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Abstract

Responses to glycine, a major inhibitory neurotransmitter within the nervous system, are mediated by glycine receptors (GlyRs).
Here, we report the cloning and analysis of a novel splicing variant of the GlyRa1 subunit. This variant, named GlyRa1del, has a
truncated cytoplasmic region between transmembrane domains (TM)3 and TM4, and compared to other variants, the truncation is
contributed by a different acceptor site in exon 9. We transfected GlyRa1 or GlyRa1del into HEK293 cells, and then examined the
glycine-activated currents using a whole-cell patch-clamp recording technique. Maximal currents and current–voltage relationships
showed no clear difference between GlyRa1del and GlyRa1. Moreover, dose–response curves indicated that the EC50 values for gly-
cine differed significantly between the two GlyRa1 derivatives, although their Hill coefficients were similar. When present with other
isoforms, GlyRa1del might alter the response to glycine or to other agonists, as this variant expands the potential heterogeneity
among glycine receptors.
� 2004 Elsevier Inc. All rights reserved.
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Glycine, a major inhibitory neurotransmitter within
the mammalian central nervous system, targets glycine
receptors (GlyRs). The GlyRs are examples of ligand-
gated ion channels that conduct Cl� ions and mediate
fast inhibition [1,2]. In general, GlyRs are presumed to
form heteromeric pentamers consisting of three a sub-
units and two b subunits. The a subunits exist in three
isoforms with different primary sequences and different
developmental expression patterns in the rat brain,
expression of the a2 subunit being predominantly
embryonic while those of the a1 and a3 subunits
(GlyRa1 or GlyRa3, respectively) increase with postna-
tal development [3–5]. The a1 subunit has been well
characterized because of its involvement in human star-
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tle disease, hyperekplexia [6–8]. Like other ligand-gated
ion channels, GlyRa1 has four transmembrane do-
mains, TM1–TM4. Commonly, such ligand-gated ion
channels have a short intracellular loop between TM1
and TM2, while the cytoplasmic loop between TM3
and TM4 is relatively long. For some ligand-gated ion
channels, the latter region has been shown to contain
elements involved in the recognition and binding of var-
ious cytoplasmic proteins and cytoskeleton-linking ele-
ments (e.g., acetylcholine receptors interact with
rapsyn [9,10], a cytoskeleton-binding element, whereas
GlyRb bind the tubulin-binding protein, gephyrin
[11]). In several other ligand-gated ion channels, this re-
gion contains modulatory sites [1,12]. The above reports
imply that the intracellular loop between TM3 and TM4
is important for channel function.

In this study, we report the cloning of rat GlyRa1del,
a novel isoform of GlyRa1, which by comparison with
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the wild-type receptor, has a different acceptor site in
exon 9 with a 90 bp deletion, resulting in a 30 a.a. dele-
tion within the cytoplasmic region between TM3 and
TM4. Our functional characterization of this receptor
revealed some alterations in pharmacological properties,
and so to distinguish the mutant GlyRa1 from the wild-
type receptor, we term the latter ‘‘GlyRa1WT.’’
Materials and methods

Cloning and plasmid construction. The total cellular RNA from
adult male Sprague–Dawley rat whole brains was obtained using
Isogen (Nippongene) according to the manufacturer�s protocols. Sin-
gle-strand cDNA synthesis was then performed using Superscript II
(Invitrogen) according to the manufacturer�s protocols. The polymer-
ase chain reaction (PCR) was performed to obtain full-length rat
GlyRa1 using two oligonucleotide primers (forward: 5 0-ggggaattcatg
tacagcttcaacactctg-30, reverse: 5 0-gggctcgagtcacttgttgtggacgtcctct-30),
with the above cDNA as a template. The PCR products were elec-
trophoresed, purified, and cloned into the pGEM-T vector (Promega).
The nucleotide sequences of these PCR products were determined
using an ABI 3100 (Applied Biosystems).

The EcoRI–XhoI fragments of GlyRa1WT and GlyRa1del were
subcloned into both pCMV-Tag2B (Stratagene) and pCDNA3
(Invitrogen).

