
The central nervous system (CNS) in higher eukary�

otes is likely the most complex structure known in sci�

ence. Recently, it has become increasingly clear that the

simple transcription of the limited set of genes present in

the genome is insufficient to explain the highly complex

functions and physiology of the brain. Indeed, a series of

other phenomena take place to expand the repertoire of

neuronal transcripts and allow for such complex behavior.

Among other important processes occurring at the RNA

level [1], the post�transcriptional event of “RNA editing”

has received increasing attention in recent years. The

term “RNA editing” is normally used to identify any

mechanism responsible for producing mRNA molecules

with sequence information not specifically encoded in the

DNA. The phenomenon of RNA editing was first

described as the insertion of single uridines in the mito�

chondrial RNA of trypanosomes [2], but now it refers to

any site�specific alteration in an RNA sequence (for

review, see [3]). This post�transcriptional mechanism can

result in protein diversity by altering start and stop

codons, creating splicing sites, or single amino acid sub�

stitutions in functionally important positions.

Here, we focus on Adenosine to Inosine (A�I) RNA

editing [4, 5], the most common form of editing in CNS,

and on its potential role in regulating the properties of the

ionotropic glutamate receptors (iGluRs), the main effec�

tors of fast excitatory neurotransmission.

GLUTAMATE RECEPTOR STRUCTURE

AND FUNCTION

Fast excitatory neurotransmission in the vertebrate

CNS is mainly mediated by iGluRs. These receptors are

ligand�gated ion channels permeable to Na+, K+ and Ca2+

that mediate the fast depolarization of the post�synaptic

membrane after glutamatergic stimuli and induce post�

synaptic action potentials to propagate neuronal informa�

tion [6]. iGluRs are divided into AMPA (α�amino�3�

hydroxy�5�methyl�4�isoxasolepropionic acid), kainate,

and NMDA (N�methyl�D�aspartate) receptors on the
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Abstract—RNA editing is a post�transcriptional process with an important role in gene modification. This editing process

involves site�selective deamination of adenosine into inosine in the pre�mRNA, leading to the alteration of translation

codons and splicing sites in nuclear transcripts, thereby enabling functionally distinct proteins to arise from a single gene.

One important instance is the neuron editing of the ionotropic glutamate receptors (iGluRs). GluRs play a key role in exci�

tatory synaptic transmission and plasticity in the central nervous system (CNS); their channel properties are largely dictat�

ed by the subunit composition of the tetrameric receptors. AMPA/kainate channels are assembled from GluA1�4 AMPA or

GluK1�5 kainate receptor subunits. In particular, three of the four AMPA and two of the five kainate receptor subunits are

subject to RNA editing. The editing positions have been named on the basis of the amino acid substitutions, such as the Q/R

site in AMPA GluA2; the Q/R site in GluK1 and GluK2; the R/G site in GluA2, GluA3, and GluA4; and the I/V and Y/C

sites in GluK2. These amino acid changes lead to profound alterations of the channel properties. This paper reviews the

most relevant data showing the importance of glutamate receptor RNA editing in finely tuning glutamatergic neurotrans�

mission in the normal CNS and following alterations of the editing process in association with disease phenotypes. Overall,

these data indicate that a highly regulated process of glutamate receptor editing is of key importance in the proper function

of neuronal cells and in their ability to adapt and modulate synaptic function.
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basis of their agonist selectivity, pharmacological charac�

terization, and sequence similarity [6�8]. Glutamate

receptors are tetrameric complexes, and functional recep�

tors are formed exclusively by assemblies of subunits with�

in the same functional receptor class. Mammals express

four AMPA (GluA1�4), five kainate (GluK1�5), and seven

NMDA (GluN1, GluN2A�GluN2D, GluN3A, and

GluN3B) receptor subunits. In addition, two delta sub�

units (GluD1 and GluD2) have also been described (for

the new IUPHAR nomenclature, see [9]).

AMPA receptors are hetero�oligomers consisting of

combinations of four different subunits. In the adult hip�

pocampus, GluA1, GluA2, and GluA3 combine to form

two distinct populations, GluA1/GluA2 and GluA2/

GluA3, which probably play different roles and are deliv�

ered to synapses by distinct mechanisms [10]. Each of the

four AMPA receptor subunits is alternatively spliced in

the extracellular region, generating the so�called “Flip”

and “Flop” variants [11], which display different kinetic

properties [12�14] increasing protein variability. The

kainate receptor subunits GluK1, GluK2, and GluK3

also form both homo� and heteromeric channels, but

GluK4 and GluK5 only form functional receptors when

co�expressed with GluK1 to GluK3 [15]. Finally, func�

tional NMDA receptors require the assembly of two

GluN1 subunits together with either two GluN2 subunits

or a combination of GluN2 and GluN3 subunits [16�18].

All ionotropic glutamate receptor subunits share a

common basic structure. Each subunit possesses four

transmembrane hydrophobic domains (TM1�4) within

the central portion of the sequence. However, in contrast

to other similar receptor subunits, the TM2 domain forms

a re�entrant loop, giving these subunits an extracellular

N�terminus and an intracellular C�terminus (figure).

