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ABSTRACT Calcium permeability of L-a-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionate receptors (AMPARs)
in excitatory neurons of the mammalian brain is prevented by
coassembly of the GluR-B subunit, which carries an arginine
(R) residue at a critical site of the channel pore. The codon for
this arginine is created by site-selective adenosine deamina-
tion of an exonic glutamine (Q) codon at the pre-mRNA level.
Thus, central neurons can potentially control the calcium
permeability of AMPARs by the level of GluR-B gene expres-
sion as well as by the extent of QyR-site editing, which in
postnatal brain, positions the R codon into >99% of GluR-B
mRNA. To study whether the small amount of unedited
GluR-B is of functional relevance, we have generated mice
carrying GluR-B alleles with an exonic arginine codon. We
report that these mutants manifest no obvious deficiencies,
indicating that AMPAR-mediated calcium influx into central
neurons can be solely regulated by the levels of QyR site-edited
GluR-B relative to other AMPAR subunits. Notably, a tar-
geted GluR-B gene mutant with 30% reduced GluR-B levels
had 2-fold higher AMPAR-mediated calcium permeability in
hippocampal pyramidal cells with no sign of cytotoxicity. This
constitutes proof in vivo that elevated calcium influx through
AMPARs need not generate pathophysiological consequences.

L-a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionate recep-
tors (AMPARs) mediate fast excitatory neurotransmission in
central neurons (1). AMPARs in principal excitatory neurons
possess low Ca21 permeability but display elevated Ca21

permeability in interneurons, a functional distinction that was
traced to different levels of GluR-B subunit expression (2).
GluR-B is unique among four AMPAR subunits (GluR-A to
GluR-D) (3) in that an exonic glutamine (Q) codon for a
critical channel position is changed to an arginine (R) codon
by a process of RNA editing (4). The presence of R instead of
Q in the critical channel position of GluR-B prevents Ca21

conductance through AMPARs containing this subunit,
whereas AMPARs without GluR-B are Ca21-permeable (5–8).

Thus, in principle, neurons can regulate the Ca21 conduc-
tance of AMPARs by the extent of GluR-B gene transcription
as well as by the extent of GluR-B QyR-site editing. Although
regulation by GluR-B gene expression has been established, it
is unknown whether QyR-site editing is regulated. RNA
editing ensures that nearly 100% of the GluR-B subunits in
postnatal brain contain the R residue in the channel pore (4,
9). This mechanism operates at the pre-mRNA level and
requires the formation of a double-stranded RNA structure of
exonic and intronic sequences, directed by a cis-acting, exon-
complementary intronic sequence (ECS) (9). A reduction by
approximately 25% in the efficiency of QyR-site editing led to

severe neurological dysfunctions and premature death of mice
carrying the editing-deficient GluR-BDECS allele, created by
deleting the intronic cis-acting ECS element (10). Although
these mice demonstrated that a high preponderance of the
edited over the unedited GluR-B subunit is essential for
normal brain physiology, the potential role of the unedited
GluR-B subunit in brain remained unaddressed. A functional
role may be assumed from the findings that in the mammalian
brain the QyR site of GluR-B is edited to less than 100% (4,
9) and hence, distinct cell populations may express only
unedited GluR-B. In certain interneurons, for example, the
QyR-site editing of GluR-B may be down-regulated to con-
tribute to the high Ca21 permeability of AMPARs. Moreover,
at early embryonal stages (E12 in rat), the unedited form can
constitute up to 20% of GluR-B mRNA (11). Furthermore,
QyR-site editing may be regulated, for instance by neuronal
activity, to increase transiently the Ca21 permeability of
AMPAR channels.

To ascertain whether the QyR site-unedited GluR-B sub-
unit has a physiological function, we substituted into the
GluR-B gene the exonic Q (CAG) codon for the QyR site by
an R (CGG) codon. We found that absence of QyR site-
unedited GluR-B did not noticeably perturb development and
function of the mouse brain. This result indicates that the Ca21

conductance of AMPARs can be regulated solely by relative
expression levels of the QyR site-edited GluR-B subunit. One
mouse mutant that carries the phosphoglycerate kinase–
neomycin phosphotransferase (PGK-neo) gene inserted in
GluR-B gene intron 11 showed moderate reduction in GluR-B
expression and afforded experimental proof that the concom-
itant 2-fold increase in the Ca21 permeability of hippocampal
pyramidal cell AMPARs in vivo is tolerated without pheno-
typic consequences.

