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The inhibitory postsynaptic glycine receptor (GlyR) of
rat spinal cord is an oligomeric transmembrane protein
which forms an agonist-gated anion channel. Expression
in Xenopus oocytes of its mol. wt 48 000 subunit
generated glycine-gated chloride channels which were
analysed by voltage clamp. The agonist and antagonist
response properties as well as the desensitization
characteristics of these 48 kd subunit receptors resembled
GlyRs expressed from spinal cord poly(A)+ RNA. These
data indicate that the 48 kd subunit is capable of
assembling into a functional receptor homo-oligomer
which displays the pharmacology characteristic of the
spinal cord GlyR.
Key words: glycine receptor/chloride channelIXenopus
oocyte/strychnine/voltage clamp

Introduction
In vertebrates, the amino acid glycine mediates postsynaptic
inhibition of most sensory and motor pathways by increasing
the chloride conductance of the neuronal plasma membrane
(Curtis et al., 1968; Aprison and Daly, 1978). The plant
alkaloid strychnine blocks postsynaptic chloride currents
elicited by glycine and is a highly selective antagonist of the
inhibitory glycine receptor (GlyR) (Young and Snyder, 1973;
Betz and Becker, 1988). The mammalian GlyR has been
purified by affinity chromatography and shown to contain
two types of subunits of mol. wts 48 000 and 58 000, in
addition to a mol. wt 93 000 receptor-associated peripheral
membrane protein (Pfeiffer et al., 1982; Graham et al.,
1985; Becker et al., 1986; Schmitt et al., 1987). Photo-
affinity labelling experiments have localized the strychnine
binding site of the GlyR on the 48 kd polypeptide (Graham
et al., 1981, 1983; Pfeiffer et al., 1982). The 48 kd and
58 kd subunits are homologous transmembrane proteins
(Pfeiffer et al., 1984; G.Grenningloh and P.Prior, unpub-
lished) assembled in a pentameric core structure which forms
the glycine-gated chloride channel (Betz, 1987; Langosch
et al., 1988).

Injection of poly(A)+ RNA, isolated from mammalian
brain, into Xenopus oocytes results in incorporation of
functional GlyR into the oocyte membrane (Gundersen et al.,
1984; Houamed et al., 1984; Sumikawa et al., 1984).
Recently, the primary structure of the 48 kd GlyR subunit
has been deduced from cloned cDNA and shown to exhibit
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sequence and structural homology to nicotinic acetylcholine
and, in particular, to GABAA receptor polypeptides
(Grenningloh et al., 1987a,b; Schofield et al., 1987). From
protease digestion experiments (Graham et al., 1983) and
sequence analysis (Grenningloh et al., 1987a) the glycine-
and strychnine-binding sites of the GlyR have been assigned
to the extracellular N-terminal domain of this protein. To
show that the 48 kd polypeptide indeed carries receptor sites
for agonists and antagonists, we have investigated its
expression in heterologous cell systems. Here we show that
injection into Xenopus oocytes of a single RNA species
encoding the 48 kd subunit creates glycine-gated chloride
channels. These channels exhibit pharmacological and
functional characteristics typical of the GlyR produced by
expression of rat spinal cord poly(A)+ RNA.

Results
Expression of the 48 kd subunit in Xenopus oocytes
generates glycine-gated chloride channels
Synthetic mRNA encoding the 48 kd subunit of the GlyR
was generated by in vitro transcription of a recombinant
pSP64 vector containing a full-length 48 kd subunit cDNA.
This cDNA was assembled using oligonucleotides which
encoded translational initiation signals and a portion of the
signal peptide not present in the cloned cDNA sequence (see
Materials and methods). Xenopus oocytes were injected with
this RNA and, after 3-5 days, analysed for glycine
responses by voltage clamp.
Of 15 oocytes tested initially, 10 exhibited large (100 nA

up to several AA) inward currents at negative holding
potentials upon bath application of 250 (or 500) AM glycine
(Figure 1). Non-injected oocytes (n = 10) were glycine-
insensitive. No response was seen after exposure of injected
oocytes to millimolar concentrations of the neurotransmitter
amino acids glutamate and GABA (not shown). Glycine-
elicited currents produced at different holding potentials had
a reversal potential of -30 to -20 mV, which corresponds
to the equilibrium potential of chloride in oocytes. At hyper-
polarizing potentials beyond -50 mV the currents showed
marked rectification, consistent with the voltage dependence
of GlyR channel gating (Bormann et al., 1987; Faber and
Korn, 1987). These data indicate that the 48 kd subunit is
capable of forming functional GlyR, presumably via
assembly of a homo-oligomeric receptor protein.

