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A

MPA receptors are ion channel
tetramers that mediate fast excitatory
neurotransmission in vertebrate brains.
AMPAR functional properties as well
as receptor biogenesis in the endoplasmic reticulum (ER) are shaped by RNA
processing events, including adenosineto-inosine RNA editing and alternative
splicing. Recoded sites line interfaces of
subunit polypeptides, and are therefore
ideally positioned to modulate receptor
assembly. Moreover, the genomic arrangement of the R/G editing site within the
splice donor of the alternative flip/flop
exons may facilitate a cross-talk between
these genetic elements. Regulated mRNA
recoding in response to neuronal activity
would have the scope to sculpt AMPAR
tetramers and in turn shape the response
properties of a neuron.
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Glutamate-gated ion channels (iGluRs)
mediate fast excitatory neurotransmission in vertebrate central nervous systems.
Binding of presynaptically released glutamate triggers a cascade of conformational
changes that ultimately results in a depolarizing cation current through the iGluR
channel pore. Depending on pharmacological and functional properties three
major iGluR families can be distinguished
– AMPA, NMDA and Kainate receptors.1
The role of a fourth subtype, the delta
iGluR, is less well understood.
Functional properties of iGluRs including gating kinetics and ion conductance
are largely determined by the subunit
composition,2 and the nature of receptor
auxiliary subunits.3-5 Each subfamily comprises at least four different subunits that
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assemble in various combinations into
tetrameric receptors. Heteromeric assembly is either obligatory (NMDAR and
GluK4,5-containing kainate receptors),
or preferred (GluK1-3 kainate receptors
and AMPARs). Homotetramers by contrast, are less common but can be detected
under selective conditions.6, 7 Alternative
splicing and adenosine-to-inosine (A-to-I)
RNA editing of subunit mRNAs gives rise
to further functional diversification and is
central to the biology of AMPARs.8, 9
AMPARs mediate signaling on the
millisecond time scale and are responsible for the primary depolarization of the
post-synaptic membrane.1 They assemble
from four subunits, GluA1-4,10 in various stoichiometries although commonly
incorporate the GluA2 subunit.11-13 Like
all other iGluRs, AMPARs are comprised
of four domains – the N-terminal (NTD)
domain and the ligand-binding domain
(LBD), which face into the synaptic cleft,
the membrane-embedded ion-channel
and a C-terminus projecting into the
cytosol. Highly efficient RNA editing
within the channel pore of the GluA2
subunit, at the Q/R (Gln/Arg) editing
site, restricts Ca2+ permeability, channel
conductance and homotetramerization.11,
12
In addition, the LBD is a hotspot for
alternative RNA processing, which is
known to modulate gating kinetics of
AMPARs.8, 14, 15 Recent findings reveal
that gating-associated conformational
changes of the LBD are detected in the
lumen of the endoplasmic reticulum
(ER).15-17 This unexpected link between
RNA processing, gating and channel biogenesis is discussed below.
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Figure 1. Sequence and location of the alternative RNA processing sites in the LBD. (A) Sequence alignment encompassing the GluA2 R/G site and flip/
flop segment along helices J and K. Alternative residues are highlighted in bold, the critical Val to Leu switch at position 758 is shown in magenta. The R/G
editing site at position 743 is indicated in blue. The schematic at the bottom shows the crystal structure of a GluA2 flip LBD dimer, in the unedited state
(pdb code: 2uxa). The two subunit protomers are color coded (green and brown). Alternative residues are depicted in magenta. Side chains of the strategic
residues – Arg 743 and Val758 – are shown as spheres. Helices J and K are emphasized in the green protomer. (B) Simplified gating scheme at the level of
subunit dimers (color coded as in A). LBDs are shown as pac-man structures with helices J/K highlighted. Associated transmembrane segments (TM) are
shown as cylinders. LBD clamshells close upon ligand docking (step 1). The free energy gained from cleftclosure is used to open the TM gate of the ion channel (step 2). In parallel with opening the channel enters a desensitized state, a ligand-bound closed-channel state (involving a rearrangement of the dimer
IF including helices J/K23) (step 3). Entry into desensitization is influenced by R/G editing (blue star).14, 15 Ligand unbinds and the receptor recovers from
desensitization (step 4), a step that is modulated by the Val/Leu758 switch (magenta star).

