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Chapter 1: General Introduction 

1.1. Synaptic inhibition and its role in the Central Nervous System (CNS)  

Central nervous system (CNS) consists of brain and spinal cord. It plays a 

fundamental role in manipulating the sensation, memory, movement, recognition, 

emotion, etc. in mammalians. Neurons act as the basic functioning unit of the central 

nervous system. Electrical and chemical signals transmitting through the network of 

neurons coordinate the communication in the CNS. Excitatory and inhibitory 

neurotransmission can be classified according to their various physiological effects on 

the body. Excitatory synapses mainly express the AMPARs 

(α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptors), NMDARs 

(N-methyl-D-aspartic acid receptor), nAChRs (Nicotinic acetylcholine receptors), etc. 

The activation of these ligand-gated ion channels causes depolarization by influx of 

cations (MOLNAR et al. 2002; BAKIRI et al. 2008), which triggers the action 

potential and the neuron firing (MCQUISTON u. MADISON 1999; BREDT u. 

NICOLL 2003; ARNAIZ-COT et al. 2008; HAMILTON et al. 2008). On the other 

hand, inhibitory neurotransmission suppresses the excitability of the neural circuits. 

 

GABA (-aminobutyric acid) and glycine function as the major inhibitory 

neurotransmitters in the CNS. The ionotropic GABAA receptors exist throughout the 

central nervous system (LUDDENS u. KORPI 1995; MOHLER 2007, 2009), with 

specific subtype distribution in certain regions. Receptors containing , ,  or 

subunits combing with  and subunits are most prevalent in the CNS 

(MOHLER 2007).-containing GABAA receptors are most widely distributed 

throughout the brain (MOHLER 2007) and abundantly expressed in the occipital 

cortex and cerebellum (HEISS u. HERHOLZ 2006).  and GABAA receptors are 

the main subtypes expressed in basal forebrain and spinal cord (MOHLER 2007, 

2009). In limbic areas (hippocampus, anterior cingulated cortex, insular cortex, etc), 

-containing receptors are the major subtype (HEISS u. HERHOLZ 2006; SPERK 
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et al. 2009). Distinct pharmacological characteristics and localization patterns of 

multiple GABAA receptors are essential for their mediating inhibitory 

neurotransmission under various physiological conditions.  

 

Ligand-gated glycine ion channels manipulate voluntary motor control, reflex 

response, and the processing of sensory signals in the CNS (RAJENDRA et al. 1997). 

Like GABAA receptors, glycine receptors are also distributed throughout the CNS 

(RAJENDRA et al. 1997; BETZ et al. 1999; J. H. YE 2008), but prominent in the 

brainstem and spinal cord (RAJENDRA et al. 1997; LAUBE et al. 2002; BAER et al. 

2009). Until now, four and one  subunits have been identified (CHALPHIN u. 

SAHA 2010). /Heteromeric glycine receptors are widely expressed in the adult 

mammalian CNS, whereas fetal glycine receptors are thought to be homomers 

composed of five subunits (MALOSIO et al. 1991; RAJENDRA et al. 1997; BETZ 

et al. 1999; CHALPHIN u. SAHA 2010). 

 

Ion channels mediating the hyperpolarization of cells work for the inhibitory 

neurotransmission.  On the other hand, excitatory transmission is induced by the 

activation of glutamatergic receptors (AMPARs, NMDARs), serotonin 

(5-hydroxytryptamine, 5-HT6) receptors (RAMAGE 2006), voltage-gated sodium 

channels (RAMAGE 2006; FEIGENSPAN et al. 2010), tonic activation of muscarinic 

acetylcholine receptors (mAChRs) (DASARI u. GULLEDGE 2011; GUNDISCH u. 

EIBL 2011), etc. For the role in balancing the neuronal excitability, bio-physiological 

processes suppressing the excitatory transmission indirectly contribute to the 

inhibition of the neural network. Various transporters (DUNLOP 2006; RUDNICK 

2006; SHELDON u. ROBINSON 2007; PRATUANGDEJKUL et al. 2008; A. LEE u. 

POW 2010; DE GROOT u. SONTHEIMER 2011) removing the excitatory 

neurotransmitters from the synapse help terminating the excitatory neurotransmission.  
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Excitatory amino acid transporters (EAATs) clear extracellular glutamate, the most 

principal excitatory neurotransmitter (VOLPI et al. 2012) in the CNS. So far, 5 

subtypes of EAATs have been identified in humans (as well as in rodents), with 

distinct electrophysiological properties and distribution patterns in the brain. EAAT1 

(GLAST) and EAAT2 (GLT-1) are mainly expressed in glia cells (MIRALLES et al. 

2001; SUCHAK et al. 2003) while EAAT3 (EAAC1) and EAAT4 are located in 

neurons (HU et al. 2003; MARAGAKIS et al. 2004). EAAT5 is the retina-specific 

isoform (ARRIZA et al. 1997). EAAT1, EAAT2 and EAAT3 elicit currents with a 

small component of anion conductance while EAAT4 and EAAT5 mediate 

predominant anion currents (WADICHE et al. 1995; WATZKE u. GREWER 2001; 

MELZER et al. 2003; BEART u. O'SHEA 2007; GAMEIRO et al. 2011). 

 

The integration of the electrophysiological signals in the CNS helps coordinating the 

activities of the body. Disturbances of the synaptic inhibition lead to neurological 

disorders in movement, recognition, sedation, emotion, etc.  Malfunction in 

GABAergic inhibition is directly associated with epileptic seizures. A point mutation 

A322D in 1 subunit of GABAA receptors, found in the multigeneration juvenile 

myoclonic epilepsy (JME) family, results in a reduced GABA affinity and a decreased 

receptor expression in the cell membrane (KRAMPFL et al. 2005; BRADLEY et al. 

2008). A G32R mutation occurring in the 3 subunit of GABAA receptors is 

associated with childhood absence epilepsy (CAE), with a smaller macroscopic 

current compared to the wild-type receptor, as well as a changed subtype compostion 

in the membrane (GURBA et al. 2012). The prominent changes in specific subtypes 

of GABAA receptors were observed in tissues from the rat model of temporal lobe 

epilepsy (FRITSCHY et al. 1999; LEROY et al. 2004). Other diseases like 

schizophrenia, depression, Alzheimer's disease can be also triggered by an impaired 

GABAergic transmission (GONZALEZ-BURGOS et al. 2011; BRICKLEY u. 

MODY 2012; KOH et al. 2012; LIMON et al. 2012). Defects of  glycineric 

neurotransmission give rise to hyperekplexia (ZHOU et al. 2002; HANSON u. 
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CZAJKOWSKI 2008; DAVIES et al. 2010; BHIDAYASIRI u. TRUONG 2011), 

characterized by pronounced startle responses to tactile or acoustic stimuli and 

hypertonia. Many mutations in glycine receptors (PLESTED et al. 2007; 

AL-FUTAISI et al. 2012; AL-OWAIN et al. 2012; LAPE et al. 2012) and in glycine 

transporters (CARTA et al. 2012; GIMENEZ et al. 2012) associated with this disease 

have been characterized. Glycine receptors also act as the most important ion 

channels in alleviating the neuropathic pain (DOHI et al. 2009). Potentiating 

3-subunit-containing GlyRs is considered as a promising pharmacological strategy 

in analgesia (LYNCH u. CALLISTER 2006; XIONG et al. 2012). It is not surprising 

that functions of the glutamate transporters are highly correlated with some 

neurological disorders, since they play an important role in preventing the cell 

excitotoxicity in the CNS. The impaired glutamate recycling by reduced EAATs 

expression in brains of Alzheimer's disease (AD) patients may contribute to the 

pathophysiology of AD (JACOB et al. 2007; K. H. CHEN et al. 2011). Recent studies 

on rat models demonstrate the involvement of GLT-1 in the pathogenesis of ischemic 

damage in brain (ZHANG et al. 2010; HARVEY et al. 2011; 

KETHEESWARANATHAN et al. 2011). In amyotrophic lateral sclerosis (ALS), the 

neuronal injury is induced by the extracellular glutamate toxicity (KANAI u. 

HEDIGER 2003). Decreased membrane expression of GLT-1 (VANONI et al. 2004) 

and its impaired activity (GOURSAUD et al. 2009) were found in rat models of ALS. 

In a G93A SOD1 mice model, treatment with -Lactam antibiotics activated the gene 

and functional activity of GLT-1, thus delayed the neuron loss and increased the mice 

survival (ROTHSTEIN et al. 2005).  

 

1.2. GABAA receptors 

GABAA receptors belong to the Cys-loop ligand-gated ion channel super-family 

(FIGURE 1)(REEVES u. LUMMIS 2002). So far, a total of 16 GABAA receptor 

subunits (1–6, 1–3, 1–3, , , , ) have been identified in mammalian brain 

(BURT u. KAMATCHI 1991; SIGEL et al. 2006; GLYKYS u. MODY 2007; OLSEN 

http://en.wikipedia.org/wiki/Startle_response
http://en.wikipedia.org/wiki/Hypertonia
http://en.wikipedia.org/wiki/Ligand-gated_ion_channel


Chapter 1 

5 

 

et al. 2007; RICHTER et al. 2012). Native GABAA receptors are pentamers typically 

made of two , two subunits and one , ,  or subunit.  

 

FIGURE 1: Typical schematic structure of the Cys-loop ligand-gated ion channels (GABAA or 

glycine receptor). A: The monomeric receptor is composed of four transmembrane domains (M1-M2), 

a large N-terminal extracellular ligand-binding domain and a short C-terminal. In  subunits, a typical 

‘cys-cys’ pair is localized in the extracellular N-terminal. B: Functional Cys-loop ligand-gated ion 

channels are pentamers. The central anion pore is mainly formed by M2 domains. Heteromeric glycine 

and GABAA receptors are permeable to chlorides, with a major subunit composition of 2  and 3 other 

subunits (. 

 

Residues from six polypeptide loops designated loop A–loop F (WAGNER et al. 

2004), located in the interface between  and  subunits (SIGEL et al. 1992) 

coordinate the GABA binding. Amino acid residues surrounding the putative loop C 

domain, 2S204, 2Y205, 2R207 and2S209 line and face into the GABA binding 

pocket (WAGNER u. CZAJKOWSKI 2001) . Among them, 2R207 is considered to 

connect directly the carboxyl group of the GABA molecule and stabilize GABA in 

the binding pocket (HOLDEN u. CZAJKOWSKI 2002; WAGNER et al. 2004; 

GOLDSCHEN-OHM et al. 2011). Amino acids in other loops of the GABA-binding 

domain have been intensively studied as well. Compared to wild-type 12 

GABAA receptors, mutants F99C (loop A), A160C (loop B), 

T126C (loop E) show decreased GABA affinity and smaller amplitude of 

currents, whereas R144C (loop E) increases the agonist affinity (HANSON u. 

CZAJKOWSKI 2008; MORLOCK u. CZAJKOWSKI 2011). Recently, an ‘aromatic 

box’ critical for agonist-binding have been identified (LUMMIS 2009). The aromatic 

http://en.wikipedia.org/wiki/Ligand-gated_ion_channel
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residues inside this region are suggested to occlude the water from the agonist binding 

pocket. Related mutations, 2Y97C (BOILEAU et al. 2002), 2Y157F (AMIN u. 

