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Burst firing in substantia nigra pars compacta dopamine neurons is a critical biomarker temporally associated to
movement initiation. This phasic change is generated by the tonic activation of NMDARs but the respective role
of synaptic versus extrasynaptic NMDARs in the ignition of a burst and what is their level of activation remains
unknown. Using ex vivo electrophysiological recordings from adolescent rats, we demonstrate that extrasynaptic
NMDARSs are the primary driver of burst firing. This pool of receptors is recruited during intense synaptic activity

D-serine
Glycine via spillover of glutamate and require the binding of NMDAR co-agonist glycine for full activation. Basal synaptic
Co-agonist transmission activating only synaptic NMDARs with the support of D-serine is insufficient to generate a burst.

Notably, both synaptic and extrasynaptic NMDARs share the same subunit composition but are regulated by
distinct co-agonists. Location of NMDARs and regionalization of co-agonists but not NMDAR subunit composition
underly burst generation and may serve as a guideline in understanding the physiological role of dopamine in

signaling movement.

1. Introduction

Activity of dopamine (DA) neurons in the substantia nigra pars
compacta (SNc) provides essential signal to the dorsal striatum for the
control of movement (Howe and Dombeck, 2016; da Silva et al., 2018).
The fragility of DA neurons located precisely in this brain region is at the
origin of the severe motor deficits expressed in Parkinson’s disease (PD)
(Hornykiewicz, 2006). The fundamental function ensured by SNc DA
neurons is encoded by transitions of their output signal from sponta-
neous low-frequency action potential (AP) firing to high-frequency
bursts of APs (Grace and Bunney, 1984). Bursting is a key electrophys-
iological signal producing an increase of DA release in postsynaptic
target areas (Gonon, 1988; Ammari et al., 2009), which is temporally
correlated to locomotion initiation (Howe and Dombeck, 2016; da Silva
et al., 2018). Ignition of a burst is operated by N-methyl-D-aspartate
receptors (NMDARs) activated by synaptic glutamate released from
excitatory afferents (Chergui et al., 1994) originating predominantly

* Corresponding author.
E-mail address: dominique.engel@uliege.be (D. Engel).

from the subthalamic nucleus (STN), pedunculopontine nucleus (PPN)
and cortex (Watabe-Uchida et al., 2012). While bursts critically depend
on the presence of the GluN1 subunit (Wang et al., 2011; Zweifel et al.,
2009), the link between the activation of NMDARs and the generation of
a burst is not well understood. This lack of information is surprising
since bursts mediate the increased dopamine release which is correlated
to movement initiation, a sequence of events that is defective in the
context of PD. Bursting activity is observed in vivo (Otomo et al., 2020)
but also in ex vivo tissue by exogenous applications of NMDA in com-
bination to a SK channel blocker (Seutin et al., 1993; Destreel et al.,
2019; Soden et al., 2013), by glutamate applications or synaptic stim-
ulation (Blythe et al., 2007; Hage and Khaliq, 2015).

In addition to glutamate, a co-agonist such as glycine (Johnson and
Ascher, 1987) or D-serine (Kleckner and Dingledine, 1988) is an abso-
lute requirement for NMDAR channel opening (Curras and Pallotta,
1996). While both amino acids have been shown to serve as endogenous
agonists at the NMDAR glycine site, the contribution of the one or the
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other is dependent on neuronal development (Le Bail et al., 2015),
expression of specific GluN2 subunits (Le Bail et al., 2015; Papouin et al.,
2012) and level of synaptic activity (Li et al., 2013). D-serine is generally
associated to the synaptic site where GluN2A-containing NMDARs are
preferentially expressed, and glycine to the extrasynaptic site where
GluN2B-containing NMDARSs are present (Papouin et al., 2012). In SNc
DA neurons, both EPCSs and bursts can be potentiated by exogenous
co-agonists or by the blockade of glycine uptake (Destreel et al., 2019)
indicating that the co-agonist site of NMDARs is not saturated. In
addition, blockade of the co-agonist binding-site on NMDARs abolished
bursts, revealing the importance of the co-agonist in this firing pattern
(Destreel et al., 2019). However, the identity of the endogenous
co-agonist as well as the pool of NMDARs involved in burst generation
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remain unknown.

