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Abstract 

Amyotrophic lateral sclerosis (ALS) is a progressive neurological disorder of the 

central nervous system characterized by loss of motor neurons and voluntary muscle 

degeneration. Astrocytes play a major role in regulation of the disease onset and 

progression due to their intimate association with neurons. Regulation of ionic 

homeostasis is one of their key functions and its failure has been linked to several 

neurological diseases. The aim of this thesis was to explore differences in membrane 

properties of astrocytes in ALS. To fulfill this aim, a double transgenic mouse strain with 

ALS-like phenotype and a specific expression of enhanced green fluorescent protein 

in astrocytes was generated. To phenotype this strain, two sensorimotor tests, wire grid 

hang test and rotarod test, were conducted. Immunohistochemistry was used 

to characterize the strain on a cellular level and to explore changes of specific ion 

channels. Functional properties of astrocytes were explored using the patch clamp 

technique. The double transgenic strain has the characteristic ALS-like phenotype and 

is comparable to the original strain with differences in symptom onset and progression 

between models and sexes. On the cellular level, there are characteristic ALS features, 

specifically loss of motor neurons and astrogliosis. Mutant cells have higher input 

resistance and lower membrane capacitance compared to controls, but we observed 

no changes in membrane potential. Mutants have lower incidence of inwardly rectifying 

K+ currents and higher amplitude of delayed outwardly rectifying K+ currents compared 

to controls. We also observed decreased immunostaining of Kir4.1 channel subunit 

in the brain of mutant mice compared to controls. 

Key words: amyotrophic lateral sclerosis; astrocytes; membrane properties; 

electrophysiology; patch clamp; immunohistochemistry; wire grid hang; rotarod 

 

 

  



 

 

Abstrakt 

Amyotrofická laterální skleróza (ALS) je progresivní neurodegenerativní 

onemocnění nervové soustavy. Toto onemocnění je charakteristické ztrátou motorických 

neuronů a odumíráním kosterního svalstva. Astrocyty hrají roli v regulaci nástupu 

a progresi onemocnění díky jejich asociaci s neurony. Jednou z klíčových funkcí 

astrocytů je regulace iontové homeostázy. Deregulace tohoto procesu je spojená s řadou 

neurologických onemocnění. Cílem této práce bylo prozkoumat rozdíly v membránových 

vlastnostech astrocytů v ALS. Za tímto účelem jsme vygenerovali dvojitě-transgenní 

myší model s fenotypem podobným průběhu ALS a specifickou expresí zeleného 

fluorescenčního proteinu v astrocytech. K charakterizaci fenotypu tohoto modelu jsme 

použili dva sensorimotorické testy: wire grid hang test a rotarod test. Pomocí 

imunohistochemických metod jsme dále charakterizovali tento model na buněčné úrovni 

a prozkoumali expresi konkrétního iontového kanálu. Elektrofyziologické vlastnosti 

astrocytů jsme charakterizovali pomocí metody terčíkového zámku. Námi vygenerovaný 

dvojitě-transgenní model má charakteristický ALS fenotyp na úrovni celého organismu 

a je srovnatelný s původním ALS modelem, nicméně s rozdíly v nástupu a průběhu 

onemocnění. Tento model má charakteristický ALS fenotyp také na buněčné úrovni, kde 

dochází ke ztrátě motorických neuronů a rozvoji astrogliózy. Mutantní astrocyty mají 

vyšší vstupní odpor a nižší membránovou kapacitanci než kontrolní astrocyty, ale neliší 

se v membránovém potenciálu. Mutantní astrocyty mají nižší incidenci dovnitř 

usměrněných K+ proudů a vyšší amplitudu opožděných vně usměrněných K+ proudů 

v porovnání s kontrolními astrocyty. Také jsme pozorovali redukci v barvení kanálové 

podjednotky Kir4.1 v mozku mutantních myší v porovnání s kontrolami. 

Klíčová slova: amyotrofická laterální skleróza; astrocyty; membránové vlastnosti; 

elektrofyziologie; metoda terčíkového zámku; imunohistochemie; wire grid hang; rotarod 
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aCSF   artificial cerebrospinal fluid 
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ALS   amyotrophic lateral sclerosis 

ATP   adenosine triphosphate 

AQP4   aquaporin 4 

Best1   bestrophin1 

CK1δ   casein kinase 1 delta 

ClC-2/4/5  chloride channel protein 2/4/5 

CNS   central nervous system 
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Cx   connexin 

C9ORF72  chromosome 9 open reading frame 72 

DAPI   4’,6-diamidino-2-phenylindole 

DNA   2’-deoxyribonucleic acid 

EAAT1/2  excitatory amino acid transporter 1/2 

Ek   equilibrium potential 

ER   endoplasmic reticulum 

fALS   familial amyotrophic lateral sclerosis 

FUS   fused in sarcoma 

GABA   γ-aminobutyric acid 

GEF   guanine nucleotide exchange factor 

GFAP   glial fibrillary acidic protein 

GLAST  glutamate aspartate transporter 

GLT-1   glutamate transporter 1 

HCN   hyperpolarization-activated cyclic nucleotide-gated channels 

ICS   intracellular recording solution 

InsP3R   inositol 1,4,5-trisphosphate receptor 

KCC1   K+/Cl- cotransporter 1 

KA   fast activating and inactivating current or A-type K+ current 

KDR   delayed outwardly rectifying K+ current 

KIR   inwardly rectifying K+ current 

Kir   inwardly rectifying K+ channel 



 

 

Kv   voltage-gated K+ channel 

K2P   two-pore domain K+ channel 

MCT1   monocarboxylate transporter 1 

mSOD1  mutated superoxide dismutase 1 

NBC   sodium-bicarbonate cotransporter 

NDRG2  N-myc downstream-regulated gene 2 

NeuN   neuronal nuclei 

NHE-1   sodium-proton antiporter 1 

NKCC1  Na+/K+/2Cl- cotransporter 1 

OPC   oligodendrocyte precursor cell 

PBS   phosphate-buffered saline 

PCR   polymerase chain reaction 

PFA   paraformaldehyde 

PTB   pentobarbital 

P-loop   pore loop 

RMP   resting membrane potential 

RNA   ribonucleic acid 

ROS   reactive oxygen species 

RyR   ryanodine receptor channel 

sALS   sporadic amyotrophic lateral sclerosis 

SOD1   superoxide dismutase 1 

S100β   S100 calcium-binding protein β 

TDP-43  transactive response DNA-binding protein 43 

TALK   alkaline-sensitive K+ channel 

TASK   acid-sensitive K+ channel 

THIK   halothane-inhibited K+ channel 

TREK   lipid-sensitive mechano-gated K+ channel 

TRESK  fatty acid inhibited calcium activated K+ channel 

TRP   transient potential receptor channel 

TWIK   weak inwardly rectifying K+ channel 

VRAC   volume-regulated anion channel
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1 Introduction 

Amyotrophic lateral sclerosis (ALS) is a progressive neurological disorder of the 

central nervous system (CNS) characterized by the loss of motor neurons. Research focus 

in the last three decades has shifted from neurons to glial cells. Being the most abundant 

glial cell type in the CNS, astrocytes perform variety of different functions. These include 

regulation of extracellular ionic homeostasis and clearance of excessive potassium from 

the synaptic cleft. The goal of this thesis is to explore the changes in electrophysiological 

properties of astrocytes in the pathology of amyotrophic lateral sclerosis. 

2 Amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis was first described by Jean-Martin Charcot in 1869 

(hence the original name for ALS – Charcot’s disease). ALS is also known 

as Lou Gehrig’s disease (named after Henry Louis Gehrig, a professional American 

baseball player who died to ALS in 1941) or Motor Neuron Disease. However, the term 

“motor neuron diseases” also stands for a group of neurodegenerative diseases of which 

amyotrophic lateral sclerosis is the most common one. Hallmark of ALS is the loss 

of both upper and lower motor neurons in the brain cortex, brain stem and spinal cord. 

Loss of motor neurons results in skeletal muscle denervation and degeneration. 

This eventually leads to death due to failure of respiratory muscles. In majority of cases, 

life expectancy varies from 3 to 5 years after disease onset. 

ALS is usually classified as sporadic (sALS) or familial (fALS). About 10 % of 

individuals affected by ALS have at least one family member diagnosed with ALS 

and  are defined as having familial ALS. Sporadic form occurs without a family history 

and accounts for about 90 % of all ALS cases. However, up 10 % of sALS cases are 

linked to a mutation of specific gene and/or have a genetic background (reviewed by 

Chen et al. 2013). 

Global incidence of ALS is estimated to be between 1-2 people per 100 000, while 

the prevalence of ALS is about 5 people per 100 000, however these numbers vary 

slightly between sexes, different populations, nationalities and ages. Men are more likely 

to develop ALS. Risk of ALS development increases with age, most cases are diagnosed 

between the ages 50 and 70 (reviewed by Longinetti and Fang 2019). Though ALS 
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is relatively rare in human population, it is a disease with fast progression and 100% 

mortality. 

Though described more than 150 years ago, treatment options are still very limited 

and are mostly based on symptom management, respiratory support and increasing the 

quality of life. Only two drugs are currently approved for the treatment of ALS: Riluzole 

and Edaravone. Riluzole was believed to act on glutamate receptors (Doble 1996), 

however recent study has described its role in regulation of trans-active response 

DNA-binding protein 43 (TDP-43) via inhibition of casein kinase 1 delta (CK1δ; Bissaro 

et al. 2018). Edaravone is believed to be an antioxidant (Yamamoto et al. 1996; 

Pérez-González and Galano 2011; Jami et al. 2015), though its mechanism of function 

is not fully understood. However, these drugs provide only mild benefits in terms 

of increasing life expectancy. Therefore, ALS patients mostly rely on supportive care and 

symptomatic treatment (reviewed by Ng et al. 2017). 

Research directions mostly comprise clinical trials of new disease-modifying 

agents. In the past, vast majority of the tested compounds were shown not to affect the 

disease progression. In the last years however, several compounds have been shown 

to have clinical efficacy and it is possible that some of these drugs will be approved for 

treatment of ALS in the near future (reviewed by Filipi et al. 2020). Other therapeutic 

approach are cell-based therapies. Most of the trials again suffered from being 

underpowered and failed to show the clinical efficacy (reviewed by Goutman et al. 2019) 

with the exception of NurOwn, a mesenchymal stem cell therapy (Petrou et al. 2016; 

Gothelf et al. 2017) which is currently being evaluated in a large-scale Phase III trial 

(trial ID#: NCT03280056). More recently, several trials explored and discovered possible 

benefits of gene therapies in the treatment of fALS, including Tofersen (T. M. Miller 

et al. 2013), miQure (Martier et al. 2019) and VM202 (Sufit et al. 2017). 

2.1 Genetics 

Mechanisms responsible for causing the sporadic form of ALS have not yet been 

identified, however multiple risk factors have been suggested, including smoking, 

military service and exposure to heavy metals (reviewed by Nowicka et al. 2019). Variety 

of genetic factors have been shown to directly cause or contribute to ALS onset and 

progression. Though a lot of genes associated with ALS were discovered, the mechanisms 

which ultimately lead to motor neuron degeneration remain elusive. Mechanisms and 
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pathways suggested to be dysregulated in ALS include glutamate excitotoxicity, protein 

misfolding and aggregation, mitochondrial dysfunction, oxidative stress, cellular 

transport, activation of microglia and astrocytes, neuroinflammation and disruption 

in axonal and cytoskeletal dynamics. Recently, research focus shifted towards alterations 

in genes involved in RNA metabolism, such as TARDBP and FUS, which are often 

mutated in ALS (reviewed by Mejzini et al. 2019). Genes most frequently associated with 

ALS are presented in Table 1. 

In humans, the gene that encodes for a protein superoxide dismutase 1 is SOD1. 

Mutations in SOD1 were the first directly associated with ALS (Rosen et al. 1993) and 

are responsible for approximately 20 % of familial ALS cases. SOD1 can be found 

in cytoplasm and intermembrane space of the mitochondria. It catalyses the conversion 

of dangerous superoxide radical into oxygen and hydrogen peroxide and thus reduces the 

amount of reactive oxygen species in the cell. Though it was initially believed that the 

ALS phenotype is caused by the loss of enzymatic activity, later studies have shown that 

the SOD1 toxicity is rather gain-of-function and is independent of the dismutase activity 

(Bruijn et al. 1998). Still, SOD1 mutations result in increased oxidative stress and 

mitochondrial dysfunction. The precise mechanism through which mutant SOD1 

(mSOD1) promotes motor neuron degeneration is still unknown. Mutations in this protein 

result in improper folding, which propagates in a prion-like manner, leading to formation 

of ubiquitinated inclusion bodies in the cytoplasm (Bruijn et al. 1998). Mutated SOD1 

induces motor neuron degeneration via non-cell-autonomous pathways, as expression of 

mSOD1 specifically in motor neurons is not sufficient to cause the disease onset 

(Yamanaka et al. 2008a). However, mSOD1 induces motor neuron degeneration when 

specifically expressed in astrocytes (Yamanaka et al. 2008b). In line with these findings, 

delay in the disease onset and/or progression was observed when the mSOD1 was 

selectively downregulated or silenced in astrocytes (L. Wang, Gutmann, and Roos 2011), 

microglia (Boillée et al. 2006) or oligodendrocytes (S. H. Kang et al. 2013), further 

supporting the idea of non-cell-mediated toxicity. Mutations in SOD1 are believed to 

induce toxicity via various mechanisms, including excitotoxicity, endoplasmic reticulum 

(ER) stress, increased production of reactive oxygen species (ROS), impaired axonal 

transport and mitochondrial dysfunction (reviewed by Hayashi, Homma, and Ichijo 

2016). 
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FUS is a gene that encodes for fused in sarcoma protein (FUS), which is 

a DNA/RNA-binding protein. Mutations in FUS are responsible for approximately 5% of 

fALS cases. FUS protein plays a role in nucleocytoplasmic transport (Zinszner 

et al. 1997), regulation of gene expression (reviewed by Ratti and Buratti 2016), 

formation of paraspeckles (Hennig et al. 2015) and DNA damage response (Mastrocola 

et al. 2013; W. Y. Wang et al. 2013). Mechanism by which FUS promotes ALS 

in currently unknown. Mutations in FUS are associated with translocation of FUS from 

nucleus to the cytoplasm, which can lead to aberrant aggregation and impaired stress 

granule function (Vance et al. 2009; 2013). However, there is still debate whether FUS 

promotes ALS by the loss of its RNA-binding function (Shelkovnikova et al. 2013; 

Robinson et al. 2015) or by its increased accumulation in the cytoplasm (Scekic‐Zahirovic 

et al. 2016; Sharma et al. 2016). 

