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In the brainstem and spinal cord of mammals, glycine

receptors (GlyR) are primarily involved in fast inhibitory

synaptic transmission. Additionally, it has long been

thought that GlyR and other ligand-gated ion channels

(LGICs) could also play a crucial role during early CNS

development. Indeed, functional LGICs are expressed by

immature neurones well before synapse formation

(Ben-Ari, 2001) and by different types of neural precursor

cells (Nguyen et al. 2001). Moreover, the existence of an

early paracrine activation of LGICs has already been

described in slices, for GlyRs and NMDA receptors, during

neocortical development (LoTurco et al. 1991; Flint et al.
1998) and for GABAA receptors in immature CA1

pyramidal neurones (Demarque et al. 2002). As opposed

to the adult brain, the activation of GlyR has an excitatory

action in immature neural cells resulting from a

depolarised chloride equilibrium potential. GlyR-

mediated depolarisation of immature neurones induces a

calcium entry through voltage-gated calcium channels

(Flint et al. 1998; Reichling et al. 1994), which may

modulate cell proliferation, migration and differentiation

in neural precursors (Nguyen et al. 2001; Ben-Ari, 2001)

and, later, maturation of the inhibitory synapse (Kneussel

& Betz, 2000).

This early trophic function of GlyR seems to be correlated

with the expression of a specific GlyR subtype during

embryogenesis, i.e. the a2 homomeric GlyR. In spinal cord

and brainstem, this GlyR subtype is mainly expressed

during fetal development and is progressively replaced by

an adult a1/b heteromeric GlyR during the two first

postnatal weeks in rodents (Akagi & Miledi, 1988; Malosio

et al. 1991; Singer et al. 1998). Previous data suggest a non-

synaptic function of the a2 homomeric GlyR. Firstly, its

location is likely to be outside the synapse since it lacksb subunits which interact with gephyrin (Kirsch et al.
1995; Meyer et al. 1995), a submembrane protein

anchoring GlyRs at postsynaptic sites (Kneussel & Betz,

2000). Secondly, it is expressed in brain regions that lack

glycinergic synaptic transmission (Virginio & Cherubini,

1997; Flint et al. 1998; Mangin et al. 2002) as well as in

neural stem and progenitors cells (Nguyen et al. 2002,

Kinetic properties of the a2 homo-oligomeric glycine
receptor impairs a proper synaptic functioning
J. M. Mangin, M. Baloul, L. Prado de Carvalho, B. Rogister*, J. M. Rigo* and P. Legendre

UMR CNRS 7102 Neurobiologie des Processus Adaptatifs, Université Pierre et Marie Curie, 9 quai St Bernard, 75252, Paris cedex 05, France
and *Centre de Recherche en Neurobiologie cellulaire et moléculaire, Faculté de Médecine de Liège, 17 place Delcour, B-4020 Liège 2, Belgium

Ionotropic glycine receptors (GlyRs) are present in the central nervous system well before the

establishment of synaptic contacts. Immature nerve cells are known, at least in the spinal cord, to

express a2 homomeric GlyRs, the properties of which are relatively unknown compared to those of

the adult synaptic form of the GlyR (mainly a1/b heteromeres). Here, the kinetics properties of

GlyRs at the single-channel level have been recorded in real-time by means of the patch-clamp

technique in the outside-out configuration coupled with an ultra-fast flow application system

(< 100 ms). Recordings were performed on chinese hamster ovary (CHO) cells stably transfected

with the a2 GlyR subunit. We show that the onset, the relaxation and the desensitisation of a2

homomeric GlyR-mediated currents are slower by one or two orders of magnitude compared to

synaptic mature GlyRs and to other ligand-gated ionotropic channels involved in fast synaptic

transmission. First latency analysis performed on single GlyR channels revealed that their slow

activation time course was due to delayed openings. When synaptic release of glycine was mimicked

(1 mM glycine; 1 ms pulse duration), the opening probability of a2 homomeric GlyRs was low

(Po ∆ 0.1) when compared to mature synaptic GlyRs (Po = 0.9). This low Po is likely to be a direct

consequence of the relatively slow activation kinetics of a2 homomeric GlyRs when compared to the

activation kinetics of mature a1/b GlyRs. Such slow kinetics suggest that embryonic a2 homomeric

GlyRs cannot be activated by fast neurotransmitter release at mature synapses but rather could be

suited for a non-synaptic paracrine-like release of agonist, which is known to occur in the embryo.
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2003a) and in non-neuronal cells like astrocytes and

oligodendrocytes (Pastor et al. 1995; Belachew et al. 1998).

Hence, one can reasonably hypothesise that a2 homomeric

GlyRs would mediate non-synaptic cell–cell

communication during early brain development,

independently of the synaptic function of GlyR. However,

the functional properties of a2 homomeric GlyRs need to

be determined to better understand their cellular function

during embryogenesis.

In the present study, we have characterised the kinetic

properties (activation, desensitisation and deactivation) ofa2 homomeric GlyRs stably expressed in chinese hamster

ovary (CHO) cells by means of outside-out patch-clamp

recordings using an ultra-fast flow application system. We

show that the kinetic properties of a2 homomeric GlyRs

make this receptor inefficient when activated at

physiological agonist concentration (≤ 1 mM). Our

experimental data suggest that the a2 homomeric GlyR

will be poorly efficient if synaptically activated. On the

contrary, it could be adapted to sustained and slow

paracrine-like release of agonist, as described in embryos.

METHODS 
Cell culture chinese hamster ovary cells (CHO-K1, ATCC no.
CCL61) were maintained in a 95 % air–5 % CO2 humidified
incubator at 35 °C in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 0.11 g l_1 sodium pyruvate, 6 g l_1

D-glucose, 10 % (v/v) heat-inactivated fetal bovine serum (all
from GIBCO BRL). Cells were passed every 5–6 days (up to 20
times). For electrophysiological recordings, cells were seeded onto
glass coverslips coated with poly-D-lysine (0.1 mg ml_1).

GlyR a2 cloning and transfection
Samples of 1 mg of total RNA extracted from adult rat spinal cord
were reversely transcribed using Superscript (Invitrogen) and
oligodT as primers. The obtained cDNA was used as template in a
PCR reaction containing 2.5 u of High Fidelity enzyme (Roche),
1.5 mM of MgCl2, the forward primer (ATCACGGAAACAG-
GAATGAAC) and the reverse primer (CATCTATTTCTTGTG-
GACATC) for the rat GlyR a2 subunit (access no. X61159). The
PCR reaction was performed in a MJ-Rsearch PTC-200 thermal
cycler (after a 2 min denaturation initial step, 10 cycles at 94 °C for
15 s, at 50 °C for 30 s and at 72 °C for 2 min were followed by
20 cycles at 94 °C for 15 s, at 60 °C for 30 s and at 72 °C for 2 min
with five additional seconds per cycle and by final extension at
72 °C for 2 min). PCR product was purified on an agarose gel and
cloned in a pCRII-TOPO vector (Invitrogen). The sequence was
checked and the GlyR a2 subunit was then subcloned in
pTRACER-CMV vector (Invitrogen) in BstXI sites. The various
constructs and their orientations were verified by sequencing. The
constructs were transfected into CHO cells using the DAC30
lipofection reagent (Eurogentec, Liège, Belgium) selected with
Zeocin 500 mg ml_1 48 h later (Invitrogen). Selected recombinant
CHO cells were then cloned by dilution and several clones were
tested and selected for the expression of the GlyR a2 subunit.