MATERIALS AND METHODS

Generation of GluR-BRneo/Rneo and GluR-BR/R Gene-
Targeted Mice. A mouse 129ysv genomic BsrGI-SalI frag-
ment in pBluescript SKII(2) containing exons 10–12 of the
GluR-B locus (10, 12) was used for the construction of the
targeting vector pGRBRNEO. A codon for arginine at the
QyR site was introduced by PCR mutagenesis along with
four silent mutations in exon 11(see Fig. 1). For selection of
embryonic stem (ES) cells, a loxP-PGK-neo-loxP sequence
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from vector pLOXPNEO3 was introduced into intron 11
such that it replaced a 56-bp sequence between NcoI and
KpnI sites. pLOXPNEO3 is a derivative of pLOXPNEO1
(13) with changes in the multiple cloning sites f lanking the
loxP-PGK-neo-loxP module. R1 ES cells (14) were electro-
porated (BioRad gene pulser set at 240 V, 500 mF) with 70
mg of the SalI linearized targeting vector. Cell clones resis-
tant to G418 (250 mgyml) were isolated after 10 days. Four
targeted clones were identified by nested PCR analysis with
rsp27 (59-AGGACGCGCGGCAAACGAGGGCACCCG-
39) and rsp28 (59-GCAGGCAAGAGCCGAGGCGAGGC-
CAAG-39) as sense primers in intron 9 sequences outside the
targeting vector and pgkprom1 (59-GAATGTGTGCGAG-
GCCAGAGG-39) and pgkprom2 (59-CAGACTGCCTTGG-
GAAAAGCG-39) as antisense primers in the loxP-PGK-
neo-loxP sequence. The correct targeting in these clones was
confirmed by Southern blot analysis (data not shown). One
clone, GRByR44, was injected into C57yBl6 blastocysts. A
highly chimeric male transmitted to offspring the targeted
GluR-BRneo allele, yielding the line GluR-B1/Rneo. The same
chimeric male was bred with females of the ‘‘deleter’’ line
(15) for germ-line transmission of the GluR-BRneo allele and
simultaneous removal from this allele of the f loxed PGK-neo
marker in intron 11, generating the GluR-B1/R line. The
GluR-BR allele still contains 105 bp of exogenous sequence
(one loxP site and part of a multiple cloning site) in the
proximal part of intron 11. Genotyping was carried out by
PCR with MH53 as sense primer and rsp36 as antisense
primer (10). Primers rspneo4 (59-GGCTATTCGGCTAT-
GACTGGGC-39) and rspneo5 (59-GGGTAGCCAACGC-
TATGTCCTG-39) were used to detect the presence of the
PGK-neo cassette in GluR-B1/Rneo mice. PCR on genomic
DNA from brains confirmed the complete removal of PGK-
neo sequences in GluR-B1/R mice (data not shown).

Gene Expression Analysis. Reverse–transcription (RT)-
PCR amplification of GluR-B mRNA from brains of GluR-
B1/R and GluR-B1/Rneo mice was carried out with sense primer
BG PCR1 (59-GCGAATTCAGAAGTCCAAACCAGGAG-
39) and antisense primer BG PCR2 (59-GCGGTACCTTG-
GCGAAATATCGCATC-39) in exon 11. The amplicons were
directionally cloned in M13 mp18 replicative-form DNA for
recombinant plaque analysis by differential oligonucleotide
hybridization (4, 10). In addition, amplicons were sequenced
on an ABI377 automated sequencer (Perkin–Elmer), and
relative expression levels from different alleles were derived
from visual comparison of peak areas corresponding to nu-
cleotides at exon 11 positions where silent mutations were
introduced.

