the presence of functional inhibitory synaptic connections from grafted
cells onto the host neurons. Moreover, optogenetic stimulation of grafted hESC-derived interneurons
reduced the rate of epileptiform discharges in vitro. We also observed decreased SRS frequency and
total time spent in SRSs in these animals in vivo as compared to non-grafted controls. These data
represent a proof-of-concept that hESC-derived GABAergic neurons can exert a therapeutic effect on
epileptic animals presumably through establishing inhibitory synapses with host neurons.

Keywords: human embryonic stem cells; GABA; interneurons; optogenetics; epilepsy; cell integration;
synaptic integration

1. Introduction

Epilepsy is a neurological disorder affecting around 50 million people worldwide [1].
Patients suffering from epilepsy have access to a variety of symptomatic pharmacological
treatments [2–5]. However, despite the growing number of these anti-seizure medications
(ASMs), there are no established preventive or disease-modifying treatments available [6].
Moreover, long-term intake of ASMs is associated with adverse side effects [7–9], and
most importantly, available medications are not effective in 30% of patients who become
drug-resistant [10,11]. Most commonly these patients suffer from temporal lobe epilepsy
(TLE), which is characterised by focal spontaneous recurrent seizures (SRSs) originating
in the mesial temporal lobe often with secondary generalization. Many TLE patients also
exhibit comorbidities, such as depression, anxiety, psychosis, and impairment of learning
and memory [12]. For some of these drug-resistant patients, surgical resection of the
epileptogenic focus may be an effective treatment, nonetheless, this therapeutic approach is
possible only in a relatively small number of individuals due to the location of the seizure
focus in, e.g., eloquent brain areas [13].

One of the structures affected in TLE is the hippocampus, where alterations of its
neuronal circuitry lead to hyperexcitability [14]. One of the causes of hyperexcitability

Int. J. Mol. Sci. 2021, 22, 13243. https://doi.org/10.3390/ijms222413243 https://www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2021, 22, 13243 2 of 24

is dysfunction and/or degeneration of inhibitory GABAergic interneurons [15,16] which
express and release the inhibitory neurotransmitter γ-amino-butyric acid (GABA) [17].
The loss of these neurons can lead to decreased inhibition in the neuronal networks,
shifting the balance towards increased excitability, and reduced threshold for seizure
initiation [18–20]. Therefore, there is an increased interest in developing cell therapies
for epilepsy based on transplanting GABAergic progenitor cells in the seizure focus, thus
enhancing inhibitory neurotransmission, which could normalize increased excitability of
the local networks and thereby suppress SRSs. Several studies in animal models of TLE
focused on medial ganglionic eminence (MGE)-derived GABAergic progenitor cells. After
in vivo transplantation, these cells can differentiate into subclasses of interneurons typical
for the hippocampus, migrate extensively, are capable of integration into the hippocampal
circuitry, and most importantly, significantly diminish SRSs [21–26]. However, in all the
studies, foetal rodent tissue has been used as the source of MGE-derived GABAergic
progenitor cells. Although this approach provides a proof-of-concept for this idea, it lacks
the translational potential for treating human patients. It is therefore not surprising that
recent research has focused on the use of cells derived from human pluripotent stem
cells (hPSCs), as a renewable resource for cell-based therapies. Studies using MGE-like
GABAergic progenitors derived from hPSCs indicated seizure attenuation several months
after transplantation in two rodent TLE models [27,28] suggesting that this strategy may
be a promising approach for new therapy development.

In our previous study [29], we successfully generated optogenetically regulatable
GABAergic interneurons from hESCs in vitro in a relatively short time, by adapting a
protocol based on overexpressing two transcription factors, Dlx2 and Ascl1 [30]. Using
optogenetic activation of these cells, we demonstrated the establishment of functional
efferent synapses onto other human neurons in vitro [29]. In the current study, we asked
whether these cells would also generate such synapses when grafted in vivo into the epilep-
tic hippocampus. We transplanted these cells into the hippocampi of immunodeficient
rats with kainate-induced TLE. We demonstrated that the hESC-derived GABAergic in-
terneurons (hdInts) can functionally mature and form inhibitory synapses onto the host
cells in the hippocampus already at three months and more prominently at six months
post-transplantation (PT). Importantly, we observed a significant reduction of SRS fre-
quency and total time spent in seizures in treated animals compared to untreated controls
four months after status epilepticus (SE) induction. Taken together, our results provide
evidence that hESC-derived interneurons suppress SRSs in epileptic animals by estab-
lishing inhibitory synaptic connections onto the host neurons and contribute to a better
understanding of the potential mechanisms by which novel cell-based therapy would
counteract refractory epilepsy.

2. Results
2.1. Kainic Acid-Induced Status Epilepticus and Development of Spontaneous Recurrent Seizures

To assess kainic acid-induced SE (KA-SE), animals were observed since the first KA
injection (Figure S1, Video S1). With a median dose of 15 mg/kg of KA, all animals
developed SE (n = 25). The mortality rate for KA-SE was 8% (two out of 25 animals).
Animals were divided in two groups, (i) non-grafted (controls; n = 8) and (ii) cell-grafted
(n = 16). To establish the frequency of motor SRSs, eight animals from both groups were
video monitored for seven days continuously, starting four months after SE (i.e., three
months PT, Figures 1A and 10A, Video S2). From the cell-grafted group, seven animals
were used for electrophysiology and immunohistochemistry at three months PT, and
eight animals were kept for six-month PT experiments. Motor SRSs were not detected
in two rats from the control non-grafted group and were therefore excluded from the
study. Video-EEG monitoring of three non-grafted rats used as a pilot, confirmed that
96.8% of electrographic SRSs were generalised motor SRSs (Figure S2A), therefore, only
video recordings were used for the rest of the study to analyse SRS frequency and duration
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(Rat #1—16 motor seizures out of 17 total; Rat #2—17 motor seizures out of 18 total;
Rat #3—27 motor seizures out of 27 total; Figure S2B1,B2).

2.2. hESC-Derived Interneuron Precursors Functionally Mature in the Epileptic
Rodent Hippocampus

As described before, hPSC-derived interneurons can mature and integrate into the
rodent hippocampus [27,28]. In this study, GABAergic interneuron precursors were gen-
erated from hESCs by overexpressing Ascl1 and Dlx2 [30] and were transplanted already
at seven days in vitro (DIV; Figure 1A), with their differentiation continuing in vivo by
administering doxycycline to the animals in the drinking water (see Section 4.3). Spare
hdInt precursors from transplantation surgeries were replated directly on the same day and
fixed 24 h after. Immunocytochemistry of hdInt precursors confirmed successful patterning
of the cells (GABA+ and β-III-tubulin+, Figure S3D,E) and their loss of the proliferative
state (Ki67-, Figure S3B). Cells did not express Sox2 (Figure S3A), a stem cell marker, nor
Nestin, a marker of neural precursors at the stage of radial glia (Figure S3C). A more
detailed characterization of hdInts in vitro was described in our previous study [29].

To be able to investigate the formation of synapses onto the host neurons, the grafted
cells were transduced by channelrhodopsin-2 (ChR2)-carrying lentiviral particles. First,
their ability to respond to blue light (460 nm) was assessed by whole-cell patch-clamp
recordings. These experiments were performed both at three months PT (n = 27 cells) and
six months PT (n = 42 cells, Figure 1B). The transplanted cells generated action potentials
(APs) in response to the light, and the proportion of cells being able to generate APs was
significantly higher at six months (n = 24 out of 42) compared to three months PT (n = 10
out of 27, p = 0.0098; Figure 1D, Table S1). However, the peak current of the response
(3 months PT: 115.6 ± 20.97 pA, 6 months PT: 80.52 ± 13.98 pA), as well as the steady-state
current (3 months PT: 50.23 ± 10.3 pA, 6 months PT: 41.50 ± 7.9 pA) did not differ between
the two time points (p = 0.2287 and p = 0.8427, respectively; Figure 1E, Table S1).