The iGluR LBD belongs to the (type 2)
periplasmic-binding protein family, and is
composed of two lobes that are separated
by a deep cleft (Fig. 1A).18, 19 Docking of
L-glutamate to this domain results in cleft
closure and triggers a conformational cascade ultimately resulting in channel activation. Within the receptor tetramer, LBDs
are arranged as pairs of dimers. The dimer
interface (IF) is made up of secondary structure elements (helices D, J and the segment
between beta strands 6-7) that are located
in the upper lobe.19 This orients adjacent
subunits back–to–back and allows lower
lobes to move upward upon ligand binding thereby pulling the ion channel open20
(Fig. 1A). Mutagenesis revealed that contacts across the LBD IF are critical determinants of gating in all three major iGluR
subfamilies.21-23 In AMPARs five positions
in this strategic segment are targeted for
recoding – an arginine, highly conserved
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in non-NMDA iGluRs, is converted to
Gly via RNA editing at the R/G site of
GluA2-414 (Fig. 1A). Furthermore, four
residues along helices J and K are altered
in GluA1-4 by mutually exclusive alternative splicing,8 where the default flip exon is
replaced by the flop exon in a developmentally regulated manner (Fig. 2). Both of
these modifications are unique to AMPAtype iGluRs.
In addition to shaping signaling properties at the synapse, recent findings reveal
that gating - the conformational alterations
underlying channel opening/closing transitions – plays a role during iGluR biogenesis
in the ER.15-17, 24 ER quality control ensures
that only properly folded, and in many
cases fully assembled, and thus functional
polypeptides exit from the ER.25 The NTD
and LBD together constitute 80% of the
receptor protein and project into the chaperone-enriched lumen of the ER during
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early stages of biogenesis.26 Mutations
within the binding cleft of the LBD that
interfere with ligand binding resulted in
ER retention and poor surface expression of
kainate receptors.17, 24 These mutations are
expected to shift the equilibrium between
the open and closed cleft conformation
toward the open state. Similar observations
were made with AMPARs.27 More subtle
mutations, not directly aimed at highly
conserved ligand-coordinating positions,
revealed a correlation between the stability of the closed cleft and ER exit efficiency.15 Moreover, while weakening the closed
cleft conformation slowed ER transit the
opposite effect was achieved with cleft stabilizing mutations.15 Therefore, relatively
subtle alterations associated with the LBD
open-closed equilibrium are sensed by the
ER quality control machinery. By extension, these findings implicate glutamate as
a chemical chaperone in iGluR biogenesis.
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Figure 2. Arrangement of the R/G site and the alternative flip/flop exons. The diagram depicts the
position of the R/G editing site at the 3’ end of exon 13 (red arrow head), the editing complementary
sequence in intron 13 (ECS; red rectangle), and the mutually exclusive flop (green), and flip (yellow)
exons. The sequence of the splice donor site is shown. Editing switches the adenoine at position -2 to
inosine (which translates like a guanosine), this is predicted to weaken the strength of the 5’ splice site
relative to a consensus splice site.65

