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Glycine receptors are chloride-permeable, ligand-gated ion
channels and contribute to the inhibition of neuronal firing in
the central nervous system or to facilitation of neurotransmitter
release if expressed at presynaptic sites. Recent structure-func-
tion studies have provided detailed insights into the mecha-
nisms of channel gating, desensitization, and ion permeation.
However, most of the work has focused only on comparing a few
isoforms, and among studies, different cellular expression sys-
tems were used. Here, we performed a series of experiments
using recombinantly expressed homomeric and heteromeric
glycine receptor channels, including their splice variants, in the
same cellular expression system to investigate and compare
their electrophysiological properties. Our data show that the
current-voltage relationships of homomeric channels formed by
the �2 or �3 subunits change upon receptor desensitization
from a linear to an inwardly rectifying shape, in contrast to their
heteromeric counterparts. The results demonstrate that inward
rectification depends on a single amino acid (Ala254) at the inner
pore mouth of the channels and is closely linked to chloride
permeation. We also show that the current-voltage relation-
ships of glycine-evoked currents in primary hippocampal neu-
rons are inwardly rectifying upon desensitization. Thus, the ala-
nine residue Ala254 determines voltage-dependent rectification
upon receptor desensitization and reveals a physio-molecular
signature of homomeric glycine receptor channels, which pro-
vides unprecedented opportunities for the identification of
these channels at the single cell level.

Glycine receptors (GlyRs)5 are chloride-permeable, ligand-
gated ion channels (LGICs) that contribute to synaptic commu-
nication in the central nervous system (1, 2). GlyRs are involved

in locomotion and the processing of visual, acoustic, and sen-
sory signals. Aberrant function is associated with neuropathic
pain and hyperekplexia (startle disease) as well as the patho-
physiology of temporal lobe epilepsy and autism spectrum dis-
order (3–7). The family of GlyRs comprises five genes in
humans: GLRA1– 4, coding for the subunits GlyR �1– 4, and
GLRB, coding for GlyR � (2, 8). Each GlyR subunit is composed
of four transmembrane domains (TM1– 4) and extracellular N
and C termini. Amino acids contributing to the glycine binding
site are located in the large extracellular N-terminal domain,
whereas the intracellular linker between TM3 and TM4 hosts
several signaling domains and phosphorylation sites (8). Func-
tional GlyR channels are either homopentamers formed by five
identical � subunits or heteropentamers formed by � and �
subunits at a 2:3 stoichiometry (9, 10). GLRA4 is a pseudogene
(8). Compared with other members of the LGIC superfamily,
the subunit diversity of GlyRs is rather moderate, but posttran-
scriptional modifications generate a broad diversity. Alterna-
tive splicing of the large TM3-TM4 loop in �1 subunits leads to
two GlyR �1 variants, �1Ins and �1�Ins, which differ from each
other in the presence or absence of an eight-amino acid insert
(SPMLNLFQ), respectively (11). Likewise, two �3 variants, �3K
and �3L, are generated by alternative splicing of GlyR �3 exon
8A (TEAFALEKFYRFSDT) located in the TM3-TM4 loop (12).
For GlyR �2, alternative splicing of exon 3 generates two differ-
ent receptor variants that differ by two amino acids (�2A (IA)
and �2B (VT)) in the extracellular ligand binding domain (13).

To investigate GlyRs on a splice-specific level, detailed infor-
mation about functional properties of each channel variant is
needed. The electrophysiological properties of GlyR channels
have been studied in various overexpression systems, including
HEK293 cells and Xenopus laevis oocytes. Most likely due to the
different cellular expression systems and cellular intrinsic sig-
naling profiles, the apparent glycine affinity of the different
homo- and heteromeric channel variants, for example, varies
largely between 10 and 300 �M (8, 14 –18). Hence, a study that
compares all the GlyR variants in the same cellular context and
using the same experimental setup is required to provide unam-
biguous information about the functional properties of differ-
ent GlyR isoforms. A hallmark of all LGICs, including GlyRs, is
the desensitization of currents in the continuous presence of a
ligand, a mechanism that assures and shapes fast synaptic trans-
mission (19). GlyR desensitization is a complex process that
involves slow and fast decay components (1). Compared with
the closely related GABA type A receptors (GABAAR), GlyRs
desensitize relatively slowly (0.5–11 s) (1, 12, 18). Here again,
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time course and decay half time of desensitization underlie
large cell-to-cell variability (20) due to many different parame-
ters that may influence the kinetics, such as ligand concentra-
tion (16), the phosphorylation state of the intracellular TM3-
TM4 loop (16, 20), or the membrane potential (1, 21, 22). GlyR
are basically selective for Cl� but also permeable to other
anions and even to cations (23–28). Due to anomalous mole
fraction effects on ion conductance, it has further been sug-
gested that GlyRs are multi-ion channels with at least two ion
binding sites in the channel pore (23, 24). The GlyR pore is
formed by the TM2 helices from five channel-forming GlyR
subunits. The narrowest point within the pore is located at the
intracellular pore mouth and formed by the 2�-Pro and 9�-Leu
residues within TM2 (29). Interestingly, amino acids from this
region are involved not only in selectivity of GlyR to Cl�, but
also in determining its desensitization kinetics (18).

A current-voltage (IV) relationship characterizes and identi-
fies an ion channel. Characteristic IV relationships were iden-
tified for many homo- and heteromeric ion channels, including
members of the transient receptor potential (TRP) channel
family (30, 31). However, in the case of GlyRs, detailed informa-
tion about isoform-specific characteristics of IV relationships is
not available, especially for �2- and �3-containing GlyRs that
are involved in neuropathic pain, temporal lobe epilepsy, and
autism spectrum disorder (3– 6). Here, using the same
(HEK293T) cellular expression system and the same experi-
mental setup, we reveal essential information about character-
istic IV relations of recombinant homomeric GlyR �2 and �3
channels. The results show that, upon receptor desensitization,
the IV relationship switches from a linear behavior to an
inwardly rectifying shape, in contrast to homomeric GlyR �1 or
heteromeric GlyR �2/� or �3/� channels, where IV relation-

ships remain linear. Furthermore, GlyR �2 and �3 IV rectifica-
tion is dependent on a single amino acid at the inner pore
mouth and closely linked to Cl� permeation. This characteris-
tic electrophysiological IV signature of homomeric GlyR �2
and �3 channels was also found in primary hippocampal neu-
rons with preponderant GlyR �2 protein expression. Thus, our
study not only provides useful information about the physio-
molecular signature of GlyR channels and their identification in
native cells but also may help in understanding the complex
nature of maladaptive forms of neuronal plasticity in neuro-
pathic pain, autism spectrum disorder, and temporal lobe
epilepsy.

