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RNA editing by site-selective deamination of adenosine to
inosine1,2 alters codons3,4 and splicing5 in nuclear transcripts6,
and therefore protein function. ADAR2 (refs 7, 8) is a candidate
mammalian editing enzyme that is widely expressed in brain and
other tissues7, but its RNA substrates are unknown. Here we have
studied ADAR2-mediated RNA editing by generating mice that
are homozygous for a targeted functional null allele. Editing in
ADAR2-/- mice was substantially reduced at most of 25 positions
in diverse transcripts3±6; the mutant mice became prone to
seizures and died young. The impaired phenotype appeared to
result entirely from a single underedited position, as it reverted to
normal when both alleles for the underedited transcript were
substituted with alleles encoding the edited version exonically9.
The critical position speci®es an ion channel determinant10, the
Q/R site3,6, in AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole
propionate) receptor10 GluR-B pre-messenger RNA. We conclude
that this transcript is the physiologically most important substrate
of ADAR2.

Mammalian transcripts that are known to be edited by site-
selective adenosine deamination are expressed largely in brain: most
encode subunits of ionotropic glutamate receptors (GluRs) that
mediate fast excitatory neurotransmission3,10. The only position
edited to nearly 100% is the Q/R site of GluR-B, for which the
mRNA contains an arginine (R) codon (CIG) in place of the
genomic glutamine (Q) codon (CAG)3. The physiological impor-
tance of this codon substitution wrought by RNA editing was
revealed by early onset epilepsy and premature death of mice
heterozygous for an intron-11-modi®ed GluR-BDECS allele with Q/R
site-uneditable transcripts11,12.

Three mammalian adenosine deaminases acting on RNA

³ Present address: Department of Biology, Massachusetts Institute of Technology, 77 Massachusetts

Avenue, MA 02139, USA.

(ADAR1±ADAR3; refs 7, 8, 13) form a small family of candidate
RNA-editing enzymes that operate on nuclear transcripts. Only
ADAR2 edits the Q/R site in GluR-B pre-mRNA ef®ciently in
vitro7,14,15. Because ADAR2 is expressed in tissues other than
brain7, distinct pre-mRNAs in different tissues may be substrates
for this enzyme. To determine whether ADAR2 edits the Q/R site in
GluR-B pre-mRNA in vivo, and to evaluate the general physiological
signi®cance of ADAR2-mediated RNA editing, we generated mice
with functional null alleles for this enzyme.

A targeting vector for functional ADAR2 gene ablation (Fig. 1a, b)
was constructed by replacing most of exon 4 (ref. 16) with a PGK±
neo gene; exon 4 encodes an essential adenosine deaminase motif 3,7.
Chimaeric mice were generated by injection of a targeted embryonic
stem (ES) cell clone17 into C57BL/6-derived blastocysts. ADAR2+/-

intercrosses produced ADAR2-/- mice at Mendelian frequency,
indicating that ADAR2 de®ciency does not interfere with embryon-
ic development. We found residual expression from the targeted
ADAR2- allele through exon skipping, potentially leading to a
truncated, enzymatically inactive ADAR2 form with intact RNA-
binding domains (Fig. 1c). The expression of this truncated form
might amount to less than 10% of ADAR2 in wild-type mice, as
predicted from the severely reduced mutant transcript levels
(mean 6 s.d., 8 6 3% of wild type, n = 3; postnatal day 14
(P14)) determined by ribonuclease (RNase) protection (Fig. 1d).

Heterozygous ADAR2+/- mice were phenotypically normal, but
ADAR2-/- mice died between P0 and P20 and became progressively
seizure-prone after P12, akin to GluR-B+/DECS mice11,12. Thus, we ®rst
studied the effect of ADAR2 de®ciency on Q/R site editing of
GluR-B pre-mRNA, the substrate for a nuclear RNA-dependent

Table 1 ADAR2 de®ciency and site-selective adenosine deamination

Editing sites ADAR2+/+ ADAR2+/- ADAR2-/-

.............................................................................................................................................................................

