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Introduction 

1. Glutamate receptors 

Glutamate receptors can be divided into two groups, the G-protein second 

messenger system dependent and mediated metabotropic glutamate receptors 

(mGluRs) and the ionotropic ligand-gated receptors (Simeone et al., 2004). The 

ionotropic receptors can further be subdivided into three classes according to their 

preferred synthetic agonist (Hollmann & Heinemann, 1994): AMPA (α-amino-3- -

hydroxy-5-methyl-4-isoxazolepropionic acid), NMDA (N-methyl-D-aspartate) and 

kainate receptors.  

NMDA receptors mediate the late component of excitatory transmission (Collingridge 

& Lester, 1989) and play a key role in the induction of synaptic plasticity (Nicoll & 

Malenka, 1999) an acute excitotoxicity (von Engelhardt et al., 2007) 

The role of kainate receptors in physiological and pathological conditions is not clear 

so far. 

Among those glutamate receptors, AMPA receptors play a central role in fast 

excitatory transmission. It was described by different authors that motor neurons in 

culture are particularly susceptible to glutamate receptor agonists, especially to 

AMPA receptor agonists (Van Den Bosch & Robberecht, 2000). AMPA receptors are 

permeable to Na+, K+, and some for Ca2+. Ca2+ influx through Ca2+-permeable AMPA 

receptors is crucial for triggering motor neuron death (Van Den Bosch et al., 2000 

&2002).  Intrathecal or intraspinal administration of AMPA receptor agonists has 

been shown to induce motor neuron degeneration in animals, whereas NMDA failed 

to damage spinal motor neurons (Kruman et al., 1999; Hugon et al., 1989; 

Ikonomidou et al., 1996). In organotypic rat spinal cord cultures, motor neurons were 

also proved to be vulnerable to AMPA receptor-mediated excitotoxicity (Saroff et al., 

2000; Rothstein et al., 1993). Direct application of AMPA receptor agonists resulted 

in selective motor neuron loss, which could be prevented by antagonists of AMPA 

receptors. For that reason, we focus on AMPA-type receptors when investigating the 

pharmacological interactions of several candidate compounds for clinical 

neuroprotection. 
 
AMPA-type Glutamate receptor channels show a variable assembly of four individual 

subunits (GluR1–4) (Wu et al., 1996; Mano & Teichberg, 1998; Safferling et al., 2001; 
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Keinanen et al., 1990, Rosenmund et al., 1998). The schematic topology (Palmer et 

al., 2005) of an AMPA-type receptor subunit is illustrated in Fig.1.1. The molecular 

architecture of each AMPA-type receptor subunit is very similar; each comprises 

~900 amino acids and has a molecular weight of ~105 kDa37. There is approximately 

70% sequence homology between genes encoding each subunit, although genes 

may undergo alternative splicing in two distinct regions, resulting in subunits that 

have either long or short C termini, and flip or flop variants in an extracellular domain 

(Palmer et al., 2005). 

 

 

 
 
 
Fig.1.1 Model of an AMPA receptor subunit. Each subunit consists of an extracellular 

N-terminal domain, four hydrophobic regions (TM1–4), and an intracellular C-terminal 

domain. The ligand-binding site is a conserved amino acid pocket formed from a 

conformational association between the N terminus and the loop linking TM3 and 

TM4. A flip/flop region (alternative splicing) and R/G RNA editing site are also 

present within the TM3/TM4 loop. TM2 forms an intracellular re-entrant hairpin loop 

which contributes to the cation pore channel and is also the site for Q/R RNA editing 

in the GluR2 subunit. 

 

Each AMPAR-subunit includes a channel-forming domain consisting of three 

transmembrane domains, TM1, TM3, and TM4 and a re-entrant loop TM2, an 

intracellular C terminus, and two extracellular domains composed of the N terminus 

and the segment between TM3 and TM4 (S2) (Fig.1.1). The N terminus contains the 
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N-terminal domain of ~400 amino acids and a ~150 amino acid ligand-binding 

segment (S1), which forms an extracellular agonist-binding domain with S2.  

The intracellular C terminus of eukaryotic AMPA-type receptor channels has been 

shown to be the site of interaction for a range of different proteins, many of which are 

involved in the receptor trafficking (Henley, 2003) and synaptic plasticity (Malenka, 

2003). 

Each of the four AMPA receptor subunits exists at least in two splice variants, named 

flip and flop (Sommer et al., 1990) (see Fig.1.1), generated by alternative splicing of 

two 115-base pair exons that encode 38 amino acids located in the extracellular loop 

between TM3 and TM4. This modifies the channel’s kinetic and pharmacological 

properties. The receptors with flip splice variants desensitize four times slower than 

that with flop (Mosbacher et al., 1994; Koike et al., 2000) and the flip module confers 

different sensitivity to allosteric modulators cyclothiazide (Partin et al., 1994; Kessler 

et al., 2000), 4-[2-(phenylsulfonylamino) ethylthio]-2,6 -difluoro- phenoxyacetamide 

(Sekiguchi et al., 1998), zinc  (Shen & Yang, 1999), and lithium (Karkanias & Papke, 

1999), although affinity to AMPA is unchanged (Arvola & Keinanen, 1996).  
The genomic DNA of the GluR2 subunit of the AMPA-type receptor contains a 

glutamine (Q) residue at amino acid position 607 (Q/R site). However, the majority of 

neuronal mRNA contains a positive charged arginine (R) at this position due to a 

process of nuclear RNA editing (Sommer et al., 1991). Receptors containing edited 

GluR2 have a very low Ca2+ permeability (Hollmann et al., 1991), low single-channel 

conductance (because of the size and charge of the amino acid side chain in the 

edited form) (Burnashev et al., 1996; Swanson & Kamboj, 1997). Nonetheless, 

GluR2 (R)-containing AMPA-type receptor channels can still participate in 

intracellular Ca2+ signalling (Utz & Verdoorn, 1997) and can be trafficked in a Ca2+-

dependent way (Liu & Cull-Candy, 2000).  

The R/G editing site is located near to the flip/flop splice region (Lomeli et al., 

1994)(Fig.1.1). This modification changes the desensitization and resensitization of 

the resulting AMPA-type receptor channels (Krampfl et al., 2001). 

The following established nomenclature is used: 

Glu(tamate) R(ezeptor)1-4 i/o(flip/flop) R(Glutamin)/G(Glycin) and 

Q(Arginin/R(Glutamin) 

e.g. GluR2iGQ 

 
 

 6



 
Fig.1.2 The Ca2+ permeability of AMPA receptors is determined by the presence or 

absence of edited GluR2 in the receptor complex. AMPA receptors composed of a 

combination of GluR1-3-4 are permeable to Ca2+ ions (left). A positively charged 

arginine at position 607 in GluR2 prevents the permeation of Ca2+ ions, when present 

in the receptor complex (right). 

 

 

 

1.1 Electrophysiological characteristics of AMPA receptors 

Figure 1.3 shows an example for the current response of GluR2 flip-receptors upon 

application of glutamate at a saturating concentration recorded with the Patch-

Clamp-Technique. After fast application of glutamate the current transient develops 

with a fast rise time (TTP) to the maximum peak current amplitude. In prolonged 

presence of the agonist the current decreases to a „steady-state“ current amplitude 

due to desensitization. After removing the agonist, the current reduced continuously 

to zero level due to deactivation.  
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Fig.1.3 The electrophysiological characteristics of AMPA receptor currents  
 
 
 
 
 

2. Chronic excitotoxicity in Amyotrophic Lateral Sklerosis (ALS) and 

neuroprotection 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by 

progressive loss of upper motor neurons in the motor cortex and lower motor 

neurons in the brainstem and spinal cord, which results in progressive paresis of 

bulbar, respiratory and limb muscles, while sensory and cognitive functions are 

preserved in most cases. ALS typically affects adults in mid-life, with an incidence of 

1–2/100,000/year (Van Damme et al., 2005). Neurological examination reveals lower 

motor neuron signs and upper motor neuron signs. The progressive muscle 

weakness results in death after 2–5 years following the onset of the disease, mostly 

due to respiratory failure. Treatment remains essentially supportive, since no 

substantial therapy is available. Riluzole, the only drug proven to slow down disease 

progression, prolongs survival of ALS patients by a few months  

(Bensimon et al., 1994, Lacomblez et al., 1996) 

The pathogenic mechanism of the selective motor neuron death in ALS is not known 

so far. In 5–10% of cases familial ALS occurs, predominantly showing an autosomal 

 8



dominant inheritance. In 20% of familial cases (which represents only 1–2% of all 

cases), mutations in the superoxide dismutase-1 (SOD1) gene on chromosome 21q 

were identified (Rosen et al., 1993). Mutations in alsin (Yang et al., 2001), in 

senataxin (Chen et al., 2004), or in the gene encoding the vesicle-trafficking protein 

(VAPB) (Nishimura et al., 2004) were also reported. But the majority of ALS patients 

has no affected family members and is considered to have sporadic ALS. A number 

of possible mechanisms have been proposed (Cleveland & Rothstein, 2001, Brown & 

Robberecht, 2001, Heath & Shaw, 2001, Julien, 2001). These include oxidative 

stress, axonal strangulation from neurofilamentous accumulations, toxicity from 

intracellular protein aggregates, mitochondrial dysfunction, inflamation, decreased 

availability of growth factors and excitotoxic death of motor neurons. 

 

Excitotoxicity is undoubtedly one of the most robust pathogenic mechanisms, which 

is neuronal degeneration induced by overstimulation of glutamate receptors and can 

occur when the extracellular glutamate concentration increases or when the 

postsynaptic neuron becomes vulnerable to normal glutamate levels. The amino acid 

glutamate is the major excitatory neurotransmitter in the mammalian central nervous 

system with low extracellular glutamate concentration (approximately 0.6 µM) 

(Benveniste et al., 1984), in spite of a high intracellular concentration of 

approximately 10 mM (Kvamme et al., 1985) and frequent release of glutamate at 

glutamatergic synapses. Elevation of the extracellular glutamate concentration to 2–5 

µM is considered sufficient to cause degeneration of neurons through excessive 

stimulation of glutamate receptors (Meldrum & Garthwaite, 1990, Rosenberg et al., 

1992). This can occur when the release from presynaptic terminals is augmented or 

when the re-uptake from the synaptic cleft is insufficient. In addition, lethal injury to 

neurons, astrocytes or microglia can lead to the release of the intracellular glutamate 

content. At the postreceptor level, energy depletion renders neurons more vulnerable 

to excitotoxicity, resulting in neuronal damage in the presence of normal glutamate 

levels (Novelli et al., 1988, Henneberg et al., 1989). 

Motor neurons are extremely sensitive to excitotoxicity, as they have not only a 

limited capacity to buffer Ca2+ rises due to the low amount of Ca2+-buffering proteins 

in their cytosol, but also have a high proportion of Ca2+-permeable AMPA-type 

glutamate receptors and stimulation of these receptors leads to selective motor 

neuron death (Carriedo et al., 1996, Van Den Bosch et al., 2000 & 2002). 

Antagonizing glutamatergic neurotransmission by blockade of AMPA type glutamate 
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receptors is a promising pharmacological strategy for neuroprotection in 

neurodegenerative diseases, like ALS.  

 
 

 

3. Materials and methods 
 

3.1 Solutions, Cell culture and transfection  

Transformed human embryonic kidney (HEK)293 cells were cultured in culture 

medium at 37°C in a 5% CO2/95% air incubator. The HEK 293 cells were cultured 

before and after transfection in Dulbeccos modified Eagle medium (DMEM), 

supplemented with 10% fetal calf serum (FCS), 100 U/ml penicillin and 100 g/ml 

streptomycin. 

The electroporation buffer for electric transfection contained: 50mM K2HPO4, 20 mM 

K-acetate, pH 7.35. 

The extracellular solution for HEK293 cells, with which were the cells continuously 

perfused during each measurement contained 162 mM NaCl, 5.3 mM KCl, 2 mM 

CaCl2, 0.67 mM NaHPO4, 0.22 mM KH2PO4, 15 mM Hepes, 5.6 mM glucose. The pH 

value was adjusted with NaOH to 7.4. The solution was filtered each time before use. 

Patch pipettes were filled with intracellular solution: 140 mM KCL, 11 mM EGTA, 10 

mM Hepes, 10 mM glucose, 2 mM MgCl2. The osmolarity was adjusted to 340 

mosM/l with mannitol. The pH value was adjusted with KOH to 7.3. 

Chemicals (e.g. IEM-1460) were purchased from Sigma (USA) except sodium-L-

glutamate (monohydrate) which was obtained from Merck (USA) RPR119990 and 

RPR117824 which were kindly provided by Sanofi-Aventis, Paris, France. 

Glutamate, RPR119990, RPR117824, IEM -1460 have good solubility in water. 

Before each experiment the tested substances were freshly solved in extracellular 

solution at different concentration yielding a clear solution. 

Brillant green was used as a dye for better visualisation of the liquid filament of test 

solution within the recording chamber. 

 

For transfection, cells were resuspended in electroporation buffer to a density of 

approximately 8×105 cells/ml. MgSO4 was added to a final concentration of 25 mM. 
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0.4 ml of this cell suspension was added to purified plasmid DNA (10 µg for each 

GluR subunit), green fluorescent protein (GFP) 5 µl and mixed. Electroporation at 

room temperature was performed instantly after the addition of cells to DNA in 0.4-

cm cuvette at 250V, 750µF and 329 Ω, resulting in a pulse time of 18-21 ms. 

Transfected cells were plated on 12-mm glass coverslips and incubated for 15-24 h 

prior to the experiments. The transfected cells express glutamate receptors and GFP, 

which can be visualized using fluorescence microscopy. 

 

 

4 Patch-clamp technique  

4.1 Equipment 

Patch-clamp experiments were performed on a vibration isolated table (low-end air-

suspension table), to produce mechanical stability and avoid unintended relative 

movements of the pipette/cell. In the center of the table an upright microscope is 

placed (Zeiss, amplification up to 40x, water-immersion-objective, fluorescence 

equipped), which can be moved vertically to allow focusing. The stage of the 

microscope is fixed on a small air-suspension table which reduces vibrations.  

The preamplifier is included in the pipette-holder moved by a hydraulic system. The 

micromanipulator is connected to the pipette-holder. 

 

 11



 
 
 
Fig.2.1 The patch-clamp setup: (1) Faraday cage, (2) vibration isolation table, (3) 

microscope, (4) micromanipulator with preamplifier and pipette-holder, (5) stage with 

bath-perfusion-system and fast-application-system. (6), control of the 

micromanipulator, (7) first outlet of fast perfusion system, (8) second outlet of 

perfusion system, (9) hydraulic pump for the drainage and overflow of bath solution, 

(10) Analog-Digital-converter, (11) video camera, (12) power supply for lamp of 

microscope (13) oscilloscope, (14) patch-clamp amplifier, (15) computer for signal 

recording and analysis. 

 

 

In the center of the stage there is the chamber with perfusion- and drainage- 

systems, in which coverslips with cells can be perfused with extracellular solution. 

