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Summary

(RS)-2-amino-3-(3-hydroxy-5-methyl-4-isoxazolyl) propionic acid receptors (AMPARs) are assembled from

four subunits, GluR1-GluR4, of which GluR2 greatly influences receptor properties and has been coupled to

activity dependent neurodegeneration. The GluR2 subunit plays a major role in receptor trafficking mediating

the continuous replacement of synaptic receptors and is important for receptor tetramerization in the

endoplasmatic reticulum. Given the many important properties of the GluR2 subunit, it was of great interest to

investigate and compare synaptic properties in neuronal populations expressing AMPARs with or without the

GluR2 subunits. 

Earlier findings suggested that neurons cultured from spinal cord were devoid of GluR2 and expressed

high amounts of GluR4. In contrast, GluR2 was detected in almost all cells from cortical cultures (Dai et al.,

2001). To investigate differences in synaptic currents of receptors from these neuronal preparations, miniature

excitatory postsynaptic currents  (mEPSCs) were recorded followed by single cell RT-PCR of the same

neuron. Unfortunately, no population of GluR2 lacking neurons was detected by single cell RT-PCR, but a

higher detection frequency of GluR3 in cortical neurons was found, while GluR4 was more abundant in spinal

cord neurons. Developmental changes of AMPA receptor subunit expression was investigated in an attempt to

explain these contrasting findings. A decrease in the presence of the GluR4 subunit for older embryos as well

as for longer days in vitro (DIV) was found. However, the GluR2 subunit was detected in about half of the

neurons regardless of culture type, embryonic age, and DIV. Analysis of the kinetics of detected mEPSCs

showed no correlation to GluR1-GluR4 mRNA levels estimated by single cell RT-PCR.

To create a pool of GluR2 negative neurons, the newly described method of acute knock down of

specific mRNAs, RNA interference (RNAi), was established in the laboratory and shown to work in cultured

primary neurons. The effectiveness of seven plasmids expressing short hairpin RNAs (shRNAs), targeting the

GluR2 mRNA, was estimated in BHK cells expressing GluR2. Quantitative RT-PCR on purified RNA showed

that all of the constructs down regulated GluR2 mRNA two and three days after transfection, while a mutated

shRNA did not. Knockdown of GluR2 protein expression was estimated by immunohistochemistry, which

showed that all but one construct mediated GluR2 protein knockdown four days after transfection.

Due to the low transfection efficiency of cultured primary neurons, GluR2 knockdown was estimated at

the single cell level. Rectification properties in transfected neurons were analyzed followed by single cell RT-

PCR. No inward rectification was seen in control neurons, while several neurons transfected with the same

construct showed inward rectification, indicating GluR2 knockdown in surface expressed AMPARs. In

addition, because no mEPSCs were observed at positive holding potentials in these neurons, synaptic

AMPARs seemingly lacked GluR2. 1-naphthyl acetyl spermine (Naspm) selectively block AMPARs lacking

GluR2 and was seen to reduced responses to exogenously applied AMPA in some transfected neurons.

However, single cell RT-PCR still detected GluR2 mRNA in some of the neurons transfected with the

knockdown constructs. Therefore, a larger number of transfected neurons for each construct have to be

investigated by single cell RT-PCR and patch clamp recordings before final conclusions can be drawn. 

The ability to down regulate GluR2 mRNA enables the study of neuronal responses to the expected

sudden loss of GluR2 in regard to synaptic currents and receptor trafficking. The RNA interference technique

is effective in primary neuronal cultures and can readily be employed in knockdown of other components of

the AMPAR trafficking pathway. To increase the number of affected neurons, lentiviral mediated gene

delivery have been shown to be very effective and would facilitate the analysis of effective gene knockdown.



Dansk resumé

Hurtig excitatorisk synaptisk transmission i centralnervesystemet er medieret af AMPA receptorer, der er en

undergruppe af glutamat receptorerne. Receptorerne udgør en ionkanal, hvorigennem positive ioner kan

strømme. Fire forskellige subunits (GluR1-4) kan optræde i disse receptorer, der hovedsageligt er

heteromeriske komplekser bestående af fire subunits. GluR2 subunit’en skiller sig ud, idet dens

tilstedeværelse medfører at receptoren ikke kan lede calcium ioner ind i cellen. Forhøjet calcium i neuroner,

pga. manglende GluR2, kan resultere i nervecelle død, der ses efter forskellige hjernetraumer, f.eks. apopleksi. 

For at undersøge konsekvensen af akut fjernelse af GluR2 subunit’en i AMPA receptorerne i enkelte

neuroner, blev den nye metode, RNA interferens, indført i laboratoriet. Metoden benytter korte sekvenser af

dobbeltstrenget RNA, der er komplementær til områder i target genet. De introduceres i cellerne, hvorefter

mRNA’et for genet nedbrydes enzymatisk. 

Metoden blev anvendt i primære kulturer af neocorticale neuroner og elektrofysiologiske målinger

pegede på en nedregulering af GluR2 i cellens AMPA receptorer. Dette havde såvel fysiologiske som

farmakologiske konsekvenser for excitatorisk synaptisk transmission gennem AMPA receptorerne. Studiet

har endvidere bidraget til forståelsen af betydningen af GluR2 i både normale og syge neuroner.
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1 Introduction

Glutamate is the primary excitatory transmitter in

the central nervous system (CNS), where it acti-

vates both ionotropic and metabotropic glutamate

receptors. The latter are G-protein coupled recep-

tors that mediate intracellular signaling. Ionotropic

glutamate receptors (iGluRs) are ligand-gated ion

channels that are thought to be involved in neuronal

plasticity and thereby in learning and memory. The

iGluRs are also involved in and might even be the

prime cause of several neurological diseases such as

epilepsy, schizophrenia, multiple sclerosis,

amyotrophic lateral sclerosis, Parkinson’s disease,

Huntington’s disease, and Alzheimer’s disease

(reviewed in Bräuner-Osborne et al., 2000; Lees,

2000). Furthermore, elevated Ca2+-influx through

iGluRs may cause the neuronal death that follows

global and focal ischemia, physical brain trauma,

epileptic seizures, and hypoglycaemic coma

(reviewed by Arundine & Tymianski, 2003;

Frandsen & Schousboe, 2003).

Historically, the iGluRs have been divided

into three subgroups based on the potencies of their

respective agonists, NMDA (N-methyl-D-

aspartate), AMPA ((RS)-2-amino-3-(3-hydroxy-5-

methyl-4-isoxazolyl) propionic acid), and kainic

acid (reviewed in Hollmann & Heinemann, 1994;

Dingledine et al., 1999). A sequence comparison

divides the iGluR subunits into seven families of

which three (NR1, NR2a-d, NR3A) assemble to

form the NMDA receptors (NMDARs), one family

(GluR1-4) forms the AMPA receptors (AMPARs),

two families (GluR5-7, KA1-2) form the kainate

receptors, and the last family (�1-2) are called

orphan subunits (fig. 1) (Hollmann & Heinemann,

1994; Bräuner-Osborne et al., 2000). The latter

subunits are distantly related to the other subunits,

but do not bind glutamate (Lomeli et al., 1993).

Nonetheless, the �2 subunit have been linked to

long term depression (LTD) (Kashiwabuchi et al.,

1995) and AMPA receptor trafficking (Hirai et al., 

2003) in the cerebellum, suggesting interactions

with the other iGluRs. Indeed, heteromeric

assemblies between �2 and GluR1 or GluR6 was

found in HEK293 cells and �2 was co-immuno-

precipitated from cerebellum using anti-GluR2 and

anti-KA2 antibodies (Kohda et al., 2003).

This thesis will focus on the AMPARs, but

brief descriptions of the NMDA and kainate

receptors will be included to give a general view of

iGluRs.

NMDARs are activated by the simultaneous

binding of glutamate and glycine (reviewed in

Yamakura & Shimoji, 1999; Wenthold et al., 2003).

The glycine-binding site maps to the NR1 subunit,

while glutamate binds to the NR2 subunits, and at

least one of each subunit is present in the functional

tetrameric receptor complex (for a recent review see

McIlhinney et al., 2003). These receptors are

responsible for the slow synaptic response to gluta-

mate (Wyllie et al., 1998), and are permeable to

Ca2+, which is inhibited at resting membrane poten-

tials by a voltage-dependent Mg2+-block (Mayer et

al., 1984). Ca2+-influx through NMDARs activates

20 40 60 80 100
Percent identity

NR1
NR2A
NR2B
NR2C
NR2D
NR3A
GluR1
GluR4
GluR2
GluR3

GluR7
GluR6
GluR7

KA1
KA2

�1
�2

NMDA

AMPA

Kainate

Orphan

Figure 1. Phylogenetic tree of the families of iGluR subunits
showing their relationships to each other. Only the N-terminal
of the NR2A-D subunits are included (920 amino acids)
(adapted from Bräuner-Osborne et al., 2000).
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intracellular mechanisms, which can influence

AMPAR trafficking at the synapse as well as neuro-

toxicity (reviewed in Hardingham & Bading, 2003).

1.1 Kainate receptors
The kainate receptors are closely related to the

AMPARs, and together these receptors are often

termed the non-NMDA receptors (reviewed in

Lerma et al., 2001; Bleakman et al., 2002;

Huettner, 2003). Confusingly, kainate also activates

AMPARs where it evokes apparently non-desensi-

tizing currents (Koike et al., 2000). The cloning of

receptor subunits that had a high selectivity for

kainate and were not activated by AMPA finally

verified the existence of a defined group of kainate

receptors. Different affinities for kainate character-

ize the two subunit families with the low affinity

subunits, GluR5-7, having affinities in the range of

60-95 nM  (Bettler et al., 1990; Egebjerg et al.,

1991; Bettler et al., 1992), while the KA1 and KA2

subunits have a high affinity for kainate (affinities

of 4.7 nM and 15 nM, respectively) (Werner et al.,

1991; Herb et al., 1992). The GluR5-7 subunits are

able to form functional homomeric receptors when

expressed in heterologous systems, while the KA1

and KA2 subunits only form functional heteromeric

receptors when co-expressed with GluR5-7. The

kainate receptors show very fast kinetics with rapid

desensitization (Lerma et al., 1993). Pharmacologi-

cal isolation of kainate responses is accomplished

by subunit specific agonists such as SYM2081,

which activates GluR5 and GluR6 and the specific

GluR5 agonists, LY339434, 5-iodowillardiine, and

(S)-2-amino-3-(5-tert-butyl-3-hydroxy-4-isoxazo-

lyl) propionic acid (ATPA) (for reviews see Madsen

et al., 2002; Johansen et al., 2003). The use of

selective AMPAR antagonists is often vital for the

isolation of kainate responses because several

agonists activate both receptor families (e.g. 5-

iodowillardiine and ATPA). In addition, the plant

lectin, concanavalin A (Con A), strongly reduces

kainate receptor desensitization, and has been

extensively used to study kainate receptor-mediated

responses (Partin et al., 1993).

As is the case for AMPARs, some of the

kainate receptor subunits are substrates for RNA

editing (described in detail in 1.2.1.2.). In

particular, Q/R editing in GluR5 and GluR6

changes receptor properties in a manner identical to

that seen in Q/R edited GluR2. Receptors com-

posed of edited subunits are impermeable to Ca2+

and show linear or outward rectifying current-

voltage relationships (Burnashev et al., 1996).

Kainate receptors are found in both the

presynaptic terminal and the postsynaptic mem-

brane (reviewed in Huettner, 2001; Huettner, 2003).

Postsynaptically, the receptors are usually co-

expressed with the other ionotropic glutamate

receptors, but they have also been reported as the

only glutamate receptor in a synapse (Castillo et al.,

1997; Vignes & Collingridge, 1997). Presynaptic

kainate receptors have been linked to transmitter

release (Chittajallu et al., 1996), which is enhanced

by application of low concentrations of kainate,

while high concentrations depresses release. Ob-

viously, these actions are thought to contribute to

synaptic plasticity.

1.2 AMPA receptors
AMPARs are assembled from 4 subunits, GluR1-4,

and are permeable to Na+, K+ and Ca2+ except

receptors containing the GluR2 subunit, which are

impermeable to Ca2+. The cloning and sequencing

of GluR1 (Hollmann et al., 1989) revealed a new

family of iGluR subunits, which was completed by

the identification of GluR2, GluR3, and GluR4

(Boulter et al., 1990; Keinänen et al., 1990). The

coding sequence of GluR2 is 2649 bp, which is

derived from a gene that contains 17 exons and

several long introns, whereby the gene spans over

90 kbp (Köhler et al., 1994). The subunits in this

family are approximately 900 amino acids long and

show 68-73% sequence identity (Hollmann, 1999).

The protein is composed of a glycosylated extra-
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cellular N-terminus, 4 membrane-associated re-

gions, 3 of which are transmembrane domains (M1,

M3 and M4) while M2 is described as a membrane

re-entrant loop (fig. 2 and 3) (Kuner et al., 2001).

The intracellular C-terminus contains protein

binding sites as well as phosphorylation sites

(reviewed in Dingledine et al., 1999; Hollmann,

1999). The ligand-binding pocket consist of two

extracellular ligand-binding regions termed, S1,

which spans approximately 150 amino acids

preceding M1, and S2, which encompass most of

the loop between M3 and M4 (Stern-Bach et al.,

1994). The crystallization of a recombinant protein

of these ligand-binding regions without the N-

terminal domain and the membrane-spanning

regions (Armstrong et al., 1998) has aided in the

understanding of ligand binding, lobe closure, and

inter subunit interactions (this and other crystal

structures will be further discussed in 1.2.5.2). The

numbering of the described amino acids are derived

from the total protein sequences including the

signal peptide (see fig. 4 for signal peptide length).

1.2.1 Posttranscriptional modifications

1.2.1.1 Alternative splicing

Apart from the differences between the four GluRs,

alternative splicing contributes to the diversity of

the receptors. In all four subunits, two mutually

exclusive exons, flip and flop, give rise to diversity

in a region (38 aa) preceding M4 (fig. 4) (Sommer

et al., 1990). The flip variants predominate before

birth, but the flop variants become equally abundant

in adult rats (Monyer et al., 1991; Dingledine et al.,

1999). Receptors containing flip forms neither

desensitizes as quickly nor to the same extent as

those do with flop variants. Electrophysiological

recordings of homomeric receptors composed of

Figure 3. Molecular model of a single iGluR subunit. The
structure of the N-terminal domain (grey) is based on the
crystal structure of the prokaryotic periplasmic leucine-
isoleucine-valine binding protein. The ligand binding core
with kainate is adapted from the GluR2 S1S2 crystal structure.
The purple S1 situated before M1 constitutes most of lobe 1,
while S2 (red) including the flip/flop region (green) forms
most of lobe 2. Lobe 1: S1 (aa 405-516) and S2 (aa 745-
788). Lobe 2: S1 (aa 517-522) and S2 (aa 645-744)
(adapted from Egebjerg & Jensen, 2002).

S1 S2

SP M1 M2 M3 M4

Figure 2. A schematic representation of the described protein motifs in the GluR1 sequence. All amino acid numberings include
the signal peptide. SP: Signal peptide (aa 1-18) is marked by a black box. The N-terminus (aa 19-538) contains the S1 ligand
binding domain (aa 405-538) indicated as a blue box. The transmembrane regions M1 (aa 539-558), M3 (614-632) and M4
(aa 806-826) are marked in black. The re-entrant loop M2 (aa 585-603) is marked in green. The S2 ligand binding domain (aa
633-805) is marked as a red box. The C-terminal tail comprises aa 827-907 (adapted from Dingledine et al., 1999; Hollmann,
1999).
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GluR3 flop or GluR4 flop expressed in oocytes

showed that they desensitize 3-5 times faster than

other homomeric receptors. In addition, the pre-

sence of GluR2 flop in heteromeric receptors

results in faster deactivation and lower non-

desensitizing currents (Mosbacher et al., 1994;

Koike et al., 2000). Differences between the four

subunits are also seen in the cytoplasmic C-terminal

tail, which is long in GluR1 and GluR4, while those

of GluR2 and GluR3 are short. A variant of GluR4

isolated in the cerebellum, GluR4c, contains a short

C-terminal tail homologous to GluR2 (Gallo et al.,

1992), and a long-tailed GluR2 has also been

reported (Köhler et al., 1994).

1.2.1.2 RNA editing

RNA editing by adenosine deaminases acting on

RNA (ADARs) adds to the diversity of the subunits

and modulates their function. The functionally most

important editing site is the Q/R site (aa 607) in

GluR2 (fig. 4), which results in Ca2+-impermeable

receptors and changes receptor rectification

properties from inward rectifying to non or outward

rectifying (Hume et al., 1991; Sommer et al., 1991;

Verdoorn et al., 1991; Lomeli et al., 1994). ADAR2

is responsible for the deamination of the adenosine

in the GAC codon (glutamine) to inosine, which is

recognized as a guanosine thereby changing the

codon to GGC (arginine) (Melcher et al., 1996). It

has been reported that the GluR2 subunit is almost

completely edited in the rat brain (Sommer et al.,

1991; Burnashev et al., 1992). In an ADAR2

knockout mouse, which exhibits frequent seizures

and dies before postnatal day 20 (P20), the normal

phenotype was rescued by introducing mutated

GluR2 expressing Arg at the Q/R site, showing the

importance of Q/R editing in GluR2 and that this

subunit is the most important substrate of ADAR2

(Higuchi et al., 2000). Interestingly, Greger and co-

workers found that Q/R editing as well as positively

charged amino acid mutations in the M2 re-entrant

loop (Gly603Arg and Gln608Arg) functioned as

endoplasmatic reticulum (ER) retention signals.

These subunits were co-localized with ER markers

and showed immature glycosylation compared to

surface expressed subunits (Greger et al., 2002;

Greger et al., 2003). While unedited GluR2 is

exported from the ER in tetrameric receptor

assemblies, the Q/R edited GluR2 subunit is

retained in the ER and speculated to form a pool of

edited subunits awaiting hetero-dimerization with

unedited subunits (Greger et al., 2003).

Another editing site, which both ADAR1 and

ADAR2 can deaminate, is found in the beginning of

flip/flop

GluR1

R/G

SP M1 M2 M3 M4
GluR4c
GluR4

R/GQ/R

GluR2
GluR2long

R/G

GluR3

Figure 4. Position of RNA editing and splicing in AMPAR subunits.  The numbers are derived from the total protein sequence.
Q/R editing in GluR2 (aa 607) is indicated by a red star. The R/G editing site in the beginning of the flip/flop region is indicated
by a blue dot in GluR2 (aa 764), GluR3 (aa 769) and GluR4 (aa 765). The flip/flop splice region is marked by a grey box
(GluR1 aa 757-805). In addition, C-terminal splice variants of GluR2 and GluR4 are included. The lenght of the total proteins:
GluR1: 907 aa (18 aa sp), GluR2: 883 aa (21 aa sp), GluR2long: 901 aa (21 aa sp), GluR3: 888 aa (22 aa sp), GluR4: 902
aa (21 aa sp), GluR4c: 884 aa (21 aa sp). SP (signal peptide) and M1-M4 (the membrane associated regions) are shown in
black (adapted from Dingledine et al., 1999; Hollmann, 1999).

Introduction 11



the flip/flop region of GluR2, 3 and 4 (aa 764, aa

769 and aa 765, respectively) (fig. 4), where

deamination of the first adenosine in a specific

AGA codon results in the change of an arginine to a

glycine (Melcher et al., 1996). Edited subunits

exhibit faster kinetics in regard to desensitization

and recovery from desensitization (Lomeli et al.,

1994; Krampfl et al., 2002). The extent of editing

differs for the three subunits and their splice

variants, but R/G editing was shown to increases in

whole brain extracts during development (Lomeli et

al., 1994). Different cell types show variation in

R/G editing with a greater amount of the flip splice

variant being edited compared to the flop version

(Lomeli et al., 1994; Liu & Samuel, 1999).

Editing of both the Q/R and R/G sites

depends on a dsRNA structure formed between the

sequence around the edited adenosine and a

downstream intronic region (Higuchi et al., 1993).

RNA editing, therefore, has to take place before

splicing, and the binding of an ADAR may

influence splicing. In addition, failure of Q/R

editing results in accumulation of GluR2 pre-RNA

in the nucleus and a reduction of mature GluR2

mRNA (Higuchi et al., 2000). Therefore, a synchro-

nization of the two events is likely, possibly

controlled by RNA polymerase II and RNA helicase

A (Bratt & Öhman, 2003).

1.2.2 Posttranslational modifications

1.2.2.1 Glycosylation

N-Glycosylation of asparagines in the general

consensus sequence of NXS/T (where X is any

amino acid apart from proline) is initiated in the  ER

by oligosaccharyl transferase and matured through

the Golgi apparatus. The AMPAR subunits contain

several glycosylation sites in the extracellular 

N-terminal part with two situated in the S1 region

of the ligand-binding site (reviewed in Standley &

Baudry, 2000). The function of glycosylation of the

subunits is at the moment not fully understood and

non-glycosylated subunits exhibit ligand binding

affinities similar to the wild type (Arvola &

Keinänen, 1996; Everts et al., 1997; Pasternack et

al., 2003). In addition, inhibitor of N-glycosylation

with tunicamycin did not abolish receptor function

in cultured neurons although lesser desensitization

was observed (Everts et al., 1997). Moreover,

lacking glycosylation influences the receptor

currents differently depending on splicing with

decreased currents in receptors formed by flop

subunits (except GluR4flop), while flip variants

(except GluR3flip) have increased currents (Everts

et al., 1997). 

Keinänen’s group found no differences in the

shape of the responses to glutamate in homomeric

GluR4 receptors carrying mutations in the two sites

for N-glycosylation in the S1 domain of GluR4flip,

although larger currents were observed in some of

the recordings of the mutant (Pasternack et al.,

2003). Therefore, the different desensitizing prop-

erties of non-glycosylated receptors compared to

wild type have to arise from N-glycosylation of

asparagines outside the S1 domain. Recently,

Maruo and colleagues found that short term treat-

ment with tunicamycin depresses both NMDA- and

kainate-induced currents regardless of N-glycosyla-

tion, suggesting an alternative action of tunica-

mycin for the alteration of receptor currents than

inhibition of glycosylation of the iGluR subunits

(Maruo et al., 2003).

The lectin, Con A, binds to carbohydrate side

chains on glycosylated receptors and modulates

receptor kinetics by inhibiting desensitization. This

effect is greatest on kainate receptors, but Con A

also potentiates currents of both NMDA and AMPA

receptors, where the effect is additive to that of

another desensitization inhibitor, cyclothiazide

(CTZ) (Everts et al., 1997). The first and third 

N-glycosylation sites in GluR1 are responsible for

the Con A potentiation, and accordingly, Con A has

no effect on homomeric GluR2 receptors, which

lack these two N-glycosylation sites.
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1.2.2.2 Phosphorylation 

Phosphorylation and dephosphorylation of serines

and/or threonines in the intracellular C-terminal tail

of AMPAR subunits influence receptor kinetics and

the association with intracellular proteins. Phos-

phorylation sites have been described for GluR1, 2

and 4, while there are no reports of phosphorylated

GluR3 (fig. 5) (for review see Carvalho et al.,

2000). 

Phosphorylation of Ser849 and Ser863 in

GluR1 potentiates receptor responses, whereas

dephosphorylation decreases responses (Roche et

al., 1996). Ser849, which is unique for GluR1, is

phosphorylated by both PKC (protein kinase C,

Roche et al., 1996) and the Ca2+ activated CaMKII

(calcium/calmodulin-dependent kinase II, Barria et

al., 1997). Phosphorylation of this serine increases

the single channel conductance of GluR1-con-

taining AMPARs in long term potentiation (LTP)

(Benke et al., 1998; Derkach et al., 1999). Ser863

phosphorylation by PKA (protein kinase A) elicits

different effects on GluR1-containing AMPARs

resulting in increased open channel probability

(Banke et al., 2000) and potentiation of the peak

current (Roche et al., 1996). Dephosphorylation of

Ser845 involves calcineurin and either AMPA or

NMDA receptor activation via a negative feedback

mechanism (Snyder et al., 2003). 

In a recent study, Carvalho’s group showed

that PKC co-immunoprecipitates with GluR4,

indicating that the two proteins are directly asso-

ciated (Correia et al., 2003). PKC can phospho-

rylate GluR4 at Ser862 as can PKA and CaMKII

(Carvalho et al., 1999). Another potential PKC

phosphorylation site is Thr850, which was found in

GluR4 expressed in HEK293 cells, but phos-

phorylation was not detected in situ (Carvalho et

al., 1999). 

Two phosphorylation serines at positions 863

and 880 have been described for the GluR2 subunit

(Matsuda et al., 1999; McDonald et al., 2001), and

since Ser880 is thought to play a major role in

synaptic trafficking of GluR2 containing AMPARs,

the site has been the particular focus of several

reports. Ser880 phosphorylation abolishes binding

of the proteins GRIP (GluR interacting protein) and

ABP (AMPAR binding protein), while PICK1

(protein interacting with C kinase) remains asso-

ciated with the C-terminus (Matsuda et al., 1999;

Chung et al., 2000; McDonald et al., 2001; Perez et

al., 2001). Ser880 phosphorylation is thus impli-

cated in protein association with GluR2 and plays a

role in AMPAR trafficking.

In a recent study, several tyrosine phos-

phorylation sites were also described in GluR2 (fig.

5) (Ahmadian et al., 2004). Phosphorylation of the

tyrosines was linked to endocytosis following either

insulin stimulation or low-frequency stimulation

leading to LTD. Apart from the kinetic modulatory

effects of phosphorylation and dephosphorylation,

GluR1 827-EFCYKSRSESKRMKGFCLIPQQSINEAIRTSTLPRNSGAGASGGGGSGENGRVVSQDFPKSMQSIPSMSHSSGMPLGATGL-907

GluR2 834-EFCYKSRAEAKRMKVAKNPQNINPSSSQNSQNFATYKEGYNVYGIESVKI-883

GluR3 839-EFCYKSRAESKRMKLTKNTQNFKPAPATNTQNYATYREGYNVYGTESVKI-888

GluR4 835-EFCYKSRAEAKRMKLTFSEATRNKARLSITGSVGENGRVLTPDCPKAVHTGTAIRQSSGLAVIASDLP-902

880869 873 876

849 863

850 862

Figure 5. Phosphorylation sites in the C-terminal of AMPAR subunits. Identified Ser/Thr phosphorylation sites are highlighted in red
while the tyrosine phosphorylation sites in GluR2 are green. For GluR1: Ser849 and Ser857. For GluR2: Ser880, Tyr869, Tyr873
and Tyr876. For GluR4: Thr850 and Ser862. No phosphorylation sites have been identified in the C-terminal of GluR3.
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these modifications, as well as the direct interaction

with PKC, PKA, and/or CaMKII, are thought to be

involved in receptor trafficking. This will be further

discussed in chapter 1.2.7.

1.2.3 AMPAR kinetics

The AMPARs are responsible for the fast

component of glutamate mediated neurotrans-

mission in the CNS and can reside in different

states. The receptors are activated by agonist

binding whereby the ion-channel opens. Deactiva-

ting the receptor by dissociation of agonist closes

the ion-channel. Furthermore, the ion-channel can

close while the agonist remains bound in a desen-

sitized state. Homomeric AMPARs show activation

time constants in the range of 100-500 µs upon

application of glutamate or AMPA (fig. 6 and table

1) (Mosbacher et al., 1994; Koike et al., 2000;

Banke et al., 2001; Grosskreutz et al., 2003). These

studies utilized expression of recombinant AMPAR

subunits in heterologous systems; e.g. Xenopus

laevis oocytes and HEK293 cells and fast appli-

cation of agonist on outside-out patches. Although a

piezo-driven liquid exchange system can switch

solutions in the sub-millisecond range, faster acti-

vation times can occur. This can be measured using

laser-pulse photolysis of caged glutamate, which

predicted the fastest 20-80% rise time of homo-

meric GluR2Qflip and GluR1flip to 17 µs and 35

µs, respectively (Li et al., 2003; Li & Niu, 2004). 

Apart from the agonist induced conducting

state of the receptor, a non-conducting, desensi-

tized, state of the agonist bound receptor is

observed. The rapid desensitization of AMPARs

plays a major role in AMPAR mediated transmis-

sion and has been extensively studied. The extent of

desensitization is partly controlled by the flip and

flop splice variants, with 6.8% of the peak current

remaining in homomeric GluR2Qflip and 1.1% in

GluR2Qflop (fig. 6) (Koike et al., 2000). The

desensitization time constants for homomeric

receptors can be divided into a slow group (�des>3.5

Table 1. Time constants of activation (�act), desensitization
(�des), deactivation (�dea) and recovery from desensitization
(�rec) in ms.

�act �des �dea �rec

GluR1flip 0.1 3.4-6.0 0.8-1.1 147

flop 0.3 3.7-6.7 0.8-1.1 147-155

GluR2Qflip 0.5* 5.9 0.6 11.7

Qflop 0.3* 1.2-1.5 0.5 31.3

GluR3flip 4.0-4.9 15-36

flop 1.4-1.5 1.1 142

GluR4flip 3.6-6.6 0.6 6-14

flop 0.9-1.6 0.6 31-43

Recorded from homomeric receptors expressed in hetero
logous systems. GluR2Q denotes unedited GluR2 at the Q/R
site. *: 20-80% rise time. See text for references.
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Figure 6. Current traces of responses to glutamate and
kainate application using a piezo-driven fast perfusion system.
Outside-out patches were pulled from Xenopus laevis oocytes
expressing unedited homomeric GluR2Q flip or flop AMPARs.
Application of 100 ms pulses of glutamate evokes
desensitizing currents, while non-desensitizing responses are
seen by kainate application  (adapted from Koike et al.,
2000).

Flip 1mM glutamate
1mM kainate

glutamate

kainate

100 pA

20 ms

Flop 1mM glutamate
1mM kainate

glutamate

kainate

40 pA

20 ms



ms) containing GluR1flip, GluR1flop, GluR3flip,

and GluR4flip, and a fast group of GluR3flop and

GluR4flop (�des<1.5 ms), while heteromeric

AMPARs show intermediate �des (Lomeli et al.,

1994; Mosbacher et al., 1994). Patch clamp record-

ings of heteromeric channels in outside-out patches

pulled from HEK293 cells revealed that �des

depended on the relative concentration of expressed

subunits (Robert et al., 2001; Grosskreutz et al.,

2003). Likewise, introduction of a non-desensi-

tizing mutant in cultured cerebellar neurons

resulted in elevated steady state currents and slower

�des (Robert et al., 2001).

Several amino acids are important for

desensitization including the R/G editing site in

GluR2, GluR3 and GluR4 with edited subunits

showing faster �des (Lomeli et al., 1994). The

mutation of this site (Arg757Gly) in GluR1flop

together with a Tyr716Phe mutation changed the

slow desensitization kinetics of wildtype GluR1flop

(�des=3.8 ms) to a �des of 1.8 ms, which is close to

that exhibited by homomeric GluR3flop (�des=1.5

ms) (Banke et al., 2001). This suggests that these

amino acids are important for desensitization.

However, the reverse mutations in GluR3flop

(Phe728Tyr and Gly769Arg) only caused minor

changes of �des (1.8 ms). Furthermore, the

Ser511Thr mutation of GluR1 abolishes

modulation by CTZ (which markedly reduces

desensitization) and CX546 (1-(1,4-benzodioxan-

6-ylcarbonyl)piperidine, a modulator of

deactivation), pointing to a specific interaction site

(Partin, 2001; Leever et al., 2003). This amino acid

corresponds to Ser518 in GluR2 and was seen to

interact with CTZ in the dimer interface of the

crystal structure of the ligand binding domain of

GluR2 (Sun et al., 2002). The most striking

mutation, which results in non-desensitizing

receptors, was the Leu507Tyr mutation generated in

GluR3 (Stern-Bach et al., 1998). Substituting

Leu507 with any aromatic amino acid blocked

desensitization, suggesting that steric hindrance

underlie the inhibition of desensitization. Intro-

ducing this mutation in GluR2 also results in non-

desensitizing currents and was positioned in the

interface between the dimeric subunits in the crystal

structure of the ligand binding core of GluR2 (see

1.2.5.2) (Sun et al., 2002).  