Whole-cell and outside-out recordings
Standard whole-cell and outside-out recordings (Hamill et al.
1981) were achieved under direct visualisation on a2 GlyR-
transfected CHO cells. Cells were continuously perfused at room

temperature (20 °C) with bathing solution (2 ml min_1)
containing (mM): NaCl 145, KCl 1.5, CaCl2 2, MgCl2 1, Hepes 10,
glucose 15 (pH 7.3, osmolarity 330 mosmol l_1). Patch-clamp
electrodes were pulled from thick-wall borosilicate glass (whole-
cell recordings, 2–3 MV; outside-out recordings, 5–10 MV).
They were fire-polished and filled with (mM): CsCl 135, MgCl2 2,
Na3ATP 4, EGTA 10, Hepes 10 (pH 7.2, osmolarity
290 mosmol l_1). During whole-cell recordings, the series
resistance (4–9 MV) was monitored by applying 2 mV
hyperpolarising pulses and compensated up to 70–95 %. To
ensure cell dialysis, measurements were made on data obtained at
least 3–5 min after the whole-cell configuration was established.
Currents were recorded using an Axopatch 1D amplifier (Axon
instruments, Foster City, CA, USA), and stored using a digital
recorder (DAT DTR 1201, Sony, Tokyo, Japan). Recordings were
filtered at 10 kHz using an eight-pole bessel filter (Frequency
Devices), sampled at 50 kHz and stored on a PC computer using
pCLAMP software 6.03 (Axon Instruments).

Drug delivery
During whole-cell recordings, drugs were applied to the
preparation via a pressure-driven system with three parallel
square tubes placed immediately above the recorded cell. Medium
exchange was achieved by rapid lateral movement (~10–20 ms) of
the tubes performed by a computer-driven fast-exchange system
(SF 77A Perfusion Fast-Step, USA). Drugs were dissolved in
bathing solution. Outside-out single-channel currents were
evoked using a fast-flow operating system (Franke et al. 1987;
Legendre, 1998). Control and drug solution were gravity-fed into
two channels of a thin-wall glass theta tube (2 mm outer diameter;
Hilgenberg) pulled and broken to obtain a 200 mm tip diameter.
The outside-out patch was positioned (45 deg angle) 100 mm
away from the theta tubing, to be close to the interface formed
between the flowing control and drug solutions. One lumen of the
theta tube was connected to reservoirs filled with solutions
containing different glycine concentrations. The solution
exchange was performed by rapidly moving the solution interface
across the tip of the patch pipette, using a piezo-electric translator
(model P245.30, Physic Instrument). Concentration steps of
glycine lasting 1–10000 ms were applied every 15–30 s. Exchange
time of 10–90 % (< 100 ms) was determined before each set of
experiments by monitoring the change in the liquid junction
potential evoked by the application of a 10 %-diluted control
solution on the open tip of the patch pipette (Legendre, 1998).

Whole-cell and outside-out analysis
Whole-cell and outside-out currents were analysed off-line on a
G4 Macintoch using Axograph 4.8 software (Axon Instruments,
USA). Normalised concentration–response curves were fitted
using the Hill equation :

I/Imax = 1/(1 + (EC50/[glycine])nH),

where I/Imax is the normalised response amplitude, EC50 is the
glycine concentration producing half of the maximal response
and nH is the Hill coefficient. For each concentration tested, the
amplitude of the current, I, was measured at the peak of the
response.

The activation time constants of glycine-evoked currents were
estimated by fitting the onset of the responses with a sum of
exponential curves using Axograph 4.8 software. The initial onset
of the outside-out currents evoked by low concentrations of
glycine was determined on the same patch based on the onset of
the response evoked by a saturating concentration of the agonist

J. M. Mangin and others370 J Physiol 553.2
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(30–100 mM). Decay time constants were obtained by fitting the
first 750 ms of the decay phase with a sum of exponential curves
using Axograph 4.8 software. The presence of one or more
exponential components was tested by comparing the sum of
squared errors of the fits (Clements & Westbrook, 1991; Legendre,
1998).

For single-channel analysis, open and closed time durations were
analysed manually using Axograph 4.8 software. For display
purposes, open and closed time histograms show the distribution
in log intervals with the ordinate on a square root scale. These
distributions were fitted with the sum of several exponential
curves. The fit was optimised with the least square method
(Sigworth & Sine, 1987). The number of exponential components

was determined by comparing the sum of squared errors of the fits.

Nonstationary variance analysis (Sigworth, 1980) was used to
estimate the maximal opening probability of channels (PO,max).
The point-per-point relationship between variance (s2) and
current (I) of the outside-out current decay phase was fitted by:

s2 = iI _ (I2/N),

where i is the elementary current, I the macroscopic current, and
N the total number of available channels in the patch (Sigworth &
Sine, 1987; Legendre, 1998)

The number of active channels in a patch was determined by the
stacking of unitary events over the course of 400–3000 ms sweeps

a2 homomeric GlyR kineticsJ Physiol 553.2 371

Figure 1. Concentration–response curves for glycine of a2 homomeric GlyRs in the whole-cell
and the outside-out configurations
Aa, examples of currents evoked by step applications of the indicated concentrations of glycine during a
whole-cell recording in a CHO cell transfected with the a2 GlyR subunit (holding potential (VH) = _50 mV).
Ab, concentration–response curve of data obtained from eight cells. Response amplitudes were normalised
to the ones obtained in the presence of 1 mM glycine in each cell. Data were fitted with the Hill equation
giving an EC50 of 182 mM and a Hill coefficient of 1.8. Ba, responses of a patch to step applications of different
concentrations of glycine. The duration of the application was adjusted to obtain a steady-state amplitude of
the responses. Each trace represents the average of 15 responses. Bb, concentration–response curve of data
obtained from seven outside-out patches. Response amplitudes were normalised to the ones obtained in the
presence of 1 mM glycine in each cell. Data were fitted with the Hill equation giving an EC50 of 186 mM and a
Hill coefficient of 1.8. See text for values from individual cells.
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at saturating glycine concentrations (3–30 mM) which is a good
estimator for n < 4 (Horn, 1991; Burkat et al. 2001). Patches with
less than three functional GlyRs were analysed. When more than
one channel was present in the patch, distribution functions were
nth rooted to compensate for n channel patches (Aldrich et al.
1983). Patches were included only if channel activity was stable
over sweeps. First latencies were measured manually using
Axograph 4.8 software. First latencies distributions were created
using standard histogram techniques (Aldrich et al. 1983).