GluR-B pre-mRNA
Q/R* 98 6 3 90 6 3 10 6 3
Hotspot1*² 50 45 60
Hotspot2*²³

+262 30 20 ,10
+263 65 55 ,10
+264 15 10 ,5

GluR-B mRNA
Q/R* 100 6 1 100 6 1 40 6 4

AMPA-R² R/G§
GluR-B 75 55 15
GluR-C 90 85 75
GluR-D 45 40 10

GluR5
Q/R 64 6 5 55 6 2 40 6 1

GluR6
Q/R 86 6 4 78 6 4 29 6 8
I/V 87 6 2 79 6 7 22 6 5
Y/C 90 6 4 82 6 5 2 6 1

5HT2C-R²
A 75 70 70
B 80 75 30
C 15 10 ,5
D 70 55 ,5

ADAR2²³
-1 15 10 ,10
+23 25 15 ,10
+24 45 35 10

.............................................................................................................................................................................

The editing sites have been described2±5,27. Values, given as mean 6 s.d. (n = 3), indicate the
percentage of the edited version for the different editing sites analysed in the three genotypes.
Values were obtained from whole-brain RNA by differential oligonucleotide-mediated hybridization
of cloned RT±PCR products to distinguish between an adenosine (unedited) and a guanosine
(edited) at the individual editing sites.
* Values from P14 mice with unmodi®ed GluR-B alleles. All other values were from P40 mice with
GluR-B alleles sequence modi®ed at the Q/R site codon9.
² Values derived from the different peak heights for the two nucleotides in identical positions in DNA
sequence chromatograms. Values from three mice were averaged and rounded to the nearest 5 or
0 position in each case.
³ Sites +265 in hotspot2 and -2, +9 and +10 in ADAR2 were edited to ,5% in wild type.
§ Flip and ¯op splice versions. As assessed from sequence chromatograms, the approximate
representations of the ¯ip forms were 50% for GluR-B, 75% for GluR-C and 65% for GluR-D; see
ref. 27.
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adenosine deaminase activity6. As determined from cloned poly-
merase chain reaction with reverse transcription (RT±PCR) pro-
ducts from brain RNA6, Q/R site editing in primary GluR-B
transcripts was tenfold lower in ADAR2-/- than in wild-type mice
(10% compared with 98%, Table 1). This identi®es ADAR2 as the
principal RNA-editing enzyme at the Q/R site. The remaining low
level of Q/R site editing in GluR-B pre-mRNA cannot be mediated
by the residual, enzymatically inactive, truncated ADAR2 protein,
but is mediated by another ADAR, perhaps ADAR1 (refs 14, 18),
for which gene expression appeared unchanged in ADAR2-/- mice
(Fig. 1d).

The low extent of Q/R site editing of GluR-B pre-mRNA led to
nuclear accumulation of incompletely processed primary GluR-B
transcripts and to a ®vefold reduction in GluR-B mRNA, as assessed
by RNase protection (20 6 5%; n = 3; Fig. 2a) and quantitative RT±
PCR (20 6 4% of wild type; n = 3; P14; not shown). The increased
level of intron 11-containing GluR-B transcripts and the decrease in
GluR-B mRNA were easily visualized by in situ hybridization
(Fig. 2b). Editing is thus a prerequisite for ef®cient splicing and
processing of the pre-mRNA. The edited GluR-B transcripts are
preferentially spliced, as revealed by a shift in Q/R site editing from
10% to 40% when comparing intron-11-containing transcripts with
GluR-B mRNA (Table 1). A defect in transcript processing caused by
the interaction of the residual truncated ADAR2 protein with RNA
can be excluded because GluR-B pre-mRNA accumulation is also

observed in ADAR2+/+ mice expressing the Q/R site-uneditable
GluR-BDECS allele11.