The test solutions will be applied via a small capillary connected the piezo-driven 

fast-application-system, located next to the chamber.   
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4.2 Patch-Clamp Technique 

The patch-clamp technique is an electrophysiological method that allows the 

recording of macroscopic whole-cell or microscopic single-channel currents flowing 

across biological membranes through ion channels. The technique allows one to 

experimentally control and manipulate the membrane potential of membrane patches 

or the whole-cell (voltage clamp). Alternatively, one may monitor the changes in 

membrane potential in response to currents flowing across ion channels (current 

clamp), which constitute the physiological response of a cell. Thus, it is widely used 

to investigate ion channels in excitable membrane preparations.  

. 

The voltage clamp technique was used in this experimental study. Upon the delivery 

of a voltage step to an excitable membrane, the elicited current is dependent on the 

resistance of the pipette – cell network. Stimulation of membrane resident ion 

channels will increase their open probability and thus increase membrane 

conductance. The resulting current can be monitored at a constant holding (= clamp) 

potential. Fig.2.2 shows the final current-to-voltage convert circuit.  
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Fig.2.2 Principle of Patch-Clamp technique. Vpip: Pipette Voltage = Membrane 

Voltage in mV; Vref: Reference Voltage= Command Voltage in mV; Vout: Output 

Voltage in mV; Rf = feedback resistance in Ohm.  

The compensation current I is the indirect measured value, which results from the 

difference of membrane-voltage (Vpip) and command voltage (Vref). The preamplifier 

(operational amplifier and feedback resistence Rf) injects a proportional current into 

the pipette, which results from the difference of Vpip and Vref measured in the 

operational amplifier.  

The voltage, resulting from the difference at Rf and the Vref , define the output voltage 

Vout. Because of “Ohm’s-law” E(V)=R(Ω) x I(A) the output voltage Vout can be given 

as the compensation current I in A. 

 
 

 
Patch pipettes were made from borosilicate glass, which is in the form of standard 

microelectrode capillaries (HARVARD apparatus LTD, GC150TF-10, 1.5 mm O.D.X 

1.17 mm I.D.). The pulling is in two stages using a horizontal microelectrode puller 

(DMZ – Pipettenpuller, Zeitz-Instrumente, Augsburg) and then heat polishing is done 
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at the pipette tip. Pipettes are freshly made before each measurement, filled with 

intracellular solution, and then mounted on a pipette holder. The resistance values of 

pipettes are in the range of 5 – 12 MΩ. The holder serves two basic functions, firstly 

to provide electrical connection between the patch pipette solution and a BNC 

connector of the amplifier head stage which is mounted on a Narishige MO-103 

hydraulic micromanipulator, and secondly to allow suction or pressure to be applied 

to the pipette interior.  

 

 
 

The basic approach to measure small ionic currents in the picoampere range 

requires a low-noise recording technique. This is achieved by sealing patch-pipette 

tightly onto the plasma membrane of an intact cell, thereby isolating a small patch. 

When the tip of the pipette was pressed against the cell surface the seal resistance 

increased to 20-30 MΩ. The resistance increased to gigaseal-levels when applying a  

negative pressure. The development of giga-seals usually occurs within several 

seconds. The seal resistance should be in excess of 109 Ω. This “cell attached” 

configuration is the precursor to all other variants of the patch-clamp technique (fig 

2.3). 
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Fig.2.3. Schematic representation of the procedures which lead to recording 

configurations. The two recording configurations, described in this paper are: " whole-

cell model" and "outside-out patch" (modified from Hamill et al. 1981).   

 

 

4.3 Fast application technique 

Outside-out patches or whole-cell patches were moved in a tube where the cell or 

patch was continuously perfused by the background flow of the double-barrelled 

application system “Theta-glass system”. This continuous perfusion guarantied the 

testing of receptor-blocker interaction before application of short pulses of the agonist 

(preincubationexperiment). Short pulses of agonist or agonist and blocker were 

applied via the foreground-flow (fig. 2.3.).  
 
The patch was located at one side of the interface for background perfusion. Then, 

controlled by the recording PC, the interface moved toward the patch pipette, and the 

test solution was applied to the patch.  

A B
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Both of the two channels are separately connected with a rotary dial selector, 

consisting of two barrels with the same high pressure, in which different solutions can 

be changed. The time necessary for complete exchange between two perfusing 

solutions at the outlet of the application capillary is about 10~20 sec. 

 

 

 
Fig.2.4 Theta-glass application system. Patch-pipette is placed in the background-
flow. During short application pulses the Theta-glass moves and the Patch-pipette is 
placed within the test-solution-flow (foreground-flow). 
 
 
 
 
5  Disscusion 
 
 
 
AMPA-type glutamate receptor (GluR) channels provide fast excitatory synaptic 

transmission within the central nervous system. They are characterized by their fast 

kinetics of activation, desensitization, deactivation and resensitization, which 

determine the time course and limit the frequency of excitatory postsynaptic currents 

(Jones & Westbrook, 1996). The kinetics and biophysical properties of homomeric 

AMPA-type GluR channels were analyzed in several studies and it was shown that 

four subunits build up a functional tetrameric receptor (Mansour et al., 2001; 

Rosenmund et al., 1998). In contrast to other ligand gated channels such as skeletal 

muscle nicotinic acetylcholine receptor channels, which build up functional channels 

in fixed subunit assemblies (Unwin, 1989), GluR channels assemble to functional 

homomeric as well as heteromeric channels. The occurrence of posttranscriptional 

editing sites and flip/flop splice variants increases the number of possible receptor 
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subtypes further. The Q/R/N posttranscriptional editing site of the GluR2 subunit is 

involved in the regulation of the Ca2+ conductance and rectification properties (Bowie 

& Mayer, 1995; Burnashev et al., 1992; Hume et al., 1991; Kamboj et al., 1995; Koh 

et al., 1995; Lomeli et al., 1994; Seeburg, 1996; Sommer et al., 1991), trafficking 

processes and subunit assembly (Greger et al., 2003).  

In vivo most GluR channels occur as a coassembly of the subunits GluR2 and 

GluR1, (3 or 4). There is experimental evidence that two subunits coassemble first to 

dimers and two dimers in a second step to tetrameric receptors (Rosenmund et al., 

1998). The idea of a preferential arrangement of subunits (Ayalon & Stern-Bach, 

2001) (Brorson et al., 2004; Mansour et al., 2001) arised from the observation that 

values of specific parameters of homomeric channels  are passed on heteromeric 

channels. In the study  “Desensitization and    resensitization are independently 

regulated in human recombinant GluR subunit coassemblies” , Schlesinger et al. 

2005, we focused on desensitisation and resensitisation kinetics of different 

heteromeric GluR channels. Coexpression of GluR2 flop RN and GluR2 flop GN 

channels expressed in a 2:2 plasmid cDNA ratio resulted in values for the 

desensitisation (τD) and resensitisation (τrec) just between that of the respective 

homomeric channels (Krampfl et al., 2002). In contrast, when plasmids of GluR1 flip 

and GluR2 flip RN channels were cotransfected, we found a clear dependence of τD 

on the amount of the transfected cDNA, whereas τrec of these heteromeric channels 

was as fast as that of homomeric GluR flip R channels (Grosskreutz et al., 2003). To 

get reliable results, cotransfection of GluR subunit cDNA was performed with 

subunits, which differed for the values of τD or τrec by at least a factor of two. A 

predominance of the fast resensitising over slow resensitising channels was shown 

when cDNA of GluR2 flip channels was cotransfected with that of GluR1 channels, 

referring to a preferential assembly. However an inverse correlation between τrec and 

the amount of the specific cDNA plasmids was found exclusively when GluR2 flip 

was cotransfected with GluR1 channels and in contrast to τrec, τD had intermediate 

values at all combinations of heteromeric and homomeric channels  and was directly 

dependent on the amount of transfected cDNA. It is concluded from our data that 

desensitisation and resensitisation kinetics are regulated independently and are 

dependent on the specific subunit composition of the receptor. The control of the 

resensitisation of GluR channels in heteromeric receptor assemblies is a so far 

unknown property of the flip variant of the GluR2 subunit. 
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Despite there is a broad variety of drugs that modulate and block AMPA-type 

glutamate receptors in vitro, none of the AMPA- blockers that underwent clinical 

testing so far were appropriate for a therapeutical use in patients (Doble, 1999). In 

our study “Two mechanisms of action of the adamantane derivative IEM-1460 at 

human AMPA-type glutamate receptors”, Schlesinger et al. 2005 we tested the 

recently described glutamate receptor antagonist IEM-1460 for receptor interactions 

at the molecular level. IEM-1460 binds to Ca2+-permeable AMPA-type glutamate 

receptor channels and not to Ca2+-impermeable channels (Magazanik et al., 1997; 

Tikhonov et al., 2000). This means that currents through AMPA-type channels are 

blocked by IEM-1460 except the respective channels contain a Q/R edited GluR2 

subunit which renders the respective channels Ca2+-impermeable. The IC50 of IEM-

1460, measured at oocytes transfected with GluR1 or 3 subunits after application of 

0.1 mM kainate, was ~2 μM (Magazanik et al., 1997). 

The sensitivity of human GluR2 flip GN channels to IEM-1460 was the same as that 

to human GluR2 flip GQ channels, GluR1 channels were double as effectively 

blocked than GluR2 flip GQ or GluR2 flip GN channels and the mutant GluR2 L504Y 

channels were most sensitive to IEM-1460 with an IC50 of 15 μM. As was suggested 

in previous studies (Magazanik et al., 1997; Buldakova et al., 1999), IEM-1460 was 

nearly ineffective at GluR2 flip GR channels which have a very low Ca2+-permeability. 

It was shown that the IC50 is shifted at least by a factor of 1000 to the right when 

homomeric Ca2+-impermeable GluR2 flip GR channels were tested. This specific 

effect of IEM-1460 was clearly confirmed by the results of our study and it holds also 

true when low amounts of cDNA of GluR2 flip GR subunits are used for coexpression 

at HEK293 cells. The IC50 of native human AMPA-type channels (except GluR2 flip 

GR channels) was in the range of low sensitivity rat hippocampal neurons 

(Magazanik et al., 1997). The affinity of IEM-1460 to mutant GluR2 L504Y channels 

was much higher. Beside the different experimental design of the studies, species 

differences might play a role for the different affinity of IEM-1460. 

In an additional study “Molecular analysis of the  interaction of the pyrazine 

derivatives RPR119990 and RPR117824 with human AMPA-type glutamate receptor 

channels”, Krampfl et al. 2006, the two novel neuroprotective AMPA antagonists 

RPR119990 and RPR117824 were tested for their receptor interactions at the 

molecular level. Both compounds have neuroprotective activity in different functional 

assays (Canton et al., 2001; Mignani et al., 2002). Preliminary pharmacological 
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characterization revealed that both compounds block kainate induced currents at 

AMPA type glutamate receptors in the nanomolar concentration range (Canton et al., 

2001; Mignani et al. 2002). The objective of our patch-clamp analysis was 1) to 

profoundly investigate the molecular mechanism of action of the compounds, 2) to 

test for their AMPA-receptor subtype specificity and for their effects on kainate 

receptor channels. The data should serve as a database for further laboratory and 

therapeutic use of these highly potent AMPA blockers. 

Substitution of the phosphonate group in position 2 by a carboxylic group (see 

synthesis reports of RPR119990 and RPR117824 in Canton et al., 2001; Mignani et 

al., 2002) results in a significantly (GluR2 flop; GluR1 flop and GluR2 flip, 

coexpressed; GluR6) greater blocking activity of RPR117824 compared to 

RPR119990 at recombinant and synaptic AMPA-receptors. Despite that quantitative 

differences, the effects of RPR119990 and RPR117824 are discussed together, 

since we found no substantial difference in the molecular mechanism of AMPA-

receptor antagonism. In terms of potency the novel AMPA antagonists overwhelms 

competitive blockers like CNQX, NBQX, and YM90K (Dingledine et al., 1999, Doble, 

1999, Paternain et al., 1996, Turski et al., 1998). Like CNQX, the classical 

competitive AMPA antagonist (Honoré et al., 1988), RPR119990 and RPR117824 

block also kainate receptors by a competitive block mechanism, but with much less 

efficacy as shown by the IC50 of 2.0 μM for RPR119990 and 480 nM for RPR117824. 

The parallel rightward shift of the dose response curve of kainate in the presence of 

RPR119990 and RPR117824 that was shown by Canton et al. (2001) and Mignani et 

al. (2002) corresponds well with the data shown in fig. 1 and table 1. Thus, the 

experimental results of our study add further evidence for the assumption of a 

competitive-like block mechanism. 

For comparison of the quantitative results, we investigated not only homomeric 

recombinant GluR channels. Because both the GluR1 flop and GluR2 flip subunits 

show strong coexpression in many regions of the central nervous system, 

heteromeric GluR1 flop/GluR2 flip channels were expressed in HEK293 cells. 

Quantitative analysis revealed well matching data for the channel blocking activity of 

RPR119990 and RPR117824 in heteromeric as well as homomeric AMPA receptor 

channels. 

In conclusion, we could show that RPR119990 and RPR117824 block AMPA 

receptors competitively with an outstanding block activity as indicated by an IC50 in 
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the low nanomolar range. The results hold true for different recombinant GluR 

channel subtypes. Especially the use of a non-desensitizing recombinant GluR 

channel enabled us to determine block mechanism and kinetics by co-application 

protocols. This methodological approach may allow for convenient screening of 

putative AMPA receptor antagonists and modulators. An IC50 value in the low 

nanomolar range for AMPA receptor channels in combination with a reduced potency 

on kainate receptors makes these compounds extremely interesting for a therapeutic 

use, as relevant blood concentration might be achieved and future studies should 

settle the issue of AMPA-antagonism in clinical neuropharmacology. 

 

 

 

6   Summary  

 
In the study  “Desensitization and resensitization are independently regulated in 

human recombinant GluR subunit coassemblies” , Schlesinger et al. 2005, we 

focused on desensitisation and resensitisation kinetics of different heteromeric GluR 

channels. A predominance of the fast resensitising over slow resensitising channels 

was shown when cDNA of GluR2 flip channels was cotransfected with that of GluR1 

channels, referring to a preferential assembly. In contrast, when plasmids of GluR1 

flip and GluR2 flip channels were cotransfected, we found a clear linear dependence 

of τD on the amount of the transfected cDNA. 

However an inverse correlation between τrec and the amount of the specific cDNA 

plasmids was found when GluR2 flip was cotransfected with GluR1 channels and in 

contrast to τrec, τD had intermediate values at all combinations of heteromeric and 

homomeric channels  and was directly dependent on the amount of transfected 

cDNA. It is concluded from our data that desensitisation and resensitisation kinetics 

are regulated independently and are dependent on the specific subunit composition 

of the receptor.  