TARDBP is a gene that encodes for a protein TDP-43, which is a DNA/RNA-

binding protein that is localized both in the cytoplasm and the nucleus (Ayala et al. 2008). 

Mutations in TARDBP are responsible for approximately 5 % of familial ALS cases. 

TDP-43 function shares a lot of similarities with FUS protein. Same as FUS, TDP-43 

plays a role in regulation of gene expression (Tollervey et al. 2011; reviewed by Ratti and 

Buratti 2016) and DNA damage response (Mitra et al. 2019). Expression of TDP-43 is 

strictly regulated and disruptions in TDP-43 homeostasis lead to various cellular and 

organism deficits. Knockout of TARDBP is lethal both in embryonic development 

(L. S. Wu et al. 2010) and adult mice (Chiang et al. 2010) and overexpression of TDP-43 

leads to neurodegenerative phenotype (Stallings et al. 2010; Xu et al. 2011). Similar to 

FUS, mutated TDP-43 can also form aggregates in the cytoplasm, as TDP-43 

redistribution and ubiquitinated cytoplasmic occlusion are present in familial 

TARDBP-ALS (T. Arai et al. 2006; Neumann et al. 2006). TDP-43 is also sometimes 

present in cytoplasmic aggregates in sALS (Takeuchi et al. 2016). 



 

 

Table 1. The genetics of ALS (Taylor, Brown and Cleveland 2017; edited) 
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C9ORF72 is a gene that encodes for a protein chromosome 9 open reading frame 

72 (C9ORF72). Its function was only recently discovered, and it is believed to be 

a guanine nucleotide exchange factor (GEF), likely having a role in endosomal trafficking 

(Farg et al. 2014), autophagy (Webster et al. 2016) and regulation of the immune system 

(Burberry et al. 2016). Unlike mutations in other genes associated with ALS, mutations 

in C9ORF72 are intronic expansions of hexanucleotide repeat GGGGCC (Renton 

et al. 2011). While there are usually only few copies of these expansions in healthy 

individuals, they appear in orders of hundreds or thousands in ALS patients. Mutated 

C9ORF72 accumulates in the nucleus in structures called RNA foci, sequestering 

RNA-binding proteins and generally affect RNA processing. At the same time, non-ATG 

translation of the repeats results in production of dipeptide chains that form inclusion 

bodies in the cytoplasm (reviewed by Todd and Petrucelli 2016). Mutations in C9ORF72 

are responsible for approximately 20 % of familial ALS cases and, interestingly, up to 

10 % of sporadic ALS cases. 

2.2 Animal models 

Mice with SOD1-G93A mutation were the first ALS model, in which glycine 

on position 93 was substituted by alanine (Gurney et al. 1994). This mouse model is the 

most widely used model for the study of ALS. It is characterized by the 4-fold increase 

expression of mutant human SOD1 (hSOD1) under the control of human SOD1 promoter, 

which induces an ALS-like phenotype similar to that in humans. Mice with this mutation 

face relatively fast phenotypic progression, with the lifespan of approximately 19 to 23 

weeks. Unlike in human ALS cases, hSOD1-G93A in mice always results first in the loss 

of spinal cord motor neurons. On the phenotype level, this is represented by the paralysis 

of the hind limbs, while function of the front limbs remains relatively unaffected until 

later stages (Gurney et al. 1994; Chiu et al. 1995; Wooley et al. 2005). 

Besides mouse model carrying SOD1 mutations, many rodent models with variety 

of mutations in different genes were produced. These represent mostly models with 

mutations in genes described in chapter 2.1: FUS, TARDBP and C9ORF72. While mouse 

models are the ones most commonly used in ALS studies, other models also exist, 

including Danio rerio, Drosophila melanogaster, Caenorhabditis elegans and various 

cell cultures. Each model has its own advantages and disadvantages (reviewed by Gois 

et al. 2020). 
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2.3 Molecular mechanisms 

The degeneration and death of motor neurons in the CNS is the hallmark of ALS. 

Their degeneration results in denervation of skeletal muscle and muscle atrophy, which 

ultimately leads to death of the patient due to the dysfunction of respiratory muscles. 

Surprisingly, neurons innervating bowel, bladder and extraocular muscles are usually 

spared until the late stages of the disease (Nübling et al. 2014; McLoon et al. 2014). 

Common feature of ALS in humans is the presence of ubiquitinated inclusions in neurons 

with TDP-43 as the major component (Neumann et al. 2006). Other processes 

dysregulated in neurons include mitochondrial dysfunction and oxidative stress, 

endoplasmic reticulum stress, protein misfolding and impaired axonal transport (reviewed 

by Robberecht and Philips 2013). 

On the cellular level, motor neuron degeneration results from disrupted interplay 

between neurons and glial cells, but specific mechanisms of this process are yet to be 

elucidated (Figure 1). Generally speaking, activation of microglia (microgliosis) leads to 

activation of astrocytes (astrogliosis) via the production of soluble cellular factors 

Astrogliosis includes increased proliferation, changes in morphology and altered gene 

expression profile. Similar to microglia, activated astrocytes can acquire either 

neurotrophic A2 or cytotoxic A1 phenotype, depending on the activating factors and state 

of the disease (Liddelow et al. 2017). Loss of oligodendrocytes is accompanied 

by increased proliferation of oligodendrocyte precursor cells (OPCs), however those 

appear to be dysfunctional both in terms of myelination and trophic support. 

As myelinating oligodendrocytes allow saltatory conduction and also provide trophic 

support for neurons, loss of these functions directly contributes to the motor neuron death 

(Y. Lee et al. 2012; Toomey and Mitchell 2016; Philips et al. 2013). The reason why ALS 

does not affect other neuronal subtypes besides motor neurons is unknown. 

Though motor neurons are the primary cell type affected in ALS, other cell types 

unquestionably contribute to the induction and progression of this disease. In last decade, 

the attention turned towards glia cells, namely astrocytes, as these cells provide numerous 

homeostatic functions, which are essential for proper neuronal functioning. Their failure 

in maintaining CNS homeostasis might trigger the disease or contribute to its progression. 

Evidence for their involvement in ALS came from studies on genetic models, in which 

the motor neuron-specific expression of mutant genes does not result in loss of motor 
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neurons (Pramatarova et al. 2001; Lino, Schneider, and Caroni 2002). In addition, 

astrocytes derived both from mice models and human ALS patients are directly toxic to 

motor neurons (Nagai et al. 2007; Haidet-Phillips et al. 2011). Activated ALS astrocytes 

likely induce death of motor neurons by the combined action of several mechanisms. 

These include altered synaptic function and glutamate uptake (Howland et al. 2002; Pardo 

et al. 2006; Gibb et al. 2007; Van Damme et al. 2007), impaired trophic support 

(Ferraiuolo et al. 2011), production of soluble factors directly toxic to neurons (Hensley 

et al. 2006; Haidet-Phillips et al. 2011) and induction of necroptosis (Re et al. 2014). 

In addition, activated astrocytes may also directly cause the death of oligodendrocytes 

(Liddelow et al. 2017), which contributes to motor neuron death.  

 

Fig. 1. Schematic representation of the main cellular processes disrupted in ALS. Major processes 

dysregulated in ALS pathology include disrupted protein quality control (a), activation of microglia (b), 

loss of trophic support (c), glutamate excitotoxicity (d), cytoskeletal defects (e) and altered RNA 

metabolism (f)(Taylor, Brown, and Cleveland 2017; edited). 
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3 Astrocytes 

Astrocytes are the most abundant glial cell type in the CNS. They are 

characterized by morphological, molecular, and functional heterogeneity, depending on 

the location in the CNS. Because astrocytes fulfil various important roles in the CNS, 

their dysfunction has been linked to various pathological states and neurodegenerative 

diseases such as stroke, epilepsy, Alzheimer’s disease, Huntington’s disease, Parkinson’s 

disease or Down’s syndrome (reviewed by Pekny et al. 2016; Dossi, Vasile, and Rouach 

2018). They are also the primary source of brain tumors (Furnari et al. 2007). As this 

thesis focuses on ALS-related changes in astrocyte electrophysiology, following chapters 

will primarily cover functions of astrocytic channels and transporters which underlie 

astrocyte electrophysiological properties, and will also cover astrocytic functions related 

to this topic. 

3.1 Morphology and structure 

Historically, astrocytes have been divided into two main groups based on their 

distinct morphology: protoplasmic and fibrous astrocytes (R. H. Miller and Raff 1984). 

Protoplasmic astrocytes are found in the gray matter in high densities and exhibit 

relatively short and highly branched processes. In healthy brain, protoplasmic astrocytes 

branches form “domains” that are mutually exclusive with other protoplasmic astrocytes 

and overlap only in the most distal processes. They always contact at least one capillary 

with their processes, forming a perivascular endfeet. In mice, their processes can contact 

tens of thousands of synapses; however this number increases greatly with evolutionary 

complexity of the organism. In humans, the number of synapses found in a single 

astrocyte domain is predicted to be up to 2 million synapses (Bushong et al. 2002; 

Oberheim et al. 2006; Wilhelmsson et al. 2006). Fibrous astrocytes on the other hand are 

found predominantly in the white matter in relatively low densities and have long, less 

branched processes. They form several perivascular and/or subpial endfeet and also 

extend processes to the nodes of Ranvier. Unlike protoplasmic astrocytes, fibrous 

astrocytes show high degree of overlap (Oberheim et al. 2009). Additionally, specific 

subtypes of astrocytes can be found in the human brains, like inter-laminar or varicosity 

projection astrocytes (Oberheim et al. 2009). 

Astrocytes are interconnected with each other in a structure called syncytium 

(Kuffler, Nicholls, and Orkand 1966). In syncytium, astrocytes are functionally coupled 
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by gap junctions which are formed by hemichannels. Each hemichannel is formed by 

2 connexons, while each connexon is a hexamer of connexin proteins. Connexins are 

predominantly found in astrocyte-astrocyte connections are connexin-30 (Cx30) and 

connexin-43 (Cx43; J. E. Rash et al. 2001). A feature of hemichannels is their 

permeability to molecules of to 1 kDa such as water, ions, second messengers, 

nucleotides, metabolites and possibly RNA (Valiunas et al. 2005). This is important 

for spatial buffering of K+ ions and propagation of Ca2+ waves. Astrocytes also form 

hemichannels with oligodendrocytes and ependymal cells (John E. Rash et al. 1997; 

Kamasawa et al. 2005). 

3.2 Astrocyte identification 

Astrocytes express various molecules that are typically used for their 

identification. Most reliable marker for labeling of astrocytes is an enzyme aldehyde 

dehydrogenase 1L1 (ALDH1L1). This protein is specifically expressed in astrocytes and 

is present in most of the astrocyte subpopulations (Cahoy et al. 2008). Other widely used 

markers for identification of astrocytes are N-myc downstream-regulated gene 2 

(NDRG2; Flügge et al. 2014), excitatory amino acid transporters 1 and 2 (EAAT1/2; 

Schmitt et al. 1997; Williams et al. 2005), S100 calcium-binding protein β (S100β; Ogata 

and Kosaka 2002) and glutamine synthetase (Anlauf and Derouiche 2013). Less often, 

other markers such as aquaporin 4 (AQP4), Cx30 and Cx43 (Nagy et al. 1999; Erlend A. 

Nagelhus and Ottersen 2013) are employed. The oldest and the most commonly used 

marker for astrocyte identification is glial fibrillary acidic protein (GFAP), which has also 

been used to identify astrocytes in this thesis (Figure 2; L. F. Eng et al. 1971). 

 

Fig. 2. GFAP+ astrocytes expressing enhanced green fluorescent protein (eGFP); Bar: 30 µm 
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3.3 Astrocytic functions 

Astrocytes are closely associated with neurons, particularly at the synapses. 

Together with pre- and post-synaptic neuron, astrocytes are part of a structure called 

tripartite synapse (reviewed by Araque et al. 1999). Here, they are important 

for integration and modulation of synaptic transmission and maintenance of the 

functional synapse. Perisynaptic astrocytic processes contain various neurotransmitter 

receptors, channels and transporters. Synaptic activity leads to activation of astrocytic 

receptors resulting in intracellular [Na+] and [Ca2+] increase, which ultimately regulates 

the function of various effector molecules. Astrocytes are essential for maintenance 

of synaptic homeostasis, especially the extracellular concentration of neurotransmitters 

like glutamate, γ-aminobutyric acid (GABA) and adenosine triphosphate (ATP), and K+ 

(Barbour, Brew, and Attwell 1988; Rothstein et al. 1996; Erecińska et al. 1996; J. Yang, 

Li, and Shen 2005). 

