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Glycine in the hippocampus can exert its effect on both synaptic NMDA receptors (NMDARs) and extrasynaptic functional glycine
receptors (GlyRs) via distinct binding sites. Previous studies have reported that glycine induces long-term potentiation (LTP) through the
activation of synaptic NMDARs. However, little is known about the potential role of the activated GlyRs that are largely located in
extrasynaptic regions. We report here that relatively high levels of glycine achieved either by exogenous glycine application or by the
elevation of endogenous glycine accumulation with an antagonist of the glycine transporter induced long-term depression (LTD) of
excitatory postsynaptic currents (EPSCs) in hippocampal CAl pyramidal neurons. The co-application of glycine with the selective GlyR
antagonist strychnine changed glycine-induced LTD (Gly-LTD) to LTP. Blocking the postsynaptic GlyR-gated net chloride flux by
manipulating intracellular chloride concentrations failed to elicit any changes in EPSCs. These results suggest that GlyRs are involved in
Gly-LTD. Furthermore, this new form of chemical LTD was accompanied by the internalization of postsynaptic AMPA receptors and
required the activation of NMDARs. Therefore, our present findings reveal an important function of GIyR activation and modulation in

gating the direction of synaptic plasticity.
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INTRODUCTION

Glycine is a two-faceted bioactive molecule in the central
nervous system (CNS) (Xu and Gong, 2010). On the one
hand, glycine is a strychnine-insensitive co-agonist for
NMDA receptors (NMDARs) that is essential for the
activation of NMDARs (Johnson and Ascher, 1987; Kemp
and Leeson, 1993; Danysz and Parsons, 1998). NMDAR has
a critical role in neural development, learning and memory,
sensory perception, and synaptic plasticity (Constantine-
Paton and Cline, 1998; Zoghbi et al, 2000). Glycine can
potentiate NMDAR-mediated currents through its high-
affinity binding with NMDARs and produce or facilitate
long-term potentiation (LTP) of the AMPA-subtype of
glutamate receptor-mediated excitatory postsynaptic cur-
rents (EPSCs; Johnson and Ascher, 1987; Wilcox et al, 1996;
Martina et al, 2004; Li et al, 2009; Lu et al, 2001; Zhang et al,
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2008). On the other hand, glycine is one of the main
inhibitory neurotransmitters in the CNS (for reference, see
Keck and White (2009)). Glycine receptors (GlyRs) have
been studied in detail in the brain stem and spinal cord,
where GlyRs are highly expressed. Additionally, accumulat-
ing evidence over the last decade has suggested that
functional GlyRs are present throughout all regions in the
hippocampus and have an important role in regulating
excitability and plasticity. These strychnine-sensitive
GlyRs, if located postsynaptically, are mostly found in
extrasynaptic sites (Danglot et al, 2004). Because GlyRs
present in hippocampal synapses are understood morpho-
logically but not functionally (Keck and White, 2009), we
sought to determine whether the activation of extrasynaptic
GlyRs could contribute to the persistent plasticity of
neurotransmission.

Because NMDARs have a substantially higher affinity for
glycine than do GlyRs (Chattipakorn and McMahon, 2002;
Vyklicky et al, 1990), endogenous glycine likely exerts its
excitatory effect through NMDAR co-agonist binding.
Under most physiological conditions, the glycine concen-
tration in cerebrospinal fluid has been estimated to be in the
low micromolar range (Westergren et al, 1994). However,
under some pathophysiological conditions, such as brain
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ischemia and epilepsy, the concentration of glycine in the
synaptic cleft can be quite elevated (Globus et al, 1991;
Lasley, 1991). This raises the possibility that when
excessive glycine is produced and accumulates in the
synaptic cleft, it could spill over to extrasynaptic sites to
activate functional GlyRs to exert an inhibitory effect. This
hypothesis is supported by recent findings. Martina et al
(2004) observed that a specific inhibitor of glycine
transporter type 1 (GlyT1) causes a dose-dependent
accumulation of glycine in the synaptic cleft. In contrast
to the elevation of NMDAR currents and LTP induced by
the application of low levels GlyT1 inhibitors, higher
concentrations of GlyTl inhibitors reduce NMDAR
currents with no increase in LTP. These results
suggest that the level of extracellular glycine could be an
important factor for regulating the excitability of neurons.
However, it is still unknown whether GlyRs have a role in
this inhibitory effect. Another recent study further demon-
strated that GIyR activation could mediate the acute
inhibitory effects of glycine on excitatory postsynaptic
potentials (EPSPs) (Song et al, 2006). It is of great
importance to know whether and how GlyR activation
by high levels of glycine accumulation, which opens
GlyR-gated chloride channels, could induce persistent
changes in EPSCs.

In the present study, we demonstrated that high levels
of glycine induced chemical long-term depression (LTD) of
EPSCs in CAl pyramidal neurons. This effect was
mainly attributable to modulatory effects of GlyRs. Our
findings reveal an important function of GlyR activation
and modulation in dictating the direction of synaptic
plasticity.