Pharmacology of the 48 kd subunit GlyR
The channels formed upon expression of the 48 kd subunit
were activated not only by glycine, but also by the GlyR
agonists f-alanine and taurine (Barker and Ransom, 1978a;
Betz and Becker, 1988). As shown in Figure 2, the response
to glycine and 3-alanine of the 48 kd subunit receptor was
indistinguishable from that observed in oocytes injected with
poly(A)+ RNA isolated from rat spinal cord at postnatal
day 20 (P20). In both cases, half-maximal responses were
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Fig. 1. Current -voltage relation for glycine-induced currents in
Xenopus oocytes injected with 48 kd subunit RNA. (A) Membrane
currents elicited by 250 itM glycine, recorded from a well-responding
oocyte. Time-course and amplitude are indicated by bars. Downward
deflections denote inward current that reverses to outward current near
-30 mV. The holding potentials used are indicated in mV.
(B) Current-voltage relation for another oocyte exhibiting a smaller
response to 500 4M glycine. Measurements were obtained by stepping
the holding potential from -70 mV to indicated potentials 10 s prior
to superfusion with agonist. Glycine-activated membrane currents at
each potential were obtained after subtraction of leakage current.

obtained with 300-400 jtM glycine or 2 mM 3-alanine. In
all experiments, corresponding Hill coefficients were close
to n = 3 for glycine, and n = 1 for ,B-alanine (Figure 2).
A significant difference in agonist sensitivity of the two

types of receptors was found in case of taurine. In accord
with previous electrophysiological and ligand-binding data
(see Betz and Becker, 1988), taurine was the least efficient
agonist tested (Figure 3). Concentrations of > 5 mM were
required for half-maximal responses (Hill coefficient
n = 1.0 for 48 kd subunit channels; data not shown). A
consistently stronger relative response to taurine was
observed in oocytes injected with 48 kd subunit RNA than
in those injected with spinal cord poly(A)+ RNA prepar-
ations (Figure 3a,b). In addition, analysis of oocytes injected
with poly(A)+ RNA isolated from different developmental
stages revealed particularly low taurine responses with RNA
from newborn animals (Figure 3c). No significant dif-
ferences in the relative potency of f-alanine were observed
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Fig. 2. Membrane currents elicited by glycine and ,B-alanine in 48 kd
subunit RNA and spinal cord poly(A)+ RNA injected oocytes.
(A,B) Current responses to 500 AM glycine and 10 mM fl-alanine of
oocytes injected with 48 kd subunit RNA (A) and spinal cord (P20)
poly(A)+ RNA (B) respectively. All measurements were made at a
holding potential of -70 mV. Perfusion times are indicated by bars.
(C,D) Dose-response curves for glycine (C) and j3-alanine (D) of
oocytes injected with P20 poly(A)+ RNA (x) and 48 kd subunit RNA
(0). The data are plotted in semilogarithmic coordinates. Agonist
concentrations eliciting half-maximal responses (400 ,M for glycine
and 2 mM for 3-alanine) are indicated by arrows and are
indistinguishable for both types of RNA. Currents are normalized to
maximal responses observed at 10 mM glycine and 100 mM ,B-alanine
respectively. The insets show Hill plots of the same data indicating
Hill coefficients of about n = 3 for glycine and n = 1 for 3-alanine,respectively. This experiment was repeated six times on both oocyte
populations with similar results.

between the different RNA samples in the same oocytes.These data indicate partial agonist discrimination by the two
channel types investigated here and may reflect GlyR mRNA
heterogeneity in the spinal cord poly(A)+ RNA samples.

