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ABSTRACT 

 

Epilepsy is a neurological disease that affects more than 50 million people 

around the world. It is characterized by recurrent seizures, the most extreme 

form of synchronous brain activity. In the nervous system, Kv7 channels are 

responsible for the M-current, which is important to regulate neuronal 

excitability. Our laboratory has previously described a new modulator of Kv7.2/3 

channels, the neuronal isoform of SGK1 kinase, SGK1.1, which up-regulates 

channel activity and counteracts hyperexcitability. Using a kainic acid-induced 

model of temporal lobe epilepsy with transgenic mice expressing a constitutively 

active form of SGK1.1, we have demonstrated that this kinase is a potent 

anticonvulsant factor, shortening seizure severity and duration independently of 

age, sex and genetic background. Furthermore, we show that SGK1.1 

drastically reduces seizure-induced neuronal death and associated gliosis 

through M current-dependent and -independent mechanisms. In addition, our 

results demonstrate that constitutively active SGK1.1 is able to up-regulate Kv7 

channels harboring epilepsy-causing mutations. Altogether, our results 

establish SGK1.1 as a new potential therapeutic target for epilepsy treatment.  
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RESUMEN 

 

La epilepsia es una enfermedad neurológica que afecta a más de 50 millones 

de personas en el mundo y está caracterizada por la aparición recurrente de 

convulsiones, la forma más extrema de actividad cerebral sincronizada. En el 

sistema nervioso, los canales Kv7 constituyen la base molecular de la corriente 

M, importante para regular la excitabilidad neuronal. El trabajo previo de nuestro 

laboratorio había descrito un nuevo modulador de los canales Kv7.2/3, la 

isoforma neuronal de la quinasa SGK1, SGK1.1, capaz de incrementar la 

actividad del canal y contrarrestar así estados de hiperexcitabilidad. En esta 

Tesis Doctoral hemos utilizado un modelo de epilepsia de lóbulo temporal 

inducida por acido kaínico en un ratón transgénico con expresión de SGK1.1 

constitutivamente activa para demostrar que esta quinasa tiene un potente 

efecto anticonvulsivo, disminuyendo tanto la intensidad como la duración de las 

crisis, independientemente de la edad, género y fondo genético. Además, 

hemos probado que SGK1.1 produce una drástica disminución de la muerte 

neuronal inducida por convulsiones, así como la gliosis asociada a la misma, a 

través de mecanismos dependientes e independientes de la corriente M. 

Finalmente, nuestros resultados demuestran que la activación constitutiva de 

SGK1.1 es capaz de activar canales Kv7 alterados por mutaciones causantes 

de epilepsia. En su conjunto, nuestros datos establecen que SGK1.1 podría 

constituir una nueva diana terapéutica para el tratamiento de la epilepsia. 
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mTORC2 mammalian Target Of 
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PAGE Polyacrylamide gel 
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PFA Paraformaldehyde  
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PI3K Phosphatidylinositol 3-kinase 

PKA Protein Kinase A 
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ROS Reactive Oxygen Species 
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TEVC Two Electrode Voltage Clamp 
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transferase enzyme 
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WHO World Health Organization 
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INTRODUCTION 
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1. INTRODUCTION 

1.1 Epilepsy. Classification, Etiology and Facts. 

The study of the brain continues to expand at a rapid stride, shedding light on 

the basic mechanisms underlying nervous system diseases (Sontheimer 2015). Among 

the myriad list of neurological conditions, epilepsy is a non-communicable chronic 

disease characterized by an enduring predisposition to generate seizures. Recurrent 

and unpredictable seizures are caused by highly synchronized hyperactivity in one or 

several areas of the brain (Fisher et al. 2005). A single episode of abnormal electrical 

discharge in the brain, accompanied by alterations in behaviour and consciousness, is 

considered a seizure event (Fisher et al. 2005). Recently, the International League 

Against Epilepsy (ILAE) defined epilepsy based on at least one of the following 

conditions: (1) at least two unprovoked seizures occurring more than 24 hours apart; 

(2) one unprovoked seizure and a probability of further seizures similar to the general 

recurrence risk after two unprovoked seizures, occurring over the next ten years; (3) 

diagnosis of an epilepsy syndrome (Fisher et al. 2014). Although it has been traditionally 

referred to as a disorder, the ILAE agreed that epilepsy is best considered to be a 

disease in order to avoid underestimating the seriousness of the condition (Fisher et al. 

2014).  

According to the World Health Organization (WHO) (World Health Organization 

2019), around 50 million people worldwide suffer from epilepsy, making it one of the 

most common neurological conditions globally. Further, it is estimated that up to 70% 

of people with epilepsy live in low-and middle-income countries, which increases the 

risk of not having access to proper treatment.  

Classification of epilepsies is as diverse as their etiology. Different etiologic 

groups have been described to facilitate treatment. These groups are based on 

mechanism: genetic, structural, infectious, metabolic, immune or unknown. The new 

classification of epilepsies by ILAE is based on 3 key features: seizure type, epilepsy 

type and epilepsy syndrome (Scheffer et al. 2017) (Figure 1) whose diagnosis strongly 

depends on the resources available to the clinician. 
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Figure 1. Framework for classification of the epilepsies. There are three levels of diagnosis 
in epilepsy including seizure type, epilepsy type and epilepsy syndrome. Each of them requires a 
series of resources and techniques that might limit their determination by a clinician. Focal 
seizures lead to involuntary movement of parts of the body and are originated in a specific brain 
area while generalized seizures involve the entire body, affecting the whole brain (Fisher et al. 
2017). Focal epilepsies include unifocal and multifocal disorders as well as seizures involving one 
hemisphere whereas combined epilepsies refer to those cases with both focal and generalized 
seizures. For a diagnosis of generalized epilepsy, the patient would typically have a range of 
seizure types including absence, myoclonic, atonic, tonic and tonic-clonic seizures. The term 
“unknown” is used to denote where it is understood that the patient has epilepsy but it is difficult 
to determine if the epilepsy type is focal or generalized (Fisher et al. 2014). The third level of 
diagnosis is Epilepsy Syndrome, which includes a cluster of features regarding seizure type, EEG 
and imaging profiles. After the first seizure, efforts should be made to determine the etiology of 
the patient’s epilepsy. Modified from Scheffer et al 2017. 

 

Other than its complex classification, it is estimated that approximately 30% of 

diagnosed people will not gain total seizure control from medication (Löscher and 

Schmidt 2011). Also, according to the WHO, the risk of premature death in people with 

epilepsy is up to three times higher than the general population and in many parts of 

the world, people with epilepsy and their families suffer from stigma and discrimination 

(World Health Organization 2019). These facts, along with the significant proportion of 

world’s disease burden that this disease accounts for, makes epilepsy research one of 

the most ambitious goals in neuroscience today. 

The gradual transformation from a previously healthy brain into one inundated 

by spontaneous and recurrent seizures (SRSs) is known as epileptogenesis and it is 

generally divided into three stages. First, an initial insult, such as an uncontrolled seizure 
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with long-term consequences, also known as status epilepticus (SE), initiates cellular 

and molecular changes in the affected brain areas. Second, a latent period free of 

seizures starts and lasts until chronic, unprovoked seizures occur. Third, after the 

manifestation of SRSs, molecular and cellular changes continue to exacerbate the 

severity of the disease (Jacobs et al. 2009; Patel et al. 2019). Importantly, the process 

of epileptogenesis does not always require an initial insult, as in the case of genetically 

based epilepsies. According to the new terminology, “epileptogenesis” no longer refers 

only to the time period between the epileptogenic event and diagnosis of epilepsy; 

rather, the term epileptogenesis now includes the mechanisms of progression that can 

last even after the diagnosis of epilepsy (Pitkänen et al. 2014).  

The profuse list of pathophysiological processes occurring during 

epileptogenesis includes neurodegeneration (Dingledine et al. 2014), reactive gliosis 

and uncontrolled inflammation (Vezzani et al. 2011; Sofroniew 2014), ectopic 

neurogenesis (Jessberger and Parent 2015), brain-blood barrier breakdown (Van Vliet 

et al. 2007), changes in neural circuits and expression and functional changes in 

receptors, ion channels, transporters and enzymes involved in excitatory and inhibitory 

neurotransmission (Goldberg and Coulter 2013). The effects of such events create a 

vicious circle that contributes to the generation of new seizures, development of 

epilepsy and/or diverse comorbidities (Pitkänen and Lukasiuk 2009) (Figure 2).  

Epilepsy can be the result of an inciting acute event that disrupts the normal 

function of the brain, giving rise to seizures (acquired epilepsy). Nevertheless, it can 

also occur in idiopathic forms, which are mainly of genetic origin as a result of 

congenital abnormalities (genetic epilepsy) or it can be part of a neurological disorder. 

Importantly, the rate and risk of epileptogenesis does not only depend on the initial 

insult but also on genetic factors, microbiome and environmental influence (Hesdorffer 

et al. 1998; Miller et al. 2010; Wagner et al. 2010; Graham et al. 2013; Henshall et al. 

2014; Kobow and Blümcke 2014; Peng et al. 2018; Kyyriäinen et al. 2019). In fact, it has 

been getting more and more clear that there is not a consistent division between 

acquired and genetic epilepsies (Steinlein 2008). The major part of epilepsies are 

considered acquired, and temporal lobe epilepsy (TLE) is the most common among 

them (Allen Hauser and Annegers 1996; Wieser 2004; Goldberg and Coulter 2013). 
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However, there are also familial forms of TLE. Key features of TLE are: implication of 

limbic structures (hippocampus, amygdala and entorhinal cortex) (Bartolomei et al. 

2005); frequently, a precipitating event that precedes the manifestation of TLE (Mathern 

et al. 2002); a latent period free of seizures; and a high rate of mesial sclerosis caused 

by neuronal loss and gliosis (Mathern et al. 1997; Goldberg and Coulter 2013). Gliosis 

is the process by which glial cells react to CNS damage, such as seizures. Reactive 

astrocytes and microglia have been found in the resected hippocampi of TLE patients 

(Crespel et al. 2002; Aronica et al. 2007; Van Gassen et al. 2008; Ravizza et al. 2008). 

 

 
Figure 2. Cellular events occurring during epileptogenesis. Brain insults such as SE, trauma 
brain insult (TBI) and stroke can trigger the process. Alterations might lead to several functional 
impairments as well as epilepsy per se. During the epileptogenic process, these alterations might 
be modulated by genetic background and epigenetic factors. Modified from Pitkänen and 
Lukasiuk 2009.  

 

Although it is known that glial cells have an essential role in maintaining brain 

homeostasis, different inflammatory mediators can be produced by glial cells and 

contribute to the generation of new seizures. There is, indeed, a growing sum of 

evidence supporting the hypothesis of inflammation being a consequence as well as a 

cause of epilepsy (Marchi et al. 2009; Vezzani et al. 2011).  
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Multiple factors may incite TLE including SE, febrile seizures or TBI (Nirwan et 

al. 2018). The study of TLE implicates the use of animal models reproducing the stages 

involved in the development of the syndrome.  

Antiepileptic treatments 

Currently, available treatments include the administration of antiepileptic drugs 

(AEDs), surgical removal of the affected brain area (Wiebe et al. 2001; Yasuda et al. 

2006; Vale et al. 2015), vagal nerve or deep brain stimulation (Schachter 2002; Fisher 

et al. 2010; Fisher et al. 2015) and cell transplantation therapy (Noebels et al. 2012). 

Efforts in epilepsy research are yielding new advances in the development of AEDs and 

knowledge about their mechanisms of action. Available antiepileptic drugs interact with 

diverse molecular targets and, normally, one drug can act on several targets, commonly 

producing side effects. Future research should be directed to determine the exact 

mechanisms of drug action and reduce side effects (Potschka 2013). Approved AEDs 

are shown in Table 1 (Gunthorpe et al. 2012; Abou-Khalil 2019), classified into those 

decreasing excitability and those increasing inhibition. In the last years, brivaracetam, 

cannabidiol and stiripentol have been approved by the US Food and Drug 

Administration (FDA) and retigabine has been discontinued due to adverse side effects. 

Both monotherapies and adjunctive therapies can be used to treat epilepsy, although 

combinations should avoid unfavorable pharmacokinetic interactions.  

Despite the great advances in the development of AEDs, 20-30% of the patients 

are resistant to treatments with eventual remission episodes (Sillanpää and Schmidt 

2006; Brodie et al. 2012). Moreover, marketed drugs have demonstrated their ability to 

suppress seizures once they occur, but they neither prevent progression of the disease 

nor the effect of SE-induced neurotoxicity, which has been recognized as a risk for 

progressive structural and cognitive impairments (Temkin 2009; Schmidt 2012; 

Henshall et al. 2013).  

AEDs are unable to treat comorbidities related to epilepsy such as anxiety 

(Tellez-Zenteno et al. 2007; Kanner et al. 2010), depression (Lambert, Michelle V; 

Robertson 1999; Kobau et al. 2006), heart disorders (Elliott et al. 2009) and even 

mortality (Devinsky et al. 2016; Chamorro-Muñoz et al. 2017). Altogether, considerable 

efforts should be made to translate the existing knowledge into effective 
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pharmacological and clinical actions that improve the efficacy of current treatments and 

overcome the neurotoxic effects after the precipitating event. The latent period after the 

inciting event constitutes an opportunity for counteracting the effects of 

epileptogenesis, prevent seizures, modify the severity or even cure (Löscher 2012; 

Pitkänen et al. 2014; White and Löscher 2014). Thus, treatments should be applied in 

patients after epileptogenic brain insults like TBI, stroke, febrile seizures, or SE. 

Table 1. Approved antiepileptic drugs and their main mechanisms of action. (Modified 
from Gunthorpe et al 2012 and Abou-Khalil 2019).  

 
*Treatment with these drugs have been suspended due to side effects; ? Mechanism is not clear 

AED REDUCE EXCITATION INCREASE 
INHIBITION

Na+ Ca2+ SV2A Glutamate Cl-(GABA) K+(KCNQ)

Benzodiazepines ✦
Brivaracetam ✦

Carbamazepine ✦
Cannabidiol ✦?
Ethozuximide ✦

Eslicarbazepine
acetate ✦

Felbamate ✦ ✦ ✦
Gabapentin ✦
Lacosamide ✦
Lamotrigine ✦

Levetiracetam ✦
Oxcarbazepine ✦
Phenobarbital ✦ ✦ ✦
Phenytoin ✦
Pregabalin ✦
Perampanel ✦
Rufinamide ✦
Tiagabine ✦
Topiramate ✦ ✦ ✦
Valproate ✦ ✦ ✦
Vigabatrin ✦
Zonisamide ✦ ✦
Retigabine ✦*
Flupirtine ✦*
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1.2 Status epilepticus in epileptogenesis 

Definition of SE has been in constant change over the last decades due to 

imprecise terms regarding timeframes. The special report from the ILAE (Trinka et al. 

2015) clarifies the term. Traditionally, it was defined as a “seizure that persists for a 

sufficient length of time or is repeated frequently enough to produce a fixed and 

enduring condition”. With the new definition provided by the ILAE it is now considered 

that “SE is a condition resulting either from the failure of the mechanisms responsible 

for seizure termination or from the initiation of mechanisms which lead to abnormally 

prolonged seizures (after time point t1). It is a condition that can have long-term 

consequences (after time point t2) including neuronal death, neuronal injury, and 

alteration of neuronal networks, depending on the type and duration of seizures”. The 

first time point (t1) refers to length of the seizure and the moment at which the seizure 

should be regarded as an “abnormally prolonged seizure”. The second time point (t2) 

is the time of ongoing seizure activity beyond which there is a risk of long-term 

consequences. 

 
Figure 3. Schematic representation of the two operational dimensions of status 
epilepticus according to ILAE. 

 

Mechanisms underlying the manifestation of SE are diverse and involve 

excessive neuronal excitability through increased activity of NMDA receptors and/or 

aberrant function of inhibitory neurons that exhibit inadequate GABAergic activity 

(Kapur et al. 1989; Kapur and Lothman 1989; Kapur and Macdonald 1997). Long-term 

outcomes of SE include subsequent epilepsy and risk of premature death both in adults 

and children (Towne et al. 1994; Raspall-Chaure, M ; Chin, RFM ; Neville, BG ; Scott 
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2006; Devinsky et al. 2016; Sculier et al. 2018). Epidemiologic studies show that in 

populations of adults and children, subsequent epilepsy after SE may occur in 22%-

41% (Hesdorffer et al. 1998; Cooper et al. 2009; Sculier et al. 2018). Moreover, long-

term mortality after SE is a very serious concern seen in up to 20% of children and 55% 

of adults. Early treatment of seizures with first line treatments (benzodiazepines) along 

with neuroprotective approaches constitutes a key factor to control or prevent long-term 

outcomes (Legriel et al. 2010), as it has been demonstrated that the prognosis of SE 

worsens with increasing event duration (Towne et al. 1994; DeLorenzo et al. 1999).  

However, some forms of SE, referred as refractory SE, are pharmacoresistant 

and do not respond to first, second or third-line therapies (Novy et al. 2010). Therefore, 

clinical and experimental studies should be performed if we want to find new and 

efficient therapies that terminate SE and overcome the associated neuronal damage. 

Animal models of epilepsy have considerably improved our knowledge in the field and 

still constitute a very useful tool to study both acquired and idiopathic epilepsy 

(Pitkänen, Asla; Schwartzkroin, Philip; Moshé 2005; White and Löscher 2014). 

Neuronal apoptosis in the framework of status epilepticus 

Experimental and clinical studies have confirmed that SE results in neuronal 

damage or death that might contribute to epileptogenesis and impairments in cognitive 

function. Although it has been well described that SE-induced neuronal death relies on 

necrotic events following excessive glutamate release (Fujikawa 2005), apoptotic cell 

death mechanisms have also been evidenced in experimental models. Apoptosis is a 

physiologic process for killing cells by a highly organized molecular cascade that is 

usually energy-dependent and might involve new gene transcription. In contrast to the 

main features of necrosis that include mitochondrial matrix swelling, dilatation of 

endoplasmic reticulum and breakup of intracellular membranes, apoptosis is 

characterized by aggregation of chromatin altering the nuclear membrane, 

conservation of intracellular organelle integrity and later dispersion of cell contents 

(Wyllie et al. 1980).  

Different studies have demonstrated that seizures can cause mitochondrial 

dysfunction activating intrinsic pathway components like caspases 3 and 9 and Bcl-2 

family members. Moreover, experimental seizures and clinical data have shown that the 
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extrinsic, death-receptor-dependent pathway is also triggered after seizures (for an 

illuminating review, see Henshall 2007). Several reports have related different apoptotic 

factors to seizure-induced neuronal damage. For example, it is known that transcription 

factor p53 accumulates upon SE leading to up-regulation of p53-up-regulated mediator 

of apoptosis (Puma) and to hippocampal damage. Further, pharmacological inhibition 

of p53 led to a reduction in hippocampal damage and in the occurrence of spontaneous 

seizures (Engel et al. 2010). This result suggests a potential role of anti-apoptotic 

approaches in preventing epileptogenesis.  

Other studies addressing the molecular changes after SE have shown that SE 

decreases the levels of AKT activity and its binding to FoxO3a while increasing the 

levels of Bim and cleaved caspase-3 in the hippocampus (Kim et al. 2014). Recently, 

one study has demonstrated that targeting the miR-15a-5p/NR3B/ERK1/2 route, which 

is involved in cellular maintenance, inhibits apoptosis in hippocampal neurons in SE 

(Liu et al. 2020). Following SE, mitochondrial dysfunction can result in oxidative stress 

that also plays an important role in SE-induced neuronal death as several studies 

demonstrate. For instance, it has been proven that upregulation of nitric oxide synthase 

II contributes to apoptotic cell death in CA3 region of hippocampus after SE (Chuang 

et al. 2007). Although more studies need to be performed to further elucidate the 

molecular pathways involved in neuronal death, the evidence available supports the 

idea of apoptosis being an important feature of SE-induce neuronal death in different 

experimental models. Therefore, pharmacological approaches targeting apoptosis 

might constitute a useful strategy to diminish some of the negative impacts following SE 

as well as to prevent epileptogenesis. Specific patterns of apoptosis found in the KA 

model of SE will be presented in more detail on section Kainic acid model of epilepsy. 

Animal models of status epilepticus and epilepsy 

Animal models of epilepsy have been a highly valuable source of knowledge 

since 1937, when Tracy Putnam and Houston Merritt discovered the properties of 

phenytoin in a seizure model in cats (Putnam, TJ; Merritt 1937; Löscher 2017). A broad 

variety of animal models have been developed since then to reproduce chronic 

epilepsy and acute seizures induced by chemoconvulsants, TBI and electrical or sound 

stimuli. Table 2 summarizes the main experimental models used in epilepsy research.  
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The classification generally depends on the epilepsy syndrome reproduced and the 

long-term outcomes to study. Thus, acute models include SE and the consequent 

neuronal damage produced, whereas chronic models can mimic diverse epileptic 

syndromes (Reddy and Kuruba 2013; Kandratavicius et al. 2014). Several drugs 

inducing SE in rodent species have been widely used to characterize 

pathophysiological mechanisms or to address new therapies. Chemoconvulsants 

enhancing glutamatergic transmission or blocking GABAergic inhibition are commonly 

used to trigger seizures. Also, chemicals activating cholinergic neurotransmission can 

induce SE. Accordingly, Kainic acid (KA) induces seizures by activating KA-type 

glutamate receptors, Pentylenetetrazol (PTZ) does it through inhibition of GABAA 

receptors and Pilocarpine (PI) through activation of muscarinic receptors (Lévesque et 

al. 2016).  

An important group of epilepsy paradigms are post-SE models of TLE, where chemical 

or electrical induction of acute seizures in rodents is used for testing the efficacy of 

novel treatments (Löscher 2017). As mentioned above, some of the most important in 

this category  are the PI and the KA models, which reproduce the typical 

histopathological alterations and spontaneous chronic seizures seen in epileptic 

patients (Lévesque et al. 2016). Importantly, it has been described that the effect of 

chemoconvulsants might differ with genetic background, age, gender and environment 

(animal facility, handling, diet, etc.) (Binder, Devin K.; Scharfman 1997; Montagutelli 

2000; McKhann et al. 2003; McLin and Steward 2006; Lévesque et al. 2016; Li and Liu 

2019). For instance, the C57BL6/J mouse strain has been reported to show low 

sensitivity to various convulsants and little KA-induced neurodegeneration compared to 

FVB/NJ strain, which is more susceptible to seizure disorders (Royle et al. 1999; 

Kasugai et al. 2007). These factors should be considered when deciding the most 

appropriate model and breeding conditions if we are to obtain reliable results.  
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Table 2. Main rodent models in epilepsy research. Chemoconvulsants can be administered 
by intraperitoneal (ip), subcutaneous (sc) or intracranial (ic) injection in mice and rats. Genetic 
modifications can be used to generate predisposed or resistant strains that can be useful for 
AEDs screening or to elucidate epileptogenesis and its mechanisms. In vitro models commonly 
require rodent brain slices to study electrophysiological features. (Modified from Reddy and 
Kuruba 2013 and Kandratavicius et al. 2014). 