Averaged data are expressed as mean ± S.D., except when stated
otherwise. Statistical significance of the data was assessed from
Student’s t tests or one-way analysis of variance (ANOVA)
followed by Dunnett’s multiple-comparison post tests (DMCT)
when significance was reached.

RESULTS
Concentration–response curves in whole-cell and
outside-out glycine-evoked currents mediated by a2

homomeric GlyRs
We analysed the efficacy of glycine in activating

recombinant a2 homomeric GlyRs in CHO cells stably

expressing the rat a2 GlyR subunit. Figure 1 illustrates

inward currents (VH = _50 mV) evoked by different

concentrations of glycine during whole-cell (Fig. 1Aa) and

outside-out (Fig. 1Ba) recordings. Four to seven different

concentrations of glycine were tested for each cell or patch

and the response amplitude was normalised with respect

to the amplitude of the response obtained with 1 mM

J. M. Mangin and others372 J Physiol 553.2

Figure 2. Desensitisation kinetics of currents mediated by a2 homomeric GlyRs
A, example of a whole-cell current obtained in response to a 10 s step application of 10 mM glycine. The
desensitisation time course (tdes) was fitted by a single exponential function (dotted line) with a time constant
value of 1.9 s. B, example of an averaged outside-out patch current obtained in response to a 10 s step
application of 10 mM glycine. The desensitisation time course was fitted by a single exponential function
(smooth line) with a time constant value of 4.1 s. Ca, example of recovery from receptor desensitisation
induced by a 6 s step prepulse of 10 mM glycine during a whole-cell experiment. Test pulses (10 mM, 1 s) were
applied at different intervals ranging from 500 ms to 80 s after the end of the prepulse. Cb, the time course of
recovery of the peak response of recording shown in Ca was fitted with a single exponential function with a
time constant value (trecovery) of 7.8 s.
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glycine. Figure 1 shows concentration–response curves

obtained by averaging responses obtained in eight whole-

cell experiments (Fig. 1Ab) and in seven outside-out

experiments (Fig. 1Bb). Concentration–response curves

were fitted with the Hill equation (see Methods) giving an

EC50 of 182 mM and a Hill coefficient of 1.8 for averaged

whole-cell experiments and an EC50 of 186 mM and a Hill

coefficient of 1.8 for averaged outside-out experiments.

The EC50 and Hill coefficient variability was estimated by

fitting individual concentration–response curves obtained

for each cell. Individual fits gave a mean EC50 of

199 ± 31 mM and a Hill coefficient of 1.9 ± 0.16 for whole-

a2 homomeric GlyR kineticsJ Physiol 553.2 373

Figure 3. Activation time course of glycine-evoked responses
A, averaged traces of currents (n = 15–50) obtained in different patches showing the activation phase of the
responses evoked by the application of 0.1, 0.3, 1, 3, 10 and 30 mM glycine. Traces were normalised to their
maximum amplitudes. B, normalised averaged current from 20 responses evoked by step applications of
1 mM glycine. Note that the activation phase has two components with a fast time constant tfast = 7 ms (69 %)
and a slow time constant tslow = 74 ms (31 %). C, the plot of fast rising rates (1/tfast) versus glycine
concentrations was fitted with the equation 1/tfast = a + b([glycine]n/([glycine]n + rEC50

n)), giving:a = 20 s_1, b = 5087 s_1, rEC50 = 13 mM and n = 1.35. Insert shows a similar plot for the slow rising rate
(1/tslow). Note that the slow rising rate was equally concentration dependent. Each point of both plots
represents the average of 5–19 experiments. D, plot of the relative proportion of the fast (0) and the slow (ª)
rising phase components versus glycine concentration. The relative proportion of the slow component
decreased when the concentration of glycine increased. Each point is the average of 5–19 experiments.
Standard deviations are identical for both component areas and are thus only indicated for the fast
component area.
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cell experiments (n = 8) and a mean EC50 of 172 ± 31 mM

and a Hill coefficient of 1.8 ± 0.1 for outside-out

experiments (n = 7). There are no significant differences

between the values obtained in whole-cell experiments

and those calculated from outside-out currents (unpaired

t test, P > 0.05),

Slow desensitisation of a2 homomeric GlyRs
The desensitisation properties of currents mediated by

recombinant a2 homomeric GlyRs were investigated in

whole-cell and outside-out recordings. Figure 2 illustrates

desensitising responses observed during a 10 s application

of 10 mM glycine during whole-cell (Fig. 2A) and outside-

out experiments (Fig. 2B). The time course of

desensitisation was well fitted by a single exponential

function in both configurations with time constant values

of 2.8 ± 1.5 s (n = 11) in the whole-cell configuration and

6.1 ± 1.6 s (n = 6) in the outside-out configuration. The

desensitisation time constant was significantly slower in

the outside-out configuration than in the whole-cell

configuration (unpaired t test, P < 0.01), which may

suggest an unknown intracellular regulation of the a2

homomeric GlyRs as previously suggested for a1

homomeric GlyRs (Fucile et al. 2000; Gentet & Clements,

2002). The ratio of the steady-state to peak current

amplitudes was 37 ± 16 % (n = 11) in whole-cell

recordings and 46 ± 10 % (n = 6) in outside-out

recordings. Recovery from desensitisation of recombinanta2 homomeric GlyRs was analysed in the whole-cell

configuration only using a paired pulse protocol. During

paired pulse experiments, a 6 s prepulse (10 mM glycine)

followed by a 1 s test pulse was applied at various intervals

(0.5–90 s) (Fig. 2Ba). A 3 min interval was observed

between paired pulses to ensure complete recovery from

desensitisation. Rundown of the responses sometimes

J. M. Mangin and others374 J Physiol 553.2

Figure 4. Open time and closed time distribution of the a2 homomeric GlyR
A, example of single-channel recordings obtained in response to 1 ms step application of 30 mM glycine (cut-
off filter frequency = 2 kHz for display purposes; VH = _50 mV). Ba and b, open time (Ba) and closed time
(Bb) distribution obtained by pooling single-channel currents (110 trials) obtained in response to 1 ms step
application of 10–30 mM glycine in three different experiments. Distribution histograms are shown as a
function of log interval with the ordinates on a square root scale. Both distribution were best fitted with a
single exponential function giving an open time constant to = 49.6 ms and a closed time constanttc = 0.19 ms.
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occurred during the experiment. Cells with current

rundown exceeding 10 % between the initial and final

pulses were discarded. Rundowns ≤ 10 % were

compensated by normalising each paired pulse response at

the peak of the initial response amplitude. The relative

amplitude of the test pulses was estimated from the

residual current measured at the end of the 6 s glycine pre-

application. For all experiments (n = 5), the recovery

could be fitted with a single exponential function with a

time constant value of 10 ± 2.8 s (n = 5).