 

Fig. 3. Overview of astrocyte functions in the healthy CNS (Verkhratsky and Nedergaard 2018). 
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Astrocytes provide essential structural integrity of the nervous system. 

In developing nervous system, astrocytes are essential for the proper formation 

of neuronal circuitry, as they are important for neuron migration and guidance of axonal 

growth (reviewed by Allen and Lyons 2018). Together with endothelial cells and 

pericytes, astrocytes contribute to formation and function of blood-brain barrier 

(reviewed by Obermeier, Daneman, and Ransohoff 2013) and play role in regulation 

of the blood flow as well (Girouard et al. 2010; Marina et al. 2020). After brain injury, 

astrocyte contribute to the formation of glial scar, which serves to isolate the damaged 

tissue from the rest of the nervous system. Though it is generally accepted that glial scar 

impairs axonal regrowth and regeneration (reviewed by Bradbury and Burnside 2019), 

some studies have shown supportive role of astrocytes in tissue repair (Anderson et al. 

2016). 

Another important aspect of astrocyte function is nutrition, as they serve as brain 

glycogen storage (Cataldo and Broadwell 1986). Moreover, astrocytes use 

monocarboxylate transporter 1 (MCT1) to release lactate which is subsequently taken up 

by neurons, where it serves as a metabolic substrate; this process is called “neuron-

astrocyte lactate shuttle” (Pellerin and Magistretti 1994; Qu et al. 2000). As MCT1 is 

a lactate/H+ cotransporter, it also contributes to the decrease of extracellular pH. Finally, 

astrocytes produce trophic factors essential for the neuron survival and development 

(Gomes et al. 1999; Dezonne et al. 2013). Overview of astrocyte functions in the CNS is 

presented in Figure 3. 

3.3.1 Synaptic homeostasis and maintenance 

Glutamate uptake, which is provided by astrocytes is an essential function for 

maintaining synaptic transmission. Glutamate is taken up from the synaptic cleft by 

astrocytes via the action of glutamate transporters EAAT1 (glutamate aspartate 

transporter – GLAST – in mice) and EAAT2 (glutamate transporter 1 – GLT-1 – in mice) 

(Chaudhry et al. 1995; Lehre et al. 1995). In astrocytes, glutamate is converted to 

glutamine and transported back to neurons, where it is hydrolyzed to glutamate, 

as neurons are incapable of de novo glutamate synthesis (Yu et al. 1983). This is known 

as the glutamate-glutamine cycle (reviewed by Bak, Schousboe, and Waagepetersen 

2006). Under pathological conditions, insufficient clearing of glutamate from synaptic 

cleft leads to its accumulation and results in glutamate excitotoxicity. High glutamate 
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levels overactivate neuronal glutamate receptors, which results in intracellular [Ca2+] 

elevation and activation of intracellular processes ultimately leading to the neuronal 

damage or death (Rothstein et al. 1996). Similar to glutamate, astrocyte also participate 

in GABA-glutamine cycle on inhibitory synapses (reviewed by Bak, Schousboe, and 

Waagepetersen 2006). 

Increased [K+] in the synaptic cleft leads to more frequent depolarization of the 

post-synaptic neuron membrane, which interferes with normal signal transmission 

(reviewed by Kofuji and Newman 2004). Excess K+ is taken up by astrocytes by the action 

of several transport systems: Na+/K+ ATPase (Kala et al. 2000), inwardly rectifying 

K+ channel 4.1 (Kir4.1 channel; Kucheryavykh et al. 2007), K+/Cl- cotransporter KCC1 

(Ringel and Plesnila 2008) and Na+/K+/2Cl- cotransporter NKCC1 (Yan, Dempsey, and 

Sun 2001). K+ is distributed through astrocytic syncytium and subsequently released into 

the interstitium or perivascular space. This is known as K+ spatial buffering (Figure 4) 

To maintain electroneutrality during the K+ transport, these changes are accompanied by 

the transport of Cl-. Intracellular [Cl-] is maintained mostly by NKCC1, which is 

a transporter that translocates two Cl- together with one Na+ and K+ to the inside of the 

cell. Importantly, most transport mechanisms are accompanied by the function of water 

channels called aquaporins. Most notable aquaporin found in astrocytes is AQP4 

(E. A. Nagelhus, Mathiisen, and Ottersen 2004). Aquaporins are essential for 

maintenance of cell volume and osmotic homeostasis (Nielsen et al. 1997). In addition, 

astrocytes regulate synaptic pH via the function of sodium-proton antiporter 1 (NHE-1; 

Ma and Haddad 1997) and sodium-bicarbonate cotransporter 1 (NBC1; Deitmer 1989). 

Astrocytes are essential for the synaptic maintenance also from the developmental 

point of view. During ontogenesis, they have been shown to play a role in synaptogenesis 

(Kucukdereli et al. 2011; Diniz et al. 2012; 2014), synaptic stability (H. Nishida and 

Okabe 2007) and synaptic pruning (Stevens et al. 2007). Defects in synaptic development 

connected to astrocyte dysfunction are a feature found in several neurodegenerative 

diseases such as Rett syndrome or Down syndrome (reviewed by Blanco-Suárez, 

Caldwell, and Allen 2017). 
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Fig. 4. Schematic representation of K+ spatial buffering. Extracellular K+ is taken up from the 

extracellular space into the astrocyte by the function of several membrane proteins including Na+/K+ pump, 

Na+/K+/2Cl- cotransporter NKCC1, K+/Cl- cotransporter KCC1 and Kir4.1 channel. Potassium is then 

spread through the syncytium via gap junctions and subsequently released into the interstitium. 

(Verkhratsky and Parpura 2015; edited). 

3.4 Astrocyte electrophysiology 

Astrocytes exhibit specific electrophysiological properties which differ both 

among and between specific regions of the brain. They are electrically non-excitable cells, 

as they do not generate action potentials. However, they actively respond to stimulation 

by changes in intracellular concentration of ions, most notably Na+ and Ca2+. 

Concentrations of major ions in the astrocyte cytoplasm are as follows: 120-140 K+ [mM], 

15-20 Na+ [mM], 50-100 Ca2+ [nM], 30-60 Cl- [mM] and 63 H+ [nM]. As astrocytes are 

characterized by large passive K+ conductance, they mostly show a linear current-voltage 

(I-V) relationship. 

It is universally accepted that astrocytes maintain highly negative resting 

membrane potential (RMP) approximately between -80 and -90 mV, which is close to the 

equilibrium potential (Ek) predicted by the Goldman-Hodgkin-Katz equation for 

K+ (Ek = -96 mV). However, past studies have reported inconsistent results regarding this 

topic. In earlier studies, astrocytic RMP varied between -25 and -90 mV. These studies 



23 

 

also showed bimodal distribution with peaks around -68 and -42 mV (McKhann, 

D’Ambrosio, and Janigro 1997). Other studies had reported relatively uniform highly 

negative astrocytic RMP varying between -75 and -100 mV (Chvátal et al. 1995; 1997; 

Adermark and Lovinger 2008; Mishima and Hirase 2010). Though this fact may possibly 

reflect astrocyte heterogeneity across the CNS, it is likely that it rather reflects different 

methodological approaches. 

Based on literature, astrocytes exhibit two types of pattern: a complex pattern 

typical for immature cells and a passive current pattern which is characteristic for mature 

astrocytes (Schools, Zhou, and Kimelberg 2006; M. Zhou, Schools, and Kimelberg 2006). 

Complex current pattern is characterized by the presence of fast activating and 

inactivating current (A-type K+ current, KA) and delayed outwardly rectifying K+ (KDR) 

currents, inwardly rectifying K+ (KIR) current as well as fast activating tetrodoxin-

sensitive Na+ currents. On the other hand, passive current pattern is represented mostly 

by time- and voltage-independent K+ currents together with small KIR currents. Presence 

of these two types differs both among and within the different brain structures. 

In addition, incidence of these currents in astrocytes changes both during the prenatal and 

postnatal development (Nixdorf‐Bergweiler, Albrecht, and Heinemann 1994; M. Zhou, 

Schools, and Kimelberg 2006). 

3.4.1 Astrocyte potassium channels 

Potassium channels are the most diverse and most widely distributed family of ion 

channels. They are the most abundant channels found in astrocytes (Figure 5). Three 

major classes will be discussed in greater detail: inwardly rectifying K+ channels, two-

pore domain K+ channels and voltage gated K+ channels. 

3.4.1.1 Inwardly Rectifying K+ channels 

Potassium inwardly rectifying (Kir) channels are a group of channels which are 

characterized by their ability to conduct K+ ions better in the inward direction than in the 

outward direction. Their primary function is maintaining the cell RMP close to Ek for K+. 

This is possible due to the fact that Kir channels have a high probability of staying open 

at negative transmembrane potentials. Kir channels have an important role in various 

tissues such as brain, heart, kidney and retina. In electrically excitable cells they can 

modulate cell excitability and its ability of potential repolarization (reviewed by Hibino 

et al. 2010). 
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There are currently 15 known members of the Kir family members which are 

divided into 7 subfamilies (Kir1.x – Kir7.x). These subfamilies can by further divided 

in four groups: classical K+ channels (Kir2.x), G-protein-gated K+ channels (Kir3.x), 

ATP-sensitive K+ channels (Kir6.x) and K+ transport channels (Kir1.x, Kir4.x, Kir5.x, 

Kir7.x). In addition, Kir channels can be divided into weak (Kir1.x, Kir6.x), intermediate 

(Kir4.x) or strong (Kir2.x, Kir3.x) rectifying channels, based on the channel sensitivity 

to blocking by intracellular Mg2+. In the membrane they exist as homotetramers 

or heterotetramers. Heterotetramerization generally occurs between members of the same 

subfamily, however exceptions exist, such as assembly of Kir4.1/4.2 with Kir5.1 

(Tanemoto et al. 2000; Pessia et al. 2001; Hibino et al. 2004). Each subunit consists of two 

transmembrane segments M1 and M2, a pore loop (P-loop), an N-terminal cytoplasmic 

domain and a C-terminal cytoplasmic domain (M. Nishida and MacKinnon 2002; 

Kuo et al. 2003). Similar to other K+ channels, the P-loop functions as an ion selectivity 

filter (Heginbotham et al. 1994). However, in contrast to voltage gated K+ channels, Kir 

channels lack the voltage-sensing transmembrane segments. 

In astrocytes, the most predominant form of inwardly rectifying K+ channels are 

channels formed of Kir4.1 and Kir5.1 subunits (Li, Head, and Timpe 2001; Olsen 

et al. 2006; Lichter-Konecki et al. 2008). These can occur either as Kir4.1 homomers 

or Kir4.1/5.1 heteromers. These two form are distinguishable by their different sensitivity 

to intracellular pH and rectification strength (Cui et al. 2001). In astrocytes, Kir4.1/5.1 

heteromers are predominantly found in the endfeet surrounding blood vessels, while both 

heteromers and homomers are present on the synaptic processes. However, both forms 

are differentially expressed in different regions of the brain (Higashi et al. 2001; Hibino 

et al. 2004). Other Kir channels expressed by some astrocytes include Kir2.1, 2.2 and 2.3 

(Murata et al. 2016), and Kir6.2 (Cahoy et al. 2008). Recently, an expression of Kir7.1 

subunit in astrocytes was reported (Papanikolaou, Lewis, and Butt 2019). In astrocytes, 

Kir channels are functionally co-localized in noncaveolar detergent resistant 

microdomains with water channels AQP4, as these are also highly expressed in astrocytes 

(E. A. Nagelhus, Mathiisen, and Ottersen 2004; Hibino and Kurachi 2007). Moreover, 

Kir4.1 can possibly be functionally coupled with glutamate transporters EAAT1 and 

EAAT2, as knockdown and knockout of KCNJ10 (Kir4.1 gene) resulted in impaired 

glutamate uptake (Djukic et al. 2007; Kucheryavykh et al. 2007). 
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3.4.1.2 Two-pore domain K+ channels 

Two-pore domain K+ (K2P) channels are the most recently discovered group of K+ 

channels responsible for the generation of background leak K+ currents (Ketchum 

et al. 1995). Hallmark of K2P channels is the presence of two pore-forming domains called 

P-loops. Structurally, K2P channel subunits forms dimers in the membrane (in contrast to 

Kir channels forming tetramers), while each subunit consists of four transmembrane 

domains, two P-loops, smaller N-terminal and larger C-terminal intracellular domains 

(Brohawn, Del Mármol, and MacKinnon 2012; A. N. Miller and Long 2012). In humans, 

there are currently 15 known members of this family of channels which can be divided 

into 6 functional subfamilies: weak inwardly rectifying (TWIK) channels, acid sensitive 

(TASK) channels, lipid-sensitive mechano-gated (TREK) channels, halothane inhibited 

(THIK) channels, alkaline sensitive (TALK) channels and the fatty acid inhibited calcium 

activated (TRESK) channel. K2P subunits form homodimers in the cell membrane, 

however they have been observed to form heterodimers as well, like TWIK-1/TASK-1 

and TWIK-1/TASK-3 dimers in cerebellum neurons (Plant et al. 2012), TWIK-1/TREK-

1 dimers in astrocytes (Mi Hwang et al. 2014; Levitz et al. 2016) or TRESK/TREK-2 

dimers in primary somatosensory neurons (Lengyel et al. 2020). 

K2P channels show time- and voltage-independent K+ conductance which 

is consistent with Goldman-Hodgkin-Katz rectification. They allow both influx and 

efflux of K+ across the cell membrane. Under physiological conditions they allow greater 

efflux of K+ than influx which is essential for the maintenance of RMP. K2P have therefore 

significant physiological function. Regulation of K2P channels occurs at different levels. 

