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Establishment, maintenance and elimination of synaptic connec-
tions during central nervous system (CNS) development are con-
trolled by calcium influx through glutamate receptor (GluR)
channels1. Synaptic calcium influx through these channels is also
required to induce long-term changes in the efficacy of synaptic con-
nections2. Excessive calcium influx, on the other hand, is toxic and
causes neuronal degeneration and sclerosis3,4.

The AMPAR subtype of GluR channels, composed predomi-
nantly of heteromeric subunit assemblies (reviewed in ref. 5), medi-
ates fast excitatory transmission. Its calcium permeability is minimal
in principal glutamatergic neurons, but is increased over a 20-fold
range in other neuronal classes6,7. The low calcium permeability of
AMPARs in pyramidal neurons results from higher expression of
the GluR-B subunit than of other AMPAR subunits6. The GluR-B
subunit imparts low calcium permeability to AMPARs because it
carries an arginine (R) residue in its pore-forming M2 segment8,9, in
a position occupied by glutamine (Q) in the other AMPAR sub-
units5. The critical arginine residue at this ‘Q/R site’ is not exonical-
ly encoded; rather, its codon (CIG) is created at the pre-mRNA stage
by site-selective adenosine deamination within the Q/R site codon
CAG10 (reviewed in ref. 11). Thus, heterozygous carriers of a mod-
ified GluR-B allele (GluR-B∆ECS), which are rendered editing defi-
cient by replacement of the intronic cis-acting editing site
complementary sequence (ECS)12 with a loxP sequence, show
increased AMPAR calcium permeability, which manifests in epilep-
tic seizures and premature death13. By contrast, GluR-B-deficient

mice are mostly viable, with impairments in open-field behavior
and motor coordination14, even though the absence of GluR-B
increases the calcium permeability of AMPARs to its maximum.
Besides differences in genetic background, the conflicting pheno-
typic consequences may reflect differences in the number, localiza-
tion and ability to interact with cellular proteins of AMPARs with
or without GluR-B, because the presence of GluR-B may enhance
AMPAR assembly15 and may mediate proximity to particular sub-
synaptic signaling components16–18. In addition, the magnitude of
calcium inflow is determined not only by the calcium permeabili-
ty of AMPAR channels, but also by channel number, single-chan-
nel conductance19,20, gating kinetics21,22 and current
rectification23,24, parameters that are all affected by GluR-B levels
and by edited versus unedited GluR-B subunits.

We have now investigated the consequences of different expres-
sion levels of calcium-permeable and -impermeable GluR-B forms
in mice. To generate the mutants, we built on our observation that
ECS substitution in intron 11 by loxP slowed splicing of that
intron13, producing a twofold drop in mRNA levels relative to the
wild-type allele. We enhanced the ‘silencing’ effect for the editing-
deficient allele by leaving in the intron the loxP-flanked marker genes.
Furthermore, a GluR-B transgene (GluR-BNtrans) with increased cal-
cium influx was introduced into the mouse genome. By combining
the different GluR-B alleles, we were able to compare mouse mutants
whose principal neurons differed in the magnitude of AMPAR-
mediated calcium influx and in macroscopic AMPAR conductances.
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Neurological dysfunctions in mice
expressing different levels of the Q/R
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We generated mouse mutants with targeted AMPA receptor (AMPAR) GluR-B subunit alleles,
functionally expressed at different levels and deficient in Q/R-site editing. All mutant lines had
increased AMPAR calcium permeabilities in pyramidal neurons, and one showed elevated
macroscopic conductances of these channels. The AMPAR-mediated calcium influx induced NMDA-
receptor-independent long-term potentiation (LTP) in hippocampal pyramidal cell connections.
Calcium-triggered neuronal death was not observed, but mutants had mild to severe neurological
dysfunctions, including epilepsy and deficits in dendritic architecture. The seizure-prone phenotype
correlated with an increase in the macroscopic conductance, as independently revealed by the effect
of a transgene for a Q/R-site-altered GluR-B subunit. Thus, changes in GluR-B gene expression and
Q/R site editing can affect critical architectural and functional aspects of excitatory principal neurons.
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Results
GLUR-B(Q) EXPRESSION OF MODIFIED GLUR-B ALLELES

C57BL/6 blastocysts were injected with recombinant mouse embry-
onic stem (ES) cells13, targeted for substitution of the ECS element
in the GluR-B gene by a cassette composed of the neomycin resis-
tance (neo) and thymidine kinase (tk) genes and flanked by loxP
sites (Fig. 1a and b). Two chimeras transmitted the modified GluR-
B allele (GluR-Bneo) through the germline, and heterozygous carri-
ers were used to generate mice differing in GluR-B genotype.