Figure 1. Experimental timeline and optogenetic properties of grafted hdInts. (A) Schematic represen-
tation of the timeline of the study. (B) Voltage- and current-clamp traces from ChR2-expressing hdInts
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indicate the direct response to 460 nm light stimulation. Two types of stimulation were used:
continuous 500 ms pulse (left column) and brief 3 ms pulses at 10 Hz (right column). (C1) Grafted
hdInt being approached by a patch-clamp pipette after identified as mCherry+ (shown on (C2);
i.e., expressing ChR2). Red dotted circle outlines the patched cell. (D) Significantly higher proportion
of cells was able to generate APs in response to light stimulation at six months PT. (E) Neither the
peak current nor the steady-state current significantly changed over time. **, p < 0.01; Binomial
test was used to compare proportions in (D); Mann-Whitney test was used to compare medians
in (E). Scale bar 20 µm. KA, kainic acid; SE, status epilepticus; TLE, temporal lobe epilepsy; ChR2,
channelrhodopsin-2; hESCs, human embryonic stem cells; DIV, days in vitro; hdInt, hESC-derived
GABAergic interneuron; PT, post-transplantation; AP, action potential.

Electrophysiological properties of the grafted cells were analysed to assess their
functional maturation in the tissue environment of the epileptic hippocampus at three
months PT (n = 27 cells) and six months PT (n = 42 cells). The input resistance (Ri)
was significantly lower at six months PT (3 months PT: 974.0 ± 75.23 MΩ, 6 months PT:
746.4 ± 62.4 MΩ, p = 0.0164) while resting membrane potential (RMP) was significantly
more negative at six months PT in the grafted cells (3 months PT: −52.64 ± 1.86 mV,
6 months PT: −59.77 ± 1.26 mV, p = 0.0016), better resembling the values of mature neu-
rons (Figure 2A, Table S1). There was no significant difference in membrane capacitance
(Cm, 3 months PT: 188.7 ± 24.01 pF, 6 months PT: 205.8 ± 16.37 pF, p = 0.4493) and series
resistance (Rs, 3 months PT: 9.91 ± 1.35 MΩ, 6 months PT: 8.48 ± 1.08 MΩ, p = 0.1853;
Figure 2A, Table S1). However, all AP properties showed a more mature neuronal pheno-
type at six months PT compared to the earlier time point, with the amplitude being larger
(3 months PT: 54.56 ± 3.53 mV, 6 months PT: 76.79 ± 1.94 mV, p < 0.0001), the threshold
lower (3 months PT:−31.82± 1.61 mV, 6 months PT:−36.5± 1.05 mV, p = 0.0134), the dura-
tion shorter (3 months PT: 3.11 ± 0.21 ms, 6 months PT: 1.95 ± 0.1 ms, p < 0.0001), and after-
hyperpolarisation (AHP) amplitude larger (3 months PT: 22.28 ± 1.06 mV, 6 months PT:
28.39 ± 0.91 mV, p < 0.0001, Figure 2B, Table S1). All cells were able to fire depolarization-
induced APs at both timepoints. In addition, a significant increase in sodium and potassium
currents was observed at six months PT (Figure 2C,D). All the above-mentioned parameters
indicate functional maturation of the grafted cells in the rat epileptic brain over time.

To investigate afferent synapses formed onto the grafted hdInts, we recorded spon-
taneous postsynaptic currents (sPSCs) in voltage-clamp mode at the holding potential
of −70 mV (Figure 3A). sPSCs were then detected using a custom-made python script
offline. The measured characteristics of the sPSCs were then compared between the cells
at three- and six-months PT (n = 42 events/cell for distribution comparisons; for median
comparisons: 3 months PT-n = 26 cells; 6 months PT-n = 42 cells). The median rise time of
the detected events was significantly shorter at six months PT (3 months PT: 2.0 ± 0.06 ms,
6 months PT: 1.69 ± 0.04 ms, p < 0.0001), also clearly seen on the distribution curves
(Figure 3B). Together with the significantly larger amplitude (3 months PT: 8.14 ± 0.77 pA,
6 months PT: 15.32 ± 1.6 pA, p < 0.0001), increased frequency (3 months PT: 1.36 ± 0.24 Hz,
6 months PT: 2.52 ± 0.2 Hz, p < 0.0001) and decreased inter-event intervals (IEIs) of the
sPSCs at the later time point (Figure 3B), these changes indicate increased synaptic inte-
gration of the grafted hdInts into the host neural network over time (values summarized
in Table S1).
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Figure 2. Electric membrane properties of grafted hdInts and their change over time. (A) Cell membrane properties of
hdInts calculated from a series of 5 mV pulses applied through the patch pipette at three- and six-months PT. The Ri was
lower and RMP higher, getting closer to mature neuronal characteristics at the later timepoint. (B) AP properties measured
from induced APs. All changes between the two time points were significant and indicate neuronal maturation of the
grafted cells. (C) TTX-sensitive evoked sodium currents were higher at six months PT. (D) TAE-sensitive evoked potassium
currents were higher at six months PT. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. Mann-Whitney test was used
to compare medians in (A,B); Multiple unpaired t-tests were used to compare means in (C) and (D). Dotted grey line
represents the baseline (0 mV/0 pA) from which reported values have been measured. Ri, input resistance; RMP, resting
membrane potential; Cm, membrane capacitance; Rs, series resistance; AHP, after-hyperpolarisation; TTX, tetrodotoxin;
TAE, tetraethylammonium.
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Figure 3. Spontaneous synaptic events in grafted hdInts. (A) Representative traces of voltage-
clamp recordings from grafted hdInts in which sPSCs were detected. (B) Comparisons of sPSC
characteristics between three- and six-months PT demonstrate the differences between medians and
distributions. The rise time of the detected events is significantly shorter, amplitude significantly
larger and frequency significantly higher at six months PT indicating improved synaptic integration
at this later time point. ****, p < 0.0001. A Mann-Whitney test was used to compare medians in box
plots, Kolmogorov-Smirnoff test was used for comparison of distributions. IEI, inter-event interval.

2.3. hESC-Derived Interneurons form Inhibitory Synapses between Each Other and onto
Host Neurons

An important aspect of neuronal maturation and integration into the neuronal network
is the ability of the transplanted cells to form efferent synapses onto the surrounding neu-
rons. To investigate this, we took advantage of the optogenetic modification of the grafted
hdInts. While recording from ChR2-expressing hdInts and illuminating the hippocampal
slices with a 460 nm light pulse (Figure 4A), apart from the direct response to the light stim-
ulation, delayed synaptic currents were also observed (with a delay from the light pulse
onset; Figures 4B and S5). The delayed onset of the PSCs was most likely due to the time re-
quired for the synaptic transmission, as well as the reach time needed for the depolarization
of the presynaptic hdInt cells to the level of AP generation (Figures S6 and S7). To verify
that the delayed currents were indeed inhibitory synaptic connections from surrounding
hdInts, the same light stimulation recordings were performed by adding picrotoxin (PTX),
a GABA receptor blocker. Indeed, the delayed currents were no longer visible after PTX
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treatment (n = 6 cells, Figure 4B), supporting the GABAergic nature of the graft-to-graft
synapses. These graft-to-graft synapses were higher in proportion at six months PT (n = 13
out of 42 cells) compared to three months PT (n = 4 out of 27 cells, p = 0.0073) which sug-
gests an increase in such synapses over time (Figure 4C). The ChR2-expression of grafted
hdInts was identified before patching the cells by mCherry fluorescence and was confirmed
retrospectively by staining against mCherry (Figure 4D,E).