Similar to binding-cleft motions, LBD
dimer interface (IF) strength is monitored
by ER quality control. The stability of this
IF determines another gating transition
– desensitization to a ligand-bound nonconducting state. Entry into desensitization
requires rupture of the dimer IF.23 A stabilizing cation-pi link across the IF results
in ER retention of the GluA2 mutant
L483Y.27 L483Y gives rise to non-desensitizing AMPARs and locks the receptor in a
conformation resembling the open state.23
Similarly, in the GluK2 kainate receptor
inter-dimer disulfide bridges produced
non-desensitizing, ER-retained receptors,28 indicating that LBD IF strength is
a general determinant for iGluR biogenesis
in the ER. In contrast to mutation, RNA
processing within the IF regulates AMPAR
gating transitions associated with desensitization. By modulating IF contacts, this site
provides an endogenous switch for altering
the ER-half life of subunits and assembly
intermediates.15 An increase of the ER
dwell time ensures subunit availability and
thereby provide a mechanism for tuning
receptor assembly properties.29 Two alternative residues turn out to be central to this
regulation: (i) the R/G editing site at the
top of the IF, and (ii) a Val to Leu change
introduced at the helix J/K kink by flip/
flop splicing15, 27, 30 (Fig. 1A). As discussed
in detail recently these positions target different conformational states or transitions
of the gating cascade and are believed to
function at multiple stages during AMPAR
formation15 (Fig. 1B). In both cases GluA2
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isoforms harboring the default residue, i.e.
Arg743 at the R/G site and Val758 of the
flip exon, undergo a more rapid maturation in the ER relative to alternatively processed (i.e. edited to Gly and flop) subunit
variants. The increased ER-dwell time of
the latter isoforms is expected to promote
GluA2 inclusion into heteromeric receptors. According to this model, AMPAR
RNA processing regulates heterotetrameric
subunit assembly. Since processing in the
LBD is under developmental control,8, 31
formation of subunit heteromers may be
regulated with developmental progression
and in a cell-type specific manner.26
These assembly rules have been
observed in heterologous cell lines and in
dissociated primary neurons expressing
exogenous subunits. A critical next step
will be to ascertain the impact of these
RNA processing events on the assembly
of endogenous AMPARs. Another question concerns whether processing in the
LBD can be regulated in response to external cues and in turn mediate AMPAR
remodeling. Such a mechanism would
allow neurons to adjust their AMPAR
response and thereby their synaptic gain,
and could play a role in homeostatic
adaptation.32 There is increasing evidence
that alternative splicing in neurons can
be regulated by neuronal activity.33, 34 An
example is provided by the NR1 subunit
of the NMDA glutamate receptor, which
is alternatively spliced within the NTD
(exon 5) and at the C-terminus (exons
21, 22). Chronic administration of drugs
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that affect neuronal excitability reprogram
splice site choice in the CTD, resulting
in altered secretory traffic and density of
synaptic NMDARs.35 Signaling pathways
and RNA sequence elements involved in
the regulation of exon 21/22 splicing have
emerged recently.36, 37 Transacting factors
that regulate flip/flop splicing of AMPARs
have also been identified.38 An interesting
regulator is SRp38, which is controlled by
heat-shock.39 SRp38 acts as a general splicing repressor when dephosphorylated but
can be switched to a sequence specific activator when phosphorylated.38 This protein
has potential binding sites in both exons,
flip and flop, but interacts more tightly
with flip and promotes its inclusion.38
In addition to alternative splicing,
RNA editing can be regulated.40-42 A-to-I
editing is catalyzed by adenosine deaminases (ADARs), specifically by ADAR1
and/or ADAR2 (catalytic activity has not
been demonstrated for ADAR3).43 ADARs
bind double-stranded RNA substrates
and deaminate adenosine to inosine cotranscriptionally. Nuclear ADAR1 and 2
are both capable of editing the R/G site.