RNA EDITING OF GLUTAMATE RECEPTORS

RNA editing may finely modulate the kinetic and

ionic properties of glutamate receptors. At present, three

Schematic representation of glutamate receptor subunit structure. Each GluR subunit is composed of four transmembrane domains (TM1�

TM4), an extracellular N�terminal region, and an intracellular C�terminal domain. a) GluA2 subunits have a Q/R editing site in the M2

domain. The R/G site and the Flip/Flop cassette subject to splicing are located between the TM3 and TM4 domains. b) GluA3 and GluA4

are edited at the R/G site and present the Flip/Flop cassette (a.a. 769 for GluA3 and a.a. 765 for GluA4). c) The GluK1 subunit is edited at

the Q/R site. d) The GluK2 subunit is edited at the I/V and Y/C sites located in the TM1 domain and Q/R site. The amino acid position of

each editing site is reported in brackets

a b

c d
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enzymes that catalyze the A�I editing reaction have been

characterized [19], all of which belong to the family of

adenosine deaminases acting on RNA (ADAR). These

enzymes present two or three RNA�binding domains at

the N�terminal region and the catalytic domain at the C�

terminal region. ADAR1 and ADAR2 are expressed in

many tissues but especially in the brain; ADAR3 is only

expressed in neuronal tissues, but its role in the editing

reaction has not yet been clearly characterized. ADAR1

and ADAR2 are able to recognize specific double�strand�

ed RNA structures generated by the hybridization of

complementary exon and intron sequences in the pre�

mRNA of specific transcripts, termed editing comple�

mentary sequences (ECSs). The enzymatic activity of

ADARs leads to the modification of adenosines to

inosines in specific coding regions; inosines are then rec�

ognized by the translational machinery as guanosines,

altering the codon of the edited nucleotide and leading to

an amino acid change in the expressed protein. The tran�

scripts coding for five glutamate receptor subunits

(AMPA GluA2, GluA3, GluA4 and kainate GluK1 and

GluK2) are subject to RNA editing in different positions,

giving rise to four different amino�acid changes, namely

glutamine to arginine (Q/R), arginine to glycine (R/G),

isoleucine to valine (I/V) and tyrosine to cysteine (Y/C)

(Table 1).

In the case of the GluA2 subunit, enzymatic deami�

nation results in the substitution of a codon for glutamine

(CAG �Q�) with a codon for arginine (CIG �R�) in the

second membrane domain of the receptor channel, at the

so�called Q/R site. The presence of the positively charged

amino acid arginine in the inner channel pore makes the

receptor channel impermeable to Ca2+ [20], reduces its

ion conductance [21] and alters its current/voltage rela�

tionship [22]. Under physiological conditions, virtually

all pre�mRNAs encoding GluA2 are edited at the Q/R

site, with the result that all GluA2�containing ion chan�

nels are impermeable to Ca2+. The other AMPA receptor

subunits do not present this editing site.

The relevance of editing at the Q/R site has been

shown by the data obtained in knockout mice. Mutant

mice, in which the GluA2 ECS sequence has been elimi�

nated [23, 24] or the editing enzyme ADAR2 [25] sup�

pressed, showed a sharp drop in Q/R editing levels and an

Receptor
subunit

GluA2

GluA3

GluA4

GluK1

GluK2

Table 1. Glutamate receptor editing sites and their functional implications

Modified in:

– ALS [74];
– ischemia [61];
– glioblastoma progression [57, 58];
– epilepsy [23, 25];
– antidepressant treatments (in vitro) [73]

– SCI [77];
– epilepsy [66];
– murine model of schizophrenia [70];
– antidepressant treatments [72]

– SCI [77];
– antidepressant treatments [72];
– murine model of schizophrenia [70]

– antidepressant treatments [72]

– epilepsy [64, 65];
– murine model of schizophrenia [70]

– antidepressant treatments [72];
– murine model of schizophrenia [70]

Functional changes

– Ca2+ impermeability [20];
– ER retention [29];
– correct mRNA maturation [25, 27];
– NPC inductor (unedited) [28]

– enhanced rate of recovery from desensi�
tization [32];

– correlation with flip/flop splicing [35]

– enhanced rate of recovery from desensi�
tization [32]

– enhanced rate of recovery from desensi�
tization [32]

– lower Ca2+ permeability [46];
– inhibition of receptor by membrane

fatty acids [50];
– neuronal maturation in spinal horn

(unedited) [49]

– finer modification of ionic properties [46]

– ER retention [54]

Editing site*

Q/R (607)

R/G (764)

R/G (769)

R/G (765)

Q/R (636)

I/V (567)

Y/C (571)

Q/R (621)

* Editing site is named according to the amino acid modification produced. Amino acid position is reported in brackets.
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altered ionic permeability. The mice were prone to

epileptic seizures leading to death within a few weeks after

birth. Moreover, these knockout mice displayed nuclear

accumulation of incomplete spliced GluA2 pre�mRNA

and decreased levels of GluA2 mRNA. The increase in

unspliced GluA2 pre�mRNA was correlated with the

reduction in the Q/R editing level, thus suggesting that

editing might be a requirement for efficient splicing of

this pre�mRNA [25], a result that has also been con�

firmed in vitro [26]; conversely, mutant mice with a con�

stitutive arginine present at the GluA2 Q/R site show a

vital phenotype [27].

