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Abstract When a high density of ol-subunit glycine receptor
(GIyR) is expressed in Xenopus oocytes, two populations of
channels can be distinguished according to their apparent affinity
for glycine which differs 5- to 6-fold. To compare the open pore
diameter of these channels, the relative permeability of formate
with respect to chloride (Pgrmate/Pc1) Was determined in bionic
conditions. For the low-affinity GlyR Py, ot/ Pc) Was compar-
able to that reported for glycine-gated channels in cultured spinal
cord and hippocampal neurons. In contrast, the high-affinity
GIyR had a 56% larger Pgormate/Pci- In addition, the open
probability of the channels was differentially sensitive to voltage.
These results show that the high expression of ol GlyR resulted
in two populations of GlyR which differed not only in the affinity
to agonists but also in permeation and gating mechanisms.
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1. Introduction

Glycine is the major inhibitory neurotransmitter in the spi-
nal cord where it activates a chloride permeant channel. Con-
stitutive subunits of this channel have been purified: 2 pore-
forming subunits of 48 kDa (o) and 58 kDa (B), respectively,
and a third cytoplasmic 93 kDa (gephyrin) subunit [1]. The
structure of the native GlyR in spinal cord neurons was sug-
gested to be pentameric [2] with an ogfs stoichiometry. A
variety of channel types have been developed in expression
systems: homomeric channels formed by expression of only
o-subunits [3-6] and probably heteromeric channels formed
by injection of poly(A)" RNA of spinal cord [3] or by co-
expression of the cloned a- and B-subunits [7-9]. Functional
properties of expressed channels also suggest a pentameric
stoichiometry [6]. When compared to native channels, ex-
pressed channels display a similar exquisite sensitivity to the
competitive antagonist strychnine and are activated with de-
creasing apparent affinity, by glycine, B-alanine and taurine. A
consistent discrepancy is nevertheless that expressed receptor
channels are, in most cases, low-affinity receptors as compared
to native channels which display a 5- to 10-fold higher appar-
ent affinity for the agonist [3-5,10,11]. Expressed channels
with an exceptionally high apparent affinity for their agonists
were obtained by direct nuclear injection of large amounts of
ol cDNA and subsequent expression of a large number of
glycine receptors [5]. In addition to the usual low-affinity re-
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ceptors, this protocol yielded a population of high-affinity
glycine receptors. Distinct channels may have been processed,
considering the high rates of induced channel synthesis. Alter-
natively, direct interactions between otherwise identical chan-
nels may be suggested to occur when very high densities of
channels are attained. Whatever the underlying mechanism,
the present work was undertaken to examine the permeation
and gating characteristics of the two channel populations so
as to get some insight as to the functionality of the channel
formed in each case.

2. Materials and methods

2.1. Expression in Xenopus oocytes

The experimental procedure was as previously described [5]. Briefly,
oocytes were mechanically dissociated from pieces of Xenopus ovaries
kept in Ca-free frog saline solution which was composed of: (in mM)
NacCl 100, KCl1 2, MgCl, 1, HEPES 5, pH 7.6 adjusted with NaOH.
Mature oocytes were selected and incubated in the same solution
containing 1.8 mM CaCl,, for 2-6 h before injection. Plasmid pCis
[11] which contained a ¢cDNA insert coding for the human ol GlyR
subunit was diluted in water at a concentration of either S or 20 pg/nl
which lead to respectively low and high expression levels of GlyR.
QOocytes were nuclearly injected with about 10 nl of this plasmid
solution. The oocytes were kept at room temperature overnight and
then incubated at 10°C for up to 10 days before recording.

2.2. Electrophysiological recordings

Whole-cell currents were recorded from oocytes placed in a linear
chamber which yielded solution exchange in a few seconds. The re-
corded oocyte was continuously superfused with control medium con-
taining (in mM): NaCl 115, KCI 1, CaCl, 1.8, HEPES 10, pH 7.2
adjusted with NaOH. The ionic current flowing through plasma mem-
brane was measured using a two electrodes high-voltage-driven volt-
age-clamp setup (WPI voltage follower combined with the CA-100
amplifier and the VF1800 current injection unit from Biologic, Gre-
noble, France). The recording pipettes were filled with 3 M KCI and
had resistances of about 3 and 0.7 MW, respectively, for voltage
measurement and current injection. Voltage command and current
trace digitization were achieved using the TL-1 Labmaster interface
card and pClamp software (Axon Instruments).