In our study “Two mechanisms of action of the adamantane derivative IEM-1460 

at human AMPA-type glutamate receptors”, Schlesinger et al. 2005 we tested the 

recently described glutamate receptor antagonist IEM-1460 for receptor interactions 

at the molecular level. IEM-1460 binds to Ca2+-permeable AMPA-type glutamate 
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receptor channels and not to Ca2+-impermeable channels (Magazanik et al., 1997; 

Tikhonov et al., 2000). This means that currents through AMPA-type channels are 

blocked by IEM-1460 except the channels contain a Q/R edited GluR2 subunit which 

renders the respective channels Ca2+-impermeable.  

IEM-1460 was nearly ineffective at GluR2 flip GR channels which have a very low 

Ca2+-permeability. This specific effect of IEM-1460 was clearly confirmed by the 

results of our study and it holds also true when low amounts of cDNA of GluR2 flip 

GR subunits are used for coexpression at HEK293 cells. The IC50 of native human 

AMPA-type channels (except GluR2 flip GR channels) was in the range of low 

sensitivity rat hippocampal neurons (Magazanik et al., 1997).  

In an additional study “Molecular analysis of the  interaction of the pyrazine 

derivatives RPR119990 and RPR117824 with human AMPA-type glutamate 

receptor channels”, Krampfl et al. 2006, the two novel neuroprotective AMPA 

antagonists RPR119990 and RPR117824 were tested for their receptor interactions 

at the molecular level.  

We could show that RPR119990 and RPR117824 block AMPA receptors 

competitively with an outstanding block activity as indicated by an IC50 in the low 

nanomolar range. The results hold true for different recombinant GluR channel 

subtypes. Especially the use of a non-desensitizing recombinant GluR channel 

enabled us to determine block mechanism and kinetics by co-application protocols. 

An IC50 value in the low nanomolar range for AMPA receptor channels in combination 

with a reduced potency on kainate receptors makes these compounds extremely 

interesting for a therapeutic use, as relevant blood concentration might be achieved 

and future studies should settle the issue of AMPA-antagonism in clinical 

neuropharmacology.  

Our studies point out the exceptional position of the GluR2 flip subunits in 

dependence of the resensitisation-kinetic and discuss possible consequences 

focused on the model of chronic excitotoxicity. Additionally the importance of 

electrophysiological studies of antagonist of AMPA-receptors as a supportive tool for 

drug screening was discussed.   
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6 Zusammenfassung 
 

 

In den vorliegenden Arbeiten wurden elektrophysiologische Untersuchungen an 

rekombinanten AMPA-Typ Glutamatrezeptoren durchgeführt. AMPA-Rezeptoren sind 

für die exzitatorische synaptische Transmission im zentralen Nervensystem  

verantwortlich und stellen eine Untergruppe der ionotropen Glutamatrezeptoren dar. 

Sie sind postsynaptisch lokalisiert, wobei Rezeptor und Ionenkanal eine funktionelle 

Einheit bilden. Durch die Bindung von Glutamat an AMPA-Rezeptoren wird eine für 

Kationen selektiv permeable Zentralpore geöffnet. Hierbei kommt es in Bruchteilen 

von Sekunden zu hohen Glutamatkonzentrationen im synaptischen Spalt. 

Vier verschiedene Untereinheiten (GluR1-4) von AMPA-Rezeptoren sind bekannt. 

Durch posttranskriptionelle mRNA-Editierung (R/G- und Q/R-Editierung) und 

alternatives Splicen (Flip- und Flop-Varianten) erhöht sich die Anzahl der 

verschiedenen Subtypen. 

Die Q/R-Editierung existiert nur bei den GluR2-Untereinheiten und ist verantwortlich 

für die Regulation des intrazellulären Kalziumeinstroms. GluR2-Untereinheiten, die 

eine Editierung aufweisen sind impermeabel für Ca2+ -Ionen, während alle anderen 

Untereinheiten durchlässig für Kalziumionen sind. Die R/G-Editierung spielt eine 

wichtige Rolle in der Regulation der Desensitisierung und Resensitisierung. So 

zeigen editierte GluR2-Untereinheiten eine schnellere Kinetik in Bezug auf die 

Desensitisierung und Resensitisierung als die nicht-editierte GluR2-Untereinheit 

(Krampfl et al. 2002). Die Flip/Flop-Sequenz, die bei allen Untereinheiten vorkommt, 

ist ebenfalls an der Regulierung der Desensitisierung und Resensitisierung beteiligt, 

wobei die Flop-Varianten eine schnellere Desensitisierung als die Flip-Varianten 

aufweisen (Koike et al. 2000). AMPA-Rezeptoren kommen sowohl als homomere als 

auch als heteromere Rezeptoren vor. 

Die in der vorliegenden Ph.D-These dargestellten Studie „Desensitization and    

resensitization are independently regulated in human recombinant GluR 
subunit coassemblies” , Schlesinger et al. 2005,  wurden verschiedene AMPA-

Rezeptor-Untereinheiten mit einander kombiniert und die Kinetik der einzelnen 

heterooligomeren Assemblierungen mit der Patch-Clamp-Technik untersucht. Hierbei 

konnte festgestellt werden, dass insbesondere die flip-Variante des GluR2 die 

Resensensitisierungskinetik dominiert, andere Parameter bleiben jedoch 
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unbeeinflusst. Orientierend an der Arbeit von Mansour et al. 2001 wurde aufgrund 

dieser Eigenschaften eine bevorzugte Assemblierung von Rezeptoruntereinheiten 

postuliert. 

 

 

Darüber hinaus wurde in der Arbeit “Two mechanisms of action of the 

adamantane derivative IEM-1460 at human AMPA-type glutamate receptors”, 

Schlesinger et al. 2005, die Wirkung des Adamantinderivates IEM-1460 an 

rekombinanten humanen homomeren AMPA-Rezeptoren sowie dem heteromeren 

GluR1o/2iGR-Rezeptor-Kanal untersucht. Die Experimente mit dem selektiven 

AMPA-Rezeptor-Antagonist IEM-1460 zeigten, dass die kalziumpermeablen 

homomeren GluR1o und GluR2iGQ eine signifikante Blockierung erfuhren. An dem 

kalziumimpermeablen homomeren GluR2iGR konnte kein signifikanter Effekt des 

IEM-1460 ausgemacht werden. Messungen am heteromeren GluR1o2iGR-Kanal 

zeigten ebenfalls keinen signifikanten Blockeffekt durch IEM-1460. 

 

 

In einer weiteren Arbeit “Molecular analysis of the  interaction of the pyrazine 

derivatives RPR119990 and RPR117824 with human AMPA-type glutamate 
receptor channels”, Krampfl et al. 2006, wurden AMPA-Typ 

Glutamatrezeptorantagonisten RPR119990 und RPR117824 sowie ihre 

Wechselwirkungen an rekombinanten Glutamatrezeptoren auf molekularer Ebene 

untersucht. Für beide Substanzen, RPR119990 und RPR117824, konnten in 

verschiedenen experimentellen Untersuchungen mögliche neuroprotektive 

Eigenschaften nachgewiesen werden (Canton et al.,2001; Mignani et al.,2002). 

Bisherige pharmakologische Untersuchungen zeigten eine Wirksamkeit beider 

Substanzen als potente AMPA-Antagonisten im nanomolaren Konzentrationsbereich 

(Canton et al.,2001; Mignani et al.,2002).  

Die Anwendung der Testsubstanzen am nicht-desensitiserenden AMPA-Rezeptor 

GluR2L504Y ermöglichte die weitere reaktionskinetische Charakterisierung der 

Blockmechanismen.  

 

In Bezug auf die Pathophysiologie neurodegenerativer Erkrankungen, wie der 

amyotrophen Lateralsklerose, werden Desensitisierung, Resensitisierung und 
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Kalziumpermeabilität der AMPA-Rezeptoren als wichtige Faktoren diskutiert. Ins- 

besondere der Glutamat-vermittelten Exzitotoxizität, die zu einem unkontrollierten 

Ca2+ -Ionen-Einstrom führt und somit einen „Circulus vitiosus“ zur Folge hat, wird 

eine besondere Bedeutung beigemessen. Die Arbeiten heben zum einen die 

spezifische Eigenschaften heterooligomerer Assemblierungen von AMPA-typ 

Glutamatrezeptoren hervor und  diskutieren ihre Bedeutung in Bezug auf die 

chronische Exzitotoxizität, zum anderen zeigen sie pharmakologische Angriffspunkte 

einer möglichen neuroprotektiven Therapie. Die Messdaten mit dem 

Adamantinderivat IEM-1460 zeigten eine selektive Blockierung kalziumpermeabler 

AMPA-Rezeptoren, was möglicherweise eine Therapiestrategie in der Behandlung 

neurodegenerativer Erkrankungen darstellen kann. 
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Two mechanisms of action of the adamantane derivative IEM-1460

at human AMPA-type glutamate receptors
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1 Antagonizing glutamatergic neurotransmission by blockade of AMPA-type glutamate receptors
(GluR) is a promising pharmacological strategy for neuroprotection in neurodegenerative diseases and
acute treatment of stroke.

2 We investigated the interaction of the adamantane derivative IEM-1460 with human wild-type
and mutant AMPA-type GluR channels. Different recombinant homooligomeric human AMPA-type
GluR channels and a rat nondesensitizing mutant GluR (GluR2 L504Y) channel were expressed in
HEK293 cells and investigated using the patch-clamp technique in combination with ultrafast agonist
application.

3 When IEM-1460 was coapplied with glutamate, an open channel block mechanism was observed
at slow desensitizing GluR2 flip (X0.1mM IEM-1460) and nondesensitizing GluR2 L504Y channels
(X1mM IEM-1460).

4 A competitive block of AMPA-type channels was observed with IC50 values for the dose block
curves of 0.1mM IEM-1460 at human unmutated and 10mM IEM-1460 at mutant GluR channels.

5 Nondesensitizing GluR2 L504Y channels were used to further characterize the block mechanism.
After equilibration with the agonist, a current decay upon coapplication of glutamate and IEM-1460
was observed. The recovery from block was independent of the glutamate and IEM-1460
concentration. The extent of current inhibition as well as the time constant of current decay upon
addition of the blocker to the test solution were dependent on agonist concentration; this strongly
points to an additional competitive-like block mechanism of IEM-1460 at human AMPA-type GluR
channels.

6 The data were interpreted in the frame of a molecular scheme with two binding sites of IEM-1460
at the receptor, one at the unliganded resting and the other at the fully liganded open state of the
channels.
British Journal of Pharmacology (2005) 145, 656–663. doi:10.1038/sj.bjp.0706233
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Keywords: Patch clamp; ultrafast application; human AMPA-type receptors; block mechanism
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Introduction

Glutamate is the major excitatory neurotransmitter of the

central nervous system, which is toxic under certain patholo-

gical conditions. Its main targets are ionotropic a-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), NMDA

and kainate-type glutamate receptor (GluR) channels. Excessive

release of glutamate is thought to participate in a pathophy-

siological cascade, which leads to neuronal death in different

acute neurological disorders like ischemic stroke and traumatic

brain damage or in chronic neurodegenerative disorders like

amyotrophic lateral sclerosis (ALS) or Parkinson’s disease

(Shaw, 1994; Williams et al., 1997; Dingledine et al., 1999).

Excitatory synaptic transmission is mediated mainly via the fast

gating AMPA-type GluR channels and these channels are

thought to play a crucial role in chronic neurodegeneration.

For example, glutamate-induced motor neuron death can be

prevented by blockade of AMPA-type GluR channels but not

NMDA receptor antagonists (Vandenberghe et al., 2000;

Urushitani et al., 2001). For that reason, targeting of human

AMPA-type GluR channels is an interesting therapeutical

principle in chronic neurodegenerative disorders but despite

proven neuroprotective properties in cell culture assays, none of

the AMPA-type GluR channel antagonists has so far passed

clinical testing (Dingledine et al., 1999).

Adamantane derivatives such as IEM-1460 block AMPA-

and NMDA-type GluR channels. IEM-1460 was especially

used to identify Ca2þ -permeable AMPA-type receptors in the

central nervous system, because it interacts specifically with

these channels. The action of IEM-1460 at AMPA-type GluR

channels was interpreted as an open channel block (Magazanik

et al., 1997). In the present study, we investigated the effect of

IEM-1460 on different recombinantly expressed wild-type and

nondesensitizing mutant GluR channels and could show that

this drug blocks exclusively Ca2þ -permeable GluR channels,

that is, GluR channels that do not contain GluR2 R subunits,
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which renders GluR channels Ca2þ -impermeable. Addition-

ally, from the data of the study, which contains also

experiments with the nondesensitising GluR2 L504Y channels

(Rosenmund et al., 1998; Stern-Bach et al., 1998), it is

concluded that IEM-1460 works via a combined competitive

and open channel block mechanism.

Methods

Transient expression of human recombinant GluR
channels

Transformed human embryonic kidney (HEK) 293 cells were

cultured in Dulbecco’s modified Eagle’s medium (DMEM),

supplemented with 10% fetal calf serum (FCS), 100Uml�1

penicillin and 100mgml�1 streptomycin at 371C in a 5% CO2/

95% air incubator. They were plated on 12mm glass coverslips

coated with poly-L-lysine. Cells were suspended in a buffer

used for transfection (in mM: 50 K2HPO4, 20 K-Acetate, pH

7.35). For transient transfection, cDNAs of human or rat

GluR channels (GluR1 flop, GluR2 flip GQ, GluR2 flip GN,

GluR2 flip GR, nondesensitizing GluR2flipGQ (L504Y),

subcloned into expression vectors) were added to the suspen-

sion (25 mgml�1). For cotransfection of GluR1 flop and GluR2

flip GR, different ratios of cDNAs were used (Schlesinger

et al., 2005). A reporter cDNA encoding green fluorescent

protein (GFP, 10mgml�1) was added to visually identify

transfected cells. For transfection an electroporation device by

EquiBio (U.K.) was used. Transfected cells were replated on

glass coverslips in DMEM containing 10% FCS and incubated

for at least 15 h. As was performed in previous studies

(Krampfl et al., 2001; 2002; Grosskreutz et al., 2003; Schle-

singer et al., 2005), the different human GluR channels were

abbreviated by indicating the respective subunit at the first

position (GluR1, 2 or 3), followed by determination of the

flip/flop splice variant, the R/G and the Q/R/N editing site.

Patch-clamp experiments

Patch-clamp measurements were performed on outside-out

excised patches or small cells lifted from the bottom for rapid

application experiments using standard methods (Hamill et al.,

1981). Patch pipettes were pulled from borosilicate glass tubes

in two stages with a horizontal DMZ pipette puller (Zeitz

Instruments, Augsburg, Germany). They were coated with

Sylgard and fire-polished. Pipette series resistance was

7–10MO when filled with intracellular solution containing

(in mM): 140 KCl, 11 EGTA, 10 HEPES, 10 glucose, 2 MgCl2.

The osmolarity was adjusted to 340mosml�1 with mannitol.