The ®vefold drop in mRNA reduced GluR-B subunit levels
similarly (21 6 3% of wild type; n = 3; P14), as indicated by
western analysis of brain protein from ADAR2-/- mice (Fig. 3a), and
as visualized by immunocytochemistry in the hippocampal sub-
®elds (Fig. 3b). We also observed a moderate reduction in GluR-A
protein (42 6 5% of wild type; n = 3; Fig. 3a), barely detected by
immunocytochemistry (Fig. 3b), with GluR-A mRNA being only
slightly reduced (RNase protection: 83 6 10% of wild type; n = 3;
P14; Fig. 2a). The lower GluR-A protein levels may be a consequence
of the severe reduction in GluR-B, the principal partner of GluR-A
in AMPA receptor assembly9. Notably, mice lacking all GluR-A
expression are phenotypically robust and normal in most respects19,
precluding the possibility that the moderate GluR-A reduction
contributes to the severe phenotype of ADAR2-/- mice. NMDA
receptor10 NR1 protein levels in ADAR2-/- mice appeared
unchanged (data not shown).

As predicted from previous studies11,12,20, reduced expression and
reduced Q/R site editing of GluR-B alters AMPA receptor channel
properties mainly in principal neurones, which normally express
fully edited GluR-B at levels suf®cient for incorporation into most
heteromeric AMPA receptors. Indeed, in accordance with the
molecular analysis, AMPA receptor-mediated currents recorded
in acute ADAR2-/- brain slices from nucleated patches of CA1

Figure 1 Targeted ADAR2 allele (Mouse Genome Database symbol, Adarb1) and

transcript. a, Domain structure of the RNA-dependent adenosine deaminase ADAR2 and

exon±intron organization of ADAR2+ and ADAR2- alleles. Protein domains3,7 are

connected to their corresponding exons16. In the ADAR2- allele, most of intron 3 and exon

4 is replaced by PGK±neo (dashed lines). Filled boxes, double-stranded RNA-binding

domains in protein and exons; ®lled circles, conserved sequences in deaminase domain of

ADARs3. X, XhoI; K, KpnI. b, Southern analysis of ADAR2 alleles in KpnI-restricted genomic

DNA from mouse liver with a cDNA probe encoding residues 323±452 from exons 3±5.

+/+, wild type; +/-, heterozygote; -/-, ADAR2-de®cient homozygote. c, DNA sequence

analysis of RT±PCR products from ADAR2+ and ADAR2- mRNAs. A segment with exons

3±5 of the ADAR2+ allele depicts nucleotides coloured as in chromatograms for wild-type

and mutant cDNA sequences. Amino acids are given as single letters, numbered

according to ADAR2. Exon sequence deleted in ADAR2- is indicated by stippled lines.

Note the frameshift caused by exon 4 deletion (underlined grey residues). d, RNase

protection with whole-brain RNA by mRNAs for cyclophilin (Cyclo) as internal standard,

ADAR1, and ADAR2 in three wild-type (+/+) and three ADAR2-de®cient (-/-) mice.

Lane 1, unprotected radiolabelled antisense RNA probes for cyclophilin (324 nt), ADAR1

(283 nt) and ADAR2 (248 nt). Lanes 2±7, protected probe fragments for cyclophilin (244

nt), ADAR1 (203 nt, exon 6±7 sequences25 encoding RNA-binding domains) and ADAR2

(168 nt, exons 2±3 sequences16 for RNA-binding domains). A probe derived from ADAR2

exon 6±7 sequences16 for part of the deaminase domain yielded the same reduction for

ADAR2- allele expression (not shown).
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pyramidal cells and other principal neurones (cerebellar Purkinje
cells and neocortical layer 5 pyramidal neurones) displayed, relative
to wild type, pronounced recti®cation, increased desensitization
rates and 30-fold higher Ca2+ permeability (PCa/PNa 3.34 - 3.94 (n =
4±8) compared with 0.12±0.14 (n = 4±10)). Moreover, the macro-
scopic AMPA receptor-mediated conductance in CA1 pyramidal
cells of ADAR2-/- mice was signi®cantly higher (40.8 6 4.0 (n = 10)
compared with 21.4 6 3.0 mS (n = 3) in wild type) than in our
mouse mutants expressing editing-de®cient GluR-B genes11,12. As
reported12, the increase in macroscopic AMPA conductance, caused
by the higher single-channel conductance in absence of GluR-B(R)
participation10, appears to be the primary cause for the high seizure
susceptibility of young mice expressing Q/R site-unedited GluR-B
transcripts.