Function of K2P can be modulated by various agents such as volatile anesthetics, anti-

depressants and neuroprotective agents, amino acids, lipids, G-proteins, phosphorylation, 

changes in pH, temperature and mechanical stress (reviewed by Feliciangeli et al. 2015). 

K2P can also be subject to alternate splicing (Han, Kang, and Kim 2003; Rinné 

et al. 2014).  

 Concerning K2P channels, astrocytes have been shown to express TWIK-1 and 

TREK-1 (Kindler et al. 2000; Cahoy et al. 2008), TREK-2 (Gnatenco et al. 2002) and 

TASK-1 subunits (Chu et al. 2010); however, expression of specific subunits differs 

between astrocytes from different brain regions. K2P channels are responsible for the 

passive K+ conductance in mature astrocytes, as knockdown of TWIK-1 and TREK-1 
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results in reduction, but not in complete loss of passive K+ conductance (Mi Hwang 

et al. 2014). This suggests that while TWIK-1 and TREK-1 are responsible for the 

majority of passive K+ conductance, other K2P channels likely contribute to it as well 

(Gnatenco et al. 2002; Chu et al. 2010). 

3.4.1.3 Voltage-gated K+ channels 

Voltage-gated K+ (Kv) channels represent heterogeneous family of K+ channels 

that are activated by changes in transmembrane potential. In humans, there are currently 

40 known members (called α subunits) divided into 12 classes (Kvα1-12) based on their 

amino sequence homology, which can be further divided into functional subgroups based 

on a distinct gating mechanisms. Each Kv channel consists of four pore-forming subunits 

forming either a homotetramere on heterotetramere. Each subunit has four voltage-

sensing transmembrane segments (S1-4), two transmembrane segments (S5, S6), 

a P-loop, an N-terminus cytoplasmic domain and a C-terminus cytoplasmic domain. 

In addition, Kv channels can be associated with beta subunits, which are auxiliary 

subunits that can modulate the channel function. For a comprehensive review see Abbott 

(2020). 

Kv channels play specific roles in different cells. They are highly selective for K+ 

(Heginbotham et al. 1994; Lemasurier, Heginbotham, and Miller 2001), which is essential 

for membrane repolarization after an action potential and maintaining the cell RMP in 

neurons. Consequently, they are important for regulation of firing threshold and duration 

of action potentials and the firing rates (Gabel and Nisenbaum 1998; Glazebrook 

et al. 2002; Begum et al. 2016). Apart from the excitability control, Kv channels have 

been shown to play a role in exocytosis (Singer-Lahat et al. 2007; Feinshreiber et al. 

2010), apoptosis (Redman et al. 2007; Hu et al. 2008) and proliferation (Kotecha and 

Schlichter 1999; Jiménez-Pérez et al. 2016). Kv channels dysregulation or dysfunction is 

associated with many neurological disorders (reviewed by Shah and Aizenman 2014). 

Astrocytes have been reported to express various Kv channels (Cahoy et al. 2008). 

Similar to K2P channels, function of astrocytic Kv channels is only poorly understood, 

as their activation occurs around values positive to -40 mV, which is in contrast with 

proposed RMP of astrocytes. Kv channels have been predicted to regulate Ca2+ influx in 

neonatal rat cortical astrocytes, though this study did not specify the type of Kv channels 

involved (K. C. Wu et al. 2015). 
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3.4.1.4 Other potassium channels 

Different type of K+ channel present in astrocytes is calcium-activated K+ channel 

KCa3.1 (Longden et al. 2011). Neuronal activity induces increase in intracellular 

Ca2+ concentration that spreads through the astrocytic syncytium. In astrocyte endfeet, 

Ca2+ activates big conductance K+ channels, leading to release of K+ into perivascular 

space. This leads to uptake of K+ by Kir channels of smooth muscle cells which results in 

vasodilatation (Filosa et al. 2006; Girouard et al. 2010). 

 

Fig. 5. Astrocyte K+ channels. Astrocytes express inwardly rectifying K+ (Kir) channels, two-pore domain 

K+ (K2P) channels, voltage-gated K+ (Kv) channels and calcium-activated K+ channels (Verkhratsky and 

Parpura 2015). 

3.4.2 Astrocyte chloride channels 

In addition to having a strong K+ conductance, astrocytes express various different 

Na+, Ca2+ and Cl- channels. Of these, Cl- channels are the most notable, because 

Cl- is important in regulation of K+ spatial buffering, as it is responsible for maintaining 

electroneutrality of the process. Three Cl- channels most commonly found in astrocytes 

are briefly discussed. 

Chloride channel protein 2 (ClC-2) is a slowly rectifying voltage-gated 

Cl- channel that is activated at negative potentials during membrane hyperpolarization. 

Besides being expressed in astrocytic endfeet surrounding blood vessels (Sík, Smith, and 
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Freund 2000), ClC-2 is widely expressed in many different tissues throughout the body 

(Thiemann et al. 1992). In the CNS, ClC-2 is believed to have a role in regulation 

of excitability in GABAergic neurons (Rinke, Artmann, and Stein 2010; Ratté and 

Prescott 2011). 

Another Cl- channel found in astrocytes is bestrophin1 (Best1). Best1 is a calcium-

activated Cl- channel that is also permeable for some neurotransmitters, including 

glutamate and GABA (S. Lee et al. 2010; H. Park et al. 2013). On the neuronal synapses, 

Best1 regulate glutamate (via interaction with TREK-1) and GABA release from 

astrocytes (D. H. Woo et al. 2012; J. Woo et al. 2018). 

Volume regulated anion channel (VRAC) is an outwardly rectifying Cl- channel 

that is also permeable to small osmolytes like glutamate or ATP (Kimelberg et al. 1990; 

Pasantes-Morales et al. 1994). In plays a major role in the process of regulatory volume 

decrease, which is an important function in astrocytes, as astrocytes tend to increase 

cellular volume both under physiological and pathological conditions (reviewed by 

Mongin 2016). 

3.4.3 Other astrocyte channels 

Other ion channels are also present in astrocytic membranes, though these are 

usually typical for other cell types. They are either expressed in low numbers, under 

specific conditions (pathology, development) and are usually relatively understudied.  

One of these channels is voltage-gated Na+ channels (Nav). However, there are 

inconsistencies in evidence of expression of specific subunits of these channels between 

studies in vitro and in situ. Because these channels are present in astrocyte membranes 

in very low densities, they mediate only relatively small currents (Chvátal et al. 1995). 

Physiological function of Nav channels in astrocytes is currently unknown. One suggested 

function for these channels is maintaining function of Na+/K+ pump (Sontheimer 

et al. 1994). 

Calcium channels in astrocytes are represented mostly by intracellular ryanodine 

receptor channels (RyRs), specifically those regulated by inositol 1,4,5-trisphosphate, 

called inositol 1,4,5-trisphosphate receptors (InsP3Rs). Predominant type of these 

channels found in astrocytes is InsP3R2. These channels are responsible for release 

of Ca2+ from endoplasmic reticulum. While presence of other types of Ca2+ channels has 
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been reported, it was mostly at the mRNA and/or in in vitro studies, and contribution 

of these channels to astrocyte Ca2+ signaling remains largely unexplored (for a review 

on Ca2+ signaling see Verkhratsky, Rodríguez, and Parpura 2012). 

Another family of channels present in astrocytes are transient potential receptor 

(TRP) channels. TRP channels are associated with highly diverse physiological functions, 

specifically different kinds of sensory sensing and regulation of volume and osmotic 

pressure, muscle contraction and blood pressure. TRP channels and non-selectively 

permeable to cations such as Ca2+, Na+ and Mg2+. They are divided into 10 families based 

on their physiological properties. Astrocytes have been shown to express several types of 

TRPC (C = “canonical”) channels, TRPA1 (A = “ankyrin”) and TRPV (V= “vanilloid”) 

channels TRPV1 and TRPV4 (reviewed by Verkhratsky, Reyes, and Parpura 2014). 

These channels are important for intracellular [Ca2+] maintenance. Most notably, TRPV4 

are found at perisynaptic processes, where they interact with AQP4. Together with VRAC 

channels, TRPV4-AQP4 complexes are essential for regulatory volume decrease 

(Benfenati et al. 2011). 

Last notable channels present in astrocytes are hyperpolarization activated cyclic 

nucleotide-gated (HCN) channels. There are four channels (HCN1-4) with small 

differences in voltage-dependence and kinetics. HCN channels are permeable for Na+ and 

K+, but under physiological conditions predominantly carry depolarizing inward 

Na+ current (Biel et al. 2009). Expression of these channels in astrocytes was reported 

only in reactive astrocytes after ischemia (Honsa et al. 2014). Similarly, another group 

recently reported presence of HCN1 and HCN2 in reactive astrocytes after transient 

ischemia induction in gerbils (J. H. Park et al. 2019). 
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4 Materials and Methods 

4.1 Materials 

4.1.1 Chemicals 

• saline (Ardeapharma, Sevetin, Czech Republic) 

• heparin (Zentiva, Prague, Czech Republic) 

• sucrose (10%, 20%, 30%; Sigma-Aldrich, St. Louis, MO, USA) 

• paraformaldehyde (PFA; Sigma-Aldrich, St. Louis, MO, USA) 

• pentobarbital (PTB; 100 mg/kg, i.p.; Sigma-Aldrich, St. Louis, MO, USA) 

• phosphate-buffered saline (PBS; Sigma-Aldrich, St. Louis, MO, USA) 

• Chemiblocker (Merck Millipore, Billerica, MA, USA) 

• Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) 

• 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, CA, USA) 

• SYBR Safe DNA Gel Stain (Invitrogen, Carlsbad, CA, USA) 

4.1.2 Solutions 

• Recording artificial cerebrospinal fluid (r-aCSF) containing (in mmol): 122 NaCl, 

3 KCl, 1,5 CaCl2, 1,3 MgCl2, 1,25 Na2HPO4, 28 NaHCO3 and 10 D-glucose 

(osmolality 300 ± 3 mmol/kg). 

• Isolation artificial cerebrospinal fluid (i-aCSF) containing (in mmol): 

110 NMDG-Cl, 2,5 KCl, 0,5 CaCl2, 7 MgCl2, 1,25 Na2HPO4, 24,5 NaHCO3 and 

20 D-glucose (osmolality 290 ± 3 mmol/kg). 

• Intracellular recording solution (ICS) containing (in mmol): 130 KCl; 0.5 CaCl2; 

2 MgCl2; 5 EGTA; 10 HEPES; pH 7,2 

Note: all chemicals used for preparation of solutions were purchased from Sigma-Aldrich.  
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4.1.3 Lab equipment 

• Behavioral testing 

o plastic cage (25 x 15 x 60 cm; homemade) 

o Mouse Rotarod 47650 (Ugo Basile, Comerio, Italy) 

• Immunohistochemistry 

o cryostat (Zeiss Hyrax C50, Zeiss, Germany) 

o confocal microscope (Olympus FV10i, Olympus, Tokyo, Japan)  

• Patch clamp recordings 

o automated vibrating microtome (Leica VT1200S; Leica Microsystems, 

Wetzlar, Germany) 

o P-97 or P-1000 Flaming/Brown micropipette puller (Sutter Instruments, 

Novato, CA, USA) 

o recording equipment 

▪ upright Axioscop microscope (Zeiss, Gottingen, Germany) 

▪ electronic micromanipulators (Luigs & Neumann, Ratingen, 

Germany) 

▪ AxioCam HR digital camera (Zeiss, Gottingen, Germany) 

▪ EPC-9 amplifier 

o software 

▪ PatchMaster (HEKA Elektronik, Lambrecht/Pfalz, Germany) 

▪ FitMaster (HEKA Elektronik, Lambrecht/Pfalz, Germany) 

• Data analysis and processing 

o GraphPad Prism 8.4.3 (GraphPad Software, San Diego, CA, USA) 

o CorelDRAW Graphics Home & Student Suite 2019 (Corel Corporation, 

Ottawa, Canada) 

o ImageJ (open source) 
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4.1.4 Animals 

Four mouse strains were used in this work: 

1) C57BL/6J strain – default wild type strain (JAX Laboratory, #000664). 

2) B6.Cg-Tg(SOD1*G93A)1Gur/J (C57BL/6J background, further referred to as 

“C57Bl6-SOD1”) strain in which the expression of mutated human copper-zinc 

superoxide dismutase 1 (SOD1) is controlled by a human SOD1 promoter 

(JAX Laboratory, #004435). In this strain, overexpression of mutated SOD1 

induces ALS-like phenotype (Gurney et al. 1994; Tu et al. 1996; Wooley et al. 

2005). 

3) FVB-GFAP/eGFP strain (FVB background) in which the enhanced green 

fluorescent protein (eGFP) is expressed under the control of the promoter for 

human glial fibrillary acidic protein (GFAP) and thus relatively specifically (see 

chapter 2.5.1) expressed in astrocytes (obtained from Nolte et al 2001).  

4) GFAP/eGFP(SOD1*G93A) strain (mixed background; further referred to as 

“mbGFAP-SOD1” strain). This strain was produced by cross-breeding the Bl6-

SOD1 strain with the FVB-GFAP/eGFP strain. 

In total, four groups of mice entered the experiments (see Figure 6 for details). First two 

groups were mice from the C57Bl6-SOD1 strain either carrying the mSOD1 (further 

referred to as “Bl6-SOD1” mice) and carrying the wild type SOD1 (further referred to as 

“Bl6-CTRL” mice). The other two groups were mice from the mbGFAP-SOD1 strain 

carrying the mSOD1 (further referred to as “GFAP-SOD1” mice) and carrying the wild 

type SOD1 (further referred to as “GFAP-CTRL” mice). All four groups were used in 

the behavioral testing. GFAP-CTRL and GFAP-SOD1 mice were used for 

immunohistochemistry experiments and patch clamp recordings. 