In some experiments in addition to the cellular current, the intra-
cellular chloride concentration, [Cl};, was measured using chloride-
sensitive microelectrodes (chloride ion exchanger Corning 477315;
mean slope = —54 mV). This was done to monitor the variations
of [Cl]; during glycine application and external chloride substitution
with formate ions.

For anion substitution, 108 mM of sodium formate replaced 108
mM of NaCl in the external medium. Solution exchange was per-
formed 2-10 min before glycine application.

In all data presented here the membrane potential was corrected for
the liquid junction potential, which did not exceed 5 mV and was
determined as previously described [12].

2.3. Analysis

Glycine-induced cellular currents were measured at room temper-
ature (= 20°C) 2-10 days after injection. To obtain the agonist-spe-
cific current component, the current measured at a given potential in
control condition was systematically subtracted from the current re-
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corded in the presence of the agonist. To determine the instantaneous
current (/;,;) value after a potential change, the current recorded after
peak was extrapolated to the start of the potential step according to a
mono-exponential time course. Steady-state current-voltage (I-V)
plots were constructed using the mean current values of the last 10
ms of the potential step. Depending on the shape of I~V plots, rever-
sal potentials (V) were determined either from a linear regression or
from a non-linear fit, using the Boltzmann model for the cellular
current ():

= g(V—Vo)
1+ exp[—(V—Vip2)/k]

where g, V, V12 and k refer to the cellular conductance, test potential,
potential for half-maximal activation and slope factor, respectively.

On the basis that the washout gave the same reversal potential as
the control condition and that in formate condition the reversal po-
tential did not change with time (up to 30 min), it was assumed that
the intracellular concentration of formate was null and that chloride
was the only permeant anion inside the cell. Direct measurements of
[Cl}; confirmed its constancy during the duration of recordings. The
relative permeability Pormate/ Pc1 was hence calculated using the Gold-
man-Hodgkin-Katz (GHK) equation:

o — _E I [Cl], + (Prormate/ Pcn) [formate],
T [CT]

The subscripts ‘i’ and ‘e’ refer to intracellular and extracellular me-
dium, respectively, R7/F has the usual meaning and a value of 25 mV
at 20°C. The intracellular chloride concentration [Cl]; was calculated
from the reversal potential obtained in control conditions using the
Nernst equation:
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The tail current recorded at holding potential V}, =—40 mV after
various test potentials, ¥, was analyzed to determine the relative
open probability p(y/y;,). For each concentration of agonist (either
50 or 400 uM glycine) p(y,p,) is equal to the ratio Iys/Iss where iy
is the instantaneous current as described above and Igg is the steady-
state current measured at Vi. p(y,p,) varied as a function of test
potential according to a sigmoidal curve and was fitted with the
Boltzmann equation:
DPmax ™ Pmin
1 4 exp[zF(Vi,—V)/RT)]

Pv/v,) = Pmin +

The subscripts ‘min’ and ‘max’ indicate, respectively, the minimal and
maximal limits of open probability change as a function of potential.
V1, and z are the potential of half-maximal activation and the gating
charge, respectively.

The results, otherwise indicated, are expressed as mean valuezt
SEM.