Results

Current-Voltage Relationships of Desensitized GlyR �3L Are
Inwardly Rectifying—The electrophysiological properties of
GlyR �3L were investigated in whole-cell patch clamp record-
ings on HEK293T cells transiently transfected with the cDNA
of the receptor subunit. In agreement with previous publica-
tions, application of glycine elicited inward currents at �50 mV
in a concentration-dependent manner (Fig. 1A). The time
courses of glycine-evoked currents were characteristic in terms
of a fast increase that was followed by a slow decline toward a
steady state level, which is referred to as receptor desensitiza-
tion. Note that although considered as inward current by con-
vention, the Cl� flux through GlyR �3L at �50 mV is actually
directed outwardly. When glycine was removed from the bath
solution, currents returned to baseline levels. The specificity of
glycine-induced currents through GlyR �3L was further con-
firmed by application of the competitive antagonist strychnine
(10 �M), which completely and reversibly blocked GlyR �3L

FIGURE 1. Properties of glycine-evoked currents through GlyR �3L. A, time course of currents at �50 mV evoked by 1000 �M (left), 100 �M (middle), and 10
�M (right) glycine in a whole-cell patch clamp experiment on a HEK293T cell transiently transfected with GlyR �3L. Inset images illustrate the recorded cell under
fluorescence (GFP) and transmission (phase-contrast) illumination. Scale bar, 20 �m. B, non-transfected HEK293T cells did not respond to glycine application
(top). Application of 10 �M strychnine reversibly blocked glycine-evoked currents in HEK293T cells transfected with GlyR �3L cDNA (bottom). C, expanded view
of a GlyR �3L response to 1000 �M glycine. IV relationships at the indicated time points (1– 4) are shown in D. D, IV relationships of homomeric GlyR �3L channels
during current desensitization in response to 1000 �M glycine. Note that the IV relationships at peak are linear and become inwardly rectifying upon
desensitization. E, averaged IV relationships of homomeric GlyR �3L channels upon desensitization and in response to 1000 �M glycine (n � 12). All IV
relationships were normalized to the currents at �150 mV before merging. F, averaged IV relationships of homomeric GlyR �3L channels upon desensitization
and in response to 100 �M glycine (n � 10). All IV relationships were normalized to the currents at �150 mV before merging and to the peak currents of
responses at 1000 �M glycine after merging. G, summary of the potentials at which the maximal IV outward currents were determined (V(Imax)), for currents
evoked with 30, 100, and 1000 �M glycine. H, summary of the rectification index (�I�150 mV/I�150 mV) for currents through GlyR �3L homomers evoked with 30,
100, and 1000 �M glycine. Error bars, S.E.
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responses to 1000 �M glycine (Fig. 1B, bottom). Non-trans-
fected HEK293T cells did not respond to glycine (Fig. 1B, top).

IV relationships of GlyR �3L were determined at different
time points of receptor activation by applying voltage ramps
ranging from �150 to �150 mV (600 ms) every 5 s. As expected
for a Cl� channel, each IV relationship of GlyR �3L reversed
close to the Nernst potential for Cl� (�2.3 mV). Instantly after
glycine administration, IV relationships of GlyR �3L were lin-
ear (Fig. 1, C and D) but, interestingly, became inwardly recti-
fying upon desensitization. To quantify this rectification, we
analyzed IV relationships obtained 25–30 s after glycine appli-
cation, a time point at which homomeric GlyR �3L channels
were in a steady state because the time constant of desensitiza-
tion was 5.3 � 1.1 s (n � 13; monoexponential fit of time
courses at �50 mV; see Table 1). The following parameters
were extracted from these IVs: �I�150 mV/I�150 mV, which is a
measure of the extent of IV rectification, and V(Imax), which
gives the membrane potential at which the outward currents
start to decline. Thus, a channel displaying a perfectly linear IV
relationship (reversing at 0 mV), which exerts no rectification
and no decline in conductance at positive potentials, had
parameters of �I�150 mV/I�150 mV � 1 and V(Imax) � 150 mV.
For desensitized GlyR �3L, �I�150 mV/I�150 mV was 0.17 � 0.04
(n � 12), and V(Imax) was 80.9 � 8.2 mV (n � 12), indicating
that the outward currents at �150 mV were nearly 7 times
smaller than the inward currents at �150 mV and that this
voltage-dependent decrease in conductance started at around
�75 mV (Fig. 1D and Table 2). Interestingly, after submaximal
activation of GlyR �3L with only 30 or 100 �M glycine, the IV
inward rectification and the decline of conductance at positive
potentials disappeared, and the IV relationships were rather
linear (Fig. 1, E–H).

Determinants of GlyR �3L Rectification—We investigated
whether an open channel block by intracellular Mg2� or Ca2�

could be responsible for the reduced conductance of GlyR �3L
at positive membrane potentials. A similar mechanism has
been elucidated for other ion channels e.g. inward rectifier
potassium channels (Kir), where inward rectification depends
on a highly voltage-dependent block by intracellular Mg2� and
organic polyamines (32–34). However, in the case of GlyR �3L,

there was no change in the shape of the IV relationships when
using Ca2�- and Mg2�-free pipette solutions containing 10 mM

HEDTA (Fig. 2, A and C). Consequently, rectification
(�I�150 mV/I�150 mV � 0.21 � 0.10, n � 4; p � 0.5899) and
V(Imax) (79.9 � 23.5 mV, n � 4; p � 0.9591) were similar to
those in the experiments with standard pipette solution, indi-
cating that an open channel block by intracellular divalent cat-
ions is unlikely to be responsible for the inward rectification.

