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Control of NMDA Receptor Activation by a Glycine Transporter

Co-Expressed in Xenopus Oocytes

Stéphane Supplisson and Claude Bergman

Laboratoire de Neurobiologie, Centre National de la Recherche Scientifique, Unité de Recherche Associée 1857, Ecole

Normale Supérieure, 75005 Paris, France

We present evidence that membrane transporters can control the
membrane receptor’s agonist concentration in restricted extracel-
lular spaces of a biological model. The model is constructed by
co-expressing glycine/Na/Cl cotransporters (GLYT1b) and NMDA
receptors (NMDARs) (composed of the subunits NR1 and NR2A
or NR2B) in Xenopus oocytes. We use the high-affinity glycine site
of the NMDARSs as a sensor of the actual juxtamembrane glycine
concentration. We show that glycine uptake by GLYT1b dramat-
ically reduces NMDAR currents by reducing the glycine concen-
tration in extracellular spaces in which diffusion is restricted. This
effect appears only in oocytes in which GLYT1b and NMDAR are
co-expressed. It is Na*- and voltage-dependent, and is abolished
when Na™ is replaced by Li* and when glycine is replaced by

p-serine (a coagonist of the NMDAR that is not transported by
GLYT1b). These results demonstrate the ability of the GLYT trans-
porter to reduce glycine concentration at the level of NMDARSs in
restricted diffusion spaces. This observation could account for a
prevalent role of membrane transporters in the modulation of
synapse transmission in the CNS. From a more general point of
view, our results draw attention to possible significant discrepan-
cies between local concentrations at the level of substrate targets
in biological membranes and their concentration in the bulk solu-
tion when membrane transporters are present.

Key words: glutamate receptor; NMDA; coagonist; p-serine;
sarcosine; synaptic cleft

In most studies, membrane cotransporters have been regarded as
pumps responsible for accumulating organic constituents into
cells or regulating the cytosolic concentration of electrolytes.
However, their physiological function can be also regarded as a
mean to control substrate concentration in the extracellular com-
partment. In neurons and glial cells, specific transporters actively
take up neurotransmitters or their metabolites, thus contributing
to the recycling of messengers and the termination of the synaptic
transmission (Barbour et al., 1994; Tong and Jahr, 1994).
Accumulation of substrate into cells (Guastella et al., 1992; Smith
et al,, 1992; Kim et al., 1994) or measurements of the membrane
current generated during transport cycles (Brew and Attwell, 1987;
Mager et al., 1993) have been commonly used as an index of the
transporter activity. Only a few studies have considered the physio-
logical relevance of substrate concentration changes arising in the
extracellular space from transporter activity (see Barry and Dia-
mond, 1984; Nicholson, 1995). This function of transporters, how-
ever, should be regarded as particularly important for the control of
the glycine concentration in excitatory glutamatergic synapses. As
glycine is recognized as a necessary coagonist of glutamate at the
level of the NMDA receptor (NMDAR) (Johnson and Ascher, 1987;
Kleckner and Dingledine, 1988; Benveniste et al., 1990), the physi-
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ological relevance of possible variations in glycine concentration has
remained elusive (Thomson, 1990; Kemp and Leeson, 1993; Wilcox
et al., 1996), primarily because the actual concentration of glycine
inside the synaptic clefts of glutamatergic neurons remains unknown.
This uncertainty has led to the assumption that the glycine concen-
tration in the synaptic cleft is close to the values (1-10 um) measured
in the CSF (Westergren et al., 1994), which corresponds to a satu-
rating level for the glycine site of most NMDARSs. In contrast, based
on the thermodynamics of the transporter, which predicts a limiting
external glycine concentration in the 100 nM range, it has been
suggested that an active uptake of glycine by transporters might be
sufficient to reduce below saturation the glycine concentration in the
synaptic cleft (Ascher, 1990; Attwell and Bouvier, 1992; Attwell et al.,
1993), thereby allowing the variations in the local glycine concentra-
tion to become a signal acting on NMDARs. This hypothesis has two
major kinetic limitations. First, it supposes that glycine uptake is
efficient when the glycine concentration is one to two orders of
magnitude below the apparent glycine affinity. Secondly, it implies
that the uptake can overcome the passive diffusion flux from the CSF
into the restricted extracellular space of the CNS.

In the present paper, we describe the results of an experimental
analysis performed on a biological model in which membrane
transporters (the glycine transporter GLYT1b) control the re-
sponses of the NMDARs. The model is constructed by co-
expressing both the carrier and the receptor in Xenopus oocytes.
We show that because of unstirred layers near the membrane, the
extracellular glycine concentration in the juxtamembrane space
([Gly],,) can be reduced dramatically by specific transporters well
below the bath concentration ([Gly],).