A recent report [28] showed the presence of unedit�

ed GluA2 containing receptors in human neuronal pro�

genitor cells (NPC), indicating that unedited GluA2

receptor is required during embryogenesis. Indeed, while

NPCs differentiate into neurons, GluA2 subunits become

fully edited as in the adult brain. The authors suggested

that editing at the GluA2 Q/R site might be involved in

the induction of neurogenesis. In addition to regulating

the electrophysiology of the channel, Q/R editing deter�

mines the maturation and cellular trafficking of GluA2

[29]. The GluA2�R edited form is retained in the endo�

plasmic reticulum (ER) because the post�transcriptional�

ly modified arginine located in the pore loop provides a

retention signal favoring association with specific reten�

tion factors. Trafficking to the cell surface might only be

allowed for the fully assembled, hetero�tetrameric recep�

tors in which the retention signal is masked by the pres�

ence of other GluA subunits [30].

The AMPA receptor subunits GluA2, GluA3, and

GluA4 are also edited at the R/G sites, where a codon for

arginine (AGA �R�) is modified to a codon for glycine

(IGA �G�). This site is located in the extracellular loop

near the neurotransmitter binding site, at the mRNA

level, just before the sequences involved in the splicing

events forming the so�called Flip/Flop isoforms. Editing

at these sites seems to affect, in coordination with the

Flip/Flop cassette, the kinetic properties of the AMPA

receptor channels [8, 31�34], especially the time of

desensitization and the time of recovery from desensitiza�

tion (Table 2). As a net effect, edited receptors have an

enhanced rate of recovery from desensitization, generat�

ing ion channels that are able to respond more rapidly to

a train of impulses [32]. As mentioned above, the adeno�

sine subject to editing in the pre�mRNA is located in

position –2 of the donor splice site involved in the splic�

ing of the flip/flop exon. This localization led to the

hypothesis of a direct correlation between editing and

splicing. Editing events have been reported to precede

splicing due to the interaction with the C�terminal

domain of RNA polymerase II [35, 36], and editing at the

R/G site was shown to lead to a reduction in splicing effi�

ciency in the adjacent intron [37]. This phenomenon

should be due to the inosine at the R/G site, but ADAR

binding is not required to observe this effect [26].

However, no direct link between editing and the flip/flop

exon selection has been clearly demonstrated [26, 37].

Finally, two kainate receptor subunits may also be

subject to editing: whereas the kainate receptor GluK1

[38, 39] can be edited only at the Q/R site, the kainate

GluK2 [40, 41] can be edited at two additional sites, the

I/V and Y/C sites located in the transmembrane 1

domain (TM1), where an isoleucine (ATT) is modified to

[32]

36.0

15.0

16.0

6.0

43.0

31.0

[34]

178.0

134.0

55.0

46.0

75.0

30.0

69.0

130.0

3.1

3.3

[8]

147.0

147.0

36.0

15.0

14.0

6.0

43.0

13.0

[33]

11.7

31.3

GluA1 flip

GluA1 flop

GluA2 flip R

GluA2 flip G

GluA2 flop R

GluA2 flop G

GluA3 flip R

GluA3 flip G

GluA3 flop R

GluA3 flop G

GluA4 flip R

GluA4 flip G

GluA4 flop R

GluA4 flop G

Table 2. Recovery time from desensitization for the different R/G edited and flip/flop spliced AMPA receptor variants

τrec, msec
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a valine (ITT) and a tyrosine (TAC) to a cysteine (TIC),

respectively.

In contrast to GluA2, editing of the Q/R site in

GluK1 and GluK2 mRNAs (but not in GluK3) occurs at

very low levels in the embryonic brain and increases to

~40% (GluK1) and ~80% (GluK2) of the mRNA tran�

scripts within the first few days after birth in most regions

of the brain [42�45]. This developmentally regulated Q/R

editing reduces GluK Ca2+ permeability [20, 46] and

channel conductance [21, 47] and alters the current–

voltage relationship [22, 48] during cell maturation. As

indicated by studies of the neurons of dorsal root ganglia,

the unedited GluK1 subunit could play a developmental

role in synapse formation in the spinal cord dorsal horn

[49]. In later development, the Q/R site�edited channel

may acquire other functions in which Ca2+ influx is not

required. Moreover, RNA editing at the Q/R site deter�

mines GluK susceptibility to inhibition by cis�unsaturat�

ed fatty acids and blockage by cytoplasmic polyamines

[50]. Channels formed by unedited subunits are strongly

blocked by polyamines, but insensitive to fatty acids such

as arachidonic acid (AA) and docosahexaenoic acid

(DHA), whereas homomeric edited (R) channels are

resistant to polyamine blockage but are inhibited by AA

and DHA [50�52].

Knockout mice in which the GluK2 ECS [47] had

been deleted indicate that unedited GluK2 may mediate

synaptic plasticity and that the edited GluK2 receptors

may reduce vulnerability to seizures. On the contrary,

GluK1 mutant mice carrying a constitutive arginine (R)

instead of the genomically encoded glutamine (Q) at the

editing site do not exhibit developmental alteration or

abnormal behavior [53]. Thus, the editing of this receptor

seems to be unnecessary for survival, but it may be

involved in higher�order mechanisms such as learning

and memory.