WEISS 1993) and 2Y205F (AMIN u. WEISS 1993) reduce the GABA affinity. The 

GABA-binding site undergoes conformational changes during the transition from 

agonist binding to the channel opening, resulting in a chloride influx. This kind of 

current can be allosterically modulated by benzodiazepine (BDZ), which binds to the 

interface of  (1, 2, 3 or 5) and  subunits (RUDOLPH u. KNOFLACH 2011). A 

conserved histidine site in 1, 2, 3 or 5 subunit is responsible for the selectivity of 

BDZ. The H105RGABAA receptor confers an 4/6-like pharmacology to 

diazepam and flunitrazepam (KELLY u. ZHANG 2002), and similar results were 

observed in the corresponding mutation H101RMoreover,  R100H 

GABAA receptor increases the diazepam affinity by more than 100 times 

(WIELAND et al. 1992).  

 

GABAA receptors are also modulated by neuroactive steroid (neurosteroids), which 

are synthesized within the CNS (MELLON u. GRIFFIN 2002; LAMBERT et al. 

2003). The binding pocket of neurosteroids on the GABAA receptors is located within 

the transmembrane domains of  and  subunits (HOSIE et al. 2007), and several key 

sites from it have been characterized: T236 and Q241 in subunit TM1, Y240 and 

N407 in subunit TM4 and Y284 in subunit TM3 are crucial for the potentiating 

and direct activation of allopregnanolone (ALLOP) and 

tetrahydrodeoxycorticosterone(THDOC) (HOSIE et al. 2006; HOSIE et al. 2009). 

Recently, a novel neurosteroid binding site F301 in subunit TM3 was confirmed (Z. 

W. CHEN et al. 2012).  

 

Besides those described above, GABAA receptors interact with other ligands, 

including allosteric modulators (barbiturate and ethanol), antagonists (bicuculline), 

non-competitive blockers (picrotoxin), etc (SAWYNOK 1987; BORMANN 2000; Z. 

W. CHEN u. OLSEN 2007). 

http://en.wikipedia.org/wiki/Bicuculline
http://en.wikipedia.org/wiki/Picrotoxin
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FIGURE 2: The rough location of the ligand-binding sites on GABAA receptors. GABAA receptors 

interact with GABA, barbiturates, benzodiazepines, neurosteroids, etc. Many of the binding sites are 

localized in the subunit interface. 

 

1.3. Glycine receptors (GlyRs) 

Homomeric glycine receptors are formed from  subunits alone, and heteromeric 

ones have a stoichiometry of 32(KUHSE et al. 1995)or 23(WEBB u. 

LYNCH 2007; VELAZQUEZ-FLORES u. SALCEDA 2012)Like other members 

from Cys-loop superfamily, each subunit of the glycine receptor is composed of a 

large N-terminal extracellular ligand-binding domain, a relative short C-terminal, an 

internal amino acid loop and four transmembrane domains (M1-M4), with M2 mainly 

lining the chloride-permeable central pore (MORONI et al. 2011). These channels are 

activated by glycine, as well as by other substances like alanine (KILB et al. 2008; 

TIEDJE et al. 2010), cycloserine (POLESZAK et al. 2011), taurine (KILB et al. 2008; 

KIRSON et al. 2012), ethanol (MURAIL et al. 2011), neurosteroids (ZIEGLER et al. 

2009), etc. Strychnine (KILB et al. 2008), picrotoxin (KILB et al. 2008; E. A. LEE et 

al. 2009), bicuculline (CALLISTER u. GRAHAM 2010) are the well-known 

antagonists for GlyRs.  
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The  and  subunits of the glycine receptors contain approximately 420 and 470 

amino acid residues, respectively. In homomeric receptors, an N-terminal domain 

containing Thr-112 and His-109 has been found to regulate the pH sensitivity of the 

channel (Z. CHEN et al. 2004). Molecular determinants related to the ligand binding 

were more intensively investigated. In 1 glycine receptors, a point mutation A52S 

significantly reduces the glycine affinity (RYAN et al. 1994). The mutations of 

arginine residue-271 (R271) localized at the extracellular end of the M2 segment 

decrease the glycine affinity as well as the chloride currents though the ion channels 

(LANGOSCH et al. 1994; RAJENDRA et al. 1997). Further studies demonstrate that 

the opening of the channel increases the surface accessibility of M2-M3 domain 

(R271-K276), implying the contribution of R271 to the conformational change after 

glycine binding (LYNCH et al. 2001; HAN et al. 2004). The loop structure formed by 

the putative disulfide bridging of C198 and C209 directly interacts with the ligand 

binding in the glycine receptors (RAJENDRA et al. 1995). Mutations in this loop 

(K200A, Y202F, Y202L, T204A and T204V) dramatically reduce the glycine and 

taurine affinity. K200 and Y202 also affect the efficacy of strychinine on the 1 

receptors (VANDENBERG et al. 1992; RAJENDRA et al. 1995). The -subunits of 

the glycine receptors alone cannot form a functional ion channel. However, it 

contributes to different pharmacological properties in heteromeric receptors. 

Coexpression of subuints rescues the reduced agonist affinity in 

mutanthomomeric glycine receptors (GRUDZINSKA et al. 2005). F282 in the 

subuint M2 domain is involved in determining the lower picrotoxin sensitivity for 

the glycine receptors (RAJENDRA et al. 1997; SHAN et al. 2001; YANG et al. 

2007).  

 

1.4. Excitatory amino acid transporters (EAATs) 

Excitatory amino acid transporters (EAATs) belong to solute carrier 1(SLC1) family 

(TORRES u. AMARA 2007) and regulate the glutamate homeostasis in the brain 
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(SELKIRK et al. 2005; COHEN-KASHI-MALINA et al. 2012). EAATs are also 

called ‘Na
+
/K

+
 coupled glutamate transporters’, with a transport stoichiometry of 

three Na
+
, one glutamate and one H

+
 pumped in but one K

+ 
out (LEVY et al. 1998). 

Interestingly, the glutamate transporters also function as anion channels (KOCH et al. 

2007; TORRES-SALAZAR u. FAHLKE 2007), indicating their role in regulating cell 

excitability (YAMADA et al. 1996). To date, five subtypes of EAATs have been 

identified in humans (rodents): EAAT1 (GLAST), EAAT2 (GLT-1), EAAT3 

(EAAC1), EAAT4 and EAAT5. 

 

1.4.1. Structure and transport mechanism of a glutamate transporter homologue  

So far, the crystal structure of a glutamate transporter homologue from Pyrococcus 

horikoshii (GltPh) has been characterized at a near-atomic resolution (YERNOOL et al. 

2004; BOUDKER et al. 2007; KRISHNAMURTHY et al. 2009), which reveals the 

structural fold of EAATs (FIGURE 3). Excitatory amino acid transporters (EAATs) 

are trimers (NOTHMANN et al. 2011) with a central aqueous cavity (LEARY et al. 

2011). Each protomer is composed of one intracellular amino- and carboxy-termini, 

eight transmembrane domains (TM1-8) and two helical hairpins (HP1-2). 

Transmembrane domains 1-6 surround the elements of the transport machinery 

formed by highly conserved TM7, TM8, HP1 and HP2 (KRISHNAMURTHY et al. 

2009). In GltPh, amino acid D405 in TM8 and S278 in HP1 may coordinate with 

sodium site 1, which is buried deeply below the bound aspartate. Sodium site 2 is 

located under the HP2. The binding of one substrate and two sodium ions causes the 

complete closure of HP2, and switches the transporter into an occluded state. Finally, 

the sodium and substrate are released into the cytoplasm after the internal gate is 

opened (YERNOOL et al. 2004; BUNCH et al. 2009).  
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FIGURE 3: Structure of a glutamate transporter homologue (GltPh) A: Cartoon representation of 

the trimer, viewed from the extracellular side of the membrane. B: Cartoon representation of the 

monomer, viewed in the plane of the membrane. Grey marked parts represent the trimerization domain. 

Green parts represent the transport domain. Yellow and orange balls depict sodium and substrate, 

respectively. The red sphere represents a conserved aspartate residue in TM8 (D405). 

 

1.4.2. Glial glutamate transporter EAAT2 

EAAT2 is the predominant subtype out of the five glutamate transporters 

(EAAT1-EAAT5) expressed throughout the CNS (GEGELASHVILI u. 

SCHOUSBOE 1998; SIMANTOV et al. 1999; OHGOH et al. 2002; 

MITOSEK-SZEWCZYK et al. 2008). At the cellular level, it is primarily expressed in 

the membrane of microglia and astrocytes (MIRALLES et al. 2001; SUCHAK et al. 

2003; ZAGAMI et al. 2005; XIN et al. 2009). The major function of EAAT2 is to 

terminate the neuronal excitatory transmission by removing the bulk of released 

glutamate from the synaptic cleft (ROBINSON 2006; SATTLER u. ROTHSTEIN 

2006; KIM et al. 2011). Therefore, it is not surprising that EAAT2 recycles most of 

glutamate (R. YE et al. 2010; KIM et al. 2011) in the CNS by a fast rate (OTIS u. 

KAVANAUGH 2000). So far, effects of conserved amino acid residues on the 
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substrate transport in this subtype are not fully understood. Recently, C-terminal of 

EAAT2 was found to regulate functions of the glutamate transporter 

(LEINENWEBER et al. 2011): the first two amino acid residues (K498, S499) of it 

support either the membrane insertion or membrane retention; truncated protein 

EAAT2E500X reduces the transport currents by modifying the glutamate uptake 

cycle.  

 

1.4.3. Neuronal glutamate transporter EAAT4 

EAAT4 is abundantly localized in Purkinje cells in cerebellum (DEHNES et al. 1998; 

TAKAYASU et al. 2005), while with low levels in forebrain (FURUTA et al. 1997), 

hippocampus (BAR-PELED et al. 1997) and neocortex (RAKHADE u. LOEB 2008). 

In contrast to EAAT2, EAAT4 mediates currents with a predominant anionic 

component during the substrate transport (FAIRMAN et al. 1995; MITROVIC et al. 