3. Results

Whole-cell currents in oocytes expressing the homo-oligo-
meric human o glycine receptor were recorded in conditions
devised to record in isolation the low- and high-affinity
GlyRs. By measuring their sensitivity to changes in the mem-
brane potential, the selectivity of the channels to formate rel-
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Fig. 1. Glycine-evoked response and its /- relationship in Xenopus oocyte expressing ol oligo-homomeric GlyR. A: Mean of three successive
current responses to a 1 min application of 50 uM glycine recorded from an oocyte injected with 100 pg of al cDNA. The holding potential
was —40 mV. Interruption of the trace in (a) and (b) indicate the time at which the test pulse protocol was performed. B: Current responses
to a series of potential steps (protocol at the bottom) obtained successively before (a) and during (b) glycine application. The traces (Bb) were
obtained after subtraction of traces (Ba) in order to eliminate capacitive transients and non-specific current. The dotted line represent the zero
current. C: I-V relationship of instantancous (@) and steady-state (O) currents of traces (Bb). Lines were fitted to data points using linear re-
gression for instantaneous current or the Boltzmann model for steady-state current. Note that the reversal potential was similar in both cases:
—26.8 and —25.2 mV respectively for instantaneous and steady-state curves. The latter value is indicated by dotted lines.
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Fig. 2. Whole-cell steady-state I-V relationships recorded with low-
and high-affinity GlyRs in monoionic (Cl™, ) and bionic (formate,
&) conditions. The low-affinity GlyR was activated in isolation on
oocytes showing low expression of the receptor using 400 pM gly-
cine (A). Whereas the high-affinity GlyR was assayed on oocytes
with high expression level using 50 uM glycine (B). Data are means
of 8 cells from different batches of oocytes; vertical bars represent
SEM. Continuous lines were fitted using the Boltzmann equation
(see Section 2). Mean values of the reversal potential in Cl- and
formate conditions are indicated by dotted lines and were, respec-
tively, —12.8+3.2 mV and 4.1£2.2 mV for the low-affinity, and
—150£1.7 mV and —9.3£1.8 mV for the high-affinity. Note that
the current in (B) is larger due to the higher density of receptors
and that the outward rectification is more pronounced for the high-
affinity GlyR.

ative to chloride and the sensitivity of channel opening to
voltage were characterized and compared.

3.1. Current—voltage relationship in CI~ medium

Low- or high-affinity GlyR populations were activated in
quasi-isolation using oocytes showing, respectively, low or
high GlyR expression and a glycine concentration (400 or
50 uM) close to the corresponding ECsp of the two GIyR

types.
Fig. 1 shows a typical response obtained during a 1 min
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application of 50 uM glycine. The responses developed rela-
tively rapidly, and at the agonist concentration applied here,
remained stable at the peak value for a few seconds before
apparent desensitization of the response was seen. The mem-
brane potential was stepped briefly to different levels ranging
from —110 to —10 mV. The response at any potential was
biphasic. At the onset of a potential step, the current instan-
taneously attained a new value and then evolved relatively
slowly to a steady-state level with a relaxation time constant
which slightly increased with membrane potential: for exam-
ple it had a mean value of 37.127.7 and 28.2+3.8 ms at a
test potential of —80 mV, and 79.7£25.8 and 40.2+4.4 ms
(n=238) at 20 mV for the low- and high-affinity GlyRs, respec-
tively. Typically the instantaneous I-¥ relation was linear and
the steady-state -V relation displayed an outward rectifica-
tion (Fig. 1C). All of these electrophysiological characteristics
are similar to those observed on native somatic channels of
cultured spinal cord neurons [10].

The reversal potential of the glycine response was similar
for low- and high-affinity GlyR, with no statistically signifi-
cant difference, and had an average value of —18.1£1.0 mV
(n=26). This value was used to estimate the intracellular con-
centration of C1~ assuming that no other anionic permeability
took place. Thus, in oocytes bathed in a 119.6 mM CI~ me-
dium, the calculated internal C1~ concentration was 59.4+2.4
mM (n=26). This was not significantly different from the
average value of [Cl]; directly measured with chloride-sensitive
microelectrodes (53.0+£9.1 mM; meantSD, n=4).