MATERIALS AND METHODS

Heterologous expression of GLYTIb and NRI-NR2A NMDA subunits in
Xenopus oocytes. Among the glycine transporters cloned from the brain
and spinal cord [GLYT1a (Guastella et al., 1992), 1b (Smith et al., 1992);
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lc (Kim et al., 1994), and GLYT2 (Liu et al., 1993)], GLYT1b was
selected because it has been shown to be co-localized with NMDARs in
neural tissues (Smith et al., 1992; Adams et al., 1995; Luque et al., 1995;
Zafra et al., 1995). The NR1 and NR2A subunits have been chosen for
most experiments, because the relatively low glycine affinity (Kutsuwada
et al., 1992) of the receptor prevents its saturation in the 1-10 uM glycine
range. Complementary experiments were performed using the NR2B
subunit to analyze the modulation of NMDAR at low glycine
concentration.

Defolliculated oocytes were isolated from Xenopus laevis ovaries after
1 hr of shaking incubation in OR-2 Ca’*-free medium containing 2
mg/ml of collagenase type II. The vitelline envelope was not removed,
because the oocyte became too fragile to withstand rapid superfusion
(Costa et al., 1994). The NMDAR subunits NR1-1a [pN60, the gift of S.
Nakanishi (Moriyoshi et al., 1991)]), NR2A and NR2B [gifts of P.
Seeburg (Monyer et al., 1992)], and GLYT1b [the gift of K. Smith,
Synaptic Corporation (Smith et al., 1992)] were subcloned in a pRc-CMV
vector (Invitrogen, San Diego, CA) containing the 5'-UTR of the alfalfa
mosaic virus (Mager et al., 1993) and a poly-A tail. Most of the 5'- and
3’-UTR of the NR1, NR2A, and NR2B subunits were deleted (Kupper et
al., 1996). Expression of the NRI1-NR2A or NR1-NR2B subunits of
NMDAR was achieved by nuclear injection of cDNA coding for each
subunit (Kupper et al., 1996) or by mRNA injection in combination with
GLYT1b. Oocytes were kept at 19°C in individual vials containing 200 ul
of Barth’s solution supplemented with 50 ug/ml gentamycin and 200 uM
DL-2-amino-5-phosphonopentanoic acid. Experiments were performed at
room temperature, 2-3 d after the NMDAR mRNA injection.

Experimental procedures. The oocytes were introduced into a tubular
superfusion chamber that allowed a fast and laminar flow around the
oocyte (at saturating glutamate and glycine concentrations, the typical
10-90% rise time for the NMDAR response was 150 msec). The flow of
solution was interrupted manually by closing two coupled valves at either
end of the oocyte chamber. Change of solution was achieved by means of
a motorized valve. To avoid contamination of the NMDAR current by the
endogenous Ca**-activated Cl~ conductance (Leonard and Kelso, 1990),
the extracellular recording solution was Ca*-free and contained (in mm):
100 NaCl, 0.3 BaCl,, 5 HEPES, pH 7.2 adjusted with KOH.

Data acquisition. Whole-cell currents were recorded under two elec-
trode voltage-clamp at a holding potential of —70 mV using a Warner
OC-725A amplifier. Both current and voltage microelectrodes were filled
with 3 M KCl and had a tip resistances of <2 M. The two electrodes

+
GLYT

-

Figure 1. Inhibition of NMDAR activity
by glycine uptake in GLYT" oocytes.
NMDARs were activated continuously
(gray bar) by a solution containing 2 uM
glutamate and 10 uM glycine. In GLYT™
\J oocyte (left), interruption of the flow of
solution (solid bar) had no effect on the
NMDAR current. In contrast, when the
flow of the solution was stopped in
GLYT" oocyte (right), the NMDAR cur-
rent decreased by 93%, after a double
10s exponential time course. Restarting the
flow restored the full amplitude of the

NMDAR current.

impaled the oocyte in the equatorial region at an angle of 180° relative to
each other. A reference Ag/AgCl pellet was placed close to the oocyte.
The currents were filtered at 40 Hz and digitized at 100 Hz. The leakage
currents were subtracted on display.

Estimation of the [Gly],,. In GLYT™ oocytes, the [Gly],, sensed by the
NMDARs was calculated by reversing the Hill equation:

ECs
[Glyln = (1)
n max _ 1

1

where [ is the NMDA evoked current, [, is the maximal current at

saturating glycine concentration and where Glycine ECs, and the Hill
coefficient (n) refer to the mean values measured in GLYT™ oocytes.

In stopped-flow condition, a similar procedure was followed using
experiments repeated at a different glycine concentration. First, the initial
glycine concentration (before the stopped-flow condition) was estimated
as described above, then [Gly],, was calculated as a function of time using
the NMDAR current ratio I, _ o/I,.

RESULTS

Reduction of NMDA currents in GLYT' oocytes under
stopped-flow condition

In the following experiments, activation of the NMDARs was
routinely obtained by prolonged (~70 sec) exposures of the oo-
cytes to the control medium containing glutamate and glycine at
constant concentrations. The membrane was voltage-clamped to
—70 mV, and on the sudden arrival of the test solution, it gener-
ated a large (several microamperes) inward current (downward in
the figures) carried by Na™ ions (see Materials and Methods). In
control oocytes expressing only NR1-NR2A NMDARs (GLYT™
oocytes), the current remained stable irrespective of whether the
solution superfusing the oocyte was flowing (Fig. 1, left). In con-
trast, in oocytes co-expressing NMDAR and GLYT1b (GLYT™"
oocytes), abruptly stopping the flow of the superfusate resulted in
a marked decrease of the NMDA current, as shown on the right
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Figure 2. The contribution of the uptake current is negligible. The
contribution of the glycine uptake current to the total current evoked by
the application of glycine and glutamate was estimated to be <3% of the
total current by comparing the current activated by 10 uM glycine + 10 uM
glutamate with 1-10 uM glycine + 2 mm MgClL,.