In addition to the electrophysiologic modification

induced by RNA editing in GluK receptors, a recent

report [54] showed that edited and unedited GluK2 are

differentially transported to the cell surface. The edited

GluK2(R) is preferentially retained in intracellular com�

partments and accumulates predominantly as monomers/

dimers in the ER. Conversely, the unedited GluK2(Q)

exits the ER more efficiently and accumulates at the cell

surface where it preferentially forms tetramers. Based on

these data, the authors suggest that the assembly and intra�

cellular distribution of GluKs are determined by RNA

editing at the Q/R site. However, this conclusion is a sub�

ject of debate because another report [55] found no differ�

ences in the oligomerization and intracellular trafficking

properties of unedited and edited GluK2 subunits.

The I/V and Y/C sites located in the first transmem�

brane domain seem to be involved, together with the Q/R

site, in the fine regulation of ion permeability [41, 46],

although no clear electrophysiologic data have been

reported to support this conclusion until now.

With the exception of the GluA2 Q/R site, which is

virtually fully edited in all brain areas, the editing levels of

the other sites appear to be site�specifically regulated [44]

in the adult CNS. Moreover, the glutamate receptor edit�

ing increases to a specific and fixed level during the devel�

opment of the nervous system in vivo and during neuronal

culture maturation and differentiation in vitro [44, 45,

56].

GLUTAMATE RECEPTOR RNA EDITING

AND NEUROLOGICAL DISORDERS

The importance of glutamate receptors and of RNA

editing as a modulator of their function in the nervous

system raises the hypothesis that alterations in editing

activity may be implicated in several neurological disor�

ders.

A decrease in the RNA editing of the GluA2 Q/R site

was shown in several forms of brain cancer [57, 58], and

editing at this site was shown to be essential for suppress�

ing the migration of glioblastoma cells in vivo [59]. In

addition, ADAR deregulation has recently been suggest�

ed to play a role in cancer progression, leading to a mod�

ification of the editing site in coding but also in non�cod�

ing RNA, such as microRNA [60].

ADAR functions and in turn the modification of the

GluA2 Q/R site have also been implicated in the suscep�

tibility of neurons to ischemia [61]. Indeed, following

transient ischemia, calcium permeability through AMPA

receptors increases substantially in pyramidal neurons.

Single�cell RT�PCR demonstrated that transient

ischemia reduced GluA2 subunit mRNA editing and

decreased the abundance of ADAR2 mRNA, whereas

other neurons in the hippocampus that were not as sensi�

tive to cell injury did not show any reduction in GluA2

editing or ADAR2 mRNA expression. Moreover, over�

expression of ADAR2 in rat brain prevented the decrease

in GluR2 editing, the increase in calcium permeability,

and post�ischemic neuronal injury [61]. These data indi�

cate a direct link between neuron vulnerability to

ischemic insult and ADAR2 activity.

Furthermore, since RNA editing might be involved

in the evolution of higher neurological functions such as

learning, memory, and behavior, a great deal of attention

has been given to its deregulation in complex diseases

such as epilepsy, schizophrenia, and depression. While a

link between epilepsy and editing at the GluA2 Q/R site

has been clearly shown in knockout mice [23, 25], this

association has not yet been clearly shown in humans [62,

63]. Two reports investigated the ratio of Q/R variants of

GluA2, GluK1, and GluK2 subunits in the neocortex and

hippocampus of epileptic patients [64, 65] and found no

alteration in GluA2 editing, but they did, however, show

an increase in the editing of GluK2 in hippocampal and

neocortical tissue [64] and of GluK1 in neocortical tissue
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[65]. Moreover, an increase in the editing of the GluA2

R/G site has been described in the hippocampus of tem�

poral lobe epilepsy patients [66]. However, human data

do not clarify whether the variation in editing levels is

causative of or an adaptive reaction to the ongoing epilep�

tic seizures.

Human genetic studies suggest the involvement of

glutamate receptor subunit genes in the etiology of schizo�

phrenia [67, 68]; in addition, the editing levels of the

GluA2 Q/R site have been found to be slightly altered in

the post�mortem cerebral cortex specimens from schizo�

phrenia patients [69]. In a murine model of schizophre�

nia (phencyclidine (PCP)�treated rats), we found no

alteration of the GluA2 Q/R site, but we did observe a

decrease in the editing levels of the R/G sites of both

GluA2 and GluA3 and a significant increase in the edit�

ing level of the GluK2 Q/R site. The variation in the edit�

ing level of the R/G sites suggested that chronic PCP

treatment induced the formation of glutamate receptor

subunits with slower resensitization kinetics and, with

respect to kainate receptors, an increase in the Q/R edit�

ing level might generate receptor channels with a lower

permeability to cations. PCP treatment induced a specif�

ic and site�selective reduction of glutamatergic neuro�

transmission [70] by modifying RNA editing levels.

