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Recoding by adenosine-to-inosine RNA editing plays an im-
portant role in diversifying proteins involved in neurotrans-
mission. We have previously shown that the Gabra-3 tran-
script, coding for the �3 subunit of the GABAA receptor is
edited in mouse, causing an isoleucine to methionine (I/M)
change. Here we show that this editing event is evolutionarily
conserved from human to chicken. Analyzing recombinant
GABAA receptor subunits expressed in HEK293 cells, our re-
sults suggest that editing at the I/M site in �3 has functional
consequences on receptor expression. We demonstrate that
I/M editing reduces the cell surface and the total number of �3
subunits. The reduction in cell surface levels is independent of
the subunit combination as it is observed for �3 in combina-
tion with either the �2 or the �3 subunit. Further, an amino
acid substitution at the corresponding I/M site in the �1 sub-
unit has a similar effect on cell surface presentation, indicating
the importance of this site for receptor trafficking. We show
that the I/M editing during brain development is inversely re-
lated to the �3 protein abundance. Our results suggest that
editing controls trafficking of �3-containing receptors and
may therefore facilitate the switch of subunit compositions
during development as well as the subcellular distribution of �
subunits in the adult brain.

Adenosine to inosine (A-to-I)2 RNA editing is a mechanism
used in the mammalian nervous system to provide alterations
in the protein sequence by co-transcriptional modification of
single nucleotides. This modification is catalyzed by adeno-
sine deaminases that act on RNA (ADAR1 and ADAR2) that
can selectively modify adenosine to inosine residues within
double stranded pre-mRNAs. Within mRNA transcripts, in-
osine is read as guanosine by the translation machinery.
Therefore, this mechanism has the potential to change the
amino acid sequence and thereby the function of the protein.
Several gene products encoding proteins involved in neuro-
transmission have been shown to be A-to-I edited, including
ligand- and voltage-gated ion channels as well as a G-protein-

coupled receptor and thereby creating diverse isoforms of
proteins essential for balanced neuronal kinetics (reviewed in
Ref. 1).
One of the most well studied substrates for editing in the

brain is the transcript coding for the AMPA glutamate recep-
tor (GluA). AMPA receptors consist of four subunits (GluA1–
GluA4) in different combinations. Changing a codon for glu-
tamine to arginine in GluA2 is essential to the organism and
required for a normal brain development (2, 3).
We have previously found that the mouse Gabra-3 tran-

script, coding for the �3 subunit of the GABAA receptor un-
dergoes site-selective A-to-I editing causing an isoleucine to
methionine (I/M) change in the third transmembrane region
(TM3) (4). The chloride-permeable (GABAA) receptors are
the main mediators of fast inhibitory neurotransmission in
the mammalian central nervous system (reviewed in Ref. 5).
These heteropentameric ligand-gated chloride ion channels
can be formed from at least 16 different subunits: �1–6,
�1–3, �1–3, �, �, �, and � (6, 7). The functional diversity of
GABAA receptors is based on subunit heterogeneity. Individ-
ual neurons express a range of subunits resulting in the for-
mation of a large variety of structurally and functionally dif-
ferent receptor subtypes (7–9).
In the adult brain, the most common GABAA receptor is

composed of two �1, two �2, and one �2 subunit (7–9). How-
ever, subunit composition is different during embryogenesis
and changes throughout development (9, 10). The major
change occurs among the � subunits, where �1 expression
increases with age and peaks in the adult animal, whereas the
�3 subunit is the predominant subunit during early develop-
ment but declines with age (11, 12). Receptors containing the
�3 subunit are characterized by slow activation, desensitiza-
tion, and deactivation and by low GABA sensitivity (13–16).
These unique kinetic properties have been shown to play an
important role in the maturation of developing neurons (17).
Receptors containing the �3 subunit represent �10–15% of
the total GABAA receptors in the adult brain (18).

The purpose of this study was to analyze whether editing at
the I/M site influences the subcellular distribution of �3 con-
taining GABAA receptors. We show that the developmental
increase in editing at the I/M site is inversely related to the �3
protein expression. By using transiently expressed GABAA

receptor subunits, we illustrate that I/M editing of �3 reduces
cell surface and total numbers of this subunit. We hypothe-
size that A-to-I editing decreases the amount of �3 subunit
containing GABAA receptors, possibly in favor of �1 contain-
ing receptors that is more abundant in the adult brain.
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EXPERIMENTAL PROCEDURES

Generation of Recombinant GABAA Receptor Subunits—
pRK5 plasmids containing cDNAs encoding rat �3(M) (the
edited form), �1, �2, �3, and �2L subunits were kind gifts
from Professor Hartmut Lüddens (University of Mainz,
Mainz, Germany). Expression vector pRK5-r�3(I) (unedited)
was generated by replacing guanosine with adenosine at the
I/M site of pRK5-r�3(M) (edited) using QuikChange site-
directed mutagenesis (Stratagene). An adenosine-to-
guanosine change at the same position as the I/M site of �3
was carried out on the Gabra-1 expression vector pPK5-r�1
by site-directed mutagenesis. This mutation of r�1(I315M)
mimics an edited gabra-1. The enhanced GFP-tagged �2L
subunit expression vector was constructed by inserting the
enhanced GFP (Clontech) into the large intracellular loop of
�2L between TM3 and TM4 at the EcoRV restriction site.
The complete coding strand of the variant of the red fluores-
cent protein from Discosoma sp. (DsRed-Mono; Clontech)
was inserted into the second MscI site in the large intracellu-
lar loop between TM3 and TM4 of the resultant protein of
the expression vectors for �3(I) and �3(M), respectively. All
of the fusion constructs were sequenced, functionally tested
by patch clamp, and shown to resemble the characteristics of
wild-type subunits (data not shown).
Transfection of Recombinant GABAA Receptor Subunits—