in Figure 1 (mean inhibition = 80 * 13% (SD), n = 51, for [Gly],,
= 10 pMm). The decay of the current followed an approximately
biexponential time course (7, = 1.5 sec and 7y, = 11.4 sec),
with the fastest component being the largest (65%). Reinstating
the flow restored the full amplitude of the current. This phenom-
enon will be called as “stopped-flow” inhibition of NMDARs.
The contribution of the uptake current to the total current
evoked by glycine in GLYT™" oocytes was evaluated by applying
glycine alone while blocking NMDARSs with 2 mm extracellular
Mg?*. As shown in Figure 2 (top trace), the residual current was
<3% of the total current evoked in the presence of glutamate
(bottom trace) and disappeared when the flow was stopped. Sim-
ilar results were obtained using 100 um D-APV (see Fig. 9C).

The inhibition of NMDAR results from the local
depletion of glycine by the transporter

We interpret the reduction of NMDAR current on stopping the
flow as reflecting the depletion of glycine by the transporter in the
vicinity of the NMDARSs. Additional evidence supports this view
as follows.

Replacing extracellular Na* by Li* (Fig. 3) prevents stopped-
flow inhibition of NMDAR. This is explained by the fact that Li*
can replace Na™ in the NMDA channel with a lower permeability
(Tsuzuki et al., 1994) but not at the level of the glycine transporter
(Guastella et al., 1992; Smith et al., 1993; Kim et al., 1994).

Increasing [Gly],, slows the development of the stopped-flow
inhibition and reduces its extent (Fig. 4); with [Gly],, = 100 uM,
stopping the flow no longer produces an inhibition. This is ex-
pected for a saturable uptake process operating in the face of a
nonsaturable diffusion process.

Using D-serine in place of glycine does not induce stopped-flow
inhibition (Fig. 5). This arises from the fact that p-serine is an
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agonist of NMDAR (Thomson, 1990) (see also Fig. 8 B) but is not
transported by GLYT1b. Figure 6 confirms this interpretation,
showing that the transport current recorded in an oocyte express-
ing only GLT1b is almost nil in the presence of p-serine (0.04 =
0.03% of the saturating glycine uptake current; n = 6). Figure 6
shows also that sarcosine is transported by GLYT1b but with a
lower I, (76 = 4%; n = 10) of the saturating glycine uptake
current), thereby explaining that the addition of 300 um sarcosine
to 10 uM glycine prevents the stopped-flow inhibition (data not
shown; n = 3) of the NMDAR current by saturating the
transporters.

Hyperpolarizing the membrane increases the inward NMDA
current much less than expected from the linear current-voltage
relationship usually generated in the absence of external Mg>*
ions. This occurs because hyperpolarization stimulates glycine
uptake, thereby leading to a reduction of the [Gly],,. Figure 7
illustrates the effects of voltage steps on the NMDAR current in
the presence of glycine or its nontransportable analog D-serine. In
the presence of either coagonist, stopping the flow at a holding
potential of +10 mV induces little inhibition of the (outward)
NMDA current, because uptake is already strongly inhibited at
this potential. At hyperpolarization to —30 mV, the increased
driving force leads to an instantaneous increase of the current
amplitude, which declines slowly in the presence of glycine, re-
flecting a decrease of [Gly],,. Additional hyperpolarizing steps
lead to longer increases of the NMDA current in the presence of
D-serine but with glycine only induced small augmentations. In
four experiments, the NMDA current in the presence of 10 um
[Gly],, increases by 3 + 0.35% (n = 4) on stepping from —30 to
—90 mV. On the other hand, in the presence of D-serine, a much
larger increase (195 *= 12%, n = 3) is observed for the same
voltage steps, a value that is close to the linear variation predicted
from NMDA channel properties.

The inhibition of NMDA currents in GLYT* oocytes
also occurs under fast-flow condition