HEK293 cells were superfused with an extracellular solution

containing (in mM): 162 NaCl, 5.3 KCl, 2 CaCl2, 0.67

NaH2PO4, 0.22 KH2PO4, 15 HEPES, 5.6 glucose. The pH of

both solutions was adjusted to 7.3. Sodium-L-glutamate

(monohydrate) was obtained from Merck (U.S.A.). The

adamantane derivative IEM-1460 was obtained from SIGMA

(Deisenhofen, Germany) and stored as stock solutions. The

final concentrations were freshly prepared for each experi-

ment.

Data were recorded with an Axopatch 200B patch-clamp

amplifier (Axon Instruments, Foster City, CA, U.S.A.).

Membrane currents were sampled with 20 kHz using a

Digidata 1200 Interface and the pCLAMP6 software suit

on a PC (Axon Instruments, Union City, CA, U.S.A.). For

further analysis data were filtered at 5 kHz. The holding

potential was kept at �60mV or þ 60mV. For statistical

analysis, the unpaired Student’s t-test was used. Differences

were considered significant at the Po0.05 level. All data were

given as mean7s.e.m. (n, number of experiments).

A piezo-driven, double-barrelled ultrafast perfusion system

was used for application of the neurotransmitter glutamate to

excised outside-out membrane patches or small cells (Franke

et al., 1987). With our system, the time for solution exchange

was regularly o100 ms (Krampfl et al., 2002; Grosskreutz

et al., 2003; Schlesinger et al., 2004) and at best B40ms (20–

80% rise time). It was estimated by measurements of liquid

junction currents with a 10-fold difference in ionic strength at

the tip of leaky patch pipettes at the end of the experiments.

The time for complete exchange of the background solution

took around 10 s. To minimize unspecific run down effects of

the ion currents, the interval between successive glutamate

pulses was 30 s. For the quantitative evaluation, 4–12 current

traces were averaged for each experiment.

Results

In the experiments of Figure 1, outside-out patches containing

human GluR2 flip GQ, GluR2 flip GN and GluR2 flip GR

channels were preincubated for at least 30 s with different

concentrations of IEM-1460 via the background flow of the

fast application system prior to the application of 100ms

pulses of 10mM glutamateþ blocker. Figure 1a shows original

current traces of such experiments. When IEM-1460 was

coapplied with 10mM glutamate to outside-out patches

containing GluR2 flip GQ channels, the peak current

amplitude decreased significantly from �396.4 pA at control

to �327.3 and �98.2 pA at 10mM or 0.3mM IEM-1460,

respectively. In contrast, we observed only a slight reduction of

the peak current amplitude from –136.7 to –126.1 pA at GluR2

flip GR channels in presence of 1mM IEM-1460 (Figure 1d).

The time constant of current decay decreased with increasing

IEM-1460 concentrations added to GluR2 flip GQ or GN

channels (Figure 1a and c), which is typical for open channel

block mechanisms (Bufler et al., 1996a, b). The current decay

could be fitted with a single exponential as is shown by the

straight line. Open channel block mechanisms are character-

ized by a increase of the rate constant of current decay in fast

application experiments (Bufler et al., 1996b) and relieve of the

block at positive membrane potentials. In contrast to GluR2

channels, which are not edited at the Q/R site, N-edited

channels are impermeable for calcium ions but not rectifying at

positive potentials (Burnashev et al., 1992). Therefore, it was

possible to test the potential dependence of the block of human

GluR2 flip GN channels by IEM-1460. The time constant of

current decay was 5.4ms (mean 5.670.5ms (n¼ 3)) at a

holding potential of �60mV after coapplication of 10mM

glutamate and 0.3mM IEM-1460, and decreased to 10.9ms

(mean 11.370.4ms (n¼ 4)) after switching the holding

potential to þ 60mV (Figure 1c), an effect which was

described for the open channel block by local anesthetics at

nicotinic acetylcholine receptor channels (Colquhoun &

Sheridan, 1982) and also for IEM-1460 at AMPA-type

channels (Magazanik et al., 1997). When outside-out patches
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containing human GluR2 flip GQ channels were preincubated

with 0.1mM cyclothiazide, the peak current amplitude was also

blocked by IEM-1460 (Figure 1b). The decrease of the peak

current amplitude in presence of 0.1 and 1mM IEM-1460

summarized to 0.4970.04% (n¼ 3) and 0.1970.06% (n¼ 4),

respectively. The mean blocking concentration of IEM-1460

was 0.1mM, quite close to the IC50 values without cyclo-

thiazide.

The diagram in Figure 2a shows the dose–response curves of

different experiments like that of Figure 1. The data were

normalized to the peak current amplitude observed after

application of 10mM glutamate. A significant block effect was

observed at 1mM IEM-1460 when outside-out patches contain-

ing human GluR2 flip GQ or GluR2 flip GN channels were

used. Relative peak current amplitudes were reduced to values

of 0.2170.05 (n¼ 5) and 0.2570.08 (n¼ 5) at GluR2 flip GQ

or GluR2 flip GN channels in presence of 0.3 or 1mM IEM-

1460. The IC50 of IEM-1460 (see dotted lines in Figure 2a)

was 95 and 103mM, respectively. When outside-out patches

containing human GluR2 flip GR channels were used, only a

slight relative block effect approximating 0.7770.02 (n¼ 4)

compared to the control experiments was observed at 1mM

IEM-1460. Figure 2b shows the relative peak current

amplitude when 0.1mM IEM-1460 was applied to different

GluR channels. As also shown in Figure 2a, GluR2 flip GQ or

GluR2 flip GN channels were blocked by B50% by 0.1mM

IEM-1460. The same blocker concentration was nearly twice

as effective at GluR1 flop channels while nearly no block effect

could be observed when Ca2þ -impermeable human GluR2 flip

GR channels were used. Additionally, IEM-1460 was tested at

heteromeric human GluR1 flop/GluR2 flip GR channels. We

found that the presence of a small amount of human GluR2

flip GR cDNA is sufficient to prevent the channels from block

by IEM-1460 (see the two right bars in Figure 2b with the

ratios of GluR1 flop and GluR2 flip GR cDNA as indicated).

At a cDNA ratio of GluR1 flop :GluR2 flip GR channels of

7 : 1, the relative peak current amplitude reached a value of

0.88 of control. Human GluR2 flip channels desensitize

relatively slowly with time constants of desensitization, tD,
in range of 10ms in presence of a saturating glutamate

concentration (Grosskreutz et al., 2003; Schlesinger et al.,

2005; Figure 1a, c and d). When 0.3 or 1mM IEM-1460 were

added to the 10mM glutamate containing test solution, the

relative decrease of the desensitization was 0.5770.09 (n¼ 5)

for the GluR2 flip GQ and 0.6670.06 (n¼ 6) for the GluR2

flip GN (Figure 2c). However, when tD of the repective human

GluR channels was o5ms (as is the case at GluR1 flop

channels (Krampfl et al., 2001; Grosskreutz et al., 2003;

Schlesinger et al., 2005), we observed no significant accelera-

tion of current decay in presence of 10mM glutamateþ IEM-

1460 (not shown).

From the experiments of Figures 1 and 2 it was suggested

that IEM-1460 elicited both, a competitive (reduction of the

peak current amplitude in preincubation experiments) (Figures

1, 2a and b) and open channel block (decrease of current decay

in presence of IEM-1460þ glutamate, voltage dependence of

the time constant of current decay; Figures 1 and 2c) at

AMPA-type GluR channels. The principal kinetic features of

AMPA-type channels can be predicted by a simple kinetic

scheme with two binding sites (the suggested two other

glutamate binding sites do not add significantly to the

respective current amplitude elicited by glutamate; Rosen-

mund et al., 1998) and two desensitized states of the receptor

(Krampfl et al., 2002). Figure 3 shows such a simplified

Figure 1 Original traces of currents elicited by 100ms pulses of 10mM glutamate (glu) or 10mM glutamateþ the respective IEM-
1460 concentration after preincubation of outside-out patches from HEK293 cells transfected with human GluR2 flip GQ (a),
GluR2 flip GR channels (d) and of currents elicited by 200ms pulses of 10mM glutamate and 0.1mM cyclothiazide with or without
IEM-1460 of human GluR2 flip GQ channels (b). The straight lines (a) show the time course of desensitisation fitted by a single
exponential. The middle right column (c) shows original traces of currents elicited by 100ms pulses of 10mM glutamate or 10mM

glutamateþ the respective IEM-1460 concentration from HEK293 cells transfected with human GluR2 flip GN at different holding
potentials as indicated. Values of tD and tB are indicated. The holding potential was �60mV when not stated otherwise.
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scheme. In this model, R means the receptor, A the agonist and

D the desensitized state. The different states of the receptor are

connected via binding and unbinding rate constants and the

isomerization rates a and b. Assuming an open channel block

model, the blocker binds to the open state of the receptor

(A2O) via the binding and unbinding rate constants bþ 1 and

b�1. For a competitive block, the blocking molecule must bind

to the unligand state (R) via bþ 2 and b�2. In such a model, it is

predicted that the time course of current decay decreases

when the concentration-dependent binding rate constant of

the blocker (reciprocal value of tB� [B]) is faster than the

desensitization rate constant due the transition from the A2O

to the A2B state of the channel (as shown in Bufler et al.

(1996a, b) for physostigmin, procaine and D-tubocurarine).

This was the case at human GluR2 flip GQ and GluR2 flip

GN channels (Figures 1 and 2c). In case of competitive block

(transition from the R- to the RB-state of the channels),

agonists compete with the antagonist for the same binding site

at a receptor (Colquhoun & Sheridan, 1982) and the amount

of block depend on the blocker and agonist concentration

(Figures 1, 2a, 4 and 5). The dose-dependent decrease of the

peak current amplitude in presence of IEM-1460 with an IC50

value of 0.1mM cannot be declared by a pure open channel

block mechanism.

The affinity of glutamate to different AMPA-type channels

was between 0.1 and 1mM (Dingledine et al., 1999; Krampfl

et al., 2002) and therefore near that of the IC50 of IEM-1460 at

human GluR2 flip GQ or GluR2 flip GN channels (Figure 2).

To better understand the mode of action of IEM-1460 at

AMPA-type channels, further experiments were performed

with nondesensitizing mutant GluR2 L504Y channels

(Rosenmund et al., 1998; Stern-Bach et al., 1998; Mansour

et al., 2001). The upper current trace of Figure 4a shows

a typical nondesensitizing current upon application of a

saturating concentration of 10mM glutamate. When increasing

IEM-1460 concentrations were added to the test (containing

10mM glutamate) and background solution, we observed a

decrease of the peak current amplitude starting at a low

concentration of 0.1 mM IEM-1460 with a B10-fold lower IC50

of 15mM compared to human GluR2 flip GQ or GluR2 flip

GN channels (Figures 2a and 4) and a current decay in

presence of the blocker, which could be fitted with a single

exponential (Figure 4). When glutamate without IEM-1460

was applied, no desensitization of the channels was observed

as described for these mutant channels (Rosenmund et al.,

1998). At 1mM IEM-1460, a slow component of current decay

with tB¼ 81.8ms occurred, which decreased to tB¼ 15.7ms at

0.1mM (Figure 4a). The average values are shown in the

diagram of Figure 4b. The observation of the current decay in

presence of IEM-1460 is compatible with an open channel

block mechanism, that is, a transition from the A2O to the A2B

state in the kinetic scheme (Figure 3). However, as was

concluded from the experiments with unmutated human GluR

channels of Figures 1 and 2, the strong block of IEM-1460 in

Figure 3 Kinetic scheme for an open channel and competitive
block of AMPA-type GluR channels by IEM-1460. In this scheme,
R stands for the resting state of the receptor, A for the agonist, B for
the blocker and D for the desensitized state of the receptor. The
different states of the receptor are connected via the rate constants as
indicated.

Figure 2 Dose inhibition curves of different experiments of the
type shown in Figure 1. (a) Inhibition of the relative peak current
amplitudes elicited by 100ms pulses of 10mM glutamate after
preincubation of outside-out patches from HEK293 cells containing
GluR channels as indicated with different concentrations of IEM-
1460. Each point is the average value of at least five independent
experiments. (b) Average block of currents elicited by 100ms pulses
of 10mM glutamate after preincubation of outside-out patches from
HEK293 cells by 0.1mM IEM-1460. Each point is the average
of at least five independent experiments. (c) Relative decrease of tB
of currents elicited by 100ms pulses of 10mM glutamate after
preincubation of outside-out patches from HEK293 cells containing
GluR2 as indicated with different concentrations of IEM-1460. Each
point is the average value of at least five independent experiments.
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the preincubation experiments (Figure 4) with the nondesensi-

tizing GluR2 L504Y mutant points to an additional compe-

titive block effect.

Adamantane derivatives like IEM-1460 were introduced

as AMPA-channel blocking compounds in the paper of

Magazanik et al. (1997). They performed electrophysiological

experiments at oocytes transfected with cDNA of GluR1,

GluR2 and GluR3 subunits with intracellular recording

techniques. Currents were elicited by the agonist kainate,

which elicits a nondesensitizing current response at AMPA-

type channels. IEM-1460 was applied during the current

response and they analyzed the decrease of the amplitude.

In the experiments of Figures 1, 2 and 4, the glutamate

concentration was held constant and the blocker concentration

was varied. Reverse experiments are shown in Figure 5. We

were interested, how the block of nondesensitizing mutant

GluR2 L504Y channels by IEM-1460 is influenced by different

glutamate concentrations. In case of competitive block, it is

suggested that the onset of block becomes slower and the

maximal block effect smaller with increasing agonist concen-

trations because of the competition of the agonist and the

blocker at the unliganded R-state of the receptor. In the

experiment of Figure 5a, 0.1, 1 or 10mM glutamate was

applied over a period of 12 s. A current amplitude of –210.3 pA

was elicited by 1 or 10mM glutamate, corresponding to the

maximal open probability of the channels, a current amplitude

of –185.3 pA at 0.1mM glutamate. Amplitudes were normal-

ized to the maximum current amplitude in the figure for

reasons of graphical clarity. After 3 s, a concentration step was

performed into a solution containing 10 mM IEM-1460 (this

concentration is in the range of the IC50 at GluR2 L504Y

channels, Figure 2a)þ the respective glutamate concentration.

At 0.1mM glutamate, the current decayed nearly to the

baseline with a time constant, tB*, of 65.2ms upon application

of 10mM IEM-1460 (for mean values see Figure 5b and c). At

Figure 4 Dose-inhibition experiments with IEM-1460 at nonde-
sensitizing GluR2L504Y channels. (a) Original traces of currents
elicited by 100ms pulses of 10mM glutamate or 10mM glutama-
teþ the respective IEM-1460 concentration after preincubation of
outside-out patches from HEK293 cells transfected with GluR2
L504Y channels with different concentrations of IEM-1460 as
indicated (the tB values of the respective experiments are indicated).
(b) The average values of tB were plotted vs the respective IEM-1460
concentration (see Figure 2a for the values of the relative steady-
state current amplitudes). The holding potential was �60mV at all
experiments.