Mice were housed in standard breeding cages at a constant temperature of 

21 ± 1 °C and relative humidity of 30 % with a 12:12 dark/light cycle. Food and water 

were available ad libitum. All procedures involving the use of laboratory animals were 

performed in accordance with the European Communities Council Directive 

24 November 1986 (86/609/EEC) and animal care guidelines approved by the Animal 

Care Committee of Institute of Experimental Medicine, Czech Academy of Sciences 

(approval number 40/2019). All efforts were made to minimize both the suffering and the 

number of animals used. 
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Fig. 6. Generation and breeding of mice used in the experiments. Male C57Bl6-SOD1 mice were 

crossed with FVB-GFAP/eGFP females to produce mbGFAP-SOD1 mice (GFAP-CTRL and GFAP-

SOD1) (UPPER PART). Male C57Bl6-SOD1 mice were bred with C57Bl6 females to produce Bl6-CTRL 

and Bl6-SOD1 mice. GFAP-CTRL, GFAP-SOD1, Bl6-CTRL and Bl6-SOD1 mice were used in the 

experiments (LOWER PART). 
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4.2 Methods 

4.2.1 PCR genotyping 

To validate the SOD1 mutation, PCR of tail genomic DNA was used. The primers 

used are listed in Table 2. DNA extraction from mice tail biopsies and PCR amplification 

was performed using REDExtract-N-AmpTM Tissue PCR Kit (Sigma-Aldrich, St. Louis, 

MO, USA). PCR products were separated on 1.5% agarose and visualized with SYBR 

Safe DNA Gel Stain (Molecular Probes, Invitrogen, Carlsbad, CA, USA). 

Table 2. Sequence of primers used for PCR genotyping 

Primer type Sequence 5’ -> 3’ 

Transgene forward  CAT CAG CCC TAA TCC ATC TGA 

Transgene reverse CGC GAC TAA CAA TCA AAG TGA 

Internal positive control forward CTA GGC CAC AGA ATT GAA AGA TCT  

Internal positive control reverse GTA GGT GGA AAT TCT AGC ATC ATC C 

4.2.2 Behavioral tests 

To assess muscle strength, function and coordination over time, two sensorimotor 

tests were conducted (Figure 7): a modified wire grid hang test (Hosaka et al., 2002; 

Carlson et al., 2010) and the Rota-rod test (Deacon, 2013; Oliván et al., 2015). In addition, 

measuring of weight was conducted together with the wire grid hang test as an additional 

parameter of disease progression. Testing consisted of a single three-attempt session 

every week beginning at P30, for a period of 10 weeks. Prior to experiment, all animals 

performed a training for both tests at the age of P30 (a single three-trial session for wire 

grid hang; three single-trial sessions at 5, 10 and 15 rpm for rotarod). 
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Fig. 7. Behavioral tests. Wire grid hang (left) and rotarod test (right) 

4.2.2.1 The wire grid hang test 

A steel grid was placed on a top of a plastic cage filled with a soft bedding made 

of wood chips (the cage should be at least 35 cm high; in this case a 60 cm high cage was 

used). The animal was placed on the top of the steel grid and the grid was inverted. Mouse 

was then suspended upside-down. The animal had three attempts to remain on the grid 

for a maximum of 180 s per attempt, or the latency to fall was recorded. 

4.2.2.2 The Rota-rod test 

The animal was placed on a stationary rod facing against the direction of rotation. 

The rod then started rotating at a constant speed of 15 rpm. The animals had three attempts 

to remain on the rotarod for a maximum of 180 s per attempt, or the latency to fall was 

recorded. 

4.2.3 Immunohistochemistry 

Animals at the age of P30 (1 month; 1M) or P90 (3 months; 3M) were anesthetized 

with intraperitoneal injection of PTB (100 mg/kg) and transcardially perfused with 20 ml 

of pre-cooled saline containing heparin (2500 IU/100ml) followed by solution of 4% PFA 

in 0.1 M phosphate-buffered saline (PBS). After swift decapitation, the brains were 

dissected out and post-fixed overnight in PFA and subsequently treated with sucrose 

gradient (10%, 20%, 30% sucrose in 0.01M PBS [pH 7.4]) for the purpose of 

cryoprotection. Brains were then coronally sliced using a cryostat (Zeiss Hyrax C50, 
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Zeiss, Germany). The slices (thickness 30 μm) were initially washed in PBS and treated 

with a blocking solution containing: 5% Chemiblocker (Millipore, Billerica, MA, USA) 

and 0.2% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) in PBS for 1 hour. 

Afterwards the slices were incubated with the primary antibodies diluted in blocking 

solution at 4°C overnight followed by a treatment with the appropriate secondary 

antibodies applied for 2 hrs at 4 °C. Antibodies used for immunohistochemistry are listed 

in Table 3. To visualize cell nuclei, the slices were incubated with 300nM 4′,6-diamidino-

2-phenylindole (DAPI; Invitrogen, Carlsbad, CA, USA) in PBS for 5min at room 

temperature. An Olympus FV10i confocal microscope was used for immunochemical 

analyses. 

Table 3. Primary and secondary antibodies used for immunohistochemistry 

Antigen Dilution Isotype Manufacturer Sec. antibody 

NeuN 1:100 mouse monoclonal IgG 
Merck Millipore 

(MAB377) 

GAM 594 

1:200 

Kir4.1 1:400 guinea pig polyclonal IgG  
Alomone Labs 

(AGP-012) 

GAGP-Cy3 

1:400 

GAM 594: goat anti-mouse IgG conjugated with Alexa Fluor 594 (Invitrogen);            

GAGP-Cy3: goat anti-guinea pig IgG conjugated with Cy3 (Chemicon). 

4.2.4 Preparation of acute brain slices 

Animals at the age of P30 (1M) were anesthetized with intraperitoneal injection 

of PTB (100 mg/kg), transcardially perfused with pre-cooled isolation artificial 

cerebrospinal fluid (i-aCSF). After swift decapitation, the brains were dissected out, glued 

to a small agarose block and transferred to a slicing chamber filled with cold i-aCSF 

(4 °C). Acute coronal slices (thickness 220 µm) were prepared using an automated 

vibrating microtome (Leica VT1200S; Leica Microsystems, Wetzlar, Germany). After 

obtaining enough slices, these were transferred to a recovery chamber filled with 

preheated i-aCSF (34 °C) and incubated for 30 minutes. Afterwards the slices were 

transferred to a holding chamber filled with recording aCSF (r-aCSF), where they were 

incubated for at least 30 minutes until used for recording. Both i-aCSF and r-aCSF had 

pH adjusted to 7.4 by saturating with carbogen (95% O2/5% CO2) during all phases of 

isolation. 
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4.2.5 Patch clamp recordings 

All recordings were performed in slices acutely isolated from the brain. Single 

brain slice was transferred to the recording chamber with recording setup (see 4.1.3), 

always prior to the recording. All recordings were performed at room temperature in 

r-aCSF which was continuously saturated with 5% CO2 to sustain a pH of 7,4. Recording 

capillaries with a tip resistance of 9 – 12 MΩ were produced from borosilicate capillaries 

using either P-97 or P-1000 flaming/brown micropipette puller. Recording capillaries 

were filled with intracellular recording solution. All data were measured with a 10 kHz 

sample frequency using an EPC9 amplifier. Recordings were controlled by the 

PatchMaster software, analysis was performed using the FitMaster software. 

All recordings were performed in the whole-cell configuration. Astrocytes were 

identified by the presence of eGFP using blue light. Current patterns were obtained by 

clamping the membrane from the holding potential of -70 mV to values ranging from -160 

to 40 mV in 10 mV steps, pulse duration was 50 ms. To isolate KIR and KDR current 

components, a voltage step from -70 to -60 mV was used to subtract time- and voltage-

independent currents (see Chvátal 1995, Anděrová 2006). The amplitudes of KIR currents 

were measured at -160 mV at the end of the pulse. To activate KDR currents only, the cells 

were held at -50 mV, and the amplitude of KDR current was measured at 40 mV, at the 

end of the pulse. 

Membrane potential (VM) was obtained by switching the EPC-9 amplifier to the 

current clamp mode. Membrane input resistance (IR) was calculated from the FitMaster 

software from the current value at 40 ms after the onset of the depolarizing pulse from -70 

to -60 mV. Membrane capacitance (CM) was acquired automatically by PatchMaster 

using the Lock-In protocol. Current densities were calculated by dividing the maximum 

current amplitudes by the CM, which indicates the cell size. 
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4.2.6 Data analysis 

Data are presented as mean or mean ± standard error of mean (S.E.M.) for n cells 

or animals unless stated otherwise. Repeated measures two-way ANOVA with Holm-

Sidak’s multiple comparison correction was used to analyze differences between groups 

in behavioral tests. Student’s t-test, Welch’s t-test or Mann-Whitney test was used to 

analyze differences between groups in patch clamp recordings. D’Agostino-Pearson 

normality test was used to assess normal distribution of a sample set, and an F-test was 

used to assess variances between two sample sets. Values of */#/§ (p < 0.05) were 

considered significant, **/## (p < 0.01) very significant and ***/### (p < 0.001) 

extremely significant. 

  



39 

 

5 Aims of the study 

This study focuses on the phenotypic characterization of the double transgenic 

mbGFAP-SOD1 model on the whole-organism and cellular level. It also focuses on the 

electrophysiological properties of astrocytes in the motor cortex, layers V/VI. 

Measurements will be performed in situ in acutely isolated brain slices from mice at the 

age of 1M (which is considered a pre-symptomatic phase in this model), using the 

whole-cell patch clamp technique. 

 

Hypothesis 1: In order to visualize astrocytes in ALS mouse model, we planned to 

crossbreed the C57Bl6-SOD1 strain with the FVB-GFAP/eGFP strain and we supposed 

that there will be no phenotypic differences between the newly generated mouse strain 

and the original C57Bl6-SOD1 model. 

 

Aim 1: Generation of double transgenic animals in order to visualize astrocytes in ALS 

mouse model: 

• phenotype assessment of the double transgenic mbGFAP-SOD1 strain with 

the use of behavioral tests, specifically: 

i. confirm the presence of ALS-like phenotype in this strain 

ii. comparison of mbGFAP-SOD1 and the original Bl6-SOD1 model 

iii. comparison of differences between sexes 

• immunohistochemical analysis of the double transgenic mbGFAP-SOD1 

mouse model: 

o confirm the presence of ALS-like phenotype on cellular level 

Hypothesis 2: Since the astrocytes participate in K+ homeostasis, we expect that their 

membrane properties, namely K+ conductance, may be altered already in early stages of 

ALS progression. 

Aim 2: Elucidation of astrocytic membrane properties in the motor cortex : 

• electrophysiological analysis of astrocytes from GFAP-SOD1 mice and 

comparison with astrocytes from GFAP-CTRL mice 

i. analysis of basic electrophysiological parameters 

ii. analysis of ionic current patterns 

• immunohistochemical analysis of ion channel expression 
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6 Results 

6.1 Generation of double transgenic strain 

We successfully crossbred the C57Bl6-SOD1 strain with the FVB-GFAP/eGFP 

strain and generated a double transgenic mbGFAP-SOD1 model. As female hemizygotes 

are poor breeders, and rarely produce more than one litter before the onset of disease, 

male hemizygous carriers have been bred with female non-carriers. Both male and female 

mice were used in all experiments. To validate the presence of mSOD1 in the offspring, 

PCR of tail genomic DNA was used. The expected results for SOD1 mutants were two 

DNA bands: transgene (236 bp) and internal positive standard (324 bp; Figure 8). 

 

Fig. 8. PCR of tail genomic DNA isolated from the mbGFAP-SOD1 mice.  

6.1.1 Behavioral tests 

To characterize the original C57Bl6-SOD1 strain and to confirm that newly 

generated mbGFAP-SOD1 transgenic mice carry the ALS-like phenotype, we have 

performed two different sensorimotor tests: the wire grid hang test and the rotarod test. 

In addition, weight measurements were conducted always prior to the wire hang grid test. 

In total, n = 115 mice completed the testing. Mice were separated into 8 groups based on 

strain, sex and presence of mSOD1 (Table 4). There were n = 16-17 individuals in the 

mutant groups and n = 12 individuals in the control groups. If the mouse were considered 

uncompliant after three weeks, they were removed from both tests (n = 3). 
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Table 4 - List of animals used for behavioral testing 

GROUPS mice (n) 

Bl6-CTRL 
male 12 

female 12 

Bl6-SOD1 
male 17 

female 17 

GFAP-CTRL 
male 12 

female 12 

GFAP-SOD1 
male 17 

female 16 

 

6.1.1.1 General aspects, behavior 

Based on our observation, both GFAP-CTRL and GFAP-SOD1 mice seemed to 

be bigger and more active than their Bl6 counterparts. Otherwise, no substantial 

differences were observed. Around the 10th to 12th week of age, first clinical signs of 

motor dysfunction in mutants became apparent. Specifically, mutant mice showed slight 

trembling in the hind limbs when suspended by the tail (hindlimb extension reflex). These 

trembles gradually worsened over time; however, no objective measurement was applied. 

Control mice never displayed these symptoms. 