The decrease in [Gly],,, occurring during the stopped-flow period
can be estimated from the observed NMDAR current reduction
on the basis of dose-response relationships between the glycine
concentration and the NMDAR current. This requires a knowl-
edge of [Gly],, att = O (i.e., under fast-flow condition). At a first
attempt, we have assumed [Gly],, to be equal to [Gly], under
fast-flow conditions for both GLYT™ and GLYT™ oocytes. Com-
parison of the glycine activation curves of NMDARs (Fig. 84),
however, revealed that the EC5, was 2.3 = 0.3 um in GLYT™
oocytes (solid circles, n = 14, SD) and 9 * 1.3 um in GLYT™"
oocytes (open circles, n = 4; individual experiments are shown).
The Hill coefficient increased from 1.2 = 0.3 to 1.6 = 0.13. In
contrast, as shown in Figure 8B, the p-serine ECs is similar in
GLYT™ (solid diamonds) and GLYT™" oocytes (open diamonds).
This suggests that at variance with our preliminary interpretation
(Supplisson et al., 1994), the glycine transporters can decrease
[Gly].. even under fast-flow conditions, generating a steady-state
glycine gradient (A[Gly] = [Gl], — [GD],,) between the bath
solution and the membrane [possibly across a thin, unstirred layer
corresponding to the vitelline envelope (Costa et al., 1994) and /or
the microvillous layer (Zampighi et al., 1995)]. The different
apparent affinities are observed even at the earliest response time
(Fig. 8C), thus demonstrating that the glycine gradient is estab-
lished as fast as the change in solution. To calculate the effective
[Gly],, sensed by the NMDARS for each [Gly],,, we used the mean
ECs, and Hill coefficient of glycine activation of NMDARSs as
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Figure 4. The stopped-flow inhibition of NMDAR in GLYT™ oocytes is
glycine-dependent. The stopped-flow inhibition of NMDAR decreases in
magnitude and slows down with increasing [Gly]; it no longer occurs with
100 uMm glycine. The current traces were normalized to the value measured
before the interruption of the flow.

determined in GLYT™ oocytes. Figure 8D shows that for [Gl],
ranging from 1 to 10 uM, the [Gly],,, is reduced by four- to sixfold;
the mean [Gly],,, values (solid line) were 130 * 60 nm, 310 = 120
nM, 580 = 173 nMm, 1.2 = 0.5 um, and 2.5 = 0.8 um for [Gl], = 1,
2, 3, 6, and 10 um, respectively (SD, n = 4). This method of
estimation of [Gly],, was then applied to the stopped-flow condi-
tion. A plot of [Gly],, as a function of time is shown in a semilog
plot in Figure 8E. The arrows indicate the A[Gly] present under
fast-flow condition. The final values of [Gly],, are 70 = 26, 190 *
60, and 530 = 120 nm for [Gly],, = 5, 10, and 20 uM, respectively.

Relaxation of NMDAR currents induced by voltage
changes in GLYT" oocytes under fast-flow condition
To explore further the capacity of glycine transporters to control
[Gly],, under fast-flow superfusion, we performed a set of exper-
iments in which the rate of glycine uptake was altered by abrupt

Figure 3. The inhibition of NMDAR by the glycine trans-
porter is Na*-dependent. The stopped-flow inhibition of
the NMDAR current is Na*-dependent (left trace), because
it is not observed with Li*-Ringer (same oocyte, right trace);
note the change in current scale attributable to the reduc-
tion by 44% of the NMDAR current observed in Li*. This
decrease in NMDAR current amplitude was expected but
somewhat smaller than the predicted 60% decrease calcu-
<« lated from the reported reduction by 55% of the single
channel current conductance and the shift of reversal po-
tential by —8 mV for the €2/{1 NMDAR subunits expressed
in Xenopus oocyte (Tsuzuki et al., 1994). This discrepancy
10s may suggest that the NMDAR current in Na™ is already
reduced under fast perfusion in GLYT" oocyte.

10 uM Glutamate + 10 uM coagonist

Flow stopped
ﬂ (v——‘

Glycine

b

D-Serine

50nA

10s

Figure 5. The stopped-flow inhibition of NMDAR in GLYT™" oocytes is
not observed with D-serine. The current traces recorded in response to the
application of 2 um glutamate and either 5 um glycine or D-serine.
Stopped-flow inhibition is observed in the presence of glycine but not in
the presence of D-serine, which is not transported by GLYT1b but behaves
as an agonist of NMDAR.

changes in membrane potential. In GLYT™ oocytes, at low glycine
concentration (1 uMm), we observed relaxation of NMDAR cur-
rents (background current subtracted) in response to voltage steps
(Fig. 94). For each depolarizing step, the current recorded at the
onset of the voltage pulse was smaller than the current recorded
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Figure 6. Sarcosine but not D-serine is a substrate for GLYT1b. Trans-
porter current traces recorded from an oocyte expressing only GLYT1b
and evoked by the application of 200 um glycine, 200 uM sarcosine, 200 uM
D-serine, and 200 uM glycine + 100 uMm D-APV.

in steady state. As seen in Figure 9B, both the instantaneous (solid
squares) and the steady-state (open circles) currents reversed at
the same membrane potential, suggesting that the time-activated
current is only attributable to an increasing activation of
NMDARSs. The time constant (181 = 4.2 msec, n = 32, =SEM) of
these relaxations is voltage-independent within this voltage range.
Repolarization to the holding potential evoked large inward tail
currents, the amplitude of which increased with the magnitude of
the voltage step. The peak to steady-state ratio of the NMDAR
current depends on [Gly], and on the density of transporter
expressed in the oocyte membrane. In the results illustrated in
Figure 9C, this ratio is found to be 12.6 for [Gly], = 1 um and
decreases to 1.7 for [Gly], = 10 um. The addition of 100 um
D-APYV inhibits the NMDAR current and reveals the small uptake
current contribution (4.2% at —80 mV) to the steady-state total
current (~0.4 and 2.5% of the peak NMDAR current at —100 mV
for [Gl], = 1 um and [Gly], = 10 uM, respectively). The uptake
current is not affected by p-APV, as shown in Figure 6 for an
oocyte expressing only GLYT1b, with a mean amplitude of 95 =
4.8% (n = 6) of the saturating glycine uptake current.