 
 

Kainic acid model of epilepsy 

The KA model is a very well described animal model, widely accepted for the 

study of TLE, the associated pathophysiological changes and pharmacology (Ben-Ari 

and Cossart 2000). KA is a cyclic analog of L-glutamate that acts as an agonist of the 

ionotropic AMPA and KA receptors. Thus, it leads to depolarization of neurons by 

allowing cationic currents through the cell and provoking progressive excitotoxic effects 

(Vincent and Mulle 2009). Its ability to produce neuronal damage was first described 



38 / 159

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3712350				Código de verificación: e+uetTtx

Firmado por: Elva Martín Batista Fecha: 27/07/2021 19:24:44
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 31/08/2021 16:02:07
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/80830

Nº reg. oficina:  OF002/2021/79940
Fecha:  27/07/2021 19:26:06

 38 

by Nadler et al. in 1978 (Nadler et al. 1978) and its first use as a model of excitation-

induced TLE was proposed by Ben-Ari and Lagowska the same year (Ben-Ari and 

Lagowska 1978). Since then, numerous studies have demonstrated the ability of KA to 

induce SE in rodents and reproduce neuropathological lesions similar to those 

occurring in some patients with epilepsy (Ben-Ari et al. 1979; Lothman et al. 1981; 

Scerrati et al. 1986; Willoughby et al. 1997). Systemic or intraperitoneal injection at a 

single dose of 20-30 mg/kg usually produces behavioral signs within 5 minutes whereas 

generalized convulsions might start after 30-60 minutes (Sperk 1994; Willoughby et al. 

1997) with SE-induced lethality rates of around 20% (McLin and Steward 2006). Intra-

cerebral injection leads to epileptiform discharges starting in limbic structures and is 

associated with lower mortality rates (Carriero et al. 2012). Systemic administration 

produces consistent seizures, mossy fiber sprouting and SRSs and it is associated with 

higher mortality rates that can be reduced by multiple dosing (Sharma et al. 2007). The 

behavioral symptoms upon KA and PI treatments are usually scored using the Racine 

scale (Racine 1972), which assigns numeric values to the different observed stages 

depending on seizure severity. It has been proven that the EEG of animal models 

treated with KA shows increased beta (20-30 Hz) and gamma (30-100 Hz) bands during 

the acute phase in hippocampus and neocortex (Lothman et al. 1981; Medvedev et al. 

2000). Decreases and increases in these waves are usually related to pathologic 

conditions including brain abscess, stroke, dysplasia or epilepsy (Marcuse et al. 2016; 

Malik and Amin 2017). 

Treatment with KA commonly yields recurrent seizures with variable frequency 

and remarkable brain damage (Nadler et al. 1978; Cavalheiro et al. 1982).  It has been 

shown that epileptiform seizures after KA are generated in the CA3 region of 

hippocampus and then progress to other limbic structures, leading to a characterized 

pattern of neuronal loss, mossy fiber sprouting and glial activation. The rapid effect of 

KA in hippocampal formation might be easily explained if we consider the high 

expression of kainate receptors (GluR5-7/KA1-2) in hippocampal neurons (Paternain et 

al. 2000). Upon KA receptors activation, a cascade of cellular events starts (Figure 4), 

including a massive influx of Ca2+ (Arundine and Tymianski 2003; Wang et al. 2005) and 

consequent production of reactive oxygen species (ROS) and nitrous oxide systems 
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(NOS) (Cheng and Sun 1994; Gluck et al. 2000; Candelario-Jalil et al. 2001; Milatovic 

et al. 2002). In turn, these conditions induce DNA damage, changes in mitochondrial 

function, cell death and activation of glial cells (Ben-Ari 1985a; Ben-Ari and Cossart 

2000; Chen et al. 2005; Galluzzi et al. 2009). Moreover, apoptotic pathways are 

activated during seizures, involving the Bcl-2 family of proteins, cytochrome c and 

caspases 9 and 3 (Franklin 2011; Almeida 2013; Auladell et al. 2017). 

Neurodegeneration appears within 8 to 24 hours after KA and has a vigorous impact on 

CA3, CA1 and dentate gyrus (DG) cells, although it also affects extrahippocampal 

regions like entorhinal cortex, thalamus and amygdalar complex (Nadler et al. 1978; 

Schwob et al. 1980; Ben-Ari et al. 1981; Ben-Ari 1985b; Ben-Ari and Cossart 2000; 

Schoenebeck et al. 2005; Drexel et al. 2012).  

 
Figure 4. Schematic representation of cellular events following KA-receptors activation. 
KA stimulates the Ca2+-A/K (AMPA and KA receptors), leading to rapid Ca2+ entry and generation 
of ROS and reactive nitrogen species (RNS), which leads to damage of intracellular membranes 
and activation of apoptotic pathways that will end up in neuronal cell death. Alternatively, Ca2+ 
overload can lead to direct mitochondrial damage causing neuronal necrosis. Modified from 
Wang et al. 2005. 
 

During KA-induced brain damage, non-neuronal cells like astrocytes and 

microglia are also disturbed. These cells have significant influence on the survival and 

post-injury repair of neurons (Chen et al. 2005) and their activation, also called gliosis, 
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involves a variety of physicochemical and physiological changes that arise in response 

to CNS insults and diseases (Sofroniew 2014). Gliosis indicators include hypertrophy of 

cell bodies, upregulated expression of different proteins, cellular proliferation and 

generation of a gliotic scar rich in extracellular matrix molecules (Silver and Miller 2004). 

Some of the most frequently used markers are glial fibrillary acidic protein (GFAP) to 

detect astrogliosis and ionized calcium-binding adaptor molecular 1 (IBA-1) to detect 

microgliosis.  

Pilocarpine model of epilepsy 

PI is a muscarinic acetylcholine receptor agonist that, after systemic or 

intracerebral injection, provokes SE. This model has been extensively used for the 

evaluation of AEDs since its first description in 1983 (Turski et al. 1983). Reasons to use 

it include the rapid effect after systemic administration, the presence of a latent period 

preceding SRSs (Leite et al. 1990; Cavalheiro et al. 1991), manifestation of brain 

damage with lesions found in TLE patients (Mello et al. 1993; Wieser 2004) and the fact 

that, similarly to some refractory epilepsies, AEDs poorly control seizures in PI-treated 

rodents (Glien et al. 2002; Chakir et al. 2006). Similarly to KA, treatment with PI also 

leads to neuronal death and gliosis events within hours or weeks after SE depending 

on the area (do Nascimento et al. 2012). PI can cause lesions in neocortical areas 

(Bonilha et al. 2010) making the model useful to study extrahippocampal damage in 

TLE (Sharma et al. 2007). The mechanism of action relies on the activation of M1 

subtype muscarinic receptors that, in the CNS, modulate the M-current. This modulation 

is totally lost in M1 knock-out mice that are highly resistant to seizures induced by PI 

(Hamilton et al. 1997). M-current is a voltage-dependent K+ current that controls 

neuronal excitability and receives its name after its well-known inhibition by muscarinic 

pathway activation (Brown and Adams 1980; Brown 1987; Delmas and Brown 2005) 

(Figure 5). Although SE induction occurs through M1 receptors, considerable evidence 

suggest that seizure maintenance depends on NMDA receptors (Nagao, T; Alonso, A; 

Avoli 1996; Smolders et al. 1997). 
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Figure 5. Schematic representation of M1 muscarinic pathway-Kv7 channels. Binding of 
acetylcholine to M1 receptors triggers the activation of the G family protein Gq and consequent 
activation of membrane-associated phospholipase-Cb (PLCb), whose activity leads to the 
disruption of phosphatidylinositol-4.5-biphosphate (PtdIns(4,5)P2) into diacylglycerol (DAG) and 
inositol-1,4,4-triphosphate (Ins(1,4,5)P3). Substantial evidence suggest that PtdIns(4,5)P2  might be 
a crucial determinant of modulation as its binding to M-channel keeps it opened. Release of Ca2+ 

and activation of protein kinase C (PKC) by DAG might modify the interaction of the channel 
with PtdIns(4,5)P2. Modified from Delmas and Brown 2005. 
 

In adult animals, the systemic administration of a single ip dose (360-400 mg/kg) 

can trigger SE within 1 hour and mortality rates range around 30-40% (Curia et al. 2008). 

Different pretreatments have been used by combining PI with other drugs including 

lithium, N-methylscopolamine or diazepam. Lithium, usually administered 24 h prior to 

PI, allows the use of lower doses of chemoconvulsant to induce SE (Honchar et al. 

1983). Antimuscarinic drug N-methylscopolamine minimizes the peripheric effects of PI 

by blocking muscarinic receptors outside of the CNS (Clifford et al. 1987). Use of 

diazepam prevents the development of behavioral and EEG alterations and reduce the 

duration of seizures induced by PI (Turski et al. 1984).  

1.3 Ion channels and epilepsy 

Common to other neurological diseases, inherited defects in neuronal ion 

channels genes controlling neuronal excitability have been associated to epilepsy 
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(Lamas 2005; Ryan and Ptáček 2010). Ion channels are pore-forming proteins that allow 

the flux of ions -mainly potassium (K+), sodium (Na+), chloride (Cl-) and calcium (Ca2+)- 

across plasma and organelle membranes generating and modulating electrical signals 

in living cells of excitable tissues. They respond to various stimuli including membrane 

voltage and ligand binding (Hille 2001; Alexander et al. 2010). Thus, in the nervous 

system, they are responsible for action potentials and cell-to-cell communication by 

synaptic transmission. Genetic mutations in ion channels affecting their functionality 

have been associated to different types of inherited epilepsy. Genetic-caused 

dysfunction of ion channels (also known as channelopathies) can be due to mutations 

in encoding genes of diverse ion channels including Na+, K+, Ca2+ and Cl- channels 

(Lerche et al. 2001; Lerche et al. 2013). Table 3 summarizes the list of genes and the 

corresponding proteins mutated in some idiopathic epilepsies and epileptic 

encephalopathies.  

Voltage-gated K+ channels (Kv) 

K+ channels conform the largest and most diverse family of ion channels and 

show a high heterogenicity of functions as well as regulation of intrinsic electrical 

properties of cells. Among voltage-gated K+ channels (Kv), Kv7 channels are encoded 

by the KCNQ genes and comprise five members (Kv7.1-5) with major roles in cardiac 

muscle (Kv7.1), inner ear (Kv7.4) and neuronal function (Kv7.2, Kv7.3 and Kv7.5) 

(Figure 6). Kv7 channels conduct an outwardly directed current, whose function is 

associated to hyperpolarization and stabilization of the membrane potential. Mutations 

in their encoding genes are related to different diseases as shown in Table 4.  

Structurally, all members share the same organization consisting of tetramers of 

alpha subunits. Each of these subunits contains six transmembrane segments (S1-S6). 

The regions S1-S4 constitute the voltage-sensor domain whereas S5-S6 forms the ion-

selective pore (Brown 2008; Soldovieri et al. 2011). Importantly, accessory ß subunits 

are found in some physiological structures including Kv7.1/KCNE1, a very well 

described combination that gives place to the characteristic slow Kv7.1 opening in the 

cardiac muscle (Barhanin et al. 1996). Mutations in this subunit or inadequate 

interactions are related to heart disease (Olesen et al. 2012; Rothenberg et al. 2016). 
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Table 3. Genes and proteins mutated in idiopathic epilepsies 

encephalopathies. Modified from Lerche et al. 2013 (see full references therein).  

 

 

In CNS, Kv7.2 and Kv7.3 subunits co-assemble to form a tetramer that underlies 

the M-current (Brown and Adams 1980; Wang et al. 1998). Kv7.4 and Kv7.5 are also 

associated with the M-current, although to a lesser extent (Kubisch et al. 1999; Lerche 

et al. 2000; Schroeder et al. 2000; Shah et al. 2002). M-channels are active at 

subthreshold membrane potentials (near -60 mV). Their activation is slow and therefore 

they do not contribute to the repolarization of individual action potentials. Also, they do 

not inactivate, therefore generating a steady voltage-dependent outward current that 

Abbreviation Gene Protein References

Idiopathic focal epilepsies

Bening familial neonatal 
seizures BFNS1/EBN1 KCNQ2 Kv7.2 (K+ channel) Biervert et al. 1998

Singh et al. 1998

Bening familial neonatal-
infantile seizures

BFNS2/EBN2
BFNIS KCNQ3 SCN2A

Kv7.3 (K+ channel)
Nav1.2 (Na+

channel)

Charlier et al. 1998
Heron et al. 2002

Berkovic et al. 
2004

Autosomal dominant nocturnal 
frontal lobe epilepsy ADNFLE

CHRNA4

CHRNB2

CHRNA2

!4 subunit (nACh) 
receptor

!2 subunit (nACh) 
receptor

"2 subunit (nACh) 
receptor

Steinlein et al. 1995

De Fusco et al. 
2000

Aridon et al. 2006

Idiopathic generalized
epilepsies and associated

syndromes
Childhood absence epilepsy

with febrile seizures CAE+FS GABRG2 #2 subunit (GABAA
receptor) Wallace et al. 2001

Absence epilepsy and 
episodic ataxia CAE+EA2 CACNA1A Cav2.1 (Ca2+ 

channel)
Jouvenceau et al. 
2001; Imbrici et al. 

2004

Juvenile myoclonic epilepsy JME GABRA1 !1 subunit (GABAA
receptor)

Cossette et al. 
2002

Genetic (generalized epilepsy
with febrile seizures plus 

(GEFS+)
GEFS+

EFHC1

SCN1A

SCN1B

GABRG2

EF hand motif
protein

Nav1.1 (Na+

channel)
!1 subunit (nACh

receptor)
#2 subunit

(GABAA) receptor

Suzuki et al. 2004

Escayg et al. 2000

Wallace et al. 1998

Baulac et al. 2001

Generalized epilepsy and 
paroxismal dyskinaesia GEPD KCNMA1 KCa1.1 (K+

channel)
Du et al. 2005

Epileptic encephalopathies

Dravet síndrome (severe
myoclonic epilepsy of infancy) SMEI SCNA1 Nav1.1 (Na+

channel) Claes et al. 2001

Other syndromes

Focal epilepsy and episodic
ataxia EA1+FE KCNA1 Kv1.1 (K+ channel) Zuberi et al. 1999
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leads to the stabilization of the membrane potential, contributing to the resting 

membrane potential (RMP). Thus, M-current plays a critical role in regulating the 

electrical excitability of neurons, determining their firing properties and responsiveness 

to synaptic input (Brown and Adams 1980; Wang et al. 1998; Brown and Passmore 

2009). The relevance of their functionality is demonstrated by the negative effects of 

mutations on their encoding genes. Mutations in KCNQ2 and KCNQ3 (Table 3) have 

been associated to a long list of hyperexcitability phenotypes including benign familial 

neonatal epilepsy (BFNE) and neonatal epileptic encephalopathy (NEE) (Singh et al. 

1998; Singh et al. 2003; Soldovieri et al. 2014; Nappi et al. 2020). BNFE is a dominantly 

inherited condition affecting newborns and characterized by the occurrence of focal, 

multifocal, or generalized seizures. Risk of later acquired epilepsy is around 15%, which 

is clearly higher than that for the general population (Ronen et al. 1993; Plouin, P; 

Anderson 2005). In NEE, encephalopathy is present from birth and persists during a 

period when seizures are uncontrolled leading to developmental impairment. Cessation 

of seizures generally occurs between age nine months and four years (Miceli et al. 

2010). 

 
Figure 6. Tissue distribution of Kv7 subunits. The different panels in the figure report the 
principal sites of expression of each Kv7 channel subunit. Modified from Soldovieri et al. 2011. 
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Modulation of M-current constitutes a potential target to treat epilepsy and other 

diseases driven by neuronal hyperexcitability, such as neuropathic pain, ischemia and 

schizophrenia (Wulff et al. 2009). In fact, a number of pharmacological tools have been 

identified which modulate M-current. Among them, retigabine and flupirtine prevent 

convulsant activity both in animal models and clinical trials (Wickenden et al. 2004). 

However, due to drug-induced liver injury by flupirtine and alterations in tissue 

pigmentation, including the retina, by retigabine, both drugs have been recently 

discontinued from therapeutic use (Michel et al. 2012; Clark et al. 2015; Surur et al. 

2019). Since adverse effects are not related to the mechanism of action, it seems 

promising to continue studying the potential  role of Kv7.2/3 as effective targets for new 

anticonvulsant treatments (Surur et al. 2019). In line with this idea, our group has 

described a new M-channel modulator, the neuronal kinase SGK1.1 (Miranda et al. 

2013), which is the protagonist of this thesis. 

Table 4. Kv7 subunits: location, channel function and channelopathy. Modified from 
Brown 2008. 

 

BFNE, Benign Familial Neonatal Epilepsy; DFNA2, dominant progressive hearing loss; JLNS, Jervill 
and Lange-Nielsen Syndrome; OHC, outer hair cell; RWS, Romano–Ward Syndrome; RMP, Resting 
membrane potential   

1.4 Serum and glucocorticoids-regulated kinase 1 (SGK1) 

SGK1 was originally described as a serine/threonine kinase induced by serum 

and glucocorticoids in mouse breast cancer cells (Webster et al. 1993). The Sgk1 gene 

spans around 118 kb with exons 1-16 yielding three different transcripts designated as 

SGK1, SGK1.1 and SGK1.2 (Figure 7). They all share identical catalytic domain and 
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COOH-terminal hydrophobic motif (exons 6-16) and differ in their NH2-terminal domain 

(Arteaga et al. 2008), generated by alternative splicing and different transcription start 

sites from independent promotors that respond to different stimuli.  For instance, the 

presence of a glucocorticoid-responsive element (GRE) in intron 4 controls the 

transcription of the canonical SGK1 isoform, whose mRNA levels are upregulated by 

glucocorticoids (Itani et al. 2002). Thus, alternative transcription sites and alternative 

splicing producing differential NH2-termini confer specific properties to each splice 

isoform, including tissue-specific expression, different transcriptional regulation and 

different subcellular localization and protein stability. 

 

Figure 7. Sgk1 gene illustration. (A) The Sgk1 genes spans approximately 118 kb; white and 
black boxes indicate 5’ and 3’ untranslated regions and exons and lines represent introns. The 
gene produces at least three splice isoforms with corresponding promotors located upstream of 
exon 1, intron 3 and intron 4 for transcription of SGK1.1, SGK1.2 and SGK1 respectively. Arrows 
and arrowheads indicate sites of qPCR primers and the in-situ hybridization probe specific for 
the SGK1.1 isoform. (B) Amino acid sequence of the three isoforms showing the N-termini. Intron-
exon boundaries are indicated with arrows. Polybasic motif (+) with large hydrophobic residues 
(D) is shown above SGK1.1 protein. Modified from Arteaga et al 2008. 
 

Sgk1 protein products belong to the AGC family of kinases that also include 

protein kinase A (PKA) and protein kinase B (PKB/AKT). Their catalytic domain shares 

high homology (45-55%) to AKT, p70S6K and protein kinase C (PKC) (Kobayashi et al. 

1999). The shortest isoform, known as SGK1, is ubiquitous, and exerts diverse functions 



47 / 159

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3712350				Código de verificación: e+uetTtx

Firmado por: Elva Martín Batista Fecha: 27/07/2021 19:24:44
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 31/08/2021 16:02:07
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/80830

Nº reg. oficina:  OF002/2021/79940
Fecha:  27/07/2021 19:26:06

 47 

including the control of membrane protein trafficking and cell survival.  One of its best 

characterized roles takes place in the kidney, where SGK1 modulates transepithelial 

Na+ reabsorption and thus blood pressure by regulating membrane abundance of 

epithelial Na+ channel (ENaC) (Alvarez de la Rosa et al. 1999). The underlying 

mechanism involves SGK1-dependent phosphorylation and subsequent inactivation of 

the ubiquitin-ligase Nedd4-2, which in normal conditions ubiquitinates the channel by 

interacting with PY motifs, targeting it for degradation (Alvarez de la Rosa et al. 1999; 

Debonneville et al. 2001; Kamynina and Staub 2002). The SGK1/Nedd4-2 pathway 

regulates the endocytosis of other channels including ClC2 (Palmada et al. 2004), Kv1.3 

(Palmada et al. 2004), Kv7.2/3 (Schuetz et al. 2008) and Kv7.1 (Andersen et al. 2013). 

Other downstream targets of SGK1 include GSK3b and FoxO proteins. This last 

pathway results in the inactivation of FoxO3a and therefore confers SGK1 an important 

role in promoting cell survival and reducing apoptosis (Brunet et al. 2001; Ferrelli et al. 

2015). Furthermore, it has been suggested that SGK1 participates in diverse brain 

pathologies, mainly based on its overexpression under certain circumstances, 

including ischemia (Zhang et al. 2014), Parkinson’s disease, amyotrophic lateral 

sclerosis (Schoenebeck et al. 2005) and Rett syndrome (Nuber et al. 2005). Altogether, 

this data suggests important roles for SGK1 in the control of brain function although 

further studies should be performed to determine its implications. 

SGK1 is tightly regulated by a variety of stimuli, including steroid hormones, 

stress conditions, growth factors and glucose, inducing its rapid transcription in a tissue 

specific manner (Firestone et al. 2003). At the post-translational level, SGK1 is 

sequentially activated by phosphorylation on residues S422 and T253 by mammalian 

target of rapamycin 2 (mTORC2) and phosphatidylinositol-3-phosphate dependent 

kinase 1 (PDK1) (Kobayashi et al. 1999) (Figure 8).  
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Figure 8. SGK1 regulation at transcriptional and post-transcriptional levels. 
Glucocorticoids, serum, glucose and cell volume are factors that stimulate Sgk1 transcription. At 
post-transcriptional level, SGK1 might be double phosphorylated in residues S422 by mTORC2 
and T253 by PDK1 in the IRS/IP3 pathway. IR: insulin receptor, IRS: insulin receptor substrate, 
PI3K: phosphatidylinositol 3-kinase, PDK1: phosphoinositide-dependent protein kinase 1, and 
mTORC2: mammalian target of rapamycin complex 2. 

 

Isoform SGK1.2 expression is very low in all tissues and its function has not been 

further evaluated. SGK1.1 mRNA expression is restricted to brain tissue, where it is 

present in pyramidal neurons of hippocampus and cortex, although its specific 

subcellular localization has not been investigated in detail due to the lack of specific 

antibodies (Arteaga et al. 2008; Wesch et al. 2010). On the other hand, even though its 

distribution overlaps with SGK1 in the brain and its mRNA levels have been shown to 

be lower, SGK1.1 is the most abundant protein isoform in brain. This is explained by its 

greater stability due to the absence of the proteasomal degradation signal in the NH2-

terminus present in SGK1, which leads to rapid degradation by the 

ubiquitin/proteasomal system (Arteaga et al. 2006). Neuronal and ubiquitous isoforms 

share high structural similarity with similar activation and catalytic domains, which 

makes it possible that functional roles proposed for SGK1 in the brain are actually 

mediated by SGK1.1. However, it is important to notice that, unlike SGK1, SGK1.1 is not 

regulated by glucocorticoids as it does not present a GRE on its promoter region, which 

might imply that roles related to chronic stress in the nervous system are mediated by 

the ubiquitous isoform (SGK1) whereas other functions may be associated to SGK1.1 

activity.  Stimuli inducing SGK1.1 expression should be further investigated, although it 
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has been already demonstrated that its transcription is up-regulated upon cell 

depolarization (Arteaga et al. 2008). This mechanism is known to induce the expression 

of genes that are important for neuronal plasticity (West et al. 2001). 