6.1.1.2 The wire grid hang test 

We examined the effect of the mSOD1 on neuromuscular strength measured by 

the mouse ability to hold on a wire grid from 5th to 14th week of age. First, we examined 

differences between mutants and their corresponding controls to see whether there are 

any differences and changes over time. Both mutants and controls showed similar 

performance within the first three weeks of testing, however from the 8th week of age 

onwards, mutant mice showed progressive decline in neuromuscular strength when 

compared to controls. This was true both for the Bl6-SOD1 (Figure 9) and GFAP-SOD1 

(Figure 10) mice and also for both sexes. For Bl6-SOD1 males and females, differences 

in performance became statistically significant at the 8th and 10th week of age, 

respectively, and continued until the end of the experiment, at the 14th week of age. 

Similar results were obtained for GFAP-SOD1 mice; differences in males and females 

became statistically significant in the 9th and 8th week of age, respectively. 
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Except for some Bl6-SOD1 females (n = 7), all mutants failed to hold on to the 

inverted grid for full 180 seconds at the 14th week of age. Starting at the 11th week, few 

individuals (n = 2) failed to hang on the grid at all. At the 14th week of age, n = 10 

individuals were not capable of holding on to the grid; this was especially true for GFAP-

SOD1 females. We further focused on the performance of the mutants only. 
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Fig. 9. Time-dependent changes in wire grid hang test performance of Bl6 mice. On average, Bl6-

CTRL mice (both male and female) were able to maintain a 180-second wire grid hang duration throughout 

the study, while Bl6-SOD1 mice became unable to maintain wire grid hang duration from 8th week of age 

onwards. * indicates significant differences between males, # indicates significant differences between 

females 
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Fig. 10 Time-dependent changes in wire grid hang test performance of GFAP mice. On average, 

GFAP-CTRL mice (both male and female) were able to maintain a 180-second wire grid hang duration 

throughout the study, while GFAP-SOD1 mice became unable to maintain wire grid hang duration from 8th 

week of age onwards. * indicates significant differences between males, # indicates significant differences 

between females 
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The mutants showed different rates of decline. Relatively mildest decline in 

neuromuscular strength was observed in Bl6-SOD1 females, followed by Bl6-SOD1 

males, GFAP-SOD1 males and GFAP-SOD1 females, which showed the fastest decline 

(Figure 11). 

6.1.1.2.1 The effect of gender on wire grid hang test performance 

Both Bl6-SOD1 males and females showed similar rates of performance decline 

over time. Differences in the performance of Bl6-SOD1 males and females were not 

statistically significant at any given timepoint. At the 14th week of age, the average 

performance value of males was 76 ± 11.24 s, the average performance value of the 

females was 116.06 ± 16.18 s. The mean difference was 40.06 s. 

Both GFAP-SOD1 males and females showed similar rates of performance 

decline over time. A sharp drop in performance of males observed at the 12th week of age 

was observed also in females one week earlier (11th week of age). Differences in the 

performance of GFAP-SOD1 males and females were not statistically significant with the 

exception of the difference observed at 11th week of age. At 14th week of age, the average 

performance value of males was 56.41 ± 11.4 s, the average performance value of females 

was 25.19 ± 9.11 s. The mean difference was 31.22 s. 

6.1.1.2.2 The effect of strain on wire grid hang test performance 

Bl6-SOD1 and GFAP-SOD1 males showed comparable decline in performance 

over time with no statistically significant differences. There was only mild decline in 

performance over the first three to four weeks. Afterwards, we observed slightly faster 

decline in both strains. The sharp drop in performance observed in GFAP-SOD1 males 

was not observed in Bl6-SOD1 males. 

The biggest difference was observed when comparing the decline in performance 

between females from both strains. GFAP-SOD1 females showed strikingly faster decline 

than their Bl6-SOD1 counterparts. The differences were statistically significant from the 

11th week of age onwards. Similarly to males, there was no sharp drop in performance of 

Bl6-SOD1 females when compared to GFAP-SOD1 females. At 14th week of age, the 

difference in performance value between both strains was 90.87 s. 
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Fig. 11 Time-dependent changes in wire grid hang test performance of SOD1 mice. On average, all 

four groups of SOD1 mice were not able to maintain a 180-second wire grid hang duration throughout the 

study. Differences in performance occurred between the Bl6-SOD1 and GFAP-SOD1 females (11th week 

of age onwards) and between GFAP-SOD1 males and females (11th week of age). * indicates significant 

differences between females, # indicates significant differences between GFAP-SOD1 males and females 
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6.1.1.3 The rotarod test 

We examined the effect of mSOD1 on motor coordination, strength and balance, 

measured by the ability to endure on a constantly rotating ridged cylinder from 5th to 14th 

week of age. First, we examined differences between mutants and their corresponding 

controls to see whether there are any differences and changes over time. Both the mutants 

and the controls showed similar performance up to the 11th week of age. First visible 

differences were observed from the 12th week of age onward when both Bl6-SOD1 

(Figure 12) and GFAP-SOD1 (Figure 13) mutants showed a decline in the performance 

compared to controls. However, this was not true for Bl6-SOD1 females, which were able 

to stay on the rotarod for the maximal amount of time up to the 14th week of age. For Bl6-

SOD1 males, the differences in performance were statistically significant from 13th week 

of age onwards. For GFAP-SOD1 males and females, the differences were significant 

from 13th and 12th week of age, respectively. Note that first statistically significant 

differences between mutants and controls were observed four to five weeks later than in 

the wire hang test. 

From the 12th week onwards, few individuals (n = 2) failed to remain on the 

rotarod at all. This number further increased up to the last week of testing (n = 7). Similar 

to wire grid hang test, this was especially true for the GFAP-SOD1 females.  
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Fig. 12. Time-dependent changes in rotarod test performance of Bl6 mice. On average, Bl6-CTRL mice 

(both male and female) and Bl6-SOD1 females were able to maintain a 180-second rotarod duration 

throughout the study, while Bl6-SOD1 males became unable to maintain the duration from 13th week of 

age onwards. * indicates significant differences between males 
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Fig. 13. Time-dependent changes in rotarod test performance of GFAP mice. On average, GFAP-

CTRL mice (both male and female) were able to maintain a 180-second rotarod duration throughout the 

study, while GFAP-SOD1 mice (both male and female) became unable to maintain the duration from 12th 

week of age onwards. * indicates significant differences between males, # indicates significant differences 

between females 
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We again further focused only on the mutants (Figure 14). Similarly to wire hang 

test, mutants showed different rates of decline. No decline was observed for the 

Bl6-SOD1 females. Mild decline was observed in males from both strains. Fastest decline 

was observed in GFAP-SOD1 females, similarly to the wire hang test. 

6.1.1.3.1 The effect of gender on rotarod performance 

Bl6-SOD1 males and females showed similar performance over majority of the 

course. Differences between males and females were significant from 13th week of age 

onwards. At the 14th week of age, the average performance value of males was 

140.12 ± 17.99 s, the average performance value of the females was 178.06 ± 1.94 s. 

The mean difference was 37.94 s. 

GFAP-SOD1 males and females showed similar changes in performance over 

time until the last week of testing, where males experienced alleviation in performance 

decline. At week 14, the average performance value of males was 129.65 ± 19.53 s, the 

average performance value of females was 63.81 ± 18.83 s. The mean difference was 

65.83 s. 

6.1.1.3.2 The effect of strain on rotarod performance 

Males from both strains shared similar performance development over time with 

no significant differences. Similarly to wire hang test, the biggest differences were 

observed when comparing females from both strains. While Bl6-SOD1 females showed 

no decline at all, their GFAP-SOD1 counterparts experienced sharp decline 

in performance from the 12th week onward; these differences were statistically 

significant. 
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Fig. 14. Time-dependent changes in rotarod test performance of SOD1 mice. On average, SOD1 mice 

were not able to maintain a 180-second rotarod duration throughout the study with the exception Bl6-SOD1 

females. Differences in performance occurred between the Bl6-SOD1 and GFAP-SOD1 females (from 12th 

week of age onwards), between Bl6-SOD1 males and females (from 13th week of age onwards) and between 

GFAP-SOD1 males and females (14th week). * indicates significant differences between females, # 

indicates significant differences between Bl6-SOD1 males and females, § indicates significant differences 

between GFAP-SOD1 males and females 
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6.1.1.4 Weight 

Weight of the animals was measured on a weekly basis. First, we explored 

whether expression of mSOD1 affects the weight of the mutants. As expected, there were 

significant differences observed between the mutants and the controls. Mutants from both 

strains and both sexes had similar weight up to the 10th week of age when compared to 

the controls. From 11th week onward, there were significant differences in weight between 

controls and mutants. While the controls continued to gain weight over time, on average, 

all mutants stopped gaining weight due to muscle degeneration. The weight differences 

continued to grow after 14th week of age (data not shown; see discussion), which is 

consistent with general ALS-like phenotype. 

In Bl6 mice, differences between controls and mutants were statistically 

significant from 13th (males) and 11th week (females) of age onward. Average weight of 

males at 14th week of age was 28.75 ± 0.62 g (controls) and 25.94 ± 0.47 g (mutants), 

mean difference was 2.81 g. Average weight of females was 21.17 ± 0.42 g (controls) and 

19.24 ± 0.28 g (mutants), mean difference was 1.93 g. Observed differences in weight 

were bigger in males than in females (Figure 15). 

In GFAP mice, differences in weight between controls and mutants were present, 

though these were only significant in females, starting at the 11th week of age. Average 

weight of males at 14th week of age was 30.25 ± 0.93 g (controls) and 28.12 ± 0.85 g 

(mutants), mean difference was 2.13 g. Average weight of females was 24.67 ± 0.31 g 

(controls) and 21.75 ± 0.54 g (mutants), mean difference was 2.92 g. Observed 

differences in weight were bigger in females than in males (Figure 16). 
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Fig. 15. Time-dependent changes in weight of Bl6 mice. On average, both Bl6-SOD1 males and females 

had comparable weight to their respective controls up to the 10th and 12th week of age; afterwards, 

differences among both males and females were statistically significant. * indicates significant differences 

between males, # indicates significant differences between females 
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Fig. 16. Time-dependent changes in weight of GFAP mice. On average, GFAP-SOD1 males had 

comparable weight to the controls. GFAP-SOD1 females had comparable weight to the controls up to 10th 

week of age; afterwards, differences among females were statistically significant. * indicates significant 

differences between females 
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6.1.1.4.1 The effect of gender and strain on weight 

Comparison of strains separately among controls and mutants brings additional 

insight. As mentioned above, all control groups gained weight continuously over time 

(Figure 17), which was not true for the mutants (Figure 18). Differences in weight were 

smaller among males than among females. This was true both for the mutants and the 

controls. 

Bl6 and GFAP control males had comparable weight; the same can be said for Bl6 

and GFAP mutant males. In contrast, differences in weight between Bl6 and GFAP 

control females were extremely significant at any given timepoint, with mean difference 

of 3.5 g at the 14th week of age. Similarly, differences in weight between Bl6 and GFAP 

mutant females were also extremely significant at any given timepoint, with mean 

difference of 2.52 g at the 14th week of age. Both males and females from both mutant 

and control groups had comparable growth curves. 

Last insight into the problematic brings the graphical comparison of weight among 

males and females. This comparison allows for better look on the facts described above. 

While there were relatively small differences in the weight and growth curves among 

males, female mice showed visible substantial differences between the tested groups 

(Figure 19). Purpose of this comparison is to better illustrate the above described 

differences and as such, no additional statistical analysis was performed. 
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Fig. 17. Comparison of time-dependent changes in weight of CTRL mice. Bl6 males had weight 

comparable to GFAP males. Bl6 females had extremely significant differences in weight at any given 

timepoint compared to GFAP females. * indicates significant differences between females 
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Fig. 18. Comparison of time-dependent changes in weight of SOD1 mice. Bl6 males had weight 

comparable to GFAP males. Bl6 females had extremely significant differences in weight at any given 

timepoint compared to GFAP females. * indicates significant differences between females 
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Fig. 19. Graphical comparison of time-dependent changes in weight among males (left) and females (right). 
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6.1.2 Immunohistochemical analysis the mbGFAP-SOD1 model 

We used immunohistochemistry to confirm the phenotype of the mbGFAP-SOD1 

model on the cellular level. We looked for the hallmarks of ALS progression (astrogliosis 

and loss of motor neurons) both in the brain and the spinal cord.  

 

Fig. 20. Immunohistochemical staining of lumbal spinal cord slices isolated from 3M old GFAP-

CTRL and GFAP-SOD1 mice. There are visible signs of astrogliosis (A,D) and loss of motor neurons in 

the ventral horn (B,E) as indicated by the white arrow. Detailed view of the ventral horn is presented (C,F). 

Bars: 0.2 mm (A,D), 0.5 mm (B, E) and 40 µm (C,F). 

We first searched for ALS phenotype in the lumbal spinal cord of 3M 

GFAP-SOD1 mice (Figure 20). Indeed, we observed loss of motor neurons in the ventral 

horns of the spinal cord. While NeuN (Neuronal Nuclei) non-specifically stains majority 

of neurons, motor neurons ale distinguishable from other neurons by their large bodies. 

We also observed signs of astrogliosis. 



60 

 

 

Fig. 21. Immunohistochemical staining of brain slices isolated from 1M old GFAP-CTRL and GFAP-

SOD1 mice. There are no visible signs of astrogliosis (A,D) or loss of motor neurons (B,E) Bar: 0.5 mm. 

Afterwards, we looked for the ALS hallmarks in the brains of 1M old 

GFAP-SOD1 mice as this age was used for further electrophysiological analysis 

(Figure 21). We observed no signs of motor neuron degeneration or astrogliosis. 
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6.2 Patch clamp recordings 

 To examine differences in astrocytic electrophysiological properties and 

membrane currents between GFAP-CTRL and GFAP-SOD1 mice, recordings from 

eGFP+ cells in acutely isolated brain slices were performed. The cells were identified in 

the slice pre-recording by the presence of fluorescent signal and by the absence of an 

action potential during seal formation. Both male and female mice were used in the 

recordings, the mice were 30 days old. eGFP+ cells recorded in mutants and controls are 

further termed “SOD1” and “CTRL” cells, respectively. 