Diverse external cues give rise to recoding
of a variety of editing substrates, which to
date has mostly been ascribed to altered
deaminase levels. For example expression
of the long isoform (p150) of ADAR1
can be induced by inflammation via interferon,44 and ADAR2 levels are perturbed
after ischemia as a result of reduced activity of the cAMP responsive element binding protein (CREB) transcription factor.41
Interestingly, CREB phosphorylation is
tightly coupled to L-type Ca2+ channel
activity via CaMKII thus providing a possible link between neuronal activity and
RNA editing.45
Within this context it is worth to point
out the strategic position of the R/G site
within the splice donor preceding the flop
exon (Fig. 2). Editing alters the -2 position
from adenosine via inosine to guanosine,
which is expected to weaken this splice
site and may thereby affect splicing of the
alternative downstream exons. Indeed,
editing precedes splicing as a result of
coordination by the C-terminal domain of
RNA polymerase II.46,47 The R/G-edited
residue reduces the efficiency of erroneous splicing of the 3’ splice site of exon 16
thereby promoting inclusion of the flip/
flop exon.48 Moreover, a greater proportion
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of editing was observed for the flip isoform
of GluA2,48,49 particularly in early postnatal development.14 However, a direct link
between editing and alternative selection
of flip/flop splice sites has not been demonstrated to date.
A-to-I editing and flip/flop splicing of AMPARs have been implicated in
various neurological disorders including epilepsy,50-56 ischemia,41,52,57,58 stress,59
inflammation,44,60,61 and sporadic amyotrophic lateral sclerosis.62-64 Therefore, an
involvement of regulated AMPAR biogenesis in the pathogenesis of these diseases
can be envisaged. Taken together, alternative RNA processing within the AMPAR
LBD provides a dynamic, metastable
mechanism capable of sculpting AMPAR
tetramers in response to physiological and
pathological stimuli.
References
1. Dingledine R, Borges K, Bowie D, Traynelis SF. The
glutamate receptor ion channels. Pharmacol Rev 1999;
51:7-61.
2. Hollmann M, Heinemann S. Cloned glutamate receptors. Annu Rev Neurosci 1994; 17:31-108.
3. Milstein AD, Nicoll RA. Regulation of AMPA receptor
gating and pharmacology by TARP auxiliary subunits.
Trends Pharmacol Sci 2008; 29:333-9.
4. Tigaret C, Choquet D. Neuroscience. More AMPAR
garnish. Science 2009; 323:1295-6.
5. Ziff EB. Cornichon sweetens the AMPA receptor
trafficking field. Cell Science Reviews 2009; 5:ISSN
1742-8130.
6. Cull-Candy S, Kelly L, Farrant M. Regulation of Ca2+permeable AMPA receptors: synaptic plasticity and
beyond. Curr Opin Neurobiol 2006; 16:288-97.
7. Sutton MA, Ito HT, Cressy P, Kempf C, Woo JC,
Schuman EM. Miniature neurotransmission stabilizes
synaptic function via tonic suppression of local dendritic protein synthesis. Cell 2006; 125:785-99.
8. Sommer B, Keinanen K, Verdoorn TA, Wisden W,
Burnashev N, Herb A, Kohler M, Takagi T, Sakmann
B, Seeburg PH. Flip and flop: a cell-specific functional
switch in glutamate-operated channels of the CNS.
Science 1990; 249:1580-5.
9. Seeburg PH, Hartner J. Regulation of ion channel/
neurotransmitter receptor function by RNA editing.
Curr Opin Neurobiol 2003; 13:279-83.
10. Collingridge GL, Olsen RW, Peters J, Spedding
M. A nomenclature for ligand-gated ion channels.
Neuropharmacology 2009; 56:2-5.
11. Greger IH, Khatri L, Kong X, Ziff EB. AMPA receptor
tetramerization is mediated by Q/R editing. Neuron
2003; 40:763-74.
12. Isaac JT, Ashby M, McBain CJ. The role of the GluR2
subunit in AMPA receptor function and synaptic plasticity. Neuron 2007; 54:859-71.
13. Lu W, Shi Y, Jackson AC, Bjorgan K, During MJ,
Sprengel R, Seeburg PH, Nicoll RA. Subunit composition of synaptic AMPA receptors revealed by a singlecell genetic approach. Neuron 2009; 62:254-68.
14. Lomeli H, Mosbacher J, Melcher T, Hoger T, Geiger
JR, Kuner T, Monyer H, Higuchi M, Bach A, Seeburg
PH. Control of kinetic properties of AMPA receptor channels by nuclear RNA editing. Science 1994;
266:1709-13.
15. Penn AC, Williams SR, Greger IH. Gating motions
underlie AMPA receptor secretion from the endoplasmic reticulum. EMBO J 2008; 27:3056-68.