HEK293 cells were grown at 37 °C in 5% CO2, 95% air in
DMEM (Invitrogen) containing 10% FBS (Invitrogen) and 1%
(100 units/ml) of penicillin and streptomycin (Invitrogen).
Transfections using calcium phosphate or Lipofectamine
2000 (Invitrogen) with the GABAA subunit-encoded con-
structs were carried out in a 1:1:1 ratio or in the following
ratio: 1.2 �3(I) or (M):10 �2:0.5 �2L as described in Ref. 19.
The cells were transfected with a total of 10 �g of (plasmid)
DNA using calcium phosphate or with a total of 4 �g of plas-
mid DNA when Lipofectamine 2000 was used.
In Vitro Translation—In vitro transcripts were made using

the MEGAscript (Ambion) from the SP6 promoter on the
pRK5-r�3(I) and pRK5-r�3(M) plasmids. In vitro translation
was made using radiolabeled [35S]methionine and rabbit retic
lysate (Ambion) according to the protocol by the
manufacturer.
Confocal Microscopy and Image Analysis—To analyze cell

surface localized receptors, HEK293 cells were transfected
with expression vectors for �3(I) or �3(M) as well as �1(WT)
or �1(I315M) together with �2 or �3 and �2 in 35-mm 6-well
plates with coverslips. The cells were fixed in 4% paraformal-
dehyde and blocked in 3% BSA, 48 h after transfection. To
determine the total protein expression, the cells were perme-
abilized with 0.5% Triton X-100 prior to blocking in BSA and
incubated with primary antibodies followed by fluorescence-
coupled secondary antibodies. Mounting medium (Vectash-
ield; Vector Laboratories) was added, and the coverslip was
mounted and analyzed. The primary antibodies were directed
against �3 (Chemicon International) or �1 (Abcam) subunits,
both antibodies recognizing the extracellular N terminus of
the � subunits. The secondary antibody was a goat anti-rabbit
TRITC (DakoCytomation). In the fusion fluorescent protein

experiments, the cells were fixed with 4% paraformaldehyde
and mounted.
To analyze the internalization of �3(I) and �3(M), the cells

were transfected as in the experiments above and incubated
with the anti-�3 antibody in buffer A (25 mM HEPES, pH 7.4,
119 mM NaCl, 5 mM KCL, 2 mM CaCl2, 2 mM MgCl2, 30 mM

glucose) containing 3% BSA for 30 min at 4 °C. The cells were
washed extensively with ice-cold buffer A and incubated for
60 min at 37 °C to allow internalization. Control cells were left
at 4 °C, a condition that prevents internalization. The cells
were then fixed for 10 min (4% paraformaldehyde containing
4% sucrose). The cells were rinsed with PBS and incubated
with Alexa 488-conjugated secondary antibody (Invitrogen)
for 30 min at room temperature. After washing with PBS, the
cells were permeabilized for 10 min with 0.5% Triton X-100 in
buffer A, followed by staining of internalized receptors with
Alexa 555-conjugated secondary antibody (Invitrogen) for 30
min at room temperature. After washing, the cells were
mounted and analyzed. The cells were imaged using a Zeiss
LSM 510 META microscope with 40�, 63�, or 100� objec-
tives. The confocal microscope settings were identical for all
experiments, and all of the images presented in the figures
were unprocessed. For each experiment single-blind
tests were performed, and 100 cells from triplicate experi-
ments were randomly chosen for quantification of fluores-
cence intensity using the ImageJ software (NIH Image). The
background fluorescence was subtracted from the images.
Western Blot Analysis—Cell extracts from transfected

HEK293 cells were obtained with Lysis-M (Roche Applied
Science) containing a protease inhibitor mixture (Roche Ap-
plied Science). Crude protein extracts of whole mouse brain
from E15, E19, P2, P7, P14, P21, and adult after P21 were ob-
tained by homogenizing the brain in Lysis-M (Roche Applied
Science) containing a protease inhibitor mixture. The samples
were diluted 1:1 with Laemmli sample buffer (Bio-Rad), and
20 �g of total proteins from the transfected cells or 30 �g of
proteins from whole brain were loaded onto a 10% SDS-
PAGE and transferred to polyvinylidine fluoride membranes
(Bio-Rad). After blocking in 5% (w/v) nonfat dry milk or 5%
BSA (w/v) in Tris-buffered saline-Tween, the membranes
were incubated with a polyclonal GABAA �3 antibody
(Chemicon International) or polyclonal GABAA �1 antibody
(Abcam). An actin antibody (Sigma) was used as an internal
loading control. As secondary antibody, a horseradish peroxi-
dase-coupled swine anti-rabbit antibody was used (Dako-
Cytomation). The antibodies were detected using ECL Plus
according to the manufacturer’s instructions (GE Healthcare)
and developed in a CCD camera (LAS 1000).
Cell Surface Biotinylation—HEK293 cells were transfected

with �3(I) or �3(M) together with �2 and �2L. An expression
vector with a FLAG tag was used as a transfection control.
After 48 h, the live cells were washed with PBS and incubated
with 1.5 mg/ml sulfosuccinimidyl-2-(biotinamido) ethyl-1,3-
dithiopropionate (sulfo-NHS-SS-biotin) using cell surface
protein isolation (Pierce) for 30 min at 4 °C. The sulfo-NHS-
SS-biotin was quenched, and the cells were lysed and incu-
bated with immobilized strepavidin according to the manu-
facturer’s description. Biotinylated proteins were eluted from
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the streptavidin by incubation with Laemmli sample buffer
(Bio-Rad) at room temperature. The intracellular proteins
and the cell surface biotinylated proteins were analyzed by
Western blotting as described above. As a loading control of
the biotinylated proteins, an anti-transferrin antibody (Bio-
genesis) was used. To determine the transfection efficiency
between the different transfections, an anti-FLAG antibody
(Sigma) was used on the intracellular protein lysates (data not
shown).
Proteasome and Lysosome Inhibition—Transfections were