3.2. Selectivity to formate of the low-affinity GlyR channel
The organic anion formate was chosen to calibrate the nar-
row restriction diameter of the open channel pore, since it has

R\Y Low expression
KXH High expression

0.7 (20)
|

|

(11)

0.6 - i i
{

05 -
(6)
o | (5)

Relative permeability (B . /P )

0.4 -
—40 ~20 0

Holding potential [mV]

Fig. 3. Permeability ratio of formate relative to Cl™ (Ptormate/ Pcr-)
for the low- and high-affinity glycine receptors at holding potentials
of —40, —20 and 0 mV. The ratio Py maie/Por- was calculated from
the reversal potentials obtained from monoionic and bionic condi-
tions using the Goldman-Hodgkin-Katz model (see Section 2). At
all holding potentials a highly significant difference was observed be-
tween low- and high-affinity conditions (Student’s ¢ test; p < 0.001).
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Fig. 4. Open probability of low- and high-affinity GlyR channel. A: Typical traces of current responses to the step potential protocol (middle
traces) obtained in control (bottom traces) or during glycine application at a concentration of 400 pM (left upper traces) or 50 uM (right upper
traces). Traces given in the presence of the agonist were obtained after subtraction of the respective control. The dotted lines indicate the zero
current level. B: Relationship between relative open probability and test potential for low- (@) and high-affinity (O) glycine receptors. The in-
stantaneous current at —40 mV after each test potential, I,5, was obtained from a mono-exponential fit of the tail current (A). To normalize
data, the relative open probability at a given test potential was calculated as the ratio of I, over the steady-state current at —40 mV. Symbols
show means of 6-13 cells and vertical bars represent SEM. The continuous lines are fits to the Boltzmann model.

a larger molecular diameter than chloride and its passage
through the channel depends essentially on friction forces
[13]. Importantly, in our conditions formate had very limited
if no diffusion through the plasma membrane as compared to
other larger organic anions as propionate for example (data
not shown). Indeed, the reversal potential in formate condi-
tion did not change with time (up to 30 min) and after return
to the CI™ medium it was identical to that obtained in control
(data not shown). Determination of reversal potential was
systematically performed for each oocyte successively in a
Cl™ -containing solution then in a formate-containing solution
in which 108 mM CI~ was substituted for. In these experi-
ments the membrane potential was held at —40 mV.

Fig. 2A illustrates the mean IV relationship obtained for
different oocytes where GlyR was expressed at low levels (see
Section 2) and activated by application of 400 uM glycine. It
can be readily seen that the reversal potential in low CI™
formate-containing medium was shifted to more depolarized
potentials with a shift amplitude ranging from 10 to 26 mV.
The mean shift value was 19.1+1.6 mV (n=17). Statistical
comparison of the /-J relations observed in Cl™ and formate

conditions, respectively, was performed by analyzing the re-
sidual variance of the fit by the Boltzmann equation. A highly
significant improvement of the fit (p <0.0001) was obtained
when the reversal potential was given a different value for
each group (rather than a common value). The same analysis
performed for the other parameters of the I-V curves (g, V1,2
and k) showed no difference between chloride and formate
conditions: the difference between the curves is thus mainly
due to a shift in the reversal potential.

3.3. Selectivity to formate of the high-affinity GIyR channel
Similar experiments were carried with oocytes expressing a
high level of ol GlyR (Fig. 2B), applying this time 50 uM
glycine. For all the cells in this condition the reversal potential
shifted systematically to the right, when switching from CI™-
to formate-containing medium. However, the amplitude of the
shift was small and ranged between 4 and 16 mV, which gave
a mean value of 9.2£0.7 mV (n=20). Statistical comparison
of the two groups using either common or distinct parameters
(Vo, g, Viys or k) showed a significant difference only for ;.
Obviously the potential shift for the low-affinity GlyR had
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a mean value which was twice of that for the high-affinity
GlyR. This difference was highly significant (Student’s ¢ test,
p <0.0001).

3.4. The origin of the difference in potential shift between
low- and high-affinity GlyRs

The smaller amplitude of potential shift observed for the
high-affinity GlyR may result from a decrease of [Cl]; after the
exchange of external CI~ ions for formate ions. This may
occur more markedly in oocytes showing a high expression
of GIlyR, since high expression may increase the oocytes en-
dogenous Cl™ permeability [14]. To check this point two dif-
ferent methods were used: reducing the driving force exerted
on Cl™ ions and measuring [Cl]; during CI~ substitution by
formate.