Because AMPARs rapidly desensitize upon

synaptically released glutamate, recovery from

desensitization is an important determinant for the

strength of synaptic transmission following

repetitive stimuli (Trussell et al., 1993; Otis et al.,

1996). Fast time constants of recovery from desen-

sitization (�rec) have been reported for homomeric

GluR3flip (15-36 ms) and GluR4flip (6-14 ms),

while considerably longer time constants was found

for GluR1flip and flop as well as GluR3flop. In

general, flop splice variants showed longer time

constants, while R/G edited subunits recovered

faster (table 1) (Lomeli et al., 1994; Partin et al.,

1996; Koike et al., 2000; Banke et al., 2001).

The time constant of receptor deactivation

is a measure of the kinetics of responses mediated

by brief applications of glutamate, typically for one

ms as compared with the 100 ms used for the

determination of desensitizing kinetics. Deactiva-

tion time constants (�dea) did not depend on flip/flop

splice variants and ranged from 0.6 to 1.1 ms for

different homomeric AMPARs (Mosbacher et al.,

1994; Partin et al., 1996; Leever et al., 2003).

In contrast to the kinetic properties of

responses to glutamate or AMPA application,

kainate elicits non-desensitizing currents albeit

smaller, and is considered to be a partial agonist at

AMPARs (Hollmann et al., 1989; Swanson et al.,

1997; Stern-Bach et al., 1998; Koike et al., 2000).

1.2.4 Agonists, antagonists and modulatory

substances

A large number of natural and synthetic ligands for

the AMPARs have been described, including

specific agonists, partial agonists, competitive

antagonists, non-competitive antagonists, and allo-
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steric modulators (for reviews see Bräuner-Osborne

et al., 2000; Madsen et al., 2002; Stensbøl et al.,

2002; Johansen et al., 2003). In addition to L-

glutamate, several naturally occurring compounds

activate AMPARs including quisqualic acid, kainic

acid, and willardiine. A potent naturally occurring

NMDAR agonist, ibotenic acid, has formed the

basis of selective and potent synthetic AMPAR

agonists, e.g. AMPA (Hansen & Krogsgaard-

Larsen, 1980), ACPA (2-amino-3-(3-carboxy-5-

methyl-4-isoxazolyl) propionic acid, Madsen &

Wong, 1992), and HIBO (homoibotenic acid

Hansen & Krogsgaard-Larsen, 1979, 1980). These

compounds have in turn formed the scaffolds of

several additional compounds with varying

specificities and potencies for AMPARs. However,

at the moment subunit specific agonists have not

been identified, but recently, an HIBO derivative,

Cl-HIBO ((RS)-2-amino-3-(4-chloro-3-hydroxy-5-

isoxazolyl) propionic acid, Bjerrum et al., 2003)

was described as the most subtype selective

AMPAR agonist so far identified with markedly

higher potency at GluR1 and GluR2 as compared to

GluR3 and GluR4. Of the 5-substituted

willardiines, fluoro-willardiine shows the highest

potency at AMPARs with kinetics similar to AMPA

(Patneau et al., 1992). The crystallization of the

S1S2 ligand-binding core (see 1.2.5.2) in complex

with different 5-substituted willardiines has been

studied to understand the mode of action of partial

agonists (Jin et al., 2003; Jin & Gouaux, 2003).

The discovery of quinoxalinediones, CNQX

(6-cyano-7-nitroquinoxaline-2,3-dione) and DNQX

(6,7-dinitro-2,3-quinoxalinedione), as competitive

antagonists have aided in the study of AMPARs,

although the compounds are nonselective and also

inhibit kainate receptors (Honoré et al., 1988;

Andreasen et al., 1989). A number of derivatives

based on quinoxalinediones have different selec-

tivities and potencies as antagonists. Two other

families of antagonists belong to the decahydroiso-

quinolines (LY compounds, O’Neill et al., 1998)

and isatine oximers (Nielsen et al., 1999), and

different side-group substitutions of willardiines

(such as a carboxylic acid group at the N3-position)

can change the agonist to an antagonist (More et al.,

2003). 

Another group of AMPAR antagonists,

described as non-competitive inhibitors or negative

allosteric modulators, includes the 2,3-benzo-

diazepines (GYKI-compounds, reviewed in Sólyom

& Tarnawa, 2002) of which GYKI-52466 (Tarnawa

et al., 1989) has high selectivity for AMPARs and

interacts with the receptor at a site distinct from the

positive modulatory site associated with CTZ

(Donevan & Rogawski, 1998). 

CTZ and aniracetam (ampakines) block

desensitization of AMPARs at a site distinct from

the ligand-binding pocket (Ito et al., 1990; Isaacson

& Nicoll, 1991; Yamada & Rothman, 1992). A

higher potency of CTZ on flip forms of AMPAR

subunits has been attributed to a serine at position

775 (GluR2) compared to the asparagine in the flop

form (Partin et al., 1994; Partin et al., 1995). The

amino acid at this position was seen to interact

directly with CTZ in the crystal structure of the

S1S2 core of GluR2 (Sun et al., 2002). Aniracetam

also acts more potently on flip forms, but at a

different site than CTZ (Fallarino et al., 1995).

Interestingly, CTZ does not affect kainate receptors,

while Con A, which block desensitization of kainate

receptors, only weakly impede AMPAR desensiti-

zation (Partin et al., 1993), presenting tools to

discriminate between AMPA and kainate receptors.

While only a few agonists and competitive

antagonists show pronounced subunit preferences,

the negative allosteric modulator pentobarbital

preferentially blocks GluR2 containing receptors

(Tarnawa et al., 1989). Pentobarbital selectively

blocks the steady state current, while the peak

current is untouched. Inhibition of desensitization

by CTZ reduces the activity of pentobarbital,

showing that the degree of block depends on

receptor desensitization (Jackson et al., 2003b).
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Pentobarbital does not act as an open channel

blocker (Jackson et al., 2003b) despite the fact that

Q/R editing of GluR2 controls the blockade by

pentobarbital (Yamakura et al., 1995). 

GluR2-lacking receptors are blocked by

external polyamine toxins (Washburn & Dingle-

dine, 1996) such as Joro spider toxin and its

analogue 1-naphthyl acetyl spermine (Naspm) that

act as channel blockers (Blaschke et al., 1993). The

presence of a single Q/R edited GluR2 subunit in

the assembled receptor abolishes the action of the

polyamine toxins similar to the GluR2 dependence

of Ca2+-influx (Blaschke et al., 1993; Koh et al.,

1995; Washburn et al., 1997). The rectification of

GluR2-lacking receptors is mediated by internal

polyamines (e.g. spermine), which act as voltage

dependent channel blockers (Donevan & Rogawski,

1995; Koh et al., 1995). The presence of edited

GluR2 abolishes inward rectification, the extent of

which is controlled by the number of GluR2

subunits in the receptor (Washburn et al., 1997).

1.2.5 The structure of the receptor

1.2.5.1 Stoichiometry of the assembled receptor

Both pentameric and tetrameric AMPAR stoi-

chiometries have been suggested. In support of a

tetrameric stoichiometry, Rosenmund and collea-

gues found three distinct conductance levels of

homomeric AMPARs build from slowly gating

mutant subunits (Rosenmund et al., 1998). Dis-

placing the slowly dissociating antagonist, NBQX,

enabled the timing of the shift in conductance

levels. This showed that the waiting time for the

shift to the first level was twice that of the waiting

time for the second and third level, suggesting a

tetrameric structure of the functional receptor,

which is activated by the binding of two agonist

displacing two antagonists. The discovery of the

prokaryotic glutamate receptor, GluR0 (Chen et al.,

1999), which is gated by glutamate and is perme-

able to potassium, linked the iGluRs with the tetra-

meric potassium channels (reviewed in Miller,

2000). Sequence comparison of the GluR0 protein

revealed similarity to the iGluRs, while the mem-

brane-spanning regions of GluR0 showed similarity

with the voltage dependent potassium channels

(Chen et al., 1999). 

Recent works have concentrated on the

mechanism of tetramerization and on resolving

which domains in the subunit are responsible for

this. The first report of dimerization of the subunits

came from Kuusinen et al. (1999), who cloned and

expressed truncated forms of the GluR4 subunit in

an insect cell line. They found that constructs

containing the N-terminal domain formed dimers,

while the S1S2 core was found as a monomer in

contrast to later findings (discussed below).

Additional regions, important for dimerization, was

found using chimeras of GluR3 and GluR6 (Ayalon

& Stern-Bach, 2001). In addition to the N-terminal,

the membrane spanning regions and the C-terminal

part of S2 participated in dimerization. Further-

more, crystals of the ligand-binding core show a

dimeric assembly with interaction between amino

acids located in domain 1 of the two ligand-binding

cores (Jin & Gouaux, 2003).

A two step model have been proposed where-

by the tetrameric receptors assemble by dimeri-

zation of dimers (Ayalon & Stern-Bach, 2001;

Mansour et al., 2001; Safferling et al., 2001). These

dimers of dimers show two-fold symmetry in

electron microscopy (Safferling et al., 2001; Tiche-

laar et al., 2004) and residues in the re-entrant loop

are important for dimerization of the dimers (Gre-

ger et al., 2003). Introducing varying amounts of

the non-desensitizing mutant subunit (Leu507Tyr in

GluR3) showed random assembly of homomeric

receptors by electrophysiological recordings of

desensitization (Mansour et al., 2001). However,

heteromeric receptors formed symmetric tetramers

consisting of equal numbers of the two subunits

with identical subunits positioned diametrically.

This regulated tetramerization greatly reduce the
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number of subunit combinations of AMPAR

(Mansour et al., 2001). 

In HEK293 cells, expression of edited GluR2

form homomeric receptors with very small

conductances (Swanson et al., 1997). However, the

edited Q/R site in GluR2 was found to reduce

homomeric receptor formation in neurons (Greger

et al., 2003) and was retained in the ER (Greger et

al., 2002). It was proposed that the edited GluR2

subunits are pooled in the ER ready to form

heteromeric receptors with unedited subunits, thus,

favoring GluR2 containing receptors, which are

impermeable to Ca2+. In addition, a chemical-

kinetic model of the ordered tetramerization

proposed that binding of GluR2 to GluR1 is five

times faster than GluR2 homo-dimerization greatly

favoring heteromeric AMPARs (Mansour et al.,

2001). 

1.2.5.2 The ligand-binding pocket

The recently published crystal structures of the

ligand-binding pocket have aided in the elucidation

of the receptor-ligand complex (recently reviewed

in Gouaux, 2004; Mayer & Armstrong, 2004;

Wollmuth & Sobolevsky, 2004). A protein, termed

GluR2 S1S2, containing only the S1 and S2

domains from the AMPA receptor subunit GluR2

flop, was generated by deleting the N- and C-

terminal domains and fusing the S1 and S2 domains

with a 13-residue linker that deletes the membrane

spanning regions M1-M3 (fig. 2 and 3). Expressing

this recombinant protein in E. coli resulted in

proteins with similar ligand-binding affinities as the

intact receptor (Kuusinen et al., 1995; Arvola &

Keinänen, 1996). The determination of the crystal

structures of several complexes of ligand-binding

core with different agonists, antagonists, and allo-

steric modulators have aided in the understanding

of ligand-binding, receptor activation and desen-

sitization (Armstrong et al., 1998; Armstrong &

Gouaux, 2000; Hogner et al., 2002; Jin et al., 2002;

Sun et al., 2002; Armstrong et al., 2003; Hogner et

al., 2003; Jin & Gouaux, 2003; Lunn et al., 2003).

In addition, several crystals of mutated S1S2 cores

have confirmed the roles of specific amino acids in

ligand-binding and lobe interaction (Hogner et al.,

2002; Sun et al., 2002; Armstrong et al., 2003). The

majority of these structures were elucidated using a

more stable ligand-binding core (GluR2 S1S2J)

containing a di-peptide linker between S1 and S2

(Armstrong & Gouaux, 2000).

The first crystal structure of the GluR2 S1S2

core was made in complex with kainate in the

ligand-binding pocket and showed a clamshell

conformation with two domains formed as lobes

(fig. 7). Almost all of S1 constituted lobe 1, with the

exception of the C-terminus, which crossed over to

lobe 2. Likewise, the C-terminus of S2 was part of

lobe 1 while the rest of the amino acids formed lobe

2. Kainate was situated in a binding pocket located

almost in the middle of the structure. Comparing

the structures of the S1S2 core with and without

kainate showed that, as expected, ligand-binding

induces a closure of the clamshell, which was

proposed to confer a conformational change in the

membrane spanning and pore forming domains of

the receptor (Armstrong et al., 1998). The ligand

interacts through hydrogen bonds and ion pairs with

Pro499, Thr501, Arg506, Ser675, Thr676, and

Glu726 in the binding pocket (fig. 7), while Tyr471

acts as a “lid” on the binding site. Kainate hampers

the complete closure of the “lid”, suggesting a

possible explanation of the small steady-state cur-

rent levels seen upon kainate application (Arm-

strong et al., 1998; Armstrong & Gouaux, 2000).

Measuring ligand-binding domain closure showed

that the partial agonist kainate only mediates a ~12°

closure, while the binding of the full agonists

glutamate, AMPA or quisqualate confers a ~20°

closure (fig. 7) (Armstrong & Gouaux, 2000; Jin et

al., 2002). Comparing the GluR2 S1S2J-kainate

structure with the GluR2 S1S2J-glutamate structure

shows smaller shifts of some of the amino acids,
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Figure 7. Crystal structures of the GluR2 S1S2J ligand-binding core either without ligand, the apo state (A), with the partial
agonist kainate (B), or with the full agonists glutamate (C) or AMPA (D). Lobe 1 is above the ligand binding site and lobe 2 is
below. A closure of the cleft can be seen between the open (apo) and the glutamate/AMPA closed structures with the closure of the
kainate structure in between. Ligand interacting residues are marked in color with their amino acid sequence number derived from
the total protein sequence of GluR2. The interacting amino acids from lobe 1 are Tyr471 (blue), Pro499 (magenta), Thr501 (red,
marked by an arrow in B, C, and D), Arg506 (green), while Leu671 (pink), Ser675 (purple), Thr676 (red), and Glu726 (orange)
are situated in lobe 2. The Cn3D v. 4.1 program from NCBI (National Center for Biotechnology Information, USA) was utilized to
reproduce the structures.

A B

C D
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e.g. Leu671, which is deeper in the cleft when

glutamate is bound, probably due to sterical hin-

drance from the isopropenyl group on kainate,

which might explain the more open configuration

of the ligand-binding domain with kainate bound.

An alignment of the AMPAR subunits show

complete homology between the subunits of the 13

residues found within 6 Å from kainate in the

GluR2 S1S2J-kainate crystal (Nielsen et al., 2003).

The binding of the antagonist DNQX in the

binding pocket only closes the ligand-binding core

by ~2.5° and is stabilized in this position (Arm-

strong & Gouaux, 2000). The AMPA derived

antagonist, ATPO ((S)-2-amino-3-(5-tert-butyl-3-

(phosphonomethoxy)-4-ioxazolyl) propionic acid),

interacts with the same amino acids as DNQX and

causes a similar small closure of the ligand-binding

core, but differences in binding of the two com-

pounds distinguish their modes of keeping the

ligand-binding core in an open configuration

(Hogner et al., 2003). ATPO forms 21 hydrogen

bonds to the binding pocket compared to the eight

formed by DNQX, and steric hindrances of ATPO

inhibit domain closure, while DNQX prevents

closure by interacting with two amino acids,

Glu423 from domain 1 and Thr707 from domain 2,

which are closely associated in the closed ligand

pocket. 

The studies described above have led to a

model of receptor opening where the closure of the

ligand-binding domain directly determines channel

opening. It is generally agreed that the ligand first

associates with lobe 1 followed by pocket closure

and thereby interactions with lobe 2. The movement

of lobe 2 moves the linker regions (representing the

channel) between the two cores apart, implying that

the degree of pocket closure may control receptor

conductance (Jin et al., 2003). The finding of

crystals, where the dimer interface is shifted,

suggests that desensitization require the disruption

of domain 1 interactions between the two ligand-

binding cores. 

The non-desensitizing mutation, Leu507Tyr

in GluR3 corresponds to Leu504 in GluR2, which

was found at the dimer interface of the GluR2

S1S2J crystal structure (Sun et al., 2002). This

amino acid did not directly interact with CTZ but

was in close proximity, suggesting that this area of

the ligand-binding domain is important for

desensitization. Interestingly, subunits dimerize

more readily if desensitization is impaired (either

by CTZ or by the Leu507Tyr mutation) (Stern-Bach

et al., 1998), while mutations impairing dimeri-

zation of the S1S2J core result in faster

desensitization (Horning & Mayer, 2004). Thus,

stabilization of the dimer prevents receptor

desensitization.

1.2.5.3 The pore region

The selectivity of the transmembrane ion channel is

mediated by amino acids in the re-entrant loop

(M2). The Q/R editing site, which is accessible

from the extracellular site, divides the M2 loop in

two structurally different parts. M2 forms an a-helix

on the N-terminal side of the Q/R site, while the C-

terminus folds as a random curl. 

The glycine at the +2 position (numbered

from the Q/R site) forms the narrow constriction of

the pore (Kuner et al., 2001), which has a diameter

of 0.78 nm regardless of editing status (Burnashev

et al., 1996). It is proposed that the side chain of the

amino acid at the Q/R site points towards the

extracellular side, and that the positive charge of

Arg thereby inhibits Ca2+ entry, while Asp in the +4

position controls ion-selectivity from the

intracellular side (Kuner et al., 2001). These

positions are also responsible for polyamine block

of AMPARs (Panchenko et al., 1999). 

The C-terminal part of the M3, the N-

terminal part of M4 and the sequence preceding M1

(but not M1 itself) were shown by SCAM

(substituted cysteine accessibility method) to be

accessible from the extracellular side and are

proposed to form the extracellular vestibule of the
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channel (Beck et al., 1999). SCAM studies on M3

of GluR1 has furthermore revealed that the pore

forming extracellular vestibule has a 2-fold sym-

metry similar to that of the ligand-binding pocket

(Sobolevsky et al., 2004). In the M2 helix of K+-

channels, a glycine controls channel gating by

functioning as a flexible hinge (Jiang et al., 2002).

Although the GluRs share structural motifs with the

K+-channels, no homologous flexible glycine is

found in the pore lining M3, implying that the M3

stays rigid throughout the conformational change of

the pore and does not control GluR gating

(Sobolevsky et al., 2003).

1.2.6 Proteins interacting with AMPAR

subunits

The transport of AMPARs from the ER to the

synapse as well as trafficking and anchoring at the

synapse have been ascribed to different protein

interactions mainly mediated by the intracellular C-

terminal tails of the subunits. PDZ (Postsynaptic

density-95/Disc-large/Zonula occludens-1) binding

motifs are found at the very ends of the intracellular

C-termini of GluRs (fig. 8). GluR1 contains a

SAP97 (synapse-associated protein 97, Leonard et

al., 1998) site, while GluR2, GluR3, and GluR4c

(short form) are recognized by GRIP/ABP (Dong et

al., 1997; Srivastava et al., 1998) and PICK1 (Dev

et al., 1999; Xia et al., 1999). SAP97 and

GRIP/ABP contain multiple PDZ domains and are

thought to play roles in transporting, clustering,

targeting and anchoring of the receptors. 

Co-immunoprecipitation and antibody stai-

ning of cultured neurons show that SAP97 is

associated with GluR1 in the ER, dendritic shafts,

and in the postsynaptic density (PSD) (Valtschanoff

et al., 2000; Sans et al., 2001; Rumbaugh et al.,

2003). Both GluR1 and SAP97 also contain a

binding site for the cytoskeletal protein 4.1, which

interacts with actin (Shen et al., 2000; Coleman et

al., 2003; Rumbaugh et al., 2003). The 4.1 binding

site on GluR1 is in the C-terminal tail proximal to

the membrane spanning M4 region, aa 830-840

(fig. 8) (Shen et al., 2000; Coleman et al., 2003).

Mutations in the 4.1 domain of GluR1, in several

domains on SAP97, and in actin filaments each

result in reduced synaptic expression of GluR1-

containing AMPARs, showing the importance of

these interactions for GluR1 trafficking (Shen et

al., 2000; Sans et al., 2001; Klöcker et al., 2002;

Rumbaugh et al., 2003).

4.1

GluR1 827-EFCYKSRSESKRMKGFCLIPQQSINEAIRTSTLPRNSGAGASGGGGSGENGRVVSQDFPKSMQSIPSMSHSSGMPLGATGL- 907

SAP974.1

GluR3 839-EFCYKSRAESKRMKLTKNTQNFKPAPATNTQNYATYREGYNVYGTESVKI 888

GluR2 834-EFCYKSRAEAKRMKVAKNPQNINPSSSQNSQNFATYKEGYNVYGIESVKI 883

GluR4 835-EFCYKSRAEAKRMK-------LTFSEATRN--KARLSITGSV-----GENGRVLTPDCPKAVHTGTAIRQSSGLAVIASDLP 902

GRIP/ABP/PICK1

GRIP/ABP/PICK1

NSF

AP2

PKC

PKC

Figure 8. Diagram of proteins associated with the intracellular C-termini of GluR1-4. The numbers are derived from the total
protein sequence. 
The AP2 binding motif, KRMK (light blue) is found in all subunits, GluR1 aa 837-840, GluR2 aa 844-847, GluR3 aa 849-852,
GluR4 aa 845-848. The 4.1 protein (yellow) binds to GluR1 at aa 830-840 and to GluR4 at aa 838-848. The PKC binding
motif (purple) was mapped to the same region, in GluR1 aa 827-840 and in GluR4 aa 836-848. The PDZ protein SAP97 (red)
binds to the last four amino acids of GluR1 aa 904-907. The PDZ binding proteins GRIP, ABP and PICK1 (blue) all bind to the last
four amino acids in GluR2 aa 880-883 and GluR3 aa 885-888. The NSF binding motif (green) maps to aa 849-853 in GluR2.
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The GluR2, GluR3, and GluR4c binding

proteins, GRIP and ABP, form homo- and hetero-

meric clusters at the synapse (Srivastava et al.,

1998). These proteins also interact via their PDZ

domains with GRASP-1 (GRIP associated protein

1, Ye et al., 2000), which is localized both intracel-

lularly and at the synapse. Interestingly, overexpres-

sion of GRASP-1 results in reduced AMPAR ex-

pression at the synapse, suggesting that GRASP-1

influences AMPAR synaptic targeting. 

The generally presynaptic protein liprin-� is

also found to localize to postsynaptic sites, where it

has been proposed to be important for surface clus-

tering of AMPARs by interacting with GRIP/ABP

and GIT1 (GRK (G protein kinase) interactor 1,

Wyszynski et al., 2002; Ko et al., 2003). Recently, a

link between kinesin and liprin-� has been

described, suggesting that liprin-� acts as a scaffold

for synaptic proteins (Shin et al., 2003). Another

intriguing GRIP associated protein is the kinesin

motor protein, which drives both axonal and

dendritic vesicles. Binding of GRIP to kinesin

translocates the complex to dendrites, implying that

GRIP functions as a sorting signal for kinesin-

mediated vesicle transport (Setou et al., 2002). 

GRIP/ABP is found in two forms at the

synapse: a palmitoylated form, which is associated

with the membrane, and a non-palmitoylated form

that resides intracellularly. These two variants are

proposed to be the scaffolds that hold AMPARs at

the synapse and in an intracellular pool,

respectively (Yamazaki et al., 2001; DeSouza et al.,

2002).

PICK1 contains only one PDZ binding motif

that either binds to the same PDZ domain as

GRIP/ABP on GluR2 and GluR3 or to PKC. PICK1

readily dimerizes, which possibly clusters GluR2 or

GluR3 with PKC, thereby recruiting PKC to the

synapse (Dev et al., 1999; Xia et al., 1999). These

interactions and the phosphorylation activity of

PKC are thought to be important in receptor

trafficking and will be discussed later.

In contrast to GluR3, GluR2 and GluR4c

contain a distinct site further upstream of the PDZ

domain where the ATPase NSF (N-ethylmaleimide-

sensitive fusion protein) binds (fig. 8) (Nishimune

et al., 1998; Osten et al., 1998; Song et al., 1998;

Lee et al., 2002a). NSF participates in presynaptic

vesicle fusion by disrupting the interaction between

SNARE (soluble NSF attachment protein receptors)

and a vesicle once the complex is docked at the

membrane, where after the vesicle fuses with the

membrane (Rothman & Wieland, 1996; May et al.,

2001). Blocking the NSF-GluR2 interaction with a

peptide identical to the C-terminus of GluR2 redu-

ces synaptic transmission through AMPARs (Nishi-

mune et al., 1998; Song et al., 1998) and strongly

inhibits surface expression of GluR2 (Noel et al.,

1999). Although unnecessary for the NSF-GluR2

interaction, both �- and ß-SNAPs (soluble NSF

attachment proteins) are found in the NSF-GluR2

complex (Osten et al., 1998), and they catalyze the

recently described NSF-dependent disruption of the

PICK1-GluR2 complex (Hanley et al., 2002). 

Adaptor protein complex 2 (AP2), a clathrin

adaptor complex important in endocytosis, co-

localizes and co-immunoprecipitates with AMPARs

(Carroll et al., 1999; Man et al., 2000). The C-

termini of all AMPARs contain the consensus motif

KRMK (fig. 8) (Lee et al., 2002a), which overlaps

with the originally described NSF binding site in

GluR2. AP2 binding is important for NMDA-

mediated LTD involving AMPAR endocytosis, but

the mechanism behind this has presently not been

elucidated.

Apparently, GluR4 contains no PDZ binding

sequences, but a few other protein interactions have

recently been described. Like GluR1, GluR4

contains a binding domain for the cytoskeletal

protein 4.1 consisting of 14 amino acids (aa 838-

848) located just downstream from the last mem-

brane spanning segment (fig. 8) (Coleman et al.,

2003). Point mutations in the domain reduce GluR4

surface expression, most clearly seen when three
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positively charged residues are mutated to the

neutral serine (R841S/K845S/R846S). GluR1 and

GluR4 share 12 of the 14 amino acids in the binding

domain (two alanines are substituted by serines in

GluR1). GluR2 contains a sequence with com-

pletely homology to the binding site of the 4.1

protein in GluR4 while GluR3 only differs at one

position (an alanine substituted by a serine),

nevertheless, they do not bind the 4.1 protein in a

GST (glutathione S-transferase) pull-down assay,

indicating that the interaction also depends on other

structural features.

A direct interaction between GluR4 and PKC

has been reported (Correia et al., 2003). The

binding domain maps to aa 835-848, which is iden-

tical to the 4.1-binding site including the KRMK

motif of AP2 binding (fig. 8), and both GluR1 and

GluR4 co-immunoprecipitate with PKC. 

The neuronal activity-regulated pentraxin

(Narp) clusters AMPARs at the synapse (O’Brien et

al., 1999; O’Brien et al., 2002), and it co-immuno-

precipitates with GluR1, GluR2, and GluR3 (but

not GluR4). Since Narp can induce AMPAR cluste-

ring in adjacent cells, the mechanism is speculated

to involve an interaction between the extracellular

domains of the subunits and Narp. A recent report

described the ability of Narp together with another

neuronal pentraxin, NP1, to mediate synapto-

genesis of excitatory synapses (Xu et al., 2003).

1.2.7 Trafficking of AMPARs

1.2.7.1 Exocytosis

The targeting of AMPARs to the synapse follows

different pathways depending on subunit

composition (fig. 9). The GluR1 subunit dominates

trafficking of heteromeric receptors (Passafaro et

al., 2001; Shi et al., 2001; Takahashi et al., 2003),

which are transported to the synapse through an

activity-dependent pathway involving NMDAR-

mediated Ca2+-influx and subsequent CaMKII

activation (Shi et al., 1999; Hayashi et al., 2000).

However, mutation of the GluR1 CaMKII phospho-

rylation site Ser849 has no effect on the transport,

suggesting that other CaMKII substrates are invol-

ved in the delivery of GluR1-containing receptors

to the synapse. Recently, Malinow’s group showed

that PKA phosphorylation of Ser857 in GluR1

together with Ser849 phosphorylation is necessary

for synaptic expression of GluR1 and efficient LTP

(Esteban et al., 2003), suggesting a role for Ser849

phosphorylation in synaptic receptor clustering. 

The small GTPase, Ras influences activity-

dependent insertion of AMPARs containing long

tailed subunits through activation of p42/44 MAPK

(mitogen-activated protein kinase) (Zhu et al.,

2002). Additionally, mutating Ras effectively

blocks CaMKII mediated AMPAR recruitment,

indicating that Ras plays a role in the CaMKII

signaling cascade. 

Mutating the PDZ domain in GluR1 slows

the surface expression of GluR1-containing

AMPARs and greatly inhibits synaptic clustering

(Hayashi et al., 2000; Passafaro et al., 2001). The

mutant receptors accumulate in the dendrites,

suggesting that the transport from the dendrites to

the dendritic spines/synapses requires a functional

PDZ domain (Piccini & Malinow, 2002). In cul-

tured hippocampal neurons, GluR1 was delivered to

the cell surface at extrasynaptic sites (fig. 9)

(Passafaro et al., 2001), which suggests a lateral

transport of GluR1-containing AMPARs to the

synaptic specialization. 

Chen and colleagues have shown that the

membrane PDZ protein stargazin (Letts et al.,

1998) interacts with all four AMPA subunits and is

necessary for the correct localization of AMPARs

in the synapse (Chen et al., 2000). The interaction

between stargazin and AMPARs has not been

elucidated, but co-expressing stargazin with GluR1

in oocytes greatly enhances the surface expression

of GluR1 (Chen et al., 2003). Furthermore, star-

gazin null mutant mice lack AMPAR-mediated cur-

rents, which was rescued by recombinant stargazin,

independent of whether the introduced stargazin

Introduction 23



P

P
GRIP/ABP

NSF

SAP97/GRIP/ABP

P DegradationRecycling

Exocytosis Endocytosis

P

P

P

P

P

Synthesis

Ras?
Phosphorylation?

Lysozyme

GluR1

GluR2

GluR3

Stargazin

AP2

PICK1

Synaptic scaffold protein

Intracellular scaffold protein

Clatrin coat

Figure 9. Drawing of AMPAR trafficking at the synapse. Subunit phosphorylation influences delivery, and the GTPase Ras
contributes to delivery of receptors containing long-tailed subunits. Intracellular AMPARs are docked via the PDZ proteins GRIP, ABP
and/or SAP97. GluR1 mediated receptor insertion into the membrane is chaperoned by stargazin or another TARP, which also
influences synaptic clustering of the receptors. The delivered receptors are associated with scaffolding proteins (possible
palmitoylated GRIP/ABP or PSD-95), which retain the receptors at the synapse. Continuous replacement of receptors is mediated by
GluR2-containing receptors and NSF. AP2 is essential for assembly of clathrin coated pits, and AMPARs are endocytosed after
Ser880 phosphorylation of GluR2, which abolishes GRIP/ABP binding, but not PICK1 binding. The endocytosed receptors are
either recycled or targeted for degradation.
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contains a PDZ domain (Chen et al., 2000).

Overexpression of stargazin did not, however,

increase synaptic AMPAR responses. Stargazin

interacts with PSD-95 through the PDZ domain

(Chen et al., 2000; Dakoji et al., 2003), and

phosphorylation of a Thr in the stargazin PDZ

domain abolishes this interaction (Chetkovich et

al., 2002; Choi et al., 2002). Synaptic clustering of

AMPARs depends on stargazin binding to PSD-95,

and increasing levels of PSD-95 at the synapse

increase the amounts of synaptic AMPARs (Chen et

al., 2000; Schnell et al., 2002). Therefore, a two-

step function of stargazin in AMPAR targeting to

the synapse has been proposed, where stargazin

first mediates the extrasynaptic delivery followed

by the translocation to and anchoring at the synapse

via interactions with PSD-95 (fig. 9). 

Stargazin (�-2) belongs to a family of prote-

ins termed transmembrane AMPAR regulatory pro-

teins (TARPs) that also includes �-3, �-4, and �-8.

While stargazin is mainly found in the hippo-

campus, the other TARPs are found throughout the

brain, and they have been proposed to mediate

AMPAR targeting in a manner similar to that de-

scribed for stargazin (Chen et al., 2000; Moss et al.,

2003; Tomita et al., 2003). The TARPs are securely

localized at the synapse and detach from AMPARs

before internalization of the receptors upon

glutamate activation. Notably, a further investiga-

tion of the binding of AMPARs to TARPs has

revealed that both extra- and intracellular domains

of TARPs are necessary for receptor trafficking

(Tomita et al., 2004). 