Onset of macroscopic currents mediated by a2

homomeric GlyRs
The activation phase of currents evoked by concentration

steps of an agonist gives information on the activation

kinetics of the receptor channel. The rising phase of

currents evoked by glycine on a2 homomeric GlyRs was

analysed on outside-out patches (see Methods). For each

concentration of glycine, a series of 15–50 trials evoked

with a ≥ 10 s interval was used to generate macroscopic

averaged traces, as exemplified in Fig. 3A.

As shown in Fig. 3A, the rise time of the glycine-evoked

currents decreased when the agonist concentration

increased, to reach a minimum at a glycine concentration

of 100 mM (Fig. 3C). For each concentration, the pulse

duration was adjusted (0.4–3 s) in order to obtain a steady-

state current. The rising phases of the outside-out currents

evoked by the application of ≤ 10 mM glycine were best

fitted with the sum of two exponential curves. In three out

of the seven patches tested with 30 mM glycine

concentration steps, and in four out of the seven patches

tested with 100 mM glycine, the outside-out current

exhibited an activation phase that was best fitted by a single

exponential function. Figure 3B shows a representative

onset of an averaged patch current evoked by a 1 mM

glycine concentration step. In this example, the rising

phase was fitted with the sum of two exponential curves

giving time constants, tfast = 7 ms (69 %) andtslow = 74 ms. As shown in Fig. 3C and D, the time constant

values and relative areas of the fast and slow components

were dependent on the agonist concentration. Plot of thetfast versus concentration was fitted with the following

equation (Legendre, 1998):

1/tfast = a + b([glycine]n/([glycine]n + rEC50
n)),

where a is an approximation of the closing rate constant, b
is an approximation of the opening rate constant, n is the

number of binding sites, and rEC50 is the concentration of

glycine that give half of the maximum opening rate

constant (Colquhoun & Hawkes, 1995). The fast

component increased with a slope factor n of 1.35 from a

minimal rate constant of 20 s_1 to a maximal rate constant

of 5087 s_1 suggesting that the opening rate constant b of

the channel is considerably higher than the closing rate

constant a. rEC50 was 13 mM. The efficacy of the receptor

(E) could therefore be estimated ~255 since E = b/a
(Colquhoun, 1998). Accordingly, the efficacy of the a2

homomeric GlyRs could be > 20 higher than the E value

estimated for synaptic heteromeric a1/b GlyRs (E = 11;

Legendre, 1998).

To confirm this point, we have analysed the open and close

time distribution in single receptor bursts of openings in

response to short (1 ms) concentration pulses of glycine

near GlyR saturation (30 mM). To perform this analysis,

patches with a single functional GlyR were selected. As

shown in Fig. 4A, a GlyR opens in bursts of long openings

interrupted by very short closures. Single openings and

closures were manually detected and measured using a

filter cut-off frequency of 5 kHz. Opening and closing time

constants were estimated by pooling measurements made

on 110 sweeps from three patches. The open time

histogram was best fitted by a single exponential curve

(Fig. 4Ba) giving a open time constant value ofto = 49.6 ms. The closed time histogram was also best

fitted with a single exponential curve (Fig. 4Bb) with time

constant tc = 0.19 ms. This analysis gave an estimation of

the closing rate constant a as a = 1/to. Accordingly,a = 20.1 s_1, a value closely similar to the value obtained by

analysing the activation rate constant of averaged outside-

out currents.

a2 homomeric GlyR kineticsJ Physiol 553.2 375

Figure 5. Slow decay time constant of currents mediated
by a2 homomeric GlyRs
Superimposed traces of 10 responses obtained from a set of 50
individual currents evoked by identical step applications of 10 mM

glycine (1 ms, VH = _50 mV). The lower trace represents the
average of the 50 responses and was fitted with a single exponential
function with a time constant value tdecay = 153 ms.
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Figure 6. The first latency of activation decreases when the glycine concentration increases
A and B, representative, non-consecutive, single-channel openings of a single a2 homomeric GlyR evoked by
a 400 ms step application of 10 mM glycine (A) and 3 mM glycine (B) on the same patch. Ensemble average
currents (lower traces, n = 150 for each concentration) were best fitted with a bi-exponential function
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Closed time histogram reveals the presence of a single

closed time constant suggesting a simple mechanism

underlying channel reopening within a burst. Assuming a

simple Markov model with several liganded closed states,

the number of openings per burst will depend both on the

dissociation rate constant (koff) linking the liganded closed

state near the open state to another liganded closed state

and on the opening rate constant b linking the liganded

closed state to the open state. Accordingly, the number of

openings per burst No = 1+ b/koff. On 110 trials analysed,

the average number of openings per bursts was 2.7

indicating that koff is ~2 times slower than b. Therefore,

contrasting with its complex activation behaviour, the

deactivation of the a2 homomeric GlyR seems to be

governed by a very simple mechanism which can be

reduced to a single closing/opening rate equilibrium

governed by the open rate and the dissociation rate ratio.

To further characterise the kinetic properties of the a2

homomeric GlyR, we have investigated the deactivation

properties of this receptor when activated by the

application of different concentrations of glycine. The

decay phase of outside-out currents evoked by short pulses

(1 ms) of 10 mM of glycine (Fig. 5) could be systematically

fitted with a single exponential function, giving a mean

time constant of 159 ± 70 ms (n = 13). No significant

differences were observed between experiments using 1, 10

and 30 mM glycine (P > 0.05 using one-way ANOVA).

Because of the poor opening probability of GlyRs in

response to short pulses of glycine at concentration

≤ 1 mM (see below), we could not test short pulses with

lower concentrations of glycine. Nevertheless, the decay

phases of currents evoked by long pulses (0.4–3 s) of

0.1–30 mM were equally fitted by single exponential curves

with time constant values of ~160 ms, which were not

significantly different between long and short pulses or

between concentrations (P > 0.05 using two-way

ANOVA). These results suggest that the deactivation of a2

homomeric GlyR opening is underlied by bursts arising

from a single open state. However, we cannot completely

exclude the presence of other open states linked to other

liganded closed state if they have nearly similar opening

and closing rate constants.

Single-channel first latency analysis reveals a slow
and bimodal activation of a2 homomeric GlyRs
To determine the microscopic determinants of the slow

and biphasic onset of macroscopic GlyR currents, we

analysed the activation of the a2 homomeric GlyR in

outside-out patches containing 1–3 active GlyRs (see

Methods). Figure 6 shows the activation of a single

receptor in response to repetitive step applications at

different concentrations of glycine and in different

patches. Averaged single-channel responses (80–200

trials) produce ensemble currents with time courses

similar to the ones observed for macroscopic currents

previously described (see Fig. 3). At all concentrations

tested (0.1–30 mM), the ensemble averaged currents

exhibit a biphasic rising phase with fast and slow

components similar to macroscopic currents. To

determine if the biphasic component of the activation

phase reflects a complex GlyR behaviour occurring before

the GlyR channel opens, we have analysed the distribution

of initial closed times leading to the first opening (first

latencies). As shown in Fig. 6, the increase in the activation

time of the averaged macroscopic current obtained when

the glycine concentration was decreased appeared to be

related with an increase in the first latency (FL) duration.