Superfusion of injected oocytes with both glycine and
taurine, or glycine and ,B-alanine, revealed unexpected inter-
actions between the different glycinergic agonists. In the
presence of taurine or ,B-alanine, glycine responses were
markedly reduced compared to those elicited by glycine alone
(Figure 4). Similarly, 13-alanine-induced currents were
inhibited by simultaneous taurine application (not shown).These inhibitory effects could not be attributed to enhanced
desensitization by the other agonist, as prior perfusion with
taurine (Figure 4a) or f-alanine (not shown) did not alter
subsequent glycine responses. Analysis of 3-alanine-(Figure 4b) and taurine- (not shown) mediated inhibition over
a range of glycine concentrations revealed that the second
agonist reduced apparent glycine affinities. These agonistinteractions were observed in oocytes injected with both
spinal cord poly(A)+ RNA (P0, P20, P40) and 48 kd
subunit RNA (Figure 4, and data not shown).

Strychnine is the classical antagonist of the mammalian
GlyR (Curtis et al., 1968; Young and Snyder, 1973). The
currents induced by glycine in injected oocytes were
efficiently blocked by 20-100 nM concentrations of the
alkaloid (Kd values 9-15 nM in different experiments).Comparable results were seen with 48 kd subunit RNA and
spinal cord poly(A)+ RNA (P20, P40) injections(Figure 5). Responses to 3-alanine and taurine were similarlystrychnine-sensitive (not shown). The response of 48 kd
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Fig. 3. Comparison of current responses to glycine, ,B-alanine and
taurine of oocytes injected with spinal cord (P20) poly(A)+ RNA (A)
and 48 kd subunit RNA (B) respectively. Responses were determined
at the indicated agonist concentrations using a holding potential of
-70 mV. Between agonist perfusions, oocytes were washed for 5 min
with Ringer solution. Control experiments confirmed that after this
washout period full agonist responses were recovered. The time-scale
shown is valid for (A) and (B). (C) Mean relative responses to ,B-
alanine and taurine of oocytes injected with different RNA
preparations. Responses to 500 jiM glycine, 10 mM ,B-alanine and
10 mM taurine were determined from records as shown in (A) and (B)
using oocytes injected with P0, P20 and P40 poly(A)+ RNA
preparations as well as with 48 kd subunit RNA. Current responses to
3-alanine and taurine are shown as a fraction of the response obtained

with 500 FM glycine and represent average values from 3-7 oocytes;
bars indicate minimal and maximal deviations.

subunit RNA injected oocytes was also antagonized by picro-
toxin, a drug known to block inhibitory GABAA receptor
channels (Olsen, 1982), but not [3H]strychnine binding to
spinal cord membranes (Graham et al., 1982). The inhibition
by picrotoxin occurred over a broader concentration range
than that mediated by strychnine (Figure 5), indicating that
these two antagonistic compounds act by different binding
mechanisms (Hill coefficients n = 1.4 for strychnine, and
n = 0.6 for picrotoxin). Addition of pentobarbital (0.24 or
2.4 mM), a drug which enhances inhibitory GABAA
responses (Barker and Ransom, 1978b), did not affect
responses of 48 kd subunit expressing oocytes to either
glycine (500 ytM), f3-alanine (10 mM) or taurine (10 mM).

Desensitization of glycine responses
In all injected oocytes, glycine currents exhibited a noticeable
decline during maintained agonist application at concen-
trations >300 ,uM (Figure 6). In several experiments, no

significant differences in this desensitization behaviour of
the channels expressed from 48 kd subunit (n = 9) and P0,
P20 or P40 spinal cord (n = 5) RNAs were found. The

kinetics of desensitization could be fitted by two exponential
functions characterized by time constants of 20-40 s and
250-350 s respectively. These time constants displayed no
measurable voltage sensitivity over the range of membrane
potentials tested (-120 to -50 mV). Furthermore, a similar
desensitization was seen upon superfusion of high concen-
trations of ,B-alanine (not shown). Apparently, desensitization
previously described for the GlyR of spinal cord neurons
(Barker and McBurney, 1979; Hamill et al., 1983) is
maintained upon expression of the ligand-binding 48 kd
GlyR subunit.