Another crucial aspect about SGK1.1 is the presence of a positively charged 

cluster of residues intercalated with bulky hydrophobic residues on its N terminus. 

These residues form a motif that binds PtdIns(4,5)P2, tethering the kinase to the plasma 

membrane (Arteaga et al. 2008; Wesch et al. 2010). PtdIns(4,5)P2 is one of the 

phospholipidic components of plasma membranes and it has been characterized as a 

crucial modulator of different ion channels and transport proteins (Hilgemann et al. 

2001; Delmas et al. 2005; Suh and Hille 2005; Pérez-Burgos and Alamilla 2010), 

including the M-channel (Delmas and Brown 2005). With this, it is reasonable to expect 

important roles of SGK1.1 on neuronal channels function and expression. In fact, it has 

been already described how SGK1.1 is able to reduce the activity of neuronal-specific 

channel ASIC1 by reducing the channel membrane expression (Arteaga et al. 2008). 

Further, SGK1.1 is able to up-regulate the neuronal-enriched delta subunit of the 

epithelial Na+ channel (ENaC) membrane expression and activity (Wesch et al. 2010).  

Both mechanisms are independent of PY motifs and may not involve Nedd4-2 

phosphorylation. 

1.5 SGK1.1 is a new modulator of M-channels 

Our group has previously demonstrated that SGK1.1 up-regulates Kv7.2/3 

function in heterologous expression systems including Xenopus laevis oocytes and 

HEK293 cells (Figure 9). Co-expression of Kv7.2/3 and SGK1.1 led to a significant 

increased Kv7.2/3 current in both systems without altering the kinetic properties of the 

channel (Miranda et al. 2013). Rather, the observed effect on channel activity was 

explained by increased channel membrane abundance, demonstrated by flow 

cytometry. Co-injection of Kv7.2/3 with an inactive mutant of SGK1.1, SGK1.1(K220A), 

or a mutant that neutralizes polybasic motifs at the N terminus, 

SGK1.1(K21N/K22N/R23G), did not produce significant changes in current levels, 

suggesting that the effect of SGK1.1 depends on its kinase activity and membrane 

localization (Figure 9). Therefore, it would be expected that the effect of SGK1.1 is 
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abolished by activation of phospholipase C (PLC) or inositol phosphatases, which 

transiently reduce PIP2 levels at the plasma membrane. This effect, along with M-current 

modulation by muscarinic pathway, constitutes a convergent route that relies on PIP2 

levels for the regulation of neuronal excitability (Miranda et al. 2013). 

 

Figure 9. SGK1.1 increases Kv7.2/3 current in heterologous expression systems. (A) 
Currents elicited in Xenopus oocytes after co-injection of mRNAs from Kv7.2 and Kv7.3 alone 
(first panel) or in combination with wild type SGK1.1 (second panel), mutant SGK1.1(KKR) (third 
panel) or inactive mutant SGK1.1(K220A) (fourth panel). (B) Average activation curves and 
corresponding fits to Boltzmann equations (solid lines) for the indicated combinations. (C) 
Representative current families elicited in HEK293 cells transfected with Kv7.2 and Kv7.3 coding 
DNA with or without SGK1.1. (D) Average activation curves and corresponding fits to Boltzmann 
equations for the indicated construct combinations. From Miranda et al. 2013. 
 

To evaluate the effect of SGK1.1 under physiological conditions, our laboratory 

developed a transgenic mouse model using a bacterial artificial chromosome (BAC) 

containing the whole Sgk1 gene modified by homologous recombination in E. coli to 

introduce a mutation that renders the kinase constitutively active (S422D in SGK1 and 

S515D in SGK1.1). Transgenesis using this BAC induces gene expression controlled 

by endogenous promoters, generating the corresponding splice isoforms with their 

normal tissue-distribution pattern. Superior cervical ganglion (SCG) neurons isolated 

from transgenic mice (Tg.sgk1) showed enhanced M-currents compared to those in 
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control animals. Furthermore, decreased excitability and more negative resting 

potential were found in these neurons (Figure 10) (Miranda et al. 2013). 

 

 
Figure 10. SCG neurons isolated from B6.Tg.sgk1 mice show a significant increase in M-
current. (A) Representative voltage-ramp current responses elicited from SCG neurons isolated 
from control mice C57BL6/J (left panel) and B6.Tg.sgk1 (right panel) before (black line) and after 
(red line) adding 1 mM Cs+. M-current amplitude at -30 mV was measured by subtracting the 
leak from the total current. The amplitude of the leak current (dotted line) was determined from 
extrapolated current-voltage (I/V) curves.  (B) Average M-current (positive, black bars) and H-
current (negative, white bars) in SCG neurons isolated from control mice (n=17) and from 
transgenic mice (n=21). (C) Representation of the average number of action potentials generated 
in response to stimulus of different amplitude (pA) for control (gray line) or Tg.sgk1 (black line) 
mice. Average resting membrane potential measured in SCG neurons from control (white bar, 
n=20) and transgenic (black bar, n=18). Error bars represent the SEM, *p<0.05. Modified from 
Miranda et at. 2013. 

 

Lately, our group has published new results (Armas-Capote et al. 2020) 

revealing the potent anticonvulsant effect of SGK1.1 in our transgenic mouse model 

using the KA epileptic paradigm. We have demonstrated that the Tg.sgk1 mice are 

resistant to KA-induced seizures and show no lethality after acute SE (Figure 11).  

Progression to more severe and convulsive stages (stage 4), was significantly 

reduced in B6.Tg.sgk1 mice compared to B6.WT. Also, a significant higher percentage 



52 / 159

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3712350				Código de verificación: e+uetTtx

Firmado por: Elva Martín Batista Fecha: 27/07/2021 19:24:44
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 31/08/2021 16:02:07
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/80830

Nº reg. oficina:  OF002/2021/79940
Fecha:  27/07/2021 19:26:06

 52 

of B6.WT mice showed tonic-clonic seizures (stage 6) and around 30% of them reached 

stage 7 (SE-induced death), according to previous reports regarding kainic acid model 

(McLin and Steward 2006) and in contrast to the zero mortality rate found in transgenic 

mice (Figure 11). 

Experiments with middle age and female mice were performed and proved that 

age and gender have minor influence on this phenotype with the more notable 

difference being mortality rates, that became similar between genotypes in middle age 

and female mice.  

 
Figure 11. B6.Tg.sgk1 mice show reduced seizure severity and lower lethality after 
systemic administration of kainic acid. Seizure behaviour of B6.Tg.sgk1 (n=24) vs B6.WT 
(n=26) adult mice was evaluated after intraperitoneal injection of 20 mg/kg of kainic acid. Seizure 
activity was scored during monitored time (2 h) using a modified Racine scale (Racine 1972). A) 
Raw Racine scores represented as mean ± SEM each 5 min over the monitored time for both 
genotypes (Multiple t-test, *p<0.05, **p<0.01). B) Kaplan-Meier analysis in monitored mice. Survival 
of adult B6.Tg.sgk1 mice is significantly higher compared to rates observed in wild type animals 
(p=0.004, Log-rank (Mantel-Cox) test). C) Cumulative plot representing the percentage of mice 
reaching the indicated Racine stages. Stage 7 corresponds to death associated to SE. D) Average 
seizure severity score for WT and Tg.sgk1 mice. Values were calculated as the sum of all raw 
scores divided by the monitored time and represented as mean ± SEM (Unpaired t-test, 
****p<0.0001). Modified from Armas-Capote 2017. 

 
In addition, EEG recordings allowed our group to assess the impact of SGK1.1 

on generalized seizures number (GS) and find that increased SGK1.1 activity reduces 
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the number and duration of GS without affecting its onset activity in hippocampus and 

cortex (Armas-Capote et al. 2020). Electrophysiological analysis of action potential 

characteristics and intrinsic membrane properties including resting membrane potential 

and membrane resistance was performed on CA1 pyramidal neurons from B6.Tg.sgk1 

and B6.WT showing no significant alterations on these features, hence indicating that 

neuron response capacity is not changed in transgenic mice (Armas-Capote 2017).  

The relevance of SGK1.1 activity on M-current up-regulation was evaluated in 

CA1 pyramidal neurons from hippocampal slices obtained from B6.WT and B6.Tg.sgk1 

mice. This system has been widely used as a neuronal model to study the M current 

since its first use in 1982 (Halliwell and Adams 1982). In concordance with previous 

results in SCG neurons (Miranda et al. 2013), M-current amplitude was increased in 

CA1 pyramidal neurons from transgenic mice (Armas-Capote et al. 2020), an effect that 

was reversible when an SGK1-inhibitor was added to the medium. Consistently with the 

increase in the M-current, CA1 neurons showed significantly lower firing frequency 

upon depolarizing pulses (Figure 12). 

 
Figure 12. Reduced excitability in CA1 pyramidal neurons with increased SGK1.1 
activity. (A) Representative traces recorded in CA1-PN after a 200 pA current injection in B6.WT 
(gray) and B6.Tg.sgk1 (black) mice. (B) Frequency-current relationships for CA1-PN from B6.WT 
(gray) and B6.Tg.sgk1 (black) mice. Multiple t-test *p<0.05.  

 
Overall, these results suggest that the anticonvulsant role of SGK1.1 can be 

explained, at least in part, by up-regulation of M-current function and reduced neuronal 

excitability. Also, they have encouraged us to continue uncovering the potential role of 

SGK1.1 as a new therapeutic target for epilepsy. We now propose to further elucidate 
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the M-current up-regulation as the key mechanism underlying the observed protection 

against seizures. 

1.6 SGK1.1 as a neuroprotective factor 

On the basis of SGK1 and SGK1.1 isoforms sharing their catalytic domain, it is 

tempting to hypothesize that they might also be sharing some downstream substrates 

as the very well-known antiapoptotic factor AKT and SGK1 do. As previously mentioned, 

the ability of SGK1 to phosphorylate FoxO family members has already been described 

and related to the pro-survival and anti-apoptotic roles of SGK1. Some of these studies 

suggest that SGK1 could be modulating the cellular response to growth factors along 

with AKT (Brunet et al. 2001) and reducing levels of hyperglycemia-induced apoptosis 

(Ferrelli et al. 2015) by regulating the apoptotic activity of FKHRL1 (or FoxO3A). Herein, 

we propose an evaluation of SGK1.1 downstream targets that might shed some light 

not only on its effect as an anticonvulsant but also on its potential as a neuroprotective 

factor upon SE-induced cellular damage in the brain.  Different approaches have been 

used to evaluate neuroprotective roles in a seizure-induce damage condition. For 

example, the use of histochemistry to detect neuronal death along with evaluation of 

pro- and anti-apoptotic factors in the brain has allowed the description of Bim and Bcl-

xL as downstream targets of FoxO-3A and apoptotic modulators involved in damage 

caused by epilepsy (Kim et al. 2014). Altogether, this work has focused on uncovering 

a potential dual role of SGK1.1. First, its ability to up-regulate the M-current and second 

its potential as an anti-apoptotic factor. 
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HYPOTHESIS AND AIMS OF THE 

STUDY 
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2. HYPOTHESIS AND AIMS OF THE STUDY 

We hypothesized that activation of SGK1.1 plays a regulatory role protecting against 
epileptic seizures, via two mechanisms. On one hand, it reduces excitability through 
up-regulation of Kv7 neuronal channels. Secondly, it acts as a neuroprotector in the 
context of epilepsy-induced neuronal damage. Therefore, activation of SGK1.1 may 
constitute a potent therapeutic target for epilepsy through its dual mode of action.  
 
The main goal of this project was to identify the molecular mechanisms underlying the 
protective role of SGK1.1 as anti-convulsant and neuroprotector.  
 
Specific aims are detailed next:  

 
Aim 1. To uncover the mechanisms underlying SGK1.1-mediated protection against seizures  
 

1.1 Further unveil the role of the M-current up-regulation by SGK1.1 on its 
anticonvulsant effect.  
1.2 Characterize SGK1.1 antiepileptic effect using the pilocarpine model as a 
new seizure paradigm in the Tg.sgk1 animal model. 

 

Aim 2. To assess the potential of SGK1.1 as a neuroprotective factor in the context of 
epilepsy-induced brain damage  
 

2.1 Study the mechanisms of SGK1.1-dependent protection against seizure-
induced neuronal death.  
2.2 Elucidate the effect of epileptic seizures on glial cell activation processes in 
both wild type and transgenic mice.  
2.3 Determine the impact of SGK1.1 activation on ectopic neurogenesis.  

 
Aim 3. To characterize the ability of SGK1.1 to modulate different Kv7 channel combinations 

and epileptogenic mutations: 
 

3.1 Study the ability of SGK1.1 to up-regulate channels formed by different Kv7 
subunits  
3.2 Evaluate the effect of SGK1.1 in presence of epilepsy mutants Kv7.2(R207W) 
and Kv7.2(A306T) 
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MATERIAL AND METHODS 
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3. MATERIAL AND METHODS 

3.1 Statistical analysis 

Statistical analysis was conducted using Graph Pad Prism Version 8. Prior to 

perform any statistical analysis, we assessed normality distribution of our data using 

D’Agostino-Pearson test or Shapiro-Wilk normality test. Once determined, we compare 

means of data using Student t-test, One-Way ANOVA or Two-Way ANOVA test for 

parametric distributions. For non-parametric distributions, we performed tests as Mann-

Whitney or Kruskal-Wallis.  

 

3.2 Animals 

All the experimental procedures and animal handling have been approved by 

Universidad de La Laguna Ethics Committee and conform to Spanish and European 

guidelines for protection of experimental animals (RD53/2013; 2010/63/EU). 

Transgenic mouse model (B6/FVB.Tg.sgk1) 

This work is based on the use of a transgenic mouse model generated in our 

laboratory, B6.Tg.sgk1 (Miranda et al. 2013). Briefly, the transgenic line was created by 

pronuclear injection of C57BL/6J x SJL/J F2 embryos with a BAC containing the whole 

Sgk1 gene carrying a point mutation (S422D in SGK1; S515D in SGK1.1) that renders 

the kinase constitutively active (Figure 13). Founder animals were crossed with wild type 

C57BL/6J for at least nine generations. All experiments described here were performed 

in homozygosis for the transgene obtained by crossing heterozygous animals. Wild type 

mice (B6.WT) were used as controls.  

 

Figure 13. Schematic representation of the 3’ end of Tg.sgk1 mRNA isoforms. It includes 
a triple HA tag (dark grey box) and a point mutation S422D/S515D that renders the kinase 
constitutively active (asterisk). Arrows indicate oligonucleotides used to detect the expression of 
endogenous and transgenic kinase (sequence indicated in table 5). Cross hatched box indicates 
the 3’ untranslated region of the transcripts.  
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In order to obtain the transgenic genotype in a different genetic background, we 

backcross bred our B6.Tg.sgk1 mice into a FVB/NJ background for nine generations. 

We then crossed the heterozygous mice to obtain a homozygous FVB.Tg.sgk1 colony. 

FVB/NJ is a strain defined as more susceptible to seizure disorders, so a more severe 

convulsive phenotype would be expected. 

 
Table 5. Oligonucleotides used throughout this work and their sequences. Sequences 
in blue and red correspond to restriction enzymes sites and bold corresponds to a stop codon.  

 

Genotyping 

Genotyping was performed for experimental groups by PCR analysis of genomic 

DNA using primers (Table 5) flanking Sgk1 stop codon and producing a 186 bp product 

with wild type Sgk1 and a 267 bp product with transgenic Sgk1, attributable to the 

insertion of three consecutive copies of HA epitope. Figure 14 shows PCR products 

obtained from genomic DNA extracted by alkaline hydrolysis of mice tails from wild type 

or transgenic mice. 

 
Figure 14. Genotyping. (A) Schematic representation of Sgk1 gene and location of the primers 
used for genotyping. (B) Agarose gel (2%) showing an example of PCR products for wild type 
Sgk1 (186 bp) and transgenic Sgk1 (267 bp). DNA from transgenic mouse contains both forms 
of the gene. 

OLIGO SEQUENCE PURPOSE
GST-Seq 5’-GGGCTGGCAAGCCACGTTTGGTG-3’

SGK1.1_F2 Nterm Cloning-F 5’-GCCGGATCCCCCAACTTGAAGTACACTGGCCC-3
SGK1.1_ F2 Nterm Cloning-R 5’-CATGCGAATTCTCATGGAGGGAGCATCCCCCTTGG-3’

SCREEN-F SGK1 5'-GGA AGC AGC AGA AGC CTT CCT CGG-3'
SCREEN-R SGK1 5'-GAC TGC CAA GCT TCC AGG TGT GC-3'
F-Sgk1 gRNA ex6 caccgCTTCTTGAAAGTGATCGGAA
R-Sgk1 gRNA ex6 aaacTTCCGATCACTTTCAAGAAGc
F-Sgk1 gRNA ex8 caccgGTCCTGGACTACATTAATGG
R-Sgk1 gRNA ex8 aaacCCATTAATGTAGTCCAGGACc

F-Check Sgk1 mouse GTAAGGCTGTGTGCAGCGTA
R-Check Sgk1 mouse TCAAACCCAAACCAAGCAAT
F-Sgk1 Check_human AGCCAAGTCCTTCTCAGCAA
R-Sgk1 Check_human GGTAACATTCTCCCCACCAA
KCNQ2 _R207W_F GCAGATTCTGTGGATGATCCGCATG
KCNQ2 _R207W_R CATGCGGATCAACCACAGAATCTGC

KCNQ2 _Seq AGTTTGCCCGGAAACCGTTCTGTGT KCNQ2  MUTAGENESIS
KCNQ2 _A306T_F TCTCCTTCTTCACGCTGCCTGCAG
KCNQ2 _A306T_R CTGCAGGCAGCGTGAAGAAGGAGA

ANTIBODY SGK1.1

GENOTIPING

CRISPR II
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3.3 Epileptic paradigm and behavioral evaluation 

Kainic acid administration and seizure behaviour evaluation 

KA (Sigma, K0250-10MG) was freshly dissolved in isotonic saline pH 7.4 to a 

final concentration of 5 mg/ml. Status epilepticus was induced by intraperitoneal 

injection of KA 20 mg/kg in adult (4-5 months old) male mice. Dose response studies 

have defined seizure threshold in previous work from our lab (Miranda et al. 2013). Right 

after injection, a subset of adult B6.Tg.sgk1 and B6.WT mice were placed in clear glass 

cages and seizure behaviour was evaluated for 2 hours using a modified Racine scale 

(Racine 1972; Giménez-Cassina et al. 2012) explained in Figure 15. In addition to 

stages shown, we have included an extra stage (stage 7) corresponding to SE-induced 

death. Appropriate stages were assigned to every mouse each 5 min during the time of 

the experiment. Recorded parameters were: seizure progression during monitored 

time; survival rates and seizure severity scores. Differences in mortality rates between 

genotypes were evaluated using Kaplan-Meier estimator.  Seizure severity scores were 

calculated as previously explained (Giménez-Cassina et al. 2012):  

 

Seizure Severity =∑ (all scores of a given mouse) / time of experiment 

 

The severity of all genotypes or conditions was normalized to WT mice (Giménez-

Cassina et al. 2012). 

 
Figure 15. Seizure stages according to a modified Racine scale (Racine 1972). Stages of 
increasing severity used to characterize seizure behaviour. Illustrations of these stages are shown 
above: Stage 1: Immobility; Stage 2: Forelimb and/or tail extension, rigid posture; Stage 3: 
Repetitive movements, head bobbing; Stage 4: Rearing and falling; Stage 5: Continuous rearing 
and falling; Stage 6: Severe tonic-clonic seizures. 
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Kainic acid and XE991 double treatment 

Previous work from our group demonstrated enhanced M-current activity in 

isolated SCG sympathetic neurons from B6.Tg.sgk1 leading us to hypothesize that up-

regulation of the M-current is the mechanism underlying resistance to KA-induced 

seizures after SGK1 activation (Miranda et al. 2013). To confirm this hypothesis, we 

studied the seizure response in animals pre-treated with XE991 (Sigma Aldrich X2254), 

a specific M-current inhibitor. To that end, animals were ip injected with 10 mg/kg XE991 

(Song et al. 2009) one hour prior to KA acid treatment. Seizure behaviour was valuated 

as described above.  

Kainic acid and EMD638683 double treatment 

As a new approach to further evaluate the role of SGK1.1 as an anticonvulsant 

in our transgenic mouse model B6.Tg.sgk1, we performed a behavioral test using the 

specific SGK1 inhibitor EMD638683 (MedChem Express HY-15193A) (Ackermann et al. 

2011). Animals were ip injected with 1.6 mg/kg EMD638683 one day before KA 

injection. As described before, seizure behaviour was evaluated using Racine scale. 

Pilocarpine administration and seizure behaviour evaluation 

As part of our interest in studying the ability of SGK1.1 to protect mice against 

seizures, we used the PI model as a new epileptic paradigm. As shown in figure 16, 15 

minutes prior to the experiment, a subset of adult B6.Tg.sgk1 and WT mice were ip 

injected with 1 mg/kg N-Methyl-scopolamine bromide (Sigma, S2250-1G) to block 

peripheral muscarinic receptors (Mazzuferi et al. 2012). Pilocarpine (Sigma, P6628-

10G) was freshly dissolved in a dimethyl sulfoxide (DMSO): distilled water mix (1:9) to 

reach a final concentration of 40 mg/ml. Dose-response tests were performed (Figure 

23) and a dose of 400 mg/kg was selected for the behavioral experiments. Right after 

ip injection, seizure progression was evaluated for 1 hour using the Racine scale. SE 

was terminated with 4mg/kg diazepam (Roche, 844241.6) 



62 / 159

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3712350				Código de verificación: e+uetTtx

Firmado por: Elva Martín Batista Fecha: 27/07/2021 19:24:44
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 31/08/2021 16:02:07
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/80830

Nº reg. oficina:  OF002/2021/79940
Fecha:  27/07/2021 19:26:06

 62 

 
Figure 16. Schematic representation of pilocarpine model procedure. Before PI 
injection, animals are treated with N-Methylscopolamine to avoid peripheral effects. One hour 
later, seizure activity is terminated with diazepam. 

 

3.4 Electrophysiology in brain slices 

Intact hippocampal preparations of acute brain slices maintain much of the 

needed circuitry to generate electrographic seizures (Schwartzkroin 1986) and are thus 

very useful for studying the network activity under basal conditions, as well as after 

provoked seizures. In this study, we performed electrophysiological recordings in brain 

slices obtained from the animal model available in our laboratory and described 

previously. Brains from 4-6 weeks old male B6.WT and B6.Tg.sgk1 were dissected and 

perfused with ice-cold solution containing (in mM) 189 sucrose, 10 glucose, 26 

NaHCO3, 3 KCl, 5 MgSO4, 0,1 CaCl2, 1.25 NaH2PO4.. Coronal slices (350 µM) were 

obtained using a VT1000 vibratome (Leica). Before recording, slices were incubated 

for 1h at room temperature (22ºC) in artificial cerebrospinal fluid (ACSF) containing (in 

mM) 124 NaCl, 1.25 KH2PO4, 1,25 MgSO4, 26 NaHCO3, 10 glucose, 2 CaCl2 and 0,4 

ascorbic acid. ACSF was constantly bubbled with carbogen (95% O2 - 5% CO2). Whole-

cell recordings were performed in CA1 pyramidal neurons (PN) with MultiClamp 700A 

(Molecular Devices).  