MATERIALS AND METHODS
Hippocampal Slice Preparation

Male Sprague Dawley rats, 18-21 days old, were anesthe-
tized with ethyl ether and decapitated. The entire brain was
removed and coronal brain slices (350 um thickness) were
cut using a vibrating blade microtome in ice-cold artificial
cerebrospinal fluid (ACSF) containing (in mM) 126 NaCl,
2.5 KCl, 1 MgCl,, 1 CaCl,, 1.25 KH,PO,, 26 NaHCO3, and 20
glucose. The pH was adjusted to 7.4. ACSF was bubbled
continuously with carbogen (95% 0,/5% CO,). Fresh slices
were incubated in a chamber with carbogenated ACSF and
recovered at 34°C for at least 1.5h before transfer to a
recording chamber.

Electrophysiological Studies

Conventional whole-cell recordings were made with patch
pipettes containing (in mM) 132.5 Cs-gluconate, 17.5 CsCl,
2 MgCl,, 0.5 EGTA, 10 HEPES, 4 ATP, and 5 QX-314 with
the pH adjusted to 7.2 by CsOH. The total intracellular Cl~
concentration is 21.5mM. In the experiments performed
with high chloride pipette solution, Cs-gluconate was not
used in the pipette solution and the concentration of CsCl
was changed to 132.5mM. Under this condition, the total
intracellular Cl™ concentration is 136.5 mM. In experiments
performed with low chloride pipette solution (Figure 4), the
Cl” concentration in the pipette solution was lowered by
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changing the CsCl concentration from 17.5 to 6.5 mM (total
intracellular CI™ concentration was 10.5 mM). Hippocampal
slices were perfused with ACSF at 34 °C, which was bubbled
continuously with carbogen (95% 0,/5% CO,). Stimulations
were applied to Schaffer fibers through a constant current
pulse delivered using a bipolar tungsten electrode. Evoked
synaptic responses were evoked at 0.05Hz, except during
the glycine application. In Supplementary Figure S1, evoked
synaptic responses were also recorded during the glycine
treatment. All recordings were performed at a —65mV
holding potential. The perfusion medium was switched
to an Mg*"-free ACSF only when glycine was applied.
EPSCs were recorded in ACSF perfusion media containing
bicuculline methiodide (BMI, 10uM) to block GABA,
receptor-mediated inhibitory synaptic currents except
for the experiment that GABA, function was kept intact
(Figure 2a). CAl pyramidal neurons were viewed under an
upright microscope (ECLIPSE E600-FN, Normaski, Nikon
Corporation, Tokyo, Japan) and recorded with an Axo-
patch-200B amplifier (Molecular Devices, Palo Alto, CA).
Changes in EPSCs amplitude were examined during the last
5 min of recording. Data were low-pass filtered at 2 kHz and
acquired at 5-10kHz. Recordings from each neuron lasted
for at least 40-80 min. The series resistance (Rs) in these
recordings varied between 4 and 6 MQ. The Rs was always
monitored during recordings for fear of re-sealing ruptur-
ing membrane, which will cause changes in both the
kinetics and amplitude of the EPSCs. Cells in which the Rs
or capacitance deviated by >20% from initial values were
excluded from the analysis. Additionally, cells with Rs
>20MQ at any time during the recording were excluded
from the analysis. Data were collected with pClamp9.2
software and analyzed using Clampfit9.2 (Molecular
Devices). For extracellular field potential recording,
glass pipettes filled with 3M NaCl (tip resistance of
2-5MQ) were positioned in the stratum radiatum of the
CALl region, and the field EPSPs (fEPSPs) were evoked with
a bipolar tungsten electrode. The slope of fEPSP was
calculated between 20 and 80% of the maximal amplitude
and was used as an indicator of synaptic efficacy (Riekki
et al, 2008).

Pharmacology

Channel blockers, including D,L-AP5, were purchased from
Sigma-Aldrich. BMI was purchased from Tocris.

Data Analysis

All population data are expressed as the mean values + SEM.
The raw data were normalized by averaged value of EPSCs
during 10 min baseline recording. Within-group compar-
isons were performed using paired-sample ¢-tests, and
differences between groups were compared using indepen-
dent-sample t-test and ANOVA post hoc comparisons. An
one-way ANOVA LSD test was used when equal variances
were assumed. Differences were considered significant when
P<0.05, and the significance for the homogeneity of
variance test was set at 0.1. Data are shown as the mean
values = SEM.
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RESULTS
Glycine Induced Chemical LTD in EPSCs