Because these NMDAR current relaxations were neither ob-
served in GLYT ™ oocytes nor in the presence of D-serine (data
not shown), we interpret them as reflecting rapid changes in
[Gly]., attributable to the variation in the rate of glycine uptake.
The depolarizing voltage steps reduce the GLYT turnover (Sup-
plisson and Bergman, 1995), thus leading to a [Gly],, restoration
and, accordingly, to a greater activation of NMDARSs. The non-
linear I-V relationship of NMDAR current observed in steady
state results from alteration of the NMDA conductance at each
potential that follows the change in [Gly],...

Inhibition of NMDAR1-2B in GLYT* oocytes

The inhibition of the NMDA current in GLYT™ oocytes is not
restricted to NMDARs composed of NR1 and NR2A subunits. It
is also observed with NMDARs composed of NR1 and NR2B

Supplisson and Bergman ¢ Control of NMDA Receptor by Glycine Transporter
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Figure 7. Increase of the stopped-flow inhibition of NMDAR by hyper-

polarization. NMDARs were activated in a GLYT" oocyte by the appli-
cation of 10 pum glutamate and either 10 uM glycine or D-serine at 1= —30
mV. Then the membrane voltage was stepped to +10, —30, —60, and —90
mV for 15 sec at each potential. The stopped-flow condition did not
induce an inhibition of the NMDA current, because glycine uptake is
greatly reduced at +10 mV. For negative voltages, the NMDAR current
evoked in the presence of D-serine was stable and increased linearly with
voltage, except for a minor rectification observed at —90 mV that is likely
to be attributable to contaminating traces of Mg?*. In the presence of
glycine, in contrast, the NMDAR current declined with time at each
potential to such levels that the overall increase of the current was much
smaller than predicted from the change in driving force.

subunits. These receptors have a glycine affinity (Kutsuwada et al.,
1992) closer to that of neuronal receptors (Johnson and Ascher,
1987; Benveniste et al., 1988; Thomson et al., 1989; D’angelo et
al., 1990; Thomson, 1990). In three experiments under fast-flow
conditions similar to those described in Figure 84, the glycine
ECs, of the NMDARI1-2B increases (Fig. 104) from 0.6 = 0.09
(solid circles, n = 3) in GLYT ™ oocytes to 1.6, 1.8, and 3 uM in
GLYT™ oocytes [for clarity, only the latter experiment is shown
(open circles)]. This up to fivefold increase in the glycine ECs, of
NMDARI1-2B in GLYT" oocyte can be explained by the de-
crease of [Gly],, as described previously in Figure 8D. This gives
a reduction of [Gly], by a factor 5 ([Gly],, = [GH],/5) in the
experiment shows Figure 104, which fits in the range determined
with NMDARI1-2A in Figure 8D. The mean reductions of
NMDARI1-2B current in GLYT" oocytes were 71 + 17%, 50 *
18%, 30 £ 7.8%, and 11 = 2.9% (n = 3) of the control current
recorded in GLYT™ oocyte (n = 3), respectively, at 0.3, 1, 3, and
10 uM glycine.

To illustrate the capacity of GLYT to control [Gly],, under
fast-flow conditions in a range of [Gly],, ~100 times lower than the
transporter ECs,, we performed relaxation experiments under
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Figure 8. A glycine gradient is maintained by GLYT1b between the bath and the membrane under fast-flow condition in GLYT™ oocytes. A, Glycine
concentration-NMDAR current relationship in the presence of 2 or 10 um glutamate in GLYT ™ oocytes [solid circles,n = 14, EC5, = 2.3 = 0.3 pum; ny,
= 1.3 = 0.12 (SD), I,,,,,, ranged from 0.45 to 7 pA] and GLYT™" oocyte (open circles, ECsy, = 7.5, 8.5, 9.8, 10.2 um; ny, = 1.6, 1.7, 1.6, 1.4; the individual
experiments were not averaged, because each GLYT™ oocyte expressed GLYT1D at different levels) were fitted according to the Hill equation:

Imax
ECs

v @)