Immunoblotting. To compare the overall levels of GluR-B
protein in wild-type and mutant mice, forebrains of adult
homozygous mice were dissected, homogenized in 0.32 M
sucrose in 5 mM Hepes (pH 7.4) containing a mixture of
protease inhibitors (Complete; Boehringer Mannheim), and
centrifuged for 15 min at 3,000 3 g. The supernatant was
subsequently centrifuged for 30 min at 10,000 3 g. The pellet
was resuspended in 1% SDS, and the amount of total protein
was determined (BCA protein assay reagent, Pierce). For each
sample, 20 mg of total membrane protein was resolved on an
8% SDSypolyacrylamide gel, and the separated proteins were
transferred to nitrocellulose membranes. Blots were probed
with anti-GluR-B antisera T62–3B (16) at 1 mgyml, followed
by horseradish peroxidase-linked anti-rabbit secondary anti-
bodies. The enhanced chemiluminescence method (Amer-
sham) was used to detect GluR-B. To verify that equal
amounts of protein were loaded into each lane, the lower part
of the SDSypolyacrylamide gel was cut off before electroblot-
ting and Coomassie-stained, and the image was densitometri-
cally analyzed (National Institutes of Health IMAGE 1.56, data
not shown).

Electrophysiological Recordings. Transverse slices of 250
mm were prepared from the brains of 14-day-old mice. Cells
were visually identified by infrared differential-contrast video
microscopy (17) and by their firing pattern after current
injection (18). Glutamate (1 mM) was applied to nucleated
patches (19) with a piezo-controlled (P 245.70, Physik Instru-
ments, Waldbronn, Germany) fast application system with a
double-barrel application pipette (20). Duration of the gluta-
mate pulse was 2 ms. Currents were recorded on an EPC-7
amplifier with PULSE software (HEKA Elektronics, Lambre-
chtyPfalz, Germany), filtered at 3–5-kHz bandwidth (23 dB)
with an 8-pole low-pass Bessel filter, and digitized at 10–20
kHz. Analysis was done offline with IGOR PRO software
package (WaveMetrics, Lake Oswego, OR). Averaged data
are given as mean 6 SD. All recordings were at room
temperature (22–24°C). Relative calcium to monovalent ion
ratios (PCa

21yPNa
1) were calculated as in ref. 10. The control

extracellular solution (Normal Rat Ringer) consisted of 135
mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 10
mM Hepes (pH 7.2, adjusted with NaOH). High-Ca21 extra-
cellular solution contained 105 mM N-methyl-D-glucamine
(NMDG), 30 mM CaCl2, 5 mM Hepes (pH 7.2, adjusted with
HCl). Intracellular solution contained 130 mM CsCl, 10 mM
Hepes, 0.5 mM EGTA, 4 mM ATP-Mg21 (pH 7.2, adjusted
with CsOH). All recordings were in the presence of 50 mM
d-2-amino-5-phosphonopentanoic acid (D-AP5; Tocris
Neuramin, Bristol, U.K.).