To study the mechanisms of GlyR �3L rectification further,
we considered the possibility that Cl� permeation through
GlyR �3L is limited at positive potentials. To address this
option, we performed recordings on GlyR �3L using low intra-
cellular Cl� concentrations and applied 1000 �M glycine. As
shown in Fig. 2, B and C, inward rectification was still present
under these conditions; however, V(Imax) (28.1 � 1.1 mV, n �
5) was strongly shifted toward more negative potentials.
Intriguingly, when compared with high Cl� pipette solutions,
the shift of V(Imax) was similar to the shift of the reversal poten-
tial (�42.0 � 2.1 mV, n � 5; Fig. 2C), indicating that the
decrease in GlyR �3L conductance at positive membrane
potentials is related to diminished Cl� permeation at these
membrane potentials.

IV Rectification Identifies Homomeric GlyR�2 and GlyR�3
Channels—We next studied the characteristics of different
RNA splice variants of homomeric GlyR �1, GlyR �2, and GlyR
�3 channels and compared their major properties with those of
GlyR �3L. As shown in Fig. 3, each of the investigated isoforms
responded to the application of glycine. All data on concentra-
tion-response curves and desensitization kinetics can be found
in Table 1, and the parameters extracted from IV relationships
are summarized in Table 2. Like GlyR �3L, the IV relationships
of homomeric GlyR �2- and �3-containing channels were
inwardly rectifying upon desensitization, whereas GlyR �1
channels displayed linear IV relationships. We also investigated
GlyR �2/� and GlyR �3/� heteromeric channels. The � subunit
was previously shown to influence not only the subcellular
expression of GlyRs but also their biophysical properties. In our
experiments, when comparing homomeric and heteromeric
GlyR, the � subunit-containing channels generally tended to
have lower affinities (EC50) and smaller cooperativities (nH) for

TABLE 1
Electrophysiological properties of GlyR channels at �50 mV
I1000 gly, peak, average amplitudes of peak currents through the indicated GlyR channels in whole-cell patch clamp recordings at �50 mV evoked by 1000 �M glycine. EC50, peak
and nH, peak, EC50 values and Hill coefficients of peak currents through the indicated GlyR channels in whole-cell patch clamp recordings at �50 mV. �1000 gly, averaged time
constants of decay of currents through the indicated GlyR channels evoked by 1000 �M glycine. Values were determined by a monoexponential fit of the time courses at �50
mV. I1000 gly, desens., Average amplitudes of peak currents through the indicated GlyR channels in whole-cell patch clamp recordings at �50 mV evoked by 1000 �M glycine.
EC50, desens. and nH, desens., EC50 values and Hill coefficients of desensitized currents through the indicated GlyR channels in whole-cell patch clamp recordings at �50 mV.
Current amplitudes were extracted from the time courses at �50 mV 25–35 s after glycine application. Numbers in parentheses indicate the number of experiments (n).

GlyR I1000 gly, peak EC50, peak nH, peak �1000 gly I1000 gly, desens. EC50, desens. nH, desens.

pA �M s pA �M

�1�INS �4352 � 691 (9) 55.3 � 8.5 (7–9) 1.2 � 0.2 (7–9) 8.3 � 2.5 (8) �821 � 121 (9) 36.9 � 9.0 (7–9) 0.8 � 0.2 (7–9)
�1INS �5782 � 561 (6) 65.4 � 4.1 (4–6) 1.8 � 0.2 (4–6) 6.6 � 2.0 (5) �1328 � 114 (6) 30.3 � 4.6 (4–6) 1.8 � 0.5 (4–6)
�2A �3741 � 506 (12) 70.0 � 1.8 (5–12) 2.1 � 0.1 (5–12) 6.3 � 1.0 (9) �921 � 120 (12) 35.8 � 0.2 (5–12) 1.7 � 0.0 (5–12)
�2B �1998 � 357 (11) 22.4 � 1.6 (10–11) 1.6 � 0.2 (10–11) 10.1 � 1.8 (8) �578 � 106 (11) 43.6 � 18.1 (10–11) 0.8 � 0.3 (10–11)
�2A� �3255 � 722 (6) 155.0 � 12.9 (4–6) 2.2 � 0.4 (4–6) 7.0 � 0.8 (6) �755 � 185 (6) 146.6 � 37.5 (4–6) 1.5 � 0.5 (4–6)
�2B� �3796 � 338 (5) 55.3 � 8.5 (4–5) 1.2 � 0.2 (4–5) 7.1 � 1.8 (4) �896 � 162 (5) 36.9 � 9.0 (4–5) 0.8 � 0.2 (4–5)
�3K �3006 � 373 (14) 69.2 � 4.7 (12–14) 1.4 � 0.1 (12–14) 6.9 � 1.1 (10) �675 � 100 (14) 66.2 � 11.2 (12–14) 1.1 � 0.2 (12–14)
�3L �4086 � 572 (23) 94.6 � 0.5 (5–23) 2.3 � 0.0 (5–23) 5.3 � 1.1 (13) �412 � 76 (23) 40.0 � 6.3 (5–23) 1.5 � 0.3 (5–23)
�3K� �3055 � 457 (10) 118.4 � 8.2 (6–10) 1.6 � 0.2 (6–10) 5.3 � 0.8 (10) �463 � 57 (10) 41.4 � 3.1 (6–10) 2.8 � 0.5 (6–10)
�3L� �1642 � 333 (8) 138.1 � 15.6 (6–9) 1.7 � 0.2 (6–9) 4.8 � 1.1 (7) �228 � 57 (8) 57.5 � 2.7 (6–9) 1.4 � 0.1 (6–9)
�3KA254G �3175 � 583 (14) 123.7 � 11.5 (12–14) 1.7 � 0.3 (12–14) 7.1 � 2.3 (5) �740 � 104 (14) 85.1 � 2.5 (12–14) 1.6 � 0.1 (12–14)
�3LA254G �3344 � 261 (20) 177.6 � 29.0 (14–20) 2.5 � 0.7 (14–20) 5.4 � 0.7 (11) �814 � 51 (20) 113.6 � 1.6 (14–20) 2.2 � 0.1 (14–20)
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glycine, which is in agreement with previous observations (9).
Furthermore, � subunit-containing GlyRs desensitized more
slowly compared with corresponding homomeric receptor
channels. Most interestingly, although inward rectification
remained at substantial levels, the IV relationships of GlyR
�2/� and GlyR �3/� heteromers were much more linear com-
pared with their homomeric counterparts (Fig. 3, B and C, and
Table 2).