2001; TORRES-SALAZAR u. FAHLKE 2007). Moreover, EAAT4 binds glutamate 

with a high affinity but transports it at a relative slow rate (BERGLES et al. 2002; 

MIM et al. 2005).The big anion (Cl
-
) flux and the special kinetic characteristics of 

EAAT4 indicate its role in the CNS: 1) to regulate neuronal excitability by 

counteracting the depolarization associated with electrogenic glutamate transport 

(FAIRMAN et al. 1995; ELIASOF u. JAHR 1996; AMARA u. FONTANA 2002; 

KIM et al. 2011); 2) to remove low concentrations of glutamate escaping from the 

uptake by glial transporters, thus to prevent neurotransmitters from spilling over to 

neighboring synapses (TAKAYASU et al. 2005). Recently, Kovermann et 

al.(KOVERMANN et al. 2010) reported a conserved aspartate site between TM2 and 

TM3 critical to the function of EAAT4 anion channels.  
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2.1. Abstract 

EAAT glutamate transporters terminate the excitatory neurotransmission in the 

central nervous system. The uptake of one glutamate by EAATs is accompanied by a 

co-transport of three Na
+
, one H

+
 and a counter-transport of one K

+
. Here we 

investigated the effect of charge neutralization of a highly conserved residue in TM8 

on the functional properties of the transporter. We found glutamate acts as an inhibitor 

of EAAT2D486N and EAAT4D509N. The inhibitory effects were less pronounced 

when a high internal concentration of Na
+ 

or glutamate was used. The rates of 

glutamate translocation in the mutants were altered. Na
+
-activated currents in 

EAAT2D486N and EAAT4D509N diminished the fast decaying phase observed in 

wild-type transporters, which indicates the role of this aspartic acid residue 

(EAAT2D486N or EAAT4D509) in modulating the Na site 1 of the transporter. We 

established a simplified kinetic model and simulated the currents to further elucidate 

the transport cycles of various subtypes. EAATs are not only glutamate transporters, 

but also anion channels. Anion channel opening is closely linked to the uptake cycle 

with anion channel opening from certain conformations of the transporter. Kinetic 

modelling suggested that D486N also modifies anion channel opening from two 

EAAT2 states, ‘ToNa3GH’ and ‘TiNa2’. Our results suggest that the highly conserved 

aspartic acid residue, D486 in EAAT2 and D509 in EAAT4 play an important role in 

modulating glutamate uptake and the interaction between Na
+
 and empty transporters. 

 

 

Keywords: glutamate transporter, EAAT, sodium site, potassium coupling, patch 

clamp 
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2.2. Introduction 

The excitatory amino acid transporter (EAATs) family plays an important role in 

maintaining the low resting glutamate level (1,2) and in terminating the excitatory 

neurotransmission(3-5) in mammalian central nervous system (CNS). It comprises 

five subtypes: EAAT1 (GLAST), EAAT2 (GLT-1), EAAT3 (EAAC1), EAAT4 and 

EAAT5 (6-8), with distinct functions and distribution patterns throughout the brain 

(9-11). Glial glutamate transporter EAAT2 sweeps the bulk of released glutamate in 

the CNS (2,11) and neuronal transporter EAAT4 is responsible for trapping the lower 

concentration of glutamate in the extra-synaptic region (12).The uptake of one 

glutamate through EAATs needs a co-transport of three Na
+
, one H

+
 and a 

counter-transport of one K
+ 

(13,14), thus a total of two positive charges is transferred 

into the intracellular region during one complete glutamate transport cycle.  

 

The mechanism of glutamate transport through EAATs is not fully understood. Two 

re-entrant loops Hairpin1 and Hairpin2, together with transmembrane domains 7 and 

8 (TM7, TM8) are considered to achieve a binding pocket, which modulates the 

interaction of substrates and cations (15,16). So far, many studies focused on 

investigating the role of amino acid residues localized in these structures. In EAAT3, 

the mutation T370S was found to lower the Na
+ 

affinity to the transporter (17). A 

neutralization of D367 in EAAC1 severely impaired the Na
+ 

binding to the empty 

form of transporters, and further decreased the glutamate affinity (18).Another 

conserved aspartate 439 in TM8 of EAAC1 was found to be involved in the last Na
+
 

binding to the transporter, but not in the rate and affinity of Na
+ 

binding to the 

glutamate–free transporter (19). The mutation S441G in Hairpin2 of EAAT2 changed 

the glutamate affinity, as well as the cation selectivity (20). These studies demonstrate 

some critical amino acid residues in TM7, TM8 and 2 Hairpin loops determine the 

transporter function by regulating the interaction with substrate and cations.  
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In this paper, we investigated the role of a conserved site, aspartate 486 in TM8 of 

human EAAT2 and the corresponding residue aspartate 509 of rat EAAT4 in the 

transporter function, by charge neutralization of these two sites (Fig.1). The 

Na
+
-activated currents through the empty transporter EAAT2D486N and 

EAAT4D509N were changed compared to wild-type EAAT2 and wild-type EAAT4, 

respectively. Moreover, glutamate acted as an inhibitor of both mutations. A 

simplified model, as well as a developed computational simulation was used to 

describe the transport cycles and the transiton rates of wild-type and mutant 

transporters. In this model, we suggest that the Na
+
 interaction with the transporter is 

impaired by the D to N mutation, and that mutant glutamate transporters finally 

accumulate at a state with a very low anion conductance. Our data support the notion 

that D486/D509 is an impotant determinant of Na
+ 

binding and the anion channel 

gating in hEAAT2/rEAAT4 glutamate transporters. 

 

Fig. 1 Sequence alignment of the highly conserved region around Asp-486 in hEAAT2 and 

Asp-509 in rEAAT4. The conserved aspartic acid residues of various glutamate transporters in 

proximity to the end of TM8 are shown in red. 

 

2.3. Materials and methods 

2.3.1. Heterologous expression of WT and mutant EAATs in mammalian cells 

pRcCMV hEAAT2 and pcDNA3.1(-) rEAAT4 were kindly provided by Dr. M. 

Hediger (University of Bern, Switzerland) and Dr. J. Rothstein (Johns Hopkins 

University, Baltimore,MD), respectively. The D to N mutation (EAAT2D486N or 
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EAAT4D509N) was introduced using the QuickChange
TM 

site-directed mutagenesis 

kit (Stratagene, La Jolla, CA). All constructs were verified by restriction analysis and 

DNA sequencing. Transient transfection of tsA201 cells was performed using the Ca3 

(PO4)2 technique as described previously (21). To identify cells with a high 

probability of expressing recombinant transporters, the cells were cotransfected with a 

plasmid encoding the CD8 antigen and incubated 10 min before use with polystyrene 

microbeads precoated with anti-CD8 antibodies (Dynabeads M-450 CD 8; Dynal, 

Great Neck, NY).  

 

2.3.2. Electrophysiology 

Standard whole cell patch clamp recordings were performed using an Axopatch 200B 

amplifier (Axon Instruments, Union City, CA, USA). Borosilicate pipettes were 

pulled with resistances between 1.0 and 2.5 MΩ using a micropipette puller (Sutter 

Instruments) and polished with a microforge (Narishige). In order to reduce voltage 

errors, we routinely compensated more than 80% of the series resistance by an analog 

procedure. Currents were filtered at 5 kHz (-3dB) and digitized with a sampling rate 

of 50 kHz using a Digidata AD/DA converter (Molecular Devices, Sunnyvale, CA). 

To measure the glutamate-activated anion current, the standard intracellular solution 

contained (in mM): 115 KNO3, 2 MgCl2, 5 EGTA, 10 HEPES (pH7.4), and the 

standard extracellular solution contained (in mM): 140 NaCl, 4 KCl, 2 CaCl2, 1 

MgCl2 and 5 HEPES (pH7.4). The glutamate application solution contained the same 

ingredients in the extracellular solution besides 1mM glutamate. In some experiments 

115 mM NaNO3, or 140 mM NaNO3 together with 1mM glutamate were substituted 

for 115 mM KNO3 in the internal solution. For experiments studying the interaction of 

Na
+ 

and empty transporters, the intracellular solution contained (in mM): 115 KNO3, 

2 MgCl2, 5 EGTA, 10 HEPES (pH7.4), and the extracellular solution contained (in 

mM): 140 CholineCl, 2 CaCl2, 1 MgCl2 and 5 HEPES (pH7.4). Solutions with various 

concentrations of NaCl replacing the same molar of extracellular CholineCl were 

applied to the empty transporters. For experiments in the reverse glutamate transport 
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mode, we used an internal solution containing (in mM): 115 Na-L-glutamate, 2 

MgCl2, 5 EGTA, 10 HEPES, and an external solution containing (in mM): 142 

K-gluconate, 2 Na-gluconate, 2 CaCl2, 1 MgCl2, 5 HEPES, pH 7.4. To determine the 

K
+
-dependence of the reverse glutamate transporter, external K-gluconate was 

substituted by Na-gluconate. A piezo-driven ultrafast application system (22,23) was 

used for the rapid solution exchange: the rate for the substrate filament running out of 

the quartz tube reached 5～10 cm/s, and the time resolution of our system was around 

1 ms.  

 

2.3.3. Kinetic modelling and computational simulation  

Kinetic modelling was performed by solving differential equations (21,24,25) on the 

basis of a modified rat EAAT2 model (26).The kinetics of currents measured in the 

experiments revealed some apparent rates constants in the model. The computational 

simulation of the currents was carried out by a self-written program in the MATLAB 

environment (The MathWorks). Several parameters of the established model(26) were 

modified to meet some essential kinetic properties of the mutation. 

 

2.3.4. Data analysis 

Data were analyzed with a combination of pClamp 9 (Molecular Devices, Sunnyvale, 

CA) and SigmaPlot 9 (Jandel Scientific, San Rafael, CA). We used Simplex algorithm 

with different orders fit currents to achieve the time constants, which reflect the 

kinetics of the glutamate transporter. For statistical analysis the one-way ANOVA and 

Student's unpaired two-tailed t-test were used. Differences were considered significant 

at the P<0.05 level. Data are given as mean±S.E. 

 

2.4. Results 

2.4.1. The kinetics of EAAT2-associated anion currents depend on the transport cycle 

We studied the kinetics of anion currents through wild-type EAAT2, wild-type 

EAAT4 and their corresponding mutations by rapid application of glutamate to 
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transfected mammalian cells. As shown in Fig.2A, 1mM glutamate induced a family 

of inward currents at negative membrane potentials through the EAAT2 

WT-containing cells dialyzed with 115mM KNO3, which facilitates the forward 

transport cycle (27,28). After a rapid activation to the maximal peak amplitude, the 

current decayed to the steady-state with a time constant of 5.04±0.41 ms (n=6, V=-60 

mV), indicating the forward rate of the glutamate translocation. The decay of the 

anion current after the removal of glutamate was voltage-independent (Fig.2G). It 

reflects the path by which glutamate moves forward through a complete transport 

cycle (29).  

 

To characterize other pathways of the cycle, we removed the potassium from the 

pipette solution. As shown in Fig.2B, when intracellular K
+ 

was replaced by the same 

amount of Na
+
, the current decay after removal of glutamate was significantly slower 

(455.60±31.73 ms, n=8, V=-60 mV) than that recorded with internal K
+
 (18.14±1.66 

ms, n=6, V=-60 mV). The Na
+
-bound half cycle was fulfilled in this condition, 

although the rate was very slow (26). 

  

The ‘exchange mode’ (29,30) was favored when cells with EAAT2 WT were dialyzed 

with 140mM NaNO3 and 1mM glutamate (Fig.2C). During the glutamate application, 

higher internal [Na
+
]

 
and [glutamate] cause the transport states frequently switch 

between glutamate-bound outward and inward states. After the fast removal of 

external glutamate, the transporters directly turn back to the glutamate-free state. In 

line with this assumption, a higher component of steady-state current was observed 

under the ‘exchange mode’ (internal K
+
:  Iss/Ipeak=0.49±0.05, n=6; exchange mode: 

Iss/Ipeak=0.85±0.03, n=11; p<0.0005, V=-60 mV). The current decay after the removal 

of external glutamate was best fit with a bi-exponential function (Fig.2G). The fast 

component is supposed to reflect the process of glutamate dissociating to the 

extracellular region (29).  
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A EAAT2

B

C

EAAT2D486N

E

D

F

NaNO3

NaCl

NaNO3+Glu

NaCl

G

H

I

KNO3

NaCl

 

Fig. 2 Glutamate-activated currents from tsA201 cells expressing EAAT2WT or EAAT2D486N. 