Figure 5 Dependence of the inhibition of mutant GluR2 L504Y channels on glutamate concentration. (a) Original current traces
elicited by preincubation with 0.1, 1 or 10mM glutamate and additional 3-s pulses of 10 mM IEM-1460þ 0.1, 1 or 10mM to GluR2
L504Y channels. Amplitudes adjusted to the values at 10mM glutamate for overlay. The holding potential was �60mV at all
experiments. (b) Dependence of the relative steady-state current amplitude of currents elicited by 0.1, 1 or 10mM glutamate after
application of 10 mM IEM-1460 on the respective glutamate concentration. (c) Dependence of tB* of currents elicited by 0.1, 1 or
10mM glutamate after application of IEM-1460 on the respective glutamate concentration. (d) Value of trec* after the end of 3-s
pulses of 10 mM IEM-1460.
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higher glutamate concentrations, the time constant of current

decay became significantly slower and the steady-state current

amplitude increased. For example, when 10mM glutamate was

applied, tB* was 160.4ms (mean values see Figure 5c) and the

relative steady-state current amplitude was 0.35 (mean values

see Figure 5b). When the steady-state current amplitude

had reached an equilibrium (this was the case after B500ms

for all glutamate concentrations tested), a concentration step

back to a glutamate containing solution without IEM-1460

was performed. The time course of recovery from block could

be fitted with a single exponential, trec*, at all glutamate

concentrations tested (165.1722.6ms (n¼ 12), see Figure 5d),

reflecting unbinding of IEM-1460 from the receptor. When

glutamate was removed from the receptor, the current decayed

monoexponentially to the baseline with a time constant, tdeact,
of 15.2ms (17.772.9 (n¼ 10)), which is likely to reflect

unbinding of glutamate, deactivation, from GluR2 L504Y

channels.

The results of the blockade of recombinant AMPA-type

channels by IEM-1460 are summarized as follows: (1) IEM-

1460 blocks the peak current amplitudes through different

recombinant human GluR channels with an IC50 between

10 mM and 0.1mM (Figures 1, 2 and 4a). As recently shown, the

affinity of IEM-1460 to R-edited GluR2 channels was much

lower with an IC50of b1mM (Figure 2c, Magazanik et al.,

1997). The low affinity of IEM-1460 to human homomeric

edited GluR2 channels is passed on heteromeric channels

transfected with a low amount of cDNA of GluR2flip GR

subunits (Figure 2b). (2) The block was more effective at

human nonmutated GluR1 than GluR2 channels (Figure 2b).

(3) The time constant of current decay in presence of

glutamateþ IEM-1460 decreased with increasing blocker

concentrations when tD of the respective channels was

45ms (Figures 1 and 2d), and was voltage dependent

(Figure 1). (4) The time course and amount of block was

dependent on the glutamate concentration whereas the

recovery from block was concentration independent in case

of the nondesensitizing GluR2 L504Y channels (Figure 5).

Conclusion

Despite there is a broad variety of drugs that modulate and

block AMPA-type GluR in vitro, none of the AMPA-blockers

that underwent clinical testing so far were appropriate for a

therapeutical use in patients (Doble, 1999). In our study, we

tested the recently described GluR antagonist IEM-1460 for

receptor interactions at the molecular level. IEM-1460 binds

at Ca2þ -permeable AMPA-type GluR channels and not at

Ca2þ -impermeable channels (Magazanik et al., 1997; Tikhonov

et al., 2000). This means that currents through AMPA-type

channels are blocked by IEM-1460 except the respective

channels contain a Q/R edited GluR2 subunit, which renders

the respective channels Ca2þ -impermeable. The IC50 of IEM-

1460, measured at oocytes transfected with GluR1 or three

subunits after application of 0.1mM kainate, was B2mM
(Magazanik et al., 1997).

In the present study, we tested IEM-1460 at different human

recombinant GluR channels and nondesensitizing mutant

GluR2 L504Y subunits using the patch-clamp technique in

combination with fast solution exchange techniques. The

kinetic properties of these channels are well known from

recently published studies (Stern-Bach et al., 1998; Krampfl

et al., 2002; Grosskreutz et al., 2003; Schlesinger et al., 2005)

and these receptor channels were therefore well suitable for

in vitro pharmacological studies. Fast solution exchange

methods in combination with the patch-clamp technique allow

the physiological analysis of postsynaptic mechanism on a

molecular level. Human Ca2þ -permeable AMPA-type chan-

nels are by a factor of B50 less sensitive to IEM-1460

(Figure 2a) than recombinant rodent Ca2þ -permeable chan-

nels expressed in oocytes (Magazanik et al., 1997). Similarly to

this study, it was shown that the IC50 is shifted at least by a

factor of 1000 to the right when homomeric Ca2þ -imperme-

able GluR2 flip GR channels were tested (Figures 1 and 2).

The sensitivity of human GluR2 flip GN channels to IEM-

1460 was the same as that of human GluR2 flip GQ channels,

GluR1 channels were double as effectively blocked than

GluR2 flip GQ or GluR2 flip GN channels (Figure 2b) and

the mutant GluR2 L504Y channels were most sensitive to

IEM-1460 with an IC50 of 15 mM (Figure 2a and b). As was

shown in previous studies (Magazanik et al., 1997; Buldakova

et al., 1999), IEM-1460 was nearly ineffective at GluR2 flip

GR channels that have a very low Ca2þ -permeability. This

specific effect of IEM-1460 was clearly confirmed by the

results of our study (Figures 1 and 2) and it holds also true

when low amounts of cDNA of GluR2 flip GR subunits are

used for coexpression at HEK293 cells (Figure 2b). The IC50 of

unmutated human AMPA-type channels (except GluR2 flip

GR channels) was in the range of low sensitivity rat

hippocampal neurons (Magazanik et al., 1997). Beside the

different experimental design of the studies, species differences

might play a role for the different affinity of IEM-1460.

Magazanik et al. (1997) investigated IEM-1460 at recombi-

nant GluR channels expressed in oocytes with the two-

electrode voltage-clamp technique and at AMPA-type GluR

channels expressed from freshly dissociated hippocampal

neurones with the whole-cell patch-clamp technique. When

IEM-1460 was applied to the nondesensitizing kainate-

activated ion current, they found a reversible block of the

current amplitude (similar to the experiments at nondesensitiz-

ing GluR2 L504Y channels shown in Figure 5). To elucidate

the molecular mechanism of IEM-1460 at AMPA-type

channels, we performed two different types of experiments

with IEM-1460 at different human GluR channels and the

mutant GluR2 L504Y channel. First, different concentrations

of IEM-1460 were held constant throughout an experiment

and 10mM glutamate was applied pulsewise (Figures 1, 2 and

4). Under these conditions, two effects were observed: The

peak current amplitude of GluR channel currents of human

GluR1, GluR2 flip GQ, GluR2 flip GN and GluR2 L504Y

channels (Figures 1, 2a, b and 4), and the time constant of

current decay of the relatively slowly or nondesensitizing

GluR2 flip or GluR2 L504Y channels (Figures 1, 2d and 4)

decreased with increasing concentrations of IEM-1460. The

second type of experiments was performed only at GluR2

L504Y channels. Different concentrations of glutamate were

applied continuously and 10 mM IEM-1460 (which elicited a

B50% blockade at these channels) (Figures 2a and 4)

pulsewise. A concentration-dependent increase of the steady-

state current amplitude and tB* was observed, whereas the

value of trec* was independent on the glutamate concentration

(Figure 5). Magazanik et al. (1997) postulated an open channel

block mechanism of IEM-1460 from experiments with kainate-
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induced nondesensitizing currents. From our experiments with

ultra-fast application of test-solutions, some hints for an open

channel block mechanism of IEM-1460 were found: The time

constant of current decay, tB, decreased in presence of IEM-

1460 by B50% when slowly desensitizing human GluR2 flip

channels were investigated (Figures 1 and 2d) and a distinct

current decay, fitted with a single exponential, occurred in

presence of IEM-1460 at nondesensitizing GluR2 L504Y

channels (Figure 4), similar to the open channel block by

different drugs at nicotinic acetylcholine receptor channels and

GABAA receptor channels (Bufler et al., 1996b; Krampfl et al.,

2001; Mohammadi et al., 2001a, b). Additionally, the value of

tB was voltage dependent (Figure 1c) as it is a characteristic

feature of open channel block mechanisms (Colquhoun &

Sheridan, 1982). However, some other features of the block of

GluR channels by IEM-1460 cannot be explained by an open

channel block mechanism. Especially the marked decay of the

peak current amplitude after preincubation with IEM-1460

(Figures 1, 2a, b and 4) and the glutamate dependency of the

blockade in Figure 5 are not compatible with an exclusive open

channel block mechanism. At competitive block, antagonists

compete with the agonist for binding at the unliganded

receptor and, when the channels are pre-equilibrated with

the blocker (in the experiments of Figures 1 and 4, preincuba-

tion was at least 30 s before glutamateþ blocker was applied),

there should be an equilibrium between the resting (R) and

blocked (RB) state (Figure 3). As a result of the lower values of

the binding rate constants (bþ 1 and bþ 2 in Figure 3) at lower

glutamate concentrations, the probability of a transition from

the R- to the RB-state of the receptor increases at constant

blocker concentrations. Consequently, assuming a scheme as

suggested in Figure 3, the time constant of current decay

decreased and the amount of block increased with decreasing

glutamate concentrations at a constant blocker concentration

at nondesensitizing GluR channels (Figure 5). The effects of

IEM-1460 at GluR channels can therefore be explained by a

combination of both, open channel and competitive block.

This is in contrast to experiments with the structurally related

compounds argiotoxin and philanthotoxin, which show an

isolated noncompetitive block at recombinant GluR channels

(Brackley et al., 1993). If IEM-1460 binds, beside the

occupation of the open state of the receptor, only to the

unliganded state of the receptor or also to lower liganded

receptor states (AR in Figure 3) cannot be decided from the

experiments shown here.

This work was supported by grants of the Deutsche Forschungsge-
meinschaft (DFG, Bu938/5-2). We thank Dr C. Rosenmund for
providing us with the cDNA clones of GluR L504Y subunits and
helpful discussions, U. Jensen for expert help with cDNA preparation
and maintenance of cell cultures, and A. Niesel and J. Kilian for
technical support.

References

BRACKLEY, P.T., BELL, D.R., CHOI, S.K., NAKANISHI, K. &
USHERWOOD, P.N. (1993). Selective antagonism of native and
cloned kainite and NMDA receptors by polyamine-containing
toxins. J. Pharmacol. Exp. Ther., 266, 1573–1580.

BUFLER, J., FRANKE, C., PARNAS, H. & DUDEL, J. (1996a). Open
channel block by physostigmine and procaine in embryonic-like
nicotinic receptors of mouse muscle. Eur. J. Neurosci., 8, 677–687.

BUFLER, J., WILHELM, R., PARNAS, H., FRANKE, C. & DUDEL, J.
(1996b). Open channel and competitive block of the embryonic
form of the nicotinic receptor of mouse myotubes by (+)-
tubocurarine. J. Physiol., 495, 83–95.

BULDAKOVA, S.L., VOROBJEV, V.S., SHARONOVA, I.N., SAMOILOVA,
M.V. & MAGAZANIK, L.G. (1999). Characterization of AMPA
receptor populations in rat brain cells by the use of subunit-specific
open channel blocking drug, IEM-1460. Brain Res., 846, 52–58.

BURNASHEV, N., MONYER, H., SEEBURG, P.H. & SAKMANN, B.

(1992). Divalent ion permeability of AMPA receptor channels is
dominated by the edited form of a single subunit. Neuron, 8, 189–198.

COLQUHOUN, D. & SHERIDAN, R.E. (1982). The effect of tubo-
curarine competition on the kinetics of agonist action on the
nicotinic receptor. Br. J. Pharmacol., 75, 77–86.

DINGLEDINE, R., BORGES, K., BOWIE, D. & TRAYNELIS, S.F.

(1999). The Glutamate receptor ion channels. Pharmacol. Rev., 51,
7–61.

DOBLE, A. (1999). The role of excitotoxicity in neurodegenerative
disease: implications for therapy. Pharmacol. Ther., 81, 163–221.

FRANKE, C., HATT, H. & DUDEL, J. (1987). Liquid filament switch for
ultra-fast exchanges of solutions at excised patches of synaptic
membrane of crayfish muscle. Neurosci. Lett., 77, 199–204.

GROSSKREUTZ, J., ZOERNER, A., SCHLESINGER, F., KRAMPFL, K.,
DENGLER, R. & BUFLER, J. (2003). Kinetic properties of human
AMPA-type glutamate receptors expressed in HEK293 cells. Eur. J.
Neurosci., 17, 1173–1178.

HAMILL, O.P., MARTY, A., NEHER, E., SAKMANN, B. & SIGWORTH,
F.J. (1981). Improved patch-clamp techniques for high-resolution
current recording from cells and cell-free membrane patches.
Pflugers Arch., 391, 85–100.

KRAMPFL, K., SCHLESINGER, F., WOLFES, H., DENGLER, R. &
BUFLER, J. (2001). Functional diversity of recombinant human
AMPA type glutamate receptors: possible implications for selective
vulnerability of motor neurons. J. Neurol. Sci., 191, 19–23.

KRAMPFL, K., SCHLESINGER, F., ZOERNER, A., KAPPLER, M.,
DENGLER, R. & BUFLER, J. (2002). Control of kinetic properties
of GluR2 flop AMPA-type channels: impact of R/G nuclear
editing. Eur. J. Neurosci., 15, 51–62.

MAGAZANIK, L.G., BULDAKOVA, S.L., SAMOILOVA, M.V., GMIRO,
V.E., MELLOR, I.R. & USHERWOOD, P.N. (1997). Block of open
channels of recombinant AMPA receptors and native AMPA/
kainate receptors by adamantane derivatives. J. Physiol., 505,

655–663.
MANSOUR, M., NAGARAJAN, N., NEHRING, R.B., CLEMENTS, J.D.

& ROSENMUND, C. (2001). Heteromeric AMPA receptors assem-
ble with a preferred subunit stoichiometry and spatial arrangement.
Neuron, 32, 841–853.

MOHAMMADI, B., HAESELER, G., LEUWER, M., DENGLER, R.,
KRAMPFL, K. & BUFLER, J. (2001a). Structural requirements of
phenol derivatives for direct activation of chloride currents via
GABA(A) receptors. Eur. J. Pharmacol., 421, 85–91.

MOHAMMADI, B., KRAMPFL, K., MOSCHREF, H., DENGLER, R. &
BUFLER, J. (2001b). Interaction of the neuroprotective drug
riluzole with GABA(A) and glycine receptor channels. Eur. J.
Pharmacol., 415, 135–140.

ROSENMUND, C., STERN-BACH, Y. & STEVENS, C.F. (1998). The
tetrameric structure of a glutamate receptor channel. Science, 280,
1596–1599.

SCHLESINGER, F., MEYWIRTH, J., KRAMPFL, K., GROSSKREUTZ,
J., PETRI, S., MAUTH, C., JUST, L., BADER, A. & BUFLER, J.