Miniature inhibitory post-synaptic currents (mIPSC) were recorded at -70 mV in 

presence of tetrodotoxin (TTX, 1 µM), 7-nitro-2,3-dioxo-1,4-dihydroquinoxaline-6-

carbonitrile (CNQX, 20 µM) and D-2-amino-5-phosphonovaleric acid (D-AP-5, 50 µM). 

TTX was added to block sodium channels, CNQX to block AMPA receptors and D-AP-

5 to block NMDA receptors. The recording pipette was filled with an internal solution 

containing (in mM) 113 K-gluconate, 25 KCl, 10 HEPES, 0.2 EGTA, 4-Na-ATP and 0.3 

Na2GTP, pH 7.3 (320-340 mOsm; ECl-: -42 mV). Miniature excitatory post-synaptic 

currents (mEPSCs) were recorded at -70 mV in presence of TTX (1 µM), picrotoxin (PiTX, 

N-Methylscopolamine (1 mg/kg)

15’

Pilocarpine 
(400 mg/kg)

Diazepam (4mg/kg)
60’



63 / 159

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3712350				Código de verificación: e+uetTtx

Firmado por: Elva Martín Batista Fecha: 27/07/2021 19:24:44
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 31/08/2021 16:02:07
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/80830

Nº reg. oficina:  OF002/2021/79940
Fecha:  27/07/2021 19:26:06

 63 

20 µM) and CGP-55845 (5 µM) in ACSF, and the recording pipette was filled with an 

internal solution containing (in mM) 130 K+-gluconate, 8 KCl, 10 HEPES, 0.2 EGTA, 4 

Na-ATP and 0.3 Na2GTP, pH 7.3 (310-330 mOsm). In this case, PiTX was used to block 

GABA-activated chloride channels (GABAA) and CGP-55845 to block GABAB. Pipette 

resistance was in the range of 5-7 MW. Synaptic currents were filtered at 1 kHz (low 

pass), digitized (Digidata 1550B, Molecular Devices) and acquired by the pClamp 

software (Molecular Devices) with a computer. Cells were recorded for 10 minutes at 

room temperature (21-23 ºC). MiniAnalysis software was used for the analysis of the 

frequency and amplitude of mIPSCs and mEPSCs. 

3.5 Western blot 

Protein extracts were obtained by processing samples with lysis buffer TENT 1% 

(Tris-Base 0.5 M, pH 7.4, SDS 10%) containing phosphatase and proteinase inhibitors 

(Roche). Protein concentration was estimated using the bicinchoninic acid assay 

(BCA). Proteins were mixed with loading buffer and heated up to 95ºC for 5 minutes. 

After, they were separated by SDS denaturing gel electrophoresis (SDS-PAGE), 

transferred to a polyvinylidene fluoride membrane (PVDF) and analyzed by western blot 

(WB) using the specified antibodies. Chemiluminescence signals were analyzed using 

Image Lab® software 6.0 (Bio-Rad).  

3.6 Antibodies 

Primary antibodies: Antibodies against Bim (sc-374358) and Bcl-xL (sc-8392) 

were obtained from Santa Cruz Biotechnology (Santa Cruz, CA); Parvalbumin (P3088) 

and GFAP (G3893) were obtained from Sigma-Aldrich; Bromodeoxyuridine (NBP2-

14890) was obtained from Novus; Doublecortin (ab153668), Green Fluorescent Protein 

(GFP) (ab290), IBA-1 (ab5076), Kv7.2 (ab22897) and SGK1 (ab43606) were obtained 

from Abcam; NEDD4L (4013S), p-NEDD4L-S448 (8063S), p-NEDD4L-S342 (12146S), 

GSK3-b (9315) and p-GSK3αb-Ser21/9 (9331) from Cell Signaling; HA (3F10) was 

obtained from Roche.  Anti-SGK1.1 is a rabbit polyclonal antibody produced in our 

laboratory as described in the next subsection.  
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Secondary antibodies: Conjugated to Alexa Fluor®-488 (ab150141) was 

obtained from Abcam; Alexa Fluor®-594 (A-11005; A-11042) and Alexa Fluor®-488 (A-

11008) were obtained from Thermo Fisher Scientific. 

Generation of a specific SGK1.1 antibody 

We designed and produced a specific antibody against a fusion protein between 

glutathione S-transferase (GST) and amino acids 41-80 from the SGK1.1-specific exon 

2 (Figure 17A). The fragment of interest was amplified by PCR from mouse brain, 

analyzed by agarose gel electrophoresis and ligated to pGEX2T plasmid using BamHI 

and EcoRI (Figure 17B). Ligation reaction products were transformed into X-gold® 

(Agilent) bacteria following the manufacturer directions. DNA was extracted from 

transformed colonies with MACHEREY-Nagel NucleoSpin Plasmid Kit to analyse the 

presence of insert by PCR using F-GST-seq and R-Fr2 SGK1.1 as primers (Table 5). 

One of the positive colonies was used to inoculate 500 ml of LB medium. GST fusion 

protein  expression was induced with isopropyl ß-D-1-thiogalactopyranoside (IPTG) 0.1 

mM and protein was purified by affinity chromatography using glutathione-agarose 

beads in a column elution system, as previously described (Frangioni and Neel 1993). 

Eluates were analysed by SDS-PAGE electrophoresis to detect the fraction rich in 

proteins. This eluate was quantified using an albumin standard and diluted in 

phosphate-buffered saline (PBS) at 0.375 µg/µL. For rabbits’ immunization, aliquots of 

0.5 mL were mixed with 0.5 mL of complete or incomplete Freud adjuvant (Sigma) for 

the first and subsequent injections, respectively. A total of 6 immunizations were 

performed using New Zealand Rabbits acquired from the animal facility (SEGAI, ULL). 

Pre-immune serum was collected before the first immunization as control. Immune sera 

were collected after each immunization, beginning after the third immunization. The 

workflow to produce the antibody is summarized in Figure 17D. 
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Figure 17. Design and production of anti-SGK1.1 antibody (A) Selected region 
corresponding to N-terminal domain of Sgk1.1 gene is indicated by dotted line selection. (B) We 
selected the sequence in bold after performing antigenicity and solubility predictions in online 
platforms (PROSO, PROSO II, Spread and Predicted Antigenic Peptides Tool from the Universidad 
Complutense de Madrid) showing that this fragment of the codifying regions had the best 
properties to become an antigen. (C) pGEX2T includes an ampicillin resistance factor (light green) 
used to select and grow transformed bacteria and a lactose operon to control the expression of 
the GST fusion protein with IPTG. (D) First step includes epitope design and cloning in the 
appropriate vector. Bacteria transformation is required for expression and production of the 
protein of interest before purification of the GST-fused protein with glutathione. Rabbit 
immunization takes place each 3-4 weeks up to six injections. Finally, serum screening can be 
addressed by western blot or immunoprecipitation and purification of the final serum can be 
performed if necessary. 
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Denaturing immunoprecipitation 

Protein extracts in 1% TENT from mouse brains were mixed with SDS 20% up to 

a final concentration of SDS 2% and heated up to 95 ºC for 4 min before overnight 

incubation with 1-2 µg of immunoprecipitation antibody (anti-SGK1.1) at 4 ºC. Then, 

protein-antibody complexes were bound to Protein G Magnetic Beads (EMD Millipore 

LSKMAGG02) for 1-2 h at room temperature. Beads were collected by centrifugation 

and washed twice with TENT 1%. Loading buffer was added to the pellets and magnetic 

beads were removed with a magnet before loading the proteins onto 10% acrylamide 

gels. Proteins were then transferred to PVDF membranes and probed with a monoclonal 

anti-HA antibody by western blot. 

3.7 Brain damage analysis by histological procedures 

Epileptogenesis leads to various biological changes including gliosis (Sofroniew 

2014), uncontrolled inflammation (Vezzani et al. 2011), neurodegeneration (Dingledine 

et al. 2014) and aberrant neurogenesis (Jessberger and Parent 2015) among others. 

We were interested on evaluating the impact of these processes on mice surviving KA 

treatment and its different variants. Only mice reaching Racine stage 6 (generalized 

tonic-clonic seizures) were selected for the analysis, as it has been reported that the 

neuronal damage requires a threshold level of seizure intensity (Ben-Ari et al. 1980; 

Sperk et al. 1983; Ben-Ari 1985b). Most importantly, this design allowed us to directly 

assess SGK1.1 neuroprotective effect. Saline injected animals were used as controls. 

Three days after KA treatment, mice were deeply anesthetized (sodium pentobarbital, 

40 mg/kg, ip) and perfused transcardially with saline (NaCl 0.9%) and 

paraformaldehyde (PFA 4%) in 0.1 M pH 7.4 PBS. Brains were carefully dissected and 

post-fixed in PFA for 24 hours at 4ºC before being transferred to sucrose 30% for 

cryoprotection overnight. Brains were kept at -80ºC until 30 µm thick coronal sections 

were obtained using a freezing microtome.  

Neurodegeneration analysis by Fluoro-Jade C  

Coronal slices were stained with Fluoro-Jade C (FJC), an anionic fluorochrome 

capable of selectively staining degenerating neurons in brain slices (Schmued et al. 

1997). Neuronal degeneration was evaluated 72h after KA injection in WT and Tg.sgk1 
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mice following a previously described protocol (Afonso-Oramas et al. 2010). Briefly, 

selected slices were mounted onto 3-aminopropyltriethoxysilane (APS) coated slides 

and air-dried at RT for at least 12 hours. Slides were then immersed in 100% ethanol for 

3 min, 70% ethanol for 1 min and distilled water for 1 min. They were then transferred 

to a 0.06% potassium permanganate solution for 15 min, rinsed with distilled water for 

1 min and incubated in 0.001% FJC (HistoChem, Jefferson, AR) in 0,09% acetic acid 

for 30 min in dark conditions. Section were then were rinsed several times in distilled 

water, dehydrated, immersed in xylene and mounted with dibutylphthalate polystyrene 

xylene (DPX, Sigma M1289). Neurodegeneration was quantified in hippocampus, 

amygdalar complex, motor/visual cortex, somatosensorial/auditive cortex and 

piriform/entorhinal cortex using a confocal Leica TCS SP8 microscope. Nomenclature 

used for the different regions of the cortex varies depending on the bregma coordinates 

as shown in Figure 18. Five different sections were selected for each animal (from -

1.355 to -3.08 in reference to Bregma, according to Allen Institute for Brain Science, 

2014) providing a total of 5 individual values per region in each animal. Slices were 

mounted with DPX mounting solution. Images were taken with a confocal microscope 

(Leica TCS SP8) using 40X magnification and argon laser intensity of 15%. Image 

analysis was performed using ImageJ software. Measurements for all five sections were 

averaged to obtain one final measurement per region. Sections were also assessed 

qualitatively in other regions including thalamus, striatum and hypothalamus.  

 
Figure 18. Coronal sections used for FJC analysis. 30 µm sections were obtained from rostral 
to caudal regions to scan the entire brain. 
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Gliosis evaluation by GFAP and IBA-1 immunohistochemistry 

To assess the presence of reactive gliosis after KA injection, we measured 

expression of GFAP in astrocytes and IBA-1 in microglia on brain slices 72h post KA 

injection. One set of coronal sections (between -1.755 and – 2.155 mm from bregma) 

from the same mice previously analyzed for FJC was selected for evaluation of potential 

GFAP and IBA-1 changes after KA. Briefly, after three 5 min washes with PBS, sections 

were blocked with 4% goat serum for 1h before overnight incubation with 1:400 mouse 

anti-GFAP antibody or goat anti-IBA-1 antibody diluted in 2% goat serum. Sections were 

then washed 3-4 times in PBS before incubation with secondary goat anti-mouse Alexa 

Fluor® 594 antibody at 1:200 / rabbit anti-goat Alexa Fluor® 488 at 1:1000 for 2 hours. 

Finally, sections were washed and mounted with mowiol and DAPI for examination 

under confocal microscopy at 40x magnification. DPSS and Argon lasers were used to 

detect DAPI, green and red fluorescence. 

3.8 Cell lines and transfection 

HEK-293T (human embryonic kidney cells), HeLa (cervical cancer cells derived 

from Henrietta Lacks) and N2a (Neuro2A cells from mouse neuroblastoma) were 

obtained from American Type Culture Collection (Manassas, VA) and maintained in 

DMEM High Glucose (Biowest) supplemented with 10% fetal bovine serum (FBS), 

mycoplasm prevention reagent mycozap (Lonza) and antibiotics. Cells were 

transfected 24-48 hours before the experiment using Jetprime® (Polyplus Transfection, 

Illkirch) following the manufacturer’s instructions.  

3.9 Terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) Assay 

To evaluate the potential anti-apoptotic role of SGK1.1, we performed the TUNEL 

assay (Figure 19) to quantify apoptosis after treatment with hydrogen peroxide (H2O2) 

using HEK293T cells. An empty vector (pECFP-N1) obtained from Clontech (#6900-1) 

was used as control. Fluorescently labeled SGK1.1 cDNA was generated by PCR and 

cloned into pECFP-N1 as described previously (Wesch et al. 2010). Cells were 

transiently transfected with constitutively active, nuclear and dominant negative mutants 



69 / 159

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3712350				Código de verificación: e+uetTtx

Firmado por: Elva Martín Batista Fecha: 27/07/2021 19:24:44
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 31/08/2021 16:02:07
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/80830

Nº reg. oficina:  OF002/2021/79940
Fecha:  27/07/2021 19:26:06

 69 

of SGK1.1 (S515D, FF19,20AA, K220A respectively) obtained by Quick-change site-

directed mutagenesis kit as described elsewhere (Arteaga et al. 2008; Wesch et al. 

2010). SGK1.1 effects were compared to the well-known anti-apoptotic kinase AKT, 

which we used as positive control. Construct AKT-myr expressing a constitutively active 

form of AKT fused to a myristylation signal sequence was a gift from William Sellers 

(obtained from Addgene #9009 (Ramaswamy et al. 1999)). Cells were exposed to 1 mM 

H2O2 for 4h to induce apoptosis. TUNEL assays were performed according to the 

manufacturer’s protocol (ApopTag® Fluorescein In Situ Apoptosis Detection Kit, 

Millipore, S7110). Apoptotic cells were detected as localized bright green nuclei in a 

blue background (DAPI) by confocal microscopy (Leica TCS SP8) at 63x magnification. 

Argon laser intensity was 15% for detection of blue and green fluorescence. 

 

Figure 19. Schematic representation of the mechanism underlying TUNEL Assay. 
Briefly, this technique relies on the ability of the terminal deoxynucleotidyl transferase enzyme 
(TdT) to catalyze the addition of dUTP nucleotides to the free 3’ ends of fragmented DNA in 
apoptotic cells. Commercial kits conjugate dUTPs to different tags such as digoxigenin (Dig) that 
can be easily recognized by secondary antibodies conjugated to fluorescent probes. 

 

3.10 Neurogenesis quantification by bromodeoxyuridine 

immunohistochemistry 

We tested the effect of SGK1.1 activation on ectopic neurogenesis using 

bromodeoxyuridine (BrdU) and doublecortin (DCX) markers on brain slices by 

immunohistochemistry. Mice injected with BrdU 150 mg/kg (Abcam, ab142567) were 

perfused with PFA 4% 24 hours after injection and 50 µm brain slices were obtained 

with a freezing microtome. After blocking with 1% bovine serum albumin (BSA), 1% 
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Triton X-100 in PBS and denaturalizing DNA with hydrochloric and boric acid (0.2N and 

0.1M respectively), proliferating cells were detected with a rabbit anti-BrdU antibody at 

1:500 and secondary anti-rabbit Alexa Fluor® 488 antibody at 1:1000 using confocal 

microscopy and 40x magnification. Number of proliferating cells in hilus (ectopic) and 

subgranullar layer (basal) of DG were quantified in transgenic and WT mice. 

Additionally, the amount of adult neuronal proliferation was evaluated by the presence 

of DCX+ neuroblasts in DG using a specific chicken anti-DCX antibody at 1:500 and a 

secondary anti-chicken Alexa Fluor® 594 antibody at 1:1000 (Chugh et al. 2015). 

3.11 CRISPR/Cas9 

We designed a model to knockout the expression of Sgk1 gene in the mouse 

N2a cell line, using CRISPR-Cas9. CRISPR-Cas is a form of acquired immune response 

against viruses and their genetic material described in bacteria and archaea. E. 

Charpentier and J. Doudna proposed its application for editing the genome in 2013 

(Charpentier and Dounda 2013). Since then, types and applications of CRISPR-Cas 

have expanded exponentially. 

Breaking cas system (Oliveros et al. 2016) was used to design the guide RNAs 

(gRNAs) directed to exon 6 and exon 8 containing protospacer adjacent motif (PAM) 

ending regions (Figure 20A). Both exons are common to the coding regions of the 

ubiquitous Sgk1 and the neuronal isoform Sgk1.1. Designed gRNAs (Table 6) were 

cloned separately in the BbsI site of pX459 vector (Addgene #62988), which also 

encodes Cas9 protein, ampicillin resistance for positive selection in bacteria and 

puromycin resistance for positive selection of transfected N2a cells.  

N2a were transfected with both constructs (pX459-gRNA exon 6 and pX459-

gRNA exon 8) using JetPrime®. After 36 hours, 3 µg/ml of puromycin were added. 

Surviving cells were split sufficiently diluted so individual colonies could be collected 

and expanded as clones. Genomic DNA from individual colonies was analyzed by PCR 

with oligos to detect gene rearrangements (Figure 20B). Protein extracts were analyzed 

by western blot to detect expression of SGK1 (Figure 20C). 
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Figure 20. Sgk1-KO N2a cells generation by CRISPR/Cas9. (A) Sgk1 gene scheme. Arrows 
indicate place of hybridization of the guides and PAM sequences (NGG) required for Cas to cut 
the DNA are indicated in green and orange at the end of each targeted exon. (B) Screening PCR 
and (C) western blot to detect presence of Sgk1 gene and SGK1 protein expression respectively. 
Clone 16 was designated as Sgk1-Knock out.  
 

3.12 Immunocytochemistry  

24 h after transfection, cells were washed with PBS++ (MgCl2 1 mM, CaCl2 0.1 mM) and 

fixed with formaldehyde (FA) 4% for 30 min. Then cells were incubated with 

permeabilization buffer containing 0.3% Triton and 0.1% BSA in PBS for 15 min before 

blocking with 10% normal goat serum in PBS. After blocking, cells were incubated with 

primary antibodies in blocking solution at 4ºC overnight. On the second day, cells were 

washed with PBS++ before incubation with secondary antibodies for 1h at RT and 

mounting with mowiol and DAPI. 

3.13 Proximity Ligation Assay (PLA) 

PLA technique allows detection of molecular associations between endogenous 

or heterologously-expressed proteins. This technique is based on the recognition of 

protein proximity by using one pair of primary antibodies tagged with DNA probes that 

only hybridize if the two proteins of interest are within a 40 nm radius. Interactions 

between different combinations of Kv7.2/3 channel subunits, SGK1.1 and Nedd4-2 

A

B C
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were detected following the manufacturer protocol (Duolink, Olink Biosciences) using 

our newly developed rabbit anti-SGK1.1 antibody, mouse anti-GFP antibody for XFP-

tagged Kv7.2 and Kv7.3 subunits and XFP-tagged SGK1.1, and rabbit anti-Nedd4-2 

antibody. Experiments were performed on Sgk1-knockout N2a cells. Cells were 

transiently transfected with variants of SGK1.1, Nedd4-2, Kv7.2 and Kv7.3 on different 

combinations 24 hours prior to PLA assay using JetPrime®. Cells expressing 

SGK1.1(S515D) and NR1-GFP and cells expressing the channel subunits only, Kv7.2/3, 

were used as negative controls. The first condition was used to normalize and the latter 

was used for statistical comparisons. 

Plasmids: pcDNA3.1 containing NMDAR1 (NR1) fused to YFP was obtained from 

Addgene (#17928). pSRC5 plasmids carrying human Kv7.2 and Kv7.3 tagged with CFP 

and YFP were kindly provided by Dr. Alvaro Villarroel (CSIC Institute of Biofisika, 

Vizcaya, Spain). Mutations in Kv7.2 were generated by site-directed mutagenesis using 

the oligos indicated in Table 6 and QuikChange kit according to manufacturer’s protocol 

(Stratagene, San Diego, CA). Mouse SGK1.1 (wild type and constitutively active mutant 

S515D) cloned into pcDNA3.1/V5-His-TOPO (Invitrogen) were kind gifts from Dr. Cecilia 

Canessa (Yale University, New Haven, CT). Kinase-dead mutant K220A was obtained 

as described elsewhere (Wesch et al. 2010). All SGK1.1 constructs were also cloned 

into pECFP-N1 and pEYFP-N1 (Clontech) plasmids for their use in some conditions of 

the experiment.  

Results were analyzed as average number of puncta/cell area using the software 

provided by the manufacturer (Duolink Image Tool). 

3.14 Two Electrode Voltage Clamp (TEVC) 

Channel subunit cRNA preparation and Xenopus laevis oocyte injection 

TEVC is a very useful electrophysiological technique to test the functional effect 

of introduced mutations as well as the role of specific signaling components on ion 

channels function. We used this tool to evaluate the ability of SGK1.1 to modulate 

different Kv7 channel combinations. pSRC5 plasmids carrying human Kv7.2 and Kv7.3 

were kindly provided by Dr. Alvaro Villarroel (CSIC Institute of Biofisika, Vizcaya, Spain) 

and pTLN plasmids carrying human Kv7.1, Kv7.3(A315T) and Kv7.4-5 as well as 
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KCNE1 cloned into pRAT were given by Dr. Geoffrey Abbott (University of California, 

Irvine, CA). pTLN plasmids incorporate Xenopus laevis β-globin 5’ and 3’ UTRs flanking 

the coding region to enhance translation and cRNA stability. SGK1.1 constructs were 

obtained as explained in the previous section. cRNA transcripts encoding human 

Kv7.1-5 were generated by in vitro transcription using the T7 or SP6 polymerase 

mMessage mMachine kits (Thermo Fisher Scientific). Transcription was performed after 

vector linearization, from cDNA. cRNA was quantified by spectrophotometry.  

Xenopus laevis frogs were anesthetized with tricaine 1.7% (w/v) and ovaries 

were dissected and maintained in ND96 solution containing (mM): 96 NaCl, 2 KCl, 1 

MgCl2, 20 HEPES (pH 7.6) and antibiotic until oocytes were defolliculated with 

collagenase 1.63 mg/ml. After one-hour treatment with collagenase oocytes were 

placed in ND96 solution with 1.8 mM CaCl2. Stage V and VI Xenopus laevis oocytes 

were injected with Kv7 channel a (and ß in the case of Kv7.1/KCNE1) subunit cRNAs 

(10 ng), alone or with SGK1.1 cRNA (10 ng). Oocytes were incubated at 16 ºC in ND96 

solution with daily washing for 1-2 days prior to TEVC recording.  