GlyR Pore Structure Is Closely Linked to IV Rectification—To
identify the molecular determinants of GlyR inward rectifica-
tion, we compared the amino acid sequences of the pore-lining
(TM2) regions of rodent GlyR �1–3 (Fig. 4A). Intriguingly, the
pore regions are almost completely identical, and only at posi-
tion 254, GlyR �1 subunits carry a glycine, whereas an alanine
residue is present in GlyR �2 and �3 subunits. Amino acid
substitution of glycine for alanine at position 254 in GlyR �3 led
indeed to a strongly diminished inward rectification of desen-
sitized currents through both GlyR �3 splice isoforms (Fig. 4C),

indicating that alanine at position 254 is a major determinant of
this characteristic. The recently published cryo-EM structure
of GlyR �1 (29) reveals that Gly254 in GlyR �1 is located at the
inner mouth of the channel pore and directed toward the per-
meation pathway (Fig. 4B, shown in red). We generated a struc-
ture homology model (35) of GlyR �3 based on GlyR �1. How-
ever, the side chain of alanine in this structure model was not
directed toward the channel pore, indicating that permeating
ions are presumably not sterically hindered by the additional
methyl group in GlyR �3 channels. We therefore suggest min-
imal differences in TM2 positioning relative to the channel
pore of GlyR �1 and �3 as a possible reason for the differences
in the IV curves. Notably, GlyR � subunits also differ from GlyR
�3 at position 254 and hold a proline instead of alanine (Fig.
4A). The fact that the IV relationships of � subunit-containing
GlyR channels were not rectifying further supports our hypoth-
esis that is based on mutagenesis and tertiary structure analysis.

Functional Determination of Somatic GlyR Subunit Compo-
sition in Hippocampal Neurons—We finally asked whether the
particular biophysical characteristics of GlyR �1 versus �2 and
�3 can be used as an electrophysiological signature or finger-
print of the neuronal endogenous GlyR subunit composition. It
was recently shown that the GlyR � subunit is expressed as
mRNA, not as protein, in mouse hippocampal neurons (36).
We performed patch clamp experiments on rat primary hip-
pocampal neurons. In immature neurons at DIV 2– 4, IV rela-
tionships of 1000 �M glycine-evoked currents clearly had an
inwardly rectifying shape that resembled mostly those of tran-
siently expressed GlyR �2 or �3 homomeric channels in
HEK293T cells (Fig. 5B; compare with Fig. 3C). Messenger
RNA coding for GlyR �3 was detected in primary hippocampal
neurons, although at rather low levels compared with those
corresponding to GlyR �2 and GlyR � coding transcripts (Fig.
5A). The same holds true for more mature hippocampal neu-
rons at DIV 15–25. However, there were significant differences
in the shape of their IV relationships, which were much more

TABLE 2
Properties of GlyR IV relationships
Vrev, reversal potential of the IV relationships of the indicated GlyR channels. V(Imax), membrane potential of the maximum outward current in the IV. �I�150 mV/I�150mV,
currents at �150 mV normalized to currents at �150 mV. Numbers in parentheses indicate the number of experiments (n). For each data set, significant differences against
linearity were calculated by a two-tailed t test of the data against V(Imax) � 150 mV and �I�150 mV/I�150mV � 1. ND, not determined; NS, not significant; *, p � 0.05; **, p �
0.01; ***, p � 0.001.

Intracellular condition Vrev V(Imax) �I�150 mV/I�150 mV

mV mV
HEK293

�1�INS Standard �3.5 � 1.7 (4) 138.3 � 11.7 (4)NS 0.72 � 0.16 (4)NS

�1INS Standard 0.2 � 0.8 (6) 150.0 � 0.0 (6)NS 0.93 � 0.08 (6)NS

�2A Standard �5.3 � 1.5 (5) 122.9 � 14.0 (5)NS 0.51 � 0.14 (5)*

�2B Standard �1.9 � 1.6 (5) 118.0 � 11.9 (5)NS 0.47 � 0.13 (5)*

�2A� Standard �0.2 � 0.8 (6) 150 � 0.0 (6)NS 0.62 � 0.07 (6)**

�2B� Standard �0.1 � 0.4 (5) 144.9 � 5.1 (5)NS 0.725 � 0.15 (5)NS

�3K Standard �2.3 � 1.0 (9) 105.3 � 10.1 (9)** 0.41 � 0.08 (9)***

�3L Standard 0.2 � 0.5 (12) 80.9 � 8.2 (12)*** 0.17 � 0.04 (12)***

�3L, 30 �M Gly Standard 0.9 � 2.3 (7) 149.6 � 0.4 (7)NS 1.82 � 0.38 (7)***

�3L, 100 �M Gly Standard 3.6 � 0.3 (10) 122.3 � 8.5 (10)** 1.17 � 0.50 (10)NS

�3L �Mg2�/Ca2� �3.1 � 0.6 (4) 79.9 � 23.5 (4)* 0.21 � 0.10 (4)**

�3L 18 mM Cl� �42.0 � 2.1 (5)ND 28.1 � 1.1 (5)ND 0.41 � 0.04 (5)ND

�3K� Standard 0.2 � 0.6 (8) 144.9 � 5.0 (8)NS 0.59 � 0.13 (8)**

�3L� Standard 0.6 � 0.3 (8) 146.6 � 2.6 (8)NS 0.37 � 0.07 (8)***

�3K-A254G Standard �2.8 � 1.1 (6) 150.0 � 0.0 (6)NS 0.98 � 0.08 (6)NS

�3L-A254G Standard �3.6 � 1.2 (12) 114.4 � 8.6 (12)** 0.57 � 0.09 (12)***

HC neuron
DIV 2–4 Standard 0.8 � 1.7 (8) 91.8 � 9.8 (8)*** 0.19 � 0.03 (8)***

DIV 15–25 Standard 2.4 � 2.5 (9) 132.8 � 13.1 (9)NS 0.29 � 0.08 (9)***

FIGURE 2. GlyR �3L inward rectification is linked to Cl� permeation. A,
averaged IV relationships of GlyR �3L upon desensitization and in response to
1000 �M glycine (n � 4). IV relationships were normalized to the maximum
outward current. Experiments were done using a Ca2�/Mg2�-free pipette
solution containing 10 mM HEDTA. B, averaged IV relationships of GlyR �3L
upon desensitization and in response to 1000 �M glycine. IV relationships
were normalized to the maximum outward current. Experiments were per-
formed with the standard pipette solution (black, n � 12) and with a pipette
solution containing only 18 mM Cl� (green, n � 5). C, statistical analysis of the
reversal potentials (Vrev, circles) and the potentials at which the maximal out-
ward currents were determined (V(Imax), triangles) at the conditions shown in
A and B. Note that V(Imax) was dependent on the Cl� driving force and was not
changed by intracellular Ca2� or Mg2�. Error bars, S.E.
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linear than those from immature neurons but still displayed
substantial inward rectification (Fig. 5, B–E).