4

RNA Biology

16. Coleman SK, Moykkynen T, Jouppila A, Koskelainen
S, Rivera C, Korpi ER, Keinanen K. Agonist occupancy
is essential for forward trafficking of AMPA receptors. J
Neurosci 2009; 29:303-12.
17. Fleck MW. Glutamate receptors and endoplasmic
reticulum quality control: looking beneath the surface.
Neuroscientist 2006; 12:232-44.
18. Quiocho FA, Ledvina PS. Atomic structure and specificity of bacterial periplasmic receptors for active transport and chemotaxis: variation of common themes.
Mol Microbiol 1996; 20:17-25.
19. Armstrong N, Gouaux E. Mechanisms for activation
and antagonism of an AMPA-sensitive glutamate receptor: crystal structures of the GluR2 ligand binding core.
Neuron 2000; 28:165-81.
20. Mayer ML, Armstrong N. Structure and function of
glutamate receptor ion channels. Annu Rev Physiol
2004; 66:161-81.
21. Gielen M, Le Goff A, Stroebel D, Johnson JW, Neyton
J, Paoletti P. Structural rearrangements of NR1/NR2A
NMDA receptors during allosteric inhibition. Neuron
2008; 57:80-93.
22. Plested AJ, Mayer ML. Structure and mechanism of
kainate receptormodulation by anions. Neuron 2007;
53:829-41.
23. Sun Y, Olson R, Horning M, Armstrong N, Mayer M,
Gouaux E. Mechanism of glutamate receptor desensitization. Nature 2002; 417:245-53.
24. Gill MB, Vivithanaporn P, Swanson GT. Glutamate
binding and conformational flexibility of ligand-binding domains are critical early determinants of efficient
kainate receptor biogenesis. J Biol Chem 2009.
25. Ellgaard L, Helenius A. Quality control in the endoplasmic reticulum. Nat Rev Mol Cell Biol 2003; 4:18191.
26. Greger IH, Ziff EB, Penn AC. Molecular determinants
of AMPA receptor subunit assembly. Trends Neurosci
2007; 30:407-16.
27. Greger IH, Akamine P, Khatri L, Ziff EB.
Developmentally regulated, combinatorial RNA processing modulates AMPA receptor biogenesis. Neuron
2006; 51:85-97.
28. Priel A, Selak S, Lerma J, Stern-Bach Y. Block of kainate receptor desensitization uncovers a key trafficking
checkpoint. Neuron 2006; 52:1037-46.
29. Greger IH, Khatri L, Ziff EB. RNA editing at Arg607
controls AMPA receptor exit from the endoplasmic
reticulum. Neuron 2002; 34:759-72.
30. Coleman SK, Möykkynen T, Cai C, von Ossowski L,
Kuismanen E, Korpi ER, Keinänen K. Isoform-specific
early trafficking of AMPA receptor flip and flop variants. J Neurosci 2006; 26:11220-9.
31. Monyer H, Seeburg PH, Wisden W. Glutamateoperated channels: developmentally early and mature
forms arise by alternative splicing. Neuron 1991;
6:799-810.
32. Turrigiano GG. The self-tuning neuron: synaptic scaling of excitatory synapses. Cell 2008; 135:422-35.
33. Li Q, Lee JA, Black DL. Neuronal regulation of alternative pre-mRNA splicing. Nat Rev Neurosci 2007;
8:819-31.
34. Xie J. Control of alternative pre-mRNA splicing by
Ca(++) signals. Biochim Biophys Acta 2008; 1779:43852.
35. Mu Y, Otsuka T, Horton AC, Scott DB, Ehlers MD.
Activity-dependent mRNA splicing controls ER export
and synaptic delivery of NMDA receptors. Neuron
2003; 40:581-94.
36. An P, Grabowski PJ. Exon silencing by UAGG motifs
in response to neuronal excitation. PLoS Biol 2007;
5:e36.
37. Lee JA, Xing Y, Nguyen D, Xie J, Lee CJ, Black DL.
Depolarization and CaM kinase IV modulate NMDA
receptor splicing through two essential RNA elements.
PLoS Biol 2007; 5:e40.
38. Feng Y, Chen M, Manley JL. Phosphorylation switches
the general splicing repressor SRp38 to a sequencespecific activator. Nat Struct Mol Biol 2008; 15:10408.