TEVC recordings were performed at room temperature with an OC-725C 

amplifier (Warner Instruments, Hamden, CT) and pClamp8 software (Molecular 

Devices, Sunnyvale, CA). Oocytes were placed in a small volume oocyte bath 

containing (mM): 96 NaCl, 4 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES (pH 7.6) under a 

dissecting microscope. Chemicals were sourced from Sigma. Pipettes were of 1-5 MW 

resistance when filled with 3M KCl. Currents were recorded in response to pulses 

ranging between -80 mV and +40 mV at 20 mV intervals from a holding potential of -70 

mV, followed by a -30 mV pulse (inset) to yield current-voltage relationships and current 

magnitude. TEVC data analysis was performed with Clampfit 10.6 (Molecular Devices).  
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RESULTS 
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4. RESULTS 

SECTION 1: SEIZURE BEHAVIOUR  

4.1 Tg.sgk1 mice show reduced seizure severity and lower lethality during 

acute KA-induced SE 

As previously demonstrated, activation of SGK1.1 confers a significant 

protection against KA-induced seizures in B6.Tg.sgk1 mice (Miranda et al. 2013; 

Armas-Capote et al. 2020). Herein we show new sets of data that: a) demonstrate that 

pharmacological inhibition of SGK1 isoforms abrogates the protective effect of the 

kinase; b) clarify the key role of M-current up-regulation on this protective mechanism 

by SGK1.1; and c) show that the anticonvulsant effect of SGK1.1 is independent of 

genetic background. Seizure behaviour was evaluated using the Racine scale. For 

comparisons, some graphs show seizure behaviour of B6.Tg.sgk1 and B6.WT mice 

treated only with KA, data that have been already published and presented in a 

previous thesis from our laboratory (Armas-Capote 2017; Armas-Capote et al. 2020).  

4.1.1 Inhibition of SGK1.1 by EMD638683 abolishes the protective effect of 

SGK1.1 after KA  

EMD638683 is a highly selective inhibitor of SGK1 (Ackermann et al. 2011) that 

might counteract the protective effect of Sgk1 activation in our transgenic mice  when 

administrated prior to kainic acid treatment. As shown in Figure 21, inhibition of the 

kinase reverted the protective effect and abolished the differences in seizure behaviour 

between genotypes (Martin-Batista et al. 2021). The time course (Figure 21A), 

proportions reaching each Racine stage (Figure 21C) and seizure severity (Figure 21D) 

were similar between genotypes and mortality rates increased for both groups 

compared to animals treated only with KA (grey traces). However, survival rate of 

transgenic mice was significantly reduced (Figure 21B). About 60% of B6.Tg.sgk1 died 

after 120 min, whereas only 40% of B6.WT did. Although it is not clear why the two 

groups show these differences on lethality, it is important to point out the main finding 
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of this experiment: SGK1.1 enzymatic activity is the key mechanism underlying the 

protective effect observed in the KA model of epilepsy.  

 
Figure 21. Inhibition of SGK1.1 with EMD638683 equalizes the seizure behaviour 
between genotypes. 4-5 months old B6 mice were ip injected with EMD638683 (1,6 mg/kg) 
and Kainic acid (20 mg/kg). Grey symbols represent the groups treated only with KA for 
comparisons. (A) Average of raw Racine stages was assigned to WT and Tg.sgk1 mice each five 
minutes during monitored time (Multiple t-test, B6.WT, B6.Tg.sgk1, n=26; B6.WT(EMD), 
B6.Tg.sgk1(EMD) n=21). (B) Kaplan-Meier survival analysis shows significant differences in 
mortality rates associated to KA seizure between genotypes (Log-rank Mantel-Cox test, **p<0.01, 
****p<0.0001, ns not significant). (C) Cumulative plot representing percentage of mice reaching 
indicated Racine stages. For clarity, stages 1,2 and 3 (no generalized seizures) are grouped as ‘1-
3’ in the graph. (D) Mean seizure severity scores were assigned to B6.WT and B6.Tg.sgk1 mice. 
Values are mean ± SEM normalized to B6.WT. One-Way ANOVA with Sidak’s correction, **p<0.01, 
****p<0.0001, ns not significant. 
 

4.1.2 Reduced seizure severity in B6.Tg.sgk1 mice depends on M-current 

activation 

We evaluated the role of M-current up-regulation in the epileptic phenotype of 

transgenic mice by treating the animals with a specific M-current inhibitor, XE991. As 

shown in Figure 22, the protective effect of SGK1 activation was abolished in transgenic 

mice pre-treated with XE991. First, a higher percentage (80%) of B6.Tg.sgk1 mice 

reached Racine stage 6 (Figure 22C) compared to levels found with exclusive KA 
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treatment (16%). Also, lethality rates rose to around 50% in both genotypes, with no 

significant differences between them (Figure 22B). Seizure progression was also worse, 

with both groups following a tendency to more severe stages throughout the whole 

experiment, similarly to progression observed for B6.WT treated with KA only (Figure 

22A). Accordingly, no differences in seizure severity were observed in WT vs transgenic 

mice after treatment with the inhibitor (Figure 22D). This result strongly suggests that 

up-regulation of M-current constitutes the mechanism underlying protection against SE 

driven by SGK1 activation (Martin-Batista et al. 2021).   

 
Figure 22. Tg.sgk1 mice show reduced seizure severity and mortality after systemic 
KA administration via M-current activation. Analysis of seizure behaviour after 
intraperitoneal KA injection in B6.WT (n=26), B6.Tg.sgk1 (n=26),B6.WT + XE991 (n=26) and 
B6.Tg.sgk1 + XE991 (n=24) male mice. (A) Raw Racine stage score (mean ± SEM) in 5 min intervals 
over the monitored period. Multiple t-test; ***p<0.0005. (B) Kaplan-Meier survival analysis of mice 
monitored for seizure activity. Differences in lethality are abolished after inhibition of the M-
current with XE991. Log-rank (Mantel-Cox) test; *p<0.05; ns, not significant.  (C) Cumulative plot 
representing the percentage of mice reaching the indicated Racine stages for B6.WT and 
B6.Tg.sgk1 before and after treatment with XE991. For clarity, stages 1,2 and 3 (no generalized 
seizures) are grouped as ‘1-3’ in the graph. (D) Integrated seizure severity for both genotypes, with 
and without previous treatment with XE991. Values are mean ± SEM normalized to B6.WT.  One-
Way ANOVA with Tukey’s correction; **p<0.01; ns, not significant.   
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To further examine the role of the M-current in SGK1.1-mediated protection 

against seizures, we used a different epileptic paradigm. PI is a muscarinic agonist 

whose mechanism of action involves activation of PLC and PtdIns(4,5)P2 disruption from 

the plasma membrane, thus down-regulating the M-current. Therefore, we expected 

similar levels of seizure severity and lethality in both WT and Tg.sgk1 mice. After 

deciding which was the most appropriate dose of PI based on the reached seizure 

severity score (Figure 23), we performed the PI-based epileptic paradigm. As shown in 

Figure 24, progression in time did not yield average scores above 4. For wild type mice, 

SE-associated lethality was 13% (Figure 24B) and only 40% of them reached Racine 

stage 6 (Figure 24C). As expected, transgenic mice were not protected against PI-

induced seizures. Time-course evolution was similar to wild type mice; animals were 

motionless for the first minutes after injection and subsequently progressed to more 

severe stages, in agreement with previous reports (Turski et al. 1983). Lethality rate 

scaled up to 15% and almost 50% of B6.Tg.sgk1 mice reached stage 6 (Figure 24B-C). 

In agreement with these observations, no differences in seizure severity scores were 

observed in WT vs. transgenic mice (Figure 24D). These observations further support 

our hypothesis that anticonvulsant role of SGK1.1 relies on M-current upregulation, 

which is inhibited upon activation of muscarinic receptors M1 by PI. 

 

Figure 23. Different doses of pilocarpine (275-480 mg/kg) were evaluated according 
to the seizure severity score. Integrated seizure severity score was calculated for B6.WT and 
B6.Tg.sgk1 after treatment with PI at different doses in order to select the best dose regarding 
lethality rate and seizure severity. A final dose of 400 mg/kg was chosen for behavioral 
experiments. 
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Figure 24. Activation of muscarinic pathway by pilocarpine abolishes the SGK1.1-
mediated resistance to KA-induced seizures. A subset of B6.WT (n=45) and B6.Tg.sgk1 
(n=45) mice were ip injected with N-methylscopolamine (1 mg/kg) 1 h prior to PI injection (400 
mg/kg) for seizure behaviour evaluation using the Racine scale. (A) Raw Racine stages score 
(mean ± SEM) in 5 min intervals during the monitored period (Multiple t-test; ns, not significant). 
(B) Kaplan-Meier survival analysis showing the mortality rates associated to PI-induced seizures 
in both genotypes (Log-rank (Mantel-Cox) test; ns, not significant). (C) Cumulative plot showing 
the percentages of mice reaching indicated Racine stages for both genotypes. For clarity, stages 
1,2 and 3 (no generalized seizures) are grouped as ‘1-3’ in the graph. (D) Integrated seizure severity 
for both mice genotypes represented mean ± SEM normalized to B6.WT. (Unpaired t-test with 
Welsch’s correction; ns, not significant). 

 

4.1.3 SGK1.1-dependent protection against seizures is retained in FVB/NJ 

genetic background 

It has been reported that the phenotype of genetically modified mice can be 

notably influenced by the genetic background in which the mutation is maintained. This 

effect can lead to alterations in, for instance, the susceptibility to seizure disorders 

(Schauwecker 2002). C57BL/6 strain has been extensively used as animal model, 

however its use in epilepsy research has been controversial due to its low sensitivity to 

various convulsant agents and the reported resistance to neuronal death processes 
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(Schauwecker 2000; McCord et al. 2008) although this seems to depend on 

experimental conditions (Zhang et al. 2012).  

Previously, our laboratory has shown that the anticonvulsant effect of SGK1.1 is 

maintained in FVB mice (Armas-Capote 2017). However, the results referred to a 

reduced sample of animals that we have expanded in this work. Herein we show 

updated results supporting the previous finding that FVB.Tg.sgk1 mice are resistant to 

seizure activity progression.  After injection, all mice reached Racine stage 1 during the 

first 5 minutes, similarly to C57BL6/J mice (data from Armas-Capote et al 2019). 

Progression to more severe stages was also fast, with an average Racine score above 

3 at 30 minutes time point. However, FVB.Tg.sgk1 mice progressed to less severe 

seizure stages after 30 minutes in contrast to their WT counterpart, who suffered 

sustained tonic-clonic seizures until the end of the experiment (Figure 25A). SE lethality 

rate for transgenic mice kept unchanged (0%) while it slightly decreased for FVB.WT 

(20%) (Figure 25B) compared to 30% of B6.WT. Although this difference between 

genotypes is not significant (p=0.07), results suggest that activation of SGK1.1 also 

protects against death associated to SE in this genetic background. As shown in Figure 

25C, a higher percentage of FVB.Tg.sgk1 mice (60%) reached stage 6, compared to 

B6.Tg.sgk1 (16%). This increase was also found in WT counterparts; 80 % of FVB.WT 

reached tonic clonic seizures compared to 60% of B6.WT. Nevertheless, transgenic 

mice remained protected against seizures, with less animals reaching stages 4-7. In 

agreement with this observation, quantification of the average seizure severity score 

showed significantly reduced severity in FVB.Tg.sgk1 mice (Figure 25D). 
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Figure 25. SGK1.1 protective role against KA-induced seizures is independent of genetic 
background. Analysis of seizure behaviour after intraperitoneal KA injection in FVB.WT (n=19) 
and FVB.Tg.sgk1 (n=20) male mice. A) Raw Racine stage score (mean ± SEM) in 5 min intervals 
for FVB mice of both genotypes. Multiple t-test; ***p<0.0005; ****p<0.0001. B) Kaplan-Meier survival 
analysis in monitored mice. Although lethality is higher for FVB.WT mice, difference with 
FVB.Tg.sgk1 is not statistically significant (p=0.07, Log-rank (Mantel-Cox) test). C) Cumulative plot 
representing the percentage of mice reaching the indicated Racine stages. For clarity, stages 1,2 
and 3 (no generalized seizures) are grouped as ‘1-3’ in the graph. D) Integrated seizure severity 
score for FVB.WT and FVB.Tg.sgk1. Seizure severity was significantly reduced in FVB.Tg.sgk1 
compared to WT. Data are mean ± SEM. Unpaired t-test with Welch’s correction; ****p<0.0001. 

 

4.2 B6.Tg.sgk1 CA1 pyramidal neurons show unaltered basal synaptic 

transmission  

As part of our interest in understanding the anticonvulsant effect of SGK1.1, we 

wondered if the basal transmission of our transgenic mice could be modulated by the 

transgene. Thus, we evaluated basal inhibitory and excitatory synaptic transmission in 

CA1-Pyramidal neurons (PN) from B6.WT and B6.Tg.sgk1 in basal conditions. As 

observed in Figure 26, we analyzed basal synaptic transmission by recording mEPSC 

(Figure 26A-D) and mIPSC (Figure 26E-H) in hippocampal CA1-PN. Our results 

demonstrate that activation of SGK1.1 in B6.Tg.sgk1 mice does not affect the frequency 

of mEPSC (Figure 26B) and mIPSC (Figure 26F). Moreover, we did not observe any 
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difference between genotypes on the amplitude of mEPSC (Figure 26C) nor mIPSC 

(Figure 26G) which suggests that SGK1.1 activation does not modulate levels of 

AMPA/NMDA (mEPSC) nor GABAA (mIPSC) postsynaptic receptors. Therefore, our data 

proves that both inhibitory and excitatory transmission is unaltered in transgenic mice 

(Armas-Capote et al. 2020).

 

 
Figure 26. Basal synaptic transmission is not altered in B6.Tg.sgk1 mice. (A) 
Representative current traces recorded at−70mV in CA1-PN from B6.WT (gray) and B6.Tg.sgk1 
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(black) mice in the presence of 1 μM TTX, 50 μM PiTX, and 5 μM CPG-55845 to isolate mEPSCs. 
Asterisks denote mEPSC events. Insert shows representative mEPSCs in an expanded scale. (B) 
Frequency, (C) amplitude, and (D) cumulative probability distribution of amplitudes of mEPSC in 
B6.WT (gray) and B6.Tg.sgk1 mice (black). (E) Representative current traces recorded at −70 mV 
in CA1-PN from B6.WT (gray) and B6.Tg.sgk1 (black) mice in the presence of 1 μM TTX, 50 μM 
AP5, and 20 μM CNQX to isolate mIPSCs. Asterisks denote mIPSC events. Insert shows 
representative mIPSCs in an expanded scale. (F) Frequency, (G) amplitude, and (H) cumulative 
probability distribution of amplitudes of mIPSC in B6.WT (gray) and B6.Tg.sgk1 mice (black). 
Unpaired two-tailed t-test; ns, not significant. 

 

4.3 Phosphorylation of Nedd4-2 by SGK1.1: a proposed mechanism for M-

current up-regulation 

Previous experiments performed in Xenopus laevis oocytes indicate that SGK1.1 

counteracts the inhibitory effect of Nedd4-2 on the M-current (Miranda et al. 2013). 

Considering these findings, and as part of our interest in elucidating the molecular 

pathway underlying the M-current up-regulation by SGK1.1, we hypothesized that 

SGK1.1, like its ubiquitous counterpart SGK1, might be able to phosphorylate and 

inhibit the ubiquitin-ligase, preventing the degradation of the channel. So far, no direct 

evidence supporting this model is available. To directly test whether SGK1.1 and SGK1 

share common phosphorylation targets, we analyzed the levels of phosphorylation in 

two sites of Nedd4-2; serine (S) 448 (equivalent to S328 in murine Nedd4-2) and S342 

(equivalent to S222 in murine Nedd4-2).  These two sites are known to be 

phosphorylated by ubiquitous SGK1 (Debonneville et al. 2001). We observed a 

significant increase in phosphorylation levels of Nedd4-2 in HEK293 cells transiently co-

transfected with constitutively active SGK1.1(S515D) mutant and Nedd4-2, but not in 

cells expressing an inactive mutant of the kinase, SGK1.1(K220A) (Figure 27A).  

Additionally, phosphorylation of endogenously-expressed GSK3-b, another 

known target of SGK1 (Kobayashi et al. 1999), was increased when SGK1.1(S515D) 

was transiently transfected in HeLa cells (Figure 27B). In this case, the reason to choose 

the HeLa cell line was that these cells endogenously express GSK3-b. 
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Figure 27. SGK1.1 enhances phosphorylation levels of Nedd4-2 and GSK-3-b in 
heterologous expression systems. (A) Left: Representative immunoblot of p-S342Nedd4-2 
(above) and p-S448-Nedd4-2 (middle) (110/135 KDa). Total Nedd4-2 (115 KDa) was used as 
internal standard (below). Right: Quantification of p-S342Nedd4-2 and P-S448-Nedd4-2 levels 
relative to total Nedd4-2 in untransfected cells, SGK1.1(S515D) (constitutively active mutant) + 
Nedd4-2 and SGK1.1(K220A) (kinase inactive mutant) + Nedd4-2. The results are the mean ± SEM 
from at least two independent experiments. Significant differences are indicated by *p<0,05, 
**p<0.01, ns no significant (One-Way ANOVA, Sidak’s correction for Multiple comparisons). (B) Left: 
Representative immunoblot of p-S21-GSK-3-a (51 KDa) and p-S9-GSK-3-b (46 KDa). Total GSK-
3b (46 KDa) was used as internal standard. HeLa cells were transfected with wild type SGK1.1, 
SGK1.1(K220A), SGK1.1(S515D), and SGK1. Untransfected cells were used as control. Right: 
Quantification of p-S9-GSK-3-b levels relative to total GSK-3-b in untransfected cells, cells 
transfected with SGK1.1, SGK1.1(K220A), SGK1.1(S515D) and SGK1. The results are the mean ± 
SEM from at least three independent experiments. One-way ANOVA, Dunnett’s correction for 
Multiple comparisons, significant differences are indicated by *p<0.05; **p<0.01, ns no significant. 
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tissue from B6.WT and B6.Tg.sgk1 mice. Our results showed significantly higher 

phosphorylation levels at S448 in B6.Tg.sgk1 mice compared with B6.WT (Figure 28A). 

Importantly, this difference was not observed when the tissue was incubated with the 

SGK1 inhibitor EMD638683 (Figure 28B). Thus, our data demonstrate that Nedd4-2 is 

a substrate of SGK1.1 in hippocampal neurons, constituting a regulatory pathway 

underlying M-current modulation by this kinase in hippocampus (Armas-Capote et al. 

2020). Levels of phosphorylation at site S342 were unchanged in B6.Tg.sgk1 (Figure 

28D-E). 

 
Figure 28. SGK1.1 phosphorylates Nedd4-2 in mouse hippocampus. (A) Representative 
immunoblots detecting p-S448 and total Nedd4-2 in hippocampus lysates from B6.WT (n=3) and 
B6.Tg.sgk1 (n=3-4) mice, without (A) and with (B) pre-treatment with EMD638683. (C) 
Quantification of p-S448Nedd4-2 (relative to total Nedd4-2). The results are the mean ± SEM 
from at least three independent experiments. One-Way ANOVA with Sidak’s correction for 
Multiple comparisons; ****p<0.0001; ns, not significant. (D) Representative immunoblot showing 
p-S342 and total Nedd4-2 in hippocampus lysates from B6.WT (n=3) and B6.Tg.sgk1 (n=3) mice. 
(E) Quantification of p-S342Nedd4-2 relative to total Nedd4-2. The results are the mean ± SEM 
from at least three independent experiments. Unpaired t-test; ns, not significant. 
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SECTION 2: NEUROPROTECTION 

4.4 SGK1.1 protects mice from KA-induced neuronal cell death 

SE triggers a series of negative outcomes in the brain that include neuronal 

death, which might contribute to the occurrence of new spontaneous and recurrent 

seizures. To evaluate the role of SGK1.1 on neurodegeneration, we quantified neuronal 

death on brain slices from B6.WT and B6.Tg.sgk1 mice 72 h after KA injection. For this 

purpose, we only used mice that reached Racine stage 6 and therefore had comparable 

levels of seizure activity (Figure 29A). Activation of SGK1.1 confers significant 

protection against neuronal death in different brain areas including hippocampus, 

somatosensorial-auditive and piriform-entorhinal cortex (Figure 29B). Transgenic mice 

showed significantly reduced levels of FJC positive cells per area when compared to 

wild type animals (Figure 29C) (Martin-Batista et al. 2021).  
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Figure 29. FJC staining reveals significant differences in neuronal death between 
B6.WT and B6.Tg.sgk1. FJC staining was performed on 30 µm brain slices from B6.WT and 
B6.Tg.sgk1 n=5 (5 slices per mouse), 72 h after KA treatment. (A) Panels show representative 
images of FJC-stained sections from CA1 of hippocampus (Hip_CA1), motor/visual cortex (V1), 
auditive/somatosensorial cortex (Au), piriform/entorhinal cortex (Pir) and amygdalar complex 
(AMG) at 40x magnification. Scale bar = 100 µm. (B) Quantitative analysis of neurodegeneration 
events normalized to area (mm2) in denoted regions for both genotypes. Transgenic mice show 
significantly reduced levels of neuronal death after KA treatment. Mann-Whitney test, **p<0.01, 
ns no significant. 
 

The next approach that we used was evaluating neuronal injury on mice treated 
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Figure 30. SGK1.1-induced neuroprotection depends on kinase activity. FJC staining was 
performed on 30 µm slices from B6.WT (n=8) and B6.Tg.sgk1 (n=5) (5 slices per mouse) 72 h after 
KA treatment + EMD638683. (A) Representative confocal images corresponding to FJC staining 
of brain sections from B6.WT (left column) and B6.Tg.sgk1 mice (right column) pretreated with 
EMD638683. Brain regions shown are CA1 of hippocampus (Hip_CA1), motor/visual cortex (V1), 
auditive/somatosensorial cortex (Au), piriform/entorhinal cortex (Pir) and amygdalar complex 
(AMG). Scale bar = 100 µm. (B) Quantitative analysis of FJC+ cells in EMD638683-pretreated mice 
in the areas shown in B. Data are mean ± SEM (Mann-Whitney test; ns, not significant). 
 

We then tested whether M-current up-regulation is also needed for 

neuroprotection. To address this question, we evaluated the incidence of 
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exerts a dual role as an anticonvulsant and as a neuroprotective factor but suggests 

that there must be alternative mechanisms in addition to M-current regulation playing a 

role in the neuroprotective effect (Martin-Batista et al. 2021).  

 
 

Figure 31. FJC staining on KA + XE991-treated B6 mice demonstrates SGK1.1 activity-
dependent neuroprotection includes M-current dependent and independent 
mechanisms. FJC staining was performed on 30 µm slices from B6.WT and B6.Tg.sgk1 n=7 (5 
slices per mouse) 72 h after XE991 + KA treatment. (A) Panels show representative images of FJC 
stained sections from CA1 in hippocampus (Hip_CA1), Motor/visual cortex (V1), 
Auditive/somatosensorial cortex (Au), Piriform/entorhinal cortex (Pir) and Amigdalar complex 
(AMG) at 40x magnification. Scale bar = 100 µm. (B) Quantitative analysis of FJC positive cells 
normalized to area (mm2) on slices from WT and transgenic in the selected areas. Data are mean 
± SEM (Mann-Whitney test, *p>0.05, ns not significant). 
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4.5 Activation of SGK1.1 reduces levels of reactive gliosis after status 

epilepticus 

We were interested on quantifying the manifestation of gliosis, a very well-

described feature of epileptic brains, on brain slices from WT and Tg.sgk1 after SE. To 

evaluate astrogliosis, we have used GFAP marker and quantified its expression. GFAP 

is the main intermediate filament in astrocytes and is responsible for the 

cytoarchitecture and functions of these cells. Upregulation of GFAP is an indicator of 

reactive astrogliosis in pathologic conditions (McKeon and Benarroch 2018).  