Discussion
Expression in Xenopus oocytes of a single GlyR subunit,
the 48 kd polypeptide, resulted in formation of glycine-gated
strychnine-sensitive chloride channels. The 48 kd subunit
thus harbours not only agonist and antagonist binding sites
as well as chloride-channel-forming domains, but is also
capable of assembling into a functional GlyR. Although co-
assembly with oocyte-derived polypeptide(s) cannot be
excluded, the resulting receptor channels probably represent
homo-oligomeric structures. In accord with this interpret-
ation, expression of the 48 kd subunit in mammalian cells
also results in incorporation of functional GlyR into the
plasma membrane (Sontheimer et al., 1989). Further-
more, biochemical and immunological (Pfeiffer et al., 1984)
as well as recent cDNA cloning data (G.Grenningloh and
P.Prior, unpublished) indicate considerable structural
homology of 48 kd and 58 kd GlyR subunits. Thus,
additional copies of the 48 kd polypeptide may substitute for
the 58 kd polypeptide in the pentameric channel core
structure of the GlyR (Langosch et al., 1988). Interestingly,
formation of functional receptor channels upon expression
of a single subunit in oocytes and mammalian cell lines has
also been observed for nicotinic acetylcholine (Boulter et al.,
1987) and GABAA (Blair et al., 1988; Pritchett et al.,
1988) receptor proteins. However, in these cases agonist
responses were much lower than those found here upon
expression of the 48 kd subunit. This may reflect a
particularly efficient assembly of 48 kd subunit homo-
oligomers and/or a higher conductance of homomeric glycine
receptor channels. Single-channel recordings will be required
to distinguish between these alternatives.
The efficient expression of 48 kd subunit GlyR observed

here raises the question whether homomeric forms of the
receptor might also exist in vivo. Indeed, biochemical data
indicate that the GlyR expressed in primary cultures of
embryonic mouse spinal cord may comprise only the
strychnine-binding subunit (W.Hoch, H.Betz and C.-M.
Becker, in preparation). Homo-oligomeric channel formation
as demonstrated in this study may also account for the recent
observation of different GlyR responses upon expression of
size-fractionated RNA samples isolated from different
regions of the rat central nervous system (Akagi and Miledi,
1988). In light of our data, oocyte expression studies using
size-fractionated mRNAs which encode multisubunit
channels (see Sumikawa et al., 1984) must be viewed with
some caution.
The pharmacological properties of the expressed 48 kd

subunit GlyR closely resemble those of the receptor encoded
by spinal cord poly(A)+ RNA. In particular, both types of
receptors displayed identical dose responses to the agonists
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Fig. 4. Inhibition of glycine-induced currents by taurine and 3-alanine. Oocytes injected with spinal cord (P0) poly(A)+ RNA (A) and 48 kd subunit
RNA (B) were superfused with 500 AM glycine, or 10 mM f-alanine or taurine, or combinations of these amino acids. Duration of agonist
application is indicated by bars. The traces shown in (A) and (B) represent subsequent recordings from the same oocytes. (B, right) Dose response
relation for glycine in the absence (U) and presence (0) of 700 jiM ,B-alanine. Amplitudes were normalized to maximal responses obtained at
10 mM glycine. Half-maximal responses to glycine are shifted from - 290 zM to 700 4M by addition of the second agonist.
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Fig. 5. Inhibition of glycine responses by strychnine (A,B) and
picrotoxin (C). Current responses to glycine (A,B: 500 jIM; C:
200 AM) of oocytes injected with spinal cord (P20) poly(A)+ RNA (B)
and 48 kd subunit RNA (A,C) were determined in the presence of the
indicated concentrations of antagonist as detailed under Materials and
methods. Data are plotted as fraction of the currents observed in the
absence of antagonist. Antagonist concentrations producing half-
maximal inhibition (IC50) are indicated by arrows (strychnine
30-40 nM, and picrotoxin -0.8 ltM). Holding potential was
-70 mV.