FIG. 1. GluR-B alleles having an exonic arginine codon for the inner pore segment of AMPAR channels. (A) Schematic representation of the
GluR-B subunit and of GluR-B gene segments corresponding to different alleles: GluR-B1 (wild-type allele), GluR-BRneo (targeted allele), and
GluR-BR (targeted allele after Cre-mediated removal of the floxed neo cassette). In the GluR-B protein (hatched), the N and C termini and the
QyR site are indicated; black boxes mark membrane insertion domains M1–M4. The GluR-B gene segments show numbered exons (boxes), the
exon-complementary, cis-acting ECS element in intron 11, the position of the QyR site, the location of the exonic arginine (R) codon for the QyR
site, as well as the locations of primers MH53 (a) and RSP36 (b) used for genotyping. The loxP sites are shown as filled arrowheads. The floxed
PGK-neo marker in the GluR-BRneo allele was inserted between intronic NcoI (No) and KpnI (Kp) sites. F in the GluR-BRneo allele border the
targeting vector (BsrGI-SalI fragment). (B) Genotyping by PCR. The expected sizes of amplicons for wild-type and GluR-BR alleles are 494 and
599 bp, respectively. Genotypes are indicated on top of gel, size markers are given in kbp on left of gel.
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Immunohistochemical Staining. Adult mice were anesthe-
tized with halothane (Hoechst–Roussel) and perfused intrac-
ardially with 0.1 M sodium phosphate buffer (pH 7.4) at room
temperature followed by ice-cold 4% paraformaldehyde in
PBS. Brains were removed and postfixed overnight in PBS
containing 4% paraformaldehyde at 4°C. The next day, brains
were rinsed in PBS, embedded in 2% agarose in PBS as a
supportive material, and cut coronally into 50-mm sections on
a vibratome (Campden Instruments, Loughborough, U.K.).
The sections were then transferred into 50 mM TriszHCl (pH
7.4) containing 1.5% NaCl (Tris buffered saline, TBS) and
permeabilized in TBS containing 0.4% Triton X-100 for 30
min. Preincubation was done in 4% normal goat serum (NGS)
containing 0.4% Triton X-100 for another 30 min at room
temperature. Sections were incubated in 2% NGSy0.4% Tri-
ton X-100 at 4°C overnight with polyclonal anti-glutamate
receptor 1 (Chemicon) at a final concentration of 1–3 mgyml.
The monoclonal primary antibodies anti-calbindin-D (1:200,
clone CL-300), anti-parvalbumin (1:200, clone PARV-19), and
anti-MAP2 (microtubule-associated protein 2) (1:500, clone
HM-2) were obtained from Sigma. The next day, sections were
washed three times for 10 min with cold TBS and incubated for
2.5 hr in the dark at room temperature with goat anti-rabbit or
goat anti-mouse f luorescein-isothiocyanate (FITC)-conju-
gated secondary antibodies (1:200; Jackson ImmunoRe-
search). The sections were then washed twice in TBS supple-
mented with 1% NGS and twice in TBS (10 min each). After
a brief rinse in 10mM TriszHCl (pH 7.5), sections were
mounted in Mowiol (Polysciences). Immunostained sections
were visualized under epif luorescent illumination on Axio-
plan-2 microscope (Zeiss). For overall anatomical comparison,
brain slices from wild-type and mutant mice were also visu-
alized by Nissl staining.

RESULTS

Targeted GluR-B Alleles with an Arginine Codon for the
QyR Site. The CAG codon for the QyR site of GluR-B resides
in the GluR-B gene toward the 39 end of exon 11, which
encodes the putative membrane-spanning domain M1 and the
inner-channel pore lining domain M2 (12). A targeting vector
was constructed in which this codon was changed into one for
arginine (CGG) by site-directed mutagenesis. At the same
time, five silent mutations were introduced into exon 11 to
facilitate the analysis of mRNA expression levels from the
modified GluR-B allele in mutant mice. The targeting con-
struct allowed for the subsequent removal by Cre recombinase
of the floxed neo selection marker placed in intron 11 (Fig. 1).

One of four correctly targeted ES cell clones was injected
into C57yBL6 blastocysts. A highly chimeric male transmitted
the GluR-BRneo allele successfully through the germ line with
about 50% of the offspring being of the GluR-B1/Rneo geno-
type. GluR-B1/R mice, lacking the neo marker in intron 11 of
the GluR-BRneo allele, were generated by breeding the highly
chimeric male with females of the deleter strain, which ex-
presses Cre in germ cells (14). In offspring, removal of the
floxed neo marker from the GluR-BRneo allele was complete,
as judged by PCR on genomic DNA from GluR-B1/R mouse
tissue.

GluR-B Expression Levels from the Wild-Type and Mutant
Alleles. A differential oligonucleotide hybridization assay (9,
10) performed on RT-PCR amplicons of brain RNA from
heterozygous GluR-B1/R animals demonstrated that the
GluR-BR and GluR-B1 alleles contributed equally to GluR-B
mRNA [50.1 6 0.3% GluR-BR mRNA (n 5 3)]. A visual
estimate of expression levels from sequencing chromatograms
(Fig. 2A) of these amplicons, covering all exon 11 mutations,
agreed well with the hybridization assay. Hence, in GluR-B1/R

mice, the expression of the GluR-BR allele is not affected by
the loxP site in intron 11. Moreover, no differences in GluR-B

subunit levels between wild-type and GluR-BR/R mice were
apparent by immunoblots of mouse brain extracts with a
GluR-B antibody (Fig. 2B).