Discussion

GlyRs are ligand-gated chloride channels that contribute to
synaptic signal transmission in the mammalian CNS. Cur-
rently, there are inconsistent data regarding biophysical prop-
erties of GlyRs due to heterogeneous heterologous expression
systems. Here, we comparatively investigated the properties of
glycine-evoked currents through recombinant GlyR channels
using GlyR �1–3 splice variants as well as heteromeric GlyR
�/� channels in the same heterologous expression system and
using the same experimental setup. We studied glycine sensi-
tivities after receptor desensitization and IV relationships of
GlyR channels with different subunit compositions. The results
reveal intriguing differences between homomeric GlyR �2/3
and �1 channels currents during desensitization with regard to

IV rectification upon pronounced depolarization. Further-
more, our study identifies a single critical amino acid in trans-
membrane domain 2 that is responsible for voltage-dependent
rectification of glycine-dependent currents in the desensitized
state, which renders GlyR �1 and heteromeric GlyR �/� chan-
nels insensitive to voltage-dependent rectification of trans-
membrane chloride conductance during receptor desensitiza-
tion. Apparent glycine sensitivity was higher in the desensitized
state of GlyR �3L channels, and the Hill coefficient tended to be
lower compared with the instantaneous responses to 1000 �M

glycine. Interestingly, this was the case not only for GlyR �3L
channels but also for all other homomeric GlyR channels
(except GlyR �2B). Although the EC50 and nH values derived
from concentration-response curves alone are not suited to
directly distinguish between agonist binding and channel gat-
ing, due to the uncertain occupancy and cooperativity of the
glycine binding sites as well as possible structural and kinetic

FIGURE 3. IV relationships of desensitized currents through GlyR channels. A–C, averaged IV relationships of homomeric GlyR �1�Ins (A, left) and GlyR
�1Ins (A, right), GlyR �2A (B, top left) and GlyR �2B (B, top right), and GlyR �3K (C, top left) and GlyR �3L (C, top right) as well as heteromeric GlyR �2A/� (B, bottom
left) and GlyR �2B/� (B, bottom right) and GlyR �3K/� (C, bottom left) and GlyR �3L/� (C, bottom right) channels upon desensitization and in response to 1000
�M glycine. IV relationships were normalized to the currents at �150 mV. Insets, averaged and normalized time courses at �50 mV from 2 s before to 30 s after
the start of glycine application. D, statistical analysis of the potentials at which the maximal outward currents were determined (V(Imax)). The color code is similar
to that in A–C. Note that only homomeric GlyR �2 and GlyR �3 channels display pronounced inward rectification. Error bars, S.E.
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differences in gating (37, 38), our data suggest that the amino
acid sequence homology between the different GlyR � variants
gives rise to similar desensitization properties at �50 mV.
Indeed, the desensitization kinetics expressed as � values were
consistent between 5 and 10 s for each of the investigated
homomeric GlyR � channels. However, these data are not in
good agreement with previous studies that reported that splic-
ing of the long insert into GlyR �3 mRNA impacts on desensi-
tization kinetics (12, 39 – 41). Notably, desensitization of GlyR
channels may be highly variable (20, 41) and influenced by
many parameters, such as receptor density (42), membrane
potential (43), intracellular and extracellular pH (44, 45), ion
concentration (46, 47), the membrane lipid composition, and
phosphorylation of the intracellular TM3-TM4 domain or the
N-glycosylation of the receptor N terminus (20). Technical fea-
tures, such as slow or fast ligand application or the ligand con-

centration (16, 48), duration of ligand administration, or the
recording mode may also account for these differences. Co-ex-
pression of the GlyR � subunit did not change Hill coefficients
of glycine-response curves and decay kinetics of GlyR �2- and
GlyR �3-containing channels, but the sensitivity of heteromeric
channels was consistently increased by a factor of approxi-
mately 2 in comparison with the respective homomeric GlyR
�2/3 variants, which is a new finding compared with recent
publications that did not report such a tendency for �2-con-
taining or �3-containing GlyRs (49 –51). Differences in the
binding affinities of glycine between the sites formed by �/� or
the �/� surfaces were previously resolved (52), possibly
explaining these differences from previous studies.

We also investigated IV relationships of GlyR channels with
different subunit compositions. The IV relationship of an ion
channel can be regarded as a signature. It is an important

FIGURE 4. An alanine residue within the GlyR�3 pore is important for inward rectification. A, sequence comparison of the pore-lining regions of GlyR �1,
GlyR �2, GlyR �3, and GlyR � subunits (starting from position 243). Note that the sequences of all � subunits are completely identical with the exception of one
alanine/glycine at position 254. B, left, front (bottom) and top (top) view on homomeric GlyR �1 in the glycine-bound state (Protein Data Bank entry 1JAE). Gly254