A-C, whole-cell currents through EAAT2WT in response to the fast application of 1mM glutamate. 

Cells were dialyzed with KNO3, NaNO3 or NaNO3+glutamate-based pipette solution. Membrane 

potentials of these recordings were hold at 0,-20…-100 mV, respectively. D-F, corresponding 

whole-cell recordings for EAAT2D486N. G, voltage-dependence of EAAT2 current kinetics. H and I, 

voltage-dependence of EAAT2D486N current kinetics. (decay: the time constant of current decay in the 

presence of glutamate;decay1: the fast component of decay;decay2: the slow component of decay; ss: the 

time constant of current decay or activation after the removal of glutamate; ss1:the fast component of 

ss;ss2: the slow component of ss; the solid lines reflect the voltage-dependence of the rates .) 

 

2.4.2. Glutamate inhibits the anion currents through EAAT2D486N 

The D486N mutation elicited a unique response to fast glutamate application. An 

extremely strong inhibitory effect by glutamate was observed with internal K
+ 

(Fig.2D). The current decay to the steady-state was best fit by a bi-exponential 

function. The rate for the fast component was voltage-dependent (see Fig.2H) and 

significantly slower than that measured in EAAT2 WT (EAAT2D486N: 

1/decay1=52.12±6.35 s
-1

, n=9; EAAT2 WT: 1/decay=205.42±17.35 s
-1

, n=6; p<0.00001, 

V=-60 mV), indicating a disturbed glutamate translocation in EAAT2D486N. The 

currents activated with time constants bigger than 4 s after the removal of glutamate 
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(ss=5.82±0.50 s, n=9, V=-60 mV). The recovery from the occupied transport state 

when inhibition occurs seems to be extremely slow. 

 

When we replaced internal K
+ 

with Na
+
, the fast component of current decay in the 

presence of glutamate was even slower (see Fig.2H). After removing the external 

glutamate, slow current activation was also observed. Moreover, a fast decaying phase 

before the slow current activation was recorded at 0 and -20 mV. The inhibitory effect 

was significant, but weaker than that measured from cells with internal K
+
 (internal 

Na
+
:  Iss/Ipeak=-0.48±0.02, n=7; internal K

+
:  Iss/Ipeak=-0.74±0.07, n=9; p<0.01, 

V=-60 mV). 

 

In the ‘exchange mode’ where cells were dialyzed with 140mM NaNO3 and 1mM 

glutamate, the anion current through EAAT2D486N was still inhibited by 1mM 

external glutamate (see Fig.5F). However, the inhibitory effect was minor 

(Iss/Ipeak=-0.07±0.08, n=7, V=-60 mV) compared to the recordings when K
+
 or Na

+
 

was used inside the pipette. The current after the removal of external glutamate 

underwent a fast decay followed by a slow activation. These two phases indicate two 

parallel paths were fulfilled by EAAT2D486N under the ‘exchange mode’: a part of 

transporters switched into a state with a very low anion conductance during the 

glutamate application, and turned back through ‘slow activation’ after the application; 

the other part of transporters accumulated at the glutamate-bound outward 

configuration due to a higher counter-transport driving force. The fast decay observed 

after glutamate application reflects the dissociation of substrates from this part of 

transporters. 

 

2.4.3. The glutamate transport through EAAT4 is slower than through EAAT2 

We measured the anion current through EAAT4 WT and EAAT4D509N under the 

same conditions described above. A complete forward transport cycle through 

EAAT4 WT was fulfilled with internal K
+
 (Fig.3A). The glutamate-activated current 
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decayed from the peak amplitude to the steady-state with a time constant bigger than 

20ms, which was much slower than that of EAAT2 WT (EAAT4 WT: 

decay=26.94±1.53 ms, n=11; EAAT2 WT: decay =5.04±0.41 ms, n=6; p<0.00001, 

V=-60 mV). The current decay after the removal of external glutamate was 

voltage-independent (Fig.3G), significantly slower than that of EAAT2 WT (EAAT4 

WT: ss=65.88±3.03 ms, n=11; EAAT2 WT: ss =18.14±1.66 ms, n=6, p<0.00001, 

V=-60 mV). These experimental results show that the glutamate translocation as well 

as the complete transport cycle is much faster through EAAT2 WT than through 

EAAT4 WT.  

A

B

C

E

F

H

I

NaNO3

NaCl

NaNO3+Glu

NaCl

EAAT4 EAAT4D509N

D

KNO3

NaCl

G

 

Fig. 3 Glutamate-activated currents from tsA201 cells expressing EAAT4WT or EAAT4D509N. 

A-C, whole-cell currents through EAAT4 in response to the fast application of 1mM glutamate. Cells 

were dialyzed with KNO3, NaNO3 or NaNO3+glutamate-based pipette solution. Membrane potentials 

of these recordings were hold at 0,-20…-100 mV, respectively. D-F, corresponding whole-cell 

recordings for EAAT4D509N.G, voltage-dependence of EAAT4 current kinetics. H and I, 

voltage-dependence of EAAT4D509N current kinetics. (decay: the time constant of current decay in the 

presence of glutamate;decay1: the fast component of decay;decay2: the slow component of decay; ss: the 

time constant of current decay or activation after the removal of glutamate; ss1: the fast component of 

ss;ss2: the slow component of ss; the solid lines reflect the voltage-dependence of the rates .) 
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We recorded the glutamate-activated anion currents through EAAT4 WT with internal 

Na
+
 to investigate the Na

+
-bound associated transition. Interestingly, the peak current 

decayed to a smaller steady-state amplitude only at a membrane potential more 

negative than -20 mV (Fig.3B). Moreover, the current through EAAT4 WT showed a 

bigger relative component of steady-state current (internal Na
+
:  Iss/Ipeak=0.87±0.02, 

n=9; internal K
+
:  Iss/Ipeak=0.47±0.03, n=11; p<0.00001, V=-60 mV). After the 

removal of external glutamate, the current decayed in a bi-exponential way, different 

from the mono-exponential one measured on cells with internal K
+ 

(Fig.3G). All of 

these indicate the translocation of glutamate into the cytoplasm is not facilitated in 

EAAT4 WT with internal Na
+ 

(no glutamate). 

 

The glutamate-activated current through EAAT4 WT with internal 140mM NaNO3 

and 1mM glutamate is shown in Fig. 3C. At 0 and -20 mV, no decay phase of the 

current in the presence of glutamate was observed. The component of the steady-state 

current was similar to that measured from cells with internal Na
+
 (internal Na

+
:  

Iss/Ipeak=0.87±0.02, n=9; internal Na
+
 and glutamate:  Iss/Ipeak=0.91±0.01, n=10; 

p=0.127, V=-60 mV). A bi-exponential current decay was observed after removal of 

external glutamate (Fig.3G). The fast component had a time constant of 119.59±9.28 

ms (n=10, V=-60 mV), similar to that recorded from cells with internal Na
+ 

(128.71±10.81 ms, n=9, V=-60 mV, p=0.552). Therefore, most EAAT4 operated as 

‘exchangers’ even if the cell was dialyzed with a higher intracellular [Na
+
] alone (Fig. 

B). 

 

2.4.4. EAAT4D509N mutation modulates the anion current  

The anion current through EAAT4D509N was significantly inhibited by 1mM 

glutamate when the cell was dialyzed with 115mM KNO3 (Fig.3D). Consistent with 

D486N in EAAT2, the peak amplitude decayed to the steady-state in a bi-exponential 

way in EAAT4D509N. The fast component of it ran significantly faster than that 

measured in EAAT4 WT (EAAT4D509N: decay1=15.26±0.88 ms, n=21; EAAT4 WT: 
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decay =26.94±1.52 ms, n=11; p<0.00001, V=-60 mV), indicating an accelerated 

transient glutamate translocation in EAAT4D509N. The slow activation after the 

removal of glutamate represents the recovery of transporters from the state with a low 

anion conductance, with a time constant ranging from 600 ms to 1.5 s at various 

membrane potentials (ss=728.87±50.54 ms, n=21, V=-60 mV).  

 

With internal Na
+
, the inhibitory effect of external glutamate on EAAT4D509N was 

not as obvious as in EAAT2D486N (Fig2.E and Fig.3E). However, a smaller relative 

steady-state component (EAAT4 WT:  Iss/Ipeak=0.87±0.02, n=9; EAAT4D509N:  

Iss/Ipeak=0.56±0.04, n=11; p<0.00001, V=-60 mV) indicates a different transport 

process in EAAT4 WT and EAAT4D509N under this condition. The current decay to 

the steady-state was best fit with a mono-exponential function, faster than that 

measured in EAAT4 WT at membrane potentials more negative than -60mV 

(EAAT4D509N: decay=16.23±1.87 ms, n=11; EAAT4: decay=34.75±5.57 ms, n=9; 

p=0.0019, V=-60 mV). After the removal of external glutamate, the current decayed 

in a bi-exponential way. The fast component of it was also faster than that of EAAT4 

WT (EAAT4 WT: ss1=128.71±10.81 ms, n=9; EAAT4D509N: ss1=66.22±8.08 ms, 

n=11; p<0.001, V=-60 mV). 

 

In the ‘exchange mode’ with internal Na
+
 and glutamate (Fig.3F), the component of 

steady-state current was also reduced in the mutant transporter (EAAT4 WT:  

Iss/Ipeak=0.91±0.01, n=10; EAAT4D509N:  Iss/Ipeak=0.70±0.05, n=13; p<0.001, 

V=-60 mV). The current decayed in the presence of glutamate with a time constant of 

around 14 ms. After the removal of glutamate, the current decay was best fit with a 

bi-exponential function. The fast phase of it represents the glutamate unbinding from 

the part of transporters trapped in the ‘outward conducting states’. The time constant 

of it was significantly smaller than that of EAAT4 WT (EAAT4 WT: 

ss1=119.59±9.28 ms, n=10; EAAT4D509N: ss1=37.32±3.89 ms, n=13; p<0.00001, 

V=-60 mV).  
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2.4.5. EAAT2D486N mutation affects sodium binding to the empty transporter  

The kinetics of sodium binding to the empty (glutamate-free) transporter was studied 

by a fast Na
+ 

concentration jump to cells expressing wild-type and mutant 

transporters. In order to keep the transporters at the outward-facing and empty-loaded 

states, we used internal KNO3 and external CholineCl (no Na
+
 or glutamate) solution 

before sodium application. 