Figure 4. Graft-to-graft synaptic connectivity. (A) Cartoon representing a recording from a grafted
hdInt receiving inhibitory synapses from another grafted hdInt (a graft-to-graft synapse) activated by
blue light. (B) Representative traces from recorded hdInts in voltage- and current-clamp mode while
illuminating slices by a 500 ms blue light pulse. Note a delayed synaptic response, which is then
blocked by PTX, confirming the GABAergic nature of the synaptic connections. These PSCs were
observed both at three- and six-months PT. (C) The proportion of cells with an observed graft-to-graft
synapse was significantly higher at six months, compared to three months PT. (D,E) Immunofluores-
cent staining of slices used for electrophysiology experiments confirming the expression of mCherry
in grafted hdInts. The cells exhibit staining for the human cell marker STEM121 (green) and mCherry
(red). **, p < 0.01. The binomial test was used for the comparison of proportions in (C). Scale bar
100 µm. PTX, picrotoxin.
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Similar experiments were performed to identify efferent synaptic connections from
grafted hdInts onto the host neurons. Whole-cell patch-clamp recordings were performed
from neurons not expressing ChR2 in the vicinity of a ChR2-expressing hdInt (Figure 5A).
When a light pulse was delivered to the slice, there was no direct light-induced current
observed (Figure 5B). However, in some cells delayed synaptic responses were detected
instead (Figures 5B and S5). These currents were readily blocked in all cells by PTX
application (n = 5 cells), again confirming that the synaptic connections were GABAergic
(Figure 5B). In contrast, no change was observed in the delayed synaptic responses when
2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo-quinoxaline-2,3-dione disodium salt (NBQX) and
(2R)-amino-5-phosphonovaleric acid (D-AP5) were applied to block glutamatergic synaptic
responses (Figure S4). Similar, to the above-mentioned graft-to-graft synapses, the graft-to-
host synapses were observed in a higher proportion of cells at the later time point (3 months
PT: n = 3 out of 25 cells, 6 months PT: n = 11 out of 37 cells, p = 0.0032, Figure 5C). All
recorded host neurons with delayed synaptic responses were retrospectively confirmed
as host neurons by confocal microscopy, by not expressing mCherry nor the human cell
marker STEM121 (Figure 5D,E).

Figure 5. Graft-to-host synaptic connectivity. (A) Cartoon representing a recording from a host
neuron receiving inhibitory synapses from a grafted hdInt (a graft-to-host synapse) activated by blue
light. (B) Representative traces from recorded host neurons in voltage- and current-clamp mode while
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illuminating slices by a 500 ms blue light pulse. Note a delayed synaptic response, which is then
blocked by PTX, confirming the GABAergic nature of the synaptic connections. These PSCs were
observed both at three- and six-months PT. (C) The proportion of cells with an observed graft-to-host
synapse was significantly higher at six months, compared to three months PT. (D,E) Immunofluo-
rescent staining of slices used for electrophysiology experiments, the patched biocytin-filled cells
(magenta) do not exhibit staining for STEM121 (green) nor mCherry (red). **, p < 0.01. A binomial
test was used for the comparison of proportions. Scale bar 100 µm.

To get a better understanding of the nature and origin of the delayed synaptic re-
sponses, time was measured from the onset of the light pulse to the base of the first delayed
synaptic event. These measurements revealed a relatively narrow time window in which
these events occurred in each cell (Figure S5). This finding indicates that the observed
synaptic events were less likely to be random sPSCs but were rather delayed synaptic
responses caused by light stimulation of a nearby ChR2-expressing hdInt. Notably, there
was a quite wide range in the observed delayed synaptic responses between cells, especially
at six months PT (Figure S5). To test whether one of the reasons could be a delayed AP
generation in presynaptic hdInts after light onset, time was measured from the onset of the
light pulse to the threshold of the first light-induced AP (only in cells with no graft-to-graft
connections). A broad range of AP onset times was observed; thus a correlation analy-
sis was performed which revealed that both light-induced peak current and steady-state
current amplitudes correlated negatively with AP onset time (r = −0.7647, p = 0.0009;
r = −0.7412, p = 0.0015, respectively; Figures S6A,B and S7).

2.4. hESC-Derived GABAergic Interneurons Express Interneuron Markers Calretinin
and Calbindin

The grafted hdInts have proven to be GABAergic in our previous in vitro study [29].
The present electrophysiological experiments suggested that even after in vivo grafting
these cells become GABAergic as judged by their efferent synaptic connections. To further
consolidate their phenotype, the hippocampal slices used for whole-cell patch-clamp
recordings were used for immunohistochemistry. Firstly, the expression of GABA in
the tissue was examined, and indeed, the grafted areas expressed significantly higher
fluorescence levels of GABA staining than the surrounding tissue both at three months PT
(n = 17 slices, p < 0.0001) as well as at six months PT (n = 19 slices, p < 0.0001; Figure 6A1,A2).
Summarized data are presented in Figure 6B.

To further specify the interneuron phenotype, we examined slices for calretinin (CR)
and calbindin (CB) immunoreactivity. These stainings revealed that the expression of
CB in the grafted hdInts was colocalized with the expression of the human cytoplasm
marker STEM121 in a proportion of cells (Figure 7A1,A2), which was similar at both time
points of analysis (n = 21 slices/timepoint, three months PT: 37.48 ± 1.98%, 6 months
PT: 38.0 ± 3.18%, p = 0.8904; Figure 7C). Examples of double labelled cells with CB and
STEM121, as well as STEM121 and Hoeschst are presented in Figure 7B.

Cells expressing both CR and the human cytoplasm marker STEM121 were identified
in the graft as well (Figure 8A1,A2), with the percentage of cells co-expressing both markers
being significantly higher at the six-month PT timepoint as compared to three months PT
(n = 21 slices/timepoint, three months PT: 32.42 ± 1.66%, 6 months PT: 38.07 ± 2.17%,
p = 0.0455; Figure 8C). Examples of double labelled cells with CR and STEM121, as well as
STEM121 and Hoeschst are presented in Figure 8B.

In summary, hdInt precursors grafted into the rat epileptic hippocampus mature into
GABAergic interneurons mostly with a CB and CR phenotype.
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Figure 6. Histological analysis of GABA expression within and outside the graft. (A) Immunofluo-
rescent staining of hippocampal sections with grafted hdInts for mCherry (marker for ChR2; red),
human cytoplasm (STEM121; green), and GABA (magenta), merged with Hoechst (blue) in the last
right column. GABA expression within the graft was well seen at both three months PT (A1) and six
months PT (A2). (B) Quantification of GABA fluorescence intensity of the graft area compared with
surrounding tissue at both timepoints. ****, p < 0001. Wilcoxon test was used in (B). Dashed white
line in (A1,A2) represents the anatomical structure of the hippocampus. Scale bars 1 mm and 200 µm.
DG, dentate gyrus.
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Figure 7. Grafted hdInts express calbindin, a marker of a GABAergic interneuron subpopulation.
(A) Immunofluorescent images of hippocampal sections with grafted hdInts stained for mCherry
(marker for ChR2; red), human cytoplasm (STEM121; green), and calbindin (CB; magenta), merged
with Hoechst (blue) in the last right column. CB expression within the graft was observed at both
three months PT (A1) and six months PT (A2). (B) A merged image of STEM121 and Hoechst was
used for counting all STEM121+ cells, while the merged image of STEM121 and CB staining was used
for counting STEM121+CB+ double-positive cells. Arrowheads indicate examples of counted cells.
(C) Quantification of cells stained for STEM121 and CB. The percentage of cells co-expressing both
CB and the human cytoplasm marker was similar at both timepoints. Unpaired t-test was used for
comparison of means in C. Dashed white line in (A1,A2) represents the anatomical structure of the
hippocampus. Scale bars: 1 mm ((A1,A2) upper row), 200 µm ((A1,A2) lower row), and 20 µm (B).
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Figure 8. Grafted hdInts express the interneuron subpopulation marker calretinin. (A) Grafted hip-
pocampal sections stained for mCherry (marker for ChR2; red), human cytoplasm (STEM121; green),
and calretinin (CR; magenta), merged with Hoechst (blue) in the last right column. STEM121+ cells
expressing CR were observed at both three months PT (A1) and six months PT (A2). (B) A merged
image of STEM121 and Hoechst was used for counting all STEM121+ cells, merged image of STEM121
and CR staining was used for counting STEM121+CR+ double-positive cells. Arrowheads indicate
counted cells. (C) Quantification of cells stained for STEM121 and CR. Note that the percentage of
cells co-expressing both CR and the human cytoplasm marker was significantly higher at six months
PT compared to three months PT. *, p < 0.05. Unpaired t-test was used for comparison of means in
(C). Dashed white line in (A1,A2) represents the anatomical structure of the hippocampus. Scale bars:
1 mm ((A1,A2) upper row), 200 µm ((A1,A2) lower row) and 20 µm (B).