We first performed whole-cell patch clamp recordings of
evoked EPSCs in CA1l pyramidal neurons in hippocampal
slices to examine whether the effects of glycine on EPSCs
differed when applied at different concentrations. EPSCs
were recorded at a —65mV holding potential in an ACSF
perfusion medium containing BMI (10 uM) to block GABA ,
receptor-mediated inhibitory synaptic currents. The con-
centration of CI™ in the pipette solution was 21.5mM.
Following 10min of stable baseline EPSCs recording, a
range of concentrations of glycine (0.05, 0.2, 0.6, 1.0, 1.2,
and 1.5mM) was applied for 10 min. The perfusates were
switched to Mg’ * -free ACSF only when glycine was applied
to briefly activate NMDARs in CAl pyramidal neurons.
Changes in EPSCs amplitude were examined during the last
5min of recording. Glycine at the 0.2 and 0.6mM
concentrations significantly increased EPSCs and induced
LTP of EPSCs (normalized amplitudes, 0.2 mM, 1.59 £ 0.17,
n=6, P<0.01 and 0.6 mM, 2.07 £ 0.27, n=6, P<0.01, one-
way ANOVA LSD test; Figure la and d). This result is
consistent with previous studies in both slices and cultured
cells (Bashir et al, 1990; Oliver et al, 1990; Lu et al, 2001).
Surprisingly, when exogenous glycine reached 1.0 mM, no
persistent change in EPSCs was observed (1.00 £ 0.01, n =6,
P=0.93; Figure 1b and d). Further increasing the glycine
concentration to 1.5mM produced LTD of EPSCs (1.5 mM,
0.41£0.02, n=6, P<0.01, one-way ANOVA LSD test;
Figure 1c and d and Supplementary Figure S1). This form
of LTD remained when GABA, receptors were intact

(Figure 2a) and was not associated with substantial
alterations in input resistance or holding current (Supple-
mentary Figure S2). Gly-LTD was not due to the rundown of
EPSCs caused by the deterioration of the recorded cells or to
an adverse effect on the recording of the cells during glycine
treatment because glycine, at this concentration, does not
display toxic effects on nerve cells (Barth et al, 2005; Wallis
et al, 1995; Newell et al, 1997).

Because GlyR activation may only induce LTD when the
intracellular contents of the neuron are dialyzed, we also
examined whether this LTD occurred using extracellular
field potential recordings. These results display similar
observations and confirm that the activation of GlyRs can
induce LTD of fEPSPs (0.49 £ 0.06, n=>5; Figure 2b). Our
present results suggest that increasing the level of
exogenously applied glycine shifted the excitation-inhibi-
tion balance toward inhibition and induced persistent
depression in EPSCs. We also performed these experiments
with a high ClI” concentration pipette solution (Cl™
132.5mM) and found that the above observation was still
detected but that the concentrations of glycine necessary to
produce the effects of interest tended to be lower
(Supplementary Figure S3).

Gly-LTD Required the Activation of GlyRs

We further investigated the mechanisms by which glycine-
induced LTD at high concentrations. Glycine mainly exerts
its action at two sites: the NMDAR co-agonist binding site
(site B) and the GlyR site (site A), which mediate excitatory
and inhibitory actions, respectively. We hypothesized that
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Figure |

Glycine induced bidirectional persistent changes in EPSCs in a dose-dependent manner. (a) Application of 0.6 mM glycine for 10min in Mg?* -

free ACSF caused significant potentiation of evoked AMPAR-mediated EPSCs when cells were held at —65mV in a conventional whole-cell patch
configuration (n=6). EPSCs were recorded in an ACSF perfusion medium containing bicuculline methiodide (BMI, 10 uM) to block GABA, receptor-
mediated inhibitory synaptic currents. However, |0-min treatment of Mg” * -free ACSF alone failed to produce any persistent change in EPSCs (control). In
this and all of the following figures, unless stated, ACSF was always kept in 1.0mM Mg®* before and after glycine treatment, and traces above the graph
show averaged AMPAR-mediated EPSCs chosen at the times indicated on the graph. (b) When the concentration of glycine increased to 1.0mM, no
persistent change in EPSCs was observed (n = 6). (c) In all, 1.5 mM glycine treatment in Mg” * -free ACSF induced LTD of AMPAR-mediated EPSCs (n = 6).
(d) Summary of data comparing persistent changes in EPSCs induced by glycine across a range of concentrations (0.05, 0.2, 0.6, 1.0, 1.2, and [.5mM).

*#P<0.05; ¥P<0.01, compared with control, ANOVA LSD test.
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Figure 2 Gly-LTD was observed when function of GABA, receptors was intact or when recording excitatory field potential. (a) Glycine (1.5mM)
induced LTD when GABA, receptors are functional (n=4). The bicuculline was omitted in this experiment. (b) GlyRs induced LTD of fEPSPs. Field
potential recording reveals persistent depression after brief glycine (1.5 mM) treatment (n=15). The sample traces above the graph show averaged currents

chosen at the times indicated on the graphs.
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Figure 3 The Gly-LTD was mainly attributable to the activation of GlyRs by glycine. (a) The chemical LTP induced by 0.6 mM glycine was unaffected by
the specific GlyR antagonist, strychnine (5 uM; n = 6). (b) When the concentration of glycine was increased to 1.0 mM, the co-application of 1.0 mM glycine
with the GIyR antagonist, strychnine (5puM), induced LTP (n=#6). (c) The chemical LTD induced by |.5mM exogenous glycine was switched to LTP
following GlyR blockade by the specific GIyR antagonist, strychnine (5uM; n=6). This reversal in polarity was incomplete because the potentiation
magnitude after reversal was lower than after 0.6 mM treatment (P =0.02, independent-samples t-test). The persistent changes induced by 0.6 and 1.0 mM
glycine (control in a and b respectively) were borrowed from the data in Figure |. (d) Summary of data displaying the effect of
strychnine on persistent changes in EPSCs induced by glycine across a range of concentrations (0.05, 0.2, 0.6, 1.0, 1.2, and 1.5mM). **P<0.01, compared

with glycine alone.