A EAAT2 B C

D E F

EAAT2D486N

EAAT4 EAAT4D509N

KNO3

CholineCl

 

Fig. 4 Sodium-activated currents in empty transporters. A,B,D and E, whole-cell currents in 

response to the fast application of 140mM NaCl ,through glutamate-free transporter EAAT2WT, 

EAAT2D486N, EAAT4WT and EAAT4D509N, respectively. Membrane potentials of these 

recordings were hold at 0,-20…-100 mV, respectively. C, Dependence of the rate constants 1/ of 

EAAT2WT and EAAT2D486N on the [Na
+
]. The result of  linear regression reveal the forward rate 

constant of 136 M
-1

s
-1

 and the back rate constant of 16 M
 1

s
-1

 for EAAT2D486N (V=-60 mV). F, 

Dependence of the rate constants 1/act of EAAT4 WT and EAAT4D509N on the [Na
+
]. The solid lines 

represent the linear regression fit with the rate constant (forward/backward) of 249/8 M
-1

s
-1

 for 

EAAT4D509N and 419/4 M
-1

s
-1

 for EAAT4WT(V=-60 mV).  

 

Fast application of 140 mM NaCl induced a family of transient currents in the empty 

EAAT2 WT (Fig.4A, inset). The rise time of the current was around 2 ms, close to the 

solution exchange rate of our application system (～1 ms). The rate of decay to the 

steady state current in the presence of Na
+
 was concentration-dependent. A linear 
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regression fit of (1/deacy) versus [Na
+
] relationship was shown in Fig.4C. This kind of 

transient current was also observed when all anions were removed from solutions 

used in the experiment (data not shown). All of these indicate this kind of current is 

associated with Na
+
 binding. In agreement of the previous study (21), an inhibition of 

current by external Na
+
 in glutamate-free EAAT2 WT was observed (Fig.4A).  

 

EAAT2D486N dramatically affected the kinetics of sodium binding to the empty 

transporter at all membrane potentials in our experiments. A slow-activated 

permanent anion current (act =19.90±3.22 ms, n=10; V=-60 mV) was observed during 

the application of 140mM NaCl (Fig.4B). We also applied different concentrations of 

sodium to the transporters. The rate of the rising phase was [Na
+
]-dependent, with a 

good result of linear regression fit of (1/) versus [Na
+
] relationship (See Fig4.C). The 

slope of the regression fit represents the forward rate constant (Na
+
 binding to the 

empty transporter) while the intercept of it represents the backward rate constant (Na
+
 

dissociating from the Na-loaded transporter form) (24).  The kinetics of Na
+
 

interaction with the glutamate -free EAAT2D486N is listed in TABLE.1. The forward, 

as well as the backward step run faster at more negative voltages. Our data suggest 

that EAAT2D486N modifies the interaction between Na
+ 

and empty transporters. 

 

2.4.6. EAAT4D509N mutation affects sodium binding to the empty transporter  

The fast sodium application to the empty EAAT4 WT induced a family of currents 

with a complex behavior (Fig.4D): at 0 and -20 mV, a fast rising phase was followed 

by a decay phase into the steady-state. At the membrane potential negative than -40 

mV, a slow activating current to the steady-state was observed (slow act=15.69±2.56 ms, 

n=5; V=-60 mV). It seems that the interaction between Na
+
 and empty EAAT4WT is 

modulated by a ‘threshold voltage’ (～-40 mV). Moreover, the conformation of 

Na
+
-bound EAAT4 WT at more negative voltages may facilitate the glutamate 

translocation later (Fig.3B and Fig.3C).  
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Unlike EAAT4 WT, the binding of Na
+
 to the empty EAAT4D509N induced a seires 

of slow activated anion currents at all measured membrane potentials (Fig.7E). No 

decaying phase was observed. The rise time of the current depended on the external 

[Na
+
] rather than the membrane potentials. A linear regression fit of (1/) versus [Na

+
] 

relationship yielded to a good result in calculating the rate constants for the Na
+
 

interaction with the glutamate -free transporters EAAT4D509N (Fig.4F). As shown in 

TABLE.1, these rate constants of the mutation are voltage-independent and slower 

than those of EAAT4 WT. 

 

2.4.7. The kinetic model of EAATs 

A simplified kinetic model was developed to investigate and elucidate the glutamate 

transporter cycle of EAATs (Fig.5). In this scheme, the transporters switch among 

various configurations by interacting with sodium, potassium and glutamate. In order 

to numerically simulate the rate constants for the specific transitions, experiments 

under various internal and external conditions were conducted (see Fig.2, Fig.3 and 

Fig.4). The parameters calculated for this model are listed in TABLE.1. 

 

The sodium binding and unbinding upon the empty transporters (k0/-0) were kinetically 

determined by experiments shown in Fig.4. A voltage-dependence of the forward rate 

(k0) was observed in EAAT2D486N (TABLE.1). 

 

We determined the rates of glutamate association and dissociation with the transporter 

(k1/-1) by analysing the rise time of the peak current and the fast component of current 

decay from the steady state (ss) under the ‘exchange mode’(Fig.2C,F and Fig.3C,F). 

The values of k1 are bigger in EAAT2 WT than in EAAT2D486N, whereas higher 

k1-values were determined in mutant transporters D509N compared to EAAT4 WT. 

Moreover, the values of k-1 decreases at more negative membrane potentials in 

EAAT2 WT. 
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Fig. 5 A simplified kinetic model for the glutamate transport cycle. The glutamate transport goes 

through various pathways in different intra-and extracellular conditions. T represents the transporter 

and G represents glutamate, k represents the rate constant for the specific transition. 

 

TABLE. 1 Rate constants for the simplified kinetic model of EAAT2, EAAT2D486N, EAAT4 and 

EAAT4D509N at -60 mV 

 

The glutamate cross-membrane translocation (k2/-2) by EAATs is facilitated with 

internal potassium, and the decay of the pre-steady-state current in the presence of 

glutamate approximately reflects this step. In our model, the glutamate translocation 

through EAAT2 is much faster than through EAAT4, consistent with different 

physiological functions of these two transporters (12,31). The k2 values obtained here 

 EAAT2 z EAAT2

D486N 

z EAAT4 z EAAT4

D509N 

z 

k0(M
-1

s
-1

)   136 0.54 419  249  

k-0(s
-1

)   16  4  8  

k1(M
-1

s
-1

) 751088  353935  262823  338377  

k-1(s
-1

) 68  83  9  31  

k2(s
-1

) 205 0.48 52 0.58 38 0.45 70 0.35 

k-2(s
-1

) 6  6  19    

k3(s
-1

) 2        

k-3(s
-1

)         

k4(s
-1

) 57  10 0.53 26 -0.8 6  

k-4(s
-1

) 21    54    
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suggests a delayed glutamate cross-membrane translocation process in EAAT2 

D486N compared to wild-type EAAT2. In EAAT4D509N, an accelerated glutamate 

translocation was observed. 

 

In EAAT2 WT and EAAT4 WT, the complete transport cycle is fulfilled in presence 

of internal potassium. The rate of potassium translocation (k4/-4) can be revealed from 

the rate of current decay after the removal of glutamate, since this step is suggested as 

the rate-limiting step (29,32) for the overall glutamate transport. In EAAT2, the 

potassium translocation (k4/-4) has a forward rate of around 60 s
-1

 and a backward rate 

of around 20 s
-1

, similar to the previous report (26). Interestingly, the backward rate of 

the potassium translocation (k-4) is higher than the forward one (k4) in EAAT4. In the 

mutant transporters EAAT2D486N and EAAT4D509N, we observed a transient 

current in the forward transporter cycle (Fig.2D and Fig.3D). Elevation of 

extracellular [K
+
] did not induce the reverse amino acid transport in EAAT2D486N 

(Fig.6), and a similar result in the EAAC1 homologous D455N was reported 

(33).However, we can not easily assume an abolished K
+
-bound pathway in mutants, 

because Na
+
 and K

+ 
could share an overlapping binding site .  

 

Fig. 6 Reverse glutamate transport through EAAT2 and EAAT2D486N. A, reverse glutamate 

transport current of EAAT2 WT at a constant voltage step of 0 mV in presence of various external [K
+
] 

(2 - 142 mM) or 50 µM TBOA. B, corresponding concentration-response curves for EAAT2 WT and 

D486N (n = 4). The sum of external [K
+
] and [Na

+
] was kept at 142 mM. 

 

The rates of translocation from TiNa2 to ToNa2 (k3/-3) in the wild-type transporters 

(EAAT2 WT and EAAT4 WT) were investigated by experiments with high internal 
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[Na
+
] and zero internal [K

+
]. In our model, this step measured in EAAT2 WT is 

extremely slow (TABLE.1), fitting well to the published data (26).  However, 

internal Na
+
 seems not to favour this transition (k3/-3) in EAAT4 WT (Fig.3B). As we 

described above, currents under this condition exhibited similar kinetics to those in 

the ‘exchange mode’, indicating that most EAAT4 WT transporters were already 

locked in the glutamate cross-membrane translocation states. 

 

2.4.8. Kinetic modelling identifies additional effects of the neutralization mutants 

In order to further understand the mechanism of mutant and wild-type transporters, 

we did the computational simulation of the glutamate-activated currents and of the 

kinetics of various transporters. Here we used a self-written program in the MATLAB 

environment on the basis of a well-known established model for EAAT2 (GLT-1)(26) 

(Fig 8.A and TABLE.2), because our simplified EAATs model shown in Fig.5 was 

not able to cover and predict all the state transitions in the transport cycle. 

Furthermore, to test whether the mutations affect also anion channel gating anion 

conducting states had to be included into the analysis(26). Open anion channel states 

are represented as branching states so that the uptake cycle can only proceed when all 

these anion channel states are closed(34).   

 

Simulated currents through wild-type EAAT2 under various intracellular conditions 

are shown in Fig. 7 (A, B, C). They are in good agreement with the characteristics of 

the original recordings (Fig. 2A, B, C): a fast transport cycle fulfilled with internal K
+
, 

a very slow decay after the glutamate application observed with internal Na
+
 and a big 

component of steady-state current under the ‘exchange mode’.  
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Fig. 7 Simulation of currents through EAAT2 and EAAT2D486N. A-C, simulated currents through 

EAAT2 in response to the fast application of 1mM glutamate. This simulation is based on the model of 

Bergles et.al (2002) and the anion conductance is not included. D-F, simulated currents of 

EAAT2D486N. Some rates from the wide-type transporter cycle are adjusted to reach these 

waveforms. The grey bars in the figure represent the fast application of 1mM glutamate. Membrane 

potentials of the simulated currents were set at 0,-20…-100 mV, respectively. 

 

To account for the slowed Na
+
 binding to the empty EAAT2D486N transporter (Fig. 

4), we dramatically decreased the transition rate from ‘To’ to ‘ToNa1’. Originally we 

also considered to disable the K
+
-associated relocation step. However, it was 

impossible to simulate the experimental data by these kinetic changes. Therefore, 

abolished K
+ 

coupling in EAAT2D486N appears improbable. We thus tested 

adjusting other kinetic parameters in this model, and found that modification of anion 

channel opening rates resulted in a good agreement between measured and simulated 

currents (Fig. 7.D, E, F). These currents reached smaller amplitudes in the presence of 

glutamate, and slowly activated to the baseline after the application. In this simulation 

of EAAT2D486N, an extreme deceleration of the association of Na
+
 and the 

glutamate-free transporters was used: the rates of first sodium binding and unbinding 

decreased to 100 M
-1

s
-1 

and 1 s
-1

, from 1×10
4 

M
-1

s
-1  

and 100 s
-1  in EAAT2 WT, 
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respectively. Anoin channel gating was also changed in D486N: the opening rate of 

‘ToNa3GH’ and ‘TiNa2’ was 400 s
-1

 and 10 s
-1

; in EAAT2 WT, these values were 

1500 s
-1

 and 80 s
-1

, respectively (TABLE.2). 