GluR2-containing AMPARs cycle to and

from the synapse by an activity-independent path-

way, thereby continuously replacing AMPARs in

the synapse with GluR2-containing receptors (fig.

9) (Passafaro et al., 2001; Shi et al., 2001).

Mutation of the C-terminal the binding sites for

NSF and PDZ protein binding in GluR2 did not

affect surface insertion of GluR2-containing recep-

tors, while synaptic clustering of GluR2-containing

AMPARs was impaired (Braithwaite et al., 2002).

Likewise, GFP-tagged wildtype GluR2 and PDZ

domain mutant GluR2 was clustered in dendritic

spines, suggesting PDZ domain independent sur-

face delivery of GluR2 containing AMPARs

(Piccini & Malinow, 2002). Newly inserted GluR2-

containing receptors co-localized with a synaptic

marker in fluorescent immunohistochemical stain-

ings, suggesting that surface delivery of GluR2-

containing receptors takes place directly at the

synapse (Passafaro et al., 2001). However, the

limited resolution of fluorescence microscopy

might disguise the fact that GluR2 is delivered

perisynaptically. Fluorescent tagged anti-GluR2

antibodies enabled the imaging of GluR2-con-

taining receptors in live neurons, which were either

stationary or restrained in their movements at

synaptic sites, while receptors moved more freely

extrasynaptically (Tardin et al., 2003). NSF inter-

actions do not influence surface expression, but are

important for synaptic currents through the

AMPARs (Shi et al., 2001; Lee et al., 2002a),

possibly by ensuring AMPAR delivery to, cluster-

ing at, and/or recycling at the synapse (Braithwaite

et al., 2002; Lee et al., 2002a).

Recently, Liu and Cull-Candy showed that

membrane delivery of GluR2-containing AMPARs

could also be activity-regulated. High frequency

stimulation of stellate cells in cerebellar slices

resulted in a change from AMPARs without GluR2

to receptors containing GluR2 due to local Ca2+-

influx through either AMPARs (without edited

GluR2) or N-type voltage-gated Ca2+-channels, but

not NMDARs (Liu & Cull-Candy, 2002). This also

explains the finding that GluR2-containing

AMPARs appear on the soma, because Ca2+-influx

during action potential generation would trigger

GluR2-containing receptor emergence (Liu & Cull-

Candy, 2002). Activity-dependent insertion of

GluR2-containing receptors into the synapses has

also been described in dorsal horn neurons in spinal

cord slices, where a peptide mimicking the PDZ-
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domain of GluR2/3 could inhibit recruitment of

new AMPARs (Li et al., 1999). PKC activity was

also necessary for trafficking, but the mode of

action of the PDZ peptide and PKC activation on

GluR2/3 recruitment is at the moment unclear (Li et

al., 1999). 

Overexpressed recombinant homomeric

GluR3 AMPARs were found in the dendritic spines,

but they were not delivered to the synapse. GluR3

shares the PDZ recognition site with GluR2, but

lacks the NSF-binding site, implying that this

domain is essential for activity-independent mem-

brane and synaptic delivery (Shi et al., 2001).

Additionally, no phosphorylation sites are found in

the C-terminal of GluR3.

Spontaneous activity results in delivery of

GluR4-containing receptors to the synapse in early

development of hippocampal neurons. The delivery

is dependent on NMDAR activation and PKA-

mediated phosphorylation, but not on CaMKII

activity (Zhu et al., 2000; Esteban et al., 2003).

PKA activation can be mediated by Ca2+-influx

through NMDARs. The cytoskeletal protein 4.1

binding site in the C-terminal tail of GluR4 is

important for the surface delivery (Coleman et al.,

2003), and phosphorylation of Ser862 enhances

delivery (Correia et al., 2003; Esteban et al., 2003

422). The unphosphorylated Ser862 retains the

receptor internally and mutating the Ser862 to

aspartate to mimic phosphorylation or removing the

charged serine by Ser862Ala resulted in delivery of

GluR4 to the synapse irrespective of stimulation,

stressing the importance of the side chain at

position 862 as a retention signal (Esteban et al.,

2003).

A conserved motif (IQI) in the extreme N-

terminal of the AMPAR subunits is important for

internal receptor movement (Xia et al., 2002).

Mutating the motif does not interfere with dimer

formation, but abolishes surface expression of the

mutant, which instead co-localizes with the ER

marker calnexin. 

1.2.7.2 Endocytosis

Both constitutive and regulated activity-dependent

AMPAR endocytosis is mediated by clathrin-coated

pits (Carroll et al., 1999; Man et al., 2000). The

regulated insulin-dependent endocytosis is reduced

by the inhibition of several protein phosphatases,

including calcineurin, protein-phosphatase-1,

protein-phosphatase-2A, and tyrosine phosphatases

(Beattie et al., 2000; Lin et al., 2000), while a recent

study shows that phosphorylation of three tyrosines

in the C-terminus of GluR2 (but not GluR1)

induces insulin driven endocytosis (Ahmadian et

al., 2004). The insulin-dependent internalization of

GluR2-containing AMPARs depends on the C-

terminal 15 amino acids of GluR2 (Lin et al., 2000;

Man et al., 2000), a region that includes the AP2

binding motif. Likewise, NMDAR-mediated endo-

cytosis depends on AP2 binding (fig. 9), which may

facilitate the assembly of clathrin-coated pits that

mediate receptor endocytosis (Lee et al., 2002a).

Endocytosis occurs at specialized zones near the

postsynaptic density (Blanpied et al., 2002), and

earlier studies have shown that AMPAR-mediated

currents are elevated upon disruption of the

endocytosis of clathrin coated pits (Lüscher et al.,

1999). 

Several reports imply that activity-dependent

endocytosis relies on phosphorylation of Ser880 in

the C-terminus of GluR2, which abolishes binding

of GRIP/ABP to the receptor (fig. 9) (Chung et al.,

2000; Matsuda et al., 2000; Perez et al., 2001;

Seidenman et al., 2003). However, inhibiting

GRIP/ABP and PICK1 binding with a C-terminal

GluR2 peptide enhances excitatory postsynaptic

current (EPSC) amplitude, and since inhibition of

only PICK1 binding does not influence the EPSC

amplitude, it is likely that an intracellular pool of

receptors is anchored by GRIP/ABP (Daw et al.,

2000; Braithwaite et al., 2002; Hirbec et al., 2003).

Recently, DeSouza and colleagues suggested that

synaptic AMPARs interact with palmitoylated

GRIP/ABP, while an intracellular pool of AMPARs
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associates with non-palmitoylated GRIP/ABP.

Binding of PICK1 and Ser880 phosphorylation of

GluR2 enable the receptors to cycle between the

two pools (fig. 9) (DeSouza et al., 2002). The C-

terminal amino acids important for endocytosis

were mapped to 10 amino acids proximal to the M4

membrane spanning helix (Lin et al., 2000;

Ahmadian et al., 2004). Seven of these amino acids

are conserved among all AMPAR subunits and

overlaps with the described PKC and 4.1 protein

association sites in GluR1 and GluR4, but not the

shared AP2 binding motif.

The different mechanisms for AMPAR

internalization affect the fate of endocytosed

AMPARs (Ehlers, 2000; Lin et al., 2000). Two

different pathways have been described: NMDAR-

mediated endocytosis, which leads to recycling, and

endocytosis in response to AMPA application,

which leads to degradation of the receptors (fig. 9)

(Ehlers, 2000). Recently, Lee et al., (2004) showed

that the sorting of internalized receptors was

controlled by the subunit composition. Homomeric

GluR1 was constitutively endocytosed and activity

did not alter the rate of endocytosis. In contrast,

homomeric GluR2 and GluR3 endocytosis was

induced by NMDA and AMPA application. While

GluR1 was extensively recycled, the GluR3 subunit

was directly targeted for degradation regardless of

triggering pathway. GluR2 was found to be

dominating in GluR1/GluR2 heteromeric receptors

and NMDA-mediated endocytosis led to degrada-

tion, while AMPA application targeted the internali-

zed receptors for recycling. This activity-dependent

sorting disagrees with the earlier results described

by Ehlers (2000). Pre-incubating the cultures in

TTX prior to the experiments as described by

Ehlers switched the endocytosis pathways (Lee et

al., 2004). 

Ubiquitination of a protein triggers the

ubiquitin/proteasome pathway, where the 26S

proteasome degrades the tagged protein after

endocytosis (for reviews see Hochstrasser, 1996;

Ciechanover & Brundin, 2003; Haglund et al.,

2003; Pickart, 2004). NMDAR activation mediates

ubiquitination of PSD-95, thereby triggering rapid

endocytosis (Colledge et al., 2003; Patrick et al.,

2003), and inhibition of ubiquitination abolishes

AMPAR internalization, suggesting that PSD-95

interacts with AMPARs at the synapse, possibly

through interactions with stargazin (Chen et al.,

2000; Dakoji et al., 2003). 

1.2.7.3 Rate of AMPAR trafficking

Both exo- and endocytosis of AMPARs are fairly

rapid processes. Endocytosis is a continuous

phenomenon with 10-20% of the receptors inter-

nalized within 20 min, and synaptic stimulation

greatly enhances the rate (Ehlers, 2000; Lin et al.,

2000). The rate of exocytosis depends on the

subunit composition of AMPARs. Thus, GluR1-

containing receptors are slowest (22% after 1 hour),

while GluR2-containing receptors are three times

faster (63% after 1 hour). NMDAR activation or

insulin application enhances the exocytosis of

GluR1-containing receptors, while these manipula-

tions have no effect on the rate of exocytosis of

receptors containing GluR2 (Passafaro et al., 2001).

Estimation of AMPAR half-lives by radio-

active pulse-chase measurements in cultured

neurons reveal that the half-life of GluR1 ranged

from 12 to 68 hours (Mammen et al., 1997; Perry &

Henley, 1997; Archibald et al., 1998; O’Brien et al.,

1998). The different half-lives reported may be

attributed to different cell culture types, culturing

conditions and the fact that long half-lives were

obtained with a 24 hour pulse of [35S]methio-

nine:cysteine, while a 20-30 min pulse resulted in

shorter half-lives. Inhibiting NMDAR and AMPAR

activation prolonged the GluR1 half-life to 32 hours

compared to 18 hours for normal control cultures

(O’Brien et al., 1998). The half-life of GluR2/3

(immunoprecipitated with an antibody recognizing

both subunits) was estimated to be 18 hours, while

GluR4 half-life was found to be 23 hours using a 20
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min pulse (Huh & Wenthold, 1999). In the only

reported in vivo half-life estimation, Kjøller and

Diemer injected radioactive methionine either

directly into the hippocampus or non-invasively

through the carotid artery, and found that GluR2

half-lives ranged from 4 to 6 days (Kjøller &

Diemer, 2000).

1.2.8 Synaptic plasticity

LTP and LTD in neurons are thought to be involved

in learning and memory and the involvement of

AMPARs will briefly be described in the following.

LTP is induced by high frequency stimulation and

results in elevated levels of synaptic transmission

(reviewed in Collingridge & Bliss, 1995; Nicoll,

2003; Lynch, 2004), while LTD is induced by low

frequency stimulation and results in depressed

levels of synaptic transmission (for review see Bear

& Abraham, 1996). 

Both upregulated and downregulated synap-

tic transmission could arise from presynaptic

changes of neurotransmitter release regulated

through a retrograde messenger (reviewed in

Voronin & Cherubini, 2003), possibly nitric oxide

(Volgushev et al., 2000). Postsynaptic changes can

also mediate LTP and LTD, and both have been

associated with AMPARs, in particular to the regu-

lated trafficking of the receptors (for recent reviews

see Barry & Ziff, 2002; Malinow & Malenka, 2002;

Bredt & Nicoll, 2003; Henley, 2003; Malenka,

2003; Malinow, 2003; Sheng & Hyoung Lee, 2003).

In a number of reports, LTP has been linked to the

insertion of new AMPARs at the synapse (Shi et al.,

1999; Hayashi et al., 2000; Pickard et al., 2001),

and blocking vesicle fusion inhibits both AMPAR

insertion and LTP (Lledo et al., 1998). The inhi-

bition of LTP depends on the subunit composition

of AMPARs. Specific disruption of activity-depen-

dent exocytosis of GluR1-containing AMPARs

inhibits LTP (Shi et al., 2001), and early in

development, the inhibition of the activity-

independent delivery of GluR4-containing

receptors occludes LTP (Zhu et al., 2000; Esteban

et al., 2003). 

In contrast to LTP, LTD is generally inhibited

by blockade of receptor endocytosis (Beattie et al.,

2000; Man et al., 2000; Carroll et al., 2001; Lee et

al., 2002a), e.g. LTD is occluded by introduction of

a NSF peptide, which chronically downregulates

AMPARs (Lüscher et al., 1999). 

Phosphorylation and dephosphorylation of

the different subunits can both alter receptor

function and modulate receptor trafficking (Lee et

al., 2000; Esteban et al., 2003), so the induction of

LTP or LTD could be a consequence of altered

receptor function as well as of the number of

receptors at the synapse.

1.3 RNA interference
Recently, the novel and powerful method of

transitive gene knockdown, termed RNA inter-

ference, has been shown to function in neuronal

cultures (Krichevsky & Kosik, 2002). 

In 1998, RNA interference (RNAi) was

described in the nematode Caenorhabditis elegans

(Fire et al., 1998) and Drosophila melanogaster

(Kennerdell & Carthew, 1998), but is closely re-

lated to post-transcriptional gene silencing (PTGS)

described in plants in 1996 (Jorgensen et al., 1996).

Both pathways of gene silencing are triggered by

dsRNA with complete homology to the target gene

(reviewed in Tuschl, 2001; Hannon, 2002;

Tijsterman et al., 2002; Agrawal et al., 2003; Denli

& Hannon, 2003). 

The complete mechanism of RNAi is

presently not fully understood, but involves the

recognition and cleavage of dsRNA by Dicer to

create 21-25 nt dsRNA products (fig. 10) (Bern-

stein et al., 2001). Dicer belongs to the family of

dsRNA-specific RNase III-like enzymes, which

usually contains a dsRNA catalytic cleavage site in

each end that cleaves dsRNA into 10-18 nt pieces

(Blaszczyk et al., 2001). Therefore, a dimeric
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structure of Dicer has been proposed in which the

middle two enzymatic sites are inactive, thereby

explaining the 21-25 nt Dicer products (Blaszczyk

et al., 2001; Hannon, 2002; Zhang et al., 2002).

These 21-25 nt dsRNAs, termed either small or

short interfering RNAs (siRNAs), are unwounded

before only one of the strands is incorporated into

the RNA-induced silencing complex (RISC) (fig.

10) (Hammond et al., 2000; Schwarz et al., 2003).

This activated RISC utilize the 5’ end of the siRNA

to recognize the target, which is cleaved in the

middle of the siRNA (Elbashir et al., 2001b). Both

Dicer

Long dsRNA pre-miRNA

siRNAs

RdRP mediated
dsRNA synthesis

RISC

AAA...An

mRNA degradation

Translational repression

AAA...An
Target gene

3'-UTR

Synthetic siRNAs
shRNAs

Figure 10. A drawing of the processing of dsRNA in RNA interference and the processing of miRNAs. Dicer digests both long
dsRNA and the stem-loop of pre-miRNA into 21-25 nt dsRNA fragments. One of the strands is then incorporated into RISC while
the other is degraded. Target recognition with complete basepairing results in mRNA degradation, while incomplete basepairing as
found with miRNAs results in translational repression. In some species, dsRNA synthesis through RdRP is primed by siRNA.
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the initial dsRNA cleavage by Dicer and the

unwinding of siRNA associated with RISC are ATP

dependent (Zamore et al., 2000; Nykänen et al.,

2001). One of the components of RISC has been

identified in D. melanogaster as a ribonucleo-

protein of ~130 kDa called Argonaute 2 (Hammond

et al., 2001), and several related proteins have been

found in plants, fungi, worms, flies and mammals

(Fagard et al., 2000; Hutvágner & Zamore, 2002;

Martinez et al., 2002). Knocking out one of these

proteins, RDE-1 (RNAi deficient 1), in C. elegans

created RNAi resistant mutants (Tabara et al.,

1999). Additional components of RISC have

recently been described, of which one is the Dro-

sophila homolog of the human fragile X mental

retardation protein, thus presenting a link between

human disease and the RNAi mechanism (Caudy et

al., 2002; Ishizuka et al., 2002).  

A related group of small dsRNAs, called

microRNAs (miRNAs), which modulate gene

expression at the translational level, have been

isolated in several species (reviewed in Bartel,

2004). The first miRNA was described in C.

elegans, where the lin-4 gene product is a short

RNA that represses the translation of the lin-14

mRNA upon binding (Lee et al., 1993; Wightman et

al., 1993). Since then, several hundred genomically

encoded miRNAs have been isolated in plants,

worms, flies and mammals emphasizing the signi-

ficance of miRNAs as an universal mediator of

gene regulation (Lagos-Quintana et al., 2001;

Aravin et al., 2003; Lagos-Quintana et al., 2003;

Lim et al., 2003). Subsequently, a searchable

miRNA database has been published for the naming

of discovered molecules (Griffiths-Jones, 2004).

The overall structure of a miRNA is very similar to

that of a siRNA (Lee et al., 2002b; Zeng & Cullen,

2003). The miRNAs are 21-23 nt dsRNA fragments

with sequences complementary to the 3’UTR of

their targets, but generally not with complete

homology. Pre-miRNAs are stem loops of RNA

without complete basepairing, and shares some of

the siRNA maturing machinery (fig. 10) (Zeng et

al., 2003). Dicer is thought to cleave the dsRNA

stem loops of pre-miRNA, resulting in the 21-23 nt

active miRNA. In addition, target recognition is

thought to function through miRNA complexing

with RISC (Schwarz et al., 2003). Pre-miRNAs are

generated by the RNase III, Drosha, from longer

precursors termed pri-miRNA, which are either

transcribed from regions without known genes or

found as segments within introns (Aravin et al.,

2003; Lagos-Quintana et al., 2003; Lim et al.,

2003). 

A new feature of RNAi, transitive RNAi, has

been described in C. elegans by Sijen and col-

leagues (Sijen et al., 2001). They targeted the 3’ end

of a gene in heterozygotes with homologous 5’ ends

and heterologous 3’ ends and found that both alleles

were silenced. RNA amplification by RNA directed

RNA polymerase (RdRP) primed by the siRNA is

thought to produce new dsRNAs of the targeted

gene 5’ to the siRNA (fig. 10). Dicer then catalyzes

the cleavage of this dsRNA to new siRNAs with

specificity for the homologous 5’ end of the target

RNA. RdRP activity has also been described in D.

melanogaster embryo extracts and Schneider cells

with labeled siRNAs acting as primers (Lipardi et

al., 2001). However, neither transitive RNAi nor

RdRP activity has been observed in mammalian

cells (Stein et al., 2003). 

The mechanism of systemic spreading of

gene silencing in C. elegans from the injection site

to the entire worm probably involves RdRP me-

diated amplification of the target RNA followed by

transport of the long dsRNA between cells (Fire et

al., 1998; Sijen et al., 2001). The sid-1 gene, which

encodes a 776 amino acid protein with 11 predicted

transmembrane domains, is essential for systemic

spreading either by mediating import of the RNAi

signal or as a tool in the processing of systemic

RNAi (Winston et al., 2002). Homologous genes

have been identified in both mouse and human

genomes but there are no other indications of sys-
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temic RNAi in mammals. In the Drosophila

genome, a sid-1 gene has not been identified in

accordance with the observation of strict localiza-

tion of RNAi in this species (Giordano et al., 2002).

PTGS is thought to constitute an antiviral

defense system in plants (reviewed in Marathe et

al., 2000), while RNAi in animals probably protects

the genome against endogenous transposable

elements (Ketting et al., 1999; Tabara et al., 1999),

but RNAi might also have other functions. Several

earlier findings from the 1960’s and 70’s described

aspects of translational control by dsRNA and

transfer of conditioning in planarians and rats

(recently review by Smalheiser et al., 2001; Peder-

son, 2004). In particular, the transfer of conditioned

behavior in planarians and rats by RNA extracts

drew much attention as a means of memory transfer

(McConnell, 1966; Golub et al., 1970; Malin et al.,

1971). Although several reports were published

(Byrne, 1970), some attempts to replicate the

results failed (Gaito, 1974) and finally led to the

termination of this branch of research (Smalheiser

et al., 2001). In addition, some reports in the mid

80’s described the ability of dsRNA to inhibit gene

function in Aspergillus spp., but could not at that

time be explained (reviewed in the context of RNAi

by Schmidt, 2004).

Before RNAi could be adapted to mammals

and mammalian cell lines, the unspecific degrada-

tion of RNA mediated by long dsRNA had to be

circumvented. Upon introduction of long dsRNA,

the cellular response activate either the dsRNA-

dependent protein kinase that leads to unspecific

gene suppression and eventual cell death, or the 2’,

5’-oligoadenylate synthetase that activates the

unspecific RNase, RNaseL (reviewed in Jacobs &

Langland, 1996; Williams, 1999). A few early

reports described functional RNAi caused by long

dsRNA in mice oocytes and early embryos

(Svoboda et al., 2000; Wianny & Zernicka-Goetz,

2000), but the breakthrough came with the isolation

of siRNAs in 2001, since introduction of 21-23 nt

siRNAs effectively knocked down target mRNAs

without activating the unspecific pathways (Caplen

et al., 2001; Elbashir et al., 2001a).

Not all siRNA sequences targeting the same

gene are likely to result in complete knockdown of

the target gene. Therefore, it has become common

practice to design at least three siRNAs against the

same target gene followed by screening of gene

knockdown. A few guidelines for the design of

efficient siRNAs are available. 3’ TT or UU over-

hangs in both the sense and antisense sequences of

siRNAs are most effective (Elbashir et al., 2001b)

and the 5’ end of the sense strand should bind

stronger than the 3’ end, which should target the

antisense strand for binding with the RISC

(Harborth et al., 2003; Khvorova et al., 2003;

Schwarz et al., 2003). 

The synthesis of siRNAs can be either

chemical or through the use of T7 RNA polymerase

(Elbashir et al., 2002). Because of their small size,

siRNAs have large transfection efficiency, but do

not result in stable transfectants in the studied cell

lines (Agrawal et al., 2003). Several plasmid-based

procedures for generating short dsRNA for RNAi

have been described. One method employs a

plasmid in which the sense and antisense sequences

are transcribed individually, whereupon the two

resulting nucleotide sequences are thought to

anneal correctly forming an siRNA (Miyagishi &

Taira, 2002). Another method is derived from the

pre-miRNA structure of RNA stem loops. Vectors

transcribing short hairpin RNA, shRNA, under the

control of an RNA polymerase III promotor (a U6

or an H1 RNA promotor) can effectively induce

RNAi (Brummelkamp et al., 2002; McManus et al.,

2002; Paddison et al., 2002; Paul et al., 2002; Sui et

al., 2002; Yu et al., 2002). These shRNAs contain

the sense sequence, a hairpin loop, and the

antisense sequence in succession ending with a

termination signal of four T’s. The use of plasmids

can generate prolonged gene silencing and possibly

stable transfectants. Recently, the use of PCR
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products of the shRNA cassette (including

promotor sequences) has been described as

effective in gene knockdown presenting a novel

method of screening siRNA candidates (Castanotto

et al., 2002; Gou et al., 2003).

1.4.1 Transgenic animals 

Several methods for the genetic manipulation of

protein expression are available. The labor-

extensive transgenic animal models have evolved

from additive transgenesis of randomly inserted

transgenes to specific gene targeting, which in-

cludes knockout of targeted genes and knock-in at

specific sites in the genome of normal or mutated

transgenes (reviewed in Babinet & Cohen-

Tannoudji, 2001; Wells & Carter, 2001; Carter,

2004). Recent advances have utilized systems for

the activation of transgenes or knockouts in specific

tissues and/or at developmental stages (reviewed in

Gingrich & Roder, 1998; Mayford & Kandel, 1999;

Corbel & Rossi, 2002).

1.4.2 RNA knockdown techniques

The specific knockdown of mRNA by RNAi,

antisense oligonucleotides, ribozymes and

DNAzymes presents alternatives for elucidating

gene function (reviewed in Scherer & Rossi, 2003;

Wood et al., 2003; Trülzsch & Wood, 2004). Anti-

sense oligonucleotides are usually 10-30 bases

long, but six or seven bases are enough for target

recognition of RNA by antisense oligonucleotides

(structure and mechanism is reviewed in Dias &

Stein, 2002). To stabilize the oligonucleotide

different modifications of the backbone were

introduced. In addition, backbone composition

predicts the mode of action of the antisense oligo-

nucleotide, where negatively charged backbones

activate RNase H cleavage of the target mRNA

followed by release of the antisense oligonucleotide

for recycling. Antisense oligonucleotides with other

backbones exert steric hindrances by binding to the

target RNA, thereby inhibiting gene expression,

splicing, or nuclear-cytoplasmic transport (Dias &

Stein, 2002). 

Another mode of RNA degradation was

presented by the discovery of ribozymes, which are

RNA molecules with catalytic activities. The ribo-

zymes associate with the target RNA by standard

Watson-Crick base-pairing (for reviews see

DeRose, 2002, 2003; Ferré-D’amaré A, 2004;

Peracchi, 2004). Of the structural different

ribozymes, the hammerhead and hairpin structures

are the most widely used for engineered gene

silencing. 

Using the ribozymes as models, DNAzymes

that cleave RNA were designed in the laboratory

and, presently, have not been found in nature

(reviewed in Cairns et al., 2002; Emilsson &

Breaker, 2002). These small DNAs recognize the

target mRNA in a similar fashion as ribozymes, and

recycle after target cleavage. The same backbone

modifications are applicable for DNAzymes as for

antisense oligonucleotides, thereby making them

fairly robust.

1.4.3 Comparisons of different mechanisms of

acute RNA knockdown

Recent studies have compared the efficacy, potency

and duration of knockdown between different anti-

sense oligonucleotide designs and siRNAs. The

efficacy and potency of siRNAs were found to be

either identical (Hough et al., 2003; Vickers et al.,

2003) or better (Bertrand et al., 2002; Grünweller et

al., 2003) than antisense oligonucleotides. In addi-

tion, a longer duration of siRNA mediated mRNA

knockdown has been reported (Bertrand et al.,

2002; Hough et al., 2003). This might be ascribed to

a lower toxicity of siRNAs compared to the

backbone modified oligonucleotides (Hough et al.,

2003). For both methods, several different oligos

for the same target had to be evaluated to identify

the most potent oligo. Antisense oligonucleotides
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are inexpensive to synthesize compared to synthetic

siRNAs, but the possibility of using plasmids or

viral vectors for the delivery and transcription of

effective shRNAs confers certain advantages to the

RNAi pathway. 

1.5 Aim
The GluR2 subunit plays a crucial role in the

assembled receptor complex as described above.

The presence of GluR2 blocks Ca2+ entry through

the receptors and abolishes polyamine binding,

resulting in linear I/V-relationships. The GluR2

subunit is moreover important in receptor traf-

ficking, where it is thought to mediate the conti-

nuous recycling of AMPARs at the synapse. In

addition, the C-terminal tail of GluR2 harbors

several motifs that interact with synaptic proteins

thought to be involved in vesicle exo- and endo-

cytosis, as well as anchoring at the synapse.

Using single cell RT-PCR, Dai et al. (2001)

found that cultured cortical neurons mostly con-

tained mRNA for the GluR2 subunit as compared to

the other AMPAR subtypes. On the other hand,

cultured spinal neurons showed an abundance of

mRNA for GluR4, while GluR2 usually was not

present. Assuming the presence of subunit mRNA

bears some quantitative relationship to expression

of the receptors in the membrane, these two

neuronal populations would present an excellent

system for investigating the influence of GluR2-

lacking or -containing AMPARs in synaptic trans-

mission. In addition, in several of the cortical

neurons only GluR2 was detected (Dai et al., 2001),

suggesting the presence of homomeric GluR2

receptors although relatively normal responses to

AMPA was observed. This is in contrast to findings

that homomeric GluR2 receptors expressed in

heterologous systems only elicit small currents

(Swanson et al., 1997). Therefore, a correlation of

synaptic current kinetics with the respective

AMPAR subunit expression profile might reveal

whether cellular signaling is, indeed, mediated

through these receptors. Furthermore, identifica-

tion of neuronal subtypes might contribute to the

understanding of the different AMPA receptor

subunit expression profiles previously found.

However, electrophysiological characterization and

single cell RT-PCR on neurons from cortex and

spinal cord did not reveal a population of neurons

that consistently lacked GluR2. 

To create such a population, RNA inter-

ference was chosen to generate acute mRNA

knockdown. At that time (2001) the mechanism

underlying RNA interference was not fully

described, and had only recently been shown to

work in mammalian cells (Caplen et al., 2001;

Elbashir et al., 2001a), we nevertheless decided to

test its functionality in cultured primary neurons.

After preliminary experiments, which showed that

siRNAs effectively knocked down a housekeeping

gene, the aim of the project evolved to evaluate

several shRNAs targeted against the mRNA of the

GluR2 subunit in cultured cortical neurons.
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2 Materials and Methods

The contents of the media and buffers referred to in

the following section are described in section 2.2.

2.1 Methods
2.1.1 Neuronal cultures

12 mm glass coverslips (Knittel Gläser, Braun-

schweig, Germany) or small plastic pieces cut from

the bottom of 35 mm culture dishes (NUNC,

Roskilde, Denmark) were used for culturing

primary neurons. 

The coverslips were placed in either 35 mm

dishes, 6- or 12-well plates (NUNC, Roskilde,

Denmark) and treated with 25 mg·l-1 poly-D-lysine

(PDL, Sigma, St. Louis, MO, USA) for at least two

hours to enable the cells to adhere to the surface of

the glass or plastic. The coverslips were then

washed in two changes of sterile dH2O and placed

in plating medium for at least two hours before

plating of neurons.

Neurons from the brains of rat fetuses E14-

E20 were grown at 37°C and 5% CO2 in growth

medium. The cells were prepared in the following

way. Female rats, 14-20 days after insemination,

were anesthetized with an intraperitonal injection of

0.6 ml Mebumal SAD (50 mg·ml-1 Pentobarbital,

Sygehus apotekerne i Danmark). The fetuses were

removed by caesarian section and the mother was

killed immediately afterwards by cutting the major

arteries from the heart. The crown-rump length of

the embryos was measured for assement of

embryonic age. The brains of the fetuses were

carefully taken out of the skulls into dissection

medium. Cortex and hippocampus were dissected

from the rest of the brain under a stereomicroscope

and transferred to fresh plating medium. Five

cortical hemispheres (i.e 2.5 brains) were used for

six 35 mm dishes or for one 6-well plate. Four

hemispheres were used for a 12-well plate. Six

hippocampi (three brains) were used for six 35 mm

dishes. Spinal cord neurons were also dissected by 

carefully cutting open the spine and lifting out the 

spinal cord with a sterile glass hook. Five spinal

cords were used for six 36 mm dishes. After

trituation of the tissue by repeated passing through a

fire-polished pasteur pipette, larger fragments of

tissue were allowed to settle for two min. The single

cells in the supernatant were plated in the prepared

dishes or plates containing coverslips and plating

medium.

The entire medium was changed to growth

medium after one day in which fetal calf serum was

replaced by horse serum. Only half of the medium

was changed hereafter twice a week with fresh

growth medium. Following visual inspection of a

confluent background (usually day three or four)

approximately 30 µl of FUDR solution was added

to stop cell division. The cultures were used one to

five weeks after plating, depending on the

experiment.

2.1.2 Electrophysiology

2.1.2.1 The instruments

A Nikon Diaphot 200 inverted microscope (Nikon,

Tokyo, Japan) was fitted with DIC (differential

interference contrast) lenses and a fluorescence

cube set 41017 (exciter HQ470/40, dichroic mirror

Q495LP, emitter HQ525/50, Chroma, Rockingham,

VT, USA) to detect green fluorescent protein. The

coverslips were mounted in a perfusion chamber

with a glass bottom and perfused with artificial bath

medium (ABM) at approximately one ml·min-1.