First, GluR-B+/neo intercrosses gave rise to GluR-Bneo/neo mice.
Second, when crossed with the Cre-deleter25, the ‘floxed’ neo-tk cas-
sette was removed, as judged by Southern-blot analysis of liver and
brain DNA from offspring that carried both the GluR-Bneo allele and
the Cre transgene (Fig. 1c). The allele generated by in-vivo excision
of the neo-tk cassette is designated GluR-B∆ECS* to distinguish it
from the GluR-B∆ECS allele that resulted from transient Cre expres-
sion in targeted ES cells13. As expected from the GluR-B∆ECS mice,
GluR-B subunit levels in the forebrain depended on the GluR-B
genotype, with high GluR-B levels in wild-type and GluR-B+/∆ECS*

mice, intermediate levels in GluR-B+/neo mice and low levels in GluR-
Bneo/neo mice (Fig. 1d).

Changed GluR-B expression was not obvious when we ana-
lyzed total brain RNA by northern blot and in situ hybridization
(Fig. 1 e and f). However, a transcript analysis with allele-specif-
ic oligonucleotides to probe cloned GluR-B RT-PCR products12

revealed that GluR-Bneo mRNA constituted only about 10% of the
entire GluR-B mRNA inGluR-B+/neo mice. The reduced mRNA of
the GluR-Bneo allele might reflect premature transcriptional ter-

mination and splicing alterations within the neo-tk cassette26 or
nuclear accumulation of unspliced transcripts, as described for
the GluR-B+/∆ECS allele, which contributed approximately 30% of
the entire GluR-B mRNA13.

Thus, using allelic mRNA levels as expression indicators, GluR-
B subunit levels were found to be 60%, 80% and 10% of wild type in
GluR-B+/neo, GluR-B+/∆ECS* and GluR-Bneo/neo mice, respectively
(Fig. 2a). Moreover, because GluR-Bneo and GluR-B∆ECS* transcripts
cannot be edited at the Q/R site, the GluR-B(R) subunit percentage
that remains wild type is 0% in the neo/neo and 50% in the +/∆ECS*
and +/neo genotypes (Fig. 2a). Despite these changes, the expres-
sion of GluR-A, -C and -D and NMDAR1 mRNAs remained
unchanged, as determined by in situ hybridization (not shown).

CALCIUM INFLOW AND CONDUCTANCE OF AMPARS

Analysis of AMPARs of pyramidal neurons in the hippocampal CA1
subfield revealed differences in current rectification and relative cal-
cium permeability (PCa/PNa) dependent on the genotype (Fig. 2b–e).
The effects were pronounced in GluR-Bneo/neo mice, which express
GluR-B only as the Q-form. The reversal potential of AMPAR-medi-
ated currents was shifted from 0.3 ± 0.8 mV (mean ± standard error)
to 12.4 ± 0.9 mV (n = 7) by switching from sodium-rich to calci-
um-rich solution (Fig. 2d), as expected for AMPARs assembled sole-
ly from subunits in their Q-form27. Reflecting the voltage-dependent
block by spermine in such AMPARs23,24, the currents rectified
strongly. Furthermore, AMPAR currents in GluR-Bneo/neo mice
desensitized faster and had a smaller steady-state component than
in wild-type mice and the other mutants (Fig. 2d). As GluR-B, at
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Fig. 1. Generation of GluR-B(Q)-
expressing mice. (a) Schematic repre-
sentation of the GluR-B subunit.
Putative membrane segments (M1–M4)
and the Q/R site in M2 are indicated.
(b) Gene segments corresponding to
GluR-B+ (wild-type allele), GluR-Bneo (tar-
geted allele) and GluR-B/ECS* (targeted
allele after recombination). Open
boxes represent exonic sequences;
introns are numbered. The Q/R site in
exon 11 and the ECS element in intron 11 are indicated. Black dots in the GluR-Bneo allele represent 5’ and 3’ end of the targeting construct. Probe1 and
probe2 used for Southern analysis are shown. Restriction-enzyme sites are K, Kpn I; H, Hind III. (c) Southern blots of HindIII- and KpnI-digested
genomic DNA hybridized with probes 1 and 2, respectively. br., brain DNA. Sizes of hybridizing fragments are in kb. (d) Western analysis of GluR-B.
Size markers are in kDa. (e) Northern-blot analysis of total brain RNA probed with a GluR-B cDNA and reprobed for cyclophilin mRNA. GluR-B
mRNA occurs as 6-kb and 4-kb species. (f) In situ hybridization of brain sections processed in parallel with a GluR-B-specific probe43. The unexpect-
edly high signal in the GluR-Bneo/neo brain may reflect the accumulation of unspliced transcripts from the mutant GluR-B alleles13.
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least in its R form, confers slow gating kinetics but fast recovery from
desensitization9,21,22, properties that increase the steady-state com-
ponent, this result suggests that most AMPARs in pyramidal cells
of GluR-Bneo/neo mice do not contain GluR-B, consistent with the
low amount of GluR-B(Q) in this line. The AMPARs in GluR-
B+/∆ECS* animals had properties like those described, with a fivefold
increased calcium permeability in CA1 pyramidal cells (Table 1) and
a small degree of current rectification13. However, in GluR-B+/neo

mice, calcium permeability was increased only approximately
twofold (Table 1), and the lack of current rectification was compa-
rable to wild-type responses (Fig. 2b and c).