6.2.1 Current patterns 

In total, 80 cells were recorded (29 SOD1 and 51 CTRL). Based on the quality of 

the recordings, 70 cells (26 SOD1 and 44 CTRL) were selected for analysis. These were 

further distinguished by the appearance of a specific current pattern. 

 Two distinct current patterns were identified in eGFP+ cells: a complex current 

profile and a passive current pattern (Figure 22). However, the complex pattern was 

observed only in 2 cells (1 SOD1, 1 CTRL). Both cells had highly negative RMP 

of -90 mV and membrane resistance (IR) around 65 MΩ. Given their low incidence, these 

cells were omitted from the analysis. Vast majority of cells (n = 68) were represented by 

the passive current pattern with variable RMP ranging from -50 to -92 mV and IR ranging 

between 15 and 170 MΩ. 

After detailed analysis of these cells two different passive current patterns were 

identified: a “classic” passive current pattern represented by time- and voltage-

independent K+ conductance and weak KIR currents, and an “altered” passive current 

pattern represented by time- and voltage-independent K+ conductance with a reduction in 

inwardly rectifying K+ (KIR) currents and, in some cases, additional delayed outwardly 

rectifying currents, presumably delayed outwardly rectifying K+ (KDR) currents 

(Figure 22). Both passive current patterns were present in both SOD1 and CTRL cells, 

but their incidence differed between the two groups (Figure 23). There was an increased 

incidence of altered passive current pattern in SOD1 cells when compared to controls.  
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Fig. 22. Typical current profiles of eGFP+ cells obtained by hyper- and depolarizing the cell 

membrane from a holding potential of -70 mV to potentials ranging from -160 to 40 mV. (A) eGFP+ 

cells displaying a predominant time- and voltage-independent K+ (passive) current. (B) eGFP+ cells 

displaying a combined passive current with reduction of KIR and gain of KDR current. (C) eGFP+ cells 

displaying combined expression of KIR, KDR and KA current. (D) Current-voltage (I-V) plot of GFAP+ cells 

with currents displayed in A and B. Duration of the pulse was 50 ms. The values of membrane current (I) 

were taken at 40ms as indicated by points). 

 



63 

 

 

Fig. 23. Incidence of classic and altered passive current patterns recorded from eGFP+ cells. There is 

an increased incidence of altered passive current pattern in SOD1 cells compared to controls. 

6.2.2 Electrophysiological properties 

Following parameters were compared: membrane potential (Vm), input resistance 

(IR), membrane capacitance (Cm) and current densities of KIR and KDR (Table 5). 

Table 5. Electrophysiological properties of eGFP+ cells recorded in situ from the cortex of GFAP-

CTRL and GFAP-SOD1 mice. 

Passive cells CTRL SOD1 
n 

CTRL SOD1 

Vm [mV] -67.77 ± 1.70 -70.48 ± 2.76 43 25 

IR [MΩ] 63.30 ± 5.72 89.16 ± 11.24 43 25 

Cm [pF] 39.23 ± 5.40 26.15 ± 6.86 43 25 

KIR [pA/pF] 2.24 ± 0.53 1.37 ± 0.61 20 5 

KDR [pA/pF] 5.79 ± 0.88 18.96 ± 3.22 29 21 

Out of 43 CTRL cells, 20 had detectable KIR current and 29 had detectable KDR 

current. Only 5 out of 25 SOD1 cells recorded had barely detectable KIR currents, but 

most of them (21 out of 25) had detectable KDR currents. 
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Fig. 24. Analysis of electrophysiological properties of eGFP+ cells recorded in situ from the cortex of 

GFAP-CTRL and GFAP-SOD1 mice. (A) There is not a significant difference in membrane potentials. 

(B,C,D) There are significant differences in input resistance, membrane capacitance and amplitude of KDR 

currents. Values of *(p < 0.05) were considered significant, **(p < 0.01) very significant and ***(p < 0.001) 

extremely significant. 
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There was no significant difference in membrane potential between CTRL and 

SOD1 cells. However, SOD1 cells had significantly higher input resistance and lower 

membrane capacitance than CTRL cells. Interestingly, KDR current density in SOD1 cells 

was increased 3.5-fold when compared to CTRL cells (Figure 24). Due to low incidence 

of KIR currents in SOD1 cells, no statistical comparison was performed. Possible 

implications of these findings are discussed in chapter 8. 
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6.2.3 Immunohistochemical analysis of Kir4.1 channel 

Based on the low incidence of KIR currents in SOD1 cells, we further explored 

expression of Kir4.1, which is considered to be a predominant Kir channel in astrocytes, 

in the motor cortex of GFAP-CTRL and GFAP-SOD1 mice (Figure 25). There were no 

changes in Kir4.1 immunostaining between 1M controls and mutants. However the same 

comparison in 3M mice revealed decreased Kir4.1 immunostaining in GFAP-SOD1 mice 

compared to GFAP-CTRL. 

 

Fig. 25 Immunohistochemical staining of brain cortex slices isolated from GFAP-CTRL and GFAP-

SOD1 mice. There are no differences in Kir4.1 channel expression between controls and GFAP-SOD1 

mice and the controls in the cortex of 1M old mice. There is an increased expression of Kir4.1 channel in 

the cortex of 3M old GFAP-SOD1 mice when compared to controls. Bars: 40 µm. 

 



67 

 

7 Discussion 

First part of this thesis focused on the analysis of the mouse models. Two mouse 

models were used for the experiments: the C57Bl6-SOD1 model purchased from Jackson 

laboratory and the mbGFAP-SOD1 model that we generated from the FVB-GFAP/eGFP 

model obtained directly from the authors of the original article describing this model 

(Nolte et al. 2001). We focused on the differences occurring at 14th week of age 

(3 months), because mice at this age are used in other experiments (see further text). Our 

first question was whether the generated model exerts ALS-like symptoms at all. 

According to our expectations, mutant mice exhibited a typical ALS-like 

phenotype represented by decreased gain in weight, gradual paralysis and tremors in the 

hind limbs when suspended by the tail. This phenotype was described by the authors of 

the original study (Gurney et al. 1994). On average, the control mice had higher weight 

than mutants. This difference can be seen in both strains and sexes and is most noticeable 

in GFAP-SOD1 females. Results from the sensorimotor tests confirmed the presence of 

ALS-like phenotype. 

The results from wire grid hang test show gradual decrease in motor strength. 

These changes are present in both strains and sexes with some differences between the 

groups (discussed below). For Bl6-SOD1 mice, our observations are comparable to 

results from studies conducted on this model (C. Zhou et al. 2007; Oliván et al. 2014), 

though other studies often describe later onset and sharper rate in performance decline 

(Miana-Mena et al. 2005; Alves et al. 2011). This variance can be partially explained by 

the use of different Bl6 substrains or by the differences in methodological approaches. 

Possible effects of the laboratory environment should be also taken into consideration. 

Studies have shown that the phenotype observed in behavioral tests can be affected by 

various environmental factors such as presence of cage enrichment (Chesler et al. 2002) 

or differences in animal handling (Kulesskaya, Rauvala, and Voikar 2011). Though all 

animals were treated equally and were housed and tested under the same conditions, we 

cannot exclude the possibility that the environment differently affects motor function of 

mice from different strains, as shown by (Võikar et al. 2001). 

Similar results were observed in the rotarod test. Rotarod test is designed to assess 

motor coordination and balance rather than pure physical strength. Changes in rotarod 

test performance were generally detectable later than changes in strength, which is in line 
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with the progression of ALS symptoms. This fact likely explains the observation that 

Bl6-SOD1 females showed no decrease in rotarod performance at 14th week of age. Motor 

deficits were present in GFAP-SOD1 mice with similar onset but accelerated decline 

in performance in both tests. Thus, we confirmed the presence of ALS-like phenotype 

in both strains. 

Importantly, it should be noted that the presented data from this study represent 

average values for different groups of mice. However, there were great differences in the 

performance values and weight between individuals. For example, one of the Bl6-SOD1 

males showed decreased performance in the wire grid hang test since the first week of 

testing and became almost completely paralyzed by the age of 14 weeks. Another 

Bl6-SOD1 male on the other hand showed no decrease in performance over time at all. 

Possible consequences of this observation are discussed below. Additionally, individuals 

from the same litter showed similar performance in most cases, suggesting a litter effect 

on the disease progression. 

Our second question was whether there are differences between the models. It is 

important to note that the original FVB-GFAP/eGFP model has a different genetic 

background (FVB, “Albino”) than the C57Bl6-SOD1 model (C57Bl6, “Black”), 

therefore our double transgenic model has a mixed background. To limit the possible 

effect of background on the phenotype, a simple approach would be to backcross the 

double transgenic SOD1 males with females from the original C57Bl6 strain without the 

SOD1 mutation. However, this approach from our experience results in decreased litter 

sizes and more importantly, in reduced number of mice expressing eGFP and 

to diminished expression of eGFP over time. On the other hand, mice on FVB background 

carry a mutation in the PDE6B gene (phosphodiesterase 6B, cGMP, rod receptor, beta 

polypeptide), which in homozygotes results in progressive retinal degeneration and loss 

of sight, making them less suitable for behavioral tests (Chang et al. 2013). To circumvent 

these problems as much as possible, we therefore established and maintain an inbred 

strain on a mixed background. 

 The use of different backgrounds is important because this work is a part of 

a larger project. Apart from patch clamp recording, the double transgenic strain is also 

used in other experiments, specifically 3D morphometry and calcium imaging. Part of the 

project are single-cell RNA sequencing experiments; however, those are performed on 
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the original C57Bl6-SOD1 strain. The idea was whether both strains can be used for all 

the experiments at specific time-points (1M, 3M), i.e. whether animals studied at these 

time-points have comparable characteristics on the gross phenotype level (strength, 

coordination, weight) and on the cellular level (features characteristic for ALS – loss of 

motor neurons, astrogliosis). The important question regarding this thesis was whether 

the data gathered from experiments with mbGFAP-SOD1 mice can be compared with the 

data obtained from single-cell RNA sequencing. Our third question was whether there 

were differences between sexes. 

The initial hypothesis was that the background does not affect the gross phenotype 

and animals from both strains can be expected to have similar performance when 

compared at the same time-points in life. However, the results from behavioral testing 

proved this statement not to be entirely true. First signs of the differences between the 

strains came from our observations prior to the testing. Bl6-SOD1 mice were generally 

smaller and expressed relatively low activity. On the other hand, GFAP-SOD1 mice were 

generally bigger, active and showed increased resistance to handling, especially in the 

first weeks of the testing. 

In this study and also in the studies mentioned above, Bl6-SOD1 males generally 

performed worse than Bl6-SOD1 females. This is likely thanks to their increased body 

weight, as body weight inversely correlates with rotarod performance (Mao et al. 2015) 

and likely affects wire grid hang test performance as well. GFAP-SOD1 mice performed 

generally worse in both tests. In wire grid hang test, they showed slightly delayed onset 

compared to Bl6-SOD1 mice but faced an accelerated decline in motor functions. Perhaps 

the most striking difference can be seen between the females. While performance of Bl6-

SOD1 females is relatively unaffected even in the last week of testing, this cannot be said 

for the GFAP-SOD1 females, which show substantial decline in motor function in both 

tests. Given the fact that GFAP mice generally have higher weight than Bl6 mice (both 

mutants and controls), it was rather unsurprising that they performed worse in both tests. 

Most surprisingly and unlike in Bl6-SOD1 mice, GFAP-SOD1 females performed worse 

than GFAP-SOD1 males. This was an interesting and unexpected observation. As seen in 

Figure 7 (chapter 4.2.2), specificity of the rotarod is limited amount of space for the mice 

to remain in. Weight and therefore body size can thus have an effect on the performance 

when motor functions are impaired. Though this fact could explain the differences in 

performance between females (both sexes in general), it cannot explain the observed 
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difference in performance between GFAP-SOD1 males and females and also does not 

explain the observations from wire grid hang test, where the amount of space is far less 

limited. It is also possible that the visual impairment characteristic for the FVB strains 

(discussed above) has an effect on the GFAP-SOD1 mice performance. However, our 

mbGFAP mice reacted normally to the visual stimuli, we therefore assume that the visual 

impairment is diminished or has a later onset/slower progression in mice with mixed 

background. Again, though this fact could explain the differences in performance 

between females (both sexes in general), it cannot explain the observed difference in 

performance between GFAP-SOD1 males and females. 

An interplay between muscle volume, strength and weight likely plays a role here 

and it should be considered when trying to explain this phenomenon. Unfortunately, the 

literature regarding the topic of motor function dysfunction in mice with FVB or mixed 

FVB background is very limited. One study by Pan et al. (2012) explored the differences 

between C57Bl6 and FVB strains with SOD1 mutation, while also comparing the effect 

of different mutations in this protein, specifically G93A and H64R. In agreement with 

this work are our observations of differences in weight. However, the authors focused 

solely on the differences in weight and survival probability and thus this cannot explain 

the differences between the sexes observed in both tests. Another study (Võikar 

et al. 2001) exploring the effect of strain and gender on motor performance of healthy 

mice showed differences in the rotarod performance between FVB and Bl6 males and 

females. In agreement with our data is the finding that Bl6 mice perform better than FVB 

mice. On the other hand, this study also reported better performance in FVB females than 

in males. However, this study used different methodological approach and the results 

from healthy mice cannot be directly translated into SOD1 mutants. No other studies 

exploring the motor function or its impairment in FVB mice are known to author of this 

thesis. 