performed as described above. After 24 h, the cells were
treated with or without (controls) 250 �M epoxomicin (Bi-
omol International) and/or 50 �M leupeptin (Sigma). After
16–20 h of incubation, the cells were prepared for image
analysis with quantification of the fluorescence intensity as
described above. The transfected epoxomicin-treated cells
were also assessed by Western blotting as described above.
Analysis of Gabra-3 RNA Editing—Total RNA from adult

whole brain was isolated from human, mouse, chicken, and
frog (Xenopus laevis) using TRIzol (Invitrogen). From each
sample 3 �g of total RNA was reverse transcribed by Super-
script III RT (Invitrogen). The cDNAs from adult whole brain
of dog, rabbit, and rat were purchased from Biochain. Primers
specific for Gabra-3 of the different species were used in the
PCR using Taq polymerase (Invitrogen). The PCR products
were gel-purified and sequenced (Eurofins MWGOperon).
For editing determination of Gabra-3 during development,
the 454 sequencing method (Roche Applied Science) was used
(20). Whole brains from NMRI mice were collected at five
different developmental days: E15, E19, P2, P7, and P21 as
described in Ref. 21. Total RNA was isolated as described
above. The numbers of sequences collected for each develop-
mental day were: E15 (592 sequences), E19 (901 sequences),
P2 (971 sequences), P7 (68 sequences), and P21 (638 se-
quences). DIALIGN 2 was used to create multiple sequence
alignments (22). The sequences of primers used in PCR am-
plification are available from the authors upon request.
Statistical Analysis—For comparison of fluorescence inten-

sity between treatments, two-way analysis of variance analysis
was performed, with the experimental day as a blocking fac-
tor. Separate analyses were done for each experiment. The
data used were the experimental day averages of the cells log-
transformed fluorescence intensity. The estimates of treat-
ment differences together with 95% confidence intervals (CI)
were back-transformed and expressed as ratios. All of the in-
tensity measurements are shown as relative expression nor-
malized to 1.

RESULTS

Editing of Gabra-3 Is Evolutionarily Conserved—We sought
to determine whether the RNA editing event in the Gabra-3
transcript coding for the GABAA receptor subunit �3 is phy-
logenetically conserved. Thus, cDNAs from the brain of adult
rat, mouse, human, rabbit, dog, chicken, and frog were used
as templates for PCR in the region of the putative I/M site in
exon 9 of Gabra-3. The extent of editing at the I/M site was
determined by direct DNA sequencing. In human brain sam-
ples from thalamus, cerebellum, and frontal cortex, the

Gabra-3 transcripts were extensively edited, shown as an
adenosine to guanosine (A to G) change in the chromatogram
at the I/M site (Fig. 1A). A minor adenosine peak (green) indi-
cates that few unedited Gabra-3 transcripts are present in
these tissues. In the other species, total brain samples were
analyzed. Editing was close to 100% in all species except pipid
frog (Fig. 1B), which permanently codes for a methionine at
this site because of a genomically encoded guanosine (Fig.
1D). Interestingly, both the structure and the sequence of the
putative stem-loop required for editing within the coding se-
quence of exon 9 are conserved in all species with an edited

FIGURE 1. Conserved editing of the Gabra-3 transcript. A, frequency of
editing at the I/M site in Gabra-3 in the thalamus, cerebellum, and frontal
cortex of the human brain as indicated. The arrows indicate the A to G
change as a result of A-to-I editing. B, editing frequency at the I/M site in
Gabra-3 in total brain from mouse, rat, rabbit, dog, and chicken. Pipid frog
has a genome encoded G at the I/M site and is therefore not edited. C, the
predicted stem-loop structure of the Gabra-3 transcript at the I/M site in
mouse (mGabra-3). A circle indicates the edited adenosine. The arrows indi-
cate nucleotide substitutions in Gabra-3 of other species as shown in D.
D, sequence alignment of the gabra-3 gene, showing the part of exon 9 that
forms the putative stem loop in different species. The site of editing is
boxed in gray. The amino acid sequence is shown at the bottom with the I/M
site indicated.
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Gabra-3 transcript (Fig. 1, C and D). The only variation is
found in the transcript from chicken, where an A:U base pair
is changed to a G:U base pair, upstream of the edited site, pre-
sumably with little effect on the structure. Taken together, the
Gabra-3 transcript is efficiently edited in all species analyzed
that have an adenosine at the I/M site.
Editing at the I/M Site of Gabra-3 Is Developmentally