The FL cumulative distribution was clearly bimodal as

shown in the example of Fig. 7A. In this example, the

activation of a single GlyR was evoked by 1 mM glycine

application and the FL distribution was fitted by the sum

of two exponential functions with time constantstfast = 4.9 ms (68 %) and tslow = 71 ms. The corresponding

averaged ensemble current exhibited a rising phase withtfast = 4.9 ms (67 %) and tslow = 75 ms, suggesting that the

biphasic activation phase of the ensemble current could be

determined by changes in GlyR conformation leading to

channel openings. Accordingly, FL distribution of single-

channel openings evoked by other concentrations of

glycine (0.1–30 mM) equally exhibited two components

(Fig. 7B and C). As previously observed for the analysis of

activation rate constants, the two FL rate constants

decreased when glycine concentration increased, and the

fast component became dominant for glycine

concentrations ≥ 1 mM (Fig. 7D).

The plot of the fast FL rate versus glycine concentration was

fitted with the following equation:

1/tfast = b([glycine]n/([glycine]n + rEC50
n)).

This equation only differs from the equation previously

used for macroscopic current onset by the absence of the

added constant a since the closing rate constant (channel

opening time constant) was not involved in first latency.

This fit gave an opening rate constant b of 3853 s_1, a rEC50

of 10.2 mM and a slope factor n of 1.56. These values are

very similar to the ones obtained with macroscopic

currents. This further suggests that the rising phase of the

currents evoked by glycine concentrations ≥ 0.03 mM is

a2 homomeric GlyR kineticsJ Physiol 553.2 377

(smooth lines). Fast and slow time constant and their relative areas are indicated for both concentrations.
C, representative, non-consecutive single-channel openings evoked by a 3 s step application of 0.3 mM

glycine. The ensemble average current (lower trace, n = 80) was best fitted with a bi-exponential function
(smooth line) with time constants and relative weights as indicated.
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likely to be governed by conformational changes between

closed state before channel openings.

The presence of a slow FL component could suggest the

existence of a desensitised state with a fast desensitisation

rate and a fast recovery rate linked to a partially liganded

closed state. As the slow FL rate constant was

concentration-dependent, this partially liganded closed

state is unlikely to be directly linked to the single open state

we determined. Indeed, if this closed state was directly

linked to the putative desensitised state and to the open

state, the slow FL rate constant would be independent of

agonist concentration (Burkat et al. 2001).

To further determine if a desensitised state is linked to a

liganded closed state, distally located to the fully liganded

closed state leading to channel openings, we used a

protocol derived from experiments demonstrated by

Mozrzymas et al. (2003) to show the existence of a mono-

liganded desensitised state in the GABAA receptor. This

experiment consists of analysing the consequences of the

outside-out patch pre-incubation using an infra-liminar

concentration of agonist on the responses evoked by the

application of a near-saturating concentration of glycine.

Pre-incubation with an infra-liminar concentration of

agonist should accumulate receptors in partially liganded

J. M. Mangin and others378 J Physiol 553.2

Figure 7. First latency analysis of a2 homomeric GlyRs
A, example of a first latency distribution obtained at 1 mM glycine in a single-channel experiment. This first
latency distribution was best fitted by the sum of two exponential functions (smooth line). Broken lines
represent each exponential function with their time constant values and their relative areas indicated on the
right. B, example of first latency distributions obtained at different glycine concentrations (0.1–30 mM) from
different patches. The number of first latencies pooled ranges from 100 to 200 events for each concentration. All
first latency distributions were best fitted by sums of two exponential functions (smooth lines). C, plot of the fast
(1/tfast) and slow (1/tslow) rate constants versus glycine concentration. The fast rate was fitted with the equation
1/tfast = b([glycine]n/([glycine]n + rEC50

n)), with b = 3835 s_1, rEC50 =10.2 mM and n = 1.56. D, plot of the
relative proportion of the fast (0) and the slow (ª) rising phase components versus glycine concentration. The
relative proportion of the slow component decreased when the concentration of glycine increased. Each point is
the average of 2–7 experiments. Standard deviations apply to both slow and fast components and are indicated
only for the fast component for all concentrations analysed except for 0.1 mM (n = 2).
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states. If a desensitised state is linked to a partially liganded

closed state, pre-incubation will result in a decrease in the

amplitude of the responses evoked by a high concentration

of agonist (Mozrzymas et al. 2003). To perform these

experiments, patches were pre-incubated with 10 mM

glycine. At this concentration, we did not observed any

channel openings for a period of time > 1 min (data not

shown), which confirms the weak ability of GlyRs to reach

a liganded closed state linked to an open state at such

concentrations. As shown in Fig. 8, the pre-incubation

with 10 mM glycine depresses the current evoked by 30 mM

of glycine by 47 ± 15 % (n = 6) when compared to control

responses evoked in the absence of pre-incubation with

10 mM glycine. This result further suggests the presence of a

desensitised state linked to a partially liganded closed state.

a2 homomeric GlyRs have a low open probability
when activated by a synaptic-like application.
According to the opening (b) and the closing (a) rate

constant values that we obtained (a ∆ 20 s_1 andb ∆ 5000 s_1), the maximum open probability (PO,max) of

the homomeric a2 GlyR should be very high. Indeed,

PO,max = b/(a + b), which predicts a PO,max close to 1

(0.996). To confirm this point, non-stationary variance-

amplitude analysis (Sigworth & Sine, 1987) was used to

estimate the maximal open probability of the receptor (see

Methods). Maximal open probability of the receptor was

analysed on responses evoked by 30 mM glycine

applications. Figure 9B shows an example of a variance-

amplitude plot computed from 50 responses obtained

from a single channel in response to 400 ms step

applications of 30 mM glycine. The duration of the

application was set to obtain a maximum response

amplitude. The variance–amplitude plot was fitted with

the following equation (Sigworth & Sine, 1987):

s2 = iI _ (I2/N),

where i is the elementary current, I the averaged

macroscopic current and N the total number of available

receptors. The maximal open probability (PO,max) of the

receptor corresponds to the maximal amplitude observed

for the averaged macroscopic current divided by the

theoretical maximal current iN. At 30 mM glycine, the

mean PO,max calculated from four different experiments

was 0.94 ± 0.04. This is close to the predicted value

calculated with a ∆ 20 s_1 and b ∆ 5000 s_1.