Cell cultures and transient transfection. HEK293 and COS-7 cells
were maintained in Dulbecco�s minimum essential medium (Sigma)
supplemented with 10% fetal bovine serum at 37 �C in a CO2

incubator. Cells grown on 35-mm culture plates were transfected
using Lipofectamine (Invitrogen) with 0.9 lg of each cDNA.
Simultaneous cotransfection of 0.1 lg of enhanced green fluorescent
protein (EGFP; Clontech) or CD8 reporter cDNA was performed to
enable detection of transfected cells at the time of electrophysio-
logical recording. EGFP-positive cells were visually identified using
a fluorescence microscope (ECLIPSE E600FN; Nikon), and CD8-
positive cells were identified following brief incubation with micro-
spheres coated with an antibody against CD8 antigen (Dynal
Biotech).

Immunoblotting. Samples were resolved by sodium dodecyl sulfate
(SDS)–polyacrylamide gel electrophoresis (PAGE), followed by
electrotransfer to polyvinylidene difluoride membranes. For visuali-
zation, blots were probed with anti-Flag antibody (Sigma), and de-
tected using horseradish peroxidase-conjugated secondary antibody
(Bio-Rad) and an ECL kit (Amersham–Pharmacia Biotech).

Immunofluorescence staining. Transfected cells on coverslips were
fixed using 4% paraformaldehyde in phosphate-buffered saline (PBS),
followed by permeation in PBS containing 0.2% Triton X-100. The
cells were then incubated first with anti-Flag antibody and then with
Texas red-conjugated secondary antibody (Molecular Probes). For
DNA staining, cells on coverslips were incubated with 1 lg/ml of 4 0,6-
diamidino-2-phenylindole (DAPI) (Sigma). Fluorescent images were
analyzed using fluorescence microscopy.

Electrophysiological measurements. Whole-cell recordings were
obtained from HEK293 cells 2–3 days after transfection. The prepa-
ration was continuously superfused (�1 ml/min) at room temperature
(22–25 �C) with an external solution containing (in mM) 150 NaCl, 5
KCl, 2 CaCl2, 2 MgCl2, 10 glucose, and 10 Hepes (pH 7.3, adjusted
with NaOH). Membrane currents were recorded at a �45 mV mem-
brane potential using an Axopatch 1D amplifier, and digitized at 5–
10 kHz by means of a Digidata 1332A data-acquisition system (Axon
Instruments). Pipettes made from borosilicate glass with a 1.5-mm
outer diameter (Narishige) were filled with a solution containing (in
mM) 130 CsCl, 2 MgCl2, 0.5 EGTA, 3 Mg(ATP)2, 0.4 GTP, and 10
Hepes (pH 7.2, adjusted with CsOH).
Glycine was dissolved in the bath solution and rapidly applied to
the cells. The EC50 value and Hill coefficient (n) for glycine-activated
currents in individual cells were calculated by fitting data using a non-
linear least-squares algorithm to the Hill equation:
I=Imax ¼ ½G�n=ðECn

50 þ ½G�nÞ, where I is the magnitude of the peak
current elicited by a concentration [G] of glycine, and Imax is the
magnitude of the maximum peak current elicited by a saturating
concentration of glycine. The data were fitted using KyPlot software
(Kyence).

Statistical analysis. Data are presented as means ± SEM. A two-
tailed unpaired Student�s t test was used, with statistical significance set
at p < 0.05.
Results

Cloning of a novel cDNA

Both a truncated splicing variant of GlyRa1
(GlyRa1del: GenBank Accession No. AY827463) and
full-length GlyRa1 (GlyRa1WT: GenBank Accession
No. D00833) were cloned from adult rat brain cDNA.
Fig. 1A shows the deduced amino acid sequence align-
ment for GlyRa1WT, GlyRa1del, and GlyRa1ins (which
was reported by Malosio et al. [13]). The present dele-
tion does not cause a frame shift, and GlyRa1del lacked
a part of the cytoplasmic loop between transmembrane
regions TM3 and TM4. A comparison of the cDNA se-
quence with the rat genome (GenBank Accession No.
NW042655) indicated that this cDNA clone contains a
truncated exon 9 with a different acceptor site from
those in GlyRa1WT and GlyRa1ins (Fig. 1B).