Whole cell patch clamp recordings in the

voltage clamp mode were performed using an

Axopatch 200B amplifier (Axon Instruments,

Union City, CA, USA) connected to a PC through a

Digidata 1320A (Axon Instruments, Union City,

CA, USA). The amplifier was controlled using

pClamp 9.0 software (Axon Instruments, Union

City, CA, USA) and the currents were recorded

with the same software. In addition, continuous
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recording on videotape through a CRC VR-100B

Digital Recorder (Instrutech Corp., Great Neck,

NY, USA) was done for off-line analysis. 

2.1.2.2 The drug application system

A 12-barrel semi-rapid perfusion system, DAD-12

(ALA Scientific Instruments, Westbury, NY, USA)

was used to apply agonists and antagonists. The

system consists of 12 five ml syringes under air

pressure and mounted on soleniod valves. Both the

amount of pressure and the open time of the valves

were controlled by a PC. The reservoirs were

connected to a 12-barrelled micromanifold of fused

quartz microcapillaries (100 µm I.D.) which in turn

was connected to a common tip by a short length of

silicone tubing with an exchange volume of less

than one µl. This tip was placed approximately 

300 µm from the soma of the cell for recordings of

signals evoked by applied agonist (AMPA) and

about two mm away from the soma when using the

set-up for mini EPSC recordings to ensure complete

spread of blocking agents to isolate synaptic AMPA

mEPSCs.

2.1.2.3 Patch pipettes

Patch-clamp electrodes were fabricated from glass

tubes, GC-120F (Harvard Apparatus LTD, Kent,

UK) with filament (0.69 mm I.D.) using a Flaming/

Brown Micropipette Puller Model P-97 (Sutter

Instruments Co., Novato, CA, USA). Tip diameters

of one to two µm was obtained and the electrodes

were back-filled with Intracellular medium using a

microloader (Eppendorf, Hamburg, Germany). The

pipette was then mounted in the pipette holder and

connected to the amplifier by a chlorided silver

wire. Tip resistances of three to five M� were

observed when the tip was dipped into ABM. 

2.1.2.4 Electrophysiological recordings

The cell was clamped at -70 mV and a gigaseal was

obtained between the patch pipette and the cell

soma before breakthrough into the cell. Whole cell

capacitance and series resistance were compensated

and cells exceeding 20 pF and 20 M�, respectively,

was discarded. The signal was low pass filtered by

the amplifier (Bessel) with 5 or 10 kHz and further

filtered by the recording software with a 5 kHz low

pass RC filter. In some cases traces were filtered 

(2 kHz) before analysis.

Neurons were characterized as being either

glutamatergic or �-aminobutyric acid (GABA)ergic

by pharmacological inhibition of autaptic currents.

The activation of autapses (synapses formed on it

self) was evoked by depolarization (0 mV for 3 ms),

which generated an action potential. Using the non-

NMDA receptor antagonist (CNQX, 50 µM) and

the GABAA receptor antagonist (bicuclline metho-

bromide, 50 µM) the neurotransmitter released by

the neuron could be identified as either GABA or

glutamate, respectively.

For the following experiments, tetrodotoxin

(TTX, one µM), bicuculline (10 µM) and DL-2-

Amino-5-phosphonovaleric acid (DL-APV, 50 µM, )

was included in the ABM to block Na+-channels

and thereby block action potentials, GABAA and

NMDA receptors, respectively.

The AMPA-mediated current-voltage (I/V)

relationship was estimated by AMPA application

(100 µM) at different holding potentials (15 mV

steps from -75 mV). To reveal rectification proper-

ties, the steady state response was plotted against

the holding potential. Addition of spermine (100

µM) to the intracellular solution ensured the

presence of polyamines, which confers the rectifi-

cation properties of GluR2-lacking receptors. Rec-

tification ratios (RRs) was calculated as the current

ratio at +45 mV and -75 mV, respectively (I+45/I-75).

RRs ~1 indicated non-rectifying I/V-relationships,

while inward and outward rectifying receptors had

RRs below and above one, respectively.

Pentobarbital (PB, 100 µM) or 1-naphthyl

acetyl spermine (Naspm, 3 µM) was co-applied

with AMPA (100 µM) to reveal the presence or ab-

sence, respectively, of the GluR2 subunit.

Materials and Methods 35



Recordings of AMPAR-mediated mEPSCs

were done continuously during three min followed

by detection and analysis with ClampFit 9.0 (Axon

Instruments, Union City, CA, USA). A template

search of the trace detected the mEPSCs and each

event was then manually verified. The amplitude,

rise time (10-90%), and the fittet decay time

constant, �decay (fitted by a single exponential

function) of the mEPSCs from each cell was

estimated. 

TTX, Naspm, spermine, and DL-APV were

purchased from Sigma (St. Louis, MO, USA), while

bicuculline and CNQX were purchased from Tocris

(Cookson, Bristol, England). AMPA was a gift from

Povl Krogsgaard-Larsen and Uffe Madsen, Royal

Danish School of Pharmacy.

2.1.3 Primers

The primers were supplied by DNA Technology

(Aarhus, Denmark) or MWG Biotech (Ebersberg,

Germany). The sequences are listed in appendix I.

2.1.4 Single cell RT-PCR

2.1.4.1 Harvesting cytoplasm from single 

neurons

After patch-clamp recording in the whole-cell

mode, the cytoplasm of the single neuron was as-

pirated into the patch pipette (see fig. 11 for flow-

chart). The tip of the patch pipette was broken on

the side of an 0.2 ml PCR-tube containing 13 µl of

Master mix 1 (1x PCR Buffer, incl. 1.5 mM MgCl2
(Stratagene, La Jolla, CA, USA), 2 mM MgCl2, 

1 U·µl-1 RNase Out (Invitrogen, Carlsbad, CA,

USA), 5 mM DTT (Invitrogen, Carlsbad, CA,

USA)) and the contents were expelled into the

master mix. The contents in the tube was flash

frozen in liquid nitrogen and stored at -80°C.

2.1.4.2 Reverse transcription (RT)

The tube containing the cytoplasm in Master mix 1

was thawed on ice and mixed with five µl Master

mix 2 (1x PCR Buffer, incl. 1.5 mM MgCl2

(Stratagene, La Jolla, CA, USA), 1 mM dNTP’s

(Invitrogen, Carlsbad, CA, USA), 0.1 pmol·µl-1 dN9

(DNA Technology, Aarhus, Denmark), 25 ng·µl-1

BSA (bovine serum albumin, Amersham, Little

Chalfont, UK), 2 U·µl-1 RNase Out (Invitrogen,

Carlsbad, CA, USA), 5 U·µl-1 Superscript II

(Invitrogen, Carlsbad, CA, USA)) and vortexed

shortly. The tubes were incubated at 25°C for 

10 min followed by 42°C for 90 min. Incubating at

70°C for 15 min deactivated Superscript II (reverse

transcriptase). The product was stored at -20°C.

2.1.4.3 Polymerase chain reaction (PCR)

PCR was carried out using HotStarTaq (Qiagen,

Hilden, Germany) which is a chemically modified

Taq polymerase that is activated after 15 min at

95°C. Ten µl of the RT product was mixed with 

40 µl of 1st PCR master mix (1x PCR Buffer incl.

1.5 mM MgCl2 (Qiagen, Hilden, Germany), 

1.05 mM MgCl2 (Qiagen, Hilden, Germany) (3 mM

final concentration including MgCl2 from RT

reaction), 20 µM dNTP’s, 0.5 pmol·µl-1 AmpaUp +

AmpaUp3 Primer (1:1), 0.5 pmol·µl-1 Ampa-

Down2-1 + AmpaDown3-234 Primer (1:1), 

0.02 U·µl-1 HotStarTaq (Qiagen, Hilden, Germany))

and the following program was run. One cycle:

95°C for 15 min; 40 cycles: 94°C for 30 s, 47°C for

30 s, 72°C for one min; one cycle: 72°C for 10 min.

The PCR amplifies a DNA fragment of approxima-

tely 895 bp from all AMPAR subunits (GluR1-4).

A nested PCR reaction was setup using one µl

of the first PCR reaction and 49 µl Nested PCR

master mix (1x PCR Buffer incl. 1.5 mM MgCl2

(Qiagen, Hilden, Germany), 0.1 mM dNTP’s, 

0.5 pmol·µl-1 AmpaUp2-3 + AmpaUp2-124 Primer

(1:1), 0.5 pmol·µl-1 AmpaDown Primer, 0.02 U·µl-1

HotStarTaq (Qiagen, Hilden, Germany)). The

following program was run. One cycle: 95°C for 

15 min; 40 cycles: 94°C for 30 s, 53°C for 30 s,

72°C for one min; one cycle: 72°C for 10 min. The

PCR amplifies a 750 bp DNA fragment from all

four AMPAR subunits.
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Figure 11. Schematic presentation of the single cell RT-PCR procedure. After electrophysiological characterization of the neuron, the
cytoplasm is aspirated into the patchpipette. The contents of the pipette is expelled into a PCR tube containing Master Mix 1. Reverse
transcription of the RNA followed by PCR and nested PCR amplifies AMPAR subunit DNA. The relative expression levels of the four
subunits are revealed by digestion with specific endonucleases followed by agarose gel electrophoresis.
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The resulting PCR fragments were analyzed

by gel electrophoresis on a 1.5% agarose gel and

visualized by ethidium bromide.

To estimate the prevalence of the four AMPA

receptor subunits, the PCR product was digested

with BglI (cuts GluR1), BanII (cuts GluR2), XbaI

(cuts GluR3), and EcoRI (cuts GluR4) (Amersham

Biosciences, Little Chalfont, UK). The digestions

were run on a 1.5% agarose gel and visualized by

ethidium bromide (fig. 11). The relative expression

level of each subunit was estimated as follows. For a

given subunit, the absence of digestion products

indicated that the mRNA of the subunit was not

present in the analyzed neuron while just detectable

digestion products were regarded to represent less

than 10% of the cytoplasmic AMPAR mRNA. The

two intermediate intervals of expression repre-

sented 10-50% and 50-80% of the total PCR

product, respectively. A single subunit was esti-

mated to constitute more than 80% of the cyto-

plasmic AMPAR mRNA when the amplified DNA

was only digested by a single restriction enzyme. A

dichotomous scoring method, which only regarded

the presence or absence of the subunit regardless of

expression level was also employed.

2.1.5 Cell lines

N2a cells (mouse neuroblastoma cell line, Klebe et

al., 1970) were used in the preliminary experiments

to ascertain the effectiveness of the constructed

siRNA against GAPDH. 

BHK cells (Baby hamster kidney of a fibro-

blast cell line, MacPherson & Stoker, 1962) stably

transfected with a plasmid containing GluR2 under

the selection of Methotrexat (MTX) were obtained

from Jan Egebjerg, Department of Molecular

Biology, University of Aarhus. These cells were

used to test the effect of shRNA plasmids against

the GluR2 subunit.

The cells were grown at 37°C and 5% CO2 in

Dulbecco’s MEM (Invitrogen, Carlsbad, CA, USA)

with penicillin/streptomycin (1 U·ml-1/1 µg·ml-1)

(Invitrogen, Carlsbad, CA, USA) and 5% or 

10% fetal calf serum for N2a or BHK cells,

respectively.

2.1.6 Transfections

2.1.6.1 Transfection of neurons

Cultured neurons were transfected when they were

between one to three weeks old. One µg of plasmid

DNA or 25 pmol siRNA together with 2.5 µl Lipo-

fectamine 2000 (Invitrogen, Carlsbad, CA, USA)

were used for each well of a 12-well plate. As a

transfection tracer, 20% of the DNA was 

pEGFP-C1 (BD Clontech, Palo Alto, CA, USA),

which encodes for green fluorescent protein (GFP).

Transfections were done according to the manu-

factures protocol with a few adjustments. Two hours

before transfection the medium was changed as

usual, but the removed medium was mixed with an

equal volume of new medium and stored at 37°C

and 5% CO2. The medium in the wells was then

adjusted to 800 µl and 200 µl transfection com-

plexes was added. The transfection complexes and

the medium in the wells were mixed by careful

rocking, taking care not to create spirals, which

concentrates the complexes in the middle. After two

hours, the entire medium was replaced with one ml

of the stored medium. The cells were left for at least

three days before electrophysiology and single cell

RT-PCR were performed. GFP was usually visible

12-24 hours post transfection and lasted for several

days. 

2.1.6.2 Transfection of cell lines

BHK or N2a cells were transfected with either

siRNA (25 pmol) or plasmids (one µg) encoding

shRNA and/or GFP.

The transfection was essentially carried out

as for neurons, but with a few changes. The cells

were divided the day before transfection so they

were about 20% confluent on the day of trans-

fection. After two hours of incubation a complete

medium change was performed with fresh medium.
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2.1.7 siRNA production

siRNAs were produced with the Silencer siRNA

Construction Kit (Ambion, Austin, TX, USA) as

described by the manufacturer. Apart from the

sense and antisense oligonucleotides, which had to

be ordered separately, all enzymes and solutions

were included in the kit. In short, the T7 promotor

was hybridized to the sense and antisense oligo-

nucleotide in separate reactions by incubation of the

T7 promotor and the oligonucleotide at 70°C for

five min followed by five min at room temperature.

Double-stranded DNA was generated with exo-

Klenow enzyme for 30 min at 37°C. RNA was

obtained by T7 polymerase transcription of the

sense and antisense DNA in separate reactions at

37°C for two hours. The products of the sense and

antisense reactions were then mixed to create

double stranded RNA and further incubated over-

night at 37°C. DNase and RNase were added to the

tube to remove DNA and single stranded RNA,

respectively, and incubated at 37°C for one hour.

The siRNAs were purified by filtering in spin

columns and eluted in nuclease-free water. The

siRNA concentration was estimated by OD260

measurements and stored at -20°C or -80°C.

2.1.8 RNA purification

RNA was purified from cells grown in culture,

whole brains or pieces of brains. Either the RNeasy

kit (Qiagen, Hilden, Germany) or Trizol

(Invitrogen, Carlsbad, CA, USA) was used to purify

RNA according to the manufactures directions.

Purified RNA was treated with  5U DNaseI (Fer-

mentas, Vilnius, Lithuania) for two hours at 37°C.

After one hour, a further 5U of DNaseI was careful-

ly added. The RNA was phenol extracted and resus-

pended in 10 µl DEPC-dH2O and stored at -80°C.

2.1.9 Quantitative PCR

A LightCycler and the Lightcycler FastStart DNA

Master SYBR Green I kit (Roche, Mannheim,

Germany) were used to perform quantitative PCR

to verify the knock down of genes in N2a cells and

neurons. Primers against ß-actin, GAPDH, and

GluR2 were designed with matching calculated

melting temperatures (Tm values). The primers

amplified a 132 bp fragment of ß-actin (581-

712 bp), a 157 bp fragment of GAPDH (847-

1003 bp), and a 131 bp fragment of GluR2 (614-

744 bp). Dilutions of RNA were reverse transcribed

using the down stream primer. Two µl of the RT

reaction was mixed with primers (final concentra-

tion of 0.5 pmol·µl-1 of each) and two µl of Light-

cycler FastStart Enzyme in Reaction Mix SYBR

Green I (Roche, Mannheim, Germany) and run in

parallel on the LightCycler. SYBR Green I inter-

calates with double stranded DNA and was used to

quantify the amount of produced DNA. To avoid the

generation of primer-dimers, the reactions were

optimized for annealing temperature and concentra-

tion of MgCl2. The calculated optimal annealing

temperature of 60°C turned out to work for all three

primer pairs. Four mM MgCl2 was found to be op-

timal for both ß-actin and GAPDH PCR reactions,

while three mM MgCl2 was optimal for the GluR2

PCR. The LightCycler Software Package was used

to estimate the concentration of the RNA sample.

2.1.10 Bacterial strains

E. coli strains, NM522 (F’ proA+B+ laclq �(lacZ)

M15| �(hsdMS-mcrB)5(rk
-mk

-) �(lac-proAB) supE

thi-1) and DH5� (F- gyrA96 (NaIr) recA1 relA1

endA1 thi-1 hsdR17(rk
-mk

-) glnV44 deoR �(lac

ZYA-argF)U169 [�80d�(lacZ)M15]) were used in

the production of the sh-plasmids for the trans-

fection of cell lines and primary neuronal cultures

and the purification of plasmid DNA of the cloned

AMPAR subunits. Luria-Bertani (LB) medium or

agar were used for the growth of the bacteria.

2.1.11 Description of the pAV U6+27 plasmid

The pAV U6+27 plasmid was kindly provided by

Professor David R. Engelke. It is derived from

pCWRSVN (Chatterjee et al., 1992) and uses the

Materials and Methods 39



human U6 promotor for RNA polymerase III

transcription of a short hairpin RNA sequence. In

contrast to most other promotors, the U6 promotor

contains all of the regulatory sites for transcription

upstream of the initiation site. It can therefore be

used to transcribe short strands of foreign DNA and

is thus ideal for transcribing shRNAs. The donated

plasmid included a 27 nucleotide sequence from

human U6 RNA, which is transcribed just upstream

of the insert. This construction was found to be as

effective in gene knock down as the U6 promotor

alone and, in addition, accumulated to higher levels

in the nucleus (Paul et al., 2002). The insert was

designed with a SalI site in the 5’ end and an XbaI

site in the 3’ end for cloning. The shRNA insert in-

cluded a UUUU transcription terminator sequence. 

2.1.12 Construction of shRNA inserts for 

the pAV U6+27 vector

In order to prevent hairpin formation of the insert

oligonucleotides, a ligation with three DNA frag-

ments was performed (fig. 12). The insert was

ordered as four oligonucleotides (appendix I),

where the A and D oligonucleotides were phos-

Figure 12. Cloning strategy of shRNA plasmids. The insert was ordered as four separate oligos of which two were phosphorylated
(A and D) prior to annealing. The annealed oligos were ligated into the digested pAV U6+27 vector. This vector contains the U6
promotor, which transcribes the shRNAs.

TCGACnnnnnnnnnnnnnnnnnnnTTCAAGAGAoooooooooooooooooooTTTTT
    GoooooooooooooooooooAAGTTCTCTnnnnnnnnnnnnnnnnnnnAAAAAGATC

Oligo A

Oligo BSalI XbaILoop

Oligo C

Oligo D

Phosphorylation of Oligo D
TCGACnnnnnnnnnnnnnnnnnnnT

Phosphorylation of Oligo A

Anneal with Oligo B Anneal with Oligo C

Oligo C+D

nnnnnnnnnnnnnnnnnAAAAAGATC
SalI

XbaI

pAV U6+27

+27nt-nnnnnnnnnnnnnnnnnnn
      ooooooooooooooooooo

UU C

AGA

A
A

G

U U
UU

U6 promotor

TCGACnnnnnnnnnnnnnnnnnnnT
    GoooooooooooooooooooAAGTTCTCTnn

TCAAGAGAoooooooooooooooooooTTTTT
          nnnnnnnnnnnnnnnnnAAAAAGATC 

shRNA insert cassette

pAV U6+27

U6 promotor

Oligo A+B

+

Ligation

Insert cassette design

Target (19 nt): 
Complement:

nnnnnnnnnnnnnnnnnnn
ooooooooooooooooooo

Cloning of insert

shRNA

40 Materials and Methods



phorylated for one hour with one mM ATP and T4

polynucleotide kinase (New England Biolabs,

Beverly, MA, USA). The A and D oligonucleotides

were then annealed with the B and C oligo-

nucleotides, respectively, by heating to 90°C and

slowly cooled to 20°C. The pAV U6+27 plasmid

was prepared for ligation by SalI digestion for three

hours followed by XbaI digestion for two hours. The

linearized plasmid was purified by gel extraction.

The annealed oligonucleotides (3.7 pmol each)

were mixed with the linearized plasmid (0.03 µg),

and ligated using the Rapid Ligation Kit (Roche,

Mannheim, Germany). The ligation was either used

directly or stored at -20°C for later use.

2.1.13 DNA sequencing

The clones were verified by sequencing using the

Thermo Sequenase Cycle Sequencing Kit (Amer-

sham Biosciences, Little Chalfont, UK). Hans Hjort

(DNA sequencing facility, Department of Mole-

cular Biology, University of Aarhus) analysed the

reactions and the resulting DNA sequences were

verified manually.

2.1.14 Immunohistochemistry 

Cells grown on coverslips were used for immuno-

cytochemistry. To preserve the GFP signal and the

integrity of the cell membrane, the cells were fixed

in 4% paraformaldehyde (32% paraformaldehyde

solution, Electron Microscopy Sciences, Washing-

ton, PA, USA) diluted in ABM for 10 min. The cells

were washed three times in PBS (phosphate buf-

fered saline) and blocked with 2% BSA in PBS.

After a short wash, the cells were incubated with

primary antibody diluted in PBS+0.2% BSA for 

45 min, washed three times in PBS and incubated

with secondary antibody diluted in PBS+0.2% BSA

for 45 min. The secondary antibody was conjugated

to Cy3 (Indocarbocyanine, ex: 550 nm, em: 

570 nm). The cells were then washed three times in

PBS and mounted in Antifade Solution. The cover-

slips were sealed with clear nail polish and

visualized in an Olympus BX51 upright microscope

with fluorescent filters for Cy3 and GFP detection

(Olympus, Tokyo, Japan). AnalySIS v. 3.2 (Soft

Imaging System, Münster, Germany) and a DP50

CCD camera (Olympus, Tokyo, Japan) were used to

take pictures of the cells. The overlays were gener-

ated in Photoshop 5.0 (Adobe, San Jose, CA, USA).

2.1.15 Antibodies

Monoclonal mouse anti-GluR2 was purchased from

BD Pharmingen (San Diego, CA, USA), while Cy3

conjugated sheep anti-mouse was purchased from

Jackson ImmunoResearch Laboratories (West

Grove, PA, USA).

2.1.16 Statistical analysis

Statistical analysis was performed using SPSS v.

11.0 (Chicago, IL, USA) and differences were con-

sidered significant at P<0.05. The relative expres-

sion levels obtained from the single cell RT-PCR

experiments were divided in five different cate-

gories. To test for differences between groups (e.g.

cortical and spinal cord neurons), the data were

described in RxC tables (row x column) and tested

using Pearson’s �2 test. The obtained P-values is

defined as the probability of observing a table at

least as extreme as the one actually observed.

Because of the small number of observations in

some of the cells in the RxC tables, exact P-values

(2-tailed) were calculated.

The binominal description of the detection

frequency of the AMPAR subunits were listed in

2x2 tables and differences between two groupings

(e.g. cortical and spinal cord neurons) were tested

using Fisher’s Exact test. The resulting P-value 

(2-tailed) is the addition of P-values of tables

(hypergeometric distribution) more extreme than

the actual one.

In tables with ordered categories, trends were

tested by non-parametric correlation analysis

calculating Spearman’s 	s and the corresponding P-

value (2-tailed) (denoted Spearman’s Correlation).
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One-way ANOVA (analysis of variance) was

employed in the analysis of mEPSC kinetics

between neurons. This was supplemented with Bon-

ferroni comparisons to reveal possible groupings.

The non-parametric Wilcoxon-Mann Whitney test

was used to test for differences in averaged mEPSC

kinetics between neuronal types as well as for

differences in RRs and PB and Naspm depression

between control and transfected neurons. Mean

values were calculated including standard devia-

tions (st. dev.).

The mimimum sample size for two sample

frequncies was determined using the equation:

n=[
1·(1-
1)+
2·(1-
2)]/[(
1-
2)2]·f(�,�), where

n: sample size of individual group, 
1: detection

frequency of group 1, 
2: detection frequency of

group 2, �: risk of type 1 error (false negative), 

�: risk of type II error (false positive) and

f(�,�)=10.5 (for �=5% and �=10%).
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2.2 Media and buffers
The media and the buffers used in the manipulation of DNA

and the culturing of microorganisms were sterilized by

autoclaving for 20-25 min at 121°C. All of the dH2O and

buffers used for RNA were treated with DEPC (Diethyl

pyrocarbonate, Sigma, St. Louis, MO, USA) or made with

DEPC treated dH2O to eliminate contaminating RNases.

Media and solutions for neuronal cultures

Dissection medium, stock solution

- 30 mM glucose

- 5 mM HEPES, pH 7.3-7.4

- 135 mM NaCl

- 5 mM KCl

- 0.5 mM KH2PO4

- 0.3 µM Phenol Red

- 0.3 mM Na2HPO4·2H2O

- 0.4 mM Na Pyruvate

- 1 mM NaHCO3

- 6.4 ml of dissection medium is diluted to 50 ml with dH2O

prior to use

Plating medium

- 10% Horse serum (Invitrogen, Carlsbad, CA, USA)

- 10% Fetal calf serum (Invitrogen, Carlsbad, CA, USA)

- 0.1% penicillin-streptomycin (100 U·ml-1/100 µg·ml-1,

Invitrogen, Carlsbad, CA, USA)

- MEM Eagle w/ Glutamax I (Invitrogen, Carlsbad, CA, USA)

Growth medium

- 5% Horse serum (Invitrogen, Carlsbad, CA, USA)

- 0.1% penicillin-streptomycin (100 U·ml-1 / 100 µg·ml-1,

Invitrogen, Carlsbad, CA, USA)

- MEM Eagle w/ Glutamax I (Invitrogen, Carlsbad, CA, USA)

FUDR stock solution

- 8.1 mM Fluro-Deoxyuridine (Sigma, St. Louis, MO, USA)

- 20.5 mM Uridine (Sigma, St. Louis, MO, USA)

- 0.5 ml of FUDR stock solution is diluted in 7.5 ml growth

medium prior to use

Buffers for electrophysiology

Artificial bath medium (ABM)

- 140 mM NaCl

- 3.5 mM KCl

- 1.25 mM Na2HPO4

- 10 mM Glucose

- 10 mM HEPES, pH 7.35

- 2 mM MgSO4

- 2 mM CaCl2

- pH is adjusted to 7.35 with 1 M NaOH

- Osmolarity is adjusted to 310 mmol/kg

Intracellular medium high CsCl (IC-CsCl)

- 130 mM CsCl

- 1 mM MgSO4

- 1 mM CaCl2

- 10 mM HEPES (-pH)

- 10 mM EGTA (Ethylene Glycol-bis(b-aminoethyl Ether)

- 10 mM TEA·Cl (Tetraethylammonium chloride)

- pH is adjusted to 7.35 with 1 M CsOH

- Osmolarity is adjusted to 290 mmol/kg

Intracellular medium for RT (IC-RT)

- 120 mM CsCl

- 3 mM MgCl2

- 5 mM EGTA

- 10 mM HEPES

- pH is adjusted to 7.35 with 1 M CsOH

- Osmolarity is adjusted to 290 mmol/kg

General buffers

TE buffer, pH 7.5

- 10 mM Tris-HCl

- 1 mM EDTA (Ethylenediaminetetraacetic acid)

0.01 M Phosphate buffered saline (PBS), pH 7.4, 1 l

- 0.27 g NaH2PO4·H2O

- 1.42 g Na2HPO4·2H2O

- 8.79 g NaCl
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Single cell RT-PCR master mixes

RT Master Mix 1

- 1x PCR Buffer, incl. 1.5 mM MgCl2 (Stratagene, La Jolla,

CA, USA)

- 2 mM MgCl2

- 1 U/µl RNase Out (Invitrogen, Carlsbad, CA, USA)

- 5 mM DTT (Invitrogen, Carlsbad, CA, USA)

- Add dH20 to 13 µl

RT Master Mix 2

- 1x PCR Buffer, incl. 1.5 mM MgCl2 (Stratagene, La Jolla,

CA, USA)

- 1 mM dNTP’s (Invitrogen, Carlsbad, CA, USA)

- 0.1 pmol/µl dN9 ~ 60 ng (DNA Technology, Aarhus,

Denmark)

- 25 ng/µl BSA (Amersham, Little Chalfont, UK) 

- 2 U/µl RNase Out (Invitrogen, Carlsbad, CA, USA)

- 5 U/µl Superscript II (Invitrogen, Carlsbad, CA, USA)

- Add dH20 to 5 µl

1st PCR Master Mix (3 mM MgCl2)

- 1x PCR Buffer incl. 1.5 mM MgCl2 (Qiagen, Hilden,

Germany)

- 1.05 mM MgCl2 (Qiagen, Hilden, Germany) (3 mM final

concentration including MgCl2 from RT reaction)

- 20 µM dNTP’s

- 0.5 pmol/µl AmpaUp + AmpaUp3 Primer (1:1)

- 0.5 pmol/µl AmpaDown2-1 + AmpaDown3-234 Primer (1:1) 

- 0.02 U/µl HotStarTaq (Qiagen, Hilden, Germany) 

- Add dH20 to 40 µl

Nested PCR Master Mix (1.5 mM MgCl2)

- 1x PCR Buffer incl. 1.5 mM MgCl2 (Qiagen, Hilden,

Germany)

- 0.1 mM dNTP’s 

- 0.5 pmol/µl AmpaUp2-3 + AmpaUp2-124 Primer (1:1)

- 0.5 pmol/µl AmpaDown Primer 

- 0.02 U/µl HotStarTaq (Qiagen, Hilden, Germany) 

- Add dH20 to 48 µl

Bacterial media

LB medium

- 10 g/l bacto tryptone

- 5 g/l yeast extract

- 10 g/l NaCl

LB agar medium

- LB medium

- 15 g/l agar

Antifade Solution

- 5.5 mM p-Phenylenediamine dihydrochloride (Sigma, St.

Louis, MO, USA)

- Dissolved in 0.01 M PBS and 78% glycerine

- pH adjusted to 9 with NaHCO3 (pH 10.5)

- Store at -80°C
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2.3 Optimization of methods

2.3.1 Cell cultures

Neurons were seen to aggregate in culture,

suggesting uneven coating of the glass coverslips

prior to plating. To obtain maximum homogeneity

between platings as well as longer lasting reliable

cultures, alternatives to the described culturing

protocol for cleaning and coating of coverslips (see

2.1.1) were investigated. 

Three different methods for cleaning and

sterilizing the glass coverslips were tested. The

formerly used method was as follows: Coverslips

were mounted in racks and submerged in 5%

Deconex for one hour and extensively washed

under running water for two hours. A short rinse in

HCl removed salt deposits from the water and

submerging the racks three times in dH2O washed

the acid from the coverslips. The coverslips were

air-dried, packed in aluminum foil in separate

sleeves of filter paper and dry sterilized at 220°C

for 2 hours. In theory, this method could leave

residual detergent on the coverslips, which would

affect the cell membrane and lead to deterioration

of the culture.Therefore, a method substituting the

detergent with an acid wash was evaluated. Cover-

slips were left in 1N HCl overnight followed by

thorough rinsing in dH2O. The clean coverslips

were sterilized in two changes of 70% ethanol and

stored in 96% ethanol. Prior to use, the coverslips

were flame dried, as this should leave a fine residue

of carbon on the glass, which is thought to aid cell

attachment. In a third rapid method of coverslip pre-

paration, the coverslips were directly  submerged in

70% ethanol for two hours for sterilization, stored

in 96% ethanol and flame dried before use. 

The three methods were assessed in parallel,

and since none of them were markedly better or

worse, the rapid method was adopted. The

coverslips used were from Knittel Gläser

(Braunschweig, Germany), since they more often

resulted in homogeneous cultures than coverslips

from other suppliers.

Poly-D-lysine was the coating molecule of

choice. In separate experiments, supplementing

PDL with rat tail collagen (Sigma, St. Louis, MO,

USA) (1:1) or adding an overnight incubation step

with rat laminin one g·cm-2 (Sigma, St. Louis, MO,

USA) did not result in more confluent cultures, and

no long-term differences were observed between

the coatings. Varying the incubation time (15 min to

16 hours) with coating solution had no effect on the

culture either. Since drying and UV sterilization of

the coated coverslips resulted in cultures with large

aggregation of cells unsuitable for electrophysio-

logical recordings, the coverslips were only washed

in sterile dH2O just prior to use.

The plating of separate astrocytes prior to

neuronal plating was also tested in the hope that an

astrocyte layer would result in better and more

consistent platings of neuronal cells. Cortex cells

were dissected as described in 2.1.1 and plated in

culture flasks. Shaking at 200 rpm over night

followed by a complete medium change with cold

medium killed the neurons, and this was repeated

until no neurons were visible in the flask. The

astrocytes were then trypsinized with 0.2% trypsin

and plated on coverslips with a density of 12-20,000

cells·ml-1. The astrocytes were left to grow for a

week obtaining a confluent layer. Neurons were

prepared as described and plated using 66% the

amount of tissue per 35-mm dish or well. These

cultures were not, however, visibly better than the

normal dissections. 