the suppressive effect produced by high concentrations of
glycine was mediated by the activation of GlyRs (site A) in
contrast to Gly-LTP which was mediated by the activation of
synaptic NMDARs (site B). To examine this hypothesis, we
first detect whether direct treatment of glycine at a dosage
inducing LTD could elicit glycine currents. As expected,
glycine-generated currents with either normal (21.5 mM) or
high intracellular CI~ concentration (136.5mM; Supple-
mentary Figure S3). We further used a specific antagonist of
GlyRs to determine whether the glycine-induced depression
in EPSCs was affected by the blocker. Glycine-induced LTD
(Gly-LTD) was totally abolished and switched to LTP with
the continuous perfusion of the slices with the specific GlyR
antagonist, strychnine (5pM; LTP, 1.46+0.10, n=6,
compared with LTD 0.4510.07, n=6, P<0.01, ANOVA
LSD test; Figure 3c and d). Strychnine treatment after

glycine application failed to exert any obvious effect during
the expression phase of Gly-LTD, which suggested that this
polarity reversal effect by strychnine only occurred during
the induction phase (Supplementary Figure S4). Gly-LTP
was not affected by strychnine treatment (n = 6; Figure 3a
and d). Although no obvious change in EPSCs was observed
after brief treatment of 1.0 mM glycine, LTP was detected
when strychnine (5 uM) was co-applied with glycine (n=6;
Figure 3b). It is noteworthy that the reversal of the plasticity
polarity was incomplete because the potentiation magnitude
of LTP following reversal was lower than LTP induced by
0.6 mM glycine (P<0.01, ANOVA LSD test, Figure 3a and
d). Moreover, we also observed that glycine, at relative high
levels, generated currents in a dose-dependent manner in
the presence of a high intracellular Cl™ concentration
(Supplementary Figure S3). These results provide solid
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support to our hypothesis that Gly-LTD requires the
activation of GlyRs.

Absence of Changes in EPSCs Following Blockade of
GlyR-Gated Chloride Currents

The activation of GlyRs by glycine allows GlyR-gated Cl™
channel-mediated currents and Cl~ flux. By manipulating
the CI™ concentration in the recording pipette to block net
chloride flux upon GlyR activation, we examined whether
Gly-LTD was mediated by postsynaptic GlyR-gated chloride
currents. We decreased the Cl™ concentration in the pipette
solution by lowering the CsCl concentration from 17.5 to
6.5 mM (total intracellular C1I™ concentration was 10.5 mM).
As a result, the reversal potential for the Cl™ current was
adjusted to be approximately the resting potential of
—65mV. When holding the recorded neurons at resting
potential, there was no obvious driving force for Cl™ flux
upon GlyR activation. After this manipulation, high
concentrations of glycine failed to induce any changes in
EPSCs (1.08 £0.12, n=6, compared with baseline, n=6,
P>0.05, paired-samples t-test; Figure 4b and c). By
contrast, the Gly-LTP was not affected by this manipulation
(n=6; Figure 4a). Increasing the level of glycine to 2.0 mM
still did not produce LTD (Figure 4d). A reversal of the
plasticity polarity was not detected. Because the normalized
ratio of EPSCs actually represents the sum of Gly-LTP and
Gly-LTD and a normalized ratio of 1 could represent an
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equal magnitude of Gly-LTP and Gly-LTD, the absence of
changes in EPSCs here might indicate the decrease of
glycine-induced depression caused by postsynaptic Cl™
manipulation, restoring the balance of Gly-LTP and Gly-
LTD, or indicate the increase of Gly-LTP without any
change in Gly-LTD. Further strychnine (5 pM) treatment in
combination with this intracellular ClI- manipulation
completely reversed the polarity of plasticity from LTD to
LTP with a potentiation magnitude comparable to the LTP
produced by low concentrations of glycine (low Cl™ +
strychnine, 1.59%0.16, n=6, compared with Gly-LTD,
n=26, P<0.01, one-way ANOVA S-N-K test; compared with
Gly-LTP, n =6, P=0.08, independent-samples t-test; Figure
4b and c¢). These data suggest that glycine-induced
depression was largely attenuated when the holding
potential is set at the Cl™ equilibrium potential. Further-
more, when neurons were held at a holding potential
(—30mV) more positive than the Cl~ equilibrium potential
during glycine application, Gly-LTD was still observed
(Supplementary Figure S5). These data confirm the
contribution of postsynaptic GlyRs to the induction of
Gly-LTD.