Immunoblots of cell extracts of COS-7 cells tran-
siently transfected with constructs tagged with Flag epi-
tope revealed that, as expected, GlyRa1del was capable
of expression in such cells, and that its molecular weight
was �3 kDa lower than that of GlyRa1WT (Fig. 2A).
When the cDNA for GlyRa1del was expressed in COS-
7 cells, immunofluorescence analysis showed that the
GlyRa1del was present in the cytoplasmic region, in
which membrane proteins have previously been ob-
served [14] (Fig. 2B). Similar results were obtained for
GlyRa1WT (data not shown).

Functional expression of GlyRa1del in HEK293 cells

To explore the functional properties of GlyRa1del,
cDNAs were expressed in HEK293 cells (because heter-
ologous expression of the homomeric GlyRa1 in
HEK293 cells generates glycine-gated chloride currents
[15]). Whole-cell current responses were of similar mag-
nitude for GlyRa1del and GlyRa1WT (Fig. 3A and
Table 1). The concentration-dependence of the whole-
cell current amplitude gave similar values for the Hill
coefficient, but significantly different EC50 values be-
tween the two channels (Fig. 3B and Table 1).

Next, the voltage was stepped from �60 to 20 mV at
10 mV intervals while isometric Cl� and glycine were ap-



Fig. 1. Sequence analysis of rat GlyRa1 variants. (A) Alignment of proteins potentially translated from the truncated rat GlyRa1 (GlyRa1del)
subunit mRNA, compared to the wild-type (GlyRa1WT) and an inserted variant (GlyRa1ins). The four putative transmembrane domains (TM1–
TM4) are underlined. (B) Sequence around the border of the acceptor site of exon 9 of rat GlyRa1 derivatives. Each arrow shows an acceptor site in
exon 9 within the indicated splicing variant of GlyRa1. The sequence in exon 9 of GlyRa1ins is underlined.
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plied to GlyRa1 derivative-expressing cells. For each
receptor, the current reversed polarity at around 0 mV
(GlyRa1WT, 3.9 ± 3.7 mV, n = 4; GlyRa1del,
�1.3 ± 4.3 mV, n = 4; Fig. 4), and there was no signifi-
cant difference between these values (p = 0.20). The
above values are similar to the theoretical reversal po-
tential of Cl� (�5.8 mV), suggesting that the expressed
GlyRa1s function as Cl� channels. Furthermore, over
the range �60 to 20 mV, a similar linearity was observed
in the two current–voltage relationships (Fig. 4).



Fig. 3. Dose–response characteristics of GlyRa1WT and GlyRa1del.
(A) Concentration-dependence of glycine-induced whole-cell currents
in HEK293 cells transiently transfected with GlyRa1WT or GlyRa1del.
Numbers above traces denote glycine concentration in micromolar.
Membrane potentials were held at �45 mV. (B) Dose–response curves
for GlyRa1WT and GlyRa1del. Peak currents were normalized to the
value obtained using 1000 lM glycine. Open and closed symbols
correspond to GlyRa1WT (n = 6) and GlyRa1del (n = 9) channels,
respectively. Values are means ± SEM.

Fig. 2. Biochemical and immunocytochemical features of GlyRa1del.
(A) Immunoblot of Flag-tagged GlyRa1WT and GlyRa1del expressed
in COS-7 cells. Total cell lysates from COS-7 cells were resolved by
15% SDS–PAGE and then processed for immunoblotting with anti-
Flag antibody. (B) Localization of Flag-tagged GlyRa1del recombinant
protein. COS-7 cells were transiently transfected with Flag-tagged
GlyRa1del expression vector for 24 h, stained using anti-Flag antibody
and DAPI for nuclear staining, and then observed under the
fluorescence microscope. Similar results were obtained from Flag-
GlyRa1WT-expressing cells (data not shown). Scale bar, 25 lm.

Fig. 4. Current–voltage plots for glycine currents. Representative
traces and current–voltage plots of whole-cell currents recorded over
the voltage range �60 to 20 mV from GlyRa1WT- and GlyRa1del-
expressing cells. Traces show typical currents induced by 100 lM
glycine application. The reversal potentials (GlyRa1WT,
3.9 ± 3.7 mV, n = 4 vs GlyRa1del, �1.3 ± 4.3 mV, n = 4; p value =
0.20) and the non-rectifying profiles were similar between the two
channels. Values are means ± SEM.