(2004). Ligand-gated channels in early mesencephalic neuronal
precursors: immunocytochemical and electrophysiological analysis.
Eur. J. Neurosci., 19, 2371–2376.

SCHLESINGER, F., TAMMENA, D., KRAMPFL, K. & BUFLER, J.

(2005). Desensitization and resensitization are independently
regulated in human recombinant GluR subunit coassemblies.
Synapse, 55, 176–182.

662 F. Schlesinger et al Block of AMPA-type channels by IEM-1460

British Journal of Pharmacology vol 145 (5)



SHAW, P.J. (1994). Excitotoxicity and motor neurone disease: a review
of the evidence. J. Neurol. Sci., 124, 6–13.

STERN-BACH, Y., RUSSO, S., NEUMANN, M. & ROSENMUND, C.

(1998). A point mutation in the glutamate binding site blocks
desensitization of AMPA receptors. Neuron, 21, 907–918.

TIKHONOV, D.B., MAGAZANIK, L.G., MELLOR, I.R. & USHERWOOD,
P.N. (2000). Possible influence of intramolecular hydrogen bonds
on the three-dimensional structure of polyamine amides and
their interaction with ionotropic glutamate receptors. Receptors
Channels, 7, 227–236.

URUSHITANI, M., NAKAMIZO, T., INOUE, R., SAWADA, H.,
KIHARA, T., HONDA, K., AKAIKE, A. & SIMOHAMA, S. (2001).
N-methyl-D-aspartate receptor-mediated mitochondrial Ca(2+)
overload in acute excitotoxic motor neuron death: a mechanism
distinct from chronic neurotoxicity after Ca(2+) influx.
J. Neurosci. Res., 63, 377–387.

VANDENBERGHE, W., ROBBERECHT, W. & BRORSON, J.R.

(2000). AMPA receptor calcium permeability, GluR2 expres-
sion, and selective motoneuron vulnerability. J. Neurosci., 20,

123–132.
WILLIAMS, T.L., DAY, N.C., INCE, P.G., KAMBOJ, R.K. & SHAW, P.J.

(1997). Calcium-permeable alpha-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid receptors: a molecular determinant of
selective vulnerability in amyotrophic lateral sclerosis. Ann. Neurol.,
42, 200–207.

(Received January 13, 2005
Revised March 9, 2005

Accepted March 15, 2005
Published online 18 April 2005)

F. Schlesinger et al Block of AMPA-type channels by IEM-1460 663

British Journal of Pharmacology vol 145 (5)



Neuropharmacology 50 (2006) 479e490
www.elsevier.com/locate/neuropharm
Molecular analysis of the interaction of the pyrazine derivatives
RPR119990 and RPR117824 with human AMPA-type glutamate

receptor channels

Klaus Krampfl, Friedrich Schlesinger, Anna-Lena Cordes, Johannes Bufler*

Neurological Department of the Medizinische Hochschule Hannover and Centre of Systems Neuroscience (ZSN), 30623 Hannover, Germany

Received 9 March 2005; received in revised form 13 October 2005; accepted 14 October 2005

Abstract

Antagonizing glutamatergic neurotransmission by blockade of AMPA-type glutamate receptors is a promising pharmacological strategy in
the treatment of neurodegenerative diseases. We investigated the interaction of two new pyrazine derivatives (RPR119990 and RPR117824) with
recombinant AMPA-type glutamate receptors. Recombinant homooligomeric GluR1flop, GluR2flip, GluR2flop, GluR6, non-desensitizing
GluR2 L504Y channels and heterooligomeric GluR1/2 channels were expressed in HEK293 cells. AMPA-type channels were competitively in-
hibited by RPR119990 or RPR117824 with an IC50 around 10 nM, at GluR6 channels the doseeresponse relation of the inhibition was shifted to
higher concentrations. Non-desensitizing GluR2 L504Y channels were used to further characterize the inhibition. After equilibration with the
agonist a marked dose-dependent current decay upon coapplication of glutamate and RPR119990 and a dose-independent time course of recov-
ery from block was observed. The extents of current inhibition as well as the time constant of current decay upon addition of the blocker to the
test solution were dependent on agonist concentration, pointing to a competitive inhibition. Quantitative analysis of the experimental data using
computerized simulations are compatible with a competitive block mechanism and provides hints to binding sites at unliganded and liganded
closed states of the receptor.
� 2005 Elsevier Ltd. All rights reserved.

Keywords: Patch clamp; Competitive inhibition; Pyrazine derivatives; Recombinant AMPA-type receptors; Kinetic analysis; Computer calculation
1. Introduction

Glutamate is the major excitatory neurotransmitter of the
central nervous system which has, under certain pathological
conditions, neurotoxic effects also (e.g. Doble, 1999). Its
main targets are ionotropic a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA), N-methyl-D-aspartate
(NMDA), and kainite-type glutamate receptor channels. The
excessive release of glutamate is thought to participate in
a pathophysiological cascade in different neurological disor-
ders like ischemic stroke and traumatic brain damage. Direct
neurotoxic effects of glutamate may also play a role in chronic

* Corresponding author. Tel.: þ49 511 5326677; fax: þ49 511 5323115.

E-mail address: bufler.johannes@mh-hannover.de (J. Bufler).
0028-3908/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.neuropharm.2005.10.010
neurodegenerative disorders like amyotrophic lateral sclerosis
(ALS) or Parkinson’s disease (Digledine et al., 1999; Shaw,
1994; Weiss and Sensi, 2000; Williams et al., 1997). Therefore
AMPA-type receptor channels are promising targets for phar-
macological neuroprotection. However, none of the AMPA-
type receptor channel blockers developed so far has passed
clinical testing (Digledine et al., 1999).

RPR119990 and RPR117824 were recently shown to inhib-
it AMPA-type receptor channels (Canton et al., 2001; Mignani
et al., 2002). The two compounds were effective in different
disease models like ischemic stroke, traumatic brain injury
and epileptic seizures. Additionally, RPR119990 prolongs sur-
vival in the transgenic mouse model of human familial ALS
(SOD1-G93A). Binding assays revealed a marked selectivity
of AMPA/kainite-type receptor channels for both compounds,
while voltage-clamp studies in oocytes expressing human

mailto:bufler.johannes@mh-hannover.de
http://www.elsevier.com/locate/neuropharm
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recombinant AMPA-type receptor channels showed a competi-
tive inhibition of kainate induced membrane currents by a par-
allel shift of the concentrationeresponse curve to higher
kainate concentrations without depression of the maximal re-
sponses whereas the molecular actions of these compounds
are not known so far.

We investigated the molecular mechanisms of action and the
receptor specificity of the pyrazine derivatives RPR119990 and
RPR117824 at different recombinant AMPA-type and kainate-
type receptor channels using patch clamp techniques in combi-
nation with a piezo-driven, rapid application system. It was
found that both drugs were by at least one order of magnitude
more effective at AMPA-type receptor channels compared to
kainate-type channels. The experiments allowed the direct
measurement of the microscopic rate constants of inhibition
by the employment of concentration clamp techniques. The
use of a non-desensitizing AMPA-type receptor channel
allowed for quantitative analysis of the blocking properties of
the tested compounds without obscuration of the data by fast
receptor desensitization.

2. Methods

Transformed human embryonic kidney (HEK) 293 cells were cultured in

Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal

calf serum (FCS), 100 U/ml penicillin and 100 mg/ml streptomycin at 37 �C in

a 5% CO2/95% air incubator. They were plated on 12 mm glass coverslips

coated with poly-L-lysine. Cells were suspended in a buffer used for transfec-

tion (in mM: 50 K2HPO4, 20 K-Acetate, pH 7.35). For transient transfection

cDNA of AMPA/kainate-type receptor channels GluR1flop, GluR2flop,

GluR2flip, non-desensitizing GluR2 L504Y, GluR6, subcloned into expression

vectors, were added to the suspension (25 mg/ml). For cotransfection of

GluR1flop and GluR2flop equal amounts of cDNAs were used. A reporter

cDNA encoding green fluorescent protein (GFP, 10 mg/ml) was added to

visually identify transfected cells. For transfection an electroporation device

by EquiBio (Ashford, Middlesex, UK) was used. Transfected cells were

replated on glass coverslips in DMEM containing 10% FCS and incubated

for at least 15 h.

Patch-clamp measurements were performed on outside-out excised

patches or small cells lifted from the bottom for rapid application experiments

using standard methods (Hamill et al., 1981). Patch pipettes were pulled from

borosilicate glass tubes in two stages with a horizontal DMZ pipette puller

(Zeitz Instruments, Augsburg, Germany). They were coated with Sylgard

and fire-polished. Pipette series resistance was 7e10 MU when filled with

intracellular solution containing (in mM): 140 KCl, 11 EGTA, 10 Hepes, 10

glucose, and 2 MgCl2. The osmolarity was adjusted to 340 mosm l�1 with

mannitol. HEK293 cells were superfused with an extracellular solution

containing (in mM): 162 NaCl, 5.3 KCl, 2 CaCl2, 0.67 NaH2PO4, 0.22

KH2PO4, 15 Hepes, and 5.6 glucose. The pH of both solutions was adjusted

to 7.3. Sodium-L-glutamate (monohydrate) was obtained from Merck (USA).

9-Carboxymethyl-4-oxo-5H,10H-imidazol[1,2-a]-indeno[1,2-e]pyrazin-2-pho

sphonic acid (RPR119990) and 9-carboxymethyl-5H,100H-imidazol[1,2-a]-
indeno[1,2-e]pyrazin-4-one-2-carbocyclic acid (RPR117824) were stored as

stock solutions. The final concentrations were freshly prepared for each

experiment.

Data were recorded with an Axopatch 200B patch-clamp amplifier (Axon

Instruments, Union City, CA, USA). Membrane currents were sampled with

20 kHz using a Digidata 1200 Interface and the pCLAMP6 software suit on

a PC (Axon Instruments, Foster City, CA, USA). For further analysis data

were filtered at 5 kHz. The Simplex algorithm was used to fit exponentials

to averaged current traces. The holding potential was kept at �40 mV. For sta-

tistical analysis the independent Student’s two-tailed t-test was used. Differen-

ces were considered significant at the p< 0.05 level. All data were given as

mean� s.e.m. (n, number of experiments).
A piezo-driven ultrafast perfusion system was used for application of the

neurotransmitter glutamate (0.1e10 mM) to excised outside-out membrane

patches or small cells, as previously described (Franke et al., 1987). With

our system, the time for solution wash-in was regularly <100 ms (Krampfl

et al., 2002) and at best w40 ms (20e80% rise time) with an outside-out patch

in place. The wash-out phase was considerably slower as is shown in Fig. 2B

where TRIS, a widely impermeable cation, was used (see also Bufler et al.,

1996a). Depending on the type of experiment, a single outlet application pi-

pette or a pulled thetaglass pipette was used for the generation of laminar flow-

ing filaments of test solutions surrounded by laminar flowing background

solution. The time for complete exchange of the background solution took

around 10 s (Bufler et al., 1996b). The time for exchange of test solutions

by homemade devices with minimized common tubing connected with two

reservoirs took around 1 s. To minimize effects due to run down of gluta-

mate-activated currents, the interval between successive glutamate pulses

was 30 s. For the quantitative evaluation 4e12 current traces for each exper-

iment were averaged. Application protocols were adapted to the respective ex-

periments (see Section 3). Generally, controls with pulses of saturating agonist

concentration in the absence of blocker were made before and after trains of

pulses with lower concentrations and/or blocker to normalize the current

responses.

Various reaction schemes for the interaction of glutamate and blocker with

AMPA-type receptor channels were calculated by a further developed version

of a program which solves sets of differential equations valid for a specific

scheme iteratively (Parnas et al., 1989; Franke et al., 1993). The BDF algo-

rithm (backward differentiation) was employed (Brown et al., 1989). The cal-

culated responses were compared with time courses obtained from

experimental current responses to glutamate/glutamateþ blocker application.

Starting from the initial estimates of the rate constants (Krampfl et al.,

2002), some were changed by trial and error to minimize differences between

experimental data and model predictions.

3. Results

To analyze the possible mechanisms of antagonism of
AMPA-type receptor channels by the pyrazine derivatives
RPR119990 and RPR117824, different protocols of concentra-
tion jump experiments were used: (1) preincubation of chan-
nels with the blocker before agonist application; (2)
preincubation with agonist before blocker application; and
(3) coapplication of agonist and blocker.

3.1. Preincubation of outside-out patches with the
blocker

In the experiments of Fig. 1, outside-out patches containing
GluR2flip channels were preincubated for 30 s with different
concentrations of RPR119990 and RPR117824 via the back-
ground flow of the fast application system prior to the applica-
tion of 100 ms pulses of 10 mM glutamateþ blocker. As
shown in Fig. 1A, the peak current amplitude decreased signif-
icantly from �301 to �252 pA, �167 and �67 pA when the
outside-out patches containing GluR2flip channels were prein-
cubated with 1, 10 or 100 nM RPR119990. A complete current
inhibition was achieved at 1 mM RPR119990. A similar reduc-
tion of the peak current amplitude was observed when the
patches were preincubated with RPR117824 (Fig. 1B). Con-
centration inhibition curves of both drugs are shown in
Fig. 1C, D. A significant block effect was observed at concen-
trations of RPR119990 or RPR117824 >1 nM. The experi-
mental data were fitted using the Hill equation. The half
maximal blocking effect at GluR2flip channels, IC50, was 15
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Fig. 1. Concentration inhibition curves after preincubation of small cells transfected with GluR2flip channels with RPR119990 (A) or RPR117824 (B). Currents

were elicited by 200 ms pulses of 10 mM glutamateþ the respective blocker concentration. The respective cell was preincubated by at least 30 s with the blocker

before application of 200 ms pulses of glutamateþ blocker as indicated. (C,D) Concentration inhibition curves derived from experiments at GluR2flip channels as

shown in (A,B). The holding potential was �40 mV in all experiments.
and 44 nM for RPR119990 and RPR117824, respectively
(Fig. 1C, D; Table 1).