The situation differed for the GluR-BRneo allele for which
the neo cassette reduced expression (Fig. 2 A), most likely by
slowing intron 11 removal (see ref. 10) or by using splice sites
in the PGK-neo marker (13). Differential hybridization anal-
ysis of cloned RT-PCR products from heterozygous GluR-B1/

Rneo mice indicated that the contribution of the GluR-BRneo

allele to the entire GluR-B mRNA was 70% that of the
wild-type allele. In two independent experiments, the ratio of
recombinant plaques from the GluR-BRneo mRNA versus the
total number of plaques (i.e., those from GluR-BRneo and
wild-type mRNA) was 133y322 and 138y337. Congruent with
this result, immunoblot analysis showed less GluR-B protein in
GluR-BRneo/Rneo than in wild-type mice (Fig. 2B).

Electrophysiological Recordings. Two cell types, represen-
tatives of principal cells and interneurons, were characterized
electrophysiologically in GluR-BR/R and in GluR-BRneo/Rneo

mice. Hippocampal CA1 pyramidal neurons normally express
high levels of QyR site-edited GluR-B relative to the other
AMPAR subunits and, as a consequence, AMPARs in this cell
type are Ca21 impermeable. This was not changed in GluR-
BR/R mice. The AMPAR-mediated currents in nucleated
patches of CA1 neurons of GluR-BR/R mice displayed current–
voltage relations identical to wild type. The reversal potential
for CA1 pyramidal cells from wild-type and GluR-BR/R mice in
high-Ca21 solution was (mean 6 SD) 269 6 4 mV (n 5 9) (Fig.
2C), corresponding to a calculated PCayPNa of 0.11 6 0.02.

In GluR-BRneo/Rneo mice, however, which have a 30% re-
duced GluR-B gene expression as compared with wild-type
mice, the reversal potential of AMPAR-mediated currents in
high-Ca21 solution in nucleated patches of CA1 pyramidal
neurons shifted from about 270 mV for wild-type and GluR-
BR/R mice to 254.5 mV (Fig. 2C), whereas no change was
observed in standard extracellular solution (data not shown).
The average reversal potential in high-Ca21 solution was
255.2 6 5.6 (n 5 7), which corresponded to a PCayPNa of
0.19 6 0.04, indicating that the AMPAR-mediated Ca21

permeability in CA1 pyramidal neurons in GluR-BRneo/Rneo

mice was elevated nearly 2-fold (P , 0.05; two-tailed t test).
Inhibitory interneurons have low GluR-B levels and con-

comitantly high Ca21 permeability of AMPARs. In some
interneurons, the unedited GluR-B form may contribute to
their characteristically high Ca21 permeability of AMPARs.
Dentate gyrus basket cells express the GluR-B subunit to
about 12% of all AMPAR subunits (2). These cells of wild-type
and mutant mice were electrophysiologically compared to
search for a possible shift in the Ca21 permeability of AM-
PARs (Fig. 2C). However, the reversal potential determined
from current–voltage relations in the presence of 30 mM Ca21

and standard extracellular solution was the same in GluR-BR/R,
wild-type, and GluR-BRneo/Rneo mice. Thus, the low GluR-B
expression in DG cells and the resolution of the method used
did not permit a conclusion as to whether the majority of
GluR-B is QyR site-edited in this interneuron.

General Phenotype and Brain Histology of Mutant Mice.
GluR-BR/R and GluR-B1/R mice were healthy and did not differ
in appearance, body weight, and average life span from their
wild-type littermates. The GluR-BR/R genotype was represented
in a Mendelian fashion in offsprings of GluR-B1/R breedings,
indicating that embryonal development was not perturbed by the
absence of the unedited GluR-B. GluR-BRneo/Rneo mice appear
phenotypically normal in spite of 30% lower than wild-type
GluR-B levels.

Nissl-stained brain slices from wild-type and GluR-BR/R

mice showed no differences in overall brain architecture (Fig.
3A). Immunostaining of GluR-A, a prominently expressed
AMPAR subunit (2, 3, 21), revealed no change in level or
pattern in GluR-BR/R mice (Fig. 3B). Dendritic arborization is
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normally developed in GluR-BR/R mice, as visualized by im-
munostaining with MAP-2 antibodies (Fig. 3C). The strong
labeling of brain slices by MAP-2 antibodies also permitted a
good visual comparison of the brains from all genotypes.
Similar to Nissl-stained sections, no detectable differences
were observed. Immunostaining of two major classes of g-ami-
nobutyric acid (GABA)ergic interneurons, the parvalbumin-
and calbindin-positive cells (22), indicated that number and
distribution of these cells seemed unaffected in the GluR-
BRneo/Rneo and GluR-BR/R mice (Fig. 3 D and E).