Endogenous Glycine Induced Gly-LTD

All of the above observations were produced by exogenous
glycine. We sought to determine whether endogenously
released glycine could also produce chemical LTD in EPSCs
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Figure 4 Suppression of EPSCs was abolished by decreasing the postsynaptic chloride driving force. (a) A decrease in the postsynaptic chloride driving
force obtained by reducing the intracellular CI~ concentration from 21.5 to 10.5mM, which adjusted the CI™ reversal potential to close to the resting
potential (—65mV), failed to exert any effect on the LTP induced by 0.6 mM glycine (n=6). (b) In contrast, the same manipulation completely abolished the
suppression of EPSCs induced by 1.5mM glycine (n=6). Further GlyR antagonist strychnine (5pM) treatment along with a reduced intracellular CI™
concentration, completely switched LTD to LTP with a comparable potentiation magnitude to the potentiation induced by 0.6mM glycine (n=26).
(c) Statistical plotting of data showing differential effects of the manipulation of intracellular CI™ concentrations on persistent changes in EPSCs induced by
glycine. #¥¥P<0.01, compared between indicated groups. (d) Summary of data displaying effect of CI”™ on persistent changes in EPSCs induced by glycine
across a range of concentrations (0.05, 0.6, 1.0, 1.5, and 2.0 mM). *¥P<0.01, compared with all the other groups.
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similar to exogenous glycine. To test this possibility, we
inhibited type 1 and type 2 glycine transporters to observe
how the accumulation of extracellular glycine could affect
EPSCs. A high-affinity glycine transporter type 1 (GlyT1)
has been described in glial cells and glutamatergic neurons
(Cubelos et al, 2005), but glycine transporter type 2 (GlyT2)
is expressed by calbindin-positive GABAergic interneurons
in the CAl (Danglot et al, 2004). Blockade of the glycine
transporter potentiates NMDAR currents, which suggests
that the suppression of the uptake of glycine causes the
accumulation of endogenous glycine in the synaptic cleft
(Martina et al, 2004). Sarcosine is a potent GlyT1 blocker
and displays dose-dependent GlyT1 inhibition (Tsen et al,
2000). A 10-min application of a sub-saturating concentra-
tion of sarcosine (2.0 mM) in Mg’ * -free perfusion medium
induced LTP of EPSCs (1.86 £ 0.23, n=6, P<0.01, paired-
samples t-test; intracellular CI~ concentration is 21.5 mM;
Figure 5a). In contrast, perfusing slices with a saturating
concentration of sarcosine (5.0mM) produced LTD
(0.62£0.06, n=6, P<0.01; Figure 5b). The currents
induced by treatment of GlyT1 blocker sarcosine were
observed (Supplementary Figure S6). Moreover, the GlyR
antagonist, strychnine (5puM), switched LTD to LTP
(1.37£0.07, n=6, P<0.01; Figure 5b and g). This reversal
of the plasticity polarity was incomplete because the
potentiation magnitude of LTP following reversal was lower
than LTP induced by a 2.0 mM concentration of the GlyT1
blocker, sarcosine, alone (P<0.05, ANOVA LSD test;
Figure 5b). The differences in plasticity induced by the
GlyT1 blocker at different concentrations and the switch in
plasticity polarity induced by the GlyR antagonist were
similar to the effects caused by exogenous glycine at
different levels. These results demonstrated that endogen-
ous glycine at relatively high levels also induced persistent
depression in EPSCs. In contrast, the GlyT2-specific
blocker, ALX1393 (1 pM), failed to display any significant
influence on EPSCs, which suggested that GlyT2-mediated
glycine uptake was not a major factor in the buffering of
extracellular glycine in this case (Supplementary Figure S7).

In addition to the level of GlyT1 blocker, the time course
of action of this GlyT1 blocker could also be an important
factor that affected the accumulation of glycine in the
synaptic cleft. A longer time course of action will cause
more glycine accumulation. To test this assumption, we
treated the slices with the GlyT1 blocker, sarcosine, for
different lengths of time. Extending the application time for
2.0 mM sarcosine from 10 to 30 min caused LTD rather than
LTP (0.55+0.08, n=5, P<0.01, paired-samples ¢-test;
Figure 5c and h). In contrast, shortening the application
time for 5.0 mM sarcosine from 10 to 4min caused LTP
rather than LTD of EPSCs (1.53+0.09, n=5, P<0.01;
Figure 5d and h). These results strongly suggested that the
accumulation of glycine following GlyT1 blockade was a
progressive process, and the level of extracellular glycine
can be a critical factor in the regulation of EPSCs.

Recent studies have uncovered more functions of
sarcosine beyond its antagonizing effect on GlyT1 (Zhang
et al, 2009a, b). Therefore, it is possible that our results with
sarcosine were caused by these non-specific effects. To
check this possibility, we used another more specific GlyT1
blocker, N-[3-([1,1-Biphenyl]-4-yloxy)-3-(4-fluorophenyl)-
propyl]-N-methylglycine (NFPS), to examine whether the
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endogenous accumulation of glycine due to GlyT1 blockade
could induce Gly-LTD. Saturating concentration of NFPS
(2.0 uM) in Mg " -free perfusion medium indeed elicited a
persistent depression of EPSCs (0.76 £ 0.06, n =7, P<0.01,
paired-samples t-test; Figure 5f and i), which was reversed
by the GlyR blocker, strychnine (n=6, P<0.01). In
contrast, a sub-saturating concentration of NFPS (0.2 uM)
induced LTP of EPSCs (1.26%+0.07, n=6, P<0.01,
Figure 5e and i). These results are consistent with the
above data with sarcosine and further confirm that
endogenous glycine can induce LTD of EPSCs in CAl
pyramidal neurons.