is located at the inner pore mouth and directed toward the channel pore. Right, structure homology model of a homomeric GlyR �3 channel. The side chain of
Ala254 is not directed toward the channel pore. C, averaged IV relationships of A254G mutants of GlyR �3K (top) and GlyR �3L (middle) upon desensitization and
in response to 1000 �M glycine. IV relationships were normalized to the currents at �150 mV. IV relationships of GlyR �3Kwt and GlyR �3Lwt are illustrated for
comparison. Experiments were performed with the standard pipette solution. Insets, averaged and normalized time courses at �50 mV from 2 s before to 30 s
after glycine application. Bottom, statistical analysis of V(Imax). Inward rectification of the A254G mutants was significantly reduced in comparison with WT. Error
bars, S.E.
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parameter to characterize and identify an ion channel’s bio-
physical properties or the subunit composition in vitro and in
vivo. For GlyR channels, few data are available with respect to
their IV relations, although glycine-induced currents through
these channels are known to be voltage-dependent (21, 48, 53).
However, many studies on IV relations of native or recombi-
nant GlyR �1-containing channels were performed using dif-
ferent cellular expression systems, including neurons, HEK
cells, and Xenopus oocytes (23, 24, 54 –56). In the present study,
we describe for the first time IV relationships of homomeric
and heteromeric GlyR channels over a wide voltage range from
�150 to �150 mV using the same HEK293T cellular expres-
sion system. The finding that IV relations of homomeric GlyR
�2 and �3 channels change from linear to inwardly rectifying
upon desensitization might be indicative for the changes of the
structural configuration of the agonist binding sites, channel
pore, linker sequences, and intracellular domains, altogether
leading to the apparent changes in conductance (37). However,
our data show that GlyR �3 inward rectification depends to a
large extent on ion permeation because inward rectification of
GlyR �3L was observed with both symmetrical and asymmet-
rical Cl� gradients, and the membrane potential of the onset of
rectification (V(Imax)) shifted to the same extent as the Nernst
potential would predict. Thus, the inward rectification of
desensitized GlyR �3L currents is not dependent on a given
membrane potential but rather on a given chemical Cl� gradi-
ent across the membrane. Interestingly, a three-site/four-bar-
rier rate model was previously suggested for GlyR �1 (25), and
rectification of the single channel conductance can be changed
by point mutations of the amino acids that putatively contrib-
ute to the barriers within the channel pore (26). We have found
that inward rectification of a GlyR �3L mutant, A254G, was

significantly reduced. Alanine at position 254 in the TM2 is
located at the inner channel pore mouth of GlyR �3L and can be
considered analogous to Gly254 in GlyR �1, where it is located at
position 2� in the pore-forming TM2 transmembrane helix (26,
29). Substituting glycine with alanine actually deletes only a
methyl group but does not introduce or delete charged or polar
residues in a protein. It is therefore likely that, structurally,
either the pore diameter is affected or the general positioning of
TM2 is changed by the A254G mutation in GlyR �3L. However,
our data do not favor one of these two possibilities, and the
protein homology structure model of GlyR �3 (see Fig. 4) pre-
dicts that the methyl group of Ala254 is not directly displayed
toward the pore. Rather, mutational studies on GlyR �1 (57)
have suggested that ion permeation is sterically regulated at the
inner pore mouth between positions �3� and �2� relative to
TM2. It is furthermore accepted that the narrowest point in the
GlyR pore is located at the inner mouth (29, 58). Our results
therefore suggest that the inwardly rectifying IV relationship of
desensitized GlyR �3 channels is most likely determined by an
asymmetrical energy barrier for Cl� permeation. Interestingly,
gating and permeation of LGICs are closely linked, and desen-
sitization was recently shown to be regulated by interactions
between the TM2 and TM3 segments, affecting the lumen of
the channel pores close to the intracellular side (18). Although
position 254 (Gly254 in �1, Ala254 in �2 and �3) was not directly
investigated in that study, it is close to the other positions (e.g.
Gly256 in �1) (18) that are involved in TM2-TM3 coupling and
receptor desensitization. Thus, Ala254 in GlyR �2 and �3 homo-
meric channels determines rectification of the IV relationship
in the desensitized state, which is most likely due to an asym-
metrical energy barrier for Cl� permeation. Our study also
showed that inward rectification only occurs with homomeric

FIGURE 5. Functional GlyR subunit expression in hippocampal neurons. A, PCR of cDNA from cultured hippocampal neurons at DIV 3 or DIV 24 using specific
primers for GlyR �1, GlyR �2, GlyR �3, and GlyR � cDNAs. GAPDH was tested in parallel in PCRs for GlyR �1, GlyR �2, and GlyR �3. Note that mRNA levels of GlyR
�2 and GlyR � are more pronounced than those of GlyR �1 and GlyR �3 at both time points. B and C, averaged IV relationships of DIV 2– 4 neurons upon
desensitization and in response to 1000 �M glycine. Note that IVs were determined by subtraction of currents in the presence and absence of glycine. IV
relationships were normalized to the currents at �150 mV. Experiments were performed with the same pipette solution as used in HEK293T cells. Insets,
representative transmission light (Ph2) images from a neuron at DIV 3 (B) or at DIV 24 (C). Scale bar, 20 �m. D, summary of the potentials at which the maximal
IV outward currents were determined (V(Imax)) for currents evoked by 1000 �M glycine in DIV 2– 4 and DIV 15–25 neurons. E, summary of the rectification index
(�I�150 mV/I�150 mV) for currents evoked by 1000 �M glycine in DIV 2– 4 and DIV 15–25 neurons. Error bars, S.E.
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GlyR �2 and �3 channels, consistent with the presence of an
alanine at position 254. In contrast, IV relationships of homo-
meric GlyR �1 channels or heteromeric GlyR �2/� or GlyR
�3/� channels were rather linear in the desensitized state. The
inwardly rectifying IV relationship can therefore be regarded as
a signature of homomeric GlyR �2 or �3 channels, which is
useful for the discrimination of these GlyR channels from
homomeric GlyR �1 or heteromeric GlyR �2 and �3 channels
that contain the � subunit. Indeed, primary hippocampal neu-
rons investigated at DIV 2–25 were shown here to display GlyR
responses with rather inwardly rectifying IV relationships upon
desensitization, suggesting that homomeric GlyR �2 and/or �3
channels were expressed at these developmental states. Our
RT-PCR analysis provides evidence that supports this conclu-
sion because GlyR �2 was preponderantly expressed between
DIV 3 and DIV 24 (Fig. 5A). The finding that mRNA coding for
GlyR � was also detected actually also supports recent evidence
for the lack of GlyR � protein expression in hippocampal neu-
rons (36). Furthermore, these results indicate that the identified
voltage-dependent rectification of homomeric GlyR �2/3 can
be used as physio-molecular signature to identify these chan-
nels at the single cell level.