Further experiments were performed with different AMPA-
and kainate-type receptor channels. As is shown in Table 1, the
IC50 was quite similar at GluR1flop, GluR2flip and GluR2
L504Y receptor channels (a non-desensitizing mutant channel:
Mansour et al., 2001; Stern-Bach et al., 1998). When GluR2-
flop channels were used, RPR117824 (IC50¼ 4.2 nM) was
around 10 times more effective than RPR119990
(IC50¼ 32 nM). The higher affinity of RPR117824 holds
also true when heteromeric AMPA-type receptor channels
constructed of GluR1flop and GluR2flip channels were used
(IC50¼ 8.4 and 20.0 nM for GluR2, see Table 1). GluR6
kainate-type channels were also blocked by RPR119990 and
RPR117824. However, the IC50 was shifted 10- to 100-fold
to higher blocker concentrations compared to AMPA-type
receptor channels (Table 1). The Hill coefficients were
between 1.0 and 2.0 for the concentration inhibition curves
analysed. Complete recovery from inhibition was observed
within <10 s.
3.2. Preincubation of outside-out patches with the
agonist

Complementary to the experiments described so far, we
aimed to study the kinetics and amount of inhibition after
equilibration of the agonist and the receptor channels. For
this purpose, different glutamate concentrations were applied
to the non-desensitizing mutant GluR2 L504Y channels
(Stern-Bach et al., 1998). Using this receptor, the experimental

Table 1

IC50 (nM) for RPR119990 and RPR117824 at homomeric and heteromeric

AMPA-type glutamate receptors

RPR119990 IC50 (nM) RPR117824 IC50 (nM)

GluR1flop 57 11

GluR2flip 15 44

GluR2flop 32 4.2

GluR1flopþGluR2flip 20 8.4

GluR2 L504Y 25 21

GluR6Q 2000 480
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data were not obscured by the fast desensitization of native
AMPA-type receptor channels. After binding of glutamate
and gating, the current amplitude did not change in the pres-
ence of glutamate. To test for competitive inhibition, different
concentrations of glutamate were applied at a constant concen-
tration of RPR119990.

An example of such an experiment is shown in Fig. 2A.
Glutamate was applied at concentrations of 0.1, 1 or 10 mM
over a period of 13 s. A current amplitude of �180 pA was
elicited by 1 or 10 mM glutamate, corresponding to the
maximal open probability of the channels, and a current
amplitude of �169 pA at 0.1 mM glutamate. In Fig. 2A,
amplitudes were normalized to the maximum current ampli-
tude in the figure for reasons of graphical clarity. After 3 s
of glutamate incubation, a concentration step was performed
in a solution containing 0.1 mM RPR119990þ the respective
glutamate concentration. The amount of inhibition depended
on the glutamate concentration when both the time course of
current decay and the steady state current amplitude in the
presence of glutamate and antagonist were considered.
When 0.1 mM glutamateþ 0.1 mM RPR119990 were applied,
the current decayed to the baseline with a time constant, tB, of
17 ms (20.8� 4.4 ms (n¼ 5)). The time constant of current
decay became significantly slower and the steady state current
amplitude increased in the presence of RPR119990þ 1 or
10 mM glutamate. For example, tB was 390 ms (mean
430.9� 72.7 ms (n¼ 7)) and the steady state current amplitude
was �64 pA or 36% of the maximum current amplitude (mean
32� 6% (n¼ 7)) when 10 mM glutamateþ 0.1 mM RPR
119990 were applied. Upon addition of 0.1 mM RPR119990
to 1 mM glutamate, tB was 87 ms (90.2� 13.1 ms (n¼ 5)).
When the steady state current amplitude had reached equilib-
rium (this was the case after around 2500 ms for all glutamate/
blocker concentrations tested), a concentration step back to
glutamate alone was performed. The time constant of recovery
from block, trec� , varied between 2300 and 2700 ms for all
glutamate concentrations (2612.4� 121.3 ms (n¼ 7)), reflect-
ing unbinding of RPR119990 from the receptor. Since the ex-
periments shown so far point to a competition of the
antagonist with the agonist for binding sites at the receptor,
we aimed to test if there is also an interaction of the pyra-
zine-derivatives with the open state of the channels, a so called
Fig. 2. (A) Preincubation with 0.1, 1 or 10 mM glutamate and additional 3 s pulses of 0.1 mM RPR119990þ 0.1, 1 or 10 mM glutamate show the competitive

inhibition at the homomeric GluR2 L504Y receptor. Amplitudes were adjusted to that at 10 mM glutamate for overlay. The holding potential was �40 mV.

(B) Deactivation current of GluR2 L504Y channels after cessation of application of 10 mM glutamate (slower current decay, left) and after a step from

10 mM glutamate to a TRIS solution for control of the solution exchange. When a step from 10 mM glutamate into 1 mM RPR119990 was performed, the current

decay was not changed in comparison to deactivation. (C) After a longer lasting step from glutamate into 1 mM RPR119990 the current amplitude recovered in the

presence of 10 mM glutamate to the control amplitude. (D) Voltage dependence of currents activated by application of 10 mM (black lines) or 10 mM glutamateþ
1 mM RPR119990 (grey lines) to GluR2 L504Y channels. Holding potential as indicated, RI stands for rectification index.
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open channel block. For that purpose, we took advantage of
the quite slow deactivation phase of glutamatergic currents
through non-desensitizing GluR2 L504Y channels (Fig. 2A,
right side). After the removal of glutamate from the receptor,
the current decayed monoexponentially to the baseline with
a time constant, tdeact, of 9.5 ms (mean 10.7� 1.7 ms (n¼ 6)),
reflecting unbinding of glutamate from GluR2 L504Y chan-
nels, deactivation (Fig. 2B, left side). To test for open channel
block, a fast solution exchange from 10 mM glutamate to
1 mM RPR119990 was performed. Because the maximal pos-
sible number of channels is in the open state during a 10 mM
glutamate pulse (reflecting the maximal open probability of
the channels), it was suggested that the current might decay
faster in the presence of RPR119990 in case of an open chan-
nel block mechanism. However, the value of tdeact was quite
similar when a concentration step was performed from the
10 mM glutamate containing extracellular solution to
a 1 mM RPR119990 containing test solution ((tdeact¼
8.8� 0.7 ms (n¼ 9); Fig. 2B, right side). An additional hint
that pyrazine derivatives do not bind in the open channel
pore comes from the voltage dependence of glutamate-induced
currents with and without RPR119990 bound. The rectification
index (current amplitude at þ40 mV/current amplitude at
�40 mV) was independent of the presence of RPR119990
(Fig. 2D). To exclude that the solution wash-out time was
rate limiting in these experiments, we used TRIS as an extra-
cellular cation and could show that the time constant of current
decay after cessation of the glutamate pulse decreased to a val-
ue of 1.5 ms, indicating that the presence of an impermeable
cation suddenly stops the transmembraneous ion current. A
similar experiment as in Fig. 2A was performed in Fig. 2C
with the difference that glutamate was not present during the
RPR119990 pulse. Under these conditions, the recovery of
the current, trec� , had a mean value of 2895.7� 452.2 ms
(n¼ 5; Fig. 2C), indicating that unbinding of the antagonist
is independent of glutamate.

In case of competitive inhibition, agonists compete with an-
tagonists for the same binding site at a receptor (Colquhoun
and Sheridan, 1982; Lew and Angus, 1995; Jones et al.,
2001). So far, the effects of RPR119990 and RPR117824 at
different recombinant AMPA-type receptor channels (concen-
tration dependent decrease of the peak current amplitude after
preincubation with the blocker (Fig. 1, Table 1); dependence
of the antagonistic effect on the glutamate concentration
(Fig. 2)) point to a high-affinity competitive inhibition mech-
anism, overwhelming even that of CNQX (Digledine et al.,
1999).

We calculated such a competitive inhibition using simple
schemes (Fig. 3A) with two binding sites of glutamate at the
receptor (R, AR, A2R) which are connected with the rate con-
stants kþ1¼ 2kþ2 (unit M

�1 s�1) and 2k�1¼ k�2 (unit s
�1) and

a single open state which is connected with A2R via the isom-
erization rates a and b (unit s�1). It is quite clear that such
a scheme oversimplifies the actual gating of the receptor
which probably has more than one single conductive state
and probably four binding sites for glutamate (Rosenmund
et al., 1998; Robert and Howe, 2003), but it allows a sufficient
precise calculation of the kinetics and concentration depen-
dency of the currents through non-desensitizing GluR2
L504Y channels (Fig. 4A, left current traces) using the rate
constants given in Table 2. The w10-fold lower values for
2k�1¼ k�2 of GluR2 L504Y compared to native GluR2 chan-
nels (Krampfl et al., 2002) take the w10-fold slower deactiva-
tion and the left shift of the concentrationeresponse curve of
these channels into account (Figs. 2 and 4A; Stern-Bach et al.,
1998). In a first step we added a single binding site for the
blocker (BR) to the R-state of the receptor (scheme 1,
Fig. 3A) connected via bþ1 (unit M�1 s�1) and b�1 (unit
s�1) to simulate a competitive inhibition. Assuming that the
reciprocal of trec� corresponds to the unbinding rate constant
of RPR119990 from AMPA-type receptor channels (b�1),
the binding rate constant could be calculated by bþ1¼ b�1/
IC50. From the experimental data (IC50, value of trec� ) values
of bþ1z 1.6� 107 M�1 s�1 and b�1z 0.4 s�1 (Table 1) were
estimated. These values allowed for a precise prediction of trec�

by a simple scheme with one binding site for RPR119990
(Fig. 3A, B). However, the simplest Markov model of compet-
itive inhibition with one blocked BR state which was con-
nected to the unliganded R state of the receptor did not fit
the concentration inhibition curve after equilibration of the
non-desensitizing mutant AMPA-type receptor channels with
the agonist glutamate. The next step was to search for alterna-
tive kinetic schemes of inhibition but first the experimental
data basis was enlarged.

3.3. Coapplication of agonist and antagonist

Coapplication experiments were conducted using different
concentrations of glutamateþ RPR119990 (Fig. 4). When
two parameters are changed simultaneously, difficulties in the
interpretation of the experimental results may arise. However,
the speed of solution exchange is not rate limiting at lower glu-
tamate concentrations and this procedure is the only experi-
mental situation where all receptors are in the unliganded
state at the beginning of an experiment (Jones et al., 2001).
In the experiments of Fig. 1, glutamate is applied after the
blocker has equilibrated with the unliganded R-state of the re-
ceptor, and in the experiments of Fig. 2, glutamate is in
equilibrium with the glutamate binding sites and the open
receptor state (AR, A2R, A2O) before the blocker is applied.
The currents of Fig. 4Awere obtained from one small cell lifted
from the bottom which expressed GluR2 L504Y channels. The
left current traces of Fig. 4A show the increase of the current
amplitude with increasing concentrations of glutamate. At
0.01 mM glutamate it was �36 pA and at 1 mM �579 pA.
The maximum current amplitude was achieved at 1 mM gluta-
mate, 10 mM glutamate had no additional effect. Correspond-
ing current traces with 0.1 mM RPR119990 are shown on the
right side of Fig. 4A. The peak current amplitude decreased
with decreasing glutamate concentrations and a concentration
dependent time constant of current decay, tB, occurred. The
evaluation of the results from some independent experiments
is shown in Fig. 4B, C. tB increased from 9.0� 2.7 ms
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Fig. 3. Modelling of non-desensitizing GluR2 L504Y channels. (A) Using scheme 1 allows for modelling the principal kinetic features of GluR2 L504Y channels.

In this scheme, R stands for the unliganded resting state of the receptor, and AR and A2R for the single and double liganded states, respectively. R, AR and A2R

were connected via the concentration dependent binding rate constants kþ1 and kþ2 (unit M
�1 s�1) and the concentration independent unbinding rate constants k�1

and k�2 (unit s
�1). The open state of the receptor, A2O, was connected with A2R by the isomerization rates a and b (unit s�1). The RB-state was connected via bþ1

and b�1. A B2R state was consequently added and connected with BR via bþ3 and b�3. The values of the rate constants are given in Table 2. (B) Modelling of the

experiment of Fig. 2. Calculation of the time course of the occupation of the A2O state in the presence of 0.1, 1 or 10 mM glutamate before, during and after

application of 2.5 s pulses of 0.1 mM RPR119990. (C) Scheme 2 is an extension of scheme 1 by a second inhibited receptor state (ARB). The ARB state was

connected with AR via bþ2 and b�2, and with RB via kþ3 and k�3. k�3 was adjusted to fulfil the law of microscopic balance. The values of the rate constants

are given in Table 2. (D). Modelling of the experiment of Fig. 2. Calculation of the time course of the occupation of the A2O state in the presence of 0.1, 1

or 10 mM glutamate before, during and after application of 2.5 s pulses of 0.1 mM RPR119990.
(n¼ 4) at 0.1 mM glutamateþ different blocker concentra-
tions to values between 746.4.4� 70.9 ms (n¼ 4) and
118.6� 22.9 ms (n¼ 5) when 10 mM glutamate was coapplied
with 0.03 or 1 mM RPR119990 (Fig. 4B). In Fig. 4C, the peak
current amplitude in the presence of glutamateþ RPR119990
(normalized to the amplitude elicited when the respective ago-
nist concentration was applied alone) was plotted vs. the con-
centration of glutamate. The relative current amplitude
increased significantly at all concentrations of RPR119990
with increasing concentrations of glutamate (Fig. 4C). At
0.1 mM glutamateþ 0.03 mM or 1 mM RPR119990, the cur-
rent amplitude was 0.73� 0.11 (n¼ 5) or 0.02� 0.02 (n¼ 4)
compared to control. When 10 mM glutamate was applied,
the peak current amplitude summarized to 0.99� 0.01
(n¼ 6) or 0.74� 0.17 (n¼ 5) at 0.03 or 1 mM RPR119990.
The time course of current decay in the coapplication ex-
periments (Fig. 4) parallels that derived from the glutamate
pre-equilibration experiments (Fig. 2). The relative amplitude
of the current transients increases with increasing glutamate
concentration in the presence of the blocker (Figs. 2 and
4B). When the channels were preincubated with at least
1 mM RPR119990 (Fig. 1), no channels were ready for activa-
tion by glutamate. However, in the case of coapplication of
10 mM glutamateþ 0.1 mM RPR119990, the peak current
amplitude was reduced just by 10%, supporting the lower
value of the blocking rate compared to the binding rate at these
concentrations. From the experiments of Fig. 4 it is suggested
that 10% of the channels were in the blocked and 90% in the
open state during the rising phase and at the peak amplitude of
the current after coapplication of 10 mM glutamateþ 0.1 mM
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Fig. 4. (A) Four hundred millisecond pulses of glutamate (left current traces) and glutamateþ 0.1 mM RPR119990 (right current traces) were applied to GluR2

L504Y channels. The time constant of current decay and the reduction of the peak current amplitude upon coapplication of glutamate and blocker decreased with

rising glutamate concentration. (B, C) Dependence of time constant of current decay and the peak current amplitude in the presence of constant blocker concen-

trations on glutamate concentration. The holding potential was �40 mV in all experiments.
RPR119990. Therefore, the on-rates of activation and that of
channel inhibition must differ by a factor ofw10 in this exper-
imental situation (Table 2). Additionally, the number of chan-
nels which was inhibited by RPR119990 during the rising
phase of the current increased when the glutamate concentra-
tion was reduced by a factor of 10 because the values of the
on-rates (kþ1, kþ2) decreased by that factor.