 
Figure 32. Astrogliosis in hippocampi and cortex from KA-injected B6.WT and 
B6.Tg.sgk1 mice. (A) Representative images showing GFAP signal (red, Alexa Fluor® 594) and 
DAPI (blue) for B6.WT and B6.Tg.sgk1 72h after kainic acid injection at 40x magnification in 
hippocampus regions (CA1, CA3 and dentate gyrus -DG-) and cortex (piriform cortex -Pir-). Scale 
bar= 50 µm. B) Average quantification of GFAP levels in transgenic mice compared to normalized 
levels in WT on indicated brain areas (DG, CA1, CA3, Visual cortex (V1), Auditive cortex (Au) and 
Pir). Values are represented as mean ± SEM. Multiple t-test, significant differences are indicated 
by *p<0,05; ns, not significant. (B6.WT, n=5. B6.Tg.sgk1, n=5). 
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Similarly to previous studies (Chen et al. 2005), we found increased GFAP 

expression in the hippocampus and cortex on day 3 post KA injection (Figure 32). Most 

importantly, activation of SGK1.1 in transgenic mice was accompanied by significantly 

reduced levels of astrogliosis after seizures in different brain areas including 

hippocampus and cortex (Figure 32) (Martin-Batista et al. 2021).  

Furthermore, we quantified the expression of IBA-1 marker to evaluate 

microgliosis on brain slices from the same mice. IBA-1 is an actin-binding protein that 

is constitutively expressed in microglia and is involved in membrane ruffling during 

ramification and activation of these cells (Ahmed et al. 2007).  

 

 
Figure 33. Microgliosis analysis in B6.WT and B6.Tg.sgk1 demonstrates increased IBA-
1 levels in wild type mice after KA treatment. (A) Representative images showing IBA-1 
reactivity (green, Alexa 488) and cell nuclei in blue (DAPI) for B6.WT and B6.Tg.sgk1 after kainic 
acid (right) injection at 40x magnification in hippocampus regions (CA1, CA3 and dentate gyrus 
-DG-) and Pir. Scale bar= 50 µm. (B) Average quantification of IBA-1 levels in transgenic mice 
compared to normalized levels in WT on specified brain areas (DG, CA1, CA3, V1, Au and Pir). 
Values are represented as mean ± SEM. Multiple t-test. Significant differences are indicated by 
*p<0,05; **p<0,01; ns, not significant (B6.WT, n=5. B6.Tg.sgk1, n=5). 
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Quantitative analysis revealed that levels of reactive microglia were significantly 

lower in hippocampal and cortical areas of transgenic mice compared to wild type 72 

hours after KA-induced status epilepticus (Figure 33) (Martin-Batista et al. 2021). 

Taken together, our results demonstrate that activation of SGK1.1 significantly 

reduces astro- (Figure 32) and microgliosis (Figure 33) after SE. Given that all the mice 

used for this study underwent the most severe Racine stage (6), these results indicate 

that SGK1.1 contributes to a lesser reactivity of glial cells. This might involve a reduction 

in the levels of inflammation and structural changes in the injured brain of transgenic 

mice.  

4.6 SGK1.1-mediated protection against neuronal death and gliosis is 

independent of mouse strain 

As part of our interest on validating SGK1.1 as a target for epilepsy treatment in 

different genetic backgrounds, we also evaluated neurodegeneration and gliosis in the 

FVB strain. Importantly, our results demonstrate that the neuroprotective effect of the 

kinase is maintained independently of genetic background. FVB.Tg.sgk1 showed 

significantly reduced levels of neuronal death (Figure 34) and gliosis (Figures 35 and 

36) after KA-induced SE compared to WT (Martin-Batista et al. 2021). 
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Figure 34. FJC staining demonstrates SGK1.1-mediated protection against 
neurodegeneration is independent of strain. FJC staining was performed on 30 µm brain 
slices from FVB.WT n=5 and FVB.Tg.sgk1 n=7 (5 slices per mice) 72h after KA treatment. (A) Panels 
show representative images of FJC positive neurons in CA1 of hippocampus (Hip_CA1), 
visual/motor cortex (V1), auditive/somatosensorial cortex (Au), piriform/entorhinal cortex (Pir) and 
amygdalar complex (AMG) from WT and Tg.sgk1 mice at 40x magnification. Scale bar =100 µm. 
(B) Quantification of FJC positive cells normalized to area (mm2) in both genotypes. (Data shown 
as mean ± SEM. Mann-Whitney test, *p<0.05; **p<0.01). 
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Figure 35. Astrogliosis in hippocampus and cortex of KA-injected FVB.WT and 
FVB.Tg.sgk1 mice. (A) Representative images showing GFAP signal (red, Alexa Fluor® 594) and 
DAPI (blue) for FVB.WT and FVB.Tg.sgk1 72 h after kainic acid injection at 40x magnification in 
hippocampal regions (CA1, CA3 and dentate gyrus -DG-) and Pir. Scale bar= 50 µm. B) 
Quantification of GFAP levels in transgenic mice compared to normalized levels in WT. 
Transgenic mice show significantly reduced levels of astrogliosis in CA1, visual (V1) and auditive 
cortex (Au). Values are represented as mean ± SEM, significant differences are indicated by 
*p<0,05; ns, not significant. Multiple t-test (FVB.WT, n=6. FVB.Tg.sgk1, n=6). 



95 / 159

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3712350				Código de verificación: e+uetTtx

Firmado por: Elva Martín Batista Fecha: 27/07/2021 19:24:44
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 31/08/2021 16:02:07
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/80830

Nº reg. oficina:  OF002/2021/79940
Fecha:  27/07/2021 19:26:06

 95 

 
Figure 36. Reactive microglia in hippocampus and cortex of KA-injected FVB.WT and 
FVB.Tg.sgk1 mice. (A) Representative images showing IBA-1 signal (green, Alexa 488) and DAPI 
(blue) for FVB.WT and FVB.Tg.sgk1 72 h after kainic acid treatment at 40x magnification in 
hippocampal regions (CA1, CA3 and dentate gyrus -DG-) and Pir. Scale bar = 50 µm. (B) Average 
quantification of GFAP levels in transgenic mice compared to normalized levels in WT in the 
indicated brain areas (DG, CA1, CA3, V1, Au and Pir). Values are represented as mean ± SEM, 
significant differences are indicated by *p<0.05, **p<0.01 (Multiple t-test. FVB.WT and FVB.Tg.sgk1 
n=5). 
 

4.7  SGK1.1 is mainly expressed in pyramidal neurons 

We next asked whether the effect of constitutively active SGK1.1 on reactive 

gliosis is directly due to expression of this kinase in glial cells or indirectly related to 

reduced neuronal death. We have previously reported that SGK1.1 mRNA is 

preferentially expressed in pyramidal neurons of the cortex and hippocampus (Wesch 

et al. 2010), but the protein distribution has never been described previously, due to 

the lack of isoform-specific antibodies. To overcome this limitation, we developed a new 

rabbit polyclonal antibody that recognizes SGK1.1 specifically. First, we used western 

blot and immunoprecipitation approaches to evaluate the functionality and specificity 

of our homemade antibody. Preimmunize serum did not give any signal whereas 
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blotting with post-immune serum revealed a band at the expected position (Figure 37A-

B). The serum also worked for protein extracts obtained from WT and Tg hippocampal 

tissue (Figure 37C) and immunoprecipitation of these proteins with anti-SGK1.1 

produced a specific band only present in samples from transgenic mice. The reason is 

that we used anti-HA for blotting and only the transgene is tagged with HA (Figure 37D). 

We then investigated the distribution of the kinase in transfected HEK293T cells where 

plasma membrane localization of SGK1.1 is clearly observed (Figure 38A) and in the 

mouse brain (Figure 38B-F).  

 

Figure 37. Characterization of a new rabbit polyclonal anti-SGK1.1 antibody. (A) Protein 
extracts from HeLa cells before and after transfection with SGK1.1 and SGK1 blotted with pre-
immune serum. (B) Protein extracts from HeLa cells before and after transfection with SGK1.1 
and SGK1 blotted with serum after sixth immunization. Selected band corresponds to SGK1.1 
fused to CFP (87 KDa). (C) Brain extracts from B6.WT and B6.Tg.sgk1 mice were separated in a 
SDS-PAGE gel, transferred to a PVDF membrane and blotted with anti-SGK1.1. Both, wild type 
and transgenic express SGK1.1 and the corresponding band is detected with our antibody (60 
KDa).  (D) Denaturing immunoprecipitation shows the specificity of our anti-SGK1.1. Protein 
extracts from B6.WT and B6.Tg.sgk1 hippocampi were used for immunoprecipitation with anti-
SGK1.1 and probed with anti-HA. Only SGK1.1-HA from transgenic mice was detected. 
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expressed in parvalbumin (PV)-positive interneurons. Within pyramidal neurons, 

expression is detectable in the soma and neuronal processes (Martin-Batista et al. 

2021). Finally, we performed double inmuhistochemistry with SGK1.1 and GFAP and 

concluded no co-localization between SGK1.1 and GFAP. This result suggests that the 

kinase is not expressed in astroglia. Observed localization strongly suggests that the 

primary site of SGK1.1 action is neuronal and that the decrease in reactive gliosis is 

secondary to decreased neuronal death.  

 
Figure 38. SGK1.1 is selectively expressed at the soma and processes of pyramidal 
neurons. (A) Representative confocal images of HEK293T cells transfected with an empty vector 
(pECFP-N1) or a vector expressing SGK1.1-CFP and stained with anti-SGK1.1 rabbit polyclonal 
antibody. Scale bar = 10 µm. (B) Representative confocal images of WT brain slices showing 
SGK1.1 (green, Alexa Fluor® 488) and CaMKII (red, Alexa Fluor® 594) immunostaining of 
hippocampus CA1 (Hip_CA1) and visual cortex (CTX) areas. Scale bar = 100 µm. (C) Magnification 
of white-framed regions in B. (D) Representative confocal images showing SGK1.1 (green) and 
PV (red) immunostaining of hippocampus CA1 (Hip_CA1) and visual cortex (CTX) from WT brain 
slices. (E) Representative confocal images showing SGK1.1 (green, Alexa Fluor® 488) and GFAP 
(red, Alexa Fluor® 594) expression of hippocampus CA3 (Hip_CA3) and visual cortex (CTX). (F) 
Magnification of white-framed areas in E. 
 

4.8 SGK1.1 exerts an antiapoptotic role comparable to AKT 

As mentioned before, SGK1 and AKT share a 54% identity in their catalytic 

domain. Furthermore, all SGK1 isoforms conserve the same catalytic domain and, 

therefore, it would be expected that they share very similar substrate specificity, as we 

have shown with Nedd4-2 and GSK-3ß. Downstream targets might include apoptosis-
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related factors that contribute to neuroprotection in an epileptic-induced brain damage 

condition. Thus, we studied the possible role of SGK1.1 as an anti-apoptotic kinase. To 

do so, we performed TUNEL assay in HEK293T cells expressing different SGK1.1 

variants to test the ability of the kinase to reduce apoptosis and compare it to the well-

known antiapoptotic effect of AKT.  As shown in Figure 39, apoptosis levels after 

treatment with H2O2 were significantly reduced in cells expressing AKT, as well as in 

those expressing activated SGK1.1(S515D) compared to control cells (pECFP-N1). In 

contrast, cells transfected with inactive SGK1.1(K220A) and SGK1.1(FF19,20AA) 

(mutant unable to interact with the plasma membrane and located in nuclei) were not 

protected against apoptosis and even showed significantly higher levels than control, 

suggesting a dominant negative effect over the endogenous kinase. 

  
Figure 39. SGK1.1 activation leads to a significant anti-apoptotic effect similarly to 
AKT. Levels of apoptosis were detected as TUNEL-positive cells after a treatment with H2O2 1 
mM for 4 h. (A) Panels show representative images of DAPI and Fluorescein (TUNEL) stained cells 
transfected with the indicated constructs. Arrows indicate TUNEL positive cells. Scale bar = 10 
µm. (B) Quantitative analysis of TUNEL positive cells after treatment. Data shown as mean ± SEM 
from 5 independent experiments (One-Way ANOVA, Fisher’s test for Multiple comparisons; ns, 
not significant; *p<0.05).  
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Our data support the hypothesis of SGK1.1 playing an anti-apoptotic role that prevents 

cells from H2O2-induced apoptosis (Martin-Batista et al. 2021) which constitutes a highly 

promising feature if we are to propose this kinase as a new therapeutic target for 

epilepsy. 

4.9 Activation of SGK1.1 reduces levels of pro-apoptotic mediator Bim and 

up-regulates Bcl-XL  

Different apoptosis markers, including the Bcl-2 interacting mediator of cell death (Bim) 

and cleaved caspase-3, are overexpressed after seizures in hippocampus (Kim et al. 

2014). Herein, we quantified the levels of Bim in hippocampus extracts from B6.WT and 

B6.Tg.sgk1 mice 24 h after KA-induced SE. There are three different splicing isoforms 

of Bim: Bims, BimL and BimEL (Putcha et al. 2001). Based on molecular mass, we have 

detected all three isoforms on our membranes. Western blot showed that total Bim 

abundance was significantly decreased in Tg.sgk1 mice compared to WT after 

treatment (Figure 40) (Martin-Batista et al. 2021). This result supports the hypothesis of 

SGK1.1 having an anti-apoptotic effect that may protect against neurodegeneration in 

our transgenic mice.  

 

Figure 40. Bim levels are significantly reduced in Tg.sgk1 mice after status epilepticus. 
(A) Representative western blot and (B) quantification of Bim in the hippocampus of wild type 
and transgenic mice at 24 h after kainic acid (KA) administration. Total protein track was used as 
loading control. Data shown as mean ± SEM from WT n=4 and Tg.sgk1 n=6 from three 
independent replicates. Unpaired t-test, *p<0.05. 
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We then quantified the expression of one of the anti-apoptotic protein members 

of Bcl-2 family, Bcl-xL. Bcl-xL has been proposed to reduce apoptosis, maintain cell 

viability in CNS and prevent mitochondrial permeability transition in response to pro-

apoptotic factors (Boise et al. 1993; Krajewska et al. 2002; Jonas et al. 2014). Our 

results show that activation of SGK1.1 increases the level of Bcl-xL in transgenic mice 

after KA (Figure 41), which may underly the neuroprotective role of SGK1.1 (Martin-

Batista et al. 2021). 

Figure 41. Bcl-xL levels are significantly lower in B6.WT after status epilepticus. (A) 
Representative western blot and (B) quantification of Bcl-xL in the hippocampus of wild type and 
transgenic mice at 24 h after kainic acid (KA) administration. Total protein track was used as 
loading control. Data shown as mean ± SEM from WT n=4 and Tg.sgk1 n=6 from three 
independent replicates. Unpaired t-test, *p<0.05. 

4.10 Activation of SGK1.1 does not alter neurogenesis processes in 

hippocampus 

It has been proposed that ectopic neurogenesis after seizure-induced damage 

could be producing neurons with different electrophysiological properties, related to 

hyperexcitable circuits and responsible for the maintenance of epileptic activity (Ribak 

et al. 2000). Also, previous studies suggested that SGK1 might be related to ectopic 

neurogenesis in hippocampus induced by glucocorticoids hormones (Anacker et al. 

2013). If SGK1.1 is to be proposed as a valid pharmacological target in the treatment 

of epilepsy, it is important to determine whether constitutive activation of SGK1.1 has 

side effects on neurogenesis in our animal model. Therefore, we quantified ectopic 

neurogenesis in hippocampus from WT and Tg.sgk1 mice under basal conditions, 
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using in vivo incorporation of BrdU to proliferating neuronal precursors. Number of 

proliferating cells in hilus (ectopic) and subgranullar layer (basal) of DG were quantified 

in transgenic and WT mice. Our experiment demonstrated that Tg.sgk1 mice do not 

show altered neurogenesis in the hippocampus compared to WT because levels of 

ectopic neurogenesis (BrdU/DCX-positive cells in hilus) were similar between 

genotypes (Figure 42). 

 

Figure 42. Activation of SGK1.1 does not alter neurogenesis processes in 
hippocampus. (A) Representative images showing neurogenesis phenomena in B6.WT (top) 
and B6.Tg.sgk1 (bottom) in dentate gyrus of hippocampus. (B) Schematic representation of 
hippocampus showing analyzed regions for quantification of neurogenesis in DG (red) and hilus 
(grey). Graphs show quantification of BrdU+ and DCX+ cells per brain section in granular cells of 
DG and hilus. BrdU and DCX+ cells localized in DG account for normal neurogenesis while BrdU 
and DCX+ cells localized in hilus constitute ectopic neurogenesis. Data shown as mean ± SEM 
(Unpaired t-test, ns no significant. B6.WT and B6.Tg.sgk1 n=4). (C) Representative images showing 
BrdU+ cells, DCX+ neurons and merge in DG. 
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Altogether, we have presented a series of results demonstrating not only that 

activation of SGK1.1 does not alter basal processes (Figure 42), but it leads to a very 

powerful protection against brain damage associated to seizures including 

neurodegeneration (Figures 29 and 34), astrogliosis (Figures 32 and 35) and reactive 

microglia (Figures 33 and 36). A proposed mechanism for neuroprotection might be a 

reduction of apoptosis (Figure 39) and regulators such as Bim (Figure 40) and Bcl-xL 

(Figure 41), in addition to increased M-current. 

SECTION 3: REGULATION OF Kv7 CHANNEL FAMILY AND Kv7.2 

EPILEPSY-INDUCING MUTANTS BY SGK1.1 

We examined the ability of SGK1.1 to modulate different Kv7 channel subunit 

combinations, with special attention to channels incorporating epilepsy mutations. This 

information is essential to predict possible side effects of SGK1.1 activation, as well as 

its potential to overcome at least some inherited forms of epilepsy.  

Heterologous expression in Xenopus laevis oocytes of Kv7.2/3 resulted in slow 

activating, slow deactivating, non-inactivating and voltage-dependent K+ currents 

measured by TEVC (Figure 43A), similarly to our previously published results (Miranda 

et al. 2013). Both wild type and constitutively active SGK1.1 led to a significant increase 

of the tail current measured at -30 mV (Figure 43C). WT SGK1.1 also produced a 

significant hyperpolarization of oocyte RMP (Figure 43E). 
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Figure 43. WT and constitutively active (S515D) SGK1.1 increases heteromeric Kv7.2/3 
currents at similar levels, supporting previously obtained results. (A) Currents elicited in 
Xenopus oocytes after coinjection of cRNAs from Kv7.2/3 channel alone (first panel) or in 
combination with wild-type (second panel) or constitutively active (third panel) SGK1.1. (B) Peak 
current/voltage relationship. (C) Tail current (left) and tail currents measured at -30 mV after 0, 
+20 or +40 mV depolarizing pulses for the indicated construct combinations (right). Values 
represent mean ± SEM (Two-way ANOVA Tukey’s Multiple comparisons test; ****p<0.0001). (D) 
Normalized conductance. (E) Resting membrane potentials (One-Way ANOVA Tukey’s Multiple 
Comparisons test, *p<0.05; ns, not significant). Legends are indicated on graph B. 

 

4.11   SGK1.1 does not affect homomeric Kv7.4 and Kv7.5 currents, but 

up-regulates heteromeric Kv7.3/5 channels 

Oocytes microinjected with cDNAs coding for Kv7.4 or Kv7.5 led to smaller K+ 

currents than those elicited by heteromeric Kv7.2/3 (Figure 44A and 44F). Co-

expression of SGK1.1 did not up-regulate the homomeric channels. In fact, produced 

an inhibitory effect of the Kv7.4-mediated tail current (Figure 44C). RMP was not altered 

by the presence of SGK1.1 in any of the conditions (Figure 44E and 44J). 
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Figure 44. SGK1.1 fails to increase homomeric Kv7.4 and Kv7.5 currents, similarly to 
previously reported results for homomeric Kv7.2/3. (A) Currents elicited in Xenopus oocytes 
after microinjection of Kv7.4 channel alone (first panel) or in combination with wild-type SGK1.1 
(second panel). (B) Peak current/voltage relationship. (C) Tail current (left) and tail currents 
measured at -30 mV after 0, +20 or +40 mV depolarizing pulses for the indicated construct 
combinations (right). Values represent mean ± SEM (Multiple t-test Holm-Sidak correction 
method;***p<0.0005, ****p<0.0001). (D) Normalized conductance. (E) Resting membrane potentials 
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(Unpaired t-test; ns, not significant). Legends are indicated on graph B. (F) Currents elicited after 
expression of Kv7.5 channel alone (first panel) or in combination with wild-type SGK1.1 (second 
panel). (G) Peak current/voltage relationship.  (H) Tail current (left) and tail currents measured at 
-30 mV after 0, +20 or +40 mV depolarizing pulses for the indicated construct combinations 
(right). Values represent mean ± SEM (Multiple t-test Holm-Sidak correction method; ns, not 
significant) (right). (I) Normalized conductance. (J) Resting membrane potentials (Unpaired t-test; 
ns, not significant). Legends are indicated on graph G. 

 

When we expressed heteromeric Kv7.3/5, a previously described combination 

associated to M-current (Schroeder et al. 2000), currents of bigger amplitude were 

measured compared to those elicited by Kv7.5 alone. These currents were also 

sensitive to SGK1.1, with significant increases in the tail currents at 0, +20 and +40 mV 

(Figure 45C). Also, RMP was significantly reduced by SGK1.1 (Figure 45E). 

 
Figure 45. SGK1.1 increases heteromeric Kv7.3/5 currents like heteromeric Kv7.2/3, 
supporting the need for heteromeric channel assembly to observe SGK1.1 effects. (A) 
Currents elicited in Xenopus oocytes after coinjection of cDNAs from Kv7.3/5 channel alone (first 
panel) or in combination with wild-type SGK1.1 (second panel). (B) Peak current/voltage 
relationship. (C) Tail current (left) and tail currents measured at -30 mV after 0, +20 or +40 mV 
depolarizing pulses for the indicated construct combinations (right). Values represent mean ± 
SEM (Multiple t-test Holm-Sidak correction method; *p<0.05). (D) Normalized conducance. (E) 
Resting membrane potentials (Unpaired t-test, *p<0.05). Legends are indicated on graph B. 
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4.12 SGK1.1 does not affect the major repolarizing cardiac current 

Kv7.1/KCNE1 (IKS). 

Co-expression of Kv7.1 and accessory subunit KCNE1 resulted in characteristic 

cardiac K+ currents, with a slower voltage-dependent activation compared to M-

channel (Figure 46A). Co-expression of SGK1.1 did not have any effect neither on 

current amplitude, nor conductance. Accordingly, RMP was unaltered (Figure 46C-E). 

 
Figure 46. SGK1.1 does not affect the major repolarizing cardiac current Kv7.1/KCNE1 
(IKS). (A) Currents elicited in Xenopus oocytes after coinjection of cDNAs from Kv7.1/KCNE1 
channel alone (first panel) or in combination with wild-type SGK1.1 (second panel). (B) Peak 
current/voltage relationship. (C) Tail current (left) and tail currents measured at -30 mV after 0, 
+20 or +40 mV depolarizing pulses for the indicated construct combinations (right). Values 
represent mean ± SEM (Multiple t-test Holm-Sidak correction method; ns, not significant). (D) 
Normalized conductance. (E) Resting membrane potentials (Unpaired t-test; ns, not significant). 
Legends are indicated on graph B. 
 