Variation in the editing reaction has also been

hypothesized to play a role in mood disorders; while con�

vincing data are emerging linking RNA editing of sero�

tonin receptor 2c [71] with mood disorder, no clear evi�

dence has been provided to indicate modification of

GluR RNA editing in human patients. However, we have

reported that the extent of editing was altered at some of

the editing positions in glutamate receptor mRNAs in the

pre�frontal/frontal cortex and in the hippocampus of rats

after a continuous 2�week treatment using various classi�

cal antidepressants [72] with different primary mecha�

nisms of action. Further, the editing efficiency at the

GluA2 Q/R site was significantly increased after treat�

ment with seven antidepressants in a HeLa cell line that

stably expresses half�edited GluA2 pre�mRNAs [73].

Taken together, these data indicate that RNA editing is a

possible target for the molecular action of antidepressants

and suggest a possible implication in the pathophysiology

of mood disorders.

A clear correlation between RNA editing deregula�

tion and human disease is evident in spinal cord patholo�

gies. RNA editing has been reported to play a role in

patients suffering from sporadic amyotrophic lateral scle�

rosis (ALS) [74, 75]. Glutamate excitotoxicity appears to

contribute to the pathology of ALS, suggesting that the

activation of glutamate receptors may lead to an excessive

influx of Ca2+ in spinal neurons and consequently to cell

death. In the spinal motor neurons of ALS patients, edit�

ing at the GluA2 Q/R position was severely decreased,

leading the AMPA channels to be highly permeable to

Ca2+ and in turn facilitating neuronal death. This phe�

nomenon was not observed in the neurons of patients with

other neurodegenerative disorders, including those with

familial ALS. The authors suggest that ADAR2 deregula�

tion might be the cause of under�editing, and indeed they

found decreased ADAR2 expression levels in the spinal

ventral gray matter of patients with sporadic ALS.

Supporting this view, a recent report using a genetically

modified mouse in which ADAR2 was conditionally

inactivated showed that the modification induced a slow

death of ADAR2 deficient neurons in the spinal cord

[76].

The importance of GluR RNA editing in the proper

function of spinal neurons is also supported by our recent

report examining glutamate receptor expression and

function after spinal cord injury (SCI) [77]. SCI induces

a primary lesion in the spinal neurons due to the direct

action of a mechanical force to the cord. In addition, a

secondary lesion is achieved by a complex ischemic and

inflammatory response that also involves excitatory neu�

rotransmitter systems and intracellular signaling modifi�

cations [78], creating an unfavorable environment for

synaptic survival and regeneration. Chief among these

responses is the excitotoxicity induced by abnormal glu�

tamate release that triggers the influx of Ca2+ [79, 80],

leading to harmful events including cell death. We

hypothesized that SCI might lead to a change in the RNA

editing of AMPA receptors because they govern critical

determinants of neuronal survival. The results demon�

strate that SCI produces a decrease in AMPA receptor

R/G editing. Further, these changes appear to be a spe�

cific regulatory adaptation rather than simply reflecting

the immediate effects of the injury itself. Indeed, this

modification extends outside the infarcted zone and

includes areas of the spinal cord both caudal and rostral to

the injury. The effects are selective for specific GluRs, and

many of the changes persist long after the initial injury.

However, the decrease in editing does not occur in paral�

lel with a loss of ADAR expression, but it was associated

with a partial deactivation of ADAR2 function as can be

deduced by the observed down�regulation of ADAR2

self�editing. The reduced editing at the R/G site of

AMPA receptor subunits is likely to reduce post�synaptic

excitatory responses to glutamate, thus limiting the pro�

gression of cell death; however, prolonged suppression of

GluR function in later stages might hinder synaptic plas�

ticity and might inhibit proper rehabilitation. These

observations provide direct evidence of the potential con�

tribution of RNA editing to excitatory neural injury and

recovery after SCI [77]. Moreover, this line of evidence

indicates that drugs modulating ADAR2 activity are

potential therapeutic tools for treating SCI.

This work reviewed the importance of RNA editing

of glutamate receptors, which are the best�studied editing

events in the mammalian brain, along with the editing of

the 5�HT2c receptor. Glutamate receptor RNA editing
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may be considered a molecular mechanism involved in

the control of the response to excitatory stimuli. The fact

that most neuronal editing sites are modified in variable

proportion indicate that unedited and edited receptor

subunits are present at the same time within the same cell,

potentially generating heteromeric channels with distinct

and peculiar functions. Moreover, the levels of editing in

several sites may change during development and may be

cell and tissue specific. Thus, variations in the extent of

editing may be responsible for the change in the response

of neuronal cells to glutamate due to the modification in

the function of glutamate receptors. Furthermore, a

growing list of other brain editing targets has been identi�

fied through bioinformatic and high throughput sequenc�

ing approaches [81, 82], indicating that RNA editing

generates a diverse repertoire of proteins from a small

fixed pool of genes; the modulation of this pool allows

neuronal cells to dynamically react to rapid changes and

favors the protection and fine tuning of the response of

the nervous system. In line with this, some researchers

have suggested that the editing of neuronal targets may be

an indicator of higher order brain function [4]; changes in

editing patterns might indicate modifications of brain

functions that could specify neurological defects.