glycine and f-alanine as well as to the classical GlyR
antagonist strychnine. These data argue against the recently
postulated existence of a separate strychnine-sensitive
receptor for j3-alanine (Parker et al., 1988), but are
consistent with previous notions that responses to 3-alanine
and taurine may be exclusively mediated by GlyR and
GABAA receptors (Barker et al., 1982; Pfeiffer et al.,
1982; Choquet and Korn, 1988; Horikoshi et al., 1988a).
For taurine, another glycinergic agonist, higher responses

were obtained for homomeric 48 kd subunit receptors than
for receptors encoded by spinal cord poly(A)+ RNA. This
difference may reflect heterogeneity of 48 kd subunit mRNA
in spinal cord (Becker et al., 1988; M.L.Malosio and
G.Grenningloh, unpublished) or, less likely, a selective effect
of the 58 kd subunit on taurine affinity. However, although
ligand affinity rank order was preserved in oocytes for both
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Fig. 6. Desensitization of glycine-activated membrane currents in
Xenopus oocytes. (A) Oocyte injected with 48 kd subunit RNA.
(B) Oocyte injected with spinal cord (P20) poly(A)+ RNA. Oocytes
were continuously superfused with 500 zM glycine for 220 s.
Desensitization of current responses (b) became apparent after - 12 s
of agonist application. (Here, upward deflection denotes inward
current.) The observed decline in membrane current was fitted by two
exponential functions with time constants of 240 s (a) and 30 s (not
shown) respectively. Curve c simulates the desensitization current by
superposition of both e-functions. Holding potential was -70 mV.

receptor types, absolute agonist affinities were much lower
than seen for spinal cord GlyR both in ligand-binding studies
(for review see Betz and Becker, 1988) and in electro-
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physiological experiments (Barker and Ransom, 1978a;
Hamill et al., 1983; Bormann et al., 1987). Whereas studies
on cultures and membrane preparations from spinal cord
indicate Kd values of 10-100t4M for glycine, f-alanine
and taurine (Barker and Ransom, 1978; Pfeiffer et al., 1982;
Betz and Becker, 1988), half-maximal oocyte responses were
obtained at 300 1AM for glycine, 2 mM for f-alanine and
.5 mM for taurine respectively. Similar observations have
been made by others using expression of poly(A)+ RNA
preparations isolated from different regions of the rodent
central nervous system (Sumikawa et al., 1984; Carpenter
et al., 1988; Horikoshi et al., 1988a). This difference may
reflect particularities of the oocyte system and/or lack of
subunits and other components required for assembly and
post-translational modification of the receptor. However, no
differences were seen in antagonist affinity; the Ki of
strychnine calculated for inhibition of oocyte agonist
responses (- 12 nM) is almost identical to the Kd of
10 nM deduced from [3H]strychnine-binding experiments
(Betz and Becker, 1988).

Simultaneous exposure to glycine and taurine, or ,B-
alanine, disclosed a lack of synergism of the different GlyR
agonists. Rather, glycine responses were inhibited in the
presence of a second agonist. This inhibition cannot be
attributed to cross-desensitization as reported previously
(Horikoshi et al., 1988a), but reflects a lowering of apparent
glycine affinity by the other ligand. Interestingly, both taurine
and,B-alanine open oocyte-expressed GlyR channels in an
apparently non-co-operative fashion (Hill coefficient n = 1),
whereas glycine activation exhibits a steep concentration
dependence (n = 3). At least three ligand-binding subunits
may therefore co-operate during glycine-induced channel
opening, an interpretation consistent with a subunit
stoichiometry ofX3:2 deduced from crosslinking of affinity-
purified GlyR preparations (Langosch et al., 1988).
Consequently, taurine andj3-alanine probably affect glycine
responses by mutually exclusive binding resulting in abolition
of glycine co-operativity, as discussed for other allosteric
proteins (Rubin and Changeux, 1966). During preparation
of this manuscript, an inhibition of glycine responses by
taurine has also been reported for oocytes injected with brain
poly(A)+ RNA (Horikoshi et al., 1988b). Because of their
widespread occurrence, taurine and 3-alanine may serve as
physiological modulators of glycinergic transmission in
various regions of the central nervous system (see also
Aprison and Daly, 1978). It should be noted, however, that
presently no corresponding data are available for slice
preparations or primary cultures of spinal cord. Thus the
inhibitory agonist interactions discussed above could reflect
a special feature of the receptor expressed in oocytes.