AMPAR Internalization Is Involved in Gly-LTD

Rapid SNARE-dependent AMPAR insertion into the post-
synaptic surface is responsible for increased AMPAR
surface expression and enhanced synaptic transmission in
LTP of AMPAR EPSCs (Luscher et al, 1999; Lu et al, 2001;
Lee et al, 2004; Boehm et al, 2006; Jaskolski et al, 2007),
whereas dynamin-dependent AMPAR internalization is
responsible for reduced AMPAR surface expression (Carroll
et al, 2001; Malenka and Bear, 2004). To investigate whether
the Gly-LTD in AMPAR-mediated EPSCs was due to
postsynaptic AMPAR internalization, we loaded cells with
a specific dynamin-dependent endocytosis inhibitor, D15
(2mM), which specifically interferes with the binding of
dynamin to amphiphysin (Luscher et al, 1999; Morishita
et al, 2005). We were then able to examine whether Gly-LTD
could be induced under these conditions (Kang et al, 2005;
Tojima et al, 2007). We found that there were no obvious
changes in EPSCs following D15 treatment (0.99 £0.04,
n=7, compared with baseline, paired-samples t-test,
P>0.05; Figure 6b and d). The absence of changes in
EPSCs here might indicate the decrease of glycine-induced
depression caused by blockade of endocytosis, making Gly-
LTP and Gly-LTD restore balance. In contrast, D15 in the
pipette solution did not alter Gly-LTP (1.86%0.21, n=>5,
P>0.05; Supplementary Figure S8), whereas the specific
SNARE-dependent exocytosis inhibitor, tetanus toxin
(TeTx, 0.1 uM), completely blocked Gly-LTP induction
(1.05+£0.03, n=6, compared with baseline, P>0.05,
paired-samples t-test; Figure 6a and c) but failed to affect
Gly-LTD (Supplementary Figure S9). These data suggested
that AMPAR internalization was involved in Gly-LTD of
EPSCs in CAl pyramidal neurons.

Both Gly-LTP and Gly-LTD Depend on NMDAR
Activation

To examine whether Gly-LTP and Gly-LTD depend on
NMDAR activation, we co-applied a competitive NMDAR
antagonist (AP5, 100 uM) with glycine. We detected no
obvious changes in EPSCs following this treatment (0.6 mM
Gly + AP5 1.0 £ 0.04, n =6, compared with baseline, P = 0.9,
paired-samples t-test; 1.0 mM Gly + AP5, 1.0 £0.03, n=6,
compared with baseline, P=0.6, paired-samples ¢-test;
Figure 7a-c). Moreover, we conducted the above studies
in 1.0mM Mg’* perfusion solution when glycine was
applied. Because of the Mg?* block of NMDARs, this
treatment could obstruct the selective activation of synaptic
NMDAR. As a result, no LTP or LTD was detected (0.6 mM
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Figure 5 Elevating endogenous glycine concentration by GlyT | blockade induced persistent changes in EPSCs. (a) Blocking GlyT | with a sub-saturating
concentration of the specific GlyT | antagonist, sarcosine (2.0 mM), in Mg * -free ACSF for 10 min, which increased endogenous glycine levels in the synaptic
cleft, induced LTP of EPSCs (n = 6). This LTP was not affected by simultaneous strychnine (5 uM) treatment (n =6). (b) In contrast, blocking GlyT| with a
saturating concentration of sarcosine (5.0 mM) instead produced LTD, which could be partially reversed by strychnine (5puM) treatment (n=6). This
reversal of the plasticity polarity was incomplete because the potentiation magnitude of LTP following reversal was lower than LTP induced by a 2.0 mM
concentration of the GlyT| blocker, sarcosine, alone (P=0.004, independent-samples t-test). (c) Extending the application time of a sub-saturating
concentration of sarcosine (2.0 mM) from 10 to 30 min led to more endogenous glycine accumulation in the synaptic cleft, which induced LTD of EPSCs
(n=05). (d) Shortening the application time of a saturating concentration of sarcosine (5.0mM) from 10 to 4min led to reduced endogenous glycine
accumulation in the synaptic cleft and induced LTP of EPSCs (n=5). (e) Blocking GlyT| with a sub-saturating concentration of a more specific GlyT |
antagonist. NFPS (0.2 pM) induced LTP of EPSCs (n = 6). (f) Blocking GlyT | with a saturating concentration of NFPS (2.0 uM, n =7) instead produced LTD
that was reversed by strychnine (5 pM) treatment (n = 6). (g) Statistical plotting of data displaying the effect of GlyR blockade on persistent changes in EPSCs
induced by sub-saturating or saturating concentrations of the GlyT| antagonist, sarcosine. (h) Summary of data displaying the effect of different acting times
of sub-saturating or saturating concentrations of sarcosine on persistent changes in EPSCs. (i) Summary of data showing the effect of GIyR blockade on
persistent changes in EPSCs induced by sub-saturating or saturating concentrations of the GlyT| antagonist, NFPS. #¥P<0.01, compared between the
indicated groups.