Regulated—We and others have previously shown that editing
at the I/M site of Gabra-3 increases with age (4, 21, 23). It is
also known that the �3 protein decreases during brain devel-
opment (12). We wanted to investigate whether there is a cor-
relation between Gabra-3 editing and the �3 protein levels.
For a thorough investigation of editing frequency, we used
our previously published data analyzing A-to-I editing within
single Gabra-3 transcripts by the 454 sequencing technology
(21). The advantage of 454 sequencing is its accuracy in deter-
mining the editing frequency, because exceedingly few edited
transcripts are detected. We extended our previous 454 se-
quencing analysis during mouse development with an addi-
tional time point at P7. Thereby the sequence of over 3100
transcripts at five different developmental stages was ana-
lyzed, making the determination of editing levels highly
accurate.
In all, RNA was analyzed from mouse brain at E15 and E19

as well as P2, P7, and P21. At E15, only 6.4% of the sequences
analyzed had a G at the I/M site of Gabra-3 (Fig. 2A). The
editing frequency increased throughout development, where
36% of the transcripts were edited at E19. After birth, editing
increased gradually, reaching 54% at P2 and 78% at P7. Finally,
92% of the transcripts were edited in themouse brain at P21.
To relate the editing frequencies to the amount of �3 pro-

tein, we performed Western blot analysis with an �3 antibody
on total brain extracts, from developmental days E15, E19, P2,
P7, P14, P21, and adult after P21. The amount of �3 protein
was low at E15 but increased rapidly to the highest level be-
tween P2 and P7. At P14, the amount of �3 protein is reduced
compared with P7 and in older mice �3 decreases even fur-
ther (Fig. 2B). The total amount of �3 protein was compared
with the �1 protein levels. The �1 protein concentration was
low during early development and increased when the �3 pro-
tein level was decreasing, reaching the highest level in the
adult brain (Fig. 2B). In summary, these results show that the
accumulation of edited transcripts throughout development is
inversely related to the reduction in �3 protein and related to
the increase in �1 protein.
Gabra-3 Editing Affects �3 Cell Surface Presentation—The

isoleucine to methionine change after editing is located in the
third of four transmembrane regions of the �3 subunit, in a
region that is important for trafficking of GABAA � subunits
(24, 25). To address cellular changes in trafficking or stability
of the GABAA receptor, resulting from A-to-I editing, we first
asked whether the event changed the surface distribution of
the receptor. Expression vectors for the unedited �3(I) or ed-
ited �3(M), �2, and �2L subunits of GABAA were co-trans-
fected into HEK293 cells. To visualize the cell surface distri-
bution of �3-containing receptors, nonpermeabilized cells
were incubated with an �3 antibody recognizing the extracel-
lular N-terminal of the protein. By confocal microscopy, the

intensity of a TRITC-conjugated secondary antibody was ana-
lyzed. Fluorescence intensity was measured as described un-
der “Experimental Procedures.” As seen in Fig. 3A (left panel),
�3(I) was clearly expressed on the cell surface after transfec-
tion. Interestingly, the presence of �3 on the cell surface was
vastly decreased after the amino acid change (Fig. 3B, left
panel). The cell surface level of �3(M), quantified as fluores-
cence intensity, was reduced by almost 60% compared with
�3(I) (n � 3, p � 0.01; Fig. 3C).

To confirm that the low fluorescence intensity in cells ex-
pressing the �3(M)-containing receptor was due to a reduc-
tion in surface presentation, we performed cell surface biotin-
ylation experiments. HEK293 cells were transfected with the
GABAA subunit expression vectors as above and incubated
with sulfo-NHS-SS-biotin. The biotinylated proteins were
isolated as described under “Experimental Procedures.”
The amount of membrane-bound �3(I) and �3(M) was de-
termined by Western blot using the �3 antibody (Fig. 3D).
The difference in surface distribution between �3(I) and
(M) is remarkable. The change from Ile to Met in TM3

FIGURE 2. Editing of the Gabra-3 transcript and the protein levels of �3
and �1 during mouse brain development. A, the editing frequency at the
I/M site of the Gabra-3 transcript was determined by 454 amplicon se-
quencing of RT-PCR products from whole-mouse brain at E15, E19, P2, P7,
and P21. B, Western blot analysis on protein levels of �3 and �1 subunits
during developmental day E15, E19, P2, P7, P14, P21, and P21 and after.
Actin was detected and used as a loading control for both �3 and �1. To
ensure that actin correlates to the same number of cells, histone H3 was
detected and used as a loading control for �3.
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greatly reduces the number of �3 subunits in the mem-
brane. Taken together, these results reveal that editing at
the I/M site has a negative effect on the cell surface num-
bers of the �3 subunit.
Editing Affects the Presence of �3 Subunits—We wanted to

investigate whether editing at the I/M site could serve as a
regulator of the �3 protein expression. To investigate whether
I/M editing has an effect on �3 protein stability, the tran-
siently transfected cells were permeabilized prior to exposure
of the �3 antibody. Quantification indicated a reduction in
the total level of �3(M) compared with �3(I), although not as
distinct as the reduction in cell surface presentation. (Fig. 4A,
B and C). To ensure that the observed reduction in �3(M)
expression was not due to a decrease in translation efficiency,
the proteins were translated in vitro. As shown in supplemen-
tal Fig. S3, no difference in translation efficiency was observed
when �3(I) and �3(M) were translated using retic lysate.
In heterologous expression systems, � and � subunits alone

can form receptors that are transported to the cell surface
(26). To confirm that �3 assembles with the �2L subunit, red
and green fluorescent protein reporters were fused to �3 (�3-
DsRed) and �2L (�2L-GFP), respectively, and transfected as
above together with the �2 subunit. The �3(I)-DsRed protein
co-localized with �2L-GFP, indicating that the receptors con-
tain all three subunit forms (Fig. 4D). The �3(M)-DsRed protein
also co-localized with �2L, although the intensity from �3(M)-
DsRed-expressing cells was diminished compared with cells ex-
pressing �3(I)-DsRed (Fig. 4, E and F). This is in line with the
results from the immunostaining of permeabilized cells.
To determine the transfection efficiency, cells were trans-

fected with �3(I)-DsRed or �3(M)-DsRed together with the
�2 and �2L-GFP subunits and thereafter quantifying the fluo-
rescent intensity of �2L-GFP. This revealed that the reduced
protein level of �3(M)-DsRed was not due to a lower transfec-
tion efficiency because the average amount of �2L-GFP was

similar or even slightly higher when co-transfected with
�3(M)-DsRed than with �3(I)-DsRed or empty vector (Fig. 4G
and supplemental Fig. S2).