2.5. Optogenetic Activation of Grafted hESC-Derived Interneurons Reduces the Rate of
Epileptiform Discharges In Vitro

To investigate whether GABA released from the synaptic terminals of transplanted
hdInts may exert any effect on network activity in the hippocampus we took advantage
of the ChR2 expression in these cells. A blue light was illuminated on the slices during
ongoing pseudo-regular epileptiform discharges induced by high-K+ or zero-Mg2+ artifi-
cial cerebrospinal fluid (aCSF). Examples of the raw and filtered epileptiform discharges
recorded in the slices and their detection rate are presented in Figure 9A–C. The mean
frequency of these discharges was estimated as 0.47 Hz, peak-to-peak amplitude 168 µV,
peak power 8.08 µV2, and coastline index 2.78 µV. The light pulse trains at 30 Hz frequency
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applied to the slices did not lead to any change in the epileptiform discharges. The 5 s
continuous light exposure, however, slightly but statistically significantly reduced the rate
of the epileptiform discharges by 0.041 ± 0.012 (−0.026) Hz and increased the peak-to-
peak amplitude by 7.3 ± 3.7 (2.1) µV (n = 9 hippocampal slices, p = 0.0039, p = 0.0117,
respectively). There was no change in the power and the coastline index (Figure 9D). These
data show that GABA release from the transplanted neurons can interfere with ongoing
synchronized epileptiform discharges, suggesting that they might have functional effects
on seizure activity in vivo as well.

Figure 9. Light-induced activation of grafted hdInts reduces the rate of induced epileptiform dis-
charges. (A) Example of a raw local field potential (LFP) recording with epileptiform discharges.
(B) Filtered LFP trace. (C) Power of the filtered signal calculated in 50 ms windows shifted sample by
sample. Grey horizontal line marks the detection threshold while purple circles mark the detections.
(D) Parameters of the epileptiform discharges during dark periods and during light stimulations.
*, p < 0.05; **, p < 0.01. The Wilcoxon signed-rank test was used for comparisons in (D).

2.6. Grafting of hESC-Derived Interneuron Precursors Reduces Seizure Frequency in
Epileptic Rats

To investigate whether these cells also inhibit SRSs in vivo, we analysed behavioural
motor SRSs at four months post SE based on continuous seven-day video recordings
of non-grafted and grafted rats (n = 8 rats/group, Figure 10A). Seizure frequency, total
time spent in seizure, average seizure duration, and severity were evaluated (Figure 10B).
Grafted animals showed a statistically significant decrease in the motor SRS frequency
compared to the non-grafted group (median decrease 87%, p = 0.0200, Figure 10B, left
panel). Furthermore, the grafted animals exhibited significantly shorter total time spent
in motor seizures (10.53 ± 3.84 min) compared to controls (32.48 ± 7.47 min, p = 0.0123,
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Figure 10B, right panel). In contrast, neither average motor SRS duration (non-grafted:
22.83± 2.57 s, grafted: 24.14± 1.78 s, p > 0.9999) nor their severity (non-grafted: 4.62 ± 0.13
grade, grafted: 4.66 ± 0.09 grade, p = 0.8252) differed between the two groups (Figure 10B).
It is worth noticing that this seizure-suppressant effect of transplanted hdInts was exerted
without optogenetic activation of these cells.

Figure 10. Effect of hdInt grafts on SRSs four months post SE. (A) Timeline of the experiments.
((B) upper panels) Graphs demonstrating median motor SRS frequency and total time in motor
SRSs in control epileptic animals (non-grafted) and epileptic animals grafted with hdInts. ((B) lower
panels) Graphs demonstrating median motor SRS duration and motor SRS severity in control epileptic
animals (non-grafted) and epileptic animals grafted with hdInts. Note that motor SRS frequency
and total time spent in motor SRS were significantly lower in the hdInt grafted group. *, p < 0.05. A
Mann-Whitney test was used for comparison of medians in (B).

In summary, these results indicate a seizure-suppressant effect of grafted hESC-derived
GABAergic interneurons in rats with KA-induced TLE. This positive outcome is proba-
bly the result of the grafted cells integrating into the hippocampal network by forming
inhibitory synapses and releasing GABA, which inhibits seizure activity in the epileptic
network of the hippocampus.
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3. Discussion

In the presented study, we demonstrate that the transplanted hESC-derived GABAer-
gic neurons mature and integrate into the epileptic rat hippocampal network by forming
afferent and efferent synaptic connections with the host cells. Furthermore, we show that
these cells inhibit epileptiform discharges in hippocampal slices in vitro when activated
optogenetically and reduce the frequency of motor seizures in chronically epileptic rats
in vivo.

The rationale for transplanting GABAergic neurons, derived from different sources,
into the epileptic brain is based on an assumption that seizures arise due to increased
excitability of neuronal circuits caused by an imbalance between excitatory and inhibitory
synaptic processes. This imbalance is thought to be a consequence of the impairment of
GABAergic synaptic transmission as a consequence of interneuron degeneration docu-
mented in a number of studies [18–20]. Thus, supplementing GABAergic interneurons by
transplantation is supposed to ameliorate the impaired excitability and thereby counteract
seizures. Indeed, several animal studies have demonstrated the beneficial effects of graft-
ing foetal GABAergic neuron precursors in the epileptic hippocampus [21–26]. Although
proving the principle in experimental conditions, foetal progenitors have limited if any
translational value and cannot be applied clinically due to ethical concerns and variability
in the quality of cell sources. A more viable source of cells for clinical application is hPSCs
and their differentiation into MGE-like cells. Transplantation of these cells has proven to
inhibit SRSs and behavioural comorbidities in various TLE models [27,28]. From the clinical
perspective, a potential limitation of the approach used in these studies is a relatively slow
differentiation rate of the cells taking five or even seven weeks to be ready for grafting.
In our study, we transplanted hESC-derived neuronal precursors after only seven days
in culture, while overexpressing Ascl1 and Dlx2, two transcription factors necessary for
determining their GABAergic fate [30]. Importantly, already at this early time point, the
cells expressed neither stem cell nor mitotic markers, thus decreasing the risk of tumour
formation (Figure S3). This short and simple protocol gives a significant advantage in terms
of sustainability, lower demand on resources, and relatively high reproducibility [29,31].