2.3.2 Single cell RT-PCR

The procedures described by Lambolez and

colleagues and Dai and colleagues often resulted in

smears instead of clear bands (Lambolez et al.,

1992; Dai et al., 2001). Consequently, various

optimization steps were performed to create a

robust and reproducible method. 
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Three different buffers were tested in the RT

step to obtain the greatest amount of DNA after

single cell RT-PCR. Of 5x First strand buffer

(Invitrogen, Carlsbad, CA, USA), 10x PCR buffer

(Qiagen, Hilden, Germany) and 10x PCR buffer

(Stratagene, La Jolla, CA, USA), the buffer from

Stratagene appeared to generate the most DNA

after nested PCR. Two different intracellular

solutions were also compared, IC-CsCl and IC-RT

(contents are listed in 2.2). There were no signifi-

cant differences between the two IC solutions when

using the 10x PCR buffer from Stratagene, but 

IC-CsCl was chosen to obtain better control in

electrophysiological experiments. Supplementing

IC-CsCl with 100 µM spermine did not affect yield.

Furthermore, the MgCl2 concentration was opti-

mized over a range of 1.5 to 3.5 mM. A final

concentration of 2.25 mM MgCl2 (including MgCl2
from IC-CsCl) proved to be best. The addition of 

25 ng·µl-1 of BSA in the RT reaction improved the

yield. Elevation of the temperature from 37°C to

42°C did not influence the amount of DNA ob-

tained, but ensured a higher specificity in the

transcription step and was used throughout the

study. The use of dN9 random primers compared to

dN6 random primers gives stronger annealing but

might result in fewer transcripts.

Three different Taq polymerases were evalu-

ated on a mixture of plasmid DNA with equal

amounts of the four AMPAR subunits to ensure that

the reactions amplified equal amounts of each

subunit. Taq2000 from Stratagene (La Jolla, CA,

USA) and the two hot start enzymes AmpliTaq

Gold from Applied Biosystems (Foster City, CA,

USA) and HotStarTaq from Qiagen (Hilden, Ger-

many) were used with their respective buffers and

after the manufactures protocols. HotStarTaq gave

the most reliable results with a high yield without a

smear and was therefore the PCR enzyme of choice. 

Different parameters  in the two PCRs were

varied to obtain high and equal amounts of the

subunits without a smear. Testing primer concentra-

tions between 0.05 pmol·µl-1 and 5 pmol·µl-1

showed that 0.5 pmol·µl-1 minimized primer-dimers

while still resulting in reliable products. Optimiza-

tion of primer sequences for the two PCRs resulted

in a mixture of subunit specific Up and Down

primers in the first PCR, while a single Down

primer was used with a mixture of Up primers in the

nested PCR reaction. The mixed subunit specific

primers anneal to the same sites on the GluR1-4

sequences and are identical apart from a few

nucleotides. 

The MgCl2 concentration was titrated in steps

of 0.5 mM between 1.5 mM and 4 mM. The

optimum MgCl2 concentrations were 3 mM and 

1.5 mM MgCl2 in the first and nested PCRs,

respectively. 

Moreover, the annealing temperatures of the

two PCRs were titrated between 45°C and 55°C in

increments of 1°C. Annealing temperatures of 47°C

and 53°C in the first and nested PCRs, respectively,

turned out to yield a large amount of DNA that after

digestion of subunit specific enzymes revealed

equal amounts of the four subunits. 

2.3.3 Immunohistochemistry

Different protocols for fixation of the cells were

tested. 100% methanol at either -20°C or room

temperature effectively fixed cells, but during

fixation, methanol denatures proteins and removes

lipids from the cell membrane creating permeabil-

ized samples. This fixation protocol therefore elim-

inated the fluorescent signal from the introduced

green fluorescent protein, so 4% paraformaldehyde

(32% paraformaldehyde solution, Electron Micro-

scopy Sciences, Washington, PA, USA) diluted in

PBS or ABM was used instead. If permeabilization

was desired, the sample was washed in 0.1% Triton-

X-100 (Sigma, St. Louis, MO, USA). Blocking in

either 2% BSA, fraction V (Calbiochem, Merck,

Darmstadt, Germany) or in 2% fetal calf serum

(Invitrogen, Carlsbad, CA, USA) prior to antibody

incubation was sufficient.
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3.1 Results
An earlier study in our laboratory using single cell

RT-PCR showed two distinct regional expression

profiles of the mRNAs for the AMPA receptor

subunits GluR1-GluR4 (Dai et al., 2001). The

GluR2 subunit was detected in all of the cortical

neurons. Moreover, in 24% of the cells it was the

only subunit detected. In contrast, GluR2 was

largely absent in neurons harvested from spinal

cord cultures, which in turn showed a high degree

of GluR4. Assuming that the mRNA content

reflects surface expressed AMPARs, these two

populations would therefore be ideal for investiga-

ting differences in synaptic currents between

neurons mainly expressing GluR2 and neurons

lacking the GluR2 subunit.

3.1.1 Single cell RT-PCR analysis of the 

relative mRNA levels of GluR1-4 

in cortical and spinal cord neurons

Cortical and spinal cord neurons were cultured

from rat embryos of different ages. Since the time

of conception was not known, the crown-rump

length measurement was used to determine the

embryonic age (Olson & Seiger, 1972; Seiger &

Olson, 1973). The embryos in the present study

ranged from 11 to 36 mm, which corresponds to

E14 and E21, respectively. Electrophysiological

characterization was carried out after 6-45 days in

vitro (DIV), immediately followed by harvesting of

the cytoplasm for single cell RT-PCR. RT-PCR was

performed on the harvested cytoplasm without any

prior purification of mRNA with primers specific

for all four AMPAR subunits (see 2.1.4 for details).

Digestion of the RT-PCR product with subunit

specific restriction enzymes revealed the relative

expression levels of the four subunits and an inter-

nal standard was therefore unnecessary. However,

this method does not examine the effectiveness of

the RT-PCR reaction. Two different scoring

methods were applied, binary (present/absent) and

relative expression levels (described in detail in

2.1.4.2), of which the binary was used throughout

this chapter for the descriptions and illustrations.

Statistical analysis was carried out as described in

2.1.16 using both scoring methods. 

All of the 41 cortical and 21 spinal cord cells

analyzed were capable of generating action

potentials in response to a depolarizing pulse and

were therefore considered to be neurons. The

relative AMPAR subunit expression in each neuron

is listed in appendix II.

In several of the analyzed neurons only a

single subunit was detected. Of the 41 cortical

neurons nine showed only GluR1, 11 only GluR2,

four only GluR3 and two only GluR4. Likewise, in

spinal cord neurons three showed only GluR1, eight

only GluR2 and three only GluR4. In about half of

the neurons, regardless of origin, GluR1 and GluR2

were the most frequently detected subunits (sum-

marized in table 2 and fig. 13). These results are in

contrast to the earlier study (Dai et al., 2001), which

found that cultured spinal cord neurons do not

contain GluR2

Fisher’s Exact test showed that the detection

frequency of GluR3 was significantly (P=0.023)

higher in cortical than in spinal cord neurons, which

was supported by a significant Spearman’s Correla-

Table 2. The frequency of expression of GluR1-4 in neurons
estimated by single cell RT-PCR.

Cortex Spinal cord

GluR1 22 (54%) 8 (38%)

GluR2 21 (51%) 14 (67%)

GluR3 13 (32%) 1 (5%)

GluR4 3 (7%) 5 (24%)

Total 41 21

Neurons were considered positive if the endonuclease digest-
ion product of the subunit was visible in an ethidium bromide
stained 1.5% agarose gel regardless of expression level. 

3 Investigation of AMPA receptor subunit expression in
cortical and spinal neurons
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Figure 13. Histogram showing the percent of neurons containing mRNA for GluR1-4 in cortical and spinal cord neurons (A).
Neurons were considered positive if the endonuclease digestion product of the subunit was visible in an ethidium bromide stained
agarose gel regardless of expression level. Only GluR3 (*) showed significant difference between cortical and spinal cord neurons. 
Example of restriction endonuclease digestion of single cell RT-PCR of two cortical neurons (B). The DNA was separated by
electrophoresis on a 1.5% agarose gel and visualized by ethidium bromide staining. The Generuler 100bp DNA Ladder Plus
(Fermentas, Vilnius, Lithuania) was loaded in the middle (M), which contains a stronger 500 bp band. The relative levels of GluR1-4
mRNA were estimated. Neuron number 1 contains GluR1:+, GluR2:-, GluR3:++, GluR4:++ while neuron number 2 only contains
GluR2:++++ (see appendix II for scoring table). The remaining band at 750 bp is the PCR product of the other subunits.

tion (P=0.017) in the analysis of the relative expres-

sion levels. However, no statistically significant

difference between neurons from spinal cord and

cortex for the GluR4 subunit was found (Spear-

man’s Correlation, P=0.096, for more GluR4 in

spinal cord neurons). It should be stressed that,

although the data set is limited, this result also

disagrees with the previous study (Dai et al., 2001),

which found that the GluR4 subunit was much more

abundant in spinal cord neurons. 

3.1.2 The distribution of AMPAR subunits in

excitatory and inhibitory neurons

The AMPAR subunit expression pattern has been

found to be governed to some extent by neuronal

type. Thus, certain groups of inhibitory neurons

show little or no GluR2, while excitatory neurons

mostly express GluR2 (Bochet et al., 1994; Tsuzuki

et al., 2000). This presents a possible explanation of

the previously described difference in AMPAR

subunit expression, which could have arisen if the

spinal cord cultures contained predominantly inhi-

bitory neurons and cortical cultures, predominantly

excitatory neurons. Hence, autaptic (synaptic con-

nections on the same neuron) currents were induced

by a brief depolarizing stimulus and the neurons

could then be characterized as being either

glutamatergic (excitatory) or GABAergic (inhibi-

tory) by the use of selective antagonists, DL-APV +

CNQX and bicuculline, respectively (fig. 14). 

Autapses were present on 27 (21 cortical and

six spinal cord neurons) of the 62 neurons, which

were mainly from older cultures (14-36 DIV and

only one at 9 DIV). Two cortical neurons exhibited

autaptic currents that could not be blocked by either

(CNQX + DL-APV) or bicuculline, and the trans-

mitter remains unknown. Interestingly, only GluR2

was detected in the cytoplasm of these two neurons.

Eighteen of the 27 autaptic neurons were identified

as GABAergic while the remaining seven neurons

were glutamatergic. A comparison of the AMPAR

subunit expression between the two neuronal types

and neurons exhibiting no autapses was performed

(table 3 and fig. 14). About half of the neurons

expressed GluR2 regardless of neuronal type and

Pearson’s �2 test showed no significant difference
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Figure 14. Histograms showing the percent of GluR1-4 positive neurons from cortical and spinal cord cultures for cells without
autapses (A), glutamatergic (B), and GABAergic (C). The expression pattern for all neurons is included (total). D shows a recoding
from of a glutamatergic neuron, in which the autaptic response is evoked by a current pulse (70 mV for 2 ms). The evoked autaptic
response (black, before (larger response) and after) was blocked by the non-NMDA receptor blocker, CNQX (red trace). E is a
recording from another cortical neuron, in which the autaptic response is blocked by the GABAA receptor antagonist, bicuculline
(red trace) while CNQX had little effect (black traces before (larger response) and after).
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between the three groups of either GluR1 or GluR4

expression. Only expression of the GluR3 subunit

was found to be significantly different between the

three groups (P=0.046). However, comparing

AMPAR subunit expression between GABAergic

and glutamatergic neurons revealed no significant

differences. 

Including the origin of the neurons in the

analysis could reveal differences in AMPAR

expression between cortical and spinal cord neu-

rons in the different neuronal types. However, no

significant differences between cortical and spinal

cord neurons were found in the three groups (table 3

and fig. 14). Likewise, a division of the spinal cord

neurons into glutamatergic, GABAergic and neu-

rons without autapses showed no significant

differences between neuron types, but the same

comparison in cortical neurons revealed a signi-

ficant difference in the relative expression levels of

the GluR3 subunit (Pearson’s �2 test, P=0.029).

Thus, although some differences were seen

between the different neuronal types, none of these

could explain the earlier finding of high GluR4

expression in spinal cord neurons together with no

GluR2 expression.

3.1.3 Correlation between embryonic size

and GluR1-4 expression

Several reports have described changes in AMPAR

subunit expression during development (Jakowec et

al., 1995a; Jakowec et al., 1995b; Brown et al.,

2002). Because spinal cord neurons were derived

from young embryos, and cortical neurons were

from older embryos, this could explain the different

expression profiles observed by Dai et al. (2001).

The neurons were, therefore, divided into three

groups based on crown-rump length (≤17 mm, 

18-24 mm, ≥25 mm approximating to ≤E15, E16-

E18, ≥E19) (table 4 and fig. 15). Spinal cord

cultures were derived from fairly young embryos

(E14-17) because neurons did not generally survive

in cultures from older embryos. Thus, spinal cord

neurons are not represented in the oldest group. The

only significant difference in AMPAR subunit

expression in spinal cord neurons was a positive

Spearman’s Correlation for the relative expression

of GluR2 (P=0.048), indicating higher expression

of GluR2 in neurons from older embryos. In

cortical neurons, the GluR1 subunit showed a

significant increase in detection frequency

(P=0.009), which was supported by a positive
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Table 4. Distribution of GluR1-4 expression in three groups based on different embryonic sizes.

All cells Cortex Spinal cord

≤17 mm 18-24 mm ≥25 mm ≤17 mm 18-24 mm ≥25 mm ≤17 mm 18-24 mm ≥25 mm*

GluR1 8 (30%) 11 (55%) 11 (73%) 2 (17%) 9 (64%) 11 (73%) 6 (40%) 2 (33%)

GluR2 16 (59%) 12 (60%) 7 (47%) 7 (58%) 7 (50%) 7 (47%) 9 (60%) 5 (83%)

GluR3 4 (15%) 2 (10%) 8 (53%) 3 (25%) 2 (14%) 8 (53%) 1 (7%) 0 (0%)

GluR4 6 (22%) 2 (10%) 0 (0%) 2 (17%) 1 (7%) 0 (0%) 4 (27%) 1 (17%)

Total 27 20 15 12 14 15 15 6

*: No spinal cord neurons were cultured from embryos ≥25 mm.

Table 3. Distribution of GluR1-4 expression in different neuronal types.

No autapses Glutamatergic GABAergic

Cortex Spinal cord All cells Cortex Spinal cord All cells Cortex Spinal cord All cells

GluR1 9 (45%) 6 (40%) 15 (43%) 3 (75%) 0 (0%) 3 (43%) 12 (80%) 1 (33%) 13 (72%)

GluR2 10 (50%) 10 (67%) 20 (57%) 2 (50%) 2 (67%) 4 (57%) 7 (47%) 2 (67%) 9 (50%)

GluR3 4 (20%) 1 (7%) 5 (14%) 3 (75%) 0 (0%) 3 (43%) 6 (40%) 0 (0%) 6 (33%)

GluR4 3 (15%) 4 (27%) 7 (20%) 0 (0%) 1 (33%) 1 (14%) 0 (0%) 0 (0%) 0 (0%)

Total 20 15 35 4 3 7 15 3 18

Neuron type was identified by the autaptic response (when present).



Spearman’s Correlation of the expression levels

(P=0.010). Although no significant differences

were observed between all three age groups for the

GluR3 subunit (Fisher’s Exact test, P=0.075), the

increase in expression between the intermediate and

oldest embryos was significant (Spearman’s Cor-

relation, P=0.029).

For each age group, comparison of AMPAR

subunit expression only revealed a significantly

higher GluR1 expression in the intermediate group

(18-24 mm) in cortical compared to spinal cord

neurons (Pearson’s �2 test, P=0.045). 

No significant differences between cortical

and spinal cord neurons for the expression of the

GluR2 and GluR4 subunits were observed. The data

for these two subunits were, therefore, pooled to

reveal developmental changes of each subunit in

cultured neurons irrespective of origin. A signi-

ficant negative Spearman’s Correlation (P=0.026)

and a significant Pearson’s �2 test (P=0.048)

showed that the GluR4 subunit expression level

decreased as the embryos became older. Additional-

ly, no GluR4 was seen in neurons cultured from

large embryos, suggesting a possible explanation of

the lack of cortical GluR4 reported by Dai et al.

(2001). They analyzed cortical neurons obtained

from embryos older than those they used for the

culturing of spinal cord neurons. However, the

division of the neurons showed no clear correlation

between embryonic size and lack of GluR2 expres-

sion, which remained consistently high and even

increased in spinal cord neurons in contrast to the

previous report (Dai et al., 2001).

3.1.4 Correlation between DIV and GluR1-4

expression

As mentioned above, AMPAR subunit expression

change during development and this might continue

during culturing (Pickard et al., 2000). To investi-

gate possible changes in expression pattern, the

neurons were divided into three groups (≤10 DIV,

11-30 DIV, ≥31 DIV) (table 5 and fig. 16) and

Single cell RT-PCR 51

Figure 15. Graphs showing the change in the percent of GluR1-4 positive neurons in different groups of embryonic sizes. 
A. Total for all neurons. B. Cortex. C. Spinal cord. No spinal cord neurons were cultured from embyos ≥25 mm.

0

10

20

30

40

50

60

70

80

90

100

Pe
rc

en
t

Spinal cord

≤17 mm 18-24 mm ≥25 mm

Cortex

0

10

20

30

40

50

60

70

80

90

100

Pe
rc

en
t

≤17 mm 18-24 mm ≥25 mm

Total for all cells

≤17 mm 18-24 mm ≥25 mm
0

10

20

30

40

50

60

70

80

90

100
Pe

rc
en

t

GluR1
GluR2
GluR3
GluR4

A B C

Table 5. Distribution of GluR1-4 expression in three groups based on different DIV.

All cells Cortex Spinal cord

≤10 11-30 ≥31 ≤10 11-30 ≥31 ≤10 11-30 ≥31

GluR1 6 (29%) 11 (50%) 12 (60%) 3 (25%) 9 (69%) 10 (63%) 4 (44%) 2 (25%) 2 (50%)

GluR2 12 (57%) 12 (55%) 11 (55%) 7 (58%) 6 (46%) 8 (50%) 5 (56%) 6 (75%) 3 (75%)

GluR3 3 (14%) 4 (18%) 7 (35%) 2 (17%) 4 (31%) 7 (44%) 1 (11%) 0 (0%) 0 (0%)

GluR4 4 (19%) 4 (18%) 0 (0%) 2 (17%) 1 (8%) 0 (0%) 2 (22%) 3 (38%) 0 (0%)

Total 21 22 20 12 13 16 9 8 4



analyzed as above. In cortical neurons, the dif-

ference in GluR1 expression during culturing seen

in both detection frequency (Fisher’s Exact test,

P=0.070) and relative expression levels (Pearson’s

�2 test, P=0.061) arose from a significant change

between the young and intermediate aged neurons

(Fisher’s Exact test, P=0.047; positive Spearman’s

Correlation P=0.039). Additionally, the GluR4 sub-

unit decreased with time in culture (Pearson’s �2

test, P=0.047) ending at zero in the oldest cultures.

The division of the neurons derived from the spinal

cord revealed no significant changes in AMPAR

subunit expression during culturing.

Comparing the expression of AMPAR sub-

units between cortical and spinal cord neurons in

each of the three groups revealed lower but not

significantly GluR1 expression in spinal cord

neurons in the group of neurons with intermediate

culturing time (Spearman’s Correlation, P=0.050;

Fisher’s Exact test, P=0.080). 

Because no significant differences between

cortical and spinal cord neurons for GluR2 and

GluR4 expression were found, for each of these

subunits, the data were pooled to reveal general

developmental changes during culturing regardless

of origin. A significant decrease of the GluR4

subunit (Pearson’s �2 test, P=0.017) was seen with

DIV suggesting an overall decrease in GluR4

during development. Dai et al. (2001) analyzed the

neurons 7-14 DIV, which are in the first and second

groups in the present study. However, in the present

study, comparing AMPAR subunit expression

between cortical and spinal cord neurons harvested

7-14 DIV revealed no significant differences,

although more GluR4 was seen in spinal cord

compared to cortical neurons. The GluR4 subunit

was found to decrease in cortical neurons with DIV.

Furthermore, a peak was observed for the GluR4

subunit in the intermediate group of spinal cord

neurons, which could contribute to the difference in

GluR4 expression with that reported by Dai et al.

(2001). No correlation was found between embry-

onic age and DIV for GluR4 lacking or containing

neurons, suggesting that both embryonic ages at

culturing as well as culturing time affected GluR4

expression. On the contrary, the GluR2 subunit

remained almost constant during the time studied.

DIV were, therefore, not found to be responsible for

the previously described low frequency of occur-

rence of the GluR2 subunit in spinal cord neurons.

3.1.5 Miniature EPSC characterization and 

correlation with GluR1-4 expression

To study the relationship between AMPAR

composition and quantal synaptic transmission at

the postsynaptic membrane, a preliminary analysis

of miniature excitatory postsynaptic currents

(mEPSCs) were performed in 12 (eight spinal cord,
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Figure 16. Graphs showing the change in the percent of GluR1-4 positive neurons based on DIV. 
A. Total for all neurons. B. Cortex. C. Spinal cord.
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four cortical) of the 62 neurons that were positive in

single cell RT-PCR. The recordings were carried out

in ABM supplemented with TTX, DL-APV and

bicuculline (fig. 17). The neurons of this sub-

population were cultured from embryos ranging

between 11 and 20 mm (E14-E17) and harvested

after 7-31 DIV. The single cell RT-PCR analysis

showed that the GluR1 and GluR2 subunits were

present in an equal number of neurons, but not

necessarily in the same neurons. GluR3 was only

detected in one neuron, while GluR4 was seen in

two (table 6 and fig. 18).

Averaged mEPSCs from each neuron were

used for the measurements of mEPSC characteris-

tics (table 6 and fig. 19). The standard deviation of

the baseline ranged from 0.44-4.84 pA for the

Table 6. Kinetic properties of mEPSC recorded from cortical and spinal neurons.

Nr. Type GluR1 GluR2 GluR3 GluR4 Peak/pA
Rise-time

�decay/ms(10-90%)/ms

E7 SC - ++++ - - -53.40 1.15 3.50

E8 SC ++ - - ++ -45.97 1.14 3.81

G1 Cx - ++++ - - -4.31 1.74 2.16

I4 SC ++++ - - - -26.53 1.55 7.62

J3 Cx +++ - + - -21.71 1.35 3.07

J4 Cx ++++ - - - -27.38 1.30 3.80

N3 SC ++++ - - - -24.64 0.48 1.76

O1 Cx ++ ++ - - -26.10 1.32 4.26

O6 SC +++ ++ - - -40.75 0.79 4.03

Q3 SC - +++ - ++ -24.47 0.50 2.64

S3 SC - ++++ - - -138.10 0.70 2.92

S4 SC - ++++ - - -67.86 0.54 2.22

Average -41.77 1.05 3.48

Cx: 
Cortical neuron. 

SC: 
Spinal cord neuron.
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Figure 17. Sample traces of mEPSC from two different
spinal neurons. A low frequency of mEPSCs is seen in I4,
while a higher mEPSC frequency is seen in O6. Scaling: 50
pA and 1 s. Insert of average of the mEPSCs. Scaling 40 pA
and 40 ms.

O6

I4

Figure 18. Histogram showing the percent of cells
containing mRNA for GluR1-4 in cells where mEPSCs were
examined. The distribution of GluR1-4 in the four cortical and
eight spinal cord neurons are shown.
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different recordings. Comparing the mEPSC mea-

surements from spinal cord and cortical neurons

only revealed a significant difference in rise-times

(10-90%) when tested by the Wilcoxon-Mann

Whitney test (P=0.028) showing faster rise times in

spinal cord neurons. This difference could, however,

not be correlated to specific subunit expression in

cortical and spinal cord neurons.

One way ANOVA was used to compare the

means of peak amplitudes, rise-times, and �decay of

the 12 neurons. All tests resulted in P=0.00 showing

no common mean for all of the neurons. Bonferroni

analysis of pairs of means revealed several groups

with similar means. However, these groupings were

not the same in all three measurements and could

not be related to AMPAR subunit composition,

embryonic size or DIV. Scatter plots (fig. 20)

together with Spearman’s Correlation calculations

showed no significant relationship between the

mEPSC measurements. Furthermore, embryonic

sizes and DIV were not correlated with peak

amplitude, rise-time, or �decay. 

A more thorough analysis of peak ampli-

tudes, rise-times and �decay was made using

cumulative probability plots for five of the neurons

(fig. 21). This should reveal similarities in the dis-

tribution of the analyzed values of the individual

mEPSCs that might be obscured when only consi-

dering mean values. In the five neurons, GluR1

alone was detected in J4, while GluR1 and GluR2

were detected in O1 and O6. The last two neurons

(E7, S4) showed only GluR2. The mEPSC ampli-
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Figure 19. Histograms of peak amplitude, rise time (10-90%) and �decay of the averaged mEPSCs from the 12 neurons. 
A: Average of all neurons.
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tude plot showed different curves for all five

neurons, but two (J4, O1) of them cross around 0.5

giving similar mean values. The rise-time plot also

showed different curves for all neurons but the

curves for the E7 and J4 neurons were similar with

comparable mean values. On the other hand, the

�decay plot showed a clear resemblance between the

curves from four neurons (E7, J4, O1, and O6),

while the curve for S4 was markedly different. 

None of the analyses showed correlation

between mEPSC kinetics and the detected AMPAR

subunit composition, suggesting mixed populations

of AMPARs at the synapses of a single neuron.

3.1.6 Evaluation of AMPAR subunit mRNA 

expression in purified RNA from 

whole cultures

The observed differences in AMPAR subunit

expression seen in single cell RT-PCR were also

investigated in whole cortical and spinal cord

cultures. RNA was purified from all cells in whole

culture dishes and estimated by RT-PCR using the

same protocol as for single cell RT-PCR. The RNA

originated from embryos aged E16-20 and was

purified after 0-37 DIV, of which zero DIV

represent triturated non-cultured tissue samples

(complete data is shown in appendix III). 

In the 44 samples, high relative expression

(scoring: ++/+++ evaluated as in the single cell RT-

PCR study) of GluR1 and GluR2 was observed in

74% and 72% of the samples, respectively, and they

were the most abundant subunits regardless of

tissue type as also seen in the single cell RT-PCR

study. Higher levels of GluR3 were detected in

cortical cultures compared to spinal cord cultures,

while the opposite was true for the GluR4 subunit.

A significant difference in high relative expression

levels (++/+++) between cortical and spinal cord

cultures for GluR4 was seen (Fisher’s Exact test,

P=0.021; Spearman’s Correlation, P=0.021), while

no significant differences were observed for the

other subunits regardless of the scoring method. 
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The effects of embryonic age and DIV were

tested for each tissue type as in the single cell RT-

PCR study. No significant differences in AMPAR

subunit expression were observed with DIV in the

two tissue types. The relative expression of the

GluR1 subunit was found to increase with em-

bryonic age in spinal cord cultures (positive

Spearman’s Correlation, P=0.060) and significantly

in cortical cultures (positive Spearman’s Correla-

tion, P=0.022). The opposite was observed for

GluR3, which decreased but not significantly in

both culture types (cortex: Pearson’s �2 test,

P=0.070; spinal cord: Pearson’s �2 test, P=0.078).

Because only the GluR4 subunit was seen to differ

significantly between cortical and spinal cord

cultures, developmental changes in expression of

the GluR1-GluR3 subunits were investigated in

pooled results from both tissues. A significant

increase in GluR1 expression for cultures from

older embryos was observed (positive Spearman’s

Correlation, P=0.004; Pearson’s �2 test, P=0.028),

while GluR3 expression declined (negative Spear-

man’s Correlation, P=0.009; Pearson’s �2 test,

P=0.052). In addition, DIV significantly affected

the expression of only the GluR3 subunit, which

decrease during culturing (negative Spearman’s

Correlation, P=0.028). 

Analyzing expression levels during culturing

in samples from the same platings showed that the

decrease in cortical GluR4 expression was only

observed in a fraction of the platings. It should be

noted that GluR4 expression was low at all times.

Similarly, the increase in spinal cord GluR4 expres-

sion seen for more DIV was only observed in some

of the platings.

To compare the actual amount of GluR2

mRNA in cortical and spinal cord cultures as a

function of DIV, quantitative RT-PCR was employ-

ed using ß-actin as an internal standard (appendix

III). GluR2 was generally more abundant in cortex

than in spinal cord in non-cultured tissue, young 

(2-5 DIV), and old cultures (15 DIV) with a switch

at 8-10 DIV where GluR2 was more abundant in

spinal cord cultures. This difference resulted from

different peaks in GluR2 mRNA expression, which

peaked at 5 DIV for cortical cultures and 8 DIV for

spinal cord cultures. These results indicate that the

expression of GluR2 mRNA changes over time, and

that the changes depend on the tissue of origin.

3.2 Discussion
In the present study, electrophysiological charac-

terization of synaptic properties in neurons cultured

from different tissues was correlated to AMPAR

subunit expression to investigate the role of the

important GluR2 subunit. The use of cultured

cortical and spinal cord neurons in the study was

based on an earlier report in which GluR2 was

abundantly detected in cortical cells, while the

subunit was mostly absent in cells from the spinal

cord (Dai et al., 2001). These cultures were, there-

fore, ideal for investigating synaptic properties of

GluR2-containing and -lacking neurons.

3.2.1 Single cell RT-PCR analysis of neurons 

from cortical and spinal cultures

To verify the earlier results (Dai et al., 2001) and

obtain data on AMPAR subunit expression in the

studied neurons, single cell RT-PCR was carried out

on neurons capable of generating action potentials.

In accordance with the results by Dai et al. (2001),

cortical neurons analyzed in the present study

showed abundant GluR1 and GluR2 expression in

about half of the neurons (54% and 51%, respect-

ively), GluR3 in about a third of the neurons (32%),

while the GluR4 subunit only was detected in a few

neurons (7%). This detection pattern was also seen

in single cell RT-PCR studies performed on neurons

in cortical slices from young rats (Jonas et al.,

1994; Lambolez et al., 1996; Angulo et al., 1997)

and in acutely dissociated cells from the

hippocampus of adult rats (Alsbo et al., 2001).

However, Jonas et al. (1994) and Angulo et al.

(1997) also detected levels of the GluR3 subunit

56 Single cell RT-PCR



comparable to those of GluR1 and GluR2, while

Dai et al. (2001) only detected very few GluR3

positive cells. 

RT-PCR on purified total RNA from cortical

cultures showed the same subunit expression pat-

tern as seen with the single cell RT-PCR analysis. In

accordance with the results presented here, Morley

et al. (1998) detected the GluR1-3 subunits in total

cortical RNA by RT-PCR analysis, while no GluR4

was found (Morley et al., 1998). Morphological

and/or electrophysiological division of neurons in

slices (Lambolez et al., 1996; Tsuzuki et al., 2000)

and in culture (Bochet et al., 1994) showed a

preferred subunit expression pattern for each type

of neuron. The group of pyramidal and a subgroup

of non-pyramidal neurons (type I) were found to

express high levels of GluR2 and GluR1, while

fewer neurons contained GluR3 and GluR4. On the

contrary, the other group of the non-pyramidal

neurons (type II) showed high levels of GluR1 and

GluR4, low levels of GluR3 and no GluR2. How-

ever, individual neurons from the same neuronal

type showed different expression of the AMPAR

subunits. No morphological determinants were

used in selecting neurons for analysis in the present

study; the cells thus represented a variety of

morphologies, which could explain the interme-

diate detection levels of the different subunits

described here. 

The GluR2 subunit was also detected in

abundance in spinal cord neurons, which is in

contrast to the earlier report by Dai et al. (2001). In

agreement with the present study, high levels of

GluR2, which co-localized with one of the other

subunits, were found in adult rat slices of the spinal

cord using an antigen-unmasking technique involv-

ing pepsin digestion (Nagy et al., 2004). RT-PCR

on single neurons and total RNA showed that the

largest differences in subunit expression between

cortical and spinal cord neurons were seen for the

GluR3 and GluR4 subunits. A significantly higher

detection frequency of the GluR3 subunit in cortical

neurons was observed in single cell RT-PCR, while

the expression of GluR4 was significantly greater

in spinal cord neurons when analyzing whole cul-

ture RNA. In accordance with these observations,

single cell RT-PCR analysis of motoneurons and

dorsal horn neurons from spinal cord cultures

showed an abundance of the GluR1, GluR2 and

GluR4 subunits, while the GluR3 subunit was rare-

ly detected (Vandenberghe et al., 2000). Likewise,

in situ hybridization studies of spinal cord slices

showed higher densities for GluR1 and GluR2 than

for GluR3 in different regions of the spinal cord,

while no estimations of the distribution of GluR4

was included in the study (Pellegrini-Giampietro et

al., 1994a).