The fractional calcium currents (Pf) through AMPAR channels
were calculated from constant-field assumptions27. At a membrane
potential of –60 mV, the increase relative to wild type in Pf values of
AMPARs in CA1 pyramidal cells was 2-fold in GluR-B+/neo, 4.5-fold
in GluR-B+/∆ECS* and 29-fold in GluR-Bneo/neo mice (Table 1). To
reveal changes in macroscopic AMPAR-mediated conductances due
to altered channel number and/or single-channel conductance, we
compared AMPAR currents in nucleated patches as calculated by

the averaged peak amplitudes corrected for reversal potential at –70
mV. All AMPAR conductances were similar except those of GluR-
B+/∆ECS* mice, which were significantly increased (Table 1).

LONG-TERM POTENTIATION IN HIPPOCAMPAL CONNECTIONS

Long-term changes in synaptic function were studied in the hip-
pocampal CA1 field in brain slices from adult GluR-B+/neo and
young GluR-B+/∆ECS* and GluR-Bneo/neo mice. Tetanic stimulation
of afferent fibers, in either stratum radiatum or stratum oriens
(Fig. 3a), elicited a persistent homosynaptic potentiation of the
synaptic responses characteristic of LTP, measured as an increased
slope of the field excitatory postsynaptic potentials (fEPSP)28. As
with rats29, LTP after 45 minutes was the same size in adult (mean
± standard error, 148 ± 9%, n = 18 in 7 animals) and young (142
± 10%, n = 22 slices from 8 animals) wild-type mice (Fig. 3b). A
similar amount of LTP was obtained in slices from the mutants.
A slightly smaller LTP was observed in GluR-Bneo/neo mice (136 ±
10%; n = 9 slices from 5 animals), but this result was not statisti-
cally different (p > 0.1) from wild-type values.

articles

Fig. 2. Calcium perme-
ability and macroscopic
conductance of AMPARs
in pyramidal neurons. 
(a) Graphic representa-
tion of allelic GluR-B
mRNA levels. The expres-
sion of both wild-type
GluR-B alleles is defined as
100%. Black bars repre-
sent the levels of GluR-
B(R), white bars
GluR-B(Q) and gray bars
GluR-B(N) (see Fig. 5).
(b–d) AMPAR-mediated
currents were elicited by 1
mM glutamate in nucle-
ated patches from CA1
pyramidal neurons at dif-
ferent membrane poten-
tials in sodium-rich (left)
and calcium-rich (right)
extracellular solution.
Also shown are corre-
sponding I–V relations of AMPAR-mediated currents in physiological (filled circles) and high calcium (open circles) ionic conditions. Arrows, rever-
sal potential in high extracellular calcium solution. (e) Relative calcium permeability (PCa/PNa) of AMPAR channels in hippocampal CA1 pyramidal
cells. (f) Macroscopic AMPAR-mediated conductances as measured in nucleated patches of CA1 pyramidal neurons. The conductance is highest
(hatched bars) in the two mutants with seizure-prone phenotype. Genotypes indicated on the x-axis of (f) also apply to panels (a) and (e).
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Table 1. Expression of GluR-B alleles and changed AMPAR properties.

GluR-B alleles

+/+ +/neo +/∆ECS* neo/neo +/+Ntrans +/neo/Ntrans
GluR-B mRNA (% Q) <0.1 8.7 ± 2.5 27.8 ± 4.7 98 ± 1.2 24 ± 2a ~45b

GluR-B protein (R+Q) (% wt) 100 ~60 ~80 ~10 ~130c ~100c

PCa/PNa ( ± standard error) 0.13 ± 0.01 0.28 ± 0.02 0.58 ± 0.04 4.34 ± 0.17 0.17 ± 0.04 0.59 ± 0.09
Pf (fold wt) 1 2 4.5 29 1.5 4.5
γ (nS ± standard error) 18 ± 3 17 ± 2 30 ± 3 20 ± 3 24 ± 4 39 ± 4

Transcript levels (n ≥ 6) were obtained from differential hybridization analysis12 of GluR-B RT PCR fragments. Subunit levels (n ≥ 2) are from western blots
analyzed by NIH Image software package (NIH Image 1.57). PCa/PNa, relative calcium permeability in CA1 neurons (n ≥ 6), as calculated from reversal
potentials. Fractional calcium currents (Pf) were calculated from corresponding calcium permeabilities for recombinantly expressed AMPARs . γ, macroscopic
AMPAR conductance in nucleated CA1 pyramidal cell patches (n > 6). a % N; b % Q+N; c R+Q+N (% wt). wt, wild-type.

a

G
lu

R
-B

 e
xp

re
ss

io
n

in
 %

 o
f 

w
t

f

M
ac

ro
sc

o
p

ic
co

n
d

u
ct

an
ce

 (
µs

)



© 1999 Nature America Inc. • http://neurosci.nature.com
©

 1
99

9 
N

at
u

re
 A

m
er

ic
a 

In
c.