and then normalized to the maximal current (/,,,,,) for display. The glycine uptake current dose-response curve is shown for comparison [open triangles,
n =15, ECs, =225 £ 4.1 uM (SD), ny, = 1, experiments performed with oocytes expressing only GLYT1b]. The ECs, for GLYT1b is in good agreement
with the value reported for high-affinity glycine uptake in hippocampal slices (Fedele and Foster, 1992). Error bars indicate SEM. B, Summary of glycine
ECs, values (solid circles, open circles), and D-serine ECs, values (solid diamonds, open diamonds) of NMDARs measured in GLYT ~ oocytes [solid circles
(n = 19), solid diamonds (n = 8)] and GLYT™" oocytes [open circles (n = 22), open diamonds (n = 7)]. Glycine ECs, values differ significantly in GLYT~
and GLYT" oocytes, with p = 5 107° (F test). C, Current traces showing that the reduction of NMDAR current under fast-flow conditions is established
rapidly. The NMDAR currents were activated repeatedly by 5 sec applications of solutions containing 2 uMm glutamate and various concentrations of
glycine to GLYT™ oocytes (left) or to GLYT™" oocytes (right). Current traces were normalized to the maximal current. D, Estimate of the [Gly],,. For each
[Gly],, shown in A, the effective [Gly],, sensed by the NMDARs in GLYT" oocytes was extracted from the Hill equation and the values of glycine ECs,
and Hill coefficient measured in GLYT™ oocytes. The dashed line refers to [Gly],, = [Gly],. The error bars indicate the estimated error on [Gly],, as
calculated from the SD. E, Semilogarithmic plot of [Gly],,, during the stopped-flow condition for three repeated experiments with [Gly], = 5, 10, and 20
uM in the presence of 10 um glutamate (V' = —100 mV). [Gly],,, was estimated under fast-flow conditions corresponding to ¢ = 0, as described above, and
the arrows indicate the initial A[Gly] values. [Gly],, was calculated as a function of time from the NMDAR current ratio I/l — o).

I= (6)

fast-flow conditions with oocytes expressing NR1-NR2B subunits.
Figure 10B shows that the NMDA current evoked in the GLYT™
oocyte in response to 0.3 um glycine and 2 um glutamate is
time-independent when the membrane potential is stepped from
a holding potential (V;;) of —40 mV to a test potential (V)
ranging from —100 to +40 mV. When the membrane is repolar-
ized from V; = +40 mV to Vi = —100 mV, a brief relaxation
(varying from trace to trace) is observed that may involve an effect

of positive potential to the open-state probability of NMDAR
(Nowak and Wright, 1992; Li-Smerin and Johnson, 1996). In
contrast, the NMDAR current recorded in GLYT" oocyte dis-
plays a marked time dependence at all potentials. For Vi < V7,
the current size increases instantaneously as expected from the
change in driving force for the NMDAR channel, then declines as
[Gly],,, decreases because of the rise in driving force for the glycine
uptake. For V. >V}, the NMDAR current increases with time as
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mate at Vi = —80 mV. During each
successive agonist application (repeat-
ed at 20 sec intervals), a 2.5 sec voltage
step was applied, between +20 and
—70 mV. The background current de-
termined from the same protocol in the
absence of agonist has been subtracted
from the total current recorded in the
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age relationships of the instantaneous
(solid squares) and the steady-state
(open circlesy NMDAR current ob-
tained as indicated in A. C, Time
course of NMDAR current traces
evoked by the application of 1 um (left)
or 10 uM (right) glycine and 2 um glu-
tamate in the absence and in the pres-
ence of 100 uM D-APV. Leakage cur-
rent is not subtracted.

[Gly],, rises because of a smaller driving force for the glycine
transport.

A more quantitative description of the effects of membrane po-
tential changes on NMDAR1-2B is shown in Figure 11, where the
background current has been subtracted from the total current. The
protocol is similar to that described in Figure 94. The off-relaxation
time constant is 477 = 7.2 msec (n = 33, =SEM) and appears to be
voltage-independent. It is significantly larger (p < 0.0001) than with
NMDARI1-2A and might reflect the difference in glycine affinity of
the NR2A and NR2B subunits (Monyer et al., 1992; Paoletti et al.,
1995). The current-voltage relationship in Figure 11B shows that
both instantaneous (solid squares) and steady-state (open circles)
currents have the same reversal potential. When the membrane
potential is repolarized to V;; = —80 mV, the instantaneous (solid
triangles) change in the current size is only attributable to a variation
in the driving force for the NMDA current as demonstrated by the
common reversal potential. Alteration of the NMDAR conductance
can be attributed to only a change in the receptor activation by
variations in [Gly],,,.

The uptake current of the transporter itself was also sensitive to
the stopped-flow condition (Fig. 24), suggesting that studies of
transporters with high levels of expression and/or slow superfu-
sion may often be complicated by local substrate depletion (our
unpublished observations).

+100uMD-APV
("~ +100pM D-APV

™

DISCUSSION

Control of the [Gly],,, by GLYT1b

The main purpose of the present study was to develop an exper-
imental model permitting us to test the hypothesis formulated in
recent papers (see introductory remarks) that membrane trans-
porters could efficiently regulate the extracellular concentration in
substrates at the level of their membrane targets in relative
independence of the nominal concentration of the same sub-
strates in the bulk solution. The basic idea was that in most
biological systems, the solute molecules en route to the membrane
have to face restricted diffusion barriers limiting small phenome-
nological compartments in which fine regulation can take place
and have a physiological relevance.