Furthermore, the RNA editing of the primate ALU

sequence [83] and the correlation of RNA editing and

microRNA biogenesis and function [84] are receiving

increasing attention. These data indicate that RNA edit�

ing is deeply connected with proper cell function in mul�

tiple systems. However, the mechanisms underlying the

regulation of ADAR function and RNA editing remain

poorly understood. The use of high throughput approach�

es to identify new A�to�I editing targets might provide

additional information on this particular phenomenon

because it is clear that it contributes significantly to both

the physiological and the pathophysiological conditions

observed in the nervous system.
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and Research, Interuniversity Consortium for Biotech�

nologies and Centre for Study and Research on

Hereditary Disorders of the University of Brescia.

REFERENCES

1. Chen, M., and Manley, J. L. (2009) Nat. Rev. Mol. Cell

Biol., 10, 741�754.

2. Benne, R., van den Burg, J., Brakenhoff, J. P., Sloof, P., van

Boom, J. H., and Tromp, M. C. (1986) Cell, 46, 819�826.

3. Smith, H. C. (2008) RNA and DNA Editing: Molecular

Mechanisms and Their Integration into Biological Systems,

Wiley Interscience, Hoboken, NJ, USA.

4. Farajollahi, S., and Maas, S. (2010) Trends Genet., 26, 221�230.

5. Bass, B. L. (2002) Ann. Rev. Biochem., 71, 817�846.

6. Traynelis, S. F., Wollmuth, L. P., McBain, C. J., Menniti,

F. S., Vance, K. M., Ogden, K. K., Hansen, K. B., Yuan,

H., Myers, S. J., and Dingledine, R. (2010) Pharmacol.

Rev., 62, 405�496.

7. Bigge, C. F. (1999) Curr. Opin. Chem. Biol., 3, 441�447.

8. Dingledine, R., Borges, K., Bowie, D., and Traynelis, S. F.

(1999) Pharmacol. Rev., 51, 7�61.

9. Collingridge, G. L., Olsen, R., Peters, J. A., and Spedding,

M. (2009) Neuropharmacology, 56, 2�5.

10. Wenthold, R. J., Petralia, R. S., Blahos, J., II, and

Niedzielski, A. S. (1996) J. Neurosci., 16, 1982�1989.

11. Sommer, B., Keinanen, K., Verdoorn, T. A., Wisden, W.,

Burnashev, N., Herb, A., Kohler, M., Takagi, T., Sakmann,

B., and Seeburg, P. H. (1990) Science, 249, 1580�1585.

12. Lambolez, B., Ropert, N., Perrais, D., Rossier, J., and

Hestrin, S. (1996) Proc. Natl. Acad. Sci. USA, 93, 1797�1802.

13. Hollmann, M., and Heinemann, S. (1994) Ann. Rev.

Neurosci., 17, 31�108.

14. Monyer, H., Seeburg, P. H., and Wisden, W. (1991) Neuron,

6, 799�810.

15. Pinheiro, P. S., and Mulle, C. (2008) Nat. Rev. Neurosci., 9,

423�436.

16. Monyer, H., Sprengel, R., Schoepfer, R., Herb, A.,

Higuchi, M., Lomeli, H., Burnashev, N., Sakmann, B.,

and Seeburg, P. H. (1992) Science, 256, 1217�1221.

17. Schorge, S., and Colquhoun, D. (2003) J. Neurosci., 23,

1151�1158.

18. Ulbrich, M. H., and Isacoff, E. Y. (2008) Proc. Natl. Acad.

Sci. USA, 105, 14163�14168.

19. Nishikura, K. (2010) Ann. Rev. Biochem., 79, 321�349.

20. Egebjerg, J., and Heinemann, S. F. (1993) Proc. Natl. Acad.

Sci. USA, 90, 755�759.

21. Swanson, G. T., Feldmeyer, D., Kaneda, M., and Cull�

Candy, S. G. (1996) J. Physiol., 492, 129�142.

22. Kamboj, S. K., Swanson, G. T., and Cull�Candy, S. G.

(1995) J. Physiol., 486, 297�303.

23. Brusa, R., Zimmermann, F., Koh, D. S., Feldmeyer, D.,

Gass, P., Seeburg, P. H., and Sprengel, R. (1995) Science,

270, 1677�1680.

24. Feldmeyer, D., Kask, K., Brusa, R., Kornau, H. C., Kolhekar,

R., Rozov, A., Burnashev, N., Jensen, V., Hvalby, O., Sprengel,

R., and Seeburg, P. H. (1999) Nat. Neurosci., 2, 57�64.

25. Higuchi, M., Maas, S., Single, F. N., Hartner, J., Rozov,

A., Burnashev, N., Feldmeyer, D., Sprengel, R., and

Seeburg, P. H. (2000) Nature, 406, 78�81.

26. Schoft, V. K., Schopoff, S., and Jantsch, M. F. (2007)

Nucleic Acids Res., 35, 3723�3732.

27. Kask, K., Zamanillo, D., Rozov, A., Burnashev, N.,

Sprengel, R., and Seeburg, P. H. (1998) Proc. Natl. Acad.

Sci. USA, 95, 13777�13782.