 • 
h

tt
p

:/
/n

eu
ro

sc
i.n

at
u

re
.c

o
m

60 nature neuroscience  •  volume 2  no 1  •  january 1999

As LTP induction in CA1 critically depends on NMDAR acti-
vation2, we blocked these channels pharmacologically to deter-
mine if calcium-permeable AMPARs can substitute for NMDARs
during LTP induction14,30,31. As expected, 50 µM APV blocked
LTP in wild-type animals (adult, 105 ± 3% tetanized versus 105
± 2% control, n = 18 slices from 4 animals; young, 104 ± 5% ver-
sus 104 ± 3%, n = 18 slices from 6 animals) (Fig. 3c, f and g). In
the presence of APV, GluR-B+/neo mice showed only a tendency
toward enhancement of the tetanized pathway (50 µM APV, 109
± 3% versus 105 ± 2%, n = 28 slices from 6 animals, p = 0.23;
100 µM APV, 109 ± 4% versus 104 ± 2%, n = 13 slices from 4
animals, p = 0.16; Fig. 3d). LTP induction critically depends on
the extracellular calcium concentration32,33. When calcium was
raised to 4 mM, 50 µM APV still blocked LTP in wild-type mice
(100 ± 5% versus 97 ± 3%, tetanized versus control pathway, n
= 18 slices from 4 animals). In high calcium, GluR-B+/neo mice
showed a small enhancement (112 ± 5% versus 97 ± 3%, n = 15
slices from 3 animals; p = 0.03, two-tailed), which did not reach
our criterion of 120% of control.

GluR-B+/∆ECS mice develop seizures13, but hippocampal
slice preparations from such animals (P11–17) showed neither
hyperexcitability nor epileptiform activity. In 50 µM APV and
2 mM calcium, substantial LTP was measured in the tetanized
pathway in slices of GluR-B+/∆ECS* mice (125 ± 6% versus 103
± 4% in the control pathway, n = 14 slices from 3 animals,
p = 0.01; Fig. 3e, f and g), surpassing our standard criteria for
LTP (120% of the pretetanic value 45 min after tetanization).

GluR-Bneo/neo mice showed a larger variance of LTP magnitude
than GluR-B+/∆ECS* mice (Fig. 3g). Notably, several slices (4 of 22)

from GluR-Bneo/neo mice had substantial LTP development in APV,
with values as high (LTP index >1.5; Fig. 3g) as in GluR-B+/∆ECS*

mice. We observed that GluR-Bneo/neo mice required 30% higher
stimulation currents to elicit fEPSPs of the same amplitude as wild-
type mice, possibly reflecting deficits in neuronal morphology.

NEUROLOGICAL PHENOTYPES AND BRAIN ANATOMY

The mutant alleles generated different phenotypes (Table 2). The
GluR-B+/neo mice were least affected. The GluR-B+/∆ECS* mutant
developed a seizure-prone phenotype and premature lethality. GluR-
Bneo/neo mice showed strong developmental deficits, were severely
hypomorphic (Fig. 4a and b), showed stupor from P15 onward and
did not survive to P20. These animals were hypoexcitable, in part
probably because of cytoarchitectural deficits. The premature lethal-
ity of GluR-B+/∆ECS* and GluR-Bneo/neo mice could have resulted from
abnormal or insufficient neuronal connections made in the devel-
oping CNS, or it could reflect acute neurodegenerative changes.
However, Nissl-stained sections of hippocampus and cortex of
P15–20 animals appeared normal in cell density and number. Neu-
rosclerosis was observed by hematoxylin-eosin staining in the later-
al CA3 subfield upon postmortem analysis of GluR-B+/∆ECS* mice
that had undergone prolonged seizure episodes.

To reveal possible deficits in CNS architecture, we examined indi-
vidual hippocampal CA3 and CA1 neurons by biocytin labeling34

at P16. Analysis of camera-lucida reconstructions of pyramidal neu-
rons (n = 5) showed that in GluR-Bneo/neo animals the basal den-
drites of CA3 cells are reduced in length (total ± standard deviation,
1535.6 ± 590.7 µm versus 3708.7 ± 1595 µm in wild-type;
mean ± standard deviation, 456.6 ± 162.1 µm versus 934.2 ± 720.7