Agonist clearance at the synaptic cleft is usually fast

(< 0.2 ms; Clements, 1996) but despite a high maximal

open probability, the ability of a synaptic release to fully

activate postsynaptic receptors also depends on the

receptor activation properties and on the concentration of

neurotransmitter released in the synaptic cleft. The

activation kinetics of the a2 homomeric GlyR current

appears to be slow at concentrations ≤ 10 mM, which may

suggest that those GlyRs will be inefficient in response to a

brief synaptic release. To address this question, we have

mimicked the synaptic release of glycine by applying short

pulses (1 ms) of 1 mM glycine on outside-out patches

assuming that the peak concentration of glycine released in

the synaptic cleft is ≤ 1 mM (Legendre et al. 1998; Suwa et
al. 2001). As shown in Fig. 10Ab, the amplitude of the

current evoked by 1 ms step application of 1 mM glycine

(black trace) is considerably reduced compared to the

amplitude of the response evoked by a 400 ms step

application (grey trace). When a 1 ms concentration pulse

of 30 mM was applied, we were not able to fully activate the

receptor (Fig. 10Aa). To estimate the open probability of

the channel in response to a 1 ms pulse of 1 mM glycine, we

first performed non-stationary noise analysis on outside-

out responses evoked by 1 ms application of 30 mM

glycine. By fitting the plot of the variance versus the

amplitude of the responses (see above) (Fig. 10Ba), we

were able to estimate a Po = 0.75 ± 0.05 (n = 5) for

responses evoked by 1 ms concentration pulse of 30 mM

glycine. In three of these experiments, we could also

a2 homomeric GlyR kineticsJ Physiol 553.2 379

Figure 8. Pre-equilibration of receptors at a low glycine concentration depresses the current
responses evoked by a saturating glycine concentration
Ensemble averaged currents (n = 20) obtained in response to 400 ms step application of 30 mM glycine in
normal saline solution (A), after a pre-equilibration with 10 mM glycine for ≥ 1 min (B) and after washing
with normal saline solution (C) in the same patch.



Jo
u

rn
al

 o
f P

hy
si

ol
og

y
J. M. Mangin and others380 J Physiol 553.2

Figure 9. For legend see facing page.
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estimate in the same patch the GlyR Po in response to a

1 ms pulse of 1 mM glycine by using the parabolic fit

obtained from the 30 mM glycine application. In these

cases, the Po was estimated by dividing the maximum

amplitude current, obtained experimentally when GlyRs

were activated by a 1 ms pulse of 1 mM glycine, by the

maximum estimated current given by the parabolic fit

(Fig. 10Bb). This approach gave a mean Po of 0.1 ± 0.03 for

GlyR activated by 1 mM synaptic-like pulses, which

suggests that homomeric a2 GlyR would be inefficient if

they were postsynaptically located and activated by a single

vesicle release.

DISCUSSION
In this study, we describe the functional properties of a2

homomeric GlyRs using a combination of ultra-fast drug

application to outside-out patches and non-stationary

single-channel analysis. Based on our results, we suggest

that the activation and the deactivation properties of a2

a2 homomeric GlyR kineticsJ Physiol 553.2 381

Figure 9. Maximal open probability of the a2 homomeric GlyR
A, traces illustrating six representative recordings from 50 responses used to construct the variance-
amplitude plot in B. B, variance–amplitude plot computed from 50 responses obtained from a single channel
activated by 400 ms step application of 30 mM glycine. The black curve represents the fitted models2 = iI _ (I2/N), with i = 5.29 pA and N = 1. The estimated maximal open probability is
PO,max = Ipeak/(iN) = 0.97. C, bar graph of the open probability at the peak of GlyR currents obtained in
response to long application (0.4–3 s) at 0.3 mM glycine (n = 4), 1 mM glycine (n = 4), 3 mM glycine (n = 3),
10 mM glycine (n = 4) and 30 mM glycine (n = 4).

Figure 10. Activation of a2 homomeric GlyRs by brief pulses of glycine mimicking synaptic
transmission
Aa and b, average of currents obtained in response to brief (1 ms; black traces; 50 trials averaged) and long
(400 ms; grey traces; 15 trials averaged) step applications of 30 mM glycine (Aa) and 1 mM glycine (Ab) in the
same patch. Ba and b variance–amplitude plot computed from 50 current transients obtained in response to
brief pulses of 30 mM glycine (Ba) and 1 mM glycine (Bb) in the same patch, corresponding to traces in Aa
and A2, respectively. The amplitude and the variance were computed for a period of 750 ms starting at the
peak of the averaged response. The black curve (Ba) represents the fitted model s2 = iI _ (I2/N), with
i = 3.52 pA and N = 9.5. The open probability at the peak of the response was: Po = 0.75. The fit obtained in
Ba was used in Bb (grey curve) to estimate the open probability of the receptor in response to brief pulse of
1 mM glycine giving Po = 0.07.
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homomeric GlyRs are functionally better adapted to a

paracrine neurotransmitter release than to a synaptic one.

a2 homomeric GlyR conductance levels
The a2 homomeric GlyR displays multiple-conductance

openings with a main conductance state of 90–110 pS and

subconductance states ranging from 20 to 80 pS

(Takahashi et al. 1992; Bormann et al. 1993; De Saint Jan et
al. 2001). The main conductance state of the a2

homomeric GlyR represents between 60 % and 90 % of the

total open time during steady-state single-channel

recordings (Takahashi et al. 1992; Bormann et al. 1993). In

our study, large conductance levels were dominant in non-

stationary conditions at all agonist concentrations tested.

When subconductances occurred, they did not influence

the time course of the activation phase of the outside-out

currents since omitting sweeps with subconductance levels

did not change the activation time course of the averaged

current. The predominance of large conductance levels

was also attested by non-stationary variance–amplitude

analysis of large outside-out currents in which the

estimated mean unitary conductance was 100 ± 24 pS

(n = 6). Accordingly, the subconductance states were not

considered as determinant in modulating the kinetics

behaviour of a2 homomeric GlyR.

Activation rate and open state
The presence of single open time and single closed time

components suggests the existence of a single open state in

the a2 homomeric GlyR. Such a unique open state

contrasts with the three to five different open states

proposed for the a1 homomeric GlyR (Twyman &

Macdonald, 1991 Beato et al. 2002; Lewis et al. 2003). In

these studies, each open state occurred from differently

liganded states of the receptor. The detection of a single

open time constant, the mono-exponential and

concentration-independent deactivation rate of the a2

homomeric GlyR make the presence of differently

liganded open state with distinct kinetics properties for

this receptor unlikely. Therefore, the most likely

hypothesis will be to consider a single open state linked to

the fully liganded close state.