In vivo, GlyR �2 and �3 are expressed in different brain
regions, including the neocortex and hippocampus, in both
post- and presynaptic neuronal compartments (2, 4, 8, 59, 60).
The intracellular chloride concentration of most mature neu-
rons in the CNS is relatively low, shifting the onset of GlyR
rectification in the physiological range of membrane potentials.
Thus, postsynaptic plasma membrane homomeric GlyR �2 or
GlyR �3 channels would restrain chloride conductance at
depolarized membrane potentials (e.g. during a series of action
potentials and resulting massive membrane depolarization) if
glutamatergic synapses are active. However, at presynaptic ter-
minals of glutamatergic synapses, homomeric GlyR �3L was
shown to be expressed in presynaptic vesicles with the ligand-
binding domain facing the lumen of vesicles (4). Because the
vesicular membrane potential would be much more positive
compared with the plasma membrane potential, ranging
between �40 and �80 mV (61), voltage-dependent rectifica-
tion of GlyR-dependent currents can be particularly relevant
with regard to the loading of vesicles with neurotransmitters
because it would contribute to increasing �pH. The glycine
transporter GlyT1 is also expressed at glutamatergic terminals
in the vesicular membrane (62), and vesicle loading with gluta-
mate indeed depends on the vesicular chloride gradient (63).
Thus, vesicular GlyRs would be permanently desensitized (due
to GlyT1-dependent glycine fill) and restrain chloride-facili-
tated glutamate loading of presynaptic vesicles, due to voltage-
dependent rectification.

Altogether, our study reveals that inward rectification of IV
relationships of desensitized homomeric GlyR �2 and �3 is a
physio-molecular signature of these channels and a peculiar
biophysical property that restrains chloride conductance at
depolarized membrane potentials or in compartments with a
low chloride concentration, which can be particularly relevant
for maladaptive forms of neuronal plasticity in neuropsychiat-
ric disorders, such as autism (5), and epilepsy (3, 4).

Experimental Procedures

Molecular Biology—The clones coding for GlyR �1�Ins,
GlyR �1Ins, GlyR �2A, GlyR �2B, and GlyR � were described
earlier (64). In these cases, EGFP (Clontech) was co-expressed.
Cloning of GlyR �3KA254G and GlyR �3LA254G was performed
using Fusion-PCR with oligonucleotides 5�-GGGTAGGCCT-
GGGTATCACCACTGTACTTACGA-3� and 5�-CCCAGGC-
CTACCCGAGCCGGAGCTGCA-3� followed by StuI restric-
tion digest and self-ligation. IRES-EGFP (expression of GFP
from an internal ribosome entry site) constructs containing
GlyR �3K, GlyR �3L, GlyR �3KA254G, or GlyR �3LA254G were
generated by molecular subcloning. RNA was isolated from
DIV 2– 4 primary rat hippocampal neurons using TRIzol re-
agent (Invitrogen). cDNA was obtained by reverse transcrip-
tion of 2 �g of RNA with an equimolar mixture of 3�-anchored
poly(T) oligonucleotides (T18V, T15V, and T13V) and Super-
script II (Invitrogen), according to the manufacturer’s protocol.
cDNA of DIV 2– 4 primary rat hippocampal neurons was
screened for expression of GlyR subunits using PCR and oligo-
nucleotides specific to GlyR �1 (5�-CTGTTTGCCTGCTCTT-
CGTGT-3� and 5�-TGGGGAAACCGATGCGAGATA-3�), �2
(5�-CAGCAGTGAACTTTGTCTCC-3� and 5�-GAAGGCCA-
GTGGGAAGGCAG-3�), �3 (5�-GATGTTCAAACATGCAT-
AATGCAAC-3� and 5�-GCCCGGGATCCAGAACTCTG-3�),
and � (5�-TGAGCAAGCAGATGGGAAAGG-3� and 5�-TAA-
CGTTGAAGAACAAGAAGCAG-3�). cDNA coding for the
housekeeping gene Gapdh (glyceraldehyde 3-phosphate dehy-
drogenase) was amplified using GAPDH-specific primers (5�-
CAGTATGACTCTACCCACGG-3� and 5�-CTCAGTGTAG-
CCCAGGATG-3�). The PCR protocol consisted of an initial
denaturation step (2 min at 94 °C) followed by 35 cycles with
94 °C denaturation (1 min), 58 °C annealing temperature (1
min), and 72 °C elongation (1 min). PCR products were sepa-
rated using agarose gel electrophoresis and visualized using
ethidium bromide.

Cell Culture and Transfection—HEK293T cells were cul-
tured in T75 culture flasks containing 10 ml of DMEM (catalog
no. 41965-062, Gibco) supplemented with 4.5 g/liter glucose,
10% FCS (catalog no. 1050064, Life Technologies), and 1% pen-
icillin/streptomycin (catalog no. 15140122, Life Technologies)
at 37 °C and 5% CO2 in a humidified incubator. Cell passaging
was performed every 2–3 days at an average confluence of
80 –90%. Two or 3 days before transfection, 300,000 HEK293T
cells were seeded onto 35-mm culture dishes containing 1.5 ml
of DMEM/FCS/penicillin/streptomycin to reach 90 –100%
confluence for transfection with FuGENE� HD transfection re-
agent (catalog no. 04 709 705 001, Roche Applied Science)
according to the manufacturer’s instructions. 1 �g of DNA was
used per transfection. Co-transfection was performed using the
following: � � � (0.3 � 0.7 �g), � � GFP (0.9 � 0.1 �g), and
� � � � GFP (0.2 � 0.7 � 0.1 �g). For electrophysiological
recordings, transfected HEK293T cells were seeded onto glass
coverslips (diameter 13 mm) coated for 20 –30 min with 0.1%
polyornithin (poly-DL-ornithine hydrobromide, catalog no.
P8638-100MG, Sigma). Cells were allowed to adhere for at least
2 h before electrophysiological recordings were carried out.
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Hippocampal Cell Culture—All animals were killed accord-
ing to the permit (LaGeSo, 0122/07) given by the Office for
Health Protection and Technical Safety of the regional govern-
ment of Berlin and in compliance with regulations laid down in
the European Community Council Directive. Primary hip-
pocampal neurons from E19 Wistar rats were prepared as
described previously (65) and kept in B27- and 1% FCS-supple-
mented Neurobasal medium (66). The initial cell density was
68,000/cm2.