Volume 6 Issue 5

39. Shin C, Feng Y, Manley JL. Dephosphorylated SRp38
acts as a splicing repressor in response to heat shock.
Nature 2004; 427:553-8.
40. Gurevich I, Englander MT, Adlersberg M, Siegal NB,
Schmauss C. Modulation of serotonin 2C receptor
editing by sustained changes in serotonergic neurotransmission. J Neurosci 2002; 22:10529-32.
41. Peng PL, Zhong X, Tu W, Soundarapandian MM,
Molner P, Zhu D, Lau L, Liu S, Liu F, Lu Y. ADAR2dependent RNA editing of AMPA receptor subunit
GluR2 determines vulnerability of neurons in forebrain
ischemia. Neuron 2006; 49:719-33.
42. Gan Z, Zhao L, Yang L, Huang P, Zhao F, Li W, Liu
Y. RNA editing by ADAR2 is metabolically regulated
in pancreatic islets and beta-cells. J Biol Chem 2006;
281:33386-94.
43. Keegan LP, Leroy A, Sproul D, O’Connell MA.
Adenosine deaminases acting on RNA (ADARs): RNAediting enzymes. Genome Biol 2004; 5:209.
44. Yang JH, Luo X, Nie Y, Su Y, Zhao Q, Kabir K,
Zhang D, Rabinovici R. Widespread inosine-containing mRNA in lymphocytes regulated by ADAR1 in
response to inflammation. Immunology 2003; 109:1523.
45. Wheeler DG, Barrett CF, Groth RD, Safa P, Tsien
RW. CaMKII locally encodes L-type channel activity
to signal to nuclear CREB in excitation-transcription
coupling. J Cell Biol 2008; 183:849-63.
46. Laurencikiene J, Kallman AM, Fong N, Bentley DL,
Ohman M. RNA editing and alternative splicing: the
importance of co-transcriptional coordination. EMBO
Rep 2006; 7:303-7.
47. Ryman K, Fong N, Bratt E, Bentley DL, Ohman M.
The C-terminal domain of RNA Pol II helps ensure
that editing precedes splicing of the GluR-B transcript.
RNA 2007; 13:1071-8.
48. Schoft VK, Schopoff S, Jantsch MF. Regulation of glutamate receptor B pre-mRNA splicing by RNA editing.
Nucleic Acids Res 2007; 35:3723-32.
49. Liu Y, Samuel CE. Editing of glutamate receptor subunit B pre-mRNA by splice-site variants of interferoninducible double-stranded RNA-specific adenosine
deaminase ADAR1. J Biol Chem 1999; 274:5070-7.
50. Gomes AR, Ferreira JS, Paternain AV, Lerma J, Duarte
CB, Carvalho AL. Characterization of alternatively
spliced isoforms of AMPA receptor subunits encoding
truncated receptors. Mol Cell Neurosci 2008; 37:32334.
51. Kamphuis W, Monyer H, De Rijk TC, Lopes da Silva
FH. Hippocampal kindling increases the expression
of glutamate receptor-A Flip and -B Flip mRNA in
dentate granule cells. Neurosci Lett 1992; 148:51-4.
52. Pollard H, Heron A, Moreau J, Ben-Ari Y, Khrestchatisky
M. Alterations of the GluR-B AMPA receptor subunit
flip/flop expression in kainate-induced epilepsy and
ischemia. Neuroscience 1993; 57:545-54.
53. Rosa ML, Jefferys JG, Sanders MW, Pearson RC.
Expression of mRNAs encoding flip isoforms of GluR1
and GluR2 glutamate receptors is increased in rat
hippocampus in epilepsy induced by tetanus toxin.
Epilepsy Res 1999; 36:243-51.
54. Vollmar W, Gloger J, Berger E, Kortenbruck G,
Kohling R, Speckmann EJ, Musshoff U. RNA editing
(R/G site) and flip-flop splicing of the AMPA receptor
subunit GluR2 in nervous tissue of epilepsy patients.
Neurobiol Dis 2004; 15:371-9.
55. Yamaguchi K, Yamaguchi F, Miyamoto O, Hatase
O, Tokuda M. The reversible change of GluR2 RNA
editing in gerbil hippocampus in course of ischemic
tolerance. J Cereb Blood Flow Metab 1999; 19:370-5.
56. Maas S, Patt S, Schrey M, Rich A. Underediting of glutamate receptor GluR-B mRNA in malignant gliomas.
Proc Natl Acad Sci U S A 2001; 98:14687-92.
57. Alsbo CW, Wrang ML, Moller F, Diemer NH. Is the
AMPA receptor subunit GluR2 mRNA an early indicator of cell fate after ischemia? A quantitative single cell
RT-PCR study. Brain Res 2001; 894:101-8.