No significant difference in expression levels

of the GluR2 mRNA was observed between cortical

and spinal cord neurons. However, quantitative RT-

PCR of GluR2 mRNA normalized to the expression

of ß-actin revealed developmental changes in

GluR2 expression levels. The cortex contained

more GluR2 than the spinal cord from the same

embryo prior to plating. This was also the case for

young cultures (2-5 DIV) and old cultures 

(15 DIV), although a switch was seen at 8-10 DIV.

3.2.2 Correlation of neuronal type with 

AMPAR subunit expression

The detection of GluR2 in 67% of the harvested

spinal cord neurons was contrary to the observation

by Dai et al. (2001) that neurons in spinal cord cul-

tures lack GluR2. Differences were also observed in

the detection of the GluR4 subunit in spinal cord

neurons (24% in the present study compared to

81%) and higher detection frequencies of GluR3

were observed in cortical neurons in this study.

Because defined AMPAR subunit expression

patterns have been ascribed to the different neu-

ronal types (see above), a correlation of AMPAR

subunit expression with identified glutamatergic

and GABAergic neurons was carried out to address

these apparent discrepancies.
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About half of the neurons showed no autaptic

responses, while the remainder was either glutama-

tergic (11%) or GABAergic (29%). Only the GluR3

subunit showed significant differences between the

three types of neurons. In the glutamatergic and

GABAergic neurons, high levels of GluR1, GluR2

and GluR3 were detected, while low GluR4 subunit

expression was only found in glutamatergic neurons

(14%). This is in contrast to an earlier report

showing mostly GluR1 and GluR4 in hippocampal

interneurons, which are presumably GABAergic

(Bochet et al., 1994). However, in situ hybridization

and immunogold labeling have shown GluR2

expression in most GABAergic neurons, although

to a lesser degree than in pyramidal neurons (Racca

et al., 1996; He et al., 1998). In addition, Geiger et

al. (1995) found that interneurons from different

parts of the brain showed different subunit expres-

sion patterns with low expression of GluR2 in

hippocampal dentate gyrus basket cells and higher

GluR2 expression in hilar interneurons (Geiger et

al., 1995). Two single cell RT-PCR studies showed

GluR2 expression in both non-pyramidal cortical

neurons (Jonas et al., 1994) and interneurons from

the hippocampus with rectifying AMPARs

(Washburn et al., 1997). Accordingly, the presently

reported detection of GluR2 mRNA in GABAergic

neurons is not unusual.

3.2.3 Developmental changes of AMPAR 

subunit expression in cortical neurons

Changes in AMPAR subunit expression during

development have been reported in both cultured

embryonic neurons and postnatal slice prepara-

tions. In the present study, only the relative expres-

sion levels were detected in the single neurons,

thereby excluding analysis of quantitative changes

in AMPAR subunit expression. Changes in the

detection of AMPAR subunits in cortical neurons

were seen as a function of embryonic age at the time

of plating, as well as for DIV. A general rise in the

detection frequency of GluR1 was observed for

larger embryos and for older cultures. This was also

the case in the study of AMPAR subunits in whole

culture. A rise in the detection frequency of the

GluR1 subunit with time in culture was also seen in

a single cell RT-PCR study of hippocampal cultures

from 2-9 DIV (Tsuzuki et al., 2001). Likewise, a

significant increase in GluR3 expression was

observed in neurons derived from intermediate and

old embryos. Antibody staining of hippocampal

cultures showed a large increase between three and

ten DIV in surface AMPARs, suggesting an overall

increase in AMPAR subunits during culturing

(Pickard et al., 2000). The GluR2 subunit was

detected in about half of the neurons in all groups,

although slight fluctuations were observed. In situ

hybridization in slices with probes against the

GluR1, GluR2 and GluR3 subunits showed a high

level of mRNA of all three subunits at birth

(Pellegrini-Giampietro et al., 1991, 1992). All three

subunits showed the highest levels at P14, after

which GluR1 and GluR3 gradually decreased to

low levels in adult animals, while GluR2 stayed

constant. In the present study, quantitative RT-PCR

on purified RNA showed an increase during cul-

turing in GluR2 mRNA compared to ß-actin levels.

Although a peak was observed at 5 DIV, higher

levels were found at 15 DIV than at 3 DIV.

The already low level of the GluR4 subunit

showed a marked decline, as the embryos became

larger and a significant decrease with time in cul-

ture. GluR4 was completely absent from the groups

with largest embryos and longest time in culture.

The GluR4-negative neurons showed no correlation

between DIV and embryonic size, indicating that

both factors can independently result in decreased

GluR4 levels. Decreasing levels of GluR4 expres-

sion during culturing have previously been de-

scribed (Tsuzuki et al., 2001). These results could

explain the previous report of low GluR4 expres-

sion in cortical neurons (Dai et al., 2001), which

were primarily cultured from embryos older than

those used for their analysis of spinal cord neurons.

58 Single cell RT-PCR



The developmental changes reported by other

groups are not completely reflected in the results

presented here. This could in part be attributed to

the different detection methods, e.g. although in situ

hybridization can detect mRNA in single dendrites,

it is hampered by secondary structures of the

mRNA and is difficult to quantify (Eberwine et al.,

2002).

3.2.4 Developmental changes of AMPAR

subunit expression in spinal neurons 

No previous studies of developmental changes in

AMPAR subunit expression in neurons from spinal

cord cultures have been published. A slightly

different picture was seen for cultured spinal cord

neurons compared to cortical neurons. Only neu-

rons from small and intermediate embryos were

harvested (viable neurons from older embryos

could not be cultured successfully). GluR1 and

GluR2 were still the most abundant subunits

detected with a significant increase in GluR2

expression levels as the embryos got older. On the

contrary, the GluR1 subunit was seen to decrease as

the embryos got older. The GluR3 subunit was only

detected in neurons from the smallest embryos and

in the youngest cultures. A low detection frequency

of the GluR4 subunit was seen in the present study

and, apart from an increase for intermediate cul-

turing times, the expression declined over time and

was not detected in the group of most DIV.

Additionally, GluR4 detection decreased as the

embryos got larger. In accordance with these

results, high expression levels of GluR1 and GluR2

and significantly lower levels of GluR3 and GluR4

were seen in young rats by in situ hybridization and

subunit specific antibodies on slices of postnatal

spinal cord (Jakowec et al., 1995a; Jakowec et al.,

1995b). Furthermore, the levels of GluR1 and

GluR2 decreased in older animals, but were at all

times more abundant than GluR3 and GluR4.

Western blot of GluR1, GluR2 and GluR4 also

showed that all subunits decrease after P1 in spinal

cord (Brown et al., 2002). In the present study, only

the quantitative RT-PCR analysis on total RNA

from cultures (3-15 DIV) estimated absolute levels

of subunit expression. A peak in GluR2 mRNA was

found at 8 DIV in spinal cord cultures. The cultured

spinal cord neurons were from E15 embryos, which

would have been born 7 days later. This is close to

the 8 DIV, after which the GluR2 mRNA decreases

as reported in postnatal slices.

3.2.5 Changes in  AMPAR subunit expression

in cultured neurons

In the single cell RT-PCR study, only the GluR3

subunit was expressed differently in cortical and

spinal cord neurons. Therefore, developmental

changes in the other subunits were investigated in

all analyzed neurons regardless of tissue origin.

This revealed a significant decrease in GluR4

expression in neurons from larger embryos and as

culturing progressed. This general decline might

explain the difference in GluR4 expression

observed by Dai et al. (2001) because they

dissected neurons from different embryonic ages

depending on the tissue to be used for culturing.

They found high GluR4 expression in spinal cord

neurons, which were obtained from young embryos

(E13-15), while very little GluR4 was present in

cortical neurons, which were taken from larger

embryos (E15-18). However, neither a develop-

mental change in GluR2 expression nor neuronal

type could explain the apparent discrepancy in

GluR2 detection in spinal cord neurons between the

results of Dai et al. (2001) and the present study.

Interestingly, a significant increase in GluR2

expression was observed in neurons from larger

embryos in spinal cord cultures, indicating that Dai

et al. (2001) studied the group of neurons showing

the lowest amount of GluR2 expression. 

The difference in GluR2 expression between

the two studies might arise from the fact that Dai et

al. (2001) used neurons cultured in low oxygen

(10%), compared to ambient air (20% O2) used for
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culturing in the present study. Low oxygen has been

reported to improve cell culture survival (Brewer &

Cotman, 1989). Addition of antioxidants to counter-

act the effects of high oxygen extends neuron

survival in cultures (Colton et al., 1995) and

protects neurons from excitotoxicity induced by

application of glutamate, NMDA, or kainate

(Nakao et al., 1996; Vergun et al., 2001; Kim et al.,

2002). Presumably, neurons maintained at more

physiological oxygen levels (1-5% in the brain,

Brewer & Cotman, 1989; Studer et al., 2000) are

healthier and might therefore better accommodate

Ca2+-permeable AMPARs lacking the GluR2

subunit. This would explain the high number of

GluR2 negative neurons in the study by Dai et al.

(2001). Furthermore, dopaminergic and serotoner-

gic neurons survive better in low oxygen (Colton et

al., 1995; Studer et al., 2000), suggesting that

oxygen levels affect the diversity of neuronal types

in culture. In the present study, the possible

influence of different oxygen levels on AMPAR

subunit expression could not be addressed because

of the use of incubators without oxygen sensors.

3.2.6 Correlation of mEPSC kinetics with

AMPAR subunit expression

To reveal possible associations between synaptic

AMPAR mediated kinetic properties and relative

subunit expression, a preliminary analysis of

correlation of different kinetic characteristics with

single cell RT-PCR results was carried out. Mini-

ature EPSCs were recorded and detected in 12

neurons in which the subunit distribution was

subsequently determined. However, no significant

correlations could be found between kinetic pro-

perties and subunit composition or between kinetic

properties and embryonic size or DIV. Of the

mEPSC current kinetics, only the rise time (10-

90%) was found to differ significantly between

cortical and spinal cord neurons with the latter

being faster. However, this difference could not be

correlated to AMPAR subunit expression as

detected by single cell RT-PCR. In accordance with

the results presented here, a single cell RT-PCR

study of AMPAR subunit composition only re-

vealed a correlation between rectification and the

GluR2 subunit (Angulo et al., 1997), while

Lambolez et al. (1996) found slow kinetics to be

correlated with GluR2 expression (Lambolez et al.,

1996). Both studies were based on cortical slices

from young rats with application of agonist to

outside-out patches excised from the soma. 

The findings in the present study could be

anticipated since all detected mEPSCs in a single

neuron were averaged before kinetics were

evaluated. The mEPSCs arise from quantal release

of glutamate at different synapses, which is likely to

contain AMPARs with different combinations of

subunits. Additionally, to correlate subunit expres-

sion with kinetic properties, each subunit needs to

contribute substantially to the mEPSC kinetics and

be expressed in highly active synapses. Therefore, a

more detailed analysis was carried out using

cumulative probability plots, which, however, did

not reveal clear correlations between mEPSC

kinetics and AMPAR subunit expression. Differ-

ences in the subunit composition of AMPARs ex-

pressed on the surface (Vandenberghe et al., 2001)

as well as in different synapses (Tóth & McBain,

1998) of a single neuron have been reported. On the

same hippocampal interneuron, synapses inner-

vated by CA3 pyramidal neurons contain Ca2+-

impermeable AMPARs, while those from mossy

fibers contain rectifying and Ca2+-permeable

AMPARs (Tóth & McBain, 1998). In addition, Liu

and Cull-Candy (2002) showed that differences

between AMPARs from somatic patches and in the

synapses of the same neuron arose from local Ca2+-

influx (Liu & Cull-Candy, 2002). 

3.3 Summary
Significant differences of AMPAR subunit expres-

sion between cortex and spinal cord were found,

with higher detection frequency of GluR3 in
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cortical neurons in the single cell RT-PCR study

and higher GluR4 expression in whole spinal cord

cultures. Although no clear correlations between

synaptic mEPSC kinetics and AMPAR subunit

expression were found, the study revealed

developmental changes in cultured neurons from

embryos of different ages. The most striking

finding was the correlation between GluR4

expression and embryonic size as well as time in

culture. Several other reports have also described

the decrease of GluR4, mostly in slices from

postnatal animals, although a few studies of

cultured neurons have also been published. This

finding could explain the different expression level

of the GluR4 subunit between cortical and spinal

cord neurons as reported by Dai et al. (2001). How-

ever, the absence of the GluR2 subunit in spinal

cord neurons was not seen in the present study. 

This contradiction might be explained by the

difference in culturing conditions, suggesting that

low oxygen allowed the existence of Ca2+-

permeable AMPARs in spinal cord neurons. Some

of the discrepancies between the present study and

the published work may also be attributed to the

detection method and their respective sensitivities

together with differences in sample preparation,

which could affect gene expression because of

mechanical stress and culturing conditions

(Condorelli et al., 1993; Tsuzuki et al., 2000).

Furthermore, culturing of dissociated neurons

might select for certain types of neurons, which

could have different sensitivities to neurotoxicity.

None of the studies published to date have

considered the effect of embryonic age as deter-

minant for AMPAR subunit expression. Further-

more, the results presented here have been obtained

over an extended culturing time as compared to

other developmental studies of cultured neurons.

The changes in AMPAR subunit expression

described here should be taken into account when

analyzing data obtained from different embryos and

at different times in culture.
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Since the single cell RT-PCR study did not confirm

the presence of a GluR2-lacking population of spi-

nal cord neurons, other means of creating GluR2

negative neurons were considered. Among the

different methods available, RNAi was chosen to

create acute knockdown of the mRNA. This method

presents several advantages compared to antisense

oligonucleotides, including easier delivery, lower

toxicity and longer duration of knockdown (for fur-

ther details see 1.4.3). At the onset of the project,

not much was known about the mechanism of

RNAi, and it had only recently been shown to

function in mammalian cell lines (Caplen et al.,

2001; Elbashir et al., 2001a). Acute knockdown of

the GluR2 subunit might also aid in the under-

standing of the cellular response to GluR2

downregulation as seen following an ischemic

insult (Pellegrini-Giampietro et al., 1994b; Kjøller

& Diemer, 2000).

4.1 Results
4.1.1 RNAi in primary cultures of neurons

To investigate whether RNAi was functional in

primary cortical cultures, a verified siRNA

(Ambion, Austin, TX, USA) against the house-

keeping gene glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH, was tested using Lipofect-

amine2000 (Invitrogen, Carlsbad, CA, USA) as

transfection agent. As a positive control, the

experiment was run in parallel in N2a cells. The

expression of GAPDH mRNA relative to ß-actin

mRNA was estimated by quantitative RT-PCR.

Untransfected cells and cells transfected with an

siRNA against TNF� (Tumor Necrosis Factor �)

showed similar GAPDH mRNA levels, while trans-

fection with the GAPDH siRNA induced 20% and

80% knockdown in primary cortical cultures and

N2a cells, respectively. This was verified in four

independent experiments with knockdown of 

12-30% in cortical cultures containing many

different cell types and 75-84% in N2a cells.

The siRNA against GAPDH was reported to

result in >90% knockdown in different cell lines

and primary cells (www.ambion.com), implying

that the observed knockdown level could be

regarded as a direct measure of the transfection

efficiency. For a more direct assessment of trans-

fection efficiencies, a plasmid DNA encoding GFP

was used. Compared to the GAPDH siRNA, the

GFP plasmid showed markedly lower transfection

rates of 1-3% in cortical cultures (fig. 22) and 30-

60% in N2a cells. Although electrophysiological

recordings and RT-PCR were to be employed on

single transfected cells, a substantially higher trans-

fection rate is necessary to carry out more general

estimations of GluR2 knock down by RT-PCR on

total RNA and Western blots. 

To obtain higher transfection rates several

different transfection agents were tested: SuperFect

and Effectene from Qiagen (Hilden, Germany) and

TransIT-TKO, TransIT-LT1, and TransIT-Neural

from Mirus (Madison, WI, USA). Optimization
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Figure 22. Fluorescent photograph of a cortical neuron
transfected with a plasmid expressing GFP. Obtained using a
GFP filtercube (exciter: HQ480/40x, dichroic: Q505LP,
emitter: HQ535/50m). Scale bar 10 µm.



protocols from the different companies were

followed, in which the transfection reagent and

DNA concentrations were varied. Although the

same amount of dissected tissue was used for each

plating, the numbers of proliferating neurons varied

greatly at the time of transfection (usually 2-3

weeks after plating). With the uncontrolled varia-

bility of cell density, it was impossible to perform

cell density optimizations and each transfection

reagent was tested several times. 

None of the tested transfection reagents

resulted in higher transfection efficiencies of the

GFP plasmid than that obtained with Lipofect-

amine2000. TransIT-Neural and TransIT-LT1 exclu-

sively transfected large underlying cells, which did

not resemble neurons and were presumably glial

cells. Transfections with SuperFect resulted in lysis

of all cells in the culture, regardless of the concen-

tration of transfection reagent. Only Effectene

transfections resulted in GFP-positive neurons, but

at lower efficiency (<0.1%) than with Lipofect-

amine2000. Finally, the siRNA optimized transfec-

tion reagent, TransIT-TKO, resulted in less knock-

down of GAPDH in both N2a cells and primary

neurons compared with Lipofectamine2000, indi-

cating lower transfection rates with this reagent.

Additionally, the transfection enhancer, Nupherin-

Neuron (Biomol, Plymouth Meeting, PA, USA),

was tested in combination with Lipofectamine-

2000. However, no clear advantage of this putative

enhancer was seen and several of these transfec-

tions resulted in complete lysis of the cultures,

which could be attributed to the obligatory centrifu-

gation step, because control cultures without Nu-

pherin-Neuron also lysed. Consequently, Lipofect-

amine2000 was the transfection reagent of choice. 

4.1.2 Generation of shRNAs for the

knockdown of GluR2 mRNA

For persistent knockdown, the plasmid approach

was adopted, which transcribes shRNAs that are

cleaved by the Dicer enzyme before entering the

RNAi pathway. An additional advantage of this

approach was the straightforward inclusion of a

plasmid transcribing GFP as a fluorescent trans-

fection marker. The inserted target sequence was

obtained as complementary oligos harboring the

vector specific overlaps. However, annealing of

these long hairpin oligos produced no double

stranded DNA, which could be used for cloning.

Therefore, a three fragment ligation procedure was

adopted where the hairpin was designed as two

separate fragments with a 10 nt overhang of the

loop sequence (see 2.1.12 and fig. 12 for further

details). 

The target sites were situated in regions of

homology between the various GluR2 splice

variants, and a nucleotide BLAST (basic local

alignment search tool) search of the non-redundant

database at NCBI (National Center for Biotech-

nology Information, USA) ensured that only the

GluR2 gene was targeted. 

Initially, three different shRNAs (shGluR2-1,

shGluR2-2 and shGluR2-3) targeting the mRNA of

GluR2 were cloned into the pAV U6+27 vector

(Paul et al., 2002) under the control of the U6

promoter. This promoter was chosen because it

contains all the regulatory sites for transcription

upstream of the initiation site. The target sites of

these shRNAs were scattered over the GluR2

sequence to target different regions of the mRNA

(see appendix I for sequences and target sites). To

estimate the efficiency of GluR2 mRNA knock

down, single cell RT-PCR was carried out on GFP-

positive neurons three days after transfection of pri-

mary cortical cultures. Unfortunately, as reported in

4.1.4.1, no conclusive results were obtained, and it

was decided to generate four new constructs,

shGluR2-4 to 2-7, of which the sequence for the

shGluR2-7 had recently been published (Passafaro

et al., 2003). In general, siRNA targeting is very

specific whereby the introduction of a single

mutation should abolish specificity and thereby

knockdown efficiency (Hannon, 2002). Therefore,
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a shRNA construct, shGluR2-4s, containing three

point mutations in the middle and 3’ end of the

shGluR2-4 sequence was utilized as a negative

control. 

4.1.3 Evaluation of GluR2 knockdown by

shRNAs in BHK cells expressing the

GluR2 flop variant

To test the ability of the constructed plasmids to

downregulate GluR2, BHK cells expressing GluR2

flop were transfected using Lipofectamine2000. To

visualize transfection rates, 20% of the pEGFP-C1

plasmid (BD Clontech, Palo Alto, CA, USA) was

added. Both GluR2 mRNA and protein knockdown

were estimated up to four days after transfection by

quantitative RT-PCR and immunohistochemistry,

respectively. 

4.1.3.1 Determination of GluR2 mRNA

knockdown

The quantitative measurement of GluR2 mRNA

was carried out using real-time RT-PCR on total

RNA purified from transfected BHK cells expres-

sing GluR2 flop. Transfection rates of 30-70% were

estimated before purification of total RNA. The

cDNA was reverse transcribed with gene specific

primers, and the mRNA levels of GluR2 and the

reference gene, ß-actin, were quantitated using a

LightCycler (described in 2.1.9). 

The relative amount of GluR2 mRNA in each

sample was estimated and normalized to that of the

GFP transfected control and the remaining GluR2

mRNA is shown in table 7 and fig. 23. All of the

constructs showed depressed levels of GluR2

mRNA in several individual experiments, but

standard deviations are fairly large owing mainly to

the considerable variations between experiments

although the experimental conditions were iden-

tical. In general, GluR2 mRNA levels were higher

in cells transfected with the negative control

construct, shGluR2-4s, or GFP alone than with the

knockdown constructs in the same experiment. For

most of the constructs, GluR2 knockdown was

evident two days after transfection with the most

pronounced downregulation mediated by shGluR2-

4 and shGluR2-7. All constructs showed low GluR2

mRNA levels three days after transfection where-

upon, for every construct, GluR2 mRNA levels
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Table 7. Knockdown of GluR2 in BHK cells expressing GluR2 flop estimated by quantitative RT-PCR (qPCR) and 
immunohistochemistry (IHC).

1 day after transfection 2 days after transfection 3 days after transfection 4 days after transfection

IHC IHC IHC IHC

qPCR TR KD NV qPCR TR KD NV qPCR TR KD NV qPCR TR KD NV

shGluR2-1 0.90±0.11 28 94 1.09 0.93±0.33 49 85 0.89 0.64±0.22 64 98 1.01 1.33±0.24 25 78 0.91

shGluR2-2 0.82±0.05 38 92 1.07 0.78±0.24 37 94 0.99 0.63±0.24 15 96 0.99 1.61±1.15 17 97 1.13

shGluR2-3 0.97±0.08 59 97 1.13 0.82±0.13 30 81 0.85 0.56±0.16 24 92 0.95 0.78±0.12 21 67 0.78

shGluR2-4 1.01±0.06 40 98 1.14 0.60±0.47 36 89 0.94 0.64±0.23 26 91 0.94 0.83±0.60 34 70 0.81

shGluR2-5 0.73±0.27 78 94 1.09 0.95±0.71 41 97 1.02 0.63±0.32 34 87 0.90 0.95±0.78 17 72 0.84

shGluR2-6 1.18±0.52 32 87 1.01 0.79±0.28 37 84 0.88 0.58±0.25 28 89 0.92 0.94±0.33 21 71 0.83

shGluR2-7 1.57±0.01 34 79 0.92 0.62±0.47 29 73 0.77 0.60±0.42 23 97 1.00 1.09±0.16 21 79 0.92

shGluR2-4s 0.68±0.39 40 92 1.07 1.48±1.08 48 98 1.03 0.80±0.23 10 100 1.03 1.20±0.13 27 95 1.10

Control 1.00 37 86 1.00 1.00 47 95 1.00 1.00 18 97 1.00 1.00 32 86 1.00

In quantitative RT-PCR, the GluR2 mRNA levels were standardized to ß-actin mRNA levels and normalized to the control. 
Mean values (±st. dev.) are derived from four independent experiments.
In IHC, only GFP-positive cells with a clear cellular appearance was included in the transfection rate. To generate comparable
figures with the quantitative PCR results, the GluR2-positive cells that also were GFP-positive were estimated and normalized to the
control. The percentages represent number of GluR2-positive cells divided by number of transfected cells (GFP positive). 
TR: Transfection rate measured as the percentages of cells that were GFP-positive. KD: Knockdown measured as the percent of anti-
GluR2-positive cells that show green fluorescence. NV: Normalized values for protein knockdown assessed by IHC. 
Control: GFP transfected cells.



increased (fig. 23). A peak in GFP fluorescence

was seen three days after transfection, whereupon

both the percentages of fluorescent cells as well as

intensity declined. Although the negative control

plasmid, shGluR2-4s, reduced the GluR2 mRNA

level by 20% three days after transfection, this

reduction was smaller than those seen after trans-

fection with the knockdown constructs (36-44%). 

4.1.3.2 Determination of GluR2 protein

knockdown 

Transfection rates in the individual experiments

were estimated by GFP fluorescence, which varied

in intensity between cells. Very dim green signals

that did not show a clear cellular shape were not

counted as transfected cells. The average trans-

fection rate of the BHK cells used in immunohisto-

chemistry (IHC) was 33% (range 10-78%). GluR2

protein expression was assessed using a mono-

clonal antibody against the N-terminus of GluR2 in

an immunohistochemistry procedure. The cells

were fixed in 4% paraformaldehyde and processed

under non-permeabilizing conditions. A Cy3 con-

jugated anti-mouse antibody (red fluorescent) was

used to visualize anti-GluR2 binding. In non-

treated cultures, the monoclonal anti-GluR2

antibody stained all cells. However, the intensities

of fluorescence varied between cells within a

culture (fig. 24). Because low GluR2 staining was

not necessarily associated with protein knockdown,

this impeded quantitative evaluation of the results.

Therefore, only cells showing no or very faint re-

action with the anti-GluR2 antibody were regarded

as GluR2 negative, thereby possibly excluding cells

with low to intermediate GluR2 knockdown and

underestimating total GluR2 protein knockdown

(fig. 25). To obtain values comparable to the qPCR

results, GluR2 protein knockdown was described as

the percent of transfected cells that expressed

GluR2 normalized to the GFP transfected control. 

Apart from the negative control shGluR2-4s

construct, only a single construct, shGluR2-2, did

not induce knockdown of the GluR2 protein by the

detection method used here. Monitoring GluR2

protein knockdown over four days showed that the

lowest number of GluR2 positive cells was seen on
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Figure 23. Histogram representing GluR2 mRNA levels (A) estimated one to four days after transfection with the seven
knockdown constructs, shGluR2-1to 2-7, and the negative control plasmid, shGluR2-4s. The ß-actin mRNA level in each sample
was used as a standard for GluR2 mRNA expression, which was normalized to the control cells transfected with GFP alone (C).
Histogram representing GluR2 protein levels (B) as the percentage of anti-GluR2-positive cells that were also GFP-positive and
normalized to the control of cells transfected with GFP alone (C). Knockdown was estimated one to four days after transfection as
shown by the colored columns.
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Figure 24. Cy3-staining of GluR2 in non-permeablized BHK cells transfected with GFP alone. The panel on the left shows the
cells in phase-contrast microscopy, while the right panel shows Cy3-stained BHK cells visualized with a red fluorescent filtercube
(Exciter: BP520-550, dichroic: DM565, emitter: BA580IF). Varying fluorescence for the cells was observed with three showing
strong staining. Scale bar 10 µm.

Figure 25. Protein knockdown of GluR2 in BHK cells expressing GluR2 flop. Estimation by IHC with anti-GluR2 antibody
visualized with a Cy3-conjugated secondary antibody. Seven cells seen in phase-contrast microscopy (A). GFP (B) was used as a
transfection marker and showed varying intensities (a faint cell is marked by an arrowhead). Cy3 (C) stained all cells except one
cell, which is marked by an arrow in all pictures. An overlay (D) of the Cy3 and GFP pictures was generated in Photoshop.
Fluorescent filters as described in fig. 22 and 24 were used. Scale bar 10 µm.
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day four. This is in contrast to qPCR that showed

the largest knockdown of mRNA three days after

transfection. The constructs showed different

knockdown profiles over time, with declining

GluR2-positive cells from day one for the

shGluR2-4 and shGluR2-5 constructs, while the

remaining constructs showed fluctuating GluR2

protein levels. For the six constructs showing

knockdown, the percentage of GluR2-positive cells

generally decreased between three and four days

after transfection (fig. 23). 

GluR2 protein knockdown was not as

pronounced as mRNA knockdown, which could be

attributed to the analysis of IHC staining of the

cells. Nonetheless, several of the constructs caused

clear reductions in GluR2 staining, suggesting that

the shRNA sequences efficiently targeted GluR2

mRNA in this cell line.

4.1.4 Investigation of GluR2 knockdown in

cortical neurons by shRNA constructs

4.1.4.1 Single cell RT-PCR analysis of GluR2

expression in cortical neurons 

The efficiencies of the different constructs to knock

down GluR2 in cortical neurons were estimated in

parallel with the BHK cell experiments. Single cell

RT-PCR was used to investigate the presence of

GluR2 mRNA in transfected neurons. GFP-positive

neurons were harvested three to four days after

transfection for the shGluR2-1 to shGluR2-3 con-

structs, while longer incubation times of up to eight

days were used for the remaining constructs. The

relative expression levels of AMPAR subunit

mRNAs was estimated in 74 neurons that showed

positive single cell RT-PCR (complete data are

assembled in appendix IV). The two scoring

schemes described in 2.1.4 were applied in the

analysis of the transfected neurons, and differences

in expression were tested using Pearson’s �2 test or

Fisher’s Exact test. 

In the control group (GFP), 67% (8/12) of the

neurons were GluR2-positive (table 8 and fig. 26).

GluR2 was not detected in the two shGluR2-7

transfected neurons hinting that this construct is

effective in neurons, although a larger number of

cells have to be processed before conclusions can

be drawn. Of the other constructs, no significant

differences of GluR2 expression were observed
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Figure 26. Histogram of the detection of AMPAR subunits
by single cell RT-PCR analysis of neurons transfected with the
different constructs. The number of neurons positive in RT-PCR
is listed below the construct number. The subunit was counted
if a visible digestion band was evident in an ethidium
bromide stained agarose gel regardless of expression level.
C: Transfected with GFP alone.

Table 8. The frequency of detection of the GluR1-4 subunits in transfected neurons by single cell RT-PCR.

shGluR2-1 shGluR2-2 shGluR2-3 shGluR2-4 shGluR2-5 shGluR2-6 shGluR2-7 shGluR2-4s Control

GluR1 1(17%) 2 (17%) 5 (29%) 3 (30%) 3 (75%) 6 (75%) 2 (100%) 2 (67%) 7 (58%)

GluR2 5 (83% 6 (50%) 12 (71%) 6 (60%) 2 (50%) 5 (63%) 0 (0%) 1(33%) 8 (67%)

GluR3 0 (0%) 8 (67%) 10 (59%) 5 (50%) 2 (50%) 3 (38%) 0 (0%) 0 (0%) 5 (42%)

GluR4 0 (0%) 4 (33%) 4 (24%) 1 (10%) 2 (50%) 2 (25%) 0 (0%) 1 (33%) 5 (42%)

Total 6 12 17 10 4 8 2 3 12

C: Control neurons transfected with GFP alone.  The subunit was counted if a visible digestion band was evident in an ethidium
bromide stained agarose gel regardless of expression level.



regardless of the scoring scheme employed.

Additionally, no significant difference was seen

between the different constructs and the control for

the other three AMPAR subunits. 

The low numbers of neurons hampered the

interpretation of the results for some of the

constructs, and no final conclusion could be drawn

from the single cell RT-PCR analysis. It should also

be stressed, that the speed of degradation of the

GluR2 mRNA in the neurons might be different

from that observed in the BHK cells. In studies on

the shGluR2-1 to shGluR2-3 constructs, the neu-

rons were harvested three days after transfection,

while increased incubation times were applied in

some of the experiments for the last four constructs.

However, no significant decrease in GluR2 expres-

sion was seen in the neurons cultured for longer

than four days.  