articles

Fig. 3. NMDAR-independent LTP (a) Electrode arrangement. Electrodes in stratum radiatum and stratum oriens were stimulated alternately.
Radiatum fibers served as the tetanizing input, oriens fibers as the control or vice versa. The field synaptic responses were monitored by a record-
ing electrode in stratum radiatum. (b–e) Averaged fEPSP measurements in control solution (b) and in presence of APV (c–e). The control pathway
is indicated by a broken line; arrow denotes time of tetanus. (f) Synaptic responses in wild-type and GluR-B+/∆ECS* mice in the presence of 50 µM APV
before and after desensitization. (g) Normalized fEPSP slope of different GluR-B mutants in the presence of 50 µM APV (for +/neo, also 100 µM
APV) and 2 mM calcium 45 minutes after tetanus.
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AMPAR conductance in nucleated patches of CA1 pyramidal cells
was the highest of all mutant lines (Fig. 2f). Postmortem analysis
showed neurosclerosis in CA3, similar to that observed in GluR-
B+/∆ECS* mice and probably caused by prolonged seizure episodes.
A comparison of AMPAR properties and mouse phenotypes
(Tables 1 and 2; Fig. 2e and f) indicates that the seizure-prone phe-
notype correlates with the macroscopic conductance of GluR-B-
containing AMPAR channels. The contributions of the increased
AMPAR-mediated sodium and calcium conductances to this phe-
notype need investigating.

Discussion
Our mutant mouse strains differ from wild-type mice in GluR-B
levels and in the extent of Q/R site editing of this subunit. The func-
tional property changes of AMPARs in pyramidal neurons of these
mutants generated phenotypes ranging from mild to epileptic lethal
and to a lethal hypomorph with deficits in neuronal architecture.

EFFECTS OF GLUR-B EXPRESSION

In animals with a mild phenotype (GluR-B+/neo), 50% of the GluR-
B(R) subunits are replaced by one-tenth as much GluR-B(Q). This
reduction in GluR-B(R) expression can be monitored by  increased
calcium influx through AMPAR channels in CA1 neurons. The
GluR-B(R) subunits levels seem to be too low to guarantee that at
least one GluR-B(R) subunit is incorporated in every AMPAR
channel, so that in the mutants a measurable proportion of the
AMPAR becomes permeable to calcium. This view is supported

µm in wild-type) and in number of branching points (11.4 ± 5 ver-
sus 29.7 ± 13.2 in wild-type; Fig. 4d and e).

This developmental deficit prompted us to examine barrel-field
formation in the primary somatosensory cortex at P12–16 (Fig. 4c).
In all mutants, barrel-field structure did not differ from that of wild-
type mice. Although we did not examine a possible abnormality in
dendritic arborization of neocortical neurons, our results suggest
that the increased calcium influx through AMPARs and the deficits
in dendritic differentiation do not perturb the activity-dependent
structuring of synaptic connections in the neocortex.

GLUR-B(N) TRANSGENIC MICE

To further correlate neurological dysfunction with calcium-perme-
able GluR-B levels, we generated a transgenic line GluR-B+/+/Ntrans

(Fig. 5a). In addition to both endogenous GluR-B alleles, these mice
carry multiple copies of a GluR-B(N) minigene, which encodes an
asparagine (N) at the Q/R site. AMPAR channels incorporating
GluR-B(N) are permeable to divalent cations but lack current recti-
fication9. A transgenic line was selected in which the GluR-B(N)
minigene had an expression pattern similar to that of the endoge-
nous GluR-B, as judged by in situ hybridization (Fig. 5b). The trans-
gene of this line expressed GluR-B(N) mRNA to 63% of one
wild-type GluR-B allele level (Table 1). Thus, GluR-B expression
exceeds wild-type levels (Figs 5c and 2a), and measurements in
nucleated CA1 cell patches indicate a twofold increase in the calcium
permeability of AMPARs in transgene carriers (Figs 5d and 2e and
Table 1). These mice show no overt phenotype until later in life,
when they develop a motoneuron disease (Kolke-
har et al., Soc. Neurosci. Abstr. 24, 599.10, 1998).

When this transgene was introduced into the
GluR-B+/neo line, the combined effect of the
GluR-Bneo allele and the GluR-B(N) transgene
generated a seizure-prone, lethal phenotype
(Table 2). In these double heterozygous GluR-
B+/neo/Ntrans mice, the calcium permeability of
AMPARs in CA1 pyramidal neurons increased
approximately fourfold relative to wild-type (Figs
5d and 2e) and became comparable to that in
GluR-B+/∆ECS* mice (Table 1). The macroscopic

Fig. 4. Phenotypes and
structural deficits in
neuronal architecture.
(a) Averaged body
weight of mutants at
P17. (b) Comparative
photograph of two
mutants. (c) Barrel-
field architecture in
somatosensory neo-
cortex as shown by
cytochrome oxidase
staining. (d) Arborization of basal
dendrites of CA3 pyramidal cells.
The data (means ± standard error)
in each group are normalized with
respect to wild-type littermates.
(e) Camera-lucida drawing of
CA3 pyramidal cells.
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Table 2. GluR-B mutants and their phenotypes.