DISCUSSION

We have generated GluR-BR/R mice, which carry in their
GluR-B alleles a Q-to-R codon substitution for the QyR site
of the inner pore lining segment of the AMPAR GluR-B
subunit. Whereas in wild-type animals the critical R codon is
created by site-selective adenosine deamination of the Q
(CAG) codon at the pre-mRNA level and is present in .99%
of all GluR-B mRNA, the mutant animals lack all QyR
site-unedited GluR-B. The molecular and phenotypic analysis
of mouse mutants carrying the GluR-BR allele and its precur-
sor, the GluR-BRneo allele, permit the following conclusions to
be drawn.

The Expression of GluR-B in Its Unedited Form, as It
Occurs to a Minor Extent in Wild-Type Animals, Is of
Unknown Functional Significance. The Q form of GluR-B is
expressed in adult brain at very low levels (,0.1% of R form)

(4), but represents up to 20% of GluR-B mRNA during early
embryonic development (11). The high level of the unedited
form in the early embryonic central nervous system may
suggest a role for glutamate as a trophic factor acting on
neurons via a selectively increased Ca21 inf lux through
AMPARs. The normal development of GluR-BR/R mice dem-
onstrates, however, that loss of the QyR site-unedited form of
GluR-B has no obvious functional consequence. Our analysis
of the postnatal brain of GluR-BR/R mice, performed at a gross
anatomical and immunocytochemical level, leaves the possi-
bility that certain minor cell types may be affected in the
mutant brain. If so, no untoward consequences arise from it,
as evidenced by the apparently normal phenotype of GluR-
BR/R mice. However, we cannot exclude that more detailed
analyses such as quantitative cell counts, vulnerability to
injury, and behavioral testing may reveal differences from
wild-type phenotypes.

It Remains Unclear Why the Critical R Residue for the QyR
Site of GluR-B Is Generated by Site-Selective RNA Editing but
Not by Exon Coding. The lethal phenotype of mouse mutants
expressing elevated levels of the unedited form of GluR-B
attest to the physiological importance of the R residue at the
QyR site of GluR-B (10). The most straightforward way to
position this residue into the critical channel site is to encode
it exonically on the GluR-B gene. Unexpectedly, the arginine
is generated by a process of site-selective adenosine deamina-
tion at the posttranscriptional level, at slightly less than 100%
efficiency. The advantage RNA editing may have over exon

FIG. 2. Expression of GluR-BR and GluR-BRneo alleles and increased Ca21 permeability in hippocampal CA1 neurons of GluR-BRneo/Rneo mice.
(A) Aligned sequence chromatograms of RT-PCR products encompassing exon 11 sequences of GluR-B mRNA from homozygous and
heterozygous mice. The GluR-B alleles are listed on the left. The QyR site is indicated by an arrow. The positions for the five silent mutations
in the mutant alleles are boxed. The automatic sequence-analysis software attributes N to those nucleotide positions where the different allelic
sequences in the RT-PCR product from GluR-B1/R mice have comparable peak heights but differ in sequence. The differential oligonucleotide-
hybridization analysis shows that in GluR-B1/R mice, 50.1 6 0.3% (n 5 3) of GluR-B mRNA is from the mutant allele. In RT-PCR amplicons
from heterozygous GluR-B1/Rneo mice, peak heights corresponding to the sequence of the mutant allele are significantly lower from those of the
wild-type allele. (B) Immunoblot analysis of GluR-B protein in brains from wild-type and homozygous mutant mice. Genotypes are indicated on
top of gel, size markers in kDa are shown on the right. The GluR-B antibody recognizes a single band corresponding to a polypeptide of about
110 kDa. (C) Current–voltage relations for glutamate-evoked AMPAR currents recorded in nucleated patches pulled from CA1 pyramidal cells
and dentate gyrus (DG) basket cells of GluR-BRneo/Rneo mice in control (F, Normal Rat Ringer) and high Ca21 (E, 30 mM Ca21) solutions. For
the pyramidal cells, the reversal potential in high-Ca21 solution was Vrev 5 254.5 6 mV and in control solution, Vrev 5 24.9 6 mV. Current–voltage
relations for wild-type and GluR-BR/R mice were identical, with the averaged Ca21 reversal potential in high-Ca21 solution (269 6 mV, n 5 5)
indicated by arrow. For the DG basket cells, the reversal potentials in high Ca21 and control extracellular solutions were Vrev 5 2.7 6 mV and
Vrev 5 0.3 6 mV, respectively, and were indistinguishable from GluR-BR/R and wild-type mice.