28. Whitney, N. P., Peng, H., Erdmann, N. B., Tian, C.,

Monaghan, D. T., and Zheng, J. C. (2008) FASEB J., 22,

2888�2900.

29. Greger, I. H., Khatri, L., and Ziff, E. B. (2002) Neuron, 34,

759�772.

30. Greger, I. H., Khatri, L., Kong, X., and Ziff, E. B. (2003)

Neuron, 40, 763�774.

31. Krampfl, K., Schlesinger, F., Zorner, A., Kappler, M.,

Dengler, R., and Bufler, J. (2002) Eur. J. Neurosci., 15, 51�62.

32. Lomeli, H., Mosbacher, J., Melcher, T., Hoger, T., Geiger,

J. R., Kuner, T., Monyer, H., Higuchi, M., Bach, A., and

Seeburg, P. H. (1994) Science, 266, 1709�1713.

33. Koike, M., Tsukada, S., Tsuzuki, K., Kijima, H., and

Ozawa, S. (2000) J. Neurosci., 20, 2166�2174.



GLUTAMATE RECEPTOR RNA EDITING 889

BIOCHEMISTRY  (Moscow)   Vol.  76   No.  8   2011

34. Grosskreutz, J., Zoerner, A., Schlesinger, F., Krampfl, K.,

Dengler, R., and Bufler, J. (2003) Eur. J. Neurosci., 17,

1173�1178.

35. Laurencikiene, J., Kallman, A. M., Fong, N., Bentley, D.

L., and Ohman, M. (2006) EMBO Rep., 7, 303�307.

36. Ryman, K., Fong, N., Bratt, E., Bentley, D. L., and

Ohman, M. (2007) RNA, 13, 1071�1078.

37. Penn, A. C., and Greger, I. H. (2009) RNA Biol., 6, 517�

521.

38. Barbon, A., and Barlati, S. (2000) Cytogenet. Cell Genet.,

88, 236�239.

39. Herb, A., Higuchi, M., Sprengel, R., and Seeburg, P. H.

(1996) Proc. Natl. Acad. Sci. USA, 93, 1875�1880.

40. Barbon, A., Vallini, I., and Barlati, S. (2001) Gene, 274,

187�197.

41. Burnashev, N., Zhou, Z., Neher, E., and Sakmann, B.

(1995) J. Physiol., 485, 403�418.

42. Belcher, S. M., and Howe, J. R. (1997) Brain Res. Mol.

Brain Res., 52, 130�138.

43. Paschen, W., Schmitt, J., Gissel, C., and Dux, E. (1997)

Brain Res. Dev. Brain Res., 98, 271�280.

44. Barbon, A., Vallini, I., La Via, L., Marchina, E., and

Barlati, S. (2003) Brain Res. Mol. Brain Res., 117, 168�178.

45. Bernard, A., Ferhat, L., Dessi, F., Charton, G., Represa,

A., Ben�Ari, Y., and Khrestchatisky, M. (1999) Eur. J.

Neurosci., 11, 604�616.

46. Kohler, M., Burnashev, N., Sakmann, B., and Seeburg, P.

H. (1993) Neuron, 10, 491�500.

47. Vissel, B., Royle, G. A., Christie, B. R., Schiffer, H. H.,

Ghetti, A., Tritto, T., Perez�Otano, I., Radcliffe, R. A.,

Seamans, J., Sejnowski, T., Wehner, J. M., Collins, A. C.,

O’Gorman, S., and Heinemann, S. F. (2001) Neuron, 29,

217�227.

48. Bowie, D., and Mayer, M. L. (1995) Neuron, 15, 453�462.

49. Lee, C. J., Kong, H., Manzini, M. C., Albuquerque, C.,

Chao, M. V., and MacDermott, A. B. (2001) J. Neurosci.,

21, 4572�4581.

50. Wilding, T. J., Zhou, Y., and Huettner, J. E. (2005) J.

Neurosci., 25, 9470�9478.

51. Wilding, T. J., Chen, K., and Huettner, J. E. (2010) J. Gen.

Physiol., 136, 339�352.

52. Wilding, T. J., Fulling, E., Zhou, Y., and Huettner, J. E.

(2008) J. Gen. Physiol., 132, 85�99.

53. Sailer, A., Swanson, G. T., Perez�Otano, I., O’Leary, L.,

Malkmus, S. A., Dyck, R. H., Dickinson�Anson, H.,

Schiffer, H. H., Maron, C., Yaksh, T. L., Gage, F. H.,

O’Gorman, S., and Heinemann, S. F. (1999) J. Neurosci.,

19, 8757�8764.

54. Ball, S. M., Atlason, P. T., Shittu�Balogun, O. O., and

Molnar, E. (2010) J. Neurochem., 114, 1805�1818.

55. Ma�Hogemeier, Z. L., Korber, C., Werner, M., Racine, D.,

Muth�Kohne, E., Tapken, D., and Hollmann, M. (2010) J.

Neurochem., 113, 1403�1415.

56. Kawahara, Y., Ito, K., Sun, H., Ito, M., Kanazawa, I., and

Kwak, S. (2004) Brain Res. Dev. Brain Res., 148, 151�155.