To study possible neuronal death caused by

transfection or GluR2 knockdown, the number of

GFP-positive cells was monitored over a two-week

period after transfection with shGluR2-7, shGluR2-

4s (negative control) or GFP alone. In general, the

number of transfected cells increased during the

first two to three days following transfection,

whereupon the number of GFP-positive neurons

slowly declined and the intensity of GFP fluor-

escence became gradually fainter. Two days after

transfection, the GFP control showed a transfection

rate of 2-3%, while the two shGluR2 constructs

showed transfection rates of 1-2%. Thereupon, a

steady decline of GFP-positive neurons was seen,

and 14 days after transfection, the shGluR2-7 trans-

fected culture contained only two and the shGluR2-

4s 17 GFP-positive neurons in otherwise similar

cultures. A markedly higher number of GFP posi-

tive neurons (38) were seen in the GFP control,

consistent with the higher transfection rate

observed two days after transfection. 

The decline in GFP-positive neurons can

either be ascribed to cell death of GFP expressing

neurons or the downregulation or termination of

GFP expression, which might also affect the

shRNA plasmids. In contrast, RNAi induced by the

GAPDH siRNA (Ambion, Austin, TX, USA) have

been shown to last for at least 18 days in cultured

mouse hippocampal neurons (Omi et al., 2004),

suggesting prolonged effects of RNAi in post-

mitotic cells. In either case, the marked difference

between the number of surviving neurons in

cultures transfected with the negative shGluR2-4s

plasmid and the GluR2 knockdown construct,

shGluR2-7 suggests that the shGluR2-7 construct is

active in neurodegeneration. 

4.1.4.2 Electrophysiological characterization of

transfected neurons

In time, the knockdown of GluR2 mRNA would be

expected to affect the presence of the GluR2

subunit in the surface expressed AMPARs. As

described in the introduction, the GluR2 subunit

greatly influences both the biophysical and phar-

macological properties of assembled AMPARs. The

presence of the GluR2 subunit inhibits Ca2+-influx

through the pore and the current-voltage relation-

ship of the GluR2-containing AMPARs is linear, in

contrast to the inward rectification seen in GluR2-

lacking receptors (see section 1.2.3). Consequently,

measuring the rectification properties of AMPARs

should reveal the presence or absence of GluR2.

I/V-relationships of the AMPA response in

GFP positive neurons were determined by whole-

cell patch clamp recordings before harvesting of

the cytoplasm for single cell RT-PCR. Somatic

application of AMPA at different holding potentials

resulted in desensitizing currents with reversal

potentials close to 0 mV (fig. 27). The Rectification

ratio (RR) was calculated based on the plateau

current as I+45/I-75, and RR>1 indicates outward

rectifying receptors, while RR below one indicates

inward rectifying receptors. Differences in mean

RR values between control and knockdown con-

structs were tested with the Wilcoxon-Mann

Whitney test. 
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Of the 81 neurons that were characterized

electrophysiologically, 78 showed responses to

AMPA (fig. 27), from which the RR could be

calculated (see appendix V for complete data). As

expected, the average RRs of GFP transfected

(1.0±0.3) and shGluR2-4s transfected (0.8±0.4)

neurons were not significantly different (table 9 and

fig. 28). Unfortunately, the mean RR of the control

neurons did not differ significantly from the mean

RRs of the various knockout constructs (0.7-1.3).

However, 11 of the 21 shGluR2-4 transfected

neurons showed inward rectification with five

showing RR≤0.4 and the remaining six having RRs

between 0.4 and 0.6 (fig. 27). No rectification

(average RR of 0.9±0.2) was observed in the

remaining ten shGluR2-4 transfected neurons. Only

two of the neurons transfected with the other

knockdown constructs showed RR≤0.4, one of the

five transfected with shGluR2-5 and one of the six

transfected with shGluR2-7. 
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Figure 27. Sample traces of responses elicited by the application of AMPA at different holding potentials with I/V plots shown
below. AMPA (100 µM) was applied for 4 s and the holding potential was stepped from -75 mV in steps of 15 mV between
sweeps. A. The neuron was transfected with shGluR2-4s and had near linear current-coltage relationship (RR=0.9). B. The RR of
this inward rectifying neuron transfected with shGluR2-4 was calculated to 0.3. This neuron shows pronounced desensitization.
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Table 9. The mean values (±st. dev.) and range (number of observations) of the estimated electrophysiological parameters.

shGluR2-1 shGluR2-2 shGluR2-3 shGluR2-4 shGluR2-5 shGluR2-6 shGluR2-7 shGluR2-4s Control

RR 0.9±0.1 1.0±0.4 0.8±0.1 0.7±0.3 0.7±0.2 1.3±0.4 0.8±0.3 0.8±0.4 1.0±0.3

Range (n) 0.7-1.1(5) 0.5-1.7 (8) 0.6-1.0 (10) 0.3-1.2 (21) 0.3-0.9(4) 0.6-1.9 (15) 0.4-1.3 (6) 0.7-0.8 (3) 0.7-1.4 (5)

PB 36±4% 35±18% 29±10% 31±7% 21±9% 34±11%

Range (n) 33-38% (2) 19-59% (6) 20-40% (3) 22-39% (4) 15-28% (2) 19-44% (4)

Naspm 11±4% 16±18% 7±6% -2±11% 1±1% 3±5%

Range (n) 8-13% (2) -4-46% (6) 0-11% (3) -14-6% (3) 0-2% (2) -3-7% (4)

C: Control neurons transfected with GFP alone. RR: Rectification ratio I+45/I-75.
PB: Percent of AMPA (100 µM) induced current reduced by PB (100 µM) co-application. 
Naspm: Percent of AMPA (100 µM) induced current reduced by Naspm (3 µM) co-application.
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Two of the shGluR2-4 transfected neurons

with RR≤0.4 were positive in the single cell RT-

PCR analysis. They showed completely different

expression patterns (appendix V) with only GluR2

mRNA detected in one, while GluR2 was absent in

the other, which was only positive for GluR1. 

AMPA application (four sec) was carried out

in the middle of a 12 sec voltage step in the pre-

sence of TTX, DL-APV and bicuculline, blocking

action potentials, NMDARs and GABAA receptors,

respectively. AMPARs would therefore mediate the

observed mEPSCs preceding AMPA application.

These mEPSCs were used as a rough method of

investigating rectification properties of synaptic

AMPARs. The effect on mEPSCs of positive

holding potentials serves as an indicator of the

degree of GluR2-containing and -lacking AMPARs

at the synapse or a mixture of the two. The presence

of mEPSCs at positive potentials was assessed in

neurons exhibiting mEPSCs at negative potentials

in the AMPA application recordings (listed in ap-

pendix V). During the short recordings (4 sec) only

a few mEPSC were available at each voltage step,

precluding kinetic characterization of the mEPSCs. 

In GFP or shGluR2-4s transfected neurons,

mEPSCs were seen at both negative and positive

potentials, indicating GluR2-containing synaptic

AMPARs (fig. 29). This was also the case for

transfected neurons with high RRs. Of the ten

shGluR2-4 transfected neurons, which showed

mEPSCs at negative potentials, six did not exhibit

mEPSCs at positive holding potentials, indicating

that a large population of synaptic AMPARs lack

GluR2 (fig. 29). These neurons with inward recti-

fying mEPSCs also showed inward rectification of

responses evoked by exogenously applied AMPA.

This coupling of rectifying synaptic AMPARs and

AMPA evoked responses was also seen in a few

neurons transfected with shGluR2-3 (1/4 neurons,

RR=0.6) and shGluR2-6 (1/4 neurons, RR=0.6).

As mentioned earlier, the presence of GluR2

also influences the pharmacological properties of

the assembled AMPARs. External polyamines

(Naspm was used in this study) blocks receptors
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Figure 28. Plots of electrophysiological measurements. Mean value for each construct is marked in red.
RR: Rectification ratios of responses to 100 µM AMPA. 
PB: Percent reduction of AMPA currents (100 µM) induced by co-application of PB (100 µM).
Naspm: Percent reduction of AMPA currents (100 µM) induced by co-application of Naspm (3 µM). 



lacking GluR2, while those containing the GluR2

subunit are 5-10 times more sensitive to pento-

barbital (PB) (see section 1.2.4). In control cells, a

clear reduction of AMPA currents was seen by co-

application of PB, while only small reductions were

seen with Naspm (fig. 30). This suggests that most

AMPARs on the soma and proximal dendrites

contain GluR2 (table 9 and fig. 28). Only two

neurons transfected with the shGluR2-4 construct

showed clear reductions by Naspm application (by

24% and 46%) together with lesser PB-mediated

block, indicating that the GluR2 subunit is not pre-

sent in most of the somatic and proximal AMPARs.

One of these neurons (Naspm=24%) was positive

in single cell RT-PCR, which confirmed that GluR2

was not expressed, since only GluR1 was detected.

Furthermore, this neuron had a RR of 0.4.

Although, the RT-PCR was negative for the other

neuron, its RR was 0.3, supporting that the surface

expressed AMPARs did not contain the GluR2

subunit. Additionally, mEPSCs were only detected

at negative holding potentials in both neurons,

further supporting that GluR2-lacking receptors

were expressed at synaptic sites. ShGluR2-4 was

the only construct that resulted in the majority of

neurons (12 of 22) exhibiting electrophysiological

properties linked to the absence of GluR2, though

not in all neurons tested.
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Figure 29. Sample traces of mEPSCs, which were seen at both negative and positive holding potentials for the outward
rectifying neuron (RR=1.3) transfected with GFP alone (A) and only at negative holding potentials in the inward rectifying neuron
(RR=0.4) transfected with shGluR2-4 (B). Enlarged mEPSCs (200%) are inserted.
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Figure 30. Sample traces of AMPA currents (100 µM) blocked by PB (by 21%) (A) and Naspm (by 24%) (B) in the same
shGluR2-4 transfected neuron with RR=0.4.
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4.2 Discussion
The previous chapter described the high detection

frequency of GluR2 in spinal cord neurons in

contrast to the earlier report (Dai et al., 2001).

Consequently, these neurons could not be used as a

source of neurons expressing GluR2-lacking

AMPARs. This led to the initiation of the present

study of generating acute knockdown of the GluR2

subunit in cortical neurons. This could have

dramatic effects considering the importance of the

GluR2 subunit in several of the properties of

assembled AMPARs especially the Ca2+-influx

through GluR2-lacking receptors. 

Somewhat surprisingly, complete knockout

of the GluR2 subunit in genetically engineered

mice was not lethal. Apart from smaller sizes and

lower birth weights, these mutants were healthy

and, even though some behavioral abnormalities

were observed in addition to enhanced LTP, most of

them survived longer than 12 months (Jia et al.,

1996; Gerlai et al., 1998). Consequently, the

chronically higher levels of intracellular Ca2+

(Iihara et al., 2001) during development caused by

the absence of GluR2 were not fatal for these mice.

However, introduction of an editing-deficient

GluR2 gene or abolishment of Q/R editing by

ADAR2 knockout had severe consequences, as

these animals showed large developmental abnor-

malities, as well as epileptic seizures and died at a

young age (P20) (Brusa et al., 1995; Higuchi et al.,

2000). This indicates that the presence of unedited

GluR2 is more lethal than complete absence of

GluR2, suggesting an important role for this

subunit in AMPAR distribution and/or in signaling

cascades specifically linked to the GluR2 subunit.

However, one major consideration is that the inbred

strains of mice used for the GluR2 knockout show

high resistance to kainate induced excitotoxicity

(Schauwecker & Steward, 1997; McKhann et al.,

2003), which at the moment is not fully understood,

but probably involves Ca2+-influx through GluR2-

lacking AMPARs (Arundine & Tymianski, 2003). It

is thought that these strains contain some genetic

mechanism for coping with kainate-induced excito-

toxicity, which could be active in the GluR2

knockout thereby preventing cell death. Although

several loci have been isolated, the mechanism of

tolerance to kainate is not fully understood

(Schauwecker et al., 2004). 

4.2.1 Functional RNAi in cultured cortical

neurons

A drawback of the chronic knockout studies is that

the level of GluR2 expression can not be varied in

time. Therefore, antisense oligonucleotides have

been used to generate acute GluR2 knockdown,

which may more closely mimic the rapid decrease

in GluR2 expression in the hippocampus following

ischemia (Alsbo et al., 2001). Indeed, delivering

four injections of antisense oligonucleotides in the

hippocampus of rats caused GluR2 knockdown

followed by a delayed neurodegeneration in CA1

and CA3 of the hippocampus, which could be

further enhanced by ischemic insults (Oguro et al.,

1999). However, antisense oligonucleotide-medi-

ated knockdown presents some disadvantages that

the recently described method of RNA interference

improves. These include lower toxicity, longer

duration, and higher efficiency.

When this study was initiated, the use of the

RNAi technique in mammalian cell lines had only

just been described, and the mechanism was just

beginning to be elucidated (Denli & Hannon, 2003;

Meister & Tuschl, 2004). Since then, RNAi has

greatly influenced the scientific community, and

has led to an impressive number of publications in

the last two years (for review see Hannon, 2002;

Agrawal et al., 2003). However, publications re-

garding the effect of RNAi in the CNS have been

limited (Gaudillière et al., 2002; Krichevsky &

Kosik, 2002; Yu et al., 2002; Arakawa et al., 2003;

Bai et al., 2003; Hommel et al., 2003; Omi et al.,

2004), and searching Pubmed (NCBI) showed low

publication activity regarding RNAi-mediated
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knockdown of iGluR subunits in mammalian

neurons. Only three reports have been published at

this moment (Passafaro et al., 2003; Lee et al.,

2004; Tan et al., 2004). In addition, no abstracts

regarding knockdown of iGluRs have been

submitted for the 2004 Annual Meeting of the

Society for Neuroscience. 

Introducing a verified siRNA against

GAPDH into N2a cells and into cultured cortical

neurons caused a clear reduction of GAPDH

mRNA, suggesting that RNAi is functional in both

cell types. Generally, low transfection efficiencies

with plasmid DNA have been reported in studies of

primary neuronal cultures (1-8%), while siRNA

show higher transfection efficiencies (60-70%)

(Krichevsky & Kosik, 2002; Omi et al., 2004),

probably due to their smaller sizes. In the present

study, the maximum transfection rates of cortical

neurons were 30% for siRNA and 3% for plasmid

DNA. Several different transfection agents were

investigated and Lipofectamine2000 had the most

effective transfection rate and was used during the

study.

Several approaches have been used to

address the problem of low transfection rates. A

more sophisticated method employs in utero

electroporation for the effective delivery of shRNA

plasmids directly into the brain while the embryo is

still in the uterus (Bai et al., 2003). Gene delivery

into neurons using viral vectors has been very ef-

fective (reviewed in Davidson & Breakefield,

2003), and transduction of functional shRNAs into

neurons have been described with the aid of adeno-

associated virus and lentiviral vectors (Hommel et

al., 2003; Van den Haute et al., 2003). Additionally,

effective incorporation of RNAi into an entire

mouse was obtained by engineering of a shRNA

sequence into a transgenic mouse (Hasuwa et al.,

2002), thereby expanding the array of silencing

technologies to include tissue specific and

inducible gene silencing in transgenic animal

models (Dykxhoorn et al., 2003).

4.2.2 Estimation of GluR2 knockdown in

BHK cells expressing GluR2 flop

To obtain long duration of RNAi mediated gene

knockdown, the plasmid approach that transcribes

shRNAs was chosen. The plasmid used in this study

was initially utilized for the knockdown of laminin

A/C in HeLa cells where decreased mRNA levels

were seen two days after transfection, while protein

knockdown was evident three days after trans-

fection (Paul et al., 2002). In the present study, the

effectiveness of the shRNA constructs targeting the

GluR2 mRNA was tested in BHK cells expressing

GluR2 flop. All constructs caused a clear reduction

of GluR2 mRNA levels three days after transfection

and, in most cases, the knockdown was initiated

two days after transfection. The most efficient

constructs were shGluR2-4 and shGluR2-7.

However, four days after transfection, the mRNA

levels increased again in parallel with loss of GFP

fluorescence, suggesting that the transfected cells

were outgrown by untransfected cells or that the

plasmid DNA was lost during cell division. Similar

recurrence of the targeted mRNA has previously

been reported after RNA knockdown mediated by

siRNAs in cell lines (Grünweller et al., 2003;

Hinrichsen et al., 2003). 

Transfection with the negative control

shRNA construct (shRNA2-4s) resulted in varying

amounts of GluR2 mRNA, but the level was at all

times greater than those observed for the other

shRNA constructs. It should be noted that the

shGluR2-4s construct contains three point muta-

tions with respect to the GluR2 sequence, and the

construct might, therefore, trigger the miRNA gene

regulation pathway (Doench et al., 2003; Zeng et

al., 2003). However, no decrease in GluR2 protein

expression was observed by IHC for this construct.

Decreased protein levels were observed two

days after transfection, and a further decrease in

protein level was observed four days after trans-

fection for all knockdown constructs except the

shGluR2-2. The increase in mRNA levels seen four
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days after transfection was not observed in protein

levels during the time period studied, which could

be explained by the delay in protein synthesis

following RNA transcription. 

For determination of the mRNA levels, total

RNA from both transfected and untransfected cells

was purified. On the other hand, only transfected

cells were used for the protein knockdown

estimations, thereby obviating the effect of dif-

ferent growth rates of transfected and untransfected

cells. However, the analysis of the IHC staining

only included cells that were not stained by the anti-

GluR2 antibody, thereby excluding all cells with

low or intermediate knockdown of GluR2. To

include all cells in the estimation of protein knock-

down, computer based assessment of absolute

fluorescent intensities in transfected versus control

cells could be employed. However, the observed

variance in antibody staining in untransfected cells

must be taken into account when choosing assay

parameters. 

Our results show that the GluR2 protein in

BHK cells expressing GluR2 flop can be knocked

down by shRNAs, most efficiently by shGluR2-3,

shGluR2-4 and shGluR2-6, while shGluR2-2

caused no protein knockdown despite the fact that

large mRNA reductions were seen. This may be

caused by low RNAi efficiency combined with high

transfection rates in the RT-PCR study, resulting in

reduced total GluR2 mRNA but no protein reduc-

tion in the IHC analysis, because this only included

GluR2-negative cells.

4.2.3 Estimation of GluR2 knockdown in

cultured cortical neurons

In parallel with the BHK cell experiments, the

constructs were tested in cultured cortical neurons.

All constructs were tested, since it has been

reported that an siRNA that functions efficiently in

one cell line does not necessarily mediate similar

knockdown in another cell line (Harborth et al.,

2003; Hinrichsen et al., 2003). When used in com-

bination, electrophysiological characterization and

single cell RT-PCR are suitable for assessing gene

knockdown of functional protein levels and mRNA,

respectively, in experiments with low transfection

rates. Transfected neurons were subjected to

electrophysiological recordings followed by single

cell RT-PCR to evaluate the presence of the GluR2

subunit. 

Although the constructs were shown to

mediate mRNA knockdown in BHK cells, single

cell RT-PCR of transfected neurons did not

unambiguously show GluR2 mRNA knockdown.

However, for several of the constructs only a few

neurons were characterized, and more neurons need

to be analyzed before final conclusions can be

drawn. In particular, the previously described con-

struct, shGluR2-7 (Passafaro et al., 2003), did not

show GluR2 mRNA in the two neurons charac-

terized so far, suggesting possible RNAi effects of

this construct. 

No significant differences in expression

levels of the other AMPAR subunits were detected

between control and knockdown constructs, sug-

gesting that the different shRNA constructs do not

cause unintended changes in the other AMPAR

subunit expression profiles. Similarly, introduction

of antisense oligonucleotides targeting GluR2 only

affected GluR2, while GluR1 expression remained

stable both in the hippocampus of rats (Oguro et al.,

1999) and in hippocampal cultures (Friedman et

al., 2003). This suggests that the expression of

GluR1 is not increased in order to compensate for

the knockdown of GluR2. Although RNAi is

generally believed to be very specific for the 19 nt

target site (Chi et al., 2003; Semizarov et al., 2003),

recent reports have described more global effects of

RNAi mediating off-target gene knockdown of

related genes (Jackson et al., 2003a; Persengiev et

al., 2004). In particular, Jackson et al. (2003a)

found that homology to 11-15 nt in the 3’ end could

mediate mRNA depression. If this is the case, the

method of assessing cytoplasmic mRNA in the
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present study could be inaccurate, because only

relative expression levels are obtained with no

reference to the actual amount of mRNA. Thus, a

general decrease in AMPAR subunit mRNA would

go undetected. 

In a report that appeared after completion of

the present experimental work, Snøve and Holen

(2004) presented a possible explanation for the

opposing reports on off-target effects caused by

siRNAs. They investigated published siRNA target

sites for possible off-target events in silico using a

novel screening method allowing up to three

mismatches. The number of accepted mismatches

was based on several recent publications showing

siRNA constructs targeting mRNAs without

complete homology (Yu et al., 2002; Amarzguioui

et al., 2003; Vickers et al., 2003; Zeng & Cullen,

2003). Several related genes were found that

possibly could be targeted inadvertently by the

published siRNA sequences, and these genes were

not detected by the commonly used BLAST search

(Snøve & Holen, 2004). Notably, the siRNAs used

by Chi et al. (2003) targeted more unique sites with

fewer possible off-target hits than those used in the

study by Jackson et al. (2003a), suggesting that the

choice of siRNAs could explain the contradicting

conclusions reached by the two groups. 

The shRNA constructs designed in the pre-

sent study were based on the original assumption

that the shRNA sequence should be completely

homologous to the target mRNA. Because of the

homology between AMPAR subunits, a subsequent

sequence analysis of the shRNA constructs with re-

gard to the AMPAR subunits was carried out. Alig-

ning the cDNA sequences revealed that six of the

seven shRNAs targeting GluR2 mRNA would pre-

sumably not mediate off-target effects because they

contained at least five mismatches to the other sub-

units. Only three mismatches between shGluR2-3

and the GluR3 subunit might result in knockdown

of this subunit. However, the single cell RT-PCR

study showed a high frequency of GluR3 mRNA

indicating that the subunit was not noticeably

downregulated by shGluR2-3. Apart from the

recommended BLAST search, no screening of the

siRNA target sites as described by Snøve and Holen

(2004) was performed. Therefore, the shRNA con-

structs might still, unintentionally, affect other

genes or perhaps function as miRNAs thereby

influencing protein translation in transfected cells.

4.2.4 Electrophysiological characterization of

AMPARs in transfected neurons

The incorporation of the GluR2 subunit into

surface-expressed AMPARs can be inferred by the

decrease in RR evident upon receptor activation.

No inward rectifying I/V-relationships were obser-

ved in controls and in neurons transfected with the

negative control, shGluR2-4s. Similarly, only linear

I/V-relationships were recorded from outside-out

patches from cultured cortical neurons (Dai et al.,

2001). Statistical analysis of the mean RRs of the

neurons transfected with the shGluR2 constructs

showed no significant differences. However, the

I/V recordings of neurons transfected with

shGluR2-1, 2-2, and 2-3 were performed with

intracellular solutions lacking spermine, which

confers rectification on GluR2-lacking receptors

(Donevan & Rogawski, 1995; Koh et al., 1995).

Interestingly, Donevan and Rogawski (1995) found

that the whole-cell patch clamp technique resulted

in dialysis of intracellular spermine 2-4 min after

rupturing the membrane of the cell, eventually

leading to non-rectifying I/V recordings of other-

wise rectifying AMPARs. (Donevan & Rogawski,

1995). Almost half of the neurons transfected with

shGluR2-4 had low RRs, suggesting little or no

GluR2 in surface expressed AMPARs. A few single

neurons transfected with the shGluR2-5, shGluR2-

6, and shGluR2-7 constructs also had low RRs. In

addition, mEPSCs were only detected at negative

holding potentials in these rectifying neurons,

suggesting that the AMPARs in the synapse lack

the GluR2 subunit. 
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Other means to infer the presence or absence

of GluR2 in surface-expressed AMPARs is pharma-

cological block of activated receptors with

compounds specific for GluR2-containing and -

lacking receptors. Pentobarbital preferentially

blocks AMPARs harboring the GluR2 subunit

(Tarnawa et al., 1989), while Naspm blocks GluR2-

lacking receptors (Koike et al., 1997). Pentobarbital

was seen to reduce AMPA induced currents in all

neurons tested, inferring the presence of the GluR2

subunit. However, in two neurons transfected with

shGluR2-4, Naspm reduced AMPA-mediated cur-

rents, indicating that at least a large population of

the surface expressed AMPARs lack the GluR2

subunit. This was further supported by rectifying

I/V-relationships (RR<0.4), and mEPSCs were only

detected at negative holding potentials. These

results indicate that the shGluR2-4 construct can

downregulate the expression of the GluR2 protein.

For two other shGluR2-4 transfected neurons with

RRs below 0.4 single cell RT-PCR revealed that one

contained only GluR1 mRNA, while the other

contained only GluR2 mRNA. The surprising

finding of GluR2 mRNA might be due to its

recurrence, as seen in BHK cells, at the time of

harvest eight days after transfection. The gradually

decrease in GFP fluorescence suggest declining

expression of the plasmid, which might also affect

the transcription of the shRNAs. Although not

directly comparable, GluR2 protein knockdown

have been seen six days after shRNA transfection,

suggesting effective protein depression lasting

several days (Passafaro et al., 2003).

The detection of surface expressed protein

knockdown following shRNA transfection depends

on the turnover of the target protein. Metabolic

half-life estimations of AMPAR subunits range

from 12 to 68 hours depending on the experimental

setup (Mammen et al., 1997; Perry & Henley,

1997; Archibald et al., 1998; O’Brien et al., 1998;

Huh & Wenthold, 1999) (see section 1.2.7.3).

Utilizing an antibody recognizing both GluR2 and

GluR3, the metabolic half-life was estimated to 18

hours (Huh & Wenthold, 1999), which would result

in 0.4% remaining six days after efficient mRNA

knockdown. At the moment, however, no data have

been published on GluR2 turnover following acute

knockdown of the mRNA. 

One could speculate that GluR2 degradation

would be slowed or the subunit would be recycled

to a greater extent to compensate for the deficiency

of newly synthesized protein. However, a pool of

the GluR2 subunit apparently resides in the endo-

plasmatic reticulum waiting to form heteromeric

AMPARs (Greger et al., 2002). This would prolong

the duration before GluR2 knockdown is evident at

the protein level. Consequently, longer incubation

times following transfection might be necessary

before adequate GluR2 knockdown can be de-

tected. However, the decline of GFP-positive

neurons after transfection suggests neuronal death

of transfected neurons or the termination of GFP

expression, which probably is enhanced by knock-

down of GluR2. Neuronal loss was also seen in

cultured cerebellar granule cells, which was

reduced by 30% five days after transfection of a

control plasmid (Gaudillière et al., 2002).

Moreover, the repeated injection of antisense

oligonucleotides into the hippocampus produced

GluR2 knockdown and resulted in delayed excito-

toxicity in CA1 and CA3 starting 2.5 days after

transfection, and only half of the neurons remained

after 8.5 days (Oguro et al., 1999). Long lasting

knockdown of GAPDH in postmitotic neurons after

introduction of synthesized siRNAs have been

reported (Omi et al., 2004), suggesting that

prolonged incubation times after transfection

should not abolish the effect of RNAi. Therefore, a

prolongation of incubation time could result in loss

of too many neurons for a reliable analysis. 

Recently, shRNA-mediated GluR2 knock-

down was shown to function in hippocampal

cultures using IHC staining (Passafaro et al., 2003).

Even though sparse fluorescent puncta were still
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observed, a clear reduction of GluR2 staining was

seen six days after transfection, indicating that long

incubation times are necessary for efficient knock-

down. This shRNA was generated in a different

plasmid but targeted the same site in the mRNA of

GluR2 as shGluR2-7. Recently, however, the same

group described GluR2 knockdown 2 to 2.5 days

after transfection using the same plasmid (Lee et

al., 2004), suggesting a long experimental window

if the neurons remain viable. In the present study,

the shGluR2-7 construct caused both mRNA and

protein knockdown in BHK cells expressing

GluR2flop. However, no clear electrophysiological

evidence was found that this construct caused

effective knockdown of surface expressed GluR2 in

cortical neurons analyzed five to seven days after

transfection.

4.3 Summary
In the present study, RNAi was shown to cause

gene knockdown in cultured primary neurons from

cortex as well as in N2a and BHK cells. Of the

seven different constructs targeting the GluR2

gene, transfection with either shGluR2-4 or

shGluR2-7 reduced GluR2 mRNA levels two and

three days after transfection, when tested in GluR2

expressing BHK cells. The remaining constructs

only showed pronounced down regulation three

days after transfection. Protein knockdown was

assessed by IHC, which showed that all constructs

except shGluR2-2 mediated knockdown four days

after transfection. 

Due to the low transfection rate in primary

neurons, single cell investigation of the knockdown

was carried out in GFP positive neurons. Single cell

RT-PCR on the harvested neurons did not

conclusively determine which constructs were

effective in neuronal GluR2 knockdown, but in the

two shGluR2-7 transfected neurons no GluR2 was

detected, suggesting that this construct may

mediate GluR2 mRNA knockdown. No significant

differences were observed for the other AMPAR

subunits after shRNA introduction, indicating that

the constructs did not mediate unintentional

knockdown of AMPAR mRNA.

Electrophysiological recordings of the

neurons prior to harvesting revealed rectifying

characteristics of GluR2 lacking receptors in some

of the cells, especially in neurons transfected with

shGluR2-4. Both inwardly rectifying I/V-rela-

tionships of AMPA-mediated responses and the

absence of mEPSCs at positive holding potentials

indicate that the surface expressed AMPARs lack

the GluR2 subunit. In addition, a higher degree of

Naspm reduction of AMPA-induced currents was

seen in some of these neurons. 

Longer incubation times following trans-

fection might be needed before a clear GluR2

knockdown can be detected, but only a few

transfected neurons remained two weeks after

transfection, suggesting that the shRNAs targeting

GluR2 mediate neuronal death. This could indicate

that the acute knockdown of the GluR2 subunit in

transfected neurons triggers the delayed neuro-

degeneration described following antisense oligo-

nucleotide GluR2 knockdown (Oguro et al., 1999)

and ischemia (Alsbo et al., 2001). 
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The first part of this thesis describes the AMPAR

subunit expression pattern in cultured neurons

originating from cortex and spinal cord. The

AMPAR subunit expression profiles change during

culturing time, and the age of the embryos at

plating affects the expression pattern. The most

pronounced effect was a decline in GluR4 mRNA

in older cultures and in cultures from older

embryos, while GluR1 and GluR2 mRNAs were

detected at frequencies greater than 50%. The

change in GluR4 mRNA and, presumably, protein

expression was obtained over an extended culturing

time compared to previous studies (Pellegrini-

Giampietro et al., 1991, 1992; Tsuzuki et al.,

2001), and this should be taken into account when

analyzing results obtained from cultures at different

DIV and originating from embryos of different

ages.

Significant differences in detection fre-

quencies between cortical and spinal cord neurons

were found for the GluR3 subunit in the single cell

RT-PCR study and for the GluR4 subunit in the

analysis of mRNA in whole cultures. In the present

study, 41 cortical and 21 spinal cord neurons were

analyzed in the single cell RT-PCR study and

revealed no significant difference for GluR4

between the two tissue types. A calculated

minimum sample size based (for equation see

2.1.16) on the detection frequency of GluR4 in

cortical and spinal cord neurons showed that 87

neurons from each tissue type should be analyzed

before a possible significant difference in GluR4

expression can be determined. 

The investigation of possible relationships

between AMPAR mediated synaptic currents and

AMPAR mRNA expression levels did not show any

correlations. Using more intact preparations, e.g.

slices, with morphologically identified neurons,

might reveal correlations between mEPSC kinetics

and AMPAR subunit mRNA expression. However,

AMPARs with different subunit compositions are

presumably expressed on the surface and in the

synapses, and in order to detect specific subunits in

averaged mEPSCs, each subunit has to contribute

with distinct kinetic properties. Moreover, single

cell RT-PCR is carried out on cytoplasmic mRNA,

while both mRNA encoding the AMPAR subunits

and protein synthesis of the subunits have been

localized to the dendrites (Eberwine et al., 2002;

Steward & Schuman, 2003; Ju et al., 2004).