A

B C

D

D

 

Fig. 8 Distribution of transport states during the glutamate application for EAAT2 and 

EAAT2D486N. A, all states of the transport cycle suggested by Bergles et.al (2002). Major open anion 

channel states are labelled by asterisks (*). B-D, the distribution of transport states with external 1mM 

glutamate for EAAT2 and EAAT2D486N, under various internal cationic conditions. All the 

simulations were performed for the steady-states, at -150 mV.   

 

Fig.8A gives the steady-state occupancy of all transport states (34). With intracellular 

K
+
, wild-type EAAT2 accumulated in the ‘TiK’ state, while a minor fraction of 

transporters stayed in the ‘ToNa3GH’ state (Fig.8B). This is in line with the notion 

that the K
+
 translocation is the rate-limiting step in glutamate transport by 

EAAT2(26,29). In the mutation, most transporters were trapped in ‘To’, which 

exhibits a very low anion channel open probability. When the intracellular K
+
 were 

replaced by Na
+
 or glutamate (Fig.8C, D), the states distributions were quite similar in 

EAAT2 and EAAT2D486N, both with ‘TiNa2’ as the major occupied state.  
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TABLE. 2 Parameters for the kinetic model of EAAT2 and EAAT2D486N. The EAAT2 model is 

established by published data from Bergles et al. (2002) (Fig. 8A). Changed parameters for 

EAAT2D486N are listed in brackets. Clockwise transitions in the model scheme are denoted as 

“forward reactions”.                

Reaction Forward rates 

(changed parameters for 

D486N) 

Backward rates 

(changed parameters 

for D486N) 

Anion conducting states Opening rates 

(changed parameters for 

D486N) 

1 1×10
4 
M

-1
s

-1   
(100 M

-1
s

-1 
 ) 100 s

-1   
(1 s

-1
) ToNa1 50 s

-1
 

2 1×10
4 
M

-1
s

-1
 500 s

-1
 ToNa2 50 s

-1
 

3 6×10
6 
M

-1
s

-1
 500 s

-1
 ToNa2G 50 s

-1
 

4 6×10
11 

M
-1

s
-1

 700 s
-1

 ToNa2H 50 s
-1

 

5 6×10
11 

M
-1

s
-1

 700 s
-1

 ToNa2GH 50 s
-1

 

6 6×10
6 
M

-1
s

-1
 500 s

-1
 ToNa3GH 1500 s

-1   
(400 s

-1 
 ) 

7 1×10
4 
M

-1
s

-1
 1000 s

-1
 TiNa2 80 s

-1   
(10 s

-1 
 ) 

8 2000 s
-1

 1900 s
-1

 TiK 55 s
-1

 

9 1000 s
-1

 4×10
4 
M

-1
s

-1
   

10 3000 s
-1

 9×10
10 

M
-1

s
-1

   

11 3000 s
-1

 1×10
5 
M

-1
s

-1
   

12 1×10
5 
s

-1
 2×10

7 
M

-1
s

-1
   

13 1×10
5
 s

-1
 1×10

8 
M

-1
s

-1
   

14 1×10
6 
M

-1
s

-1
 1000 s

-1
   

15 40 s
-1

 10 s
-1

   

16 2×10
4 
s

-1
 1×10

6 
M

-1
s

-1
   

17 1.4 s
-1

 0.01 s
-1

   

 

2.5. Discussion  

The excitatory amino acid transporter (EAATs) family plays a crucial role in the 

glutamate homeostasis in the brain (1,21). Various subtypes of EAATs exhibit 

different transport kinetics and substrate selectivity (14,35). In our experiments, we 

observed a faster glutamate translocation in EAAT2 than in EAAT4. As expected, the 



Chapter 2 

 

33 

 

removal of the intracellular K
+
 alters the reaction cycle for the transporters (27,36,37), 

thus changes the glutamate-activated anion currents through EAAT2 (Fig. 2A, B, C) 

and through EAAT4 (Fig. 3A, B, C). Interestingly, we found that high intracellular 

[Na
+
] alone activates different paths for EAAT2 and EAAT4. In EAAT2, a 

slow-decaying current observed after the removal of glutamate indicates the 

transporters go through the ‘Na
+
-bound half cycle’ (TiNa2-ToNa2, Fig. 5) under this 

condition. In EAAT4, currents through the cells dialyzed with Na
+
 alone showed a 

similar kinetics to those with internal Na
+
 and glutamate (Fig. 3B, C, G). Therefore, in 

the presence of external glutamate, internal Na
+
 alone is capable of locking most 

membrane EAAT4 at the glutamate-translocating states (ToNa3G-TiNa3G, Fig. 5). 

All of these indicate a more efficient glutamate uptake by EAAT2 WT than by 

EAAT4 WT.  On the other hand, currents through EAAT4 decayed much slower 

after the removal of glutamate than those through EAAT2 (Fig. 2C, G and Fig. 3C, 

G), which implies a higher glutamate affinity to EAAT4. Our results suggest the 

wild-type EAAT2 and wild-type EAAT4 share mutual-supplementing properties: 

EAAT2 mediates the fast uptake of glutamate while EAAT4 efficiently ‘traps’ the 

substrates. This correlates well with their specific functions revealed by previous 

studies: glial glutamate transporter EAAT2 is responsible for controlling the 

glutamate concentration in the synaptic cleft (31) and for recycling the majority of 

glutamate in mammalian brain (2,38); EAAT4 regulates the neuronal excitability by 

its high Cl
-
 conductance (39) and limits the glutamate concentration in the 

extra-synaptic region (12,40).   

 

In the bacterial glutamate transporter GltPh the homologous aspartic acid D405 

localizes in proximity to the sodium site 1 and coordinates the interaction of sodium 

and substrate with the transporter (16,41). In our experiments, a dramatically altered 

interaction between Na
+
 and the empty transporter was observed in EAAT2D486N 

(Fig. 4A-C), which may further influence the glutamate binding to the Na
+
-loaded 

transporter form (18). In EAAT4, the charge neutralization of D509 diminished the 
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fast decaying phase of Na-activated currents at membrane potentials positive than 

-20mV (Fig. 4D, E) and slowed the rates of Na
+
 binding to the empty transporter (Fig. 

4F). 

 

We determined the rates of the uptake cycle by analysing the glutamate- and 

sodium-activated currents through the transporter using a simplified kinetic model 

(Fig. 5). From this model, we found the rates of glutamate uptake are changed in 

mutants. In EAAT2, the glutamate translocation is faster than that in EAAT2D486N; 

In EAAT4, it is slower in the wild-type transporter. The rates of glutamate binding on 

EAAT2 WT and EAAT4 WT in our model are smaller than published data (26,30). 

The limitation of our solution exchange rate (~1 ms) is likely to be the reason. In our 

experiments, the fast rising phase of glutamate-activated currents were constrained by 

the solution exchange rate of our system, whereas a much faster application system 

was used in other studies(26,30).  

 

The different rates of glutamate dissociation (k-1) were observed in wild-type and 

mutant EAAT4, which suggests a decreased glutamate affinity on EAAT4D509N. 

The K
+
-bound pathways in wild-type EAATs were identified as well. In EAAT2 WT, 

the rate of this branch fits well with the published data (26); In EAAT4 WT, this step 

exhibits a strong voltage-dependence. Moreover, it runs faster in the reverse transport 

cycle, which is similar to the observation in EAAC1 WT (28). The relatively slower 

forward K
+
 translocation reveals that the rapid glutamate uptake is not the major 

physiological function for EAAT4 (5,6).  

 

Glutamate acts as an inhibitor of EAAT2D486N and EAAT4D509N. We found the 

inhibition (Iss/Ipeak) is associated with the intracellular cationic condition, with 

maximal effect under the ‘forward transport mode’ (internal K
+
) and minimal one 

under the ‘exchange mode’ (internal Na
+
 and glutamate). This implies that the 

mutants reach the inward states before being locked in a low anion-conducting state. 
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So far, transport states with low anion channel open probability or low anion 

conductance have been identified (26,34). To determine which states are responsible 

for the decreased currents in mutations, we conducted kinetic modelling of a more 

complex model that was developed by our group to describe glutamate and anion 

channel opening. Nevertheless, it provided some hints for us to understand the 

mechanisms of wild-type and mutant transporters. We achieved a good simulation of 

EAAT2D486N currents (Fig. 7) by altering some parameters (TABEL.2) from the 

established wild-type EAAT2 model (Fig. 8), which include 1) dramatically reduced 

rates from ‘To’ to ‘ToNa1’, 2) reduced anion channel opening rate of ‘TiNa2’ 3) 

reduced anion channel opening rate of ‘ToNa3GH’. Interestingly, terminating K
+
 

coupling pathway did not obtain the simulated currents similar to those originally 

recorded from EAAT2D486N. The results of ‘transport states distribution’ reveal that 

during the glutamate application, most mutant transporters (~ 65%) accumulate in the 

free from of ‘To’ when K
+
 are the internal cations

 
(Fig. 8B). EAAT2D486N displays 

a significantly higher Na
+
 affinity than EAAT2 WT in the presence of extracellular 

glutamate (data not shown). Therefore, the K
+
-bound pathway is indispensable to 

facilitate the bulk of ‘To’ occupation by EAAT2D486N, suggesting the K
+ 

coupling is 

not abolished. However, there were some discrepancies between simulated and 

measured data. The faster kinetics in the simulated currents were observed, which can 

be attributed to the limitation of the solution exchange rate in our application system. 

Moreover, the simulation achieved a series of ‘close-to-zero’ currents at 0mV (Fig. 7), 

because the program did not calculate the reversal potential induced by 

transporter-associated ion selectivity. 

 

Internal Na
+
 traps nearly all the mutant transporters in the ‘TiNa2’ state for both 

subtypes (Fig. 8C).  The equilibrium slightly switches to the states of ‘ToNa3GH’ 

and ‘TiNa3GH’ in the ‘exchange mode’ because of the strong counter-transport 

driving force (Fig. 8D). Therefore, the slowed anion channel opening of ‘TiNa2’ and 
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‘ToNa3GH’ are considered to be responsible for the small steady-state currents 

observed in EAAT2D486N with higher internal [Na
+
] or [glutamate]. 

In this study, we conclude that this D to N mutation in EAAT2 or in EAAT4 affects 

the first Na
+
 binding upon the empty transporter and changes the anion channel gating 

of ‘TiNa2’ and ‘ToNa3GH’ states in the transport cycle. All of these are involved in 

the interaction between Na
+ 

and the transporter. Published crystal structure of the 

bacterial glutamate transporter GltPh revealed D405 (corresponding to EAAT2D486 

and EAAT4D509) localizes in proximity to Na site 1(16). Moreover, previous studies 

have indicated that the electrostatic field and the polarity of residues around the Na
+
 

or substrate ‘binding pocket’ critically modulate the transporter function(15,16,42). 