While almost none of the studies focused on differences in motor function, studies 

describing other aspects of differences between C57Bl6 and FVB backgrounds exist and 

could partially clarify the unexpected phenotype observed in mbGFAP mice. For 

example, one study described the effect of crossbreeding on cytokine expression (Szade 

et al. 2015). Interestingly, FVB mice have been found to be more susceptible to induced 

excitotoxicity than Bl6 mice (Schauwecker and Steward 1997; Schauwecker 2002). 

Sellers et al. (2012) described immunological differences between various commonly 



71 

 

used mice strains. This could be of possible significance because ALS phenotype also 

results from impaired communication between microglia and other cell types (reviewed 

by Geloso et al. 2017). We therefore hypothesize that the phenotype differences observed 

in males and females between strains could arise from sex-dependent differences in the 

immune system.  

While the original purpose of the behavioral tests was to confirm similar 

phenotypic progression in our double transgenic model, our findings from this part of the 

study embraced us to further explore how different genetic backgrounds and gender affect 

the phenotype in our SOD1 models. Additionally, we extended the duration of both tests 

by four weeks and employed another method to assess motor dysfunction. We will also 

characterize the weight differences and the degree of muscle degeneration in the mutants 

by assessing the weight of main muscle groups and measure the ratio of muscles to body 

fat. It is likely that our findings will have functional consequences. Given the substantial 

differences between strains, sexes and most importantly between individuals, we will 

consider the possibility to adapt different experimental approach. Animals will be 

employed based on their performance in sensorimotor tests (or by other measures) prior 

to the experiment rather than their age, where simple split of the animals into two or three 

groups based on the phenotypical progression would be sufficient. 

To further confirm the presence of ALS-like phenotype on the cellular level, 

we searched for the features in the CNS typical for ALS, specifically astrogliosis and loss 

of motor neurons. Specifically for the SOD1(G93A) model, astrogliosis occurs at the 

onset of symptoms after the loss of motor neurons can be detected. Furthermore, changes 

in the spinal cord are more apparent than the changes in the cortex (Gurney et al. 1994; 

Hall et al. 1998; Levine et al. 1999). Therefore, we first decided to analyze the spinal cord 

of 3M old mice. Indeed, we observed clear loss of motor neurons in the spinal cord ventral 

horns. We also looked for this feature in the cortex of 1M old mice, as this age and CNS 

region are relevant to this work, and we did not see any apparent changes. 

We obtained the same results when we looked for signs of reactive astrogliosis, 

characterized by increased GFAP expression and hypertrophy. In relation to this thesis, 

it is important to make a note on GFAP and astrocyte reactivity. GFAP is generally 

accepted as a marker used for identification of reactive astrocytes. However, results from 

studies conducted in the last years question the validity of this assumption. This is for 
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several reasons. Not all reactive astrocytes express GFAP to the same extent (Liddelow 

and Barres 2017). Furthermore, some cells express GFAP-coding mRNA but not the 

protein (M. Zhou and Kimelberg 2000; Nolte et al. 2001), and in the FVB-GFAP/eGFP 

model, eGFP expression does not ultimately overlap with GFAP immunostaining 

(M. Zhou and Kimelberg 2000; Nolte et al. 2001). Astrocytes differently expressing 

GFAP are also present in the healthy CNS (Walz and Lang 1998). In addition, expression 

of GFAP in CNS changes during ontogenesis and differs both between and within specific 

CNS structures (Kohama et al. 1995; Yoshida et al. 1996). GFAP expression also changes 

after CNS injury and during pathological CNS states. To add to the complexity of this 

problem, OPCs have been shown to differentiate into GFAP-expressing astrocytes under 

specific pathological conditions (Honsa et al. 2012; Hackett et al. 2018). Taken together, 

the use of GFAP as a marker for astrocyte identification has its limitations, which should 

be accounted for when designing an experiment. For more information on the complex 

topic of GFAP and astrocyte reactivity see the works of Hol and Pekny (Middeldorp and 

Hol 2011; Hol and Pekny 2015; Pekny and Pekna 2016). Though use of GFAP as an 

astrocytic marker for the detection of astrogliosis is relevant, GFAP-expressing astrocytes 

do not represent majority of astrocytes found in the CNS and data gathered from this 

specific subpopulation cannot be directly extrapolated to all astrocytes. Therefore, 

we will consider the use of other astrocytic markers in the future. 

Last part of this thesis focused on the electrophysiological properties of astrocytes. 

First, it is necessary to clarify the specificities of this study. Our goal was to explore 

whether any alterations in properties of astrocytes can be seen in the pre-symptomatic 

stage of the disease (1M), because it is necessary to disclose subtle changes, before they 

can actually drive the disease progression. We focused specifically on the motor cortex 

for two reasons. First, ALS is a disease of motor neurons, so the motor cortex is the CNS 

region where the pathology appears. Second, the ALS research mostly focuses on the 

changes in the spinal cord, as this is the region where the changes are the most apparent, 

and the cortex is often overlooked. It is also important to distinguish whether the 

recordings are performed in vitro, in situ or in vivo. Studies in vitro face validity issues, 

as cell cultures present a system that has lost its connection to the natural environment of 

the brain. Regarding astrocytes electrophysiology, this could for example affect the 

syncytial K+ conduction. There might also be a lost information in relation to subtle 

differences between heterogenic astrocytic subpopulations, even when isolated from 
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specific brain structure. Though more relevant to the physiological state of the brain, 

in situ electrophysiological studies are more technically difficult to execute and are 

usually carried out at room temperatures, which can substantially affect the activity of 

some channels and ultimately electrophysiological properties of cells in general. This was 

demonstrated for example for some K2P (D. Kang, Choe, and Kim 2005) and Kv channels 

(F. Yang and Zheng 2014). Another important aspect that needs to be taken into 

consideration when comparing results from different studies is the astrocyte 

heterogeneity. Astrocytic subpopulations with distinct electrophysiological properties 

can be found throughout the brain and even within specific structures, including the brain 

cortex (reviewed by Matias, Morgado, and Gomes 2019). This study specifically focused 

on the eGFP+ astrocytes found in cortical layers V and VI. 

On average, eGFP+ cells recorded from slices of GFAP-CTRL mice (CTRL cells) 

and those from GFAP-SOD1 mice (SOD1 cells) had comparable membrane potentials. 

SOD1 cells had higher input resistance and lower membrane capacitance compared to 

CTRL cells. Simplified, input resistance is an indicator of amplitude of currents that flow 

through the cell membrane. It depends on the shape and size of the cell and depends on 

density of ion channels in the membrane. Therefore, increased membrane resistance can 

result from decrease of the cell size and/or from decreased amount of ion channels in the 

membrane. These however are concomitant states, since the volume (and so the size) 

of astrocytes dynamically changes in response to alterations in concentration and flow 

of ions across the membrane, which is in turn determined by the activity of ion channels 

and transporters. Membrane capacitance is an indicator of cell size and directly 

proportional to membrane surface area/cell volume. Our data therefore suggest a decrease 

in the cell surface/volume of SOD1 cells, which is in line with the increase in input 

resistance. This can partially be explained by decreased influx of water into the SOD1 

cells that results from impaired K+ uptake. It is also consistent with finding that 

astrogliosis in ALS occurs later in the symptomatic phase and astrocytes in the pre-

symptomatic phase do not show hypertrophy (Tu et al. 1996; Hall et al. 1998). Of note, 

early stages of Alzheimer’s disease are accompanied by astrocyte atrophy (Olabarria 

et al. 2010), so it is possible that shrinkage of astrocytes might represent an early 

pathophysiological sign in some neurodegenerative diseases including ALS.  

Recordings from astrocytes in the present work revealed only the presence of 

a passive current pattern with alterations in KIR and KDR currents in some cells. This is in 
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contrast to earlier study from our laboratory that reported presence of eGFP+ astrocytes 

with different current profiles in the brain cortex (Anděrová et al. 2004). This could be 

partially explained by the fact that the incidence of electrophysiological phenotypes likely 

changes throughout the development, with mature astrocyte having passive current 

profile (Schools, Zhou, and Kimelberg 2006; M. Zhou, Schools, and Kimelberg 2006). 

Other possible explanation is that astrocytes vary in electrophysiological phenotypes 

between cortical layers (Lanjakornsiripan et al. 2018; Bayraktar et al. 2020). 

The incidence of the altered current pattern varied between CTRL and SOD1 cells. 

This would suggest an ongoing cell process present in the healthy cells that is either 

amplified or downregulated in the mutant cells. The alterations in the passive profile are 

represented by the loss of KIR and gain in KDR current. Loss of KIR current has been 

previously described in ALS astrocytes as Kir4.1, a predominant Kir channel 

in astrocytes, was shown to be downregulated in ALS pathology (Kaiser et al. 2006; 

Bataveljić et al. 2012). We also confirmed downregulation of Kir4.1 in the cortex by 

immunostaining, however the changes were not apparent in the 1M old mice. 

Downregulation of Kir4.1 contributes to increased neuronal excitability as it interferes 

with the astrocyte ability to regulate the amount of K+ in the synaptic cleft during synaptic 

activity (Djukic et al. 2007). It should also be noted that while astrocytes express various 

ion channels, those are often found localized into the perisynaptic processes and astrocytic 

endfeet and are found in much lesser densities on the cell body. Different sensitivity of 

the methods could partially explain the fact that we detected changes in the incidence of 

KIR currents in 1M old mice but did not see any changes after immunostaining. This 

phenomenon will require further exploration. 

Unlike KIR currents, there is very limited information about the presence of KDR 

currents in passive astrocytes and no information regarding this topic in ALS. MacFarlane 

and Sontheimer (1997) showed the increase in KDR and decrease in KIR currents in 

proliferating astrocytes after in vitro scarring. Similar phenotype was observed by Bordey 

et al. (2001) in a model of induced cortical freeze lesion. Anděrová et al. (2004) have also 

confirmed this phenotype in a model of cortical stab wound, which correlated with 

proliferating astrocytes. Incidence of astrocytes with increased KDR density gradually 

increased in time after stab wound induction. It is possible that such increases in KDR 

current densities and also their increased incidence in SOD1 cells might be caused by 

proliferation unrelated to the neuronal tissue damage, but rather to proliferation related to 
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astrocyte reactivity. This study also confirmed that these currents are mainly carried by 

K+. Other studies have shown that changes in expression of Kir4.1 correlate with cell 

cycle progression (Higashimori and Sontheimer 2007; E. Arai et al. 2015). 

There are no clear answers to the question of KDR current origin. It is likely that it 

is caused by increased expression of specific Kv channels, as astrocytes perform mainly 

K+ conductance. Physiological function of these currents in astrocytes remains unknown. 

In neurons, Kv channels activate at positive potentials after membrane depolarization and 

allow for its quick repolarization. However, as astrocytes have a strong K+ buffering 

capacity and rarely (if at all) change their membrane potential to positive values, 

the purpose of these channels in astrocytes remains elusive. Rather than having a function 

in regulation of K+ concentration, we hypothesize that (presumed) increased expression 

of these channels in astrocytes could have a role in signaling in proliferation and/or cell 

cycle progression, as it has been previously described for Kv1.3 and Kv1.5 (Kotecha and 

Schlichter 1999; Jiménez-Pérez et al. 2016). Given the fact that astrocytes have been 

shown to express various Kv channels, we decided not to further explore the identity 

of KDR currents until the results from the single-cell RNA sequencing experiments 

become available later this year. Still the option of other channels contributing to this 

current cannot be completely excluded. Some chloride channels such as ClC-4 and ClC-5 

are known to carry outward current at positive potentials (Friedrich, Breiderhoff, and 

Jentsch 1999), however those have not been shown to be expressed in astrocytes under 

physiological nor pathological conditions. On the same note: though inward currents are 

mediated mostly by Kir4.1/Kir5.1 subunits, contribution of other Kir channels or other 

channels such as HCN channels cannot be completely excluded. 

To further explore the topic of changes in astrocyte electrophysiology, we will 

compare the data from this study with data gathered from astrocytes in the symptomatic 

stage (3 months). We will discuss the option of in situ staining of astrocytes to circumvent 

the limitations of the GFAP/eGFP model described above. We will also compare the 

patch clamp data with data gathered from 3D morphometry and calcium-imaging 

experiments and most importantly, with the data from single-cell RNA sequencing. 
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8 Conclusion 

In this study we examined the phenotype of the newly produced double transgenic 

strain used for visualization of astrocytes in the pathology of ALS. We confirmed that on 

the whole-organism level there are differences between control mice and mice carrying 

the SOD1 mutation. We also observed differences between and among both sexes and 

also between the double transgenic and the original SOD1 model. We confirmed that the 

double transgenic model exhibits signs of ALS progression (loss of motor neurons, 

astrogliosis) on the cellular level and thus further confirmed validity of the model. 

Moreover, we explored the differences in basic electrophysiological properties and 

changes in the ionic currents and current patterns of astrocytes recorded in situ from the 

motor cortex of 1M old mice carrying the SOD1 mutation and controls. Indeed, 

we observed changes in the electrophysiological properties and currents that might be of 

physiological relevance. While the loss of Kir4.1 channel has been previously described 

in ALS pathology and likely affects the astrocyte function, gain of KDR current has been 

previously described only in a limited amount of studies and its purpose remains unclear. 

Our findings will be further examined and compared to data gathered from other 

experiments. We will also discuss the possibility of alternative methodical approaches 

and employment of a different model for astrocyte visualization. 
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