In a set of experiments the membrane potential of the oo-
cyte was held successively to holding potentials of —40, —20
and 0 mV and small potential steps were applied around the
reversal potential (between —30 and 10 mV). For the low-
affinity GlyR the data showed a relatively constant potential
shift. Mean values of 17.7+0.8 (n=6) and 18.8+1.4 (n=5)
were obtained respectively at —20 and 0 mV, not significantly
different from —19.1+1.6 mV observed at —40 mV (1-way
analysis of variance (ANOVA), p=0.85). In contrast, for the
high-affinity GlyR the potential shift slightly increased with
holding potential. The mean values obtained at —20 and 0
mV were 11.920.7 (n=11) and 12.6 £ 1.0 (n=7), respectively.
One-way ANOVA showed a significant effect of holding po-
tential (p =0.012), the value of the shift at —40 mV (9.2£0.7
mV) differing significantly from the two others. Interestingly,
the potential shift of the low-affinity GlyR showed a highly
significant difference with that of the high-affinity GlyR at all
holding potentials, even at 0 mV.

In other experiments [Cl]; was measured with chloride-sen-
sitive microelectrodes. Since the changes of the potential shift
with V}, were seen only with the high-affinity GlyR, [Cl]; was
measured in conditions where cytosolic CI~ ions extrusion, if
any, would be maximal in the previous experiments, i.e. a high
expression of GlyR and a holding potential of —40 mV. Since
the Cl™ ion exchanger is also sensitive to formate ions, exter-
nal CI™ ions were replaced by gluconate ions which were not
detected by the Cl -sensitive electrode. Perfusing the cells
with a gluconate-containing medium for up to 15 min did
not induce any detectable change in [Cl];. Similarly no changes
could be recorded when replacing Cl~ by formate. However,
when applying 50 pM glycine a slow decrease of [Cl]; could be
observed which reached about 2 mM, at the peak of the
agonist-induced response (current amplitude =1 pA). This
[Cl]; change recovered within 5 min after washout of the ago-
nist. Thus among the factors liable to induce [Cl]; changes in
our conditions, CI~ ions fluxes through GlyR channels are
potentially more important than endogenous oocyte Cl~ per-
meabilities.

Altogether this means that the significant difference in po-
tential shift observed between low- and high-affinity GlyR
must be due to changes in the selectivity of the GlyR channel.

3.5. Relative permeability for formate

The permeability ratio for formate relative to chloride was
calculated using the GHK model (see Section 2) for each cell.
As expected from the reversal potential in the presence of
formate, for the low affinity GlyR Piymate/ Py Was signifi-
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cantly smaller than that obtained for the high-affinity GlyR
(Fig. 3). For the low-affinity GlyR identical Pty pate/ Pop ratios
were obtained for the different holding potential tested. Mean
values of 043%0.03 (n=17), 045£0.02 (n=6) and
0.42%0.03 (n=5) were obtained at —40, —20 and 0 mV,
respectively. This value is close to that reported for the ol
GIyR heterologously expressed in a mammalian cell line [9]
and the native CNS GlyR [13,15]. In contrast for the Pgymate/
Pgy ratio of the high-affinity GlyR mean values of 0.67 +0.02
(n=20), 0.59%£0.02 (#=11) and 0.57%0.03 (n="7) were ob-
tained at holding potentials of —40, —20 and 0 mV, respec-
tively. As expected from the analysis of reversal potentials,
holding potential was found to have a significant effect on
the permeability ratio of the high-affinity GlyR (1-way AN-
OVA, p=0.008).

These data lead to the conclusion that the bore diameter of
the channel at its narrow restriction was much larger for the
high-affinity GlyR population than for the low-affinity GlyR.

3.6. Voltage sensitivity of the response

As seen above the glycine response observed after a poten-
tial change increased to a steady-state level. Moreover, the
time constant of the relaxing current induced by the step
potential increased and nearly doubled over a 100 mV poten-
tial change (see above). This probably corresponds to changes
in channel gating corresponding to an increase of the open
time and/or open probability of the channel.