It was not possible to simulate the experimental currents
correctly using scheme 1 (Fig. 3A). A higher value of bþ1

might represent the amount of current inhibition in the coap-
plication experiments correctly but the time course of inhibi-
tion as observed in Figs. 2A and 4 would be much too fast.
Addition of a second binding site to the R-state of the receptor,
as suggested in a comparable situation by Wahl et al. (1998)
could not resolve this problem. To overcome the mismatch be-
tween the preincubation experiments of Fig. 1 and the coappli-
cation experiments of Fig. 2, we added a binding site of the
blocker at the AR-state of the receptor (scheme 2 in
Fig. 3C). In the presence of 1 mM glutamate, the probability
of the receptor being in the AR state is much higher than
that being in the R-state (in the presence of 1 mM glutamate,
77% of the channels are in the A2O state, 19% in the A2R
state, 3% in the AR state and 0.1% in the R state of the
receptor using the rate constants given) (Table 2). The current
inhibition by RPR119990 and RPR117824 could be simulated
quite well using scheme 2 with the rate constants of Table 2
concerning the concentration inhibition of the peak current
and steady state current amplitude, and kinetics of block
and unblock (Fig. 3D). A connection of the states BR and
ABR was added to avoid ‘‘trapping’’ of glutamate at its
binding site in the presence of the blocker. Similarly, the
B2R state with two blocker molecules bound was added
consequently.

3.4. Double pulse experiments

The unblocking rate constants of the pyrazine derivatives
were also tested at native fast desensitizing AMPA-type
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receptor channels using double pulse protocols. The data were
compared with those of the steady state experiments of Figs. 2
and 4 with the mutant non-desensitizing GluR2 L504Y chan-
nels. In the experiment of Figs. 5 and 6 we applied two succes-
sive pulses of glutamate or glutamateþ antagonist with
different intervals between the two pulses and compared the
peak current amplitude of the second pulse with that of the
first pulse. Because GluR2 L504Y channels do not desensitise,
the peak current amplitude elicited by the second glutamate
pulse equals that of the first pulse independent of the time in-
terval between pulses (left current traces in Fig. 5A, C). How-
ever, in the presence of 1 mM RPR119990 or RPR117824, the
peak current amplitude of the second pulse increased with in-
creasing intervals between pulses indicating recovery from the
inhibited receptor state. The increase of the relative peak

Table 2

Rate constants corresponding to the kinetic schemes in Fig. 3

Constants

kþ1¼ 2kþ2¼ kþ3 8� 106 M�1 s�1

2k�1¼ k�2 600 s�1

k�3 1200 s�1

a 5000 s�1

b 20 000 s�1

2bþ1¼ bþ3 0.8� 107 M�1 s�1

b�1 0.4 s�1

bþ2 0.4� 107 M�1 s�1

b�2 0.4 s�1
current amplitude could be fitted with a single exponential,
trec� , of 2180 ms (Fig. 5B) and 2026 ms (Fig. 5D). These val-
ues of trec� were quite close to that obtained in the experiments
of Fig. 2.

Once desensitized, recovery from desensitization of native
AMPA-type receptor channels proceeds via desensitized re-
ceptor states (Jonas et al., 1992; Bowie et al., 1998; Häusser
and Roth, 1997; Koike et al., 2000; Krampfl et al., 2002).
The values for the time constant of recovery from desensitiza-
tion, trec, of the human AMPA-type receptor channels investi-
gated in this study varied between 30 and 180 ms (Großkreutz
et al., 2003; Krampfl et al., 2002; Schlesinger et al., 2005). Be-
cause the time course of unbinding of RPR119990 from
GluR2 L504Y channels was equal in preincubation, coapplica-
tion and double pulse experiments (Figs. 2, 4 and 5), it should
be possible to get values for the unbinding of the blocker from
native, fast desensitizing AMPA-type receptor channels by
double pulse experiments. We applied repetitive 50 ms pulses
of 10 mM glutamate or 10 mM glutamateþ RPR119990 in
different concentrations and analysed the time course of recov-
ery with increasing intervals between pulses. In Fig. 6A, B,
original current traces of these experiments were shown with
GluR1flop channels. The time constant of recovery from de-
sensitization, trec, of GluR1flop channels without the antago-
nist was 158 ms (left side of Fig. 6A). When 1 mM
RPR119990 was added to the 10 mM glutamate containing
test solution (right side of Fig. 6A), the time course of recov-
ery became biphasic. The faster time constant of recovery was
Fig. 5. Double pulse experiments using repetitive 100 ms pulses of 10 mM glutamate with and without blocker to AMPA-type receptor channels. (A) Repetitive

application of 10 mM glutamate (left side) and 10 mM glutamateþ 1 mM RPR119990 (right side) with intervals between pulses of 20, 40, 80, 320 and 640 ms (left

side) and 40, 80, 160, 320, 640, 1280, 2560, 5120 ms (right side) to GluR2 L504Y channels. (B) Time course of recovery from block according to (A). (C) Re-

petitive application of 10 mM glutamate (left side) and 10 mM glutamateþ 1 mM RPR117824 (right side) with intervals between pulses of 80, 320 and 640 ms

(left side) and additional 320, 640, 1280, 2560, 5120 and 10 240 ms (right side) to GluR2 L504Y channels. Each current trace is the average of at least five single

current traces. (D) Time course of recovery from inhibition according to (C). The holding potenital was �40 mV in all experiments.
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Fig. 6. Double pulse experiments using repetitive 100 ms pulses of 10 mM glutamate with and without blocker to AMPA-type receptor channels. (A) Repetitive

application of 10 mM glutamate (left side) and 10 mM glutamateþ 1 mM RPR119990 (right side) with intervals between pulses of 10, 20, 40, 80 and 160 ms (left

side) and additional 320, 640, 1280, 2560 and 5120 ms (right side) to GluR1flop channels. (B) Repetitive application of 10 mM glutamate (left side) and 10 mM

glutamateþ 1 mM RPR117824 (right side) with intervals between pulses of 10, 20, 40, 80 and 160 ms (left side) and additional 320, 640, 1280, 2560 and 5120 ms

(right side) to GluR1flop channels. Concentration dependency of recovery from desensitization (100 ms double pulses of 10 mM glutamate and rising blocker

concentrations of RPR119990 starting from 0.01 up to 1 mM) shown for GluR1flop (C) and GluR2flip (D). Recovery from block was calculated with two expo-

nentials trec and trec� . (E) The values of trec and trec� vs. the concentration of RPR119990 were plotted. (F) The relative amplitude of trec� on the whole current

amplitude was plotted vs. the concentration of RPR119990. The holding potential was �40 mV in all experiments.
164 ms, close to trec in the control experiments. The second,
slower time constant of recovery, trec� , was 2084 ms. In the
presence of 1 mM RPR119990 68% of the current recovered
with trec� (Fig. 6A). Double pulse experiments with
RPR117824 gave quite similar results (Fig. 6B).

In Fig. 6C, D, the relative amplitude of the second pulse
(peak2/peak1) was plotted vs. the time interval between pulses
at different concentrations of RPR119990 (0.01e
1 mM)þ 10 mM glutamate for GluR1flop and GluR2flip
channels. The recovery from inhibition could be fitted with
two exponentials (smooth curves in the diagrams); the faster
one, trec, reflects recovery from the double liganded desensi-
tized state of the receptor and the slower one unbinding of
the antagonist from the receptor. At GluR1flop and GluR2flip
channels trec had values of 125 and 48 ms, respectively (insets
of Fig. 6C, D; Schlesinger et al., 2005). The slower time con-
stant, trec� , was 2011, 2018, 2004 or 2084 ms at GluR1flop
(Fig. 6C) and 1979, 2072, 1999 or 2092 ms at GluR2flip chan-
nels (Fig. 6D) when 0.03, 0.1, 0.3 or 1 mM RPR119990 was
applied together with 10 mM glutamate. As is shown in
Fig. 6E, neither trec nor trec� was dependent on the blocker
concentration. However, the relative amplitude of the current
which recovered with trec� increased with increasing blocker
concentration. It was <0.1 when 0.03 mM RPR119990 was
applied to GluR1flop channels (Fig. 6F) and reached 0.7 at
1 mM RPR119990. GluR2flip channels had a small proportion
of the current recovering with trec� of 0.08 when 0.01 mM
RPR119990 was added to the test solution, at 1 mM
RPR119990 the recovery of the current could be fitted with
a single exponential trec� (Fig. 6F). By the double pulse
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experiments shown here it was possible to determine trec� of
fast desensitizing AMPA-type receptor channels directly.

By summarizing the results of the inhibition of AMPA-type
receptor channels by the pyrazine derivatives RPR119990 and
RPR117824, it was shown that the main features of the antag-
onism can be interpreted by a competitive inhibition with two
binding sites of the antagonist at the channel. There was no ev-
idence for an additional open channel block mechanism.

4. Discussion

Despite a broad variety of drugs that modulate and block
AMPA-type receptor channels in vitro, none of the AMPA-
blockers that underwent clinical testing so far was appropriate
for a therapeutical use in patients (Doble, 1999). In our study
we tested the two novel neuroprotective AMPA antagonists
RPR119990 and RPR117824 for their receptor interactions
at the molecular level. Both compounds have neuroprotective
activity in different functional assays (Canton et al., 2001;
Mignani et al., 2002). Preliminary pharmacological character-
ization revealed that both compounds inhibit kainate induced
currents at AMPA-type receptor channels in the nanomolar
concentration range (Canton et al., 2001; Mignani et al.,
2002). The objective of our patch-clamp analysis was (1) to
profoundly investigate the molecular mechanism of action of
these compounds and (2) to test for their AMPA-type receptor
channel subtype specificity. The data could serve as a database
for further laboratory and therapeutic use of these highly po-
tent AMPA-type receptor channel blockers.

Substitution of the phosphonate group in position 2 by a car-
boxylic group (see synthesis reports of RPR119990 and
RPR117824 in Canton et al., 2001 and Mignani et al., 2002)
results in a significantly greater blocking activity of
RPR117824 compared to RPR119990 at different recombinant
AMPA-type receptor channels (Table 1). Despite those quanti-
tative differences, the effects of both pyrazine derivatives,
RPR119990 and RPR117824, are discussed together, since
we found no substantial difference in the molecular mecha-
nism of AMPA-type receptor channel antagonism.
RPR119990 was shown to antagonize electrophysiological re-
sponses in native AMPA-type receptor channels with an IC50

in the range shown in our study (Canton et al., 2001), but
the precise mechanism of action was not clarified up to now.
Different drugs are known which act specifically at AMPA-
type receptor channels. For example, it was shown that 2,3-
benzodiazepines inhibit native and recombinant AMPA-type
receptor channels in a non-competitive manner (Donevan
and Rogawski, 1993; Wilding and Huettner, 1996). The
most precise analysis with simulation of the current responses
in the presence of the antagonist is given for spermine, an
intracellular polyamine, acting via an open channel block
mechanism (Bowie et al., 1998). Other substances like the
phosphono analogue of AMPA, ATPO, or the quinoxaline
derivative YM90K act by a competitive block mechanism spe-
cific for AMPA-type receptor channels (Wahl et al., 1998;
Okada et al., 1996). The first competitive antagonists were
the two quinoxalinediones CNQX (Honoré et al., 1988) and
NBQX (Sheardown et al., 1990).

The data shown in our study are compatible with a compet-
itive inhibition of AMPA-type receptor channels by
RPR119990 and RPR117824. The parallel rightward shift of
the concentrationeresponse curve of kainate in the presence
of RPR119990 and RPR117824 that was shown by Canton
et al. (2001) and Mignani et al. (2002) corresponds well
with our data (Table 1). After preincubation of outside-out
patches with the blocker, a strong concentration dependent in-
hibition was shown (Fig. 1, Table 1) which could be partially
relieved by higher concentrations of glutamate (Figs. 2A and
4). The recovery from block was independent in the blocker
concentration (Figs. 2, 5 and 6). By the use of computer sim-
ulation on the basis of a Markov model of channel activation
and inhibition (Parnas et al., 1989) we were able to test our as-
sumptions by the comparison of experimental data with the
calculated current responses. A single binding site of the
blocker at the unliganded state of the receptor did not suffice
to calculate the observed current responses upon application of
glutamate and RPR119990 because the R-state of the receptor
was occupied with a very low probability in the presence of
glutamate. For a correct simulation of the experimental cur-
rents, a second binding site for the blocker connected to the
mono-liganded AR state of the receptor was therefore intro-
duced (Fig. 3). Using such a scheme with a competition of
the agonist and antagonist for the two functional binding sites
of the receptor we were able to predict the experiments quite
correctly on a quantitative basis. Using a simple scheme for
activation of the non-desensitizing mutant GluR receptor
channels, the time constant of deactivation, tdeact, approxi-
mates the burst length of channel openings and can be calcu-
lated as (1þ b/k�2)/az 6.9 ms when the rate constants of
Table 2 were used. Alternatively, when an open channel block
mechanism is assumed, the value of tdeact is the lower limit for
the binding rate constants of a blocker when it binds to the
open state of the receptor. More precisely, a binding rate con-
stant of the blocker to the open state >150 s�1 would acceler-
ate the time course of the current decay after the end of the
glutamate pulse, but this was not observed in our experiments
(Fig. 2B). In accordance with a competitive inhibition, the
value of tB is expected to be slower at higher glutamate con-
centrations (Fig. 2A) and faster at higher blocker concentra-
tions (Fig. 4). The obvious block rate as derived from the
current decay in the presence of glutamate thus represents
the equilibration of the forward rates kþ1, kþ2 and b with
the backward rates a, k�1, k�2, and bþ2. The slower backward
rates b�1 and b�2 by several orders of magnitude make the in-
hibition quite a one-way reaction. A decrease of the agonist
concentration from 10 to 1 mM or 0.1 mM leads to an increase
of blocking rate constant by a factor of w5 (Fig. 2) and vice
versa, an increase of the blocker concentration has the same
effect at a constant glutamate concentration (Fig. 4). Computer
calculations using scheme 2 (Fig. 3C) allowed the prediction
of the experimental results quite precisely. An additional
hint for a second binding site of the blocker at the receptor
came from the Hill coefficients, which were regularly between
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1 and 2 at concentration inhibition curves of a variety of
recombinant GluR subtypes (Fig. 1).

In conclusion, we could show that RPR119990 and RPR
117824 block AMPA-type receptor channels competitively
with a very high affinity as indicated by the IC50 in the low
nanomolar range. The results hold true for different recombi-
nant GluR channel subtypes. Especially the use of a non-de-
sensitizing recombinant GluR channel enabled us to
determine the block mechanism by different application proto-
cols. An IC50 value in the low nanomolar range for AMPA-
type receptor channels in combination with a reduced potency
on kainate receptors makes these compounds extremely inter-
esting for a therapeutic use in different neurological disorders
such as neurodegenerative diseases. In the study of Canton
et al. (2001), RPR119990 proved to be active on the systemic
level in the CD1 mouse model of epilepsy as a potent anticon-
vulsant and to improve muscle strength and prolong survival
significantly in the G93A mouse model of familiar ALS. Sim-
ilar anticonvulsant activity was described for RPR117824 by
Mignani et al. (2002). Thus, the pyrazine derivate AMPA-
blockers described show a promising neuroprotective profile
of action in animal models of neurological diseases related
to altered neuron excitability. Future studies should settle the
issue of AMPA-antagonism in clinical neuropharmacology.
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