Our present study demonstrates the maturation of hESC-derived interneurons over
time from three months up to six-months after transplantation. All recorded cells were able
to generate APs, with the properties maturing over time, reflecting corresponding increases
in voltage-dependent sodium and potassium currents. Moreover, spontaneous synaptic
activity was increased at the later timepoint PT, indicating improved integration into the
neural network, by receiving more afferent synapses. Importantly, we demonstrate that
the transplanted cells form efferent inhibitory synapses onto the host neurons providing
a possibility of increased GABA release within the hippocampal network. In previous
studies, synaptic integration of hPSC-derived interneurons into the epileptic rodent hip-
pocampus was reported at five months PT histologically [28]. Functional maturation and
efferent synapse formation of grafted hPSC-derived interneurons were also shown previ-
ously [27] although authors did not investigate whether these efferent connections were
increasing over time. In yet another recent study authors report electrophysiological and
morphological maturation of transplanted hPSC-derived interneurons from 16 to 24 weeks
PT, however, without studying functional efferent synapse formation [32]. These cells
failed to suppress SRSs in a mouse TLE model [33]. In our study, we report the continuing
maturation of the grafted hdInts from three- to six-months PT with an increase in efferent
synapse formation over time.

Interestingly, the time range of the delayed graft-derived synaptic responses, measured
from the switch-on of the light illumination of the slices, was quite broad (Figure S5).
Several factors may contribute to such variation (Figure S6). One possible explanation
could be diverse wiring of the connections, ranging from direct synaptic input from a
grafted hdInt to the patched cell, to a multisynaptic pattern with a variable number of
intermediate neurons activated by the hdInt efferents before the patched cell is finally
responding, which would explain the long delay times. The latter scenario is only possible
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when assuming altered chloride homeostasis in the epileptic tissue converting GABA from
hyperpolarising to a depolarising excitatory neurotransmitter [34,35] or as a consequence
of neuronal damage induced during the slice preparation [36]. In addition, the longer delay
times can also be a consequence of a delayed light-induced AP onset in the optogenetically
stimulated hdInts (Figures S6B and S7), presumably depending on a variable level of ChR2
expression within the hdInt population in different cells.

Apart from the GABAergic phenotype of the grafted cells assessed by electrophysi-
ology and immunohistochemistry, the predominant subtypes of the grafted hdInts were
consistent with those expressing CR and CB as was also the case in our in vitro study [29].
Unfortunately, around 30% of the grafted cells remained unidentified, due to the lack of
sufficient hippocampal sub-slices remaining after electrophysiological experiments for
immunohistochemistry staining. Thus, there is a possibility that other subtypes of interneu-
rons, such as somatostatin-, parvalbumin- or neuropeptide Y-expressing interneurons have
been missed in these 30%. Nevertheless, one could argue that the presence of CR and CB
interneurons observed in the grafts could be sufficient for a beneficial effect, since it has
been shown for example that in the human epileptic hippocampus CB interneurons display
an altered morphology, and the number of CR interneurons is significantly reduced [37].
Additionally, in rodent epilepsy models, CR interneurons appear to be vulnerable to excito-
toxic damage [38]. In line with these observations, a recent study with reprogrammed glial
cells into predominantly CR interneurons using the same transcription factors reported a
reduction in chronic SRSs in a mouse model of epilepsy [39].

One obvious question regarding our study is whether video monitoring (without
EEG recordings) for one week is sufficient as a reliable outcome measure of the effect of
the grating of hdInts on SRSs. As mentioned previously in Section 2.1, when animals
were monitored with both EEG and video, on average 97% of the SRSs were generalised,
with clear motor components that were similar to those analysed in the experimental
cohort with only video monitoring (Figure S2). Moreover, it has been reported in a similar
KA-SE rat TLE model that 94% of all seizures detected by combined video-EEG monitoring
were stage 5, thus detectable on video [28]. In the same study, grafting of hPSC-derived
interneurons resulted in a 72% decrease of motor SRSs over a three-week recording period
at the fifth month after SE. Importantly, this seizure-suppressing effect remained stable
during the course of these 3 weeks. The authors also reported a significant reduction
in total time spent in seizures, while no difference in the average duration of individual
seizures was observed [28]. Taken together, these data support our assumption that the
observed decrease (87%) in motor SRSs in our study reflects the alterations in almost all
seizures that these animals experienced. However, we cannot exclude that transplanted
hdInts may have converted motor SRSs into milder, only electrographic non-generalised
SRSs. Even if this would be the case, this result on its own could be considered as a major
positive outcome of the treatment.

In conclusion, our new data provide proof-of-concept of seizure-suppressant effects of
grafted hdInts generated by a simple, fast, and efficient protocol for interneuron differenti-
ation. This protocol proved to provide a reliable and renewable source of hdInts showing
positive outcomes on various epileptic phenotype read-outs, including optogenetic inhi-
bition of epileptiform discharges in vitro and SRSs in vivo. Although certain aspects of
hdInt transplantation, such as more detailed histological analysis and EEG characterisation,
need further investigation, this study can be considered as an important milestone in the
development of a cell-based therapy for treating drug-resistant epilepsy.

4. Materials and Methods
4.1. Animals

Immunodeficient nude rat males (RNU rat, Charles River, Wilmington, MA, USA)
were housed under a 12/12-h light cycle with ad libitum access to water and food in
individually ventilated cages. A total of 25 rats were used.
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The experimental procedures performed were approved by the local ethical committee
for experimental animals (Ethical permit no. M47-15 and M49-15) and conducted in
agreement with the Swedish Animal Welfare Agency regulations and the EU Directive
2010/63/EU for animal experiments.

4.2. Lentiviral Constructs and Virus Generation

The following lentivirus constructs were used: lentivirus vector hSyn-hChR2(H134R)-
mCherry-WPRE (obtained by cloning at the lab from Addgene #20945, a gift from Karl
Deisseroth [40]) for expressing channelrhodopsin-2 (ChR2) coupled with mCherry; and
for the doxycycline-inducible Tet-On system: lentivirus vector FUW-TetO-Ascl1-T2A-
puromycin (Addgene #97329) for expressing Ascl1-T2A-puromycin cassette; lentivirus
vector FUW-TetO-Dlx2-IRES-hygromycin (Addgene #97330) for expressing Dlx2-IRES-
hygromycin cassette; and lentivirus vector FUW-rtTA (Addgene #20342) containing rtTA,
all gift from Marius Werning [30]. The lentiviral particles were produced as described
elsewhere [41].

4.3. Cell Culture

H1 (WA01) ES cells were obtained from WiCell Research Resources (WiCell, Madi-
son, WI, USA). hESCs were maintained as feeder-free cultures in mTeSR1 medium (Stem
Cell Technologies, Vancouver, BC, Canada) and Matrigel-coated plates (Corning, Corning,
NY, USA).

4.3.1. Generation of Induced GABAergic Interneuron Precursors from hESCs

H1 ESCs were transduced with Tet-On system lentiviral particles and ChR2-mCherry
lentivirus. Cells were then expanded as needed, frozen down, and kept at −150 ◦C as a
stock for starting differentiation.

The induced GABAergic interneurons were generated as described in Gonzalez-
Ramos et al., 2021. Briefly, Tet-On-ChR2-H1 ESCs were thawed and expanded as needed.
For starting the differentiation protocol, 60–70% of confluent cells were treated with Accu-
tase (Stem Cell Technologies, Vancouver, BC, Canada) and plated as dissociated cells in
six well plates (~3–5 × 105 cells/well) on day 0. Cells were plated on plates coated with
Matrigel (Corning, Corning, NY, USA), in mTeSR1 containing 10 mM Y-27632 (Stem Cell
Technologies, Vancouver, BC, Canada). On day 1, the culture medium was replaced with
N2 Medium consisting of DMEM/F12 supplemented with 1% N-2 Supplement (both Gibco,
Waltham, MA, USA), containing doxycycline (2 g/L, Sigma Aldrich, St. Louis, MO, USA)
to induce Tet-On gene expression. The culture was retained in the medium for one week.
On day 2, a drug-resistance selection period was started by adding puromycin (0.5 mg/mL,
Gibco, Waltham, MA, USA) and hygromycin (750 mg/mL, Invitrogen, Waltham, MA, USA)
to the fresh media. On day 4, the medium was replaced containing all antibiotics and on
day 5, antibiotics were removed and cytosine β-D-arabinofuranoside (Ara-C, 4 µM, Sigma
Aldrich, St. Louis, MO, USA) was added. On day 7, cells were used for in vivo grafting.