In mature Xenopus oocytes, membrane capacitance measure-
ments have revealed that the membrane area is ~8 times larger
than expected for a smooth sphere of the same apparent diameter
(assuming a specific capacitance of 1 uF/um?). On the basis of
morphological studies, this excess in membrane area can be ex-
plained by the presence of numerous (6—7 wm?) small (1-2 pm)
microvilli at the oolemma (Zampighi et al., 1995). According to
this view, it is likely that between adjacent microvilli, the external
space is shaped as small compartments in which solute diffusion is
somehow restricted. If specific transporters are expressed at the
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Figure 10. Reduction and relaxation of NMDARI-2B current in
GLYT" oocyte under fast-flow condition. 4, Glycine concentration—
NMDAR current relationship in the presence of 2 uMm glutamate in
GLYT™ oocytes [solid circles,n = 3, EC5, = 0.6 = 0.1 uM; n,, = 1.3 £ 0.2
(SD)] and GLYT™" oocyte (open circles, ECs, = 3 uMm; n, = 1.3). B,
Relaxation of NMDARI1-2B currents induced by voltage steps in GLYT™
(left) and GLYT™" (right) oocytes under fast-flow superfusion. NMDARSs
are activated by the application of 0.3 uMm glycine and 2 um glutamate at
Vy = —40 mV. During each successive agonist application (repeated at 20
sec intervals), a 1.25 sec voltage step is applied (voltage step protocol is
drawn at top of the current traces). Leakage current is not subtracted.

membrane surface, a fine regulation of the concentration of their
preferred substrate thus could take place. We assume that in our
model, NMDAR and GLYT1b proteins are distributed evenly at
the surface of the oocyte including the microvilli.

The interpretation above is based primarily on the following
results: the NMDAR current response to glutamate in the pres-
ence of glycine is reduced markedly when the circulation of the
superfusing solution is stopped abruptly. This does not occur (1)
in oocytes in which GLYT1b was not expressed; (2) when the
GLYT1b is inhibited by substituting Li* for Na* in the external
medium; (3) when glycine is replaced by D-serine in the external
medium; (4) when GLYT1b is saturated by sarcosine; or (5) when
membrane voltage changes alter the carrier function.

Finally, we show a significant NMDAR current reduction re-
sulting from glycine uptake by GLYT1b even if the superfusion
flow is very fast. In other words, we demonstrate that when
expressed at the surface of a restricted diffusion space, NMDAR
are more or less, but always, influenced by the local control in
glycine concentration exerted by GLYT1b. This view likely holds
for synapses in the CNS.

It should be noticed that the active uptake produces an equal
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extracellular depletion and intracellular accumulation (in terms of
transferred amount of substrate) but not an equivalent change in
concentration on either side of the membrane. Moreover, on the
external side of the membrane (and likely in the restricted diffu-
sion space) the cell uptake is counterbalanced by the passive
diffusion of the substrate from the bath so that a concentration
gradient is set up across a diffusion barrier.

This effect of active transport, in combination with the presence
of a large, unstirred layer, has been reviewed extensively for the
epithelia by Barry and Diamond (1984). In Xenopus oocyte, the
vitelline envelope has a thickness of 1-5 um (Wolf et al., 1976) but
generates an apparent unstirred layer of d = ~11 um, which
appears as the limiting factor for a rapid exchange of external
solution (Costa et al., 1994). We propose that the glycine gradient
takes place across this unstirred layer (including the microvilli
space) during fast perfusion.

The steady-state glycine flux across this diffusion barrier should
equal the transport flux:

_ JmﬂX [Gly]m
Po([Gly], — [Gly]) = [Glyl. + K, (2)

where J,,,, is the maximal glycine uptake flux, which can be
estimated from the uptake current:

ImaX

Tmax = zF§

(nmole/(cm’sec)), 3)

where I, is the maximal uptake current (nA), F is the Faraday’s
constant, z is the number of charges transferred by molecules of
glycine (z = 1, assuming a coupling of 2Na*/Cl~/glycine), and S is
the spherical apparent surface of the oocyte (S ~ 0.031 cm?). K,,,
is the apparent affinity of GLYT1b for glycine (K, = 22 uMm; see
Fig. 84); Pg,, (cm/sec) is the permeability coefficient for glycine
across the diffusion barrier of the oocyte.
From that relationship, [Gly],,, can be deduced as

[Gl]wm = ([Gh], — a+ (G, — @) + 4GH], Kn)2,  (4)

with a = J,,. /gy T Ky, In pM.

The fit of [Gly],,, as a function of [Gly], is shown in Figure 12 in
a semilogarithm scale, with K, fixed at 22 um. The fitted « values
were 72 (open squares), 100 (open triangles), 102 (inverted trian-
gles), and 176 (open circles) um. From typical I, amplitudes,
ranging from 20 to 300 nA, determined in nine experiments
performed under similar conditions, we estimate Pg,, to be ap-
proximately five 10~* cm/sec. This leads to I,,,, = 76, 120, 120,
and 235 nA, respectively, for the four experiments shown in
Figure 12. This permeability is approximately one tenth of the
predicted glycine permeability in water for an unstirred layer of 11
uM (Pgyy = D, /d = 51072 cm/sec, with Dg,, = 5 107° cm?/sec
and d = 1.1 1073 cm). Figure 12 shows that there is good
agreement between the experimental data and the prediction of
the model. In some experiments, however, we found that at low
[Glh],, [Gly],, was lower than predicted by Equation 4. This
deviation might reflect particular constraints attributable to the
presence of microvilli in the restricted diffusion barrier that could
arise, for instance, from the presence of GLYT1b altering [Gly],,,
along the microvilli. At higher [Gly],, the transporters could be
saturated so that the effect of their spatial distribution along the
microvilli should appear negligible.