www.landesbioscience.com

58. Hatip-Al-Khatib I, Iwasaki K, Egashira N, Ishibashi D,
Mishima K, Fujiwara M. Comparison of single- and
repeated-ischemia-induced changes in expression of
flip and flop splice variants of AMPA receptor subtypes
GluR1 and GluR2 in the rats hippocampus CA1 subregion. J Pharmacol Sci 2007; 103:83-91.
59. Rosa ML, Guimaraes FS, Pearson RC, Del Bel EA.
Effects of single or repeated restraint stress on GluR1
and GluR2 flip and flop mRNA expression in the hippocampal formation. Brain Res Bull 2002; 59:117-24.

www.landesbioscience.com

60. Guan Y, Guo W, Zou SP, Dubner R, Ren K.
Inflammation-induced upregulation of AMPA receptor subunit expression in brain stem pain modulatory
circuitry. Pain 2003; 104:401-13.
61. Zhou QQ, Imbe H, Zou S, Dubner R, Ren K.
Selective upregulation of the flip-flop splice variants
of AMPA receptor subunits in the rat spinal cord after
hindpaw inflammation. Brain Res Mol Brain Res 2001;
88:186-93.
62. Maas S, Kawahara Y, Tamburro KM, Nishikura K.
A-to-I RNA editing and human disease. RNA Biol
2006; 3:1-9.

Volume 6 Issue 5

63. Kawahara Y, Ito K, Sun H, Aizawa H, Kanazawa I,
Kwak S. Glutamate receptors: RNA editing and death
of motor neurons. Nature 2004; 427:801.
64. Tomiyama M, Rodriguez-Puertas R, Cortes R, Pazos
A, Palacios JM, Mengod G. Flip and flop splice variants of AMPA receptor subunits in the spinal cord of
amyotrophic lateral sclerosis. Synapse 2002; 45:245-9.
65. Yeo G, Burge CB. Maximum entropy modeling of
short sequence motifs with applications to RNA splicing signals. J Comput Biol 2004; 11:377-94.

RNA Biology

5