Immunoblotting was used as a second method to deter-
mine the effect of editing on the expression of �3-DsRed sub-
units (Fig. 4H). Indeed, the concentration of �3(M) was re-
duced compared with �3(I) in line with the results from the
immunocytochemical experiments. In conclusion, our results
indicate that the recoded amino acid at the I/M site reduced
the total concentration of �3 protein.
The Diminished �3(M) Surface Localization Is Independent

of Subunit Composition—Our results on receptor presenta-
tion are based on transfection of vectors expressing specific
GABAA subunits. It is therefore possible that the effect we
observe is influenced by the subunit ratio and/or subunit
combinations used in the transfections. In the experiments
presented hitherto, the ratio between �3, �2, and �2L has
been 1.2:10:0.5 according to previously established conditions
for receptor assembly (19). Recently the ratio (1:1:1) between
the subunits �3, �3, and �2L have been used to study the elec-
trophysiological effects of �3 I/M editing (23, 27). To ensure
that the effect that we are observing on surface presentation
after editing also persists during these conditions, receptor
subunit transfections were done using the 1:1:1 ratio between
�3:�2:�2L as well as the �3:�3:�2L receptor subunits. The
transfected cells were immunostained as in the cell surface
experiments above. The different ratio or the replacement of
�2 with �3 did not affect the reduced �3(M) surface distribu-
tion (supplemental Fig. S1). However, we observe a stronger
signal at the surface for both the unedited and edited �3 in
the �3:�3:�2L transfection compared with �3:�2:�2L, indi-
cating that the former subunit combination assembled more
efficiently. Taken together, these results clearly demonstrate
that the observed reduction in �3(M) surface levels compared
with �3(I) is independent of the subunit combination.

FIGURE 3. Confocal microscopy showing cell surface presented �3-containing GABAA receptors. HEK293 cells were transfected with expression vec-
tors for �3(I) or (M), �2, and �2L subunits in the ratio 1.2:10:0.5. A, cell surface distributed �3(I) visualized in nonpermeabilized cells using an �3 antibody
and a TRITC-conjugated secondary antibody. The phase contrast image of the cells is shown on the right. B, cell surface distribution of the �3(M) subunits as
in A. The scale bars represent 10 �m. C, the relative reduction in fluorescence intensity of �3(M) from the experiments in A and B as described under “Experi-
mental Procedures” with the rate of �3(I) normalized to 1 (n � 3). **, p � 0.01. The values reported are the means � 95% CI. D, HEK293 cells transfected
with: empty vector, �2, and �2L (lane C); �3(I), �2, and �2L (lane �3(I)); and �3(M), �2, and �2L (lane �3(M)). The transfected cells were incubated with sulfo-
NHS-SS-biotin, and the biotinylated proteins were analyzed by Western blot. The cell surface bound transferrin receptors was detected and used as a load-
ing control.
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The Reduced �3(M) Surface Presentation Is Independent of
Proteasomal Degradation—GABAA receptor subunits assem-
ble in the endoplasmic reticulum (ER) via defined pathways
(28). Misfolded and unassembled �1 subunits have been
shown to be subjected to ER-associated degradation (29). Our
initial results did not reveal whether the decrease in surface
numbers of �3 after editing is due to facilitated protein degra-
dation or alterations in receptor trafficking. To address this,
we have analyzed whether editing at the I/M site triggers deg-
radation of the �3 subunit by ER-associated degradation and
the proteasome. Transfected cells expressing �3, �2, and �2L
subunits were treated with the proteasome inhibitor ep-
oxomicin prior to the immunostaining. Cell surface presenta-

tion and the total levels of �3 in epoxomicin-treated cells
were compared with untreated transfected cells and quanti-
fied using confocal microscopy. Total protein levels were also
analyzed by Western blot. Quantification of both �3(I) and
�3(M) revealed comparable surface levels in epoxomicin-
treated as in control experiments (Fig. 5A), displaying reduced
levels of �3(M) compared with �3(I) as seen in previous cell
surface experiments (Fig. 3, A–C). This indicates that the re-
duced surface level of �3 after editing is not caused by protea-
somal degradation.
To analyze total protein expression, transfected cells were

permeabilized prior to immunostaining. When normalized to
untreated cells, a stabilization of �3(I) was seen in epoxomi-

FIGURE 4. Confocal microscopy showing total expression of the �3 subunits. HEK293 cells were transfected with expression vectors for �3 (I) or (M), �2,
and �2L subunits, ratio 1.2:10:0.5. A, total expression of the �3(I) subunit visualized in permeabilized cells using an �3antibody and a TRITC-conjugated sec-
ondary antibody. A phase contrast image is shown on the right. B, total expression of �3(M) subunit, visualized as in A. The scale bars represent 10 �m.
C, the relative total level of �3(M) averaged to 0.61 when �3(I) was set to 1 (n � 3). D, total expression of �3(I)-DsRed (top left); �2L-GFP (top right); and the
merged pictures of �3-DsRed and �2L-GFP (bottom left). Bottom right, the phase contrast image of the cells. The scale bar represents 10 �m. E, total expres-
sion of the �3(M)-DsRed and as in D. F, the relative fluorescence intensity of �3(M)-DsRed averaged to 0.57 when �3(I)-DsRed was normalized to 1 (n � 3).
G, the relative fluorescence intensity of �2L-GFP from the transfections in D and E. *, p � 0.05; ***, p � 0.001. The error bars represent 95% CI. H, Western
blot analysis of whole cell lysates from transfections in D and E using an �3 antibody. Actin was detected and used as a loading control (lower panels).
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cin-treated cells with the average intensity of 1.3 (n � 3, p �
0.005; Fig. 5A). An even more prominent stabilization of
�3(M) was observed, with an average of 1.8 compared with
the untreated cells normalized to 1 (n � 3; p � 0.0004; Fig.
5A), suggesting that �3(M) may be targeted by the protea-
some to a larger extent than the �3(I) subunit. In Western
blot analysis, a stabilization of both �3(I) and �3(M) in ep-
oxomicin-treated cells compared with untreated cells was
seen (Fig. 5B). Moreover, a facilitated degradation of �3(M)
compared with �3(I) indicates that there is an additional deg-
radation pathway that might affect receptor cell surface pres-
entation (Fig. 5, A and B).
It has been demonstrated that the �3 subunit is important