13780 Genetics: Kask et al. Proc. Natl. Acad. Sci. USA 95 (1998)



coding is that it affords regulation such that the unedited
subunit could be produced at higher levels in certain neurons
under particular physiological conditions. Although we cannot
exclude that such regulation exists, it is not essential.

We surmise that at some point in evolution, the posttran-
scriptional mechanism of RNA editing by site-selective aden-
osine deamination was co-opted to lower the Ca21 permeabil-
ity of GluRs. Once recruited, it was kept in operation. The
recent report of a GluR-B-like gene with an exonic R codon
for the QyR site in the freshwater fish Oreochromis sp. (23)
may contradict this evolutionary scheme. However, this fish
species is tetraploid and hence, the particular gene may be an
allele that has sequence-drifted in the presence of another
allele, the transcript of which is QyR site-edited. The evolu-
tionary history of QyR site editing of GluR subunits is poorly
charted. In Caenorhabditis elegans and Drosophila melano-
gaster, all AMPAR-like subunits characterized to date (Gen-
Bank and A C. elegans Database (ACEDB) carry a Q codon
for the critical channel position. In avian neurons, GluR-B
cDNA specifies an R codon for the channel position but the
corresponding exon has the Q codon (24), as in rodents and
humans. No information is available on amphibian GluR-B.
Thus, the period in evolution when the Ca21 permeability of
central AMPAR-like receptor channels came under the con-
trol of RNA editing remains to be determined.

QyR Site Editing May Accelerate Intron 11 Splicing. Wild-
type GluR-B pre-mRNA contains a double-stranded structure
composed of exon 11 and intron 11 sequences (9). This
structure is the substrate for an RNA-dependent adenosine
deaminase, which edits the QyR site codon before intron 11
splicing (9). The GluR-BR allele contains in intron 11 an
extended loxP element, which disrupts the double-stranded
RNA structure. This mutant allele expresses as well as the
wild-type GluR-B allele. The dominant negative GluR-BDECS

allele (10) is closely related to the GluR-BR allele. It carries the
same extended loxP element, 56 bp 39 of its location in the
GluR-BR allele, but has the exonic Q codon for the QyR site.
However, the GluR-BDECS allele expresses to only 50% of the
GluR-B1 allele as a result of attenuated intron 11 splicing (10).

It appears that the double-stranded RNA structure slows
intron 11 splicing in pre-mRNA of the GluR-BDECS allele and,
very likely, the GluR-B1 allele when the QyR site codon is not
edited. Proof of this should come from ablating the gene for
the enzyme that edits the QyR site codon in GluR-B pre-
mRNA.

Increased Ca21 Inf lux Through AMPARs in Hippocampal
Principal Neurons Is Caused by a Moderate Decline in
GluR-B Expression. The expression of GluR-B relative to
other AMPAR subunits in principal excitatory cells is suffi-
cient to ensure that most AMPARs contain this subunit and
thus become impermeable to Ca21 ions (2). Interestingly, in
the CA1 pyramidal neurons, the Ca21 permeability was ele-
vated by nearly 2-fold in GluR-BRneo/Rneo mice, which express
the modified allele by 30% less than the wild-type GluR-B
allele (Fig. 4A). This indicates that the low Ca21 permeability
of AMPARs in these neurons results from merely a moderate
excess of GluR-B. Hence, the Ca21 permeability of AMPARs
in hippocampal pyramidal neurons can increase with a rela-
tively small decrease in GluR-B gene expression. It is impor-
tant to note that the increased AMPAR-mediated Ca21 influx
into pyramidal cells did not induce cytotoxicity in hippocampal
neurons.
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