Gly, 1.1£0.07, n=6, compared with baseline, P=0.3,  7a-c). These data strongly suggest that both LTP and LTD
paired-samples t-test; 1.5mM Gly, 1.0£0.04, n=6, com-  induced by glycine at different concentrations depend on
pared with baseline, P=0.2, paired-samples t-test; Figure = NMDAR activation.
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Figure 6 Gly-LTD was accompanied by rapid intemalization of AMPA
receptors in CAIl pyramidal neurons. (a) Glycine-induced LTP disappeared
when loading recorded cells with the specific SNARE-dependent exocytosis
inhibitor, tetanus toxin (0. pM, n=#6). (b) Suppression of EPSCs was
abolished by intracellular loading of the specific dynamin-dependent
endocytosis inhibitor, DI5 (2mM, n=6). The persistent changes induced
by 1.5mM glycine (control in c) were borrowed from the data in Figure | (c,
d) Statistical plots of data showing abolishment of Gly-LTP and LTD by the
exocytosis blocker, TeTx, and the endocytosis blocker, D15, respectively.
#*P <001, compared between the indicated groups.

DISCUSSION
Involvement of GlyRs in LTD Induction

Glycine is one of the main inhibitory neurotransmitters in
the CNS in many brain regions, including the hippocampus
where excitatory glutamatergic synapses are highly ex-
pressed. Glycine exerts its inhibitory effect mainly through
the activation of GlyRs and the subsequent opening of GlyR-
gated chloride channels. In the present study, we demon-
strated that, in contrast to the induction of LTP by
glycine at relatively low concentrations, glycine at high
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Figure 7 Both Gly-LTP and LTD were dependent on NMDAR

activation. (a) Co-application of glycine (0.6 mM) with a specific competitive
NMDAR antagonist DL-AP5 (100uM, n=6) or application of glycine

(0.6mM) in ACSF containing |mM Mg?* (n=6) completely
abolished LTP of EPSCs. (b) Co-application of glycine (1.5mM) with AP5
(h=6) or apphca‘uon of glycine (I1.5mM) in ACSF containing
1.0mM Mg?* (n=6) completely abolished the suppression of EPSCs.
(c) Statistical plotting of data dlsp\aylng the effect of antagonizing NMDAR
functions by AP5 or 1.0mM Mg®>" on persistent changes in EPSCs
induced by glycine at 0.6 or 1.5mM. *¥P<0.01, compared between the
indicated groups.

concentrations instead produced LTD. GlyRs activation and
modulation accounted for the persistent suppressive effect
displayed by glycine. These findings lend support to our
hypothesis that the two distinct binding sites of glycine in
NMDARs (site B) and GlyRs (site A) have critical roles in
Gly-LTP and Gly-LTD, respectively. GlyRs blockade un-
covered the excitatory effect exerted by glycine on site B and
reversed the LTD to LTP. p-serine selectively acts on site B
in NMDARs and its effect is more potent than glycine, and
taurine can activate GlyRs (site A) as glycine does. If our
hypothesis is true, we should observed p-serine-induced
LTP and taurine-induced LTD. We indeed obtained LTP
induced by p-serine at 100 UM (Supplementary Figure S10).
However, we only observe LTP, but not LTD of EPSCs
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induced by taurine (6 mM). This result could be ascribed to
the fact that GlyR is not the only target of taurine. Besides
GlyRs, taurine could also act on taurine transporter,
calcium channel, and taurine receptors which might exist
and display various effects (Lopez-Colomé et al, 1991; del
Olmo et al, 2000, 2003; Sergeeva et al, 2003). Our
observations that Gly-LTD was totally abolished by
1.0mM Mg*"* perfusate proved that NMDARs also had an
important role in LTD induction. The possible interaction
between GlyRs and NMDARs could be a potential mechan-
ism underlying Gly-LTD. Although till now there is no
evidence for direct interaction between these two receptors,
GlyR activation by glycine may indirectly regulate NMDAR
function. As a result, AMPARs internalization, which
requires NMDAR activation and subsequent Ca** influx,
was motivated. The downregulation of NMDARs, either
through the regulation of NMDAR gating or NMDAR
endocytosis as previously reported (Nong et al, 2003), might
have accounted for this modulation. Intracellular CI™
concentrations are higher in neurons from immature
animals. In the present study, we also examined whether
Gly-LTD could still be induced using a pipette solution with
a high Cl™ solution (136.5 mM; Supplementary Figure S1).
Interestingly, glycine at a concentration as low as 0.6 mM
elicited Gly-LTD with a depression magnitude comparable
to the depression magnitude induced by 1.5mM glycine
with 21.5mM intracellular Cl". It is notable that glycine at
0.6 mM induced Gly-LTP with 17.5mM intracellular Cl".
Because intracellular Cl~ concentrations are higher in
neurons from immature animals, it is possible that GlyR
activation in LTD has a greater impact in younger animals.