Concerning the relaxation experiments, it is worth noting that a
depolarizing pulse induces a rise in glycine concentration that
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Figure 11.

Relaxation of NMDARI1-2B currents induced by voltage steps in GLYT* oocytes under fast-flow superfusion. A, Time course of NMDARI1-2B

current traces evoked by the application of 0.3 uM glycine and 2 uM glutamate at V;; = —80 mV. During each successive agonist application (repeated at 20
sec intervals), a 1.25 sec voltage step was applied, between +40 and —100 mV. The background current, determined from the same protocol in the absence of
agonist, has been subtracted from the total current recorded in the presence of agonist. B, Current-voltage relationships of the instantaneous (solid squares) and
the steady-state (open circles) NMDAR currents obtained as indicated in 4. C, Current-voltage relationships of the steady-state (open circles) and instantaneous
(solid triangles) NMDAR currents on repolarization to the holding potential obtained as indicated by the symbols in A.

should be governed mostly by glycine diffusion from the bath. As
expected, the time constants of the on-relaxation are voltage-
independent and of the same magnitude as the time-constant of
NMDA activation current by glycine. The time constants mea-
sured with NMDA NR1-2A and NR1-2B subunits are not signif-
icantly different. In contrast, when the membrane was hyperpo-
larized, leading to a decrease in [Gly],, by the transporter, we
found that the off-relaxation of the time constant was 188 and 477
msec for NMDAR1-2A and NMDAR1-2B, respectively. These
values are comparable with the glycine off-relaxation time con-
stants of 147 = 15 msec for NR1-2A (Monyer et al., 1992) and
485 msec for NR1-2B subunits (Paoletti et al., 1995) found for
NMDAR expressed in HEK-cells. This suggests to us that the
decay of the relaxation most likely reflects the slow dissociation of
glycine from NMDAR rather than the actual time course of
glycine depletion in the extracellular space.

Under stopped-flow conditions, we postulate that the thickness
of the unstirred layer increases and that the glycine gradient
extends over a larger scale. The theoretical limit for the decrease
of the external glycine concentration is imposed by the thermo-
dynamics of the transport, as defined by the relation (Attwell and
Bouvier, 1992; Attwell et al., 1993):

[NaJ? [CI];

[Gly]n ( )2;
[Na]Z [Cl],/¢

[Gly];
Assuming [Na]; = 10 mm and [Cl]; = 30 mwm, (F, R, and T have
their usual meanings), this ratio is 1.5 10~* at ¥ = =70 mV and
5.8107° at ¥ = —100 mV. Our estimated values of [Gly],, under
stopped-flow conditions shown in Figure 8 B are compatible with
an intracellular concentration of free glycine =<1 mm. It should be

(%)

noted that under our experimental condition, the equilibrium is
never obtained, because a steady-state inward flux is present
between the bath and the oocyte cytoplasm.

Physiological implications
Our results indicate that the glycine transporter expressed in
Xenopus oocytes is able to deplete glycine near the membrane to
concentrations well below 1 uM (i.e., the saturating concentration
for neuronal NMDARs) when the bath concentration is similar
(within a range of 1-10 uM) to that of CSF. The extrapolation of
this conclusion to glutamatergic synapses requires knowledge (not
available at this time) of the actual density and distribution of the
transporters in the synaptic region. The number of transporters
expressed in GLYT™" oocytes is of the order of 3.10° — 6.10"° (for
a maximal uptake current of 10-200 nA and a turnover of 17¢/sec
at = —70 mV, (S. Supplisson, unpublished data). This allows an
estimate of the transporter’s density in our experiments of ~150—
3000 transporters/um?, a standard value for heterologous expres-
sion of transporters in oocytes (Mager et al., 1993; Zampighi et
al., 1995). This density is probably higher than that estimated in
nervous tissue, but the synaptic extracellular space under the
control of neural transporters is much smaller, and thus a lower
density of transporters might suffice to produce a similar effect.
Our results show that glycine transporters, when expressed in a
restricted diffusion space, are capable of desaturating the glycine-
site of NMDARs and thus of depressing the glutamatergic trans-
mission. This interpretation is now supported by the results ob-
tained in hippocampal slices indicating that addition of 10 um
glycine in the Ringer’s solution increase by 73% the excitatory
postsynaptic currents mediated by NMDARs (Wilcox et al., 1996).
A release of glycine [by reverse transport (Attwell and Bouvier,
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Figure 12.  Fit of [Gly],, in a logarithmic scale as a function of [Gly],, using
Equation 4. The experimental [Gly],, are those reported in Figure 8 D. The
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1992) or by liberation at nearby glycinergic synapses] or D-serine
[by the astrocytes (Schell et al., 1995, 1997)] would reinforce the
glutamatergic transmission. This strengthens the notion that ei-
ther glycine (Johnson and Ascher, 1987; Thomson 1990; Kemp
and Leeson, 1993) or p-serine (Thiels et al., 1992; Matsui et al.,
1995; Schell et al., 1995, 1997) can play a physiological role as
excitatory neuromodulators at glutamatergic synapses.
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