Thus, it is not surprising that the charge neutralization of EAAT2D486 and 

EAAT4D509 modify the first Na
+ 

activity, and further influence the downstream 

transport process. The profound changes in the crystal structures of these mutants 

need further characterising in the future.  
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3.1. Abstract 

Glycine receptors are expressed throughout the central nervous system working for 

inhibitory neurotransmission. Since fluctuations of the blood pH value occur under 

certain physiological and pathological conditions, we investigated the influence of the 

extracellular pH on glycine homomeric and heteromeric receptor function using patch 

clamp in combination with the fast agonist application technique.  

Our results demonstrated that both α1 homomeric and α1β heteromeric glycine 

receptors were remarkably inhibited under acidic extracellular pH. Under alkaline 

extracellular pH 8.5, there was also a negative functional effect. Desensitization was 

accelerated depending on pH and a rebound current was observed at an extremely 

acidic pH value. In double-pulse experiments on α1 homomeric receptors, a more 

rapid recovery of the glycinergic current was shown at a pH 4.5 compared to current 

induced at a physiological pH of 7.2.  

Our study provided a potential cause for the impaired function of the glycine receptor 

channels during pH fluctuations occurring in the central nervous system, especially 

under pathological conditions such as epileptic seizure or ischemia. 

 

Keywords: pH; Glycine receptor; Ligand-gated ion channel; Patch-clamp technique  
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4.1. Abstract 

Gamma-aminobutyric acid receptor type A (GABAA) receptor channels mediate fast 

inhibitory neurotransmission throughout the central nervous system while the 

expression of ionotropic glycine receptors is mainly restricted to the spinal cord and 

brain stem. 

Neuroactive steroids are well known as positive allosteric modulators of GABAA 

receptor function. Furthermore, there have been hints for an interaction of neuroactive 

steroids with ionotropic glycine receptors. The aim of the study was to characterize 

the effect of androsterone and progesterone on α1 and α1β glycine receptor and 

α1β2γ2GABAA receptor channels and to examine the molecular interactions between 

ligands and receptors. Electrophysiological recordings were performed on HEK 293 

cells using the patch clamp technique in combination with an ultrafast perfusion 

system. A direct activation of inhibitory ionotropic receptors was observed for 

androsterone at GABAA receptor channels. 

A coactivation of currents elicited by nonsaturating agonist concentrations was 

observed with androsterone and progesterone at glycine and GABAA receptor 

channels. We could show that association of β subunits with α subunits affects the 

sensitivity of glycine receptors to androsterone.  In contrast to previous reports in 

which recombinant glycine receptors were inhibited by progesterone, a potentiating 

effect was revealed by our experiments. At concentrations of 0.1 mM and higher, 

there were also hints to a channel block-like mechanism. In conclusion, different 

molecular mechanisms of interaction between neuroactive steroids and GABA as well 

as glycine receptors could be identified and quantitatively described. Our data clarify 

the role of steroid compounds in the modulation of inhibitory receptor channel 

function. 

 

 

Keywords: Progesterone . Androsterone GABAA receptor. Glycine receptor . Patch 

clamp.  Inhibitory ionotropic receptor 
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Chapter 5: Overall Discussion 

Neuronal excitability in the CNS is primarily controlled by a balance between 

synaptic excitation and inhibition. Agonists, co-agonists and blockers modulate the 

function of inhibitory ion channels such as glycine and GABAA receptors. Changes of 

anionic conditions during some physiological or pathological processes can also 

influence the GABAergic and glycinergic neurotransmission (DZHALA et al. 2005; 

PITT et al. 2008). On the other hand, excitatory neurotransmitter glutamate activates 

ion channels such as AMPA and NMDA receptors, which induce a cationic influx 

(Na
+
, Ca

+
) to the post-synaptic neuron (KELLY u. ZHANG 2002; CHANG et al. 

2012). This depolarizing effect can be alleviated or even terminated by clearance of 

excitatory neurotransmitters from the synaptic cleft or from extracellular region. 

Recent studies disclose a more direct connection between glutamate and the inhibitory 

synapse to our understanding before. Activation of AMPA and NMDA receptors was 

found to modulate GABA release from stellate cells or interneurons in cerebellum 

(SATAKE et al. 2000; S. J. LIU 2007). In cultured spinal neurons and spinal cord 

slices, glutamate was found to allosterically potentiate GlyR function (J. LIU et al. 

2010). Therefore, EAATs would have very complex and profound effects on the 

synaptic inhibition.  

 

5.1. A highly conserved aspartic acid in TM8 is essential for the function of 

EAATs  

5.1.1. Glutamate transport by wild-type EAATs  

Excitatory amino acid transporters (EAATs) mediate glutamate homeostasis in the 

CNS (BRIZ u. SUNOL 2011; KIM et al. 2011). Various subtypes of EAATs are 

distinguished with their different expression patterns throughout the CNS 

(MARAGAKIS et al. 2004; BRIDGES u. ESSLINGER 2005), corresponding to their 

specific physiological functions (KIMMICH et al. 2001; CHRETIEN et al. 2002; 

RALPHE et al. 2004). In this study, the glutamate-activated currents through EAAT2 
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and EAAT4 were measured. With internal K
+
, the rate of the substrate translocation 

and of the complete transport cycle were identified (OTIS u. KAVANAUGH 2000). 

A voltage-dependence of glutamate translocation was observed in both wild-type 

transporters. At more negative membrane potentials, glutamate translocation runs 

faster. It is in line with the fact that net positive charges are transferred into the 

cytoplasm during this step. EAAT2 was found to transport glutamate at a faster rate 

than EAAT4. The glutamate dissociation with the transporters was investigated under 

the ‘exchange mode’ (MIM et al. 2005). A relative slower rate of current decay after 

the removal of glutamate indicates a higher glutamate affinity to EAAT4 and similar 

results were reported from some other groups (MIM et al. 2005; MASSIE et al. 2008). 

EAAT2 and EAAT4 share the mutual-supplementing properties, reflecting their 

specific functions: EAAT2 recycles most glutamate in mammalian brain 

(MARAGAKIS u. ROTHSTEIN 2004), especially from the synaptic cleft 

(SHELDON u. ROBINSON 2007); EAAT4 regulates the neuronal excitability by its 

high Cl
-
 conductance (FAIRMAN et al. 1995) and limits the glutamate concentration 

in the extra-synaptic region (AMARA u. FONTANA 2002). 

 

5.1.2. Altered kinetics of currents in EAAT2 D486N and EAAT4D509N 

Substitutions of D486 in EAAT2 and D509 in EAAT4 by asparagine (N) introduce 

profound changes to the functions of transporters. Glutamate-activated currents 

through mutant transporters show significantly reduced steady-state amplitudes. This 

effect is tightly correlated with the intracellular cationic conditions, with maximally 

decreased currents observed in the forward transport cycle and least pronounced 

effect in the ‘exchange mode’. It implies that at least one transport state after the 

glutamate translocation is relevant to the dereased currents in mutants.  

 

The interaction of Na
+ 

with empty transporters is significantly changed in mutants. In 

EAAT2D486N, permanent Na
+
-activated anion currents have replaced transient 

capacitance-like currents in the wild type transporter, revealing a significantly slowed 
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Na
+
 binding. In EAAT4 WT, the fast decaying component of Na

+
-activated currents 

may reflect the transient charge movement after Na
+
 binding (MIM et al. 2005). 

However, this phase is diminished in EAAT4D509N. Published crystal structure and 

topology of the bacterial glutamate transporter GltPh revealed D405 (corresponding to 

EAAT2D486 and EAAT4D509) in TM8 localizes in proximity to the first sodium 

binding site, and can coordinate the interaction of sodium and the substrate with the 

transporter (BOUDKER et al. 2007). We found the corresponding residue in EAAT2 

and EAAT4 plays a similar role in our studies. 

 

5.1.3. Modified transport cycle of EAAT2D486N   

The D to N mutation changes the interaction of transporters with the substrate and 

Na
+
, and the transport cycle is modified as consequence. We used a self-written 

program in the MATLAB environment on the basis of an established  EAAT2 

(GLT-1) model (BERGLES et al. 2002) simulate the glutamate-activated currents. 

The simulation of currents through the mutation relies on three major changes of 

wild-type transporters: 1) significant deceleration of first Na
+
 binding, 2) reduced 

anion channel opening rate of ‘ToNa3GH’, 3) reduced anion channel opening rate of 

‘TiNa2’. The analysis of transport state distribution confirmed that most mutant 

transporters accumulate in ‘To’ state with internal K
+
. For the significant affinity 

increase of Na
+ 

upon EAAT2D486N, the only possible pathway aiming at ‘To’ state 

is ‘TiK-ToK-To’. Increasing the transition rate of ‘TiK-ToK’ achieved an even 

smaller simulated steady-state current of D486N. We conclude that D486 in EAAT2 

plays an important role in coordinating the interaction of first Na
+
 with transporters 

and in determining anion channel opening rates of some transport states. The 

K
+
-coupling in this mutation is not abolished. The mutant transporter might have an 

overlapping binding site for internal Na
+ 

and K
+
. 

 



Chapter 5 

 

46 

 

5.2. Protons affect the glycine receptors  

Extracellular pH fluctuation modulates the currents through recombinant glycine 

receptors. For homomeric α1 glycine receptors, a pH value of 8.5 induces currents 

with a decreased relative area-under-current curve (rAUC) and decreased relative 

current amplitude of steady state (rCdes) compared to that at pH 7.2. At pH 6.2, the 

inhibitory effect is less pronounced compared to that at pH 8.5. At pH 5.2, the peak 

current increases. However, in considering the significantly reduced relative 

area-under-current curve (rAUC) and the accelerated desensitization, the negative 

modulation on homomeric glycine receptors still dominates under this condition. At 

pH 4.5, the observed accelerated biphasic desensitization points to an extremely 

inhibitory effect. It is interesting that results from our double-pulse experiments on 

homomeric α1 glycine receptors revealed a faster recovery rate of channels at pH 4.5, 

indicating a compensating mechanism of the impaired glycinergic neurotransmission.  

 

The mechanism of this inhibitory effect on glycine receptor channels by changed 

extracellular pH is not fully understood yet. It is less possible to be caused by changed 

charges of glycine, because the glycine molecules were almost exclusively in 

zwitterionic form in our experiments. The application of another agonist -alanine, 

also resulted in a modulation of protons on glycine receptor ion channels, further 

indicating that the functional interaction is not agonist-specific. Several amino acid 

residues on the α1 and  subunit modulating the pH sensitivity of glycine receptors 

have been identified (HAN et al. 2001; Z. CHEN et al. 2004), implicating the 

existence of multiple binding sites for proton action on glycine receptors. 



subunit of the GlyR contains an 18-amino-acid motif in the cytoplasmic loop, which 

is identified as the gephyrin binding site (MEYER et al. 1995). The interaction of 

gephyrin and  subunit essentially regulates the trafficking, clustering and assembling 

of glycine receptors onto the post-synaptic sites (BETZ et al. 1994; HAN et al. 2004; 

KIRSCH 2006). Compared to homomeric GlyRs, the -subunit-containing GlyRs 
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show different sensitivity to some agonists and antagonists (HANDFORD et al. 1996; 

LI u. SLAUGHTER 2007).  