The latter was estimated at the holding potential of —40
mV by analyzing the deactivation relaxation of the current
after various test potentials (see Section 2). Generally,
Pv/vy was well described with a Boltzmann distribution
with a similar apparent gating valence for both receptor pop-
ulations: z was 1.3£0.2 and 1.2%0.2 (n=28) respectively for
the low- and high-affinity GlyRs f4(Fig. 4). However, signifi-
cant differences between low- and high-affinity GlyRs were
seen in the minimum (pp;,) and maximum (py.,) limits of
the change in the relative open probability. The range was
smaller for the low-affinity GlyR. Mean values of 0.90£0.02
for pmin and 1.48+0.03 for py.x were obtained for the low-
affinity GlyR. In contrast, for the high-affinity GlyR pym and
Pmax had mean values of 0.33+£0.08 and 2.73+0.07, respec-
tively. The V;, also changed and was —6.7+3.4 and
—22.6+2.5 mV, respectively, for the low- and high-affinity
GlyRs.

4. Discussion

In this study, we used ¢cDNA injection into Xenopus oocyte
nuclei to generate GlyRs over a wide range of expression
levels. The efficiency of the ol GlyR expression allowed to
compare receptor properties when changing their densities at
the level of the plasma membrane with a factor comparable to
that of synaptic versus extra-synaptic receptors. At high den-
sity a high-affinity GlyR subpopulation appears which has a
different pharmacological profile [5]. The present study shows
that the high-affinity GlyRs are associated with anion chan-
nels of different permeation and gating properties. Indeed,
when expressed at low density, homomeric GlyRs were com-
parable (in terms of relative permeability to formate ions) to
the native heteromeric GlyRs of the adult mammalian cul-
tured spinal cord neurons [13], although, they differed in
terms of affinity for agonists. At a variance the high-affinity
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GlyR population, with the same ECs as native channels,
showed a highly significative increase of the relative perme-
ability for formate. The relative permeability for formate was
estimated here with assumptions about the cytosolic chloride
concentration and the minor participation of other intracellu-
lar anions. We assumed that chloride was the only anion
charge carrier. This assumption is validated by the fact that
the calculated intracellular chloride concentration was found
to be not significantly different from that directly measured
with chloride-sensitive microelectrodes. Its value was slightly
higher but comparable to that measured with intracellular
chloride-sensitive electrodes on urodele oocytes [16]. Further-
more no change in [CI]; was detected with intracellular elec-
trodes during substitution of external chloride. This and the
fact that the reversal potential after washout of formate was
identical to control, confirms that indeed there was no sizable
participation of other cytosolic anions in our conditions. In
any case, the difference in relative permeability between low-
and high-affinity GlyRs is observed whatever the holding po-
tential (Fig. 3), even when the driving force exerted on Cl™
ions is minimized at depolarized potentials.

The change in permeation observed at high receptor density
probably reflects a change in the narrow constriction of the
open channel pore. Many arguments are in favor of a pen-
tameric conserved structure for the receptor channel super-
family. This seems to be also the case for the GIyR, for
both the native GlyR of the spinal cord neurons [2] and the
heterologously expressed receptors in Xenopus oocyte [[6]; see
also discussion in [5]]. Therefore, we may assume that in our
expression experiments the structure of the GlyR was also
conserved. The present results then suggest that for the
high-affinity GlyR the narrow constriction of the open chan-
nel pore is larger than for the low-affinity GlyR. The gating of
the channel was also changed for the high-affinity GlyR as
reflected by the increased sensitivity to voltage of the open
probability of the channel. Recently, permeation and gating
have been shown to be coupled [17] and in the model pro-
posed for the NMDA receptor the conformational changes of
the channel modify its accessibility to the permeant ion
[17,18]. Such conformational changes may be induced in our
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condition at high receptor density, by interactions between
neighboring receptors. Considering the molecular model of
channel opening postulated for the nicotinic acetylcholine re-
ceptor by Unwin [19] the rotation of the channel-forming
transmembrane peptides may be facilitated at high receptor
density.
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