First latency, receptor efficacy and channel open
probability
The first latency distribution parallels the activation time

course of outside-out currents suggesting that the slow

GlyR activation is underlied by receptor conformational

transitions occurring before channel openings. The slower

component, which was both observed in the distribution

of first latencies and in the activation phase of macroscopic

currents, is likely to represent transitions between a

liganded closed state and a desensitised closed state

(Burkat et al. 2001). However, it is unlikely that this ‘fast’

desensitised state can significantly influence the fast rising

phase component of the current evoked by a saturating

concentration of glycine, as suggested by first latency

analysis (Burkat et al. 2001). Accordingly, the maximum

rising phase of outside-out currents evoked by a saturating

concentration of agonist can be related to a first order

reaction between a fully liganded closed state and the open

state (Lewis et al. 2003). Hence, the corresponding

activation time constant will depend on the opening rate

constant b and on the closing rate constant a
(t = 1/(a+b)). As the mean open time of the channel is

long (giving a closing rate constant estimated at 20 s_1), the

opening rate constant of the channel, b, will be close to

5000 s_1. This was confirmed by the analysis of first latency

distributions that showed a similar mono-exponential

distribution at saturation, giving an open rate constant

closely similar to the value obtained by analysing the

activation rate of macroscopic currents.

Our estimation of the opening and closing rate constants

would correspond to a very high open probability of the

receptor, PO,max = b/(a + b), even being close to 1. This

was confirmed by our experimental estimation of PO,max

using non-stationary variance-amplitude analysis

(PO,max ∆ 0.94). Accordingly, the efficacy (E) of a2

homomeric GlyRs – defined as the ratio of the channel

J. M. Mangin and others382 J Physiol 553.2

Figure 11. Proposed Markov model for a2 homomeric GlyR
The model includes two sequential binding steps, two desensitised states linked to each binding step and one
open state linked to the di-liganded closed state. With this model, a good fit of experimental data was
obtained with kon1 = 0.32 s_1, koff1 = 411 s_1, kon2 = 0.64 s_1, koff2 = 2273 s_1, d1 = 20 s_1, r1 = 373 s_1,
d2 = 0.05 s_1, r2 = 16 s_1, b = 5000 s_1 and a = 20 s_1. Rate constants labelled with * were directly determined
from our experimental data and fixed, whereas non-labelled rate constants were set as free variables during
the fitting procedure.



Jo
u

rn
al

 o
f P

hy
si

ol
og

y

opening rate b to the closing rate a (E = b/a) – is high,

being close to 250. This value is more than tenfold higher

that the efficacy of glycine at recombinant a1 homomeric

GlyRs expressed in HEK293 cells (E ∆ 16; Lewis et al. 2003)

and at native a1/b heteromeric GlyRs expressed in the

zebrafish (E ∆ 11, Legendre, 1998).

This very high efficacy value can partly explain the

discrepancy observed between the EC50 value (potency) of

concentration–response curves (186 mM) and the rEC50

value (10–13 mM) obtained from rising rate

constant–concentration plots. In a simple Markov model

with two equivalent binding sites and a single open state,

the first latency rEC50 value gives an estimation of the

microscopic dissociation constant KA and the EC50 of

concentration–response curves depends both on KA and E
values EC50 = KA/(1 + E) (Colquhoun, 1998). According

to the EC50 values of concentration–response curves, such

a calculation will gave a KA value of 46.7 mM, while KA

values estimated from first latency analysis are in the range

10–13 mM. The differences between these two KA

estimations could suggest that GlyR behaviour cannot be

fully described by a simple Markov model with two

equivalent binding sites and a single open state (see

below).

Desensitisation properties of a2 homomeric GlyRs
Contrasting with the desensitisation behaviour reported

for a1 homomeric GlyRs (Gentet & Clements, 2002) and

for a1/b heteromeric GlyRs (Legendre, 1998; Harty &

Manis, 1998; Singer & Berger, 1999), the a2 homomeric

GlyR exhibits a single slow desensitisation component in

the presence of a saturating concentration of glycine. The

difference in the desensitisation time constant values

between whole-cell (2.8 ± 1.5 s) and outside-out

experiments (6.1 ± 1.6 s) could reflect the loss of an

intracellular regulation, such as a dephosphorylation

which is known to decrease the desensitisation kinetics ina1 homomeric GlyRs (Gentet & Clements, 2002). This

could also reflect a loss of cytoskeletal regulations during

outside-out recordings (Van Zundert et al. 2002). In

whole-cell experiments, the time course of recovery from

desensitisation was also fitted by a single exponential

curve, again suggesting that a single desensitised closed

state with slow kinetics controls GlyR activity. Moreover,

the amount of desensitised current increases with glycine

concentration, suggesting that this desensitised closed

state is likely to reflect the existence of a desensitised state

linked to a fully liganded closed state, as previously

reported for a1 homomeric GlyRs (Gentet & Clements,

2002) or GABAAR (Mozrzymas et al. 2003). Therefore, the

recovery rate constant (r) value from this desensitised state

could be estimated from the recovery time constant tr

from tr = 1/r. In whole-cell experiments, the mean tr was

10 s, giving a r value of 0.1 s_1. The desensitisation time

constant, td, will depend on the rate of entry, d, and the

rate of exit, r, from the desensitised state as well as on the

opening and closing transition rates, a and b, if one

assumes that the fully liganded closed state is linked to the

open state. The relation between these parameters is

described by 1/t ∆ r + d(1/1 + E), where E is the efficacy

(Mozrzymas et al. 2003). This allowed us to estimate a

desensitisation rate constant, d, for whole-cell currents

close to 63 s_1 (r = 0.1 s_1 and E = 250).

In addition to this slow desensitised state associated with

the fully liganded state, we propose the existence of a

desensitised state linked to a partially liganded closed state.

A mono-liganded desensitised state has already been

described in GABAARs (Mozrzymas et al. 2003) and is

present in several Markov models proposed for the a1

homomeric GlyR (Gentet & Clements, 2002; Breitinger &

Becker, 2002). This desensitised closed state linked to a

partially liganded close state was demonstrated by pre-

incubating the patch with an infra-liminar glycine

concentration. Those experiments also suggest that the

partially liganded closed state linked to the desensitised

closed state cannot lead to channel openings (Mozrzymas

et al. 2003) since the pre-incubation with 10 mM did not

evoke any channel openings The existence of a partially

liganded fast desensitised state is likely to explain the

biphasic rise time and the first latency distribution

observed at non-saturating glycine concentrations. In

GABAARs, such a fast desensitised state has already been

reported and is responsible for the slow component

observed in the biphasic distribution of first latencies. In

this case, however, the time constants and their relative

amplitudes were independent on the agonist

concentration (Burkat et al. 2001). In our experiments,

both parameters were dependent on the agonist

concentration, which further suggests that this

desensitised state is distally positioned from the fully

liganded closed state leading to channel openings.