Differences between the GlyRs expressed in oocytes and
spinal cord neurons exist for desensitization upon prolonged
agonist exposure. Both 48 kd subunit RNA and spinal cord
poly(A)+ RNA injected oocytes displayed a slow biphasic
desensitization of their glycine responses of rather similar
kinetics. Hence, desensitization is an intrinsic property of
the ligand-binding subunit of the GlyR. However, oocyte
GlyRs desensitized only poorly compared to the receptor of
embryonic spinal cord cultures. Whereas spinal cord
receptors exhibit efficient desensitization at glycine concen-
trations >20 p.M (Hamill et al., 1983), the oocyte response
declined only at agonist concentrations > 300 jiM, and after
several seconds of ligand occupation. This difference might

be attributed to the existence of different ligand-binding
subunits in neonatal (embryonic) and adult isoforms of the
GlyR (Becker et al., 1988). However, under the conditions
used here oocytes injected with poly(A) + RNA preparations
isolated from neonatal and adult spinal cord exhibited a
similar decline of agonist responses (V.Schmieden,
unpublished). Thus, the comparatively inefficient desensi-
tization of the oocyte-expressed GlyR probably reflects its
lower agonist affinity. Alternatively, neuron-specific
modifications which enhance desensitization may not occur
in oocytes. For isolated nicotinic acetylcholine receptor or
Torpedo electric organ, phosphorylation has been reported
to accelerate markedly the desensitization process (Huganir
et al., 1986). Similar modification reactions also might affect
functional properties and/or assembly of the GlyR.

Materials and methods
Isolation of poly(A)+ RNA
Total RNA was isolated from spinal cord and brain stem of newborn (P0),
young (P20) and adult (P40) rats using the method of Cathala et al. (1983).
Poly(A)+ RNA was selected by chromatography on oligo(dT)-cellulose
(Aviv and Leder, 1972).

Construction of transcription plasmid and preparation of 48 kd
subunit RNA
The cDNA clones GR 1-6 and GR 1-6-1 (Grenningloh et al., 1987a) encode
the entire mature 48 kd subunit and six amino acids of the authentic signal
peptide. A complete coding sequence was constructed in pSP64 by combining
the 67 bp EcoRI -HindlI and 425 bp HindIII fragments of clone GR 1-6-1
and the 892 bp HindIII-EcoRI fragment of clone 1-6 with synthetic signal
peptide, initiation codon and 5' untranslated sequences (Sontheimer et al.,
1989). In this construct, the EcoRI linker at the 5' end of clone GR
1-6-1 contributed three further amino acids, and the remainder of the signal
peptide was based on the corresponding sequence found in the bovine
GABAA receptor a subunit (Schofield et al., 1987). Additionally, a
consensus sequence surrounding the initiation codon (Kozak, 1984) and a
synthetic 5' untranslated sequence of 67 bp were inserted. The latter was
identical to the synthetic PstI fragment previously used to express GABAA
receptor a2 subunit in oocytes (Levitan et al., 1988). The resultant plasmid
was used for generating synthetic capped RNA transcripts according to
Melton et al. (1984) using a transcription kit (Boehringer).

Oocyte injection and electrophysiological recordings
Oocytes were obtained from anaesthetized adult Xenopus laevis, carefully
dissected and stored in sterile Barth's medium (Colman, 1984). Before
injection, the follicle cell layer was removed by treatment with 1 mg/ml
collagenase (type II, Sigma) for 1 h at 20° C followed by mechanical
disruption. Frozen aliquots of spinal cord poly(A)+ RNA were diluted with
water to a final concentration of 1 yg/Il, and of 48 kd subunit RNA to
0.2 isglsl. Volumes injected per oocyte were 100 nl for poly(A)+ RNA,
and 50 nl for 48 kd subunit RNA.

After 3-4 days of incubation at 19° C with daily changes of the medium,
current responses were measured by voltage clamp under continuous super-
fusion (0.3 ml/s) with frog Ringer solution. For determining dose-response
relations, superfusion was switched to desired concentrations of glycine,
,B-alanine or taurine in Ringer solution. Effects of antagonists were recorded
after superfusing the oocytes with strychnine or picrotoxin 1 min prior to
addition of agonist. In all experiments the oocytes were washed for 3-5 min
before agonist readdition. The two microelectrodes used for voltage clamping
were filled with 3 M KCI and had a resistance of 0.5-1 MOhm. For data
analysis, currents were recorded by a video-recorder (,3-system) and digitally
stored on a personal computer.
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