for the expression of the �3 subunit (30, 31). We wanted to
investigate whether �3(M) is targeted for proteasome degra-
dation in the presence of the �3 subunit. The cells were trans-
fected with �3(I) or �3(M), �3, and �2L and treated as in the
above proteasome inhibition experiments. Consistent with

the �2 experiment, we observe no stabilization of �3(M) on
the surface after proteasome inhibition (Fig. 5C). Interest-
ingly, confocal and Western blot analysis revealed that the
total levels of both �3(I) and �3(M) were independent of the
proteasome showing no stabilization after inhibition (Fig. 5, C
and D). Thus, this result confirms our cell surface studies
showing that �3 is more stable when assembled with �3 than
with �2. Taken together, the reduced cell surface levels of the
�3 subunit upon editing could not be explained by facilitated
proteasomal degradation.
Blocking of the Lysosomal Pathway Increase �3(M) Surface

Levels—To further explore the possibility of an increased pro-
tein degradation after I/M editing, we analyzed processing
through the lysosomal pathway. To analyze the possible role
of this pathway on the surface and total protein levels, we
used the lysosomal protease inhibitor leupeptin. The cells
were transfected as described above and treated with leupep-
tin for 16 h prior to immunostaining and Western blot. After
lysosome inhibition, an increased surface level was seen for
�3(M) but not �3(I) when assembled with the �2 subunit,
indicating that the �3(M) subunit is less stable on the cell sur-
face (Fig. 6). Only a minor increase in the total expression of
�3(I) and �3(M) could be observed by immunostaining and
Western blot after lysosome inhibition. To investigate
whether the �3(M) subunit could be further stabilized, both
the proteasome and the lysosome pathway was inhibited. A
further increased stabilization could be observed for both
�3(I) and �3(M) after the double inhibition using Western
blot. The stabilization was more prominent for �3(M) than
�3(I). This result indicates that the �3 subunit is targeted by
both the proteasome and the lysosome when associated with
the �2 subunit and that the �3(M) subunit is more susceptible
for degradation. Interestingly, when �3 (I or M) was assem-
bled with �3, an even more prominent stabilization of both
�3(I) and �3(M) could be observed after lysosome inhibition
at both the cell surface and total protein levels. It is notewor-
thy that the largest effect on stabilization was seen for �3(M)
at the cell surface, indicating that the �3(M)-containing re-
ceptors are more susceptible for lysosomal degradation than
those containing �3(I), affecting the cell surface presentation.
Increased Internalization of the �3(M) Subunit—We

wanted to analyze whether the facilitated degradation of the
�3(M) subunit was due to an altered surface stability. To
identify receptor internalization, surface �3(I) or �3(M) sub-
units were prebound by the anti-�3 antibody at 4 °C and
thereafter incubated at 37 °C, whereas controls were left at
4 °C to prevent internalization. Our results indicate that �3(I)
and �3(M) internalize efficiently to an intracellular compart-
ment. Internalization efficiency was measured by comparing
cell surface �3 intensity on cells left at 4 and 37 °C using con-
focal microscopy. Our results indicate that the �3(M) subunit
may internalize at a faster rate than �3(I), suggesting that the
�3(M) subunit is less stable on the cell surface (supplemental
Fig. S3).
The Ile-to-Met Change Affects the �1 Cell Surface

Distribution—The �3 subunit is one of six different subtypes
of GABAA receptor � subunits. However, the Gabra-3 tran-
script coding for �3 is the only � subunit that is subjected to

FIGURE 5. In assembly with �2 and �2L, �3 is a proteasome substrate.
Relative fluorescence intensity and Western blot analysis of �3 levels in con-
trol and epoxomicin-treated cells. A, cell surface and total �3 levels in cells
transfected with �3(I) or �3(M), �2, and �2L subunits, ratio (1:1:1) in un-
treated and epoxomicin-treated cells. The rate of epoxomicin-treated cells
was normalized to untreated cells (n � 3). The values are represented as the
means with 95% CI. Only minor effects on stabilization of both �3(I) and
�3(M) were observed in epoxomicin-treated cells. An increase of the aver-
age relative intensity of �3(I) and �3(M) is seen when the total �3 expres-
sion was measured in epoxomicin-treated compared with untreated cells.
B, Western blot analysis of whole cell lysates from the same cells as in A us-
ing an �3 antibody. C, the cell surface and total level of �3 in cells trans-
fected with �3(I) or �3(M), �3, and �2L subunits (n � 3). The relative cell
surface intensity of �3(I) in epoxomicin-treated cells normalized to un-
treated cells is presented as indicated on the left. The relative intensity of
the total �3(I) expression in epoxomicin-treated cells normalized to un-
treated cells is presented for �3(I) and �3(M) as indicated on the right. **,
p � 0.01; ***, p � 0.001. The error bars represent 95% CI. D, Western blot
analysis of whole cell lysates from the experiments represented in C using
an �3 antibody. Actin was detected and used as a loading control.
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editing. The I/M site in �3 is located in a region that is highly
conserved between the � subunits. All six � subtypes code for
an Ile at this site in their genomes. To determine whether this
site plays a general role in controlling receptor trafficking, we
made the Ile-to-Met residue change in the rat �1 subunit,
�1(I315M) to resemble an edited I/M site in �3. The cells
were transfected with �1(WT) or �1(I315M), �2, and �2L. In
a separate experimental setup, �2 was replaced by �3. Cell
surface-presented �1 was identified in nonpermeabilized cells
using an �1 antibody. Confocal microscopy analysis revealed
that the surface presentation of the mutated �1(I315M) in
assembly with �2 was reduced �60% compared with
�1(WT)-expressing cells (n � 3, p � 0.001; Fig. 7A). In as-
sembly with �3, a 40% reduction of the �1(I315M) compared
with the �1(WT) was observed (p � 0.01). Western blot anal-
ysis of the transfected cells, using the same �1 antibody, re-