57. Maas, S., Patt, S., Schrey, M., and Rich, A. (2001) Proc.

Natl. Acad. Sci. USA, 98, 14687�14692.

58. Cenci, C., Barzotti, R., Galeano, F., Corbelli, S., Rota, R.,

Massimi, L., Di Rocco, C., O’Connell, M. A., and Gallo,

A. (2008) J. Biol. Chem., 283, 7251�7260.

59. Ishiuchi, S., Yoshida, Y., Sugawara, K., Aihara, M.,

Ohtani, T., Watanabe, T., Saito, N., Tsuzuki, K., Okado,

H., Miwa, A., Nakazato, Y., and Ozawa, S. (2007) J.

Neurosci., 27, 7987�8001.

60. Gallo, A., and Galardi, S. (2008) RNA Biol., 5, 135�139.

61. Peng, P. L., Zhong, X., Tu, W., Soundarapandian, M. M.,

Molner, P., Zhu, D., Lau, L., Liu, S., Liu, F., and Lu, Y.

(2006) Neuron, 49, 719�733.

62. Bowie, D. (2008) CNS Neurol. Disord. Drug Targets, 7, 129�143.

63. Izzi, C., Barbon, A., Kretz, R., Sander, T., and Barlati, S.

(2002) Am. J. Med. Genet., 114, 354�359.

64. Grigorenko, E. V., Bell, W. L., Glazier, S., Pons, T., and

Deadwyler, S. (1998) Neuroreport, 9, 2219�2224.

65. Kortenbruck, G., Berger, E., Speckmann, E. J., and

Musshoff, U. (2001) Neurobiol. Dis., 8, 459�468.

66. Vollmar, W., Gloger, J., Berger, E., Kortenbruck, G.,

Kohling, R., Speckmann, E. J., and Musshoff, U. (2004)

Neurobiol. Dis., 15, 371�379.

67. Magri, C., Gardella, R., Barlati, S. D., Podavini, D.,

Iatropoulos, P., Bonomi, S., Valsecchi, P., Sacchetti, E.,

and Barlati, S. (2006) Am. J. Med. Genet. B Neuropsychiatr.

Genet., 141B, 287�293.

68. Magri, C., Gardella, R., Valsecchi, P., Barlati, S. D.,

Guizzetti, L., Imperadori, L., Bonvicini, C., Tura, G. B.,

Gennarelli, M., Sacchetti, E., and Barlati, S. (2008) Am. J.

Med. Genet. B Neuropsychiatr. Genet., 147B, 745�753.

69. Akbarian, S., Smith, M. A., and Jones, E. G. (1995) Brain

Res., 699, 297�304.

70. Barbon, A., Fumagalli, F., La Via, L., Caracciolo, L.,

Racagni, G., Riva, M. A., and Barlati, S. (2007) Exp.

Neurol., 208, 54�62.

71. Iwamoto, K., Bundo, M., and Kato, T. (2009) RNA Biol., 6,

248�253.

72. Barbon, A., Popoli, M., La Via, L., Moraschi, S., Vallini,

I., Tardito, D., Tiraboschi, E., Musazzi, L., Giambelli, R.,

Gennarelli, M., Racagni, G., and Barlati, S. (2006) Biol.

Psychiatry, 59, 713�720.

73. Sawada, J., Yamashita, T., Aizawa, H., Aburakawa, Y.,

Hasebe, N., and Kwak, S. (2009) Neurosci. Res., 64, 251�

258.

74. Kawahara, Y., Ito, K., Sun, H., Aizawa, H., Kanazawa, I.,

and Kwak, S. (2004) Nature, 427, 801.

75. Kwak, S., and Kawahara, Y. (2005) J. Mol. Med., 83, 110�

120.

76. Hideyama, T., Yamashita, T., Suzuki, T., Tsuji, S., Higuchi,

M., Seeburg, P. H., Takahashi, R., Misawa, H., and Kwak,

S. (2010) J. Neurosci., 30, 11917�11925.

77. Barbon, A., Fumagalli, F., Caracciolo, L., Madaschi, L.,

Lesma, E., Mora, C., Carelli, S., Slotkin, T. A., Racagni,

G., Di Giulio, A. M., Gorio, A., and Barlati, S. (2010) J.

Neurochem., 114, 397�407.

78. Frigon, A., and Rossignol, S. (2006) Prog. Brain Res., 157,

231�260.

79. Choi, D. W. (1994) Prog. Brain Res., 100, 47�51.

80. Michaelis, E. K. (1998) Prog. Neurobiol., 54, 369�415.

81. Enstero, M., Akerborg, O., Lundin, D., Wang, B., Furey, T.

S., Ohman, M., and Lagergren, J. (2010) BMC

Bioinformatics, 11, 6.

82. Li, J. B., Levanon, E. Y., Yoon, J. K., Aach, J., Xie, B.,

Leproust, E., Zhang, K., Gao, Y., and Church, G. M.

(2009) Science, 324, 1210�1213.

83. Mattick, J. S., and Mehler, M. F. (2008) Trends Neurosci.,

31, 227�233.

84. Nishikura, K. (2006) Nat. Rev. Mol. Cell Biol., 7, 919�931.