4.13 Activated SGK1.1 up-regulates Kv7.2 epilepsy mutations R207W and 

A306T in heteromeric assembly with Kv7.3 

Expression of epilepsy mutant Kv7.2(R207W) along with Kv7.3 led to smaller 

currents than wild type channel and with altered voltage-dependent activation kinetics, 
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as observed in Figure 47A and described elsewhere (Dedek et al. 2001). R207W is a 

KCNQ2  mutant that neutralizes a charged amino-acid residue within the voltage sensor 

domain, slowing voltage-sensor dependent channel activation and resulting in BFNC 

(Dedek et al. 2001). Co-expression of wild type SGK1.1 did not produce any change in 

the amplitude of the currents. However, constitutively active SGK1.1(S515D) 

significantly up-regulated the tail current at different voltages (Figure 47D). RMP was 

not modified by any variant of the kinase (Figure 47).  

 
Figure 47. Constitutively active form SGK1.1(S515D) up-regulates heteromeric Kv7.2/3 
channel in presence of Kv7.2 epilepsy mutation R207W while WT SGK1.1 fails to. (A) 
Schematic representation of Kv7 channel structure. The basic organization of potassium 
channels is a tetramer with each monomer containing one pore-forming domain (PD) 
(transmembrane segments S1-S4) and a voltage sensor domain (VSD) (transmembrane 
segments S5-S6). Epilepsy mutants are represented as colored pentagons (R207W in red and 
A306T in yellow). (B) Currents elicited in Xenopus oocytes after coinjection of cDNAs from 
Kv7.2(R207W)/3 channel alone (first panel) or in combination with wild-type (second panel) or 
constitutively active (third panel) SGK1.1. (C) Peak current/voltage relationship. (D) Tail current 
(left) and tail currents measured at -30 mV after 0, +20 or +40 mV depolarizing pulses for the 
indicated construct combinations (right). Values represent mean ± SEM (Two-way ANOVA, 
Tukey’s correction for multiple comparisons; ns, not significant; **p<0.01; ***p>0.0005; ****p<0.0001). 
(D) Normalized conductance. (E) Resting membrane potentials (One-Way ANOVA, Tukey’s 
correction for multiple comparisons; ns no significant). Legends are indicated on graph C. 
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Co-expression of Kv7.2(A306T) with Kv7.3 did not induce detectable currents 

(data not shown). Therefore, we used a previously described mutation (A315T) in the 

pore of Kv7.3 that greatly increases current amplitude (Gomez-Posada et al. 2011). Our 

lab has previously demonstrated that SGK1.1 does not affect currents elicited by Kv7.3-

A315T but does increase them in the presence of the heteromeric Kv7.2/3(A315T) 

channel (Miranda et al. 2013). Mutation A306T is in S5 segment of Kv7.2 subunit, within 

the pore domain. This mutant provokes reduced currents but retains much of the 

biophysics characteristics of Kv7.2 (Xiong et al. 2008). When analysing the currents 

elicited by mutant Kv7.2(A306T) in heteromeric assembly with Kv7.3(A315T) we 

observed similar findings to those found with R207W. Only the expression of 

SGK1.1(S515D) resulted in substantial increase of the current (Figure 48C) and no 

changes in RMP were observed (Figure 48F). 

 
Figure 48. Constitutively active form of SGK1.1(S515D) up-regulates Kv7.2 epilepsy 
mutation A306T in heteromeric assembly with Kv7.3(A315T). (A) Currents elicited after 
coinjection of Kv7.2(A306T)/3 channel alone (first panel) or in combination with wild-type (second 
panel) or constitutively active (third panel) SGK1.1. (B) Peak current/voltage relationship. (C) Tail 
current (left) and tail currents measured at -30 mV after 0, +20 or +40 mV depolarizing pulses for 
the indicated construct combinations (right). Values represent mean ± SEM (Two-way ANOVA 
Tukey’s correction for multiple comparisons; *p<0.05; **p<0.01). (D) Normalized conductance. (E) 
Resting membrane potentials (One-Way ANOVA, Tukey’s correction for multiple comparisons; ns 
no significant). Legends are indicated on graph B. 
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In summary, our results support previously published data (Miranda et al. 2013) 

confirming the effect of SGK1.1 on M-current when both, Kv7.2 and Kv7.3 subunits, are 

expressed (Figure 43). Additionally, this time we have been able to show a similar result 

when expressing Kv7.3 and Kv7.5 subunits (Figure 45), which is a described 

combination associated to M-current (Schroeder et al. 2000; Shah et al. 2002). 

Expression of Kv7.4 and Kv7.5 alone did not lead to significant increases in current 

amplitudes (Figure 44). Similarly, SGK1.1 was not able to modulate cardiac IKs current 

(Figure 46). Most importantly, we wanted to evaluate the ability of SGK1.1 to regulate 

the M-current when it is affected by different epilepsy mutants, Kv7.2(R207W) and 

Kv7.2(A306T), (Singh et al. 1998; Dedek et al. 2001; Xiong et al. 2008) along with Kv7.3. 

Our data show that wild type SGK1.1 is unable to up-regulate the M-current when these 

mutants are expressed (Figures 47 and 48). Interestingly, when we co-expressed the 

constitutively active form of the kinase, SGK1.1(S515D), we did observe an up-

regulation of the M-current.  

4.14 SGK1.1 is in close proximity to Kv7.2/3 channels 

On the basis of our electrophysiology results, we were interested on evaluating 

whether SGK1.1, Nedd4-2 and Kv7 channels are in close proximity in normal conditions 

and in the presence of epilepsy mutations. We used our newly developed rabbit anti-

SGK1.1 to detect SGK1.1, a mouse anti-GFP to localize the tagged Kv7.2 and Kv7.3 

subunits and an anti-Nedd4-2 to detect Nedd4-2. We performed the experiments on 

the N2a Sgk1-KO cells. As negative controls, we used cells transfected with NR1 and 

SGK1.1(S515D) and cells transfected only with the channel subunits Kv7.2 and Kv7.3.  

 

As a control of expression of our constructs we have performed an 

immunocytochemistry assay on Sgk1-KO N2a cells to detect transfected SGK1.1, Kv7 

and Nedd4-2. Our results show clear expression of SGK1.1 at the plasma membrane 

and expression of Kv7.2/3 and Nedd4-2 (Figure 49).  
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Figure 49. Representative confocal images showing expression of Kv7.2/3, SGK1.1 and 
Nedd4-2. 24h after transfection, Sgk1-KO N2a cells were permeabilized and incubated with 
adequate antibodies to detect each construct. Cells were stained with DAPI for nuclei detection. 
Transfection with Kv7 subunits was detected as green fluorescence as constructs were fused to 
YFP. To detect SGK1.1 we used our home-made anti-SGK1.1 and Alexa Fluor® 594 fused anti-
rabbit. Nedd4-2 expression was detected with anti-Nedd4-2 and Alexa Fluor® 594 fused anti-
rabbit (for a better identification Nedd4-2 signal was selected in magenta). As expected, 
untransfected N2a Sgk1-KO cells did not show signal from Kv7 nor SGK1.1 nor Nedd4-2. 
 

As shown in Figure 50, PLA signals were significantly more numerous in cells 

co-expressing Kv7.2 or Kv7.3 together with activated SGK1.1(S515D) compared to the 

negative control cells expressing Kv7.2 and Kv7.3 alone. Our results indicate that 

SGK1.1(S515D) is localised in physical proximity with Kv7 channel. Co-expression of 

heteromeric Kv7.2/3 significantly increased the kinase association to the channel 

compared to homomeric Kv7.3. Differences in signal strength between homomeric and 

heteromeric structures suggest that association of SGK1.1(S515D) with the channel 

becomes facilitated in the heteromeric configuration, in agreement with previously 

published data showing that SGK1.1 effect requires the heteromeric assembly of 

N2a

Kv7.2/3
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Kv7+
SGK1.1

Kv7+
Nedd4
-2

MERGE DAPI YFP Alexa 594 



111 / 159

Este documento incorpora firma electrónica, y es copia auténtica de un documento electrónico archivado por la ULL según la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente dirección https://sede.ull.es/validacion/

Identificador del documento: 3712350				Código de verificación: e+uetTtx

Firmado por: Elva Martín Batista Fecha: 27/07/2021 19:24:44
UNIVERSIDAD DE LA LAGUNA

María de las Maravillas Aguiar Aguilar 31/08/2021 16:02:07
UNIVERSIDAD DE LA LAGUNA

Universidad de La Laguna
Oficina de Sede Electrónica

Entrada
Nº registro:  2021/80830

Nº reg. oficina:  OF002/2021/79940
Fecha:  27/07/2021 19:26:06

 111 

Kv7.2/3 channels (Miranda et al. 2013). Importantly, association between the kinase 

and the heteromeric channel was significantly impaired in the presence of K220A, a 

mutation in the ATP-binding cassette of the SGK1.1 that abolishes the kinase activity 

(Wesch et al. 2010). Also, molecular proximity between the kinase and the heteromeric 

channel was significantly reduced in the presence of one of the epilepsy mutations 

studied on this work, R207W, although PLA signals obtained from this condition were 

still significantly higher than those obtained from the negative control. In contrast, 

association levels did not change significantly in the presence of Kv7.2(A306T) (Figure 

50B). 

Phosphorylation at Ser448 by SGK1 has been described as a mechanism of inactivation 

of Nedd4-2 (Debonneville et al. 2001). As previously demonstrated, SGK1.1 also 

enhances levels of phosphorylation of Nedd4-2 leading to an up-regulation of Kv7.2/3 

currents (Miranda et al. 2013; Armas-Capote et al. 2020). Therefore, we next wondered 

if we could detect the association between Nedd4-2 and SGK1.1(S515D). Our results 

proved that activated SGK1.1 associates with Nedd4-2, which is in agreement with  

previous reports suggesting a direct interaction between Kv7 and Nedd4-2 (Ekberg et 

al. 2007), and that this association significantly decreases in the presence of kinase 

dead mutant SGK1.1(K220A) (Figure 50D). 

We then used PLA to evaluate the association of Nedd4-2 with the channel and 

the role of SGK1.1 in this complex. To do so, we transfected N2a Sgk1-KO cells with 

the indicated constructs (Figure 51A) and quantified the PLA signals given by co-

expression of Kv7 and Nedd4-2 in presence or absence of SGK1.1 (Figure 51B). Our 

results demonstrate association between Kv7.2/3 and Nedd4-2 in basal conditions, as 

PLA signals were significantly augmented compared to those found in negative control 

cells. Importantly, the association between Kv7 and Nedd4-2 was significantly reduced 

when we co-expressed activated SGK1.1 but not in the presence of SGK1.1(K220A). 

Furthermore, association between the channel and the ubiquitin ligase was significantly 

diminished in presence of both epileptogenic mutations and co-expression of SGK1.1 

intensified this effect in the case of Kv7.2(R207W) mutant. To gain further information 

about the effects of these mutations, we then tested the levels of protein expression of 
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Kv7.2 in both heterologous expression systems, injected oocytes and N2a cells. Both, 

R207W and A306T significantly decreased the abundance of the Kv7.2 in oocytes and 

neither WT SGK1.1 nor activated SGK1.1(S515D) increased its expression (Figure 51C-

D, E-F). 

 
Figure 50. Association between activated SGK1.1 and heteromeric channel Kv7.2/3 is 
reduced in presence of epilepsy mutant Kv7.2(R207W) but not Kv7.2(A306T). (A) 
Proximity ligation assay (PLA) was performed on N2a Sgk1-KO cells transfected with the 
indicated constructs. Cells transfected with SGK1.1(S515D) and NR1 were used as negative 
control (see panel B and dotted line at 0 in panel B). (B) Quantification of PLA positive signals for 
each condition. (C) PLA showing signals from SGK1.1 and Nedd4-2 association. SGK1.1-
transfected cells were detected as yellow/cyan bright cells depending on the plasmids used. (D) 
Quantification of PLA positive signals for conditions showed in C. (ANOVA Kruskal Wallis test, ns, 
not significant; *p<0.05; **p<0.01; ***p<0.0005 ****p<0.0001). Each dot represents an individual cell 
from at least three independent experiments. 
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Figure 51. Kv7.2/3 heteromeric channel is located in close proximity to Nedd4-2 and 
this association weakens in presence of activated SGK1.1. (A) PLA was performed on N2a 
Sgk1-KO cells transfected with the indicated constructs. Dotted line at 0 represents the signal 
from cells transfected with SGK1.1(S515D) and NR1. (B) Quantification of PLA positive signals 
(ANOVA Kruskal Wallis test, ns, not significant; *p<0.05; **p<0.01; ***p<0.0005; ****p<0.0001). Each 
dot represents an individual cell from at least three independent experiments. (C) Representative 
western blot showing expression levels of Kv7.2 fused to YFP (top panel, 110 KDa) and GADPH 
(bottom panel, 50 KDa) from oocytes injected with the indicated constructs. (D) Quantitative 
analysis of Kv7.2 expression levels. Values are mean ± SEM from at least three independent 
experiments (ANOVA Sidak’s test for multiple comparisons; ns, not significant; *p<0.05; 
***p<0.0005). (E) Representative western blot showing expression levels of Kv7.2 fused to YFP (top 
panel, 110 KDa approximately) and GADPH (bottom panel, 50 KDa) from N2a Sgk1-KO cells 
transfected with the indicated constructs. Asterisks denote position of molecular weight marker. 
(F) Quantitative analysis of Kv7.2 expression levels.  
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5. DISCUSSION 
In this study, we have evaluated the mechanisms of SGK1.1-mediated 

anticonvulsant effects, its contribution to neuroprotection after SE and the potential role 

of SGK1.1 activation as a therapeutic approach for hyperexcitability disorders. We have 

demonstrated that the ability of SGK1.1 to reduce KA-induced seizures essentially relies 

on M-current up-regulation. In contrast, epilepsy models that rely on muscarinic 

pathway activation totally counteract the effect of the kinase. Furthermore, we have 

proven the potent effect of SGK1.1 as a neuroprotective factor which is able to reduce 

levels of neuronal death and gliosis after SE in a way that is independent of the M-

current modulation. Finally, we show that the activation of the kinase constitutes a 

strategy to up-regulate the M-current in presence of epilepsy mutations. 

 

5.1 M-current up-regulation is the key mechanism underlying SGK1.1 mediated 

protection against seizures. 

We have addressed the importance of the M-current on the observed 

anticonvulsant role of SGK1.1 using different approaches. Our data demonstrate that 

activation of SGK1.1 might constitute a key therapeutic approach to counteract 

hyperexcitability caused by excessive glutamatergic activity (Eid et al. 2004) and that it 

is effective only when M-channel is functional. First, we decided to evaluate the seizure 

behaviour in our mouse model using different epileptic paradigms. Both, XE991 + KA 

double treatment and PI treatment led to similar results; SGK1.1-mediated protection 

against seizures was abolished and both genotypes showed comparable seizure 

severity levels and mortality rates. As previously mentioned, PI is a M1 muscarinic 

agonist (Hamilton et al. 1997) leading to M-current blockade through activation of PLC 

and depletion of PIP2. Similarly, XE991 directly binds to M-channel and inhibits the M-

current (Zaczek et al. 1998). Therefore, these two approaches counteracted the 

protective effect of SGK1.1. In the case of PI it might be due to the fact that PIP2 

hydrolysis destabilizes SGK1.1 from the plasma membrane (Miranda et al. 2013) and 

also inhibits M-channels directly (Delmas and Brown 2005). In addition, we tested 

seizure behaviour in our transgenic mouse model after treatment with SGK1-specific 
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inhibitor EMD638683 and observed reversion of the protective effect. After treatment 

with EMD and KA both genotypes underwent similar levels of seizure severity and 

mortality rates getting close to seizure behaviour observed in WT mice treated only with 

KA. Given our findings, it seems that SGK1.1 protective effect relies on a functional M-

channel. Although this can be taken as a limitation given the diverse epilepsy 

syndromes caused by Kv7.2 and Kv7.3 genetic mutations (Biervert et al. 1998; Singh 

et al. 1998; Dedek et al. 2001), many other forms of epilepsy can be alleviated with M-

channel-mediated control of excitability. Moreover, personalized treatments directed to 

specific groups of patients are getting more attention from pharmacological 

perspectives and might constitute the future direction in clinical therapies (Abou-Khalil 

2019). Further, given the news regarding retigabine and flupirtine withdrawal due to 

side effects, it would be useful to have new targets able to reproduce the effect on 

Kv7.2/3 channels without yielding the same deleterious effects, as they were not 

associated to the mechanism of action (Surur et al. 2019). Therefore, here we have a 

very promising target for the development of new treatments that has both the ability to 

up-regulate the M-current in the brain and the neuroprotective role that we have 

profusely described throughout this work. 

Also important, and based on previous findings regarding the PTZ model of 

epilepsy (Armas-Capote 2017) and our results here, we can speculate about the 

absence of protective effect by SGK1.1 in the PTZ model of epilepsy. PTZ model relies 

on inhibitory transmission blockade to induce seizures and, because we have already 

demonstrated that activation of SGK1.1 is not leading to any change in basal excitatory 

nor inhibitory transmission, there must be another explanation underlying the 

differences observed between KA and PTZ models. Two different possibilities might be 

raised. On one hand it could be that PTZ model of epilepsy is actually also modulated 

by the muscarinic pathway (Gholami et al. 2012) which we have described already as 

a negative regulator of the M-current (Delmas and Brown 2005). In fact, other 

approaches directed to M-channel up-regulation resulted effective in reducing PTZ-

induced seizures (Manville and Abbott 2019). Specific localization of SGK1.1 in 

pyramidal neurons might explain its null effect when GABAergic transmission, which is 

in majority occurring in interneurons, is blocked by PTZ.  
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Different mechanisms could explain our findings. First it could be that transgenic 

mice present reduced KA bioavailability. However, published results from our group 

(Armas-Capote et al. 2020) show comparable seizure latency values for Tg.sgk1 and 

WT mice, ruling out the possibility that KA reaches the brain at lower concentrations in 

transgenic mice. Second, it was demonstrated that expression levels of GluK receptors 

were unchanged in Tg.sgk1 (Armas-Capote 2017; Armas-Capote et al. 2020). 

Therefore, it excluded the option of a decreased response to KA in transgenic mice for 

this reason. Third, we have shown that both inhibitory and excitatory basal transmissions 

are not different between genotypes. Finally, previous results obtained in SCG cells 

(Miranda et al. 2013) and brain slices (Armas-Capote et al. 2020) support the 

hypothesis of lower neuronal excitability in relevant brain areas of transgenic mice. Also, 

we have demonstrated that the phosphorylation levels of Nedd4-2 are increased in 

hippocampus from transgenic mice, suggesting that Nedd4-2 is a phosphorylation 

substrate of SGK1.1. This finding supports previous results showing that in presence of  

SGK1.1, the ability of Nedd4-2 to target the channel for degradation is restrained 

(Miranda et al. 2013). Also, it has been proven that Kv7.2/3/5 respond to Nedd4-2 

modulation although they lack the classical PY motif at the C-terminal region. Instead, 

they contain atypical PY motifs PPX-PPY and XPXPPY (Ekberg et al. 2007). Similarly, it 

has been demonstrated that SGK1.1 regulates ENaC and ASIC1 independently of PY 

motifs (Arteaga et al. 2008; Wesch et al. 2010). In agreement with this, our results here 

strongly support our hypothesis that SGK1.1 increases the M-channel membrane 

abundance through a mechanism at least partially dependent of Nedd4-2 activity. 

We have also validated our findings in C57BL6/J in a different genetic 

background, FVB/NJ. Briefly, we demonstrated that the anticonvulsant effect of SGK1.1 

is maintained in FVB mice and therefore its effect it is not restricted by genetic 

background. As previously reported (Royle et al. 1999; Frankel et al. 2001; Kasugai et 

al. 2007), we found some differences in seizure behaviour between C57 and FVB 

strains, with the latter presenting higher proportions of individuals reaching stages 4-6. 

However, we did not find higher levels of mortality compared to C57BL6/J and both, 

FVB.WT and FVB.Tg.sgk1, showed similar survival rates. This, along with previous 
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results (Armas-Capote 2017; Armas-Capote et al. 2020), demonstrates that the power 

of SGK1.1 as an anticonvulsant is independent of age, sex and genetic background, 

which commonly act as modifiers in the phenotypic effects of genetic manipulation. 

5.2 SGK1.1 activation leads to a significant protection against SE-induced brain 

damage 

One of the most frequent outcomes of status epilepticus in TLE, which is the 

most common form of epilepsy and the one we have modeled here, is hippocampal 

sclerosis. As previously mentioned, hippocampal sclerosis is characterized by 

pyramidal cell loss, granule cell dispersion, and axonal fiber sprouting (Blümcke et al. 

2013; Thom 2014). Hippocampal sclerosis is the most common pathological finding in 

adults with drug-resistant TLE (Blümcke et al. 2013) and in large epilepsy surgical series 

it affects up to 66% of patients (Meencke et al. 1996; Novy et al. 2013). In animal models 

of TLE, including PI and KA, SE induces neuropathological changes such as neuronal 

loss in different brain regions and reorganization of mossy fibers. This abnormal 

reorganization has been proposed to serve as the anatomical basis for epileptogenesis 

(Cavalheiro et al. 1982; Ben-Ari 1985b; Tauck and Nadler 1985; Cavalheiro et al. 1991; 

Mathern et al. 1993; Mello et al. 1993). For instance, using EEG it has been 

demonstrated that KA-induced mossy fiber sprouting is strongly associated to 

epileptogenesis in hippocampus (Mathern et al. 1993) and in a PI model of epilepsy it 

was found that higher levels of cell loss correlate to longer latent periods (Mello et al. 

1993). Although a growing bulk of evidence supports the viewpoint that neuroprotection 

does not prevent progression to acquired epilepsy (André et al. 2001; Löscher 2002; 

Pitkänen 2002; Brandt et al. 2003; Pitkänen 2004), some studies suggest that targeting 

neuronal death and inflammation pathways might be useful to alleviate the outcome of 

the disease. For instance, it has been shown that treatment with resveratrol after KA-

induced SE restrains neurodegeneration, ectopic neurogenesis and inflammation 

(Mishra et al. 2015). Administration of valproate right after SE ameliorates the behavioral 

alterations associated to epileptogenesis including memory impairment, development 

delay and sensory-motor deficits (Brandt et al. 2006). Therefore, there is an increasing 

interest in the field of epilepsy research to develop new therapies directed to reduce 

the neuro- and glial pathology. Herein, we have experimentally demonstrated that 
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SGK1.1, which has been previously presented as a modulator of Kv7 channels (Miranda 

et al. 2013; Armas-Capote et al. 2020), exerts a dual role by additionally reducing 

seizure-induced cell damage in the brain. In contrast to other reports where it was 

shown that KA causes hippocampal restricted injuries (Raedt et al. 2009), we have 

identified neurodegenerative events in neocortical areas and amygdalar complex as 

well. Thus, we have shown that SGK1.1 significantly reduces the levels of 

neurodegeneration in hippocampus, cortex and amygdalar complex in B6 and FVB 

mice after KA treatment, showing a neuroprotective effect that is robust and 

independent of genetic background (Martin-Batista et al. 2021). This has an especial 

interest having into account previous reports showing strain-associated sensitivity to 

neuronal death. C57BL6 mice have been described as resistant to neurodegeneration 

and gliosis progression, whereas FVB strain is considered more vulnerable 

(Schauwecker and Steward 1997; McKhann et al. 2003; Kasugai et al. 2007). Although 

we have observed neuronal injury in both strains, FVB mice showed higher levels of 

neurodegeneration in all the analyzed brain areas compared to B6 counterparts.  