4.3.2. Cell Transplantation

Cell transplantation was performed four weeks post SE. Neuronal precursors were
dissociated at 7 DIV using Tryple Express Enzyme (Gibco, Waltham, MA, USA), cen-
trifuged, resuspended to a concentration of 100.000 cells/uL in HBSS (Gibco, Waltham, MA,
USA) containing 10 mM Y-27632 and DNase I Solution (1 µg/mL, Stem Cell Technologies,
Vancouver, BC, Canada) and kept on ice until grafting. Cells were then injected stereo-
taxically in the hippocampus of epileptic RNU rats under isoflurane anaesthesia. Cells
were injected bilaterally in both hippocampi with the following coordinates from bregma:
anterior-posterior (AP) −6.2 mm, medial-lateral (ML) ±5.2 mm, dorsal-ventral (DV) −6.0,
−4.8 and −3.6 mm, 3 µL in total per hippocampus (1 µL at each DV coordinate). Animals
were given doxycycline in drinking water (1 mg/mL, 0.5% sucrose) for two days before and
four weeks PT to continue the cell differentiation in vivo. Cells remaining after grafting
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were re-plated on Matrigel-coated coverslips in 24-well plates and cultured in N2 medium
overnight, until being fixed with 4% paraformaldehyde containing 0.25% glutaraldehyde
and used for immunocytochemistry.

4.4. Induction of Status Epilepticus

Male immunodeficient RNU rats (7–8-week-old) were injected subcutaneously in the
neck region with an initial dose of 10 mg/kg of KA and subsequently with 5 mg/kg every
hour until the first stage 3 or higher seizure grade was observed (scheme of the process is
illustrated in Figure S1). Seizures were classified according to the modified Racine scale
registering only stages 3 and higher: (3) unilateral forelimb clonus; (4) generalized seizure
with rearing, body jerks, bilateral forelimb clonus; (5) generalized seizure with rearing,
imbalance, falling, or wild running [42] (Video S1). SE was defined as at least four seizures
per hour. After SE, the animals were injected with a Ringer/glucose (25 mg/mL) solution
(1:1 ratio) and returned to housing cages. Animals were weighed every day for a week
after SE induction and subsequently once per week. Cell transplantation was performed
four weeks after SE induction.

4.5. Video Recordings and Video-EEG Recordings

To assess the frequency of motor SRSs, animals were video monitored continuously
for four months after SE induction. During the dark (night) hours, infrared lamps were
used to illuminate the cages. Videos were manually analysed retrospectively and animals
not showing SRSs were excluded from the study. Only motor SRSs were detected, noting
the time of seizure occurrence, duration of the seizure, and seizure severity (Video S2).
Duration of seizures and seizure severity was averaged for each animal, seizure frequency
was calculated as a number of seizures per hour for each animal and these values were
then used for statistical analyses.

Furthermore, three non-grafted animals underwent implantation of electrodes and
transmitters for wireless video-EEG monitoring five months after SE induction. This
was done to determine if this rat strain tolerates the procedure and the implants and for
further characterisation of their seizures. The whole procedure was performed as described
previously [43]. Firstly, the rats were anesthetized with 4% isoflurane and placed in the
stereotaxic frame while kept on 2% isofluorane. The transmitter (F40-EET, Data Sciences
International, St. Paul, MN, USA) was placed in a subcutaneous pocket on the rats’ backs.
One stainless steel electrode (Plastics One, Roanoke, VA, USA), soldered to the wire of the
transmitter, was implanted at the following coordinates: AP −6.2 mm, ML +5.2 mm, DV
−6.0 mm. The second electrode was placed on top of dura mater above the motor cortex
ipsilateral to the depth electrode. Two reference electrodes were placed on the dura mater,
2 mm rostral to the lambda. Two stainless screws were attached to the skull bone to secure
the electrode assembly by dental cement. Animals were weighed every day for a week
after implantation and consequently once per week henceforth. To begin the video-EEG
monitoring, the wireless transmitter was activated by a magnet and the cage was placed
on top of a receiver unit (Data Sciences International, St. Paul, MN, USA). Two cameras
(Axis, Lund, Sweden) were used to continuously record video of the animal activity for
30 h, and seizures were then detected off-line in NeuroScore (Data Sciences International,
St. Paul, MN, USA).

4.6. Electrophysiology
4.6.1. Whole-Cell Patch-Clamp Recordings in Hippocampal Slices

RNU rats at three- or six-months PT were briefly anesthetized with isoflurane and
decapitated. Brains were transferred to an ice-cold modified artificial cerebrospinal fluid
(aCSF) solution containing in mM: 75 sucrose, 67 NaCl, 26 NaHCO3, 25 D-glucose, 2.5 KCl,
1.25 NaH2PO4, 0.5 CaCl2, 7 MgCl2 (all from Sigma Aldrich, St. Louis, MO, USA), equili-
brated with carbogen (95% O2/5% CO2), with pH 7.4 and osmolarity ~300 mOsm. The
brains were cut on a vibratome (VT1200S, Leica Microsystems, Wetzlar, Germany) into
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300 µm thick quasi-horizontal hippocampal slices, which were transferred to aCSF contain-
ing in mM: 118 NaCl, 2 MgCl2, 2 CaCl2, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 10 D-glucose.
Slices were incubated in this solution for 30 min at 34 ◦C, and subsequently at room temper-
ature until recordings were performed. The individual cells in the slices were visualized for
whole-cell patch-clamp recordings using infrared differential interference contrast video
microscopy (BX51WI; Olympus, Shinjuku, Tokyo, Japan). Recordings were performed
from grafted (identified under fluorescence with 520 nm light for mCherry+) and host
cells (mCherry−) at 32 ◦C using a glass pipette filled with a solution containing (in mM):
140 KCl, 10 NaCl, 10 HEPES, 0.2 EGTA, 4 MgATP, and 0.4 Na3GTP (~300 mOsm, pH 7.2;
all from Sigma Aldrich, St. Louis, MO, USA). This solution inverts the polarity of chloride
currents inward while increasing their amplitude, making them easier to detect. Average
pipette resistance was between 2 and 4 MΩ, pipette capacitance was compensated for dur-
ing cell-attached configuration. Biocytin (0.5–1 mg/mL, Biotium, Fremont, CA, USA) was
included in the pipette solution to retrospectively identify recorded cells. All recordings
were done using a HEKA EPC10 amplifier (HEKA Elektronik, Lambrecht, Germany) and
sampled at 10 kHz with a 3 kHz Bessel anti-aliasing filter and using PatchMaster software
for data acquisition.

4.6.2. Passive Membrane Properties of Transplanted Cells

Estimated resting membrane potential (RMP), series resistance (Rs), input resistance
(Ri), and cell membrane capacitance (Cm) were calculated from a series of 5 mV pulses
of 100 ms duration, applied through the patch pipette immediately after whole-cell con-
figuration was established. The membrane capacitance was calculated from the charge
integration of the transient response to the test pulse. To determine the ability to fire action
potentials (APs), 500 ms current steps ranging from −40 pA to 200 pA in 10 pA steps were
applied while holding the cell membrane potential at approximately −70 mV. From the
same holding potential, 1-s linear ramp currents were injected into the cells to determine
the AP threshold. AP amplitude was measured from threshold to peak, and duration was
measured as the width at the threshold. The amplitude of the afterhyperpolarization (AHP)
was measured as the difference between the AHP peak and the AP threshold. Sodium and
potassium currents were evoked by a series of 100 ms long voltage steps ranging from
−90 mV to +40 mV in 10 mV steps. In addition, their sensitivity to 1 µM tetrodotoxin (TTX,
Abcam, Cambridge, UK) and 10 mM tetraethylammonium (TEA, Abcam, Cambridge, UK)
was assessed.