GluR-B alleles phenotype
+/neo impaired open-field behaviora, slightly increased lethality (20%)
+/∆ECS* hyperexcitable, epileptic, hypomorphic, early death (< P21)
neo/neo lethargic, severely hypomorphic, dendritic deficits, early death (< P20)
+/+/Ntrans nearly normal, late motoneuron degeneration
+/neo/Ntrans hyperexcitable, epileptic, hypomorphic, early death (< P25)

adefined as in ref. 14.
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by mice expressing GluR-B(R) at 70% of wild-type levels35 and by
GluR-B+/+/Ntrans mice, in which the pool of subunits for calcium-
permeable AMPAR channels is enlarged by additional GluR-B(N)
subunits. AMPARs of both mutants show a similar increase in cal-
cium permeability.

As predicted from the GluR-B+/neo and GluR-B+/+/Ntrans

mutants, calcium-permeable AMPARs should further increase in
number with additional levels of GluR-B(Q) or GluR-B(N) sub-
units. Indeed, in GluR-B+/∆ECS* and GluR-B+/neo/Ntrans mice, in
which 50% of the GluR-B(R) subunits are replaced by about 30%
GluR-B(Q) or 5% GluR-B(Q) plus 30% GluR-B(N), the calcium
permeability is further increased. However, the macroscopic
AMPAR conductance is also enhanced, which may result from
both an increase in the number of AMPARs and from the two- to
threefold increased single-channel conductance of calcium-per-
meable AMPARs relative to calcium-impermeable AMPARs19,20.
Together with this increase in AMPAR-mediated conductance, we
observed in both GluR-B+/∆ECS* and GluR-B+/neo/Ntrans periodic
spontaneous epileptic seizures that start at P14/15 and end with
the death of the animals around P20 to P25.

The most severe phenotype was observed for GluR-Bneo/neo. These
mice are retarded in growth and die between P4 and P20; epileptic
seizures or periods of hyperactivity were never observed in these
mice. Their AMPARs show 30-fold increased calcium permeabili-
ty, as expected from lack of GluR-B(R). In spite of a threefold
increased single-channel conductance of AMPARs19,20, macroscopic

AMPAR conductances in hippocampal CA1 pyramidal neurons
were comparable to those in wild-type animals, arguing for at least
a threefold reduced number of AMPARs in these mutants.

An even stronger reduction in AMPAR-mediated currents in
CA1 pyramidal neurons was reported for GluR-B–/– mice, which do
not express GluR-B14, although the calcium permeability in those
cells was comparable to that in GluR-Bneo/neo mice, which lack GluR-
B(R). Thus, the residual GluR-B(Q) expression in the GluR-Bneo/neo

mutant may facilitate AMPAR assembly15. Because GluR-B–/– mice
have relatively few deficits14, we surmise, in the absence of direct
experimental comparison, that this phenotypic difference arises
largely from differences in the macroscopic conductance of calci-
um-permeable AMPARs with and without GluR-B(Q) in principal
neurons or from other property differences of AMPARs with and
without GluR-B.

EFFECTS MEDIATED BY INCREASED CALCIUM INFLUX

We do not know the full range of synaptic and cellular effects caused
by increased calcium influx through AMPARs in neurons that nor-
mally do not express calcium-permeable AMPARs. Although exces-
sive calcium inflow through AMPARs can kill neurons2, we found
no evidence for ongoing cytotoxicity in the mutants; instead, the
deleterious effects of calcium in our mutants seem to arise from
altered network properties. The calcium-permeable AMPARs in
pyramidal CA1 synapses of all mutants lead to a gain of function in
the form of NMDAR-independent LTP, as also reported for GluR-B-
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Fig. 5. Expression and effect of a
GluR-B(N) transgene. (a) Schematic
representation of the GluR-B(N)
transgene: transcriptional start site
(arrow), 5’ untranslated sequence
(white box), coding sequence (red box,
murine; blue box, rat). Membrane
insertion domains M1 to M4 are in
black, and the Q/R site codon in M2
encodes asparagine (N). (b) In situ
hybridization for total GluR-B mRNA
(Bx21 as probe) and for GluR-B(N)
mRNA (Bex2 as probe). (c) Western
blot for GluR-B; size markers are in
kDa. (d) Current–voltage relationships
and reversal potentials in high-sodium
and high-calcium solution (arrow) of
CA1 pyramidal cells. (e) A double het-
erozygous mouse at P17.
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deficient mice14. Thus, calcium influx through AMPARs can par-
tially substitute for influx through NMDARs in triggering long-last-
ing changes in synaptic efficacy, consistent with
NMDAR-independent LTP in excitatory synapses where calcium-
permeable AMPARs mediate EPSPs30,31.