The implementation and usage of the novel

method, RNAi, for acute mRNA knockdown was

the topic of the second part of this thesis. The

method was shown to function on a housekeeping

gene in the N2a cell line as well as in cultured

cortical neurons, which led to the evaluation of

plasmids transcribing seven different shRNAs

targeting the GluR2 gene. These constructs showed

different efficiencies in mediating GluR2 mRNA

and protein knockdown in BHK cells expressing

GluR2 flop, with the shGluR2-4 construct as the

best candidate for acute mRNA knockdown. 

Nonetheless, because of reported differences

in knockdown efficiencies of siRNAs between cell

lines (Harborth et al., 2003; Hinrichsen et al.,

2003), all of the constructs were tested in cultured

neurons. In accordance with the study in BHK

cells, the shGluR2-4 showed clear electrophysio-

logical characteristics of GluR2-lacking AMPARs

in several neurons. However, no significant

decrease in GluR2 mRNA was detected for any of

the constructs, although investigation of more

neurons transfected with each construct are

necessary before final conclusions can be drawn.

The electrophysiological characterizations of the

shRNA constructs suggest that the shGluR2-4 is

effective in reducing surface expressed GluR2. A

more extensive characterization of particularly

synaptic AMPAR currents should be performed on

neurons transfected with the shGluR2-4 construct,
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to elucidate the response to the expected sudden

decline in the mRNA for the GluR2 subunit. In

addition to the biophysical and pharmacological

properties, IHC of transfected neurons should be

employed to show whether GluR2 is present longer

in some neural compartments than in others.

Furthermore, fluorescent imaging of Ca2+-influxes

through GluR2-lacking AMPARs would reveal

efficient knockdown of surface expressed GluR2. It

was recently shown that incubating neurons in 50

µm NMDA for 2 min elevated endocytosis and

targeted GluR2-contaning AMPARs to lysosomes

(Lee et al., 2004), suggesting an approach to

increase GluR2 protein degradation.

The analysis of single cells in the present

study was necessary to compensate for the low

transfection rates obtained when delivering plasmid

DNA to cultured neurons. However, one could

speculate that only a certain neuronal type or popu-

lation is susceptible to Lipofectamine mediated

transfection. This population could be biased with

regard to AMPAR subunit expression and defense

mechanisms against GluR2 knockdown. Therefore,

higher transfection rates are required to perform

more general analysis of mRNA and protein

knockdown. Lentiviral vectors transduce close to

100% of cultured neurons (fig. 31) and at the

moment the tested shRNAs are being cloned into a

lentiviral vector containing GFP as a fluorescent

reporter. A higher transfection rate would also aid

in the investigation of neuronal degeneration

caused by the delivery of shRNAs targeting the

GluR2 mRNA.
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Figure 31. Lentiviral transduction of cultured neurons from
cerebellum. Phase-contrast microscopy (A) of the culture and
the GFP fluorescence signal (B) showed neuronal expression.
Scale bar 20 µM.
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Appendix I. Primer sequences.

1st PCR primers
AmpaUp cctttggcctatgagatctggatgtg
AmpaUp3 cctttggcttatgaaatctggatgtg
AmpaDown 2 -1 ttgtagcagaactcgattaaggcaacca
AmpaDown 3-234 ttgtaacagaattctatcaaagccacca

Nested PCR primers
AMPAUp 2-124 cctatgagatctggatgtg
AMPAUp 2-3 cttatgaaatctggatgtgca
AMPADown tcgtaccaccatttgtttttca

shRNA oligos
shGluR2-1 (target 431- aatgggacaagttcgcatacc)
A: TCGACtgggacaagttcgcataccT
B: ccTCTCTTGAAggtatgcgaacttgtcccaG
C: TCAAGAGAggtatgcgaacttgtcccaTTTTT
D: CTAGAAAAAtgggacaagttcgcata

shGluR2-2 (target 1500- aactatcactctcgtgagaga)
A: TCGACctatcactctcgtgagagaT
B: gaTCTCTTGAAtctctcacgagagtgatagG
C: TCAAGAGAtctctcacgagagtgatagTTTTT
D: CTAGAAAAActatcactctcgtgaga

shGluR2-3 (target 2612- aaggttacaacgtatatggca)
A: TCGACggttacaacgtatatggcaT
B: caTCTCTTGAAtgccatatacgttgtaaccG
C: TCAAGAGAtgccatatacgttgtaaccTTTTT
D: CTAGAAAAAggttacaacgtatatgg

shGluR2-4 (target 477- aacactgcaagctgttctgga)
A: TCGACcactgcaagctgttctggaT
B: gaTCTCTTGAAtccagaacagcttgcagtgG
C: TCAAGAGAtccagaacagcttgcagtgTTTTT
D: CTAGAAAAAcactgcaagctgttctg

Lightcycler qPCR primers
Rat ß-actin Up2 ccgagcgtggctacagcttc
Rat ß-actin Down tctccagggaggaagaggatgc
Rat GAPDH Up2 ggctacactgaggaccaggttgtc
Rat GAPDH Down ggtccaccaccctgttgctgta
Q1 GluR2-up ggcgtgtaatcctggactgtgaa
Q1 GluR2-Down cagcaggtccccatcagtgaa

Sekvensprimere til pAVU6+27
pAVU6+27 up cctatttcccatgattccttc
pAVU6+27 down cgccatgctacttatctacgta

shGluR2-5 (target 1055- aagttgaaggcctctctggaa)
A: TCGACgttgaaggcctctctggaaT
B: aaTCTCTTGAAttccagagaggccttcaacG
C: TCAAGAGAttccagagaggccttcaacTTTTT
D: CTAGAAAAAgttgaaggcctctctgg

shGluR2-6 (target 2007- aacattagactctggctccac)
A: TCGACcattagactctggctccacT
B: acTCTCTTGAAgtggagccagagtctaatgG
C: TCAAGAGAgtggagccagagtctaatgTTTTT
D: CTAGAAAAAcattagactctggctcc

shGluR2-7 (target 392- aaggagcactccttagcttga)
A: TCGACggagcactccttagcttgaT
B: gaTCTCTTGAAtcaagctaaggagtgctccG
C: TCAAGAGAtcaagctaaggagtgctccTTTTT
D: CTAGAAAAggagcactccttagctt

shGluR2-4scram (target 477- aacaatgcgagctgttccgga)
A: TCGACcaatgcgagctgttccggaT
B: gaTCTCTTGAAtccggaacagctcgcattgG
C: TCAAGAGAtccggaacagctcgcattgTTTTT
D: CTAGAAAAAcaatgcgagctgttccg
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Appendix II. Single cell RT-PCR analysis of 41 cortical and 21 spinal cord neurons.

No Tissue Culture Size Age DIV GluR1 GluR2 GluR3 GluR4 Autapse
#1 Cx C82 18 16.3 44 - +++ - - GABA
#2 Cx C84 36 20.4 45 ++++ - - - GABA
#3 Cx C84 36 20.4 45 ++++ - - - GABA
#8 Cx C87 29 19 19 +++ - ++ - GABA
#9 Cx C87 29 19 19 + +++ + - GABA

#23 Cx C101 30 19.2 33 ++ - ++ - GABA
#24 Cx C101 30 19.2 33 - + +++ - GABA
#27 Cx C103 26 18.3 35 ++ - +++ - Glu
#28 Cx C103 26 18.3 35 +++ ++ ++ - GABA 
#29 Cx C103 26 18.3 35 ++ ++ - - GABA 
#31 Cx C103 26 18.3 36 - ++++ - - GABA 
#34 Cx C103 26 18.3 36 ++++ - - - GABA 
#36 Cx C103 26 18.3 36 - ++++ - - GABA 
#37 Cx C103 26 18.3 36 - - ++++ - Glu
#38 Cx C103 26 18.3 36 ++++ - - - GABA
#39 Cx C103 26 18.3 36 + ++ +++ - Glu
A3 Cx C125 16 15.6 9 - - - ++++
A5 Cx C125 16 15.6 9 - - ++++ -
C1 Cx C131 18 16.3 9 + +++ - -
E3 Cx C131 18 16.3 17 + +++ - -
E5 Cx C131 18 16.3 17 - ++++ - -
E6 Cx C131 18 16.3 17 - ++++ - -
J1 Cx C131 18 16.3 30 +++ - - ++
J2 Cx C131 18 16.3 30 +++ ++ - -
J3 Cx C131 18 16.3 30 +++ - + - GABA
J4 Cx C131 18 16.3 30 ++++ - - - GABA
F2 Cx C133 22 17.2 13 ++++ - - -
F3 Cx C133 22 17.2 13 ++++ - - -
F4 Cx C133 22 17.2 13 - - +++ -
G1 Cx C135 18 16.3 7 - ++++ - - ND
I5 Cx C137 15 15.3 9 - ++++ - -

O1 Cx C137 15 15.3 31 ++ ++ - - Glu
O2 Cx C137 15 15.3 31 - - ++++ -
N7 Cx C141 11 14 9 - - - ++++
N8 Cx C141 11 14 9 - ++++ - - ND
Q5 Cx C141 11 14 14 - ++++ - -
P2 Cx C143 20 16.8 6 ++++ - - -
R6 Cx C149 13 14.6 7 - +++ - -
R7 Cx C149 13 14.6 7 - +++ - -
T3 Cx C151 12 14.3 8 - ++ ++ -
T5 Cx C151 12 14.3 8 +++ - - -
A7 SC R100 16 15.6 9 - - - ++++
A8 SC R100 16 15.6 9 - +++ - -
D1 SC R100 16 15.6 34 - ++++ - - Glu
D2 SC R100 16 15.6 34 - +++ - - Glu
D4 SC R100 16 15.6 34 ++++ - - -
B7 SC R101 11 14 9 - ++ ++ -
C3 SC R102 18 16.3 9 ++ +++ - -
E2 SC R102 18 16.3 16 - ++++ - -
E7 SC R102 18 16.3 17 - ++++ - - GABA
E8 SC R102 18 16.3 17 ++ - - ++
I2 SC R105 15 15.3 9 - - - ++++
I4 SC R105 15 15.3 9 ++++ - - - GABA

O6 SC R105 15 15.3 31 +++ ++ - -
N1 SC R107 11 14 8 + +++ - -
N3 SC R107 11 14 8 ++++ - - -
Q1 SC R107 11 14 13 +++ + - -
Q3 SC R107 11 14 14 - +++ - ++
Q4 SC R107 11 14 14 - - - ++++ Glu
S3 SC R108 20 16.8 29 - ++++ - - GABA
S4 SC R108 20 16.8 29 - ++++ - -
T2 SC R112 12 14.3 6 - ++++ - -

The crown-rump measurements (size) is measured in mm and converted to embryonic age. DIV: days in vitro. Cx: cortex. SC: spinal
cord. Autaptic currents were used to identify neuronal type as either glutamatergic or GABAergic. ND: denotes autaptic currents insen-
sitive to the specific glutamatergic and GABAergic antagonists. Scoring of the subunit mRNA level: -: no detectable, +: just detectable
(<10%), ++: 10-50%, +++: 50-80%, ++++: >80%.
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No Tissue Culture Size Age DIV GluR1 GluR2 GluR3 GluR4 qPCR
D Cx C125 16 15.6 34 ++ ++ + -
K Cx C129 11 14 35 +++ +++ - -
C Cx C131 18 16.3 10 ++ ++ - +
E Cx C131 18 16.3 15 +++ ++ - +
J Cx C131 18 16.3 28 +++ +++ - -

M Cx C131 18 16.3 37 ++ ++ - -
F Cx C133 22 17.2 9 +++ ++ - +
H Cx C133 22 17.2 15 +++ ++ - +
K Cx C133 22 17.2 20 +++ +++ - -
M Cx C133 22 17.2 29 +++ - - -
K Cx C135 18 16.3 12 +++ ++ - -
I Cx C137 15 15.3 7 +++ + - +
L Cx C137 15 15.3 16 ++ ++ - +

1A2 Cx C149 13 14.6 3 +++ ++ - - 0.47
1A4 Cx C149 13 14.6 5 + ++ +++ + 0.62
1A6 Cx C149 13 14.6 8 + ++ ++ - 1.52
1A8 Cx C149 13 14.6 10 - ++ ++ + 0.87

1A10 Cx C149 13 14.6 15 - ++ ++ + 1.20
2A2 Cx C151 12 14.3 2 +++ - + -
2A4 Cx C151 12 14.3 4 ++ ++ - +
C1 Cx C275 24 17.8 0 +++ ++ ++ - 0.88
C4 Cx C278 29 19 0 +++ ++ + + 1.08
D SC R100 16 15.6 34 ++ ++ + +
C SC R102 18 16.3 10 +++ ++ - +
E SC R102 18 16.3 15 ++ ++ - +
J SC R102 18 16.3 28 +++ +++ - -

M SC R102 18 16.3 37 +++ ++ - +
F SC R103 22 17.2 9 +++ - - +
H SC R103 22 17.2 15 ++ - - ++
G SC R104 18 16.3 7 +++ - - -
K SC R104 18 16.3 12 +++ - + ++
M SC R104 18 16.3 21 ++ - + ++
I SC R105 15 15.3 7 +++ ++ + -
L SC R105 15 15.3 16 +++ ++ - +

1A1 SC R111 13 14.6 3 ++ ++ - - 0.45
1A3 SC R111 13 14.6 5 ++ ++ - + 0.34
1A5 SC R111 13 14.6 8 + ++ ++ ++ 1.06
1A7 SC R111 13 14.6 10 - - ++ ++ 2.13
1A9 SC R111 13 14.6 15 + ++ + ++ 1.88
2A1 SC R112 12 14.3 2 +++ + ++ - 0.93
2A3 SC R112 12 14.3 4 +++ +++ ++ +
R1 SC C275 24 17.8 0 +++ ++ + + 0.52
R2 SC C276 18 16.3 0 +++ ++ + + 1.13
R4 SC C278 29 19 0 +++ ++ + + 0.96

Appendix III. RT-PCR on purified RNA from cell cultures or from tissue prior to plating.

Size, age and DIV as in Appendix II. Cx: cortex. SC: spinal cord. Samples with DIV=0 originate from RNA purified from tissue prior to
plating. The relative GluR2 mRNA level standardized to ß-actin mRNA levels was determined by quantitative RT-PCR (qPCR). Scoring of
the subunit mRNA level as in appendix II
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No Culture Size Age shRNA DIV TD GluR1 GluR2 GluR3 GluR4 RR mEPSC PB Naspm
L13 C202 25 18 GluR2-1 16 3 - ++++ - -
L19 C202 25 18 GluR2-1 16 3 - ++++ - -
L22 C202 25 18 GluR2-1 16 3 - ++++ - -
A25 C216 30 19.2 GluR2-1 12 3 - ++++ - -
RE28 C274 26 18.3 GluR2-1 26 6 ++++ - - -
RE29 C274 26 18.3 GluR2-1 26 6 - ++++ - -
L38 C203 35 20.2 GluR2-2 23 4 - - +++ -
L49 C204 28 18.8 GluR2-2 23 3 - + - ++
L50 C204 28 18.8 GluR2-2 23 3 - ++ - ++
L53 C204 28 18.8 GluR2-2 23 3 - - ++ ++
A5 C211 29 19 GluR2-2 21 3 - +++ - -
A19 C211 29 19 GluR2-2 25 3 - ++ +++ - 0.9
A20 C211 29 19 GluR2-2 25 3 - - ++++ - 1.2
A21 C211 29 19 GluR2-2 25 3 - ++ +++ - 1.0
A22 C211 29 19 GluR2-2 25 3 ++++ - - - 0.8
A23 C211 29 19 GluR2-2 25 3 - - ++++ - 0.8
A26 C216 30 19.2 GluR2-2 13 4 - ++++ - - 1.2
A29 C216 30 19.2 GluR2-2 13 4 + - ++ ++ 0.5
A17 C211 29 19 GluR2-3 22 4 - + +++ -
A2 C211 29 19 GluR2-3 21 3 ++ +++ - -
A4 C211 29 19 GluR2-3 21 3 ++ - ++ -
A9 C211 29 19 GluR2-3 22 3 ++ - +++ - 0.8 y/ND
A12 C211 29 19 GluR2-3 21 3 ++ +++ + ++ 1.0 n/n
A1 C211 29 19 GluR2-3 21 3 - - ++++ -
A3 C211 29 19 GluR2-3 21 3 - ++++ - -
A10 C211 29 19 GluR2-3 22 3 - +++ ++ - 0.8 n/n
A11 C211 29 19 GluR2-3 21 3 - +++ ++ - 0.9 n/n
A13 C211 29 19 GluR2-3 22 4 - +++ - + 0.6 y/n
A14 C211 29 19 GluR2-3 22 4 - +++ ++ + 1.0 n/n
A15 C211 29 19 GluR2-3 22 4 - ++++ - - 0.6 n/n
A34 C216 30 19.2 GluR2-3 14 5 ++ ++ - -
A33 C216 30 19.2 GluR2-3 14 5 - ++++ - -
NN2 C247 25 18 GluR2-3 27 5 - ++ ++ +++ 0.8 y/y 38% 13%
T35 C230 38 20.8 GluR2-4 15 3 ++++ - - -
T39 C230 38 20.8 GluR2-4 15 3 - +++ ++ - 0.8 n/n

GU25 C251 29 19 GluR2-4 20 6 +++ - ++ -
NN15 C251 29 19 GluR2-4 14 7 ++++ - - - 0.4 y/n 21% 24%
NN16 C251 29 19 GluR2-4 14 7 - ++++ - - 0.6 y/n
NN17 C251 29 19 GluR2-4 14 7 - ++++ - -
NN20 C251 29 19 GluR2-4 15 8 - ++++ - - 0.3 n/n
GU23 C251 29 19 GluR2-4 20 6 - +++ ++ -
GU28 C251 29 19 GluR2-4 20 6 - ++ +++ -
GU29 C251 29 19 GluR2-4 20 6 - - ++ +++
GU47 C254 28 18.8 GluR2-5 14 6 ++ - + ++
GU48 C254 28 18.8 GluR2-5 15 7 - ++++ - -
GU76 C256 29 19 GluR2-5 20 5 ++ ++ - ++
GU66 C256 29 19 GluR2-5 20 5 ++++ - - -
T48 C230 38 20.8 GluR2-6 16 4 + +++ + - 1.9 n/n
T44 C230 38 20.8 GluR2-6 16 4 ++ - + + 0.6 y/n
T42 C230 38 20.8 GluR2-6 16 4 - ++++ - -
T56 C232 31 19.4 GluR2-6 13 4 ++++ - - -
NN5 C247 25 18 GluR2-6 28 6 ++++ - - - 40% 11%
GU20 C252 GluR2-6 25 6 ++ +++ - -
GU19 C252 GluR2-6 25 6 +++ ++ ++ ++
GU18 C252 GluR2-6 25 6 - ++++ - -
GU39 C254 28 18.8 GluR2-7 13 5 ++++ - - -
GU40 C254 28 18.8 GluR2-7 13 5 ++++ - - -
4.1 C259 37 20.6 GluR2-4s 26 5 +++ ++ - -

RE40 C274 26 18.3 GluR2-4s 26 6 ++++ - - - 0.8 y/ND
RE38 C274 26 18.3 GluR2-4s 26 6 - - - ++++
L12 C200 34 20 GFP 23 - ++++ - -
L44 C203 35 20.2 GFP 26 ++ ++ - +++
L45 C203 35 20.2 GFP 26 ++ + ++ ++
L46 C203 35 20.2 GFP 26 +++ - - +
L47 C203 35 20.2 GFP 26 - ++++ - -
A8 C211 29 19 GFP 20 ++++ - - -
K3 C242 16 15.6 GFP 15 + +++ - -

K11 C243 37 20.6 GFP 19 - - ++++ -
K13 C243 37 20.6 GFP 19 - - +++ ++
x.4 C258 24 17.8 GFP 20 + +++ + +
4.9 C263 19 16.5 GFP 16 ++ - - - 1.3 y/y 37% 7%

4.10 C263 19 16.5 GFP 16 - ++ +++ - 1.4 n/n 44% 3%

Appendix IV. Single cell RT-PCR analysis of 74 transfected cortical neurons.

Size, age and DIV as in Appendix II. TD: days after transfection. The shRNA construct is noted together with the GFP transfected con-
trols. RR: rectification ratio. mEPSC: detected at negative/positive holding potentials, y: yes, n: no, ND: not determined. PB: The
reduction in AMPA current after co-application with pentobarbital. Naspm: The reduction in AMPA current after co-application with 1-
naphthyl acetyl spermine. Scoring of the subunit mRNA level as in appendix II
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No Culture Size Age shRNA DIV TD GluR1 GluR2 GluR3 GluR4 RR mEPSC PB Naspm
RE25 C274 26 18.3 GluR2-1 26 6 0.9
RE26 C274 26 18.3 GluR2-1 26 6 0.8
RE27 C274 26 18.3 GluR2-1 26 6 1.1
RE28 C274 26 18.3 GluR2-1 26 6 0.9
RE29 C274 26 18.3 GluR2-1 26 6 0.7
A19 C211 29 19 GluR2-2 25 3 - ++ +++ - 0.9
A20 C211 29 19 GluR2-2 25 3 - - ++++ - 1.2
A21 C211 29 19 GluR2-2 25 3 - ++ +++ - 1.0
A22 C211 29 19 GluR2-2 25 3 ++++ - - - 0.8
A23 C211 29 19 GluR2-2 25 3 - - ++++ - 0.8
A26 C216 30 19.2 GluR2-2 13 4 - ++++ - - 1.2
A28 C216 30 19.2 GluR2-2 13 4 1.7
A29 C216 30 19.2 GluR2-2 13 4 + - ++ ++ 0.5
NN1 C247 25 18 GluR2-3 27 5 0.8 n/n

n/n
n/n
n/n

y/ND
y/ND
y/ND
y/ND
y/ND
n/n

y/ND
y/ND
n/n
y/y

33%
NN2 C247 25 18 GluR2-3 27 5 - ++ ++ +++ 0.8 y/y 38%
A9 C211 29 19 GluR2-3 22 3 ++ - +++ - 0.8 y/ND
A12 C211 29 19 GluR2-3 21 3 ++ +++ + ++ 1.0 n/n
A10 C211 29 19 GluR2-3 22 3 - +++ ++ - 0.8 n/n
A11 C211 29 19 GluR2-3 21 3 - +++ ++ - 0.9 n/n
A13 C211 29 19 GluR2-3 22 4 - +++ - + 0.6 y/n
A14 C211 29 19 GluR2-3 22 4 - +++ ++ + 1.0 n/n
A15 C211 29 19 GluR2-3 22 4 - ++++ - - 0.6 n/n
A17 C211 29 19 GluR2-3 22 4 0.7 y/y
NN7 C247 25 18 GluR2-4 28 6 0.7 y/ND 40%
NN8 C247 25 18 GluR2-4 28 6 1.2 y/y 52%

NN13 C249 29 19 GluR2-4 22 7 1.0 n/n 21%
NN14 C251 29 19 GluR2-4 14 7 0.3 y/n 19%
NN15 C251 29 19 GluR2-4 14 7 ++++ - - - 0.4 y/n 21%

T39 C230 38 20.8 GluR2-4 15 3 - +++ ++ - 0.8 n/n
T40 C230 38 20.8 GluR2-4 15 3 1.1 y/y

NN16 C251 29 19 GluR2-4 14 7 - ++++ - - 0.6 y/n
NN20 C251 29 19 GluR2-4 15 8 - ++++ - - 0.3 n/n
NN21 C251 29 19 GluR2-4 15 8 0.7 n/n
NN22 C251 29 19 GluR2-4 15 8 0.8 y/ND
NN23 C251 29 19 GluR2-4 15 8 0.6 y/n

IN1 C232 31 19.4 GluR2-4 14 5 0.8 n/n
IN2 C251 29 19 GluR2-4 14 7 0.3 y/n
IN3 C249 29 19 GluR2-4 22 7 0.5 n/n
IN4 C249 29 19 GluR2-4 22 7 59%
RE15 C273 20 16.8 GluR2-4 13 4 0.6 y/n
RE16 C273 20 16.8 GluR2-4 13 4 1.1 n/n
RE17 C273 20 16.8 GluR2-4 13 4 0,5 n/n
RE18 C273 20 16.8 GluR2-4 13 4 1.0 n/n
RE19 C273 20 16.8 GluR2-4 13 4 0.5 n/n
RE20 C273 20 16.8 GluR2-4 13 4 0.4 n/n
RE1 C272 20 16.8 GluR2-5 14 5 0.6 n/n

RE21 C272 20 16.8 GluR2-5 14 5 0.7 n/n
RE22 C273 21 17 GluR2-5 17 6 0.8 n/n
RE23 C273 21 17 GluR2-5 17 6 0.3 n/n
IN5 C255 GluR2-5 0.9 n/n

n/nT29 C230 38 20.8 GluR2-6 13 4 1.7
T34 C230 38 20.8 GluR2-6 15 3 1.5 y/y
T43 C230 38 20.8 GluR2-6 16 4 0.8 n/n
T44 C230 38 20.8 GluR2-6 16 4 ++ - + + 0.6 y/n
T45 C230 38 20.8 GluR2-6 16 4 1.2 n/n
T46 C230 38 20.8 GluR2-6 16 4 0.8 n/n
T47 C230 38 20.8 GluR2-6 16 4 1.2 y/y
T48 C230 38 20.8 GluR2-6 16 4 + +++ + - 1.9 n/n
T50 C230 38 20.8 GluR2-6 16 4 1.7 n/n
T53 C232 31 19.4 GluR2-6 13 4 1.4 n/n
T54 C232 31 19.4 GluR2-6 13 4 1.1 y/y
T69 C242 16 15.6 GluR2-6 12 4 1.1 n/n
T70 C242 16 15.6 GluR2-6 12 4 1.2 n/n

NN3 C247 25 18 GluR2-6 28 6 0.8 n/n 27%
NN4 C247 25 18 GluR2-6 28 6 0.9 n/n 20%
NN5 C247 25 18 GluR2-6 28 6 ++++ - - - 40%

NN26 C256 29 19 GluR2-7 23 7 0.8 y/n 22%
NN28 C256 29 19 GluR2-7 23 7 0.7 n/n 39%
NN29 C256 29 19 GluR2-7 23 7 0.9 n/n 30%
RE34 C274 26 18.3 GluR2-7 27 6 1.3 n/n
RE35 C274 26 18.3 GluR2-7 27 6 0.4 n/n
RE36 C274 26 18.3 GluR2-7 27 6 0.5 n/n
IN6 C256 29 19 GluR2-7 22 6 34%
4.2 C259 37 20.6 GluR2-4s 26 5 0.7 y/y 15%
4.3 C259 37 20.6 GluR2-4s 26 5 0.8 y/y 28%

RE40 C274 26 18.3 GluR2-4s 26 6 ++++ - - - 0.8 y/ND
4.5 C260 18 16.2 GFP 22 0.7 n/n 37%
4.6 C260 18 16.2 GFP 22 0.7 n/n 19%
4.9 C263 19 16.5 GFP 16 ++ - - - 1.3 y/y 37%

4.10 C263 19 16.5 GFP 16 - ++ +++ - 1.4 n/n 44%

8%
13%

12%
-4%
1%

46%
24%

16%

0%
9%

11%
6%

3%

-14%
0%
2%

-3%
6%
7%
3%

4.11 C263 19 16.5 GFP 16 0.9 y/y

Appendix V. Electrophysiological measurements of 81 transfected cortical neurons.

Size, age and DIV as in Appendix II. TD: days after transfection. The shRNA construct is noted together with the GFP transfected con-
trols. RR: rectification ratio. mEPSC: detected at negative/positive holding potentials, y: yes, n: no, ND: not determined. PB: The
reduction in AMPA current after co-application with pentobarbital. Naspm: The reduction in AMPA current after co-application with 1-
naphthyl acetyl spermine. Scoring of the subunit mRNA level as in appendix II
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7 List of Abbreviations
aa Amino acid
ABM Artificial bath medium
ABP AMPAR binding protein
ACPA 2-amino-3-(3-carboxy-5-methyl-4-

isoxazolyl)propionic acid
ADARs Adenosine deaminases acting on RNA
Ala Alanine
AMPA (RS)-2-amino-3-(3-hydroxy-5-methyl-4-

isoxazolyl
AMPARs AMPA receptors
ANOVA Analysis of variance
AP2 Adaptor protein complex 2
Arg Arginine
Asp Aspartic acid
ATP Adenosinetriphosphate
ATPA (S)-2-amino-3-(5-tert-butyl-3-hydroxy-

4-isoxazolyl)propionic acid
ATPO (S)-2-amino-3-[5-tert-butyl-3-

(phosphonomethoxy)-4-
ioxazolyl]propionic acid

BHK cells Baby hamster kidney cells
BLAST Basic Local Alignment Search Tool
bp Basepair
BSA Bovine serum albumine
C. elegans Caenorhabditis elegans
C1-HIBO (RS)-2-amino-3-(4-chloro-3-hydroxy-5-

isoxazolyl)propionic acid
CA1 Cornu ammonis 1
CA3 Cornu ammonis 3
CaMKII Calcium/calmodulin-dependent kinase II
cDNA Complementary DNA
CNQX 6-cyano-7-nitroquinoxaline-2,3-dione
CNS Central nervous system
Con A Concanavalin A
CTZ Cyclothiazide
CX546 1-(1,4-benzodioxan-6-

ylcarbonyl)piperidine
Cy3 Indocarbocyanine, red fluorescence
D. melanogaster Drosophila melanogaster
DIC Differential Interference Contrast
DL-APV DL-2-Amino-5-phosphonovaleric acid
DNA Deoxyribonucleic acid
DNQX 6,7-dinitro-2,3-quinoxalinedione
dsRNA Double stranded RNA
E. coli Escherichia coli
E20 Embryonic day 20
EDTA Ethylenediaminetetraacetic acid
EPSC Excitatory post synaptic current
ER Endoplasmatic reticulum
FUDR 5-Fluoro-5’-deoxyuridine
GABA Gamma hydroxy butyric acid
GAPDH Glyceraldehyde-3-phosphate

dehydrogenase
GFP Green fluorescent protein
GIT1 GRK interactor 1
Gln Glutamine
Glu Glutamic acid
Gly Glycine
GRASP-1 GRIP associated protein
GRIP GluR interacting protein
GRK G protein receptor kinase
GST Glutathione S-transferase
GYKI 2,3-benzodiazapines
HEK293 cells Human embryonic kidney cells
HIBO Homoibotenic acid
iGluRs Ionotropic glutamate receptors
IHC Immunohistochemistry

I/V Current/voltage
LB Luria-Bertani
Leu Leucine
LTD Long term depression
LTP Long term potentiation
Lys Lysine
MAPK Mitogen-activated protein kinase
miRNA MicroRNA
mRNA Messanger RNA
MTX Methotrexat
N2a cells Mouse neuroblastoma cells
Narp Neuronal activity-regulated pentraxin
Naspm 1-naphthyl acetyl spermine
NCBI National Center for Biotechnology

Information
NMDA N-methyl-D-aspartate
NMDARs NMDA receptors
NP Neuronal pentraxin
NSF N-ethylmaleimide-sensitive fusion

protein
nt Nucleotide
P20 Postnatal day 20
PB Pentobartital
PBS Phosphate buffered saline
PCR Polymerase chain reaction
PDL Poly-D-Lysine
PDZ Postsynaptic density-95/disc-

large/Zonula occludens-1
Phe Phenylalanine
PICK1 Protein interacting with kinase
PKA Protein kinase A
PKC Protein kinase C
Pro Proline
PSD Postsynaptic density
PTGS Post-transcriptional gene silencing 
qPCR Quantitative PCR
RAS Small GTPase protein family
RDE-1 RNA interference deficient
RdRP RNA directed RNA polymerase
RISC RNA-induced silencing complex
RNA Ribonucleic acid
RNAi RNA interferece
RR Rectification ratio
RT Reverse transcription
SAP97 Synapse-associated protein
SCAM Substituted cysteine accessibility

methods
Ser Serine
shRNA Short hairpin RNA
siRNA Short interfering RNA
SNARE Soluble NSF attachment protein

receptors
SP Signal peptid
ß-SNAPs Soluble NSF attacment protein
st. dev. Standard deviation
TARP Transmembrane AMPAR regulatory

proteins
�act Time constants of activation 
�dea Time constants of deactivation
�des Time constants of desensitization
�rec Time constants of receovery from

desensitization
Thr Threonine
TNF� Tumor Necrosis Factor �
TTX Tetrodotoxin
Tyr Tyrosine
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