4.6.3. Optogenetics

For optogenetic depolarization of ChR2-expressing cells, blue light was applied at
460 nm wavelength with a LED light source (Prizmatix, Holon, Israel) and delivered
through a water immersion 40× microscope objective. Blue light was delivered for a
duration of 500 milliseconds, or by 5 pulses of 3 milliseconds repeated at 10 Hz. For
detection of graft-to-host synaptic connections, the same stimulation was used during
recoding from a “host” cell in the vicinity of a ChR2-expressing cell.

4.6.4. Spontaneous Synaptic Activity

Spontaneous postsynaptic currents (sPSCs) were recorded at −70 mV. Whole-cell
patch-clamp recordings of sPSCs were analysed offline with Igor Pro (Wavemetrics, Port-
land, OR, USA) and Python. sPSCs were detected automatically and analysed using a
custom Python script [44]. A postsynaptic current template was generated from the voltage-
clamp recordings which were low-pass filtered at 400 Hz and was used for the detection
algorithm. Events with a correlation coefficient to the template lower than 0.6 were ex-
cluded from the analysis, as well as those with amplitude <3 pA and rise-time >5 ms.
For distribution comparisons, an equal number of events was analysed from all recorded
neurons, while for median comparisons all events were considered.
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4.6.5. Drugs and Concentrations

For the blocking of GABAA and GABAC receptors, picrotoxin (PTX, 100 µM, Tocris,
Bristol, UK) was used, although it might act on glycine and 5-HT3 receptors [45,46]. How-
ever, the used concentration of PTX is considered to be insufficient to block the signalling
through serotonin receptors [47]. (2R)-amino-5-phosphonovaleric acid (D-AP5, 50 µM, Ab-
cam, Cambridge, UK) and 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo-quinoxaline-2,3-dione
disodium salt (NBQX, 10 µM, Alomone Labs, Jerusalem, Israel) were used to block NMDA
and AMPA receptors, respectively. TTX (1 µM, Abcam, Cambridge, UK) and TEA (10 mM,
Abcam, Cambridge, UK) were used to block sodium and potassium channels, respectively.

4.6.6. Epileptiform Activity and Local Field Potential Recordings

To test the effect of grafted hdInts on epileptiform activity in vitro, we used local field
potential (LFP) recordings in hippocampal slices from six-month PT rats. The slices were
perfused by either high-K+ aCSF or zero-Mg2+ aCSF. The high-K+ aCSF contained in mM:
118 NaCl, 2 MgCl2, 2 CaCl2, 26 NaHCO3, 1.25 NaH2PO4, 10 D-glucose and 7.5 to 9.5 KCl.
The zero- Mg2+ was the same but contained 2.5 KCl and no MgCl2. LFPs were recorded by a
pipette of 1–3 MΩ resistance filled by the same aCSF. The pipette was placed in the vicinity
of the graft and where the epileptiform discharges were most prominent. The LFPs were
amplified and sampled at 10 kHz. To assess whether hdInts could suppress the epileptiform
discharges, we activated them by blue light stimulation. We tested 3 stimulation protocols
separated by 2 min of baseline (no light): (1) Five-second continuous light pulse separated
by 35 s of a dark period, repeated 30 times. (2) Five-second pulse train at 30 Hz and 3 ms
pulse width separated by 35 s of a dark period, repeated 30 times. (3) Three-minute pulse
train at 30 Hz and 3 ms pulse width.

The epileptiform discharges were detected and analysed offline using a custom-made
script in Matlab. Briefly, the signal was filtered between 2 and 400 Hz, comb-filtered
to remove power line noise, and down-sampled to 1 kHz. Then, the signal power was
computed in a 50 ms window, sliding sample-by-sample. The threshold for detection was
determined as 4× median×

√
kurtosis of the power and detections were marked at the

maxima of the regions exceeding the threshold.
We analysed the frequency of occurrence of the events and, using the filtered signal,

we computed 3 parameters for each event: peak-to-peak amplitude, peak signal power, and
coastline index according to the formula: Coastline = 1

N ∑N−1
n=1 |y(n + 1)− y(n)|, where y

is the filtered signal, N is the number of samples and n is the index of the sample. For
the statistical analysis, the mean of these parameters was computed for the dark period
and light stimulation period in each of the 30 runs of the given protocol in the given slice.
Then, the runs were averaged and the resulting two numbers per slice (dark and light)
were subtracted. The differences were then evaluated by Wilcoxon signed-rank test.

4.7. Immunohistochemistry, Immunocytochemistry, Imaging, and Quantification

For immunohistochemistry, 300 µm slices used for electrophysiological experiments
were collected from aCSF and immediately fixed in 4% paraformaldehyde containing
0.25% glutaraldehyde. After overnight fixation at 4 ◦C, slices were transferred to 20% su-
crose in 0.1 M sodium phosphate-buffered saline and kept at 4 ◦C for at least two days
until further processing. The slices were either immediately stained or cut on a microtome
into 30 µm thick sections and stored in a glycerol-based antifreeze solution at −20 ◦C until
stained. For staining, sections were washed thoroughly with PBS, then blocked in 5% serum
of the species specific to the secondary antibody, in PBS containing 0.25% Triton-X and
incubated with primary antibodies overnight (or for 48 h for 300 µm slices) in the same
solution at 4 ◦C. Following primary antibody incubation, sections were washed with PBS
and blocked again with the same serum solution as above. Then, sections were incubated
with secondary antibodies for 2 h (or 24 h for 300 µm slices) either fluorophore-conjugated
to allow for fluorescent detection (AlexaFluor Plus 488/555/647, 1:1000, Thermo Fisher
Scientific, Waltham, MA, USA), or biotinylated for streptavidin amplification (1:200, Vector
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Laboratories, Burlingame, CA, USA). In some cases, for signal amplification and for visu-
alisation of patched biocytin-filled cells, streptavidin-conjugated fluorophores were used
(1:2000, Jackson Immunoresearch, West Grove, PA, USA). Immunofluorescent sections
were coverslipped with PVA-DABCO containing 1:1000 Hoechst. For detailed information
of antibodies and dilutions used, see Table S2. Images were acquired either by confo-
cal microscopy (Nikon Confocal A1RHD microscope, Nikon, Minato, Tokyo, Japan) or
by epifluorescence microscopy (Olympus BX61, Olympus, Shinjuku, Tokyo, Japan). For
immunocytochemistry, the same staining process was used, omitting the second-day block-
ing step.

For all quantifications ImageJ software (NIH, Annapolis, MD, USA) was used. For
quantification of GABA immunostaining, mean fluorescence intensity was measured in
confocal Z-stack images taken at 20× magnification using maximal intensity projection
from 13 stacks (1 µm distance). In each slice, the area of the graft was outlined based on
the STEM121 immunostaining, and the median grey value was measured in the GABA-
staining channel. Together with the graft area, an area outside of the graft was outlined and
fluorescence intensity was measured. The two values in each slice were then compared.
For quantification of CR and CB stainings, similar Z-stack images were composed. Firstly,
all cells positive for the human cytoplasm marker (STEM121+ cells) were counted, and
Hoechst was used to visualise the nuclei and identify individual cells. Secondly, cells
double positive for STEM121 and CB or CR, respectively, were counted. A percentage of
double-positive cells out of all STEM121+ cells was calculated for each slice and used for
statistical analyses.