Mechanisms involved in neuroprotection could coincide with those associated 

to a lesser seizure behaviour or imply additional ones. Different studies have shown that 

a reduced number of seizures leads to decreased brain damage (Henshall et al. 2013) 

and other M-current activators such as retigabine have been proven to exert a 

neuroprotective role only when seizures were significantly attenuated (Friedman et al. 

2015). However, in our study we restricted our analysis to those mice reaching the most 

severe Racine stage (6) and observed that Tg.sgk1 brain injury was still reduced  or 

absent in some regions. Therefore, we hypothesized that there must be an additional 

protection mechanism beyond decreased seizure severity. Acute kinase inhibition with 

the specific inhibitor EMD638683 led to equal levels of neuronal death in both 

genotypes but, to further evaluate the role of M-current up-regulation on 

neuroprotection, we used a different approach. Acute pre-treatment with the specific 

Kv7-blocker XE991 gave us an insight into a potential additional role of SGK1.1. Animals 

treated with XE991 and KA showed similar levels of neurodegeneration between 

genotypes. Strikingly, transgenic mice still showed significantly reduced neuronal death 

levels in piriform cortex (Martin-Batista et al. 2021). Importantly, evidence suggests that 

piriform cortex (PIRC) represents one of the earliest sites of neuronal loss after SE 
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(Scholl et al. 2013) and that due to excitability and connectivity properties of the area it 

is considered to be implicated in seizure generation and propagation (for a review, see 

Vismer et al. 2015). Our results suggest that activation of SGK1.1 modulates pathways 

preventing neuronal death independently of its role in membrane Kv7 modulation. Also, 

the fact that pharmacological inhibition of the kinase abolished the neuroprotective 

effect rules out the possibility of the observed effects being a consequence of long-

term changes induced by the expression of the transgene. Different studies have 

demonstrated that seizure-induced neuronal loss can be diminished by molecular and 

pharmacological approaches limiting apoptotic cell death (Henshall et al. 2002; Roy et 

al. 2002). Interestingly, SGK1 isoforms share high homology to the catalytic domain of 

the well described anti-apoptotic kinase AKT (Kobayashi et al. 1999). Both AKT and its 

upstream activator PI3K have been demonstrated to reduce apoptosis and promote 

neuronal survival in the central nervous system (Datta et al. 1997; Crowder and Freeman 

1998). The ubiquitous isoform SGK1 shows cell-survival and anti-apoptotic effects 

(Brunet et al. 2001; Ferrelli et al. 2015) and has been linked to neuroprotection in stroke 

(McCaig et al. 2019; Wang et al. 2019). Here, we have shown that the mechanism 

underlying this observed SGK1.1-mediated protection against neuronal death relies at 

least partially on the role of this kinase as an anti-apoptotic factor in the brain.  First, our 

results show that SGK1.1 activation reduces H2O2-induced apoptosis similarly to AKT 

(Martin-Batista et al. 2021). Further, the existence of such homology makes it tempting 

to hypothesize that both kinases might share downstream substrates, including the anti-

apoptotic transcriptional factor Bim, which has been related to SE-induced brain 

damage along with FoxO3a and caspase-3 (Kim et al. 2014). In line with this hypothesis, 

we have now showed that activation of SGK1.1 in Tg.sgk1 mice reduces Bim protein 

levels in hippocampus and up-regulates the expression of Bcl-xL (Martin-Batista et al. 

2021). Importantly, both members of the Bcl-2 family have been described as key 

regulators of the mitochondrial (intrinsic) apoptotic pathway (Youle and Strasser 2008) 

and related to seizure-induced brain damage (Murphy et al. 2010; Kim et al. 2014). 

Increased levels of Bim have been found in mice and rats after KA-induced SE and 

Bim-deficient mice show reduced levels of neurodegeneration (Putcha et al. 2001; 

Murphy et al. 2010). Bim localizes to intracellular membranes, where it has been 

proposed to induce apoptotic cell death via caspase activation (O’Connor et al. 1998). 
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This proapoptotic effect is blocked by interaction with Bcl-xL, an anti-apoptotic factor 

found in mature neurons in the adult brain. Accordingly, Bcl-xL-deficient mice show 

massive neuronal cell death (Motoyama et al. 1995). Our results showing modulation of 

both factors in transgenic mice are consistent with the observed reduced levels of 

neurodegeneration associated to activation of SGK1.1. 

A potential implication of the anti-apoptotic role of SGK1.1 could be the 

existence of deleterious pro-proliferative effects (Brunet et al. 2001). In the framework 

of the observed neuroprotective effects of SGK1.1 activation, and taken into account 

previous reports of SGK1 effects (Anacker et al. 2013), we were especially concerned 

about the potential induction of aberrant hippocampal neurogenesis in the DG (Parent 

et al. 2006). It has been proposed that ectopic neurogenesis after seizure-induced 

damage could result in the alteration of neuronal electrophysiological properties, 

contributing to the generation of hyperexcitable circuits. This process has been 

involved in the maintenance of epileptic activity (Ribak et al. 2000; Parent et al. 2006). 

Conversely, some recent studies suggest that adult neurogenesis in the mouse DG 

might protect the hippocampus from neurodegeneration after PI-induced SE (Jain et al. 

2019). Our data did not reveal significant differences in the levels of ectopic 

neurogenesis in the DG of Tg.sgk1 vs. WT mice, ruling out this possibility. It would be 

interesting to address whether there is any difference in ectopic neurogenesis between 

transgenic and wild type mice after KA treatment, both in acute conditions as well in 

animals undergoing recurrent spontaneous seizures. 

Another common feature found in the resected hippocampi of TLE patients and 

animal models are proinflammatory mediators, reactive astrocytes and microgliosis, 

which might contribute to the disease development (Benkovic et al. 2004; Aronica et al. 

2007; Van Gassen et al. 2008; Ravizza et al. 2008; Zanuzzi et al. 2019). However, how 

non-neuronal cells act on the progression of epilepsy is still debated. Thus, while it is 

well known that glial cells have important roles on the reparation of neuronal tissue post-

injury, there are also some substances produced by astrocytes and microglia that can 

contribute to the neuropathological events in CNS diseases (for a clarifying review see 

Patel et al. 2019). For example, some studies have shown that levels of microgliosis and 

astrogliosis reach a peak at day 3 after KA-injection and then decrease at around day 
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7-9, consistent with the idea of inflammatory responses being necessary to repair the 

tissue (Zanuzzi et al. 2019). In contrast, animal models with genetically induced 

widespread gliosis and without other pathologies, developed spontaneous and 

recurrent seizures (Robel et al. 2015).  In the present work, we have demonstrated that 

while SGK1.1 is not expressed in astrocytes, its neuronal activation prevents reactive 

gliosis in transgenic mice independently of genetic background, limiting the extent of 

overall brain damage (Martin-Batista et al. 2021). Thus, our results support the idea that, 

at least in the animal model we studied, gliosis occurs as a consequence of neuronal 

death. In order to ensure that the results were not due to the injection itself, we also 

performed the gliosis analysis on saline injected mice, where we observed basal lower 

levels of reactive astroglia and microglia and no differences between genotypes (data 

not shown). 

Although epilepsy research has allowed to develop and improve different 

available treatments, there is still a great need for approaches able to control seizures 

in approximately 30% of the patients showing resistance to AEDs (Löscher and Schmidt 

2011). New strategies suitable to diminish and reduce brain damage after SE might 

help to prevent the progression of the disease as well as the deterioration of neuronal 

tissue, which is usually accompanied by a long list of comorbidities and psychiatric 

dysfunctions (Tellez-Zenteno et al. 2007; Elliott et al. 2009; Kanner et al. 2010). 

 

5.3 SGK1.1 activation up-regulates M-channel in presence of epilepsy mutations 

On this work we have validated previous results showing the up-regulating effect 

of SGK1.1 on heteromeric channel Kv7.2/3 (Miranda et al. 2013), expanded them to 

other homo- and heteromeric combinations such as Kv7.3/5 and, for the first time, we 

have evaluated the effect of constitutively active SGK1.1 (mutant S515D, used in our 

transgenic mouse model). Our results suggest that activation of the kinase does not 

lead to an additional effect on M-current in oocytes, which might be explained by the 

already high levels of expression and/or activation state of wild type SGK1.1 once 

injected. Thus, we would be observing the maximum response already with wild type 

SGK1.1. 
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Regarding homomeric channels, we have shown that SGK1.1 fails to up-regulate 

Kv7.4 alone and, in fact, it produced an inhibitory effect at some prepulses of voltage. 

Importantly, Kv7.4 is a subunit mainly expressed in smooth muscle and ear, in contrast 

to the neuronal expression of SGK1.1 what makes it quite improbable to find a 

physiological situation where both proteins can be co-expressed and working together. 

However, some experiments have suggested low levels of expression in heart, brain 

and skeletal muscle and demonstrated that Kv7.4 assembles with Kv7.3 to produce a 

current comparable to M-current (Kubisch et al. 1999). Therefore, it would be interesting 

to address the effect of the kinase in presence of the heteromeric channel Kv7.3/4. 

SGK1.1 enhanced heteromeric Kv7.3/5 currents like heteromeric Kv7.2/3, supporting 

the need of heteromeric channel assembly to observe SGK1.1 effect as demonstrated 

before (Miranda et al. 2013). Given that SGK1-1 appears to up-regulate heteromers by 

stabilizing them in the membrane (Miranda et al. 2013), the lack of effect in homomeric 

channels suggests that their membrane stability may be regulated through a different 

pathway. It is important to note that Kv7.5 is expressed in brain, can form heteromeric 

channels with Kv7.3 and yields currents that can be inhibited by M1 muscarinic receptor 

activation (Schroeder et al. 2000). Therefore, the ability of SGK1.1 to up-regulate 

Kv7.3/5-elicited M-currents may be responsible for some of the anti-convulsant activity 

of the kinase. In fact, some studies demonstrating activation of Kv7.3/5 by retigabine 

suggested it could constitute a molecular target for this agent along with Kv7.2/3 

(Wickenden et al. 2001).  

Importantly, SGK1.1 was not able to modulate the major repolarizing cardiac 

current elicited by Kv7.1/KCNE1, ruling out the possibility of adverse side effects due 

to cardiac currents modulation. Although retigabine does not target cardiac potassium 

channels either (Gunthorpe et al. 2012), it targets Kv7 subtypes expressed in the 

periphery, such as the urothelium, provoking dysuria and other adverse effects (Clark 

et al. 2015). SGK1.1 is a very promising therapeutic target for epilepsy as it shares the 

mechanism of action of retigabine without the risk of activating potassium channels 

expressed in non-neuronal cell types. In any rate, this is a remote possibility since we 

have not detected SGK1.1 expression outside neurons. 
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As previously mentioned, among the different causes for epilepsy, genetic 

mutations affecting the functionality of Kv7.2-5 channels have been described in 

diverse forms of the disease. Herein, we have assessed the ability of SGK1.1 to up-

regulate the M-current in the presence of two epilepsy mutations. Our results show that 

only when the kinase is constitutively active it can significantly up-regulate both, 

Kv7.2(R207W) and Kv7.2(A306T). Mutation R207W neutralizes a charged amino acid 

residue within the channel’s voltage sensor domain and slows the voltage-sensor 

dependent activation, which can be easily perceived from the detected macroscopic 

currents. Moreover, and based on our results herein, it seems to yield to reduced protein 

expression at least in heterologous systems. This mutation results in BFNC and 

myokymia (Dedek et al. 2001). Myokymia results from hyperexcitability of the lower 

motor neurons where Kv7.2 seems to be expressed. Therefore, the effects of R207W 

are not limited to the brain. Further studies to examine the expression of SGK1.1 in the 

peripheral nervous system would be valuable. A306T is located in S6 segment and is 

associated to BFNC. As in the case of R207W, we have demonstrated herein that the 

presence of this modification in Kv7.2 provokes a reduction in the protein expression 

levels. Thus, our findings might contribute to the diagnosis of patients carrying these 

mutations because, other than being affected by the inner malfunction of the mutated 

channel, we can now suggest that the expression of the protein and the ability of wild 

type SGK1.1 to up-regulate it are disturbed. Therefore, activated SGK1.1 could 

constitute a strategy to increase the M-current in the presence of mutations that diminish 

this potassium current. Whether or not pharmacological activation of SGK1.1 might 

constitute a potential therapeutic approach should be further addressed.  

As part of our interest in further understanding the effect of these mutants on 

SGK1.1 mechanism of action, we evaluated the physical proximity between the kinase 

and the channel by PLA. Our results demonstrated the molecular association of SGK1.1 

with homo- and heteromeric Kv7.2/3, although PLA signals were significantly enhanced 

in heteromeric assembly conditions compared to homomeric Kv7.3. These findings 

support previous reports showing that SGK1.1 is only able to up-regulate the channel 

in heteromeric assembly (Miranda et al. 2013). The fact that SGK1.1 still associates to, 

but fails to regulate homomeric channels further supports our hypothesis that the 

mechanism controlling their plasma membrane levels is different from the one 
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regulating heteromeric combinations of Kv7 subunits. Association of SGK1.1 to the 

heteromeric channel was significantly impaired by the inactive mutant SGK1.1(K220A), 

suggesting that the catalytic activity of the kinase is crucial for its interaction with the 

channel and in agreement with previous results (Miranda et al. 2013). In addition, we 

were able to detect association of Nedd4-2 to SGK1.1 and, most importantly, to Kv7 

channels in a SGK1.1-dependent manner. As observed in section 1, our results 

demonstrate the ability of SGK1.1 to increase phosphorylation of Nedd4-2 at residue 

Ser448 (Armas-Capote et al. 2020), similarly to SGK1. Ser448 phosphorylation is known 

to repress ubiquitination activity of Nedd4-2 (Debonneville et al. 2001), and might 

prevent M-channel degradation, stabilizing it in the membrane. Consistently, SGK1.1 is 

able to displace Nedd4-2 from its interaction with the M-channel.  

Interestingly, co-expression of SGK1.1 with Kv7.2 epilepsy mutants produced 

divergent results. R207W mutant led to significant reduced levels of association to 

SGK1.1, which may be explained by the reduced channel subunit expression 

associated to the mutation. However, mutant A306T did not alter the association with 

the kinase, even in the presence of reduced protein abundance. Therefore, it appears 

that overall Kv7 subunit abundance is not a predictor of SGK1.1 association, which may 

be compartment-specific and depend on the relative abundance of the channel in the 

plasma membrane vs. intracellular compartments. In contrast, association between 

Nedd4-2 and Kv7 was significantly reduced in the presence of both epilepsy mutations. 

It may be that the presence of these mutations in the aminoacidic chain of the channel 

disturbs the ability of Nedd4-2 to interact with it. From this, it would be expected that 

the levels of expression at the membrane were higher and the currents were bigger. 

Nevertheless, currents elicited by these mutants are smaller than wild type which might 

be explained by the nature of the mutations and/or their lower expression levels. 

Regarding R207W, its interaction with SGK1.1 is significantly reduced compared to the 

WT channel although still significantly increased compared to the control. Therefore, 

given that interaction between Nedd4-2 and Kv7.2/3 diminishes in presence of this 

mutation, it could be that the complex composed by the three proteins breaks out and, 

although SGK1.1 interacts with Nedd4-2, the proximity with the channel is disturbed, 

explaining the lower levels of association observed between them.  
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In summary, it seems clear that SGK1.1 can still interact with the M-channel 

independently of the presence of Nedd4-2 in the complex. Because the protein 

expression levels of the channel in injected Xenopus oocytes were significantly reduced 

in presence of both mutations and because we did observe an up-regulating effect of 

the M-current by SGK1.1(S515D), we now wonder if there is any additional role of the 

kinase independent of Nedd4-2 pathway. For example, direct phosphorylation of the 

channel. Previous data from our lab have already elucidated that the inactive kinase 

K220A does not produce any effect on the M-channel (Miranda et al. 2013). Thus, 

altogether it seems that the kinase activity is needed for the up-regulation of the 

channel. Kv7 channel presents interaction sites for the phosphorylation reactions on 

serine, threonine and tyrosine residues (Ismailov and Benos 1995). For instance, the 

cytoplasmic N-terminal domain of Kv7.2 contains a consensus site for cAMP-dependent 

phosphorylation by PKA that is required for its stimulation by cAMP (Schroeder et al. 

1998) and mass spectrometry studies have revealed different sites in S4-S5 loop of 

Kv7.2/3 within a sequence highly conserved among KCNQ family members (Surti et al. 

2005). PKA phosphorylation consensus sequence overlaps with that of SGK1, and not 

only phosphorylates Kv7 but also Nedd4-2 at the same sites as SGK1. Hence it would 

be possible that SGK1.1 phosphorylates the channel likewise (Snyder et al. 2004). As 

it has been proposed for SGK1 (Bongiorno et al. 2011), it may be that SGK1.1 can 

interact directly with the RXRXXS/T consensus motif in the subunits of ion channels 

and/or via its PY motif indirectly with Nedd4-2. It would be convenient to test whether or 

not SGK1.1 is able to phosphorylate Kv7 channel subunits even though, so far, the 

consensus phosphorylation motif of SGK1 is not present neither in Kv7.3 nor in Kv7.2. 

This motif is identical to AKT’s as expected from their similar catalytic domains. The use 

of specific antibodies targeting this motif has allowed the identification of AS160 as a 

substrate of AKT containing one Rab GAP (GTPase activating protein) domain (Kane et 

al. 2002). Rab proteins family are involved in membrane trafficking. Whether or not these 

proteins are also substrates of SGK1.1 should be addressed if we are to shed some 

light onto alternative mechanisms up-regulating the M-channel.  

It is clear from our data that the interaction between SGK1.1/Nedd4-2/Kv7 is 

complex and may depend not only on total protein abundance, but also on enzymatic 

activity, subcellular localization and the presence or absence of certain epilepsy 
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mutations. Regardless of the mechanism, the fact that SGK1.1(S515D) significantly up-

regulates the current might constitute a therapeutic target for patients carrying these 

mutations. 

 

5.4 Summary, limitations, and future perspectives 

The results presented on this thesis, together with other findings already 

published by our group, demonstrate that the expression of a constitutively active form 

of SGK1.1 constitutes a strategy to reduce seizures along with a wide spectrum of 

epilepsy-related alterations, including neuronal injury and gliosis.  How well our results 

translate to human disease remains unexplored, but TLE models of epilepsy including 

the KA model, have been extensively used for the screening of AEDs that might be 

useful to treat drug resistant epilepsy (Löscher 2017). For example, carbamazepine and 

topiramate have been tested in systemic administered KA models of TLE (Grabenstatter 

et al. 2005; Grabenstatter et al. 2007; Ali et al. 2012; Grabenstatter and Dudek 2019). 

However, given the marked differences found between models, it is recommended to 

test on a series of models that contribute to the identification of specific limitations. In 

our case, the use of different models allowed us to gain further information regarding 

the mechanism of action of SGK1.1, although the protective effect of the transgene was 

only observable in the KA paradigm. 

Also, it is important to consider that the transgenesis system that we have used 

maintains the endogenous promoter of the Sgk1 gene and therefore the expression of 

the different isoforms follows their physiological patterns. Although it has been proven 

that SGK1.1 is the most abundant form in the brain (Arteaga et al. 2008), our model 

makes it difficult to attribute the observed anticonvulsant and neuroprotective effects 

exclusively to the presence of the neuronal isoform. Therefore, side effects due to SGK1 

activity should also be considered. For instance, several reports mention the pro-

proliferative effect of SGK1, which might lead to cancer, fibrosis and ectopic 

neurogenesis (Terada et al. 2008; Fagerli et al. 2011; Hall et al. 2012; Anacker et al. 

2013). Nevertheless, no abnormal tumorigenesis has been observed in our mice (Sierra 

Ramos 2017) and we have not found increased ectopic neurogenesis compared to wild 

type mice. However, B6.Tg.sgk1 have shown levels of hypertension significantly higher 
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compared to B6.WT in a context of high-fat diet (Sierra Ramos 2017), indicating a 

potential complication of systemically increasing SGK1 activity. In addition, modulation 

of M-current has been related to some behavioral alterations (Fontán-Lozano et al. 

2011; Hayashi et al. 2014) that should be considered when analyzing a new AED 

targeting the M channel. Our group performed a series of behaviour experiments 

showing no effect of the transgene in memory, anxiety-related conduct or locomotor 

and exploratory activity (Armas-Capote 2017). With all this, we propose to work on the 

design of specific SGK1.1 activators or agents able to reproduce its mechanism of 

action. M-current up-regulation remains as a very promising strategy that is being 

explored in order to develop more efficient AEDs after retigabine and flupirtine retrieval 

off the market (Surur et al. 2019). As mentioned before and based on our results, 

investigating the ability of SGK1.1 to phosphorylate Kv7 is likewise interesting and might 

open new therapeutic approaches. Different experimental approaches exist to evaluate 

the presence of particular phosphorylation modifications, including the design of 

specific antibodies, a technique already optimized in our group.  

Regarding protection against brain damage, our results clearly support the 

hypothesis of SGK1.1 exerting an anti-apoptotic role that modulates different mediators 

of cell death associated to SE-induced brain injury. Kim et al., (2014) found that SE 

reduced the interaction between AKT and FoxO3a, leading to the consequent up-

regulation of Bim. Similarly, it would be possible that the effect of SE in our TLE model 

has been restrained by SGK1.1, which might be targeting FoxO3a for phosphorylation 

and therefore yielding to the observed decreased levels of Bim in hippocampus from 

Tg.sgk1 mice. Modulation of apoptotic factors is supported by the observed reduction 

in neurodegeneration and gliosis, both measured 3 days after KA. In order to assess 

the effect of neuroprotection on epileptogenesis, it would have been interesting to 

evaluate behaviour and SRSs appearance in WT and Tg.sgk1 mice along time. 

Development of a chronic model of epilepsy to further evaluate these processes can be 

suggested from this work as a new line of study.  

The electrophysiological study using Xenopus oocytes has allowed us to 

elucidate the potential ability of SGK1.1 to up-regulate the M-channel in presence of 

epileptogenic mutations. However, a step further would be to address this question in 
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animal models expressing these mutations. Treatment of these mice with an M-current 

activator such as retigabine could give us a first insight and the design of a SGK1.1 

activator would be greatly valuable to advance on the study of its potential as 

therapeutic target in epileptic conditions related to these mutations. A novel project 

could in fact originate from this basis.  
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6. CONCLUSIONS 

1. M-current up-regulation is the key mechanism for SGK1.1-mediated 

protection against KA-induced seizures, independently of genetic 

background 

2. SGK1.1 limits brain damage after SE through M-current-dependent and 

independent mechanisms, being the latter due to its antiapoptotic 

activity.  

3. Activated SGK1.1 rescues the activity of mutant Kv7.2/3 channels 

containing epileptogenic mutations. 

4. We propose SGK1.1 as a potential therapeutic target to treat 

hyperexcitability related disorders like epilepsy. 
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