Electrophysiology—A ListMedical amplifier, an ITC-18 inter-
face, and Patchmaster software (HEKA, Lamprecht, Germany)
were used for patch clamp recordings. Patch pipettes, made
from borosilicate glass (Science Products, Hofheim, Germany),
had resistances of 2– 6 megaohms when filled with the intracel-
lular solution containing 130 mM CsCl, 5 mM NaCl, 0.5 mM

CaCl2, 1 mM MgCl2, 5 mM EGTA, and 30 mM HEPES, pH 7.2
(CsOH). The Ca2�/Mg2�-free pipette solution contained 130
mM CsCl, 5 mM NaCl, 10 mM HEDTA, and 30 mM HEPES, pH
7.2 (CsOH) The low-chloride pipette solution contained 10 mM

CsCl, 120 mM CsMeSO4, 5 mM NaCl, 0.5 mM CaCl2, 1 mM

MgCl2, 5 mM EGTA, and 30 mM HEPES, pH 7.2 (CsOH). The
standard extracellular solution (pH 7.4) contained 140 mM

NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM HEPES-
NaOH, and 10 mM glucose. All chemicals were obtained from
Sigma. Cells were voltage-clamped at a potential of �50 mV.
Series resistances (Rs), monitored by �5 mV voltage pulses (50
ms) applied every 5–10 s, were between 5 and 30 megaohms. IV
relationships were obtained by voltage ramps ranging from
�150 to �150 mV applied every 5–10 s. Data were acquired
with a sampling frequency of 10 kHz after Bessel filtering at 2.8
kHz. All experiments were performed at room temperature
(20 –25 °C). Transfected cells were identified by the EGFP fluo-
rescence (see “Molecular Biology”). Perfusion of the extracellu-
lar solutions was gravity-driven. A perfusion pencil with a
200-�m tip placed at a distance of 100 –200 �M from the
recorded cell was used to obtain relatively short wash-in/wash-
out times (�1 s).

Data Analysis and Statistics—Offline analysis of the data was
performed using IGOR Pro version 6.37 (WaveMetrics, Lake
Oswego, OR). From each experiment and at each glycine con-
centration, we extracted the currents at �50 mV before glycine
application (Ibas), at the peak response (during the first second
of glycine application; Ipeak) and after 25–35 s of continuous
glycine presence in the bath (Idesens). Ipeak and Idesens were cor-
rected for Ibas before generating the concentration-response
curves. EC50 and nH values were determined by fitting the con-
centration-response curves (normalized to 1000 �M glycine)
from each experiment with the Hill equation. The � values of
decay were calculated as the mean from the monoexponential
fit of the decay of (1000 �M) glycine-evoked currents from each
experiment. For the illustration of current decay, time courses
at �50 mV were normalized to their peak responses during
glycine application and then merged. IV relationships were
generated from voltage ramps ranging from �150 to �150 mV
applied every 5–10 s. For analysis, we extracted an IV that was
recorded immediately before glycine and subtracted it from a
given IV in the presence of glycine. The merged IVs shown in
the present paper were derived by averaging all IVs from one

and the same condition after normalization to either I�150 mV
or its maximum current. Reversal potentials (Vrev), potentials of
the maximum current (V(Imax)), and �I�150 mV/I�150 mV values
were determined from the IV relationships. Vrev and V(Imax)
were corrected offline for liquid junction potentials using
Patcher’s Power Tools (Francisco Mendez and Frank Würrie-
hausen, Göttingen, Germany). Calculated liquid junction
potentials were �5.0 mV for the standard intracellular solution
and the Ca2�/Mg2�-free intracellular solution and �11.0 mV
for the low chloride pipette solution.
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17. Yévenes, G. E., and Zeilhofer, H. U. (2011) Molecular sites for the positive
allosteric modulation of glycine receptors by endocannabinoids. PLoS
ONE 6, e23886

18. Gielen, M., Thomas, P., and Smart, T. G. (2015) The desensitization gate
of inhibitory Cys-loop receptors. Nat. Commun. 6, 6829

19. Jones, M. V., and Westbrook, G. L. (1996) The impact of receptor desen-
sitization on fast synaptic transmission. Trends Neurosci. 19, 96 –101

20. Papke, D., and Grosman, C. (2014) The role of intracellular linkers in
gating and desensitization of human pentameric ligand-gated ion chan-
nels. J. Neurosci. 34, 7238 –7252

21. Faber, D. S., and Korn, H. (1987) Voltage-dependence of glycine-activated
Cl- channels: a potentiometer for inhibition? J. Neurosci. 7, 807– 811

22. Moroni, M., Biro, I., Giugliano, M., Vijayan, R., Biggin, P. C., Beato, M., and
Sivilotti, L. G. (2011) Chloride ions in the pore of glycine and GABA
channels shape the time course and voltage dependence of agonist cur-
rents. J. Neurosci. 31, 14095–14106

23. Bormann, J., Hamill, O. P., and Sakmann, B. (1987) Mechanism of anion
permeation through channels gated by glycine and gamma-aminobutyric
acid in mouse cultured spinal neurones. J. Physiol. 385, 243–286

24. Fatima-Shad, K., and Barry, P. H. (1993) Anion permeation in GABA- and
glycine-gated channels of mammalian cultured hippocampal neurons.
Proc. Biol. Sci. 253, 69 –75

25. Moorhouse, A. J., Keramidas, A., Zaykin, A., Schofield, P. R., and Barry,
P. H. (2002) Single channel analysis of conductance and rectification in
cation-selective, mutant glycine receptor channels. J. Gen. Physiol. 119,
411– 425

26. Keramidas, A., Moorhouse, A. J., Schofield, P. R., and Barry, P. H. (2004)
Ligand-gated ion channels: mechanisms underlying ion selectivity. Prog.
Biophys. Mol. Biol. 86, 161–204

27. Keramidas, A., Moorhouse, A. J., Pierce, K. D., Schofield, P. R., and Barry,
P. H. (2002) Cation-selective mutations in the M2 domain of the inhibi-
tory glycine receptor channel reveal determinants of ion-charge selectiv-
ity. J. Gen. Physiol. 119, 393– 410

28. Sugiharto, S., Lewis, T. M., Moorhouse, A. J., Schofield, P. R., and Barry,
P. H. (2008) Anion-cation permeability correlates with hydrated counte-
rion size in glycine receptor channels. Biophys. J. 95, 4698 – 4715
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