In GIuR-Bneo/neo mutants, higher electrical stimulation was
required to elicit fEPSPs, and the number of failures to induce LTP
was increased compared to wild-type mice. These differences are
likely to reflect deficits in dendritic arborization and reduced AMPAR
numbers. Interestingly, increased stimulation intensity was also
required in the GluR-B–/– mutants14. If deficits in neuronal archi-
tecture were also verified for GluR-B–/– mice, one would conclude
that high calcium permeability of AMPARs can interfere with den-
dritic arborization during development. The calcium entering the
postsynaptic cell via mutant AMPARs could rapidly desensitize
NMDAR channels36 colocalized in postsynaptic densities37, and
could, in turn, delay establishment or consolidation of synaptic con-
nections and delay the development of dendritic arbors, as observed
for CA3 neurons of GluR-Bneo/neo mice.

In summary, our findings show that manipulating GluR-B gene
expression and the extent of Q/R site editing produces a wide range
of phenotypes. In principle, if these factors were modulated in the
brain, even modest alterations might affect synaptic function.

Methods
GENERATION OF GLUR-B(Q)-EXPRESSING MICE. GluR-B+/neo mice were gener-
ated by injecting recombinant 129SV R1 ES cell clones13 into C57BL/6 blas-
tocysts. Seven highly chimeric male animals did not have any offspring,
possibly due to the presence of the viral tk gene in germ cells38. Two other
less-chimeric animals produced GluR-B+/neo offspring. Intercrossing (F2)
yielded GluR-B+/+,GluR-B+/neo and GluR-Bneo/neo mice in a ratio ~1:2:1. Mice
were PCR genotyped with loxP flanking primer MH53 and rsp36 (ref. 13).
Amplicons were 494 bp from GluR-B*, 250 bp from GluR-B∆ECS* and 3400 bp
from GluR-Bneo allele. As an alternative, MH53 and rsplox5 (5’-CACT-
GCTCGACCTGCAGCCAAG-3’) were used: 211 bp for both theGluR-Bneo

and theGluR-B∆ECS* allele. Primers Cre1 (5’-ACCAGGTTCGTTCACT-
CATGG-3’) and Cre2 (5’-AGGCTAAGTGCCTTCTCTACAC-3’) demon-
strated the presence of the Cre transgene by amplicons of 217 bp. Southern
blots were done with probe 1 (400 bp BglII/KpnI fragment) and probe 2 (800
bp BglII/HpaI fragment).

RT-PCR, NORTHERN BLOTS AND IN SITU HYBRIDIZATION. RT-PCR was done
with B52 and 3’lamlo13. Amplified fragments were subcloned and ana-
lyzed for Q/R site editing by differential hybridization12. Northern blots
were done on total brain RNA with membranes probed with GluR-B
cDNA43 and reprobed with a cyclophilin cDNA39. In situ hybridization
was done as described40.

GLUR-B(N) TRANSGENE. A GluR-B(N) minigene was constructed from a 6-kb
EcoRI-KpnI BALB/c genomic DNA fragment comprising over 5 kb of the
upstream region, including the GluR-B promoter41, exon 1 and part of intron
1; plus a 1.1-kb KpnI fragment, itself the fusion of two PCR products con-
necting the murine intron1 sequence42 to rat GluR-B cDNA43 (at the junc-
tion, in exon-2 codons for GluR-B residues FSTS, eight silent nucleotide
substitutions were introduced with PCR primer Bex2, 5’-CTGAACT-
CACTGGTACTGAACTGAACCATCC-3’); plus a 2.2-kb KpnI-EcoRV frag-
ment of GluR-B flip cDNA, mutated to contain an asparagine (N) codon
for the Q/R site9; and finally a 0.6-kb SmaI–SalI fragment containing the
transcriptional stop of the hGH gene44. The transgene, assembled in pBlue-
scriptSK(-), was isolated as a NotI–SalI fragment for pronucleus injection.
Transgenic lines were analyzed by in situ hybridization (Bex2, GluR-B(N)
specific, and Bx21, 5’-GCACCCTCCCATGCACTCACACAATCACC-
CTCTCT-3’, detecting all GluR-B mRNA) and by hybridization of cloned
GluR-B brain RT-PCR products with Bex2 and Bex2endo (5’-CTGAACTC-
CGAAGTGGAAAACTGAACCATCC-3’), specific for the endogenous GluR-
B. Line L238.2 showed highest expression.

WESTERN BLOTS. Membrane proteins of mouse brains were transferred to
nitrocellulose membranes45 and probed with T62-3B anti-GluR-B anti-

body46 at 1 µg/ml and with peroxidase-linked anti-rabbit secondary anti-
body. The enhanced chemoluminence method (Amersham Buchler
GMBH&CoKG, Braunschweig, Germany) was used to detect GluR-B.