Table 1
Functional properties of GlyRa1 derivatives

Subunit EC50

(lM)
n Maximal response

(pA)
No. of
cells

GluRa1WT 43.3 ± 7.5 2.7 ± 0.2 2720 ± 210 6
GlyRa1del 71.5 ± 3.4 2.8 ± 0.1 2190 ± 240 9

The sigmoid dose–response curves in Fig. 3B were fitted to the Hill
equation, I=Imax ¼ ½G�n=ð½G�n þ ECn

50Þ, where I/Imax represents nor-
malized current, EC50 is the glycine concentration eliciting a half-
maximal response, [G] is the glycine concentration, and n is the Hill
coefficient. Values are means ± SEM. The EC50 values are significantly
different (p = 0.002).
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Blocking by some GlyR antagonists

Several blockers are known for GlyRs. When glycine
at 100 lM was applied to GlyRa1del-expressing cells
after preincubation with 1 lM strychnine, a GlyR
blocker, glycine-induced currents were blocked almost
completely (Fig. 5A). The dose-dependent blocking ef-
fects of strychnine were similar between GlyRa1WT
and GlyRa1del (Fig. 5B). Other GlyR antagonists, picro-
toxin and picrotoxinin (each at 100 lM), also inhibited
the GlyRa1del-mediated current (Fig. 5B).
Discussion

In the present paper, we first revealed the existence of
another truncated splicing variant of GlyRa1 in adult



Fig. 5. Effects of glycine-receptor blockers on recombinant GlyRa1
derivatives. (A) Strychnine-sensitivity of GlyRa1del. Glycine-induced
currents were recorded in GlyRa1del-expressing cells with (right) or
without (left) 1 lM strychnine. Strychnine was applied 30 s before
application of glycine. (B) Pharmacological properties of GlyRa1
derivatives. Glycine (100 lM)-induced currents were recorded in
GlyRa1WT- or GlyRa1del-expressing cells in the presence of various
glycine-receptor antagonists as indicated. Values are means ± SEM
(number of experiments is indicated above each column).
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rat brain, and we functionally expressed it in HEK293
cells. The mRNA of the truncated form has a back-
ward-transferred acceptor site in exon 9, resulting in a
30 a.a. deletion of the GlyRa1WT sequence. A previ-
ously reported GlyRa1 splicing variant, GlyRa1ins, is
also known to have an altered acceptor site in exon 9
[13], suggesting that this site may be an easy target for
alternative splicing. This might be applicable to other
members of the superfamily, because a similar event
has been reported for both GlyRa3 and 5-HT3 receptors
[16,17]. In some members of the superfamily, such as
acetylcholine receptors, the region between TM3 and
TM4 is thought to play an important role in the intracel-
lular regulation of the receptor. In GlyRa1, this region
contains the site phosphorylated by protein kinase C,
which modulates its function. Although the directly
phosphorylated site is not involved in the area deleted
from GlyRa1del, the absence of this region might change
the effect of the modulation. In addition, other type of
modulation could be affected by the deletion because
the channel properties of GlyRa1 can be modulated
by both PKA and G-protein [18,19].

The a-subunits of GlyRs form functional homomeric
channels in culture cells and/or Xenopus oocytes [18]. In
the present study, we observed that GlyRa1del is func-
tional since it generated current upon activation by gly-
cine. Under our conditions, both the peak amplitude
and the Hill coefficient of GlyRa1del were comparable
to those obtained for GlyRa1WT, while the EC50 of
the former was significantly higher. Similar results have
been obtained for GlyRa3, in which the short form
showed a left-shifted EC50 value when compared with
the longer form [20].

Unfortunately, we were not able to explore the regio-
nal distribution of GlyRa1del. Rat brains were separated
into several parts, and RT-PCR was performed to detect
GlyRa1s. However, the mRNAs for GlyRa1del and
GlyRa1ins were not detected in any region (data not
shown). This suggests that these isoforms may be pres-
ent in only small amount in rat brain. The specific role
played by GlyRa1del within the nervous system remains
to be explored.
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