vealed that the total protein concentration of �1(I315M) was
also vastly reduced compared with wild-type �1 (Fig. 7B). In
summary, this supports the assumption that this residue in
the � subunits is of general importance for the trafficking of
GABAA receptors.

DISCUSSION

The Nucleotide Sequence Is Evolutionarily Conserved in the
Vicinity of the Edited Site—Here we demonstrate that the
RNA editing event, giving rise to an isoleucine-to-methionine
change in the �3 subunit of the GABAA receptor occurs in all
species from chicken to human. In these species the nucleo-
tide sequence in the vicinity of the I/M site is exceptionally
conserved. Further, we show that the pipid frog does not edit
the Gabra-3 transcript but rather encodes a guanosine (G) in
its genome and thus a permanent methionine in the protein.
Comparison of the genetic code of other species also revealed
that the pufferfish (Tetradon nigroviridis) has a guanosine at
the I/M site. A similar editing pattern has previously been
observed in GluA2 at the Q/R site where the hagfish encodes
an Arg codon in the genome (32, 33). In the gabra-3 sequence
surrounding the G at the I/M site from frog and pufferfish,
the nucleotides at the third wobble position in the genetic
code are frequently different from the other species (Fig. 1D).
Interestingly, the differences also give rise to a less stable
Gabra-3 RNA stem-loop structure in the unedited compared
with the edited species (Fig. 1C). This observation can be ex-
plained by the lack of selection pressure to preserve the nucle-
otide sequence required for editing. Similarly, editing at the
R/G site of GluA2 has been shown to be conserved from man
to bird with only minor phylogenetic variations in the se-

FIGURE 6. Inhibition of the lysosomal pathway increase the surface lev-
els of the �3(M) subunit. Relative fluorescence intensity and Western blot
analysis of �3 in control and leupeptin-treated cells. A, cell surface and total
�3 levels in control and leupeptin-treated cells transfected with �3(I) or
�3(M), �2, and �2L subunits, ratio (1:1:1). The rate of epoxomicin-treated
cells was normalized to untreated cells (n � 3). The values are represented
as the means with 95% CI. A more prominent stabilization of cell surface
�3(M) was observed compared with �3(I) in leupeptin-treated cells. When
total expression was measured, the average relative intensity of both �3(I)
and �3(M) was increased in leupeptin-treated cells compared with controls,
although the stabilization was stronger for the �3(M) subunit. B, Western
blot analysis of whole cell lysates from the same cells as in A and experi-
ments where the proteasome and lysosome were inhibited. ctr, control;
epoxi, epoxomicin; leup, leupeptin. C, the cell surface and total level of �3 in
cells transfected with �3(I) or �3(M), �2, and �2L subunits (n � 3). The rela-
tive cell surface intensity of �3 in leupeptin-treated cells normalized to un-
treated cells is presented as indicated on the left. A stabilization of both
�3(I) and �3(M) was observed. The relative intensity of the total �3 levels in
leupeptin-treated cells normalized to untreated cells as indicated on the
right. *, p � 0.05; **, p � 0.01; ***, p � 0.001. The error bars represent 95%
CI. D, Western blot analysis of whole cell lysates from the experiments rep-
resented in C using an �3 antibody. Actin was detected and used as a load-
ing control.

FIGURE 7. Cell surface presentation of �1 is affected by a mutation mim-
icking the edited I/M site. Relative fluorescence intensity and Western blot
analysis of wild-type �1(WT) or mutated �1(I315M) expression in HEK293
cells. A, average surface intensity of �1 when co-transfected with either �2
and �2L or �3 and �2L expression vectors in a 1:1:1 ratio. The relative cell
surface intensity of �1(I315M) is presented when normalized to wild-type
�1 (n � 3). **, p � 0.01; ***, p � 0.001. The error bars represent 95% CI.
B, Western blot analysis of whole cell lysates from experiments represented
in A. An �1 antibody was used to detect the total protein concentration.
Actin was detected and used as a loading control.
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quence of the hairpin forming the substrate for editing,
whereas the sequence of Tetradon with a guanosine at the
R/G site is frequently different (34, 35). Recently, further ex-
amples have been identified in which A-to-I editing sites
genomically encode guanosine in distantly related species
(36). Our result further supports the use of this feature as a
bioinformatic tool to search for novel sites of A-to-I editing.
The Effects of Developmental Regulation of I/M Editing in