Number of binding steps
The a2 homomeric GlyR, like the a1 homomeric GlyR, is

composed of five equivalent a subunits, each of them

being able to bind the agonist. According to the Hill

coefficient values obtained either by fitting dose–response

curves (1.8) or by analysing the relationship between the

agonist concentration and the fast activation rate constant

(1.35) or analysing the relationship between the agonist

concentration and the first latency rate constant (1.56), we

propose a minimal Markov model for a2 homomeric

GlyRs with two functional binding sites, as also previously

proposed by Gentet & Clements (2002) for a1 homomeric

GlyRs. This is in apparent contradiction with the

postulated five structural binding sites for homomeric

GlyRs (for review see Legendre, 2001). However, the

number of functional binding sites versus the number of

structural binding sites of homomeric GlyRs still remains

controversial. For example, the kinetic model developed

a2 homomeric GlyR kineticsJ Physiol 553.2 383
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by Gentet & Clements on the a1 homomeric GlyR

supposes that only two glycine binding steps are necessary

to open the channel in non-stationary conditions, the

three remaining sites being silent due to a possible negative

cooperativity (Gentet & Clements, 2002). In contrast, the

model developed by Beato et al. (2002) to describe the a1

homomeric GlyR activity in the presence of a low agonist

concentration supposes that the five putative binding sites

are functional, each binding site leading to a distinct

opening state. Both models account for their respective

corresponding experimental data, but cannot be

generalised to each other. For example, the model of Beato

et al. (2002) underestimated the GlyR potency and

overestimated the Hill coefficient when compared to his

experimental dose–response curves obtained from

macroscopic currents.

A minimal Markov model for the a2 homomeric
GlyR
According to our experimental data, a minimal Markov

model for the a2 homomeric GlyR should possess two

binding sites, two desensitised closed states linked to

different binding states and a single open state (Fig. 11).

The desensitised state with a slow rate should be linked to

the doubly liganded closed state, while the fast desensitised

close state accounting for the complex activation time

course of the outside-out currents should be linked to the

mono-liganded closed state. Finally, the open state is likely

to be a doubly liganded open state.

Several rate constants could be directly determined from

our experimental measurements (see above): the slow

desensitisation rate constant, the corresponding recovery

rate, the opening rate constant of the channel and the

closing rate constant of the channel. The value of the

dissociation rate constant (koff2) between the doubly

liganded closed state and the single liganded closed state

can be approximated from the deactivation time constant

(toff) of current evoked by a short pulse of glycine

(Colquhoun & Hawkes, 1995). This can be made since the

deactivation time constant was independent on the glycine

concentration, since b >> a and since the gap duration

within a burst was short (Colquhoun & Hawkes, 1995). In

this case,

1 btoff ∆ —≤1 + ——≥.a koff2

The koff2 value was estimated to be ~2273 s_1 withb = 5000 s_1, a = 20 s_1 and toff = 160 ms.

To obtain an estimate of the values of the association rate

constant, of the dissociation rate constant from the single

liganded closed state and of the desensitisation rate

constant and the recovery rate constant of the single

liganded desensitised state, we fitted experimental traces

obtained by a long concentration step of 1 mM (n = 5

patches) using the kinetics model described above (Gentet

& Clements, 2002). All the unknown parameters, were set

as free variables. The fits were performed using a chemical

modelling program (Axograph 4.8, Axon instruments,

Union city USA). To account for the slower desensitisation

time courses observed in outside-out currents, the slow

desensitisation and recovery rate constant values were set

to 16 s_1 and 0.05 s_1, respectively. This fitting procedure

gave an optimal first association rate constant value (from

unliganded to monoliganded closed states) and an optimal

second association rate constant value (from

monoliganded to doubly liganded closed states) of

0.32 mM
_1 s_1 and of 0.63 mM

_1 s_1, respectively. The

optimal monoliganded dissociation rate constant value

was 411.2 s_1, the optimal desensitisation rate constant

value was 373. 7 s_1 and the optimal recovery rate constant

value was 20.7 s_1. To further test this model, we

performed simulations of outside-out currents. The

theoretical and the experimental data were subsequently

compared. This Markov model predicts an EC50 of

181.9 mM and a Hill coefficient of 1.57 for the

concentration–response amplitude relationship and an

rEC50 of 15.3 mM and a Hill coefficient of 1.34 for the fast

rising rate–concentration relationship. These theoretical

values are in good agreement with our experimental data.

This model also predicted a bi-exponential rising phase for

outside-out currents evoked by < 30 mM glycine, a time

constant of the deactivation phase of 160 ms, a PO,max close

to 1 and a Po ∆ 0.05 when GlyRs were activated by 1 ms

concentration steps of 1 mM glycine. This was also in good

agreement with our experimental data. It should however

be noted that this model had a tendency to underestimate

the time constant values of the rising phase of the currents

evoked by glycine concentration ≤ 100 mM.

Physiological significance
When activated by a 1 ms concentration step of glycine, a2

homomeric GlyRs became inefficient in being activated by

agonist concentrations ≤ 1 mM, as demonstrated by non-

stationary variance analysis. This contrasts with the

reported behaviour of a1 homomeric GlyRs (Gentet &

Clements, 2002) and of a1/b heteromeric zebrafish GlyRs

(Legendre, 1998), the latter being postsynaptically

activated. The relatively slow rising phase of the responses

evoked by ≤ 1 mM glycine certainly accounts for this

inefficiency and is likely to be due to the poor affinity of a2

homomeric GlyRs for glycine. This should render a2

homomeric GlyRs completely inefficient if and/or when

postsynaptically located. Indeed, the clearance speed at

synapses is in the 0.1 ms range whereas the postulated peak

concentration of agonist is supposed to be ≤ 1 mM

(Clements, 1996). In such a context, a2 homomeric GlyRs

would be efficient at a synapse only in the case of long

sustained bursts of synaptic vesicular release with a high

intraburst frequency.

J. M. Mangin and others384 J Physiol 553.2
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The high efficacy of a2 homomeric GlyRs can allow them

to respond to a sustained release of a relatively low

concentration of neurotransmitters, as observed in the

embryo for glycine, GABA and glutamate (LoTurco et al.
1991; Flint et al. 1998; Demarque et al. 2002). Accordingly,a2 homomeric GlyRs, which are known to be expressed

prior to synaptogenesis (for review see Legendre, 2001),

might be involved in a paracrine function of GlyRs if the

concentration of the released agonist is high enough. Such

a paracrine function of GlyRs has been observed during

cortical development (Flint et al. 1998) and has been

suggested to regulate the neuritogenesis of lateral superior

olive neurones (Sanes & Hafidi, 1996), of spinal cord

neuroblasts (Tapia et al. 2001) and of cerebellar Purkinje

neurones (Furuya et al. 2000). A paracrine intercellular

communication occurring prior to synapse formation has

also been described for other ligand-gated channels and

their agonists, e.g. for GABA and glutamate in CA1

hippocampal pyramidal neurones (Demarque et al. 2002)

and for GABA in neuronal progenitors of the striatum

(Nguyen et al. 2003b).

To our knowledge, the a2 homomeric GlyR is the first

example of a ligand-gated ionotropic receptor subtype

whose kinetic properties are more adapted to a paracrine

neurotransmitter release.
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