ELECTROPHYSIOLOGY. We used 300–400 µm hippocampal slices. Neuron
identification and nucleated patch recordings were done as described13.
Slices were superfused with extracellular solution (125 mM NaCl, 2.5
mM KCl, 25 mM NaHCO3, 1.25 mN NaH2PO4, 2 mM CaCl2 and 1 mM
MgCl2) that was bubbled with 95%O2, 5%CO2. AMPAR channel I–V
relationships were measured in sodium-rich (135 mM NaCl, 5.4 mM
KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES-NaOH, pH 7.2) and
calcium-rich solutions (30 mM CaCl2, 105 mM N-methyl-D-glucamine,
5 mM HEPES-HCl, pH 7.2) during 100-ms application of 1 mM gluta-
mate via a theta-glass pipette. NMDAR currents were blocked with 100
µM D-2-amino-5-phosphonopentanoic acid (APV). The intracellular
solution contained 140 mM CsCl, 10 mM EGTA, 2 mM MgCl2, 2 mM
adenosine trisphosphate and 10 mM CsOH (pH 7.3). The PCa/PNa ratios
were determined from the reversal potentials obtained in sodium-rich
(VrevNa) and calcium-rich solution (VrevCa) according to the equation:
PCa /PNa = 0.25aNa/aCa {exp[(2VrevCa – VrevNa)F/RT] + exp [(VrevCa –
VrevNa)F/RT]}, where aNa and aCa are the activities of sodium and calci-
um in the extracellular solutions, respectively, and R,T, F have their con-
ventional meaning27. Activity coefficients were estimated by interpolation
from tabulated values (0.75 for sodium and 0.55 for calcium). VrevCa and
VrevNa were corrected for liquid junction potentials of 9.8 and 4.5 mV,
respectively. The permeability ratios PCa/PNa obtained from this equa-
tion were used to calculate Pf = 1/[1+(PNa/PCa) (aNa /aCa) (1
–exp(2VmF/RT))/4] with 1.8 mM external calcium and membrane poten-
tial at –60 mV27. The activity coefficient for 1.8 mM calcium was 0.57.

LTP EXPERIMENTS. Adult (three to four months old) and young (P11 to
P17) mice were sacrificed with halothane. The brain was removed and
cooled (0°C) in artificial cerebrospinal fluid (ACSF: 124 mM NaCl, 2
mM KCl, 1.25 mM KH2PO4, 2 mM MgSO4, 2 mM CaCl2, 26 mM
NaHCO3, 10 mM glucose, bubbled with 95% O2, 5% CO2, pH 7.4). A
block containing the middle portion of the hippocampus was removed,
and 400-µm transverse slices were cut with a vibroslicer in O2, CO2-bub-
bled ACSF. Slices were placed in an interface chamber (28–32°C) and
exposed to humidified gas. To block NMDAR, 50 or 100 µM APV was
added to the ACSF. Orthodromic synaptic stimulation (20–90 µs, < 100
µA, 0.2 Hz) in the CA1 region was delivered alternately through two
tungsten electrodes to activate synapses at apical or basal dendrites. Extra-
cellular responses were monitored by two glass electrodes, placed in the
corresponding layers (Fig. 3a). After stable synaptic recordings had been
obtained in both pathways for at least 15 min, one of the pathways was
tetanized (100 Hz, 1 s). The tetanic stimulation strength was just above
the threshold for generation of a population spike in response to a single
stimulus. This procedure was used to adopt the same tetanization
strength in different experiments. The pathway that was not activated
during tetanization served as a control. Synaptic strength was assessed
by measuring the slope of the fEPSP in the middle third of its rising
phase. Six consecutive responses (1 min) were averaged and normalized
to the mean value recorded 4–7 min before tetanic stimulation.

CYTOARCHITECTURE OF NEURONS. Whole-cell voltage recordings of CA1
and CA3 pyramidal neurons were done with patch pipettes containing
105 mM K-gluconate, 30 mM KCl, 10 mM HEPES, 4 mM ATP-Mg, 10
mM phosphocreatine and 0.3 mM GTP, pH 7.3, with 0.1–0.5% bio-
cytin. After fixation in phosphate-buffered 4% paraformaldehyde, slices
were incubated in avidin-conjugated horseradish peroxidase. Neurons
were visualized using 3,3-diaminobenzidine34. Somata, apical and basal
dendrites were reconstructed at a magnification of 400–1000× with the
NEUROLUCIDA tracing system.

HISTOLOGY OF BARREL CORTEX. Cytochrome oxidase histochemistry was
done on frozen 50-µm tangential sections of mouse brains47, which were
fixed for 1 h in 4% paraformaldehyde and cryoprotected for 24 h in 30%
sucrose in 0.1% phosphate-buffered saline (PBS) containing 137 mM
NaCl, 6.5 mM Na2HPO4, 2.7 mM KCl and 1.5 mM KH2PO4, pH 7.4.
Cytochrome oxidase activity was visualized by incubation of mounted
sections in 4% sucrose, 0.05% cytochrome C and 0.05% diaminobenzi-
dine (Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany).
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