�3—We know from our previous studies and others that edit-
ing at the I/M site in Gabra-3 is developmentally regulated (4,
21, 23). In a previous work (21) and in the present study, we
show by 454 high throughput sequencing that the editing fre-
quency increase from 6.4% at embryonic day 15 to 92% at
postnatal day 21. The number of edited transcripts at E15 is
one-third of what was previously reported by Rula et al. (23).
This might be due to the use of different mouse strains or the
difficulty in determining lower editing levels with high accu-
racy using methods other than deep sequencing. According to
their analysis, editing reaches a maximum at P7, whereas we
show a continual increase until P21. The subunit combination
of GABAA receptors change during brain development (9, 10,
37). This switch of subunits, resulting in a faster inhibitory
signaling, is required for the maturation of developing neu-
rons. Subunit �3 is one of the early subunits expressed during
embryogenesis. These early receptors containing �3 activate
and deactivate more slowly than receptors composed of other
� subunits. Mechanisms by which the NMDA receptor activ-
ity controls the subunit switch have been suggested (38).
However, the detailed mechanism underlying the develop-
mental change is unclear. It has been shown that the �1 sub-
unit increases at the expense of �3 during development (12,
38, 39). In mice this switch is initiated after P6, and the peak is
near P14. In agreement with the subunit switch, we show that
the majority of the transcripts coding for �3 are edited at P6
with a continuing increase until P21. It is known that the level
of Gabra-3 transcripts decreases during the mammalian brain
development (9, 23). Here we demonstrate that RNA editing
of the Gabra-3 transcript increases concurrent with the de-
crease in �3 protein levels during development. We speculate
that �3 editing is involved in the switch of the subunits. In our
system we found that �3 editing alters the stability of the sub-
unit, supporting the theory that the diminished �3 protein
levels seen during development are partly regulated by edit-
ing. We suggest that RNA editing reduces the number of �3-
containing receptors and thereby allows for an increase in
�1-containing receptors.
The Relation between Editing of Gabra-3 and the Expression

of �3—The GABAA subunits are synthesized, N-glycosylated,
and assembled within the ER, where they associate with pro-
teins required for assembly and transport to the plasma mem-
brane (40–43). Receptors on the cell surface undergo endocy-
tosis, a mechanism that rapidly modifies the number of
receptors at the synapses (44). The internalized receptors are
then either reinserted into the membrane or targeted for deg-
radation (45).
We found that the editing event of the �3 transcripts result

in GABAA receptors with altered subcellular distribution.
Transient transfections of �3, �2, and �2L subunits as well as

�3, �3, and �2L revealed a substantial decrease of cell surface-
exposed �3(M) compared with �3(I) (Fig. 3 and supplemental
Fig. S1). However, proteasome inhibition experiments re-
vealed that the diminished �3(M) on cell surface is not due to
facilitated ER-associated degradation (Fig. 5). Our results in-
dicate that the �3(M) internalize more efficiently than �3(I).
The reduced �3(M) surface level is due to an enhanced lyso-
somal degradation. These results indicate that �3(I) is more
stable and therefore recycles to the cell surface to a higher
extent than �3(M). However we cannot exclude the possibil-
ity that the reduced level of membrane-bound �3(M) also is
due to less efficient assembly compared with the �3(I) sub-
unit. Previous electrophysiological studies done using whole
cell recordings demonstrate that the edited �3 produce recep-
tors with smaller amplitudes, slower activation, and faster
deactivation compared with receptors assembled with the
unedited �3 (23, 27). Interestingly, the 2-fold current ampli-
tude differences observed in these studies in cells expressing
the edited �3 compared with unedited �3 could be due to
fewer receptors on the cell surface. However, we cannot ex-
clude the possibility that editing at the I/M site might have
multiple functions. Even so, the reduced current amplitude
seen for the �3(M)-containing receptors could be at least
partly explained by reduced cell surface expression of the
�3(M) subunit.
The TM3 Segment in the � Subunits Is Important for Traf-

ficking of GABAA Receptors—As mentioned above, our results
suggest that the amino acid change from Ile to Met in TM3 of
the �3 subunit alters trafficking of the GABAA receptor. We
found that this effect on cell surface presentation was not spe-
cific for the �3 subunit. A mutation in the �1 subunit (I315M)
at the position corresponding to the �3 I/M site display re-
duced cell surface abundance similar to what was observed for
the �3(M) subunit. These findings support the preceding evi-
dence that the TM3 segment in � subunits is important for
receptor trafficking. It has previously been shown that the
mutation A322D in the �1 subunit reduces the cell surface
and the total amount of �1 (24, 29). This mutation in �1 is
situated only 5 amino acids downstream of the corresponding
I/M site in the �3 subunit. The edited residue in �3 is located
close to the extracellular transmembrane 2/3 linker. The
change from isoleucine to methionine maintains a highly hy-
drophobic nature of the region but might affect the shape of
the subunit and influence conformational stability of the re-
ceptor and/or the binding of GABAA receptor-interacting
proteins. It is also possible that this amino acid change affects
the interaction between the � and � subunits similar to what
was seen for the A322D mutation (24).
RNA editing has previously been shown to affect receptor

assembly. In addition to channel gating, Q/R as well as R/G
editing of GluA2 influences the assembly of the AMPA recep-
tor by reducing self-assembly of GluA2 homotetramers (46,
47). Therefore, editing at both sites shifts assembly of GluA2
to preferred heteromerization. Because R/G editing of GluA2
is developmentally regulated in a similar way as �3, subunit
heteromerization may be regulated with developmental pro-
gression (21, 48). Further, RNA editing has been shown to
reduce the ability to tetramerize in the squid Kv potassium
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channel (49). Thus, RNA editing is frequently used to control
receptor composition in neural receptors and thereby expand
the diversity within the complex nervous system.
In summary, our results suggest an important role for RNA

editing of the �3 subunit in balancing the spatial and tempo-
ral distribution of GABAA receptor subunits. This balance is
also important during neurogenesis to achieve the proper
subunit compositions required for essential changes in synap-
tic transmission.
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