Our present results reveal new function of GlyRs on
baseline EPSC in resting CAl pyramidal neurons in
hippocampus. Activation of GlyRs by high-level glycine
induces persistent depression of EPSCs. These findings are
complementary to a recent study which mainly examined
the activity-dependent modulation of glycine in plasticity in
the same neurons (Keck et al, 2008). Suppression of GlyRs
function accounts for rate-dependent efficacy and increases
the amplitude of EPSCs. Reduction of GlyRs suppression
function facilitates LTD induced by repetitive paring of
postsynaptic spike and presynaptic stimulations, whereas
activation of GlyRs with high-level glycine (1.0 mM)
counteracts this form of LTD. In this study, it is possible
that activation of GlyRs by 1.0 mM glycine (in 4.0 mM Mg>*
-containing perfusing medium) suppresses excitatory neu-
rotransmission, as demonstrated by a recent study (Song
et al, 2006). This effect might occur more rapidly than LTD
induction and thus excludes further LTD elicited by 10 Hz
induction protocol. The differential roles of GlyRs activa-
tion in modulating basal excitatory neurotransmission and
plasticity, as indicated by present results and White lab
(Keck et al, 2008), might also suggest distinct mechanisms
underlie these two observations.

The simplest explanation for incomplete reversal of
plasticity polarity is that the strychnine concentrations we
used did not completely block the glycine currents as shown
in Supplementary Figure S3. However, we still could not
exclude the possibility that other factors may also have a
role in LTD induction. Consistent with this hypothesis, the
simultaneous blockade of both presynaptic and postsynap-
tic GlyR functions by the whole slice perfusion of GlyR
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blockers, along with postsynaptic Cl~ manipulation
completely switched LTD to LTP, which suggested a
potential role of presynaptic GlyRs in Gly-LTD induction.
In addition, the manipulation of intracellular CI™
concentration could also affect other channels that are
permeable to ClI™.

A previous study in cultured hippocampal neurons
demonstrated that glycine at concentrations as high as
1.0 mM produces LTP. However, these results were obtained
in the presence of the GlyR antagonist, strychnine, in all of
the solutions to deliberately exclude the potential activation
of GlyRs (Lu et al, 2001). A recent study reported the acute
suppressive action of both EPSCs in CA1 pyramidal neurons
and IPSCs in interneurons by glycine (Song et al, 2006).
This inhibitory effect only lasted for around 15 min, and the
EPSCs recovered after the washout of glycine. Here, we
observed a persistent depression of EPSCs. This incon-
sistency is likely attributable to differences in the experi-
mental protocols applied in the two studies. In this study,
we applied glycine for 10 min in an Mg> " -free perfusate to
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Figure 8 A model of the dose-dependent bidirectional regulation of
EPSCs by glycine. (a) Because of differences in glycine’s affinity for the
NMDAR co-agonist binding site (site B) and GlyRs (site A), endogenous
glycine prefers to exert its effect through the NMDAR co-agonist binding
site. When glycine is at a concentration that barely activates GlyRs, glycine
displays a primarily excitatory effect on EPSCs through the potentiation of
NMDAR function. (b) Some physiological or pathophysiological states, such
as dysfunction of the glycine transporter, can cause accumulation of glycine
in the synaptic cleft. As a result, glycine spills over to neighboring
extrasynaptic sites where most GlyRs in the hippocampus are located.
Subsequent activation of GlyRs inhibits EPSCs. This effect may be stronger
than the excitatory effect mediated through the NMDAR binding site and
the overall effect exerted by glycine is depression of EPSCs. Thus, the
bidirectional regulation by glycine at different concentrations represents an
efficient route to maintain the excitation—inhibition balance.



briefly activate synaptic NMDARs. In contrast, the authors
of the other study applied glycine in 4.0 mM Mg** ACSF.
These results suggest that the persistent inhibitory effect by
glycine depends on the activation of synaptic NMDARSs.

A Model for the Bidirectional Regulation of EPSCs
by Glycine

Our present results strongly suggest that concentration is a
very important factor for the effect of glycine on basal
glutamatergic neurotransmission. This is largely attributa-
ble to differences in the affinity of glycine for the NMDAR
co-agonist binding site (site B) and GlyRs (site A). NMDARs
have a substantially higher affinity for glycine than for
GlyRs (Chattipakorn and McMahon, 2002; Vyklicky et al,
1990). Therefore, endogenous glycine typically acts through
the NMDAR co-agonist binding site. Under this condition,
glycine mainly displayed an excitatory effect on EPSCs that
was mediated by the potentiation of NMDAR function
(Figure 8a). Some physiological or pathophysiological states
can cause an accumulation of glycine in the synaptic cleft,
such as dysfunctional glycine transporters. As a result,
glycine spills over to neighboring extrasynaptic sites where
most functional GlyRs are located in the hippocampus. The
subsequent activation of GlyRs inhibits EPSCs. This effect
may be stronger than the excitatory effect mediated through
the NMDAR binding site and the total effect mediated by
glycine was a depression of EPSCs (Figure 8b). Thus, the
bidirectional regulation by glycine at different concentra-
tions represented an efficient route to the maintenance of
the excitation-inhibition balance.

Our findings reveal an important function of GlyR
activation and point to new clues that GlyRs could be a
potential target for correcting unwanted synaptic plasticity
under pathological conditions, including brain ischemia.
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