To show that the prematurely lethal phenotype of ADAR2-/- mice

is engendered by insuf®cient Q/R site editing of GluR-B, we
attempted a rescue of this phenotype by introducing a GluR-BR

allele9. This allele, generated by targeting, contains an arginine (R)
codon for the Q/R site, and its expression in ADAR2-/- mice is
independent of Q/R site editing. We found that the severely
compromised phenotype of ADAR2-/- mice was partially rescued
already in heterozygous ADAR2-/-/GluR-B+/R mutants, which sur-
vived up to P35 (Fig. 4). Moreover, their phenotype was less
impaired than that of GluR-B+/DECS mice, consistent with the
hypothesis that phenotypic impairment increases with the Q/R
ratio of GluR-B12. In both ADAR2-/-/GluR-B+/R and GluR-B+/DECS

mutants, one GluR-B allele expresses exclusively GluR-B(R), but
primary transcripts from the second allele are underedited and the
corresponding mRNA levels are reduced. In mRNA derived from
the GluR-BDECS allele the Q/R site is not edited at all, whereas mRNA
from the GluR-B+ allele is Q/R site edited to 40% in the ADAR2-/-

background. Thus, the Q/R ratio in GluR-B-containing AMPA
receptors is lower in ADAR2-/-/GluR-B+/R than in GluR-B+/DECS

Figure 2 GluR-B and GluR-A transcript analyses. a, RNase protection. Lane 1,

unprotected radiolabelled antisense RNA probes for b-actin as internal standard (334 nt),

GluR-B26 (upper gel, 270 nt; lower gel, 272 nt) and GluR-A (221 nt); lanes 2±4, protection

by whole-brain RNA from P14 ADAR2+/+ mice (+/+); lanes 5±7, from P14 ADAR2-/- mice

(-/-). Protected fragment sizes in nt: b-actin, 245; GluR-B, 190 (upper gel, exons 11±

12) and 192 (lower gel, exons 3±4); GluR-A, 141 (exons 3±4). Note that the reduction in

GluR-B mRNA in the mutant is only revealed with the exon 11±12 probe (upper gel), but

not with the exon 3±4 probe (sum of pre- and mRNA; lower gel). b, In situ hybridization.

Horizontal brain sections of ADAR2+/+ and ADAR2-/- mice were hybridized with 35S-

labelled oligonucleotide probes24 speci®c for GluR-B mRNA (36 nt, spanning exons 11±

12) and pre-mRNA (37 nt, intron 11). Note the substantially higher levels of GluR-B pre-

mRNA in the mutant and of GluR-B mRNA in wild type. Scale bar, 2 mm.

Figure 3 GluR-B and GluR-A protein analyses. a, Western blots of brain protein from three

ADAR2+/+ (+/+) and three ADAR2-/- (-/-) mice with antibodies for two AMPA receptor

subunits. b, Immunocytochemistry showing blow-ups of the hippocampus in coronal

vibratome sections (40 mm) of P14 ADAR2+/+ and ADAR2-/- brains, probed with

antibodies to GluR-B (upper panels) and GluR-A (lower panels) and stained with FITC-

conjugated secondary antibody. Note that a moderate GluR-A reduction is apparent in a,

but barely detectable in b. Scale bar, 0.3 mm.
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Figure 4 Survival of ADAR2-/- mice. Data points depict the percentage of mice alive at the

indicated postnatal days. The number of mice observed is listed in parentheses for each

genotype. Note that the life span of ADAR2-de®cient mice increased with the copy number

of the sequence-modi®ed GluR-B R allele, entirely consistent with the reduction in Q/R

ratio, as elucidated by previous studies on the effect of Q/R site-uneditable GluR-B alleles

in targeted mouse mutants11,12.
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mice, and the phenotype is less affected. Full rescue of the impaired
ADAR2-/- phenotype was achieved after introducing the second
GluR-BR allele. ADAR2-/-/GluR-BR/R mice appeared normal at all
ages, like GluR-BR/R mice9, as judged by food intake, weight increase,
postnatal development, breeding and general behaviour. This iden-
ti®es the GluR-B transcript as the most critical substrate for ADAR2
in the mammal.