 

In this study, we chose 1mM glycine to simulate its concentration in the synaptic cleft 

after vesicle release (EDWARDS 2007), although the saturating concentration of 

agonists is expected to rescue the protons’ effect on maximal current amplitude (Z. 

W. CHEN u. OLSEN 2007). It was reported that ischemia, hypothermia and brain 

trauma altered the brain pH by maximal 1 pH unit (KRAIG et al. 1987; HOFFMAN et 

al. 1996; ANDERSON u. MEYER 2002). Therefore, our results about the pH effect 

on glycine receptors indicate an impaired inhibitory neurotransmission during these 

pathophysiological conditions, which would further deteriorate the symptoms. As 

observed in this study, the negative functional effect by proton is slighter on α1 

glycine receptor ion channels than on α1 channels, especially at an alkaline pH of 8.5. 

This implies that heteromeric GlyRs at post-synaptic regions in adult neurons mediate 

a more stabilized neurotransmission against pH fluctuation.   

 

5.3. Modulation of androsterone and progesterone on ligand-gated inhibitory ion 

channels  

In Manuscript III, the author measured the dose-response curves of glycine and 

GABA in the presence of different concentrations of either androsterone or 

progesterone (Fig.7 in Manuscript III). Results of these parts demonstrate that 

extracellular androsterone and progesterone (~10 µM) induce a left shift of the dose 

response relationship for both glycine and GABAA receptors (glycine 1-10 

µM or GABA ~1 µM). The changed affinities of agonists reveal that androsterone and 

progesterone act as allosteric modulators for glycine and GABAA receptor ion 

channels (SODERPALM et al. 2004; LAMBERT et al. 2009). 

 

5.3.1. Roles of androsterone in glycine and GABAA receptors 
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In this study,10-300µM androsterone induced a concentration-dependent  

enhancement of  the relative  peak current  amplitude  evoked  by  the  EC10   

of glycine, with more pronounced effects in α1 glycine receptors than in heteromeric 

 ones.  The effects of androsterone on GABAA receptors were even 

larger. At a nonphysiological level (1- 100 µM), androsterone directly activated the 

GABAA receptor ion channels, and the dose response curve of the relative peak 

amplitude was biphasic. In the physiologically relevant condition where 3 µM GABA 

and 0.01mM androsterone was coapplied, a significantly potentiating effect was 

observed. We infer that at least two independent binding sites of androsterone on 

GABAA receptors, one responsible for direct channel opening and the other for 

facilitation of GABA activation.  

 

5.3.2. Roles of progesterone in glycine and GABAA receptors 

Progesterone only elicited a slight response on α1 glycine receptor channels, as well 

as on GABAA receptors at a nonphysiological concentration of 100 uM. 

Coapplication of 1-100 µM progesterone with 60 µM glycine resulted in a significant 

enhancement for the inhibitory currents through both α1 and α1 glycine receptors. In 

experiments for GABAA receptors, progesterone potentiated the GABAergic 

currents with maximal effect at 30 µM (3µM GABA).  Progesterone modulated the 

deactivation of glycine- and GABAergic currents in a similar behavior: the slow 

component of it gradually increased with the increasing concentration of 

progersterone. This observation is in line with the effects of positive allosteric 

modulators on macroscopic membrane currents and may predict the prolongation of 

inhibitory postsynaptic currents in vivo (KRAMPFL et al. 1998). 

 

The functional interactions of neurosteroids (progesterone and androsterone) with 

inhibitory ligand-gated ion channels (glycine and GABAA receptors) could provide 

some pharmacological implications for anticonvulsive, anxiolytic and anesthetic. 

Moreover, the biphasic dose-response relationship observed in this study has been 
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also reported by other groups. Allopregnanolone and alphaxalone were found to 

increase the aggressive behaviour of mice at a lower dose but reduce it in response to 

a higher dose (MICZEK et al. 2003). Pregnenolone sulphate potentiates GABAA 

receptors at nanomolar concentrations (MAJEWSKA et al. 1985), while acts as a 

negative allosteric modulator at micromolar concentration (MIENVILLE u. VICINI 

1989). The interpretation of this biphasic dose-response relationship would require at 

least two distinct molecular sites for neurosteroids on the inhibitory ligand-gated 

receptors, mediating opposite effects (CALABRESE 2008)
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Chapter 6: Summary  

Yunping Song 

Functional properties of ion channels and transporters contributing to the 

synaptic inhibition in the mammalian central nervous system 

Neurotransmission is a complex process modulated by various ion channels and 

amino acid transporters. Activation of post-synaptic inhibitory ligand-gated ion 

channels such as glycine or GABAA receptors directly triggers the inhibitory 

neurotransmission, while excitatory amino acid transporters indirectly potentiate the 

inhibitory effect by clearing the excitatory neurotransmitters from the post-synaptic 

and extra-synaptic region. The integration and coordination of various 

electrochemical signals in the network of the synaptic inhibition is essential for the 

human physiology.  

In this study, we characterized various factors (mutation, extracellular pH and 

neurosteroids) influencing the functions of excitatory amino acid transporters 

(EAAT2 and EAAT4) and inhibitory ligand-gated ion channels (glycine and GABAA 

receptors) in the CNS. We conclude that: 1) charge neutralization of a conserved 

aspartic acid residue in the TM8 induces profound changes in EAAT2 and EAAT4. 

Glutamate acts as an inhibitor of both mutations. Kinetic analysis confirmed the 

impaired interaction of Na
+
 with empty transporters. We also simulated the 

mechanism of EAAT2D486N by using an established computational model. With 

internal K
+
, mutant transporters accumulate in ‘To’ state, which has a very low anion 

channel open probability; with internal Na
+
 or glutamate, wild-type and mutant 

transporters share the similar distribution of transport states, with majority of them 

trapped in ‘TiNa2’ states. The reduced anion channel opening rate of the ‘TiNa2’ state 

in mutant transporters accounts for the smaller current observed under these 

conditions. 2) Extracellular pH fluctuations inhibit the glycinergic currents. The trend 

of an accelerated current desensitization was observed when the pH was shifted 1 unit 

from the neutralized value. Stronger acidic conditions induce more pronounced effect, 
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with significant faster desensitization, significant reduced relative area-under-current 

curve (rAUC) and relative current amplitude of steady state (rCdes). Hetermoric 1 

glycine receptors show a less sensitivity to the inhibitory effects by changed pH 

values compared to homomeric ones. 3) Neurosteroids androsterone and progesterone 

act as allosteric modulators for glycine and GABAA receptors. Overall, effects of 

androsterone are more pronounced on GABAA receptors than on glycine receptors. 

Androsterone (1- 100 µM) even can directly activate the GABAA receptors. 

Progesterone (100 µM) alone induces a slight response on α1 glycine receptor 

channels and on GABAA receptors. Significantly potentiating effects of 

androsterone and progesterone were observed on both GABAA and glycine receptors. 

Biphasic dose-response dependency indicates at least two distinct binding sites for 

neurosteroids are localized on these ligand-gated channels.
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Chapter 7: Zusammenfassung 

Yunping Song 

Funktionale Eigenschaften von Ionenkanälen und Transportern tragen zu der 

synaptische Inhibition im zentralen Nervensystem von Säugern bei 

Die inhibitorische Neurotransmission ist ein komplexes System aus  

unterschiedlichsten Kanälen und Transportern, die verschiedensten 

Regulationsmechanismen unterliegen. Aktivierung post-synaptischer 

ligandengesteuerter Ionenkanäle wie Glyzin- oder GABAA-Rezeptoren steuert die 

inhibitorische Neurotransmission direkt, während exzitatorische 

Aminosäuretransporter den inhibitorischen Effekt indirekt unterstützen, indem sie 

exzitatorische Neurotransmitter aus post- und extra-synaptischen Regionen beseitigen. 

Für ein geregeltes Funktionieren des menschlichen Körpers sind die hier untersuchten 

Membranproteine unabdingbar. 

1) In diesen Untersuchungen charakterisierten wir den Einfluss verschiedener 

Faktoren (Mutationen, extrazellulären pH und Neurosteroide) auf die Funktionen der 

exzitatorischen Aminosäuretransporter EAAT2 und EAAT4, als auch auf die 

inbitorischen, ligandengesteuerten Ionenkanäle Glyzin- und GABAA-Rezeptor. 

Ladungsneutralisierung eines konservierten Aspartats in TM8 erzeugt profunde 

Änderungen in EAAT2 und EAAT4. Glutamat agiert als Inhibitor bei beiden 

Mutationen. Analysen der Kinetik bestätigten die verhinderte Interaktion von 

Na
+
-Ionen mit den leeren Transportern. Zusätzlich simulierten wir diesen 

Mechanismus mit einem etablierten Model für D486N EAAT2. Durch internes K
+
 

wird die Mehrzahl der Transporter in den ´To´-Zustand versetzt, der eine sehr kleine 

Offenwahrscheinlichkeit aufweist; bei internem Na
+
 oder Glutamat werden WT als 

auch mutierte Transporter vornehmlich in den ´TiNa2´-Zustand versetzt. Die 

verminderte Öffnungsrate des ´TiNa2´-Zustands der mutierten Transporter ist 

verantwortlich für die beobachteten, kleineren Ströme unter diesen Bedingungen. 



Chapter 7 

 

53 

 

2) Extrazelluläre pH-Schwankungen verhindern glyzinerge Ströme. Die Tendenz 

einer beschleunigten Desensibilisierung des Stromes kann bei einer Verschiebung des 

pH´s um eine Einheit von dem neutralisierenden Wert beobachtet werden. Der Effekt 

wird durch weitere Ansäuerung verstärkt, d.h. eine signifikant schnellere 

Desensibilisierung kann beobachtet werden, ebenso wie eine signifikant verminderte 

relative Fläche-unter-Strom-Kurve und verminderten relativen Stromamplitude der 

stationären Phase. Heteromere 1Glyzinrezeptoren zeigen eine geringere 

pH-Empfindlichkeit verglichen mit den homodimeren Rezeptoren.  

3) Die Neurosteroide Androsteron und Progesteron fungieren als allosterische 

Modulatoren für Glyzin und GABAA-Rezeptoren, wobei die Androsteron-Effekte auf 

GABAA-Rezeptoren stärker ausfallen, als die auf Glyzin-Rezeptoren. Androsteron 

(100 µM) kann GABAA-Rezeptoren sogar direkt aktivieren. Progesteron (100 µM) 

induziert eine leichte Antwort der α1 Glyzin- und α1GABAA-Rezeptoren. 

Signifikant verstärkende Effekte von Androsteron und Progesteron auf GABAA- und 

Glyzin-Rezeptoren konnten beobachtet werden. Biphasische 

Dosis-Wirkungs-Beziehung deutet auf zwei unterschiedliche Bindestellen für diese 

Neurosteroide hin.
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