4.8. Statistical Analyses

Statistical analysis of the data was performed using Prism 9 software (GraphPad,
San Diego, CA, USA). A Mann-Whitney test was used for comparison of medians, an
unpaired t-test was used for comparison of means when data were normally distributed, the
Wilcoxon test was used for paired data, and the binomial test was used for comparison of
proportions. Spearman correlation was used for exploring the relationship of two variables.
The level of significance for these tests was set at p < 0.05. The Kolmogorov-Smirnov test
was used for distribution comparisons and the level of significance was set to p < 0.01
and D > 0.1. In box plots, the centre line represents the median, the box edges represent
interquartile range, and whiskers the complete range of the values. The individual values
are plotted as dots. In the rest of the graphs, the mean ± SEM is shown, which is also used
to represent values in the main text.
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Transplanted human stem cell-derived GABAergic interneurons establish 
efferent synapses with host neurons in rat epileptic hippocampus  
and inhibit spontaneous recurrent seizures 

Supplementary materials 

 

 

Figure S1. Schematic illustration of SE induction by KA. Rats were first injected with 10 mg/kg of KA, followed by 

a 1‐hour observational period. If a stage 3 or higher seizure grade was detected, the rats were observed for another 

hour to determine the seizure frequency. If at least 4 seizures/hour were observed, rats were considered as having 

SE. If after the first KA injection, the rats did not develop seizures within an hour, a 5 mg/kg KA injection was 

added with the follow‐up observation time as before. If during the assessment of seizure frequency less than 4 

seizures/hour were observed, a 2.5 mg/kg dose of KA was added, followed by the same observation time until 

reaching the desired number of at least 4 generalised seizures per hour. 

 

Video S1. Example of seizures detected during SE induction. Rat on the left displays a stage 5 seizure with rearing, 

loosing balance and falling. Rat on the left displays a stage 4 seizure with rearing, body jerks and bilateral forelimb 

clonus. 

 

Video S2. Example of seizures detected during video‐recordings 4 months post SE. (A) Rat #7 (lower right) displays 

a stage 5 seizure with rearing, loosing balance and falling. (B) Rat #6 (lower left) displays a stage 5 seizure with 

rearing, loosing balance and falling. (C) Rat #6 (lower left) displays a stage 4 seizure with rearing, body jerks and 

bilateral forelimb clonus. 

 

Table S1. Summary of primary antibodies and dilutions used. 

ANTIBODY  HOST  COMPANY  CAT. NO.  DILUTION 

mCherry  Chicken  Abcam  Ab205402  1:2000 

GABA  Rabbit  Sigma Aldrich  A2052  1:2000 

Calbindin  Rabbit  Swant  CB‐38a  1:1000 

Calretinin  Rabbit  Swant  CR‐7697  1:1000 

STEM121*  Mouse  Takara Bio  Y40410  1:400 



Sox2  Rabbit  Abcam  Ab97959  1:1000 

Ki67  Rabbit  Novocastra  NCL‐Ki67p  1:250 

Nestin  Mouse  Abcam  Ab6142  1:500 

β‐III‐tubulin  Rabbit  Abcam  Ab18207  1:1000 

*Streptavidin amplification was used for immunofluorescence 

 

 

 

Figure S2. Electrographic characterisation of SRSs in KA induced epileptic rats 4‐months post SE induction. (A) 

Representative EEG trace of a SRSs. Magnification 1 shows the beginning of the seizure, illustrating its origin in 

the hippocampus and the spread to the motor cortex. Magnification 2 indicates the end of the seizure and return 

to normal EEG activity. (B1) Quantification of the proportion of motor SRSs out of all detected electrographic SRSs 

in 3 rats. (B2) Pooled data from rats in B1 represented as percentages. Vast majority of all SRSs were generalised 

motor seizures. 

 



 

Figure S3. Stainings of left‐over hdInt precursor cells remaining after grafting. (A) At time of transplantation hdInt 

precursors did not express Sox 2; H1 ESCs were used as a positive control.  (B, C) hdInt precursors at  time of 

transplantation did not express Ki67 nor Nestin. 4 DIV hdInt precursors were used as a positive control. (D) hdInt 

precursors expressing mCherry (in green) and β‐III‐tubulin (in magenta) at the time of transplantation. (E) Staining 

of hdInt precursors with STEM121 (in green), a human cytoplasm marker, and GABA (in magenta). Scale bar 100 

μm. 

 

 

Table S2. Electrophysiological properties of grafted hdInts. Table comparing the electrophysiological properties 

of grafted cells at 3 months (n = 26 cells) and 6 months (n = 42 cells) PT regarding their response to blue light, their 

intrinsic properties, and properties of recorded spontaneous postsynaptic events. Values are represented as mean 

± SEM. Binomial test was used to compare proportions, Mann‐Whitney test for comparison of medians. *, p<.05; 

**, p<.01; ****, p<.0001. AP, action potential; Ri, input resistance RMP, resting membrane potential; Cm, membrane 

capacitance; Rs, series resistance; AHP, afterhyperpolarization. 

 

Light response properties 

 
3 months PT  6 months PT 

APs to light  37%  57%** 

Peak current (pA)  115.6 ± 20.97  80.52 ± 13.98 

Steady state current (pA)  50.23 ± 10.3  41.5 ± 7.9 

 



Intrinsic properties 

 
3 months PT  6 months PT 

Ri (MW)  974 ± 75.23  746.4 ± 62.4* 

RMP (mV)   ‐52.64 ± 1.86  ‐59.77 ± 1.26** 

Cm (pF)  188.7 ± 24.01  205.8 ± 16.37 

Rs (MW)  9.91 ± 1.35  8.48 ± 1.08 

AP amplitude (mV)  54.56 ± 3.53  76.79 ± 1.95**** 

AP threshold (mV)  ‐31.82 ± 1.62  ‐36.5 ± 1.05* 

AP duration (ms)  3.35 ± 0.32  2.04 ± 0.13**** 

AHP amplitude (mV)  22.28 ± 1.06  28.39 ± 0.91**** 

 

Properties of spontaneous postsynaptic currents 

 
3 months PT  6 months PT 

Rise time (ms)  2.0 ± 0.06  1.69 ± 0.04**** 

Amplitude (pA)  8.14 ± 0.77  15.32 ± 1.6**** 

Frequency (Hz)  1.36 ± 0.24  2.52 ± 0.2**** 

 



 

Figure S4. GABAergic nature of hdInt‐mediated efferent synaptic connections. Voltage‐clamp recordings  from 

patched host cells at 3 months and 6 months PT. Blue light illumination of the slices resulted in delayed synaptic 

responses which were not affected by NBQX and AP‐5 application, while were completely blocked by PTX. 



 

Figure  S5.  Individual  light‐induced  delayed  synaptic  responses  from  each  recorded  cell.  The  time was 

measured from the beginning of the 500 ms light pulse to the base of the first synaptic event afterwards. Each 

violin plot represents an  individual cell, dots are  individually measured delays  from each recorded  trace. 

Thicker midline represents the median and thinner lines the interquartile range. Time axis is in exponential 

scale. 



 

Figure S6. Cartoon of possible synaptic connections between grafted presynaptic cells and patched cells. (A) 

A direct connection between 2 cells with a short light‐induced AP onset of the grafted hdInt resulting in a 

short delayed synaptic response in the patched neuron. (B) A direct connection between 2 cells with a delayed 

light‐induced AP onset of the grafted hdInt resulting in a longer delay in the synaptic response in the patched 

neuron. (C) A multi‐synaptic connection resulting in a longer delay in the synaptic response of the patched 

cell. 

 

 

 

Figure S7. Light‐induced currents of grafted hdInts correlated to the light‐induced AP onset. The time was 

measured from the beginning of the 500 ms light pulse to the threshold of the first action potential. Only cells 

with no observed graft‐to‐graft connection were analysed. Correlation was not confirmed at 3 months PT (n 

= 6 cells) but was observed at 6 months PT (n = 16 cells) between both the peak and the steady state current 

and the AP onset. The higher the current the shorter AP onset. Non‐parametric Spearman correlation was 

used, semilog line was fit in the graphs. 
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