We investigated whether RNA editing at other known sites is
affected by functional ADAR2 ablation. We observed reduced
editing at the majority of 25 positions in diverse transcripts
(Table 1); even hemizygosity for ADAR2 led at several sites to a
modest decline in the extent of editing (Table 1). Notably, the actual
reduction in the extent of editing may not have been revealed, as
many of the sites were analysed at the mRNA rather than the pre-
mRNA stage. Nevertheless, the results indicate a pleiotropic action
of ADAR2, not entirely anticipated from in vitro studies14,21; ADAR2
may act in concert with other RNA-editing enzymes, perhaps
assembled with additional RNA interacting proteins in a multi-
component nuclear `editosome'. The reduced editing at many sites
might also re¯ect, at least in part, interference with other ADARs by
the residual truncated ADAR2 protein (Fig. 1c); if so, affected
editing levels might not indicate true catalysis by ADAR2. The
severe reduction in transcript levels from the mutant allele (Fig. 1d),
however, may render such interference unlikely.

In summary, we have shown that RNA editing can control the rate
of splicing in nuclear transcripts; a link between editing and splicing
has also been reported in Drosophila22. Moreover, our study identi-
®ed the Q/R site codon in GluR-B pre-mRNA as a critical physio-
logical substrate of ADAR2, apparently the only one at which
editing is essential for viability, at least during the ®rst few weeks
of life. Whether or not dependence of viability on Q/R site editing
extends into adulthood will be investigated by conditional ADAR2
gene expression. As ADAR2-/- mice were phenotypically rescued
by GluR-BR alleles, the effects caused by underediting of other
ADAR2 substrates need to be elucidated by future analyses of
ADAR2-/-/GluR-BR/R mice. M

Methods
Extent of editing

RT±PCR products from brain RNA of the different genotypes were generated with
primers speci®c for the pre-mRNAs or mRNAs (details of oligonucleotides are available
from the author on request). Amplicons were cloned directionally into M13 RF DNA and
more than 1,000 recombinant single-stranded phage plaques were hybridized to oligo-
nucleotide probes that distinguish between edited and unedited positions in the different
sequences6. Alternatively, amplicons were sequenced directly, and the approximate extent
of editing was derived from the different peak heights for the two nucleotides occurring in
identical positions in DNA sequence chromatograms.

GluR-B mRNA levels by RT±PCR

RT±PCR was used with primers to co-amplify all four AMPA receptor subunit cDNAs23.
Amplicons were cloned directionally, and ®lters containing more than 1,000 recombinant
phage plaques were probed sequentially for the different subunit cDNAs. The numeric
representations (in percent) of the four subunit sequences were for ADAR2-/- mice:
GluR-A, 57; GluR-B, 14; GluR-C, 20; GluR-D, 9; for ADAR2+/- mice 36, 41, 15, 8, and for
wild-type mice 39, 44, 11, 6.

RNase protection

RNase protection (RPAIII Ribonuclease protection assay kit, Ambion) was used to
determine transcripts levels for GluR-A, GluR-B, ADAR1 and ADAR2. Individual
reactions were performed with 20 mg total whole-brain RNA, and radiolabelled antisense
RNA probes were as described in Fig. 2.

In situ hybridization

In situ hybridization was performed on horizontal cryostat sections of P14 mouse brains
with 39-end-labelled oligonucleotides24. Exposure to X-ray ®lm was for 7 days. Control
sections hybridized with labelled probe in presence of a 100-fold excess of the unlabelled
oligonucleotide generated no signal.

Western analysis and immunocytochemistry

Western blots with 10 mg of P14 whole-brain protein extracts per lane were successively

probed, after intermittent stripping, with antibodies to GluR-B (1:200; Pharmingen) and
GluR-A (1:300; Chemicon); secondary antibody was conjugated to horseradish peroxidase
(1:40,000; Amersham) and detection was with Super Signal West (Pierce). P14 brain
sections were processed for immunocytochemistry19, incubated with antibodies to GluR-B
(1:10) and GluR-A (1:50) and stained with FITC-conjugated goat anti-rabbit IgG (1:100;
Jackson Immunoresearch).

Electrophysiology

AMPA receptor-mediated currents in whole-soma `nucleated' patches of identi®ed
neurones in acute brain slices of P14 mice were elicited and analysed as described12.
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