In this study, we determined the location of the NMDAR pool and the
identity of the co-agonist implicated in the generation of bursting ac-
tivity in SNc DA neurons. Our findings reveal that the pool of NMDARs
located outside synapses is recruited to generate bursting together with
the co-agonist glycine. The distribution of the co-agonists within and
outside synapses is similar to other excitatory synapses as D-serine ac-
tivates synaptic NMDARs. Extrasynaptic NMDARs are activated by
spillover of glutamate during sustained synaptic transmission. These
findings shed light on how the spatial distribution of NMDARs and their
associated co-agonists influences burst generation in SNc DA neurons.
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Fig. 1. Glycine controls the time spent in bursting. A, Voltage traces from a SNc DA neuron in the presence of NMDA and apamin (top trace black), following
incubation with DAAO (45 min, 0.2 units/ml; middle trace red) and with DAAO supplemented by D-serine (100 uM, bottom trace light red). B, Voltage traces as in A
top (trace black), following treatment with GO (45 min, 0.2 units/ml; middle trace blue) and with GO+glycine (1 mM, bottom trace light blue). C, Summary plot
showing the time in bursting in control (grey), in DAAO (red) and in DAAO+D-serine (100 pM, light red). Control: 17.0 + 2.9 s; DAAO: 15.6 + 2.7 s; DAAO+D-
serine: 21.4 + 3.6 s. Time in bursting was unchanged in DAAO (ns versus control), but increased in DAAO+D-serine (p < 0.05 for DAAO+D-serine versus DAAO and
for DAAO-+D-serine versus control). Data points are in control, n = 8; DAAO, n = 8; DAAO-+D-serine, n = 8. D, Summary plot showing the time in bursting in control
(grey), in GO (blue) and in GO+glycine (light blue). Control: 24.6 + 2.9 s; GO: 9.4 + 2.7 s; GO+-glycine: 21.1 + 6.0 s. Time in bursting was significantly decreased in
GO (p < 0.01 for control versus GO), increased in tendency in GO+glycine (p = 0.0592 for GO+glycine versus GO) but similar as in control (ns for GO+glycine
versus control). Data points are in control, n = 8; GO, n = 8; GO+glycine, n = 8. Bars represent mean + SEM; points indicate data from individual experiments. The p
values are from Anova followed by post hoc Tukey’s test (C-D), with ns [not significant], *p < 0.05 and “"p < 0.01.
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2. Results
2.1. Co-agonist glycine activates NMDARs to regulate bursting activity

Bursting activity in SNc DA neurons relies on the tonic activation of
NMDARs (Chergui et al., 1993) through the binding of the neurotrans-
mitter glutamate. In addition to this main agonist, a co-agonist such as
glycine or D-serine participates to the activation of NMDARs as the
blockade of the co-agonist site abolishes bursts (Destreel et al., 2019).
However, which endogenous co-agonist is predominant to activate
NMDARs during this phasic activity remains unknown. To identify the
co-agonist activating NMDARs implicated in burst generation, enzy-
matic depletion of each of the potential co-agonists was combined to
patch-clamp recordings in acute brain slices. DA neurons were identified
in current- and voltage-clamp and using post hoc immunohistochemistry
for tyrosine hydroxylase (Fig. S1). Bursting activity was induced by bath
application of NMDA and apamin and hyperpolarizing current injection
in DA neurons (Destreel et al., 2019). Slices were incubated for
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45 minutes with either D-amino acid oxidase (DAAO) (Fig. 1 A) or
glycine oxidase (GO) (Fig. 1B) to degrade D-serine or glycine, respec-
tively. While the application of DAAO did not affect the bursting activity
(Fig. 1 C and Table S1), the incubation with GO strongly reduced the
time a neuron spend in burst firing (Fig. 1D and Table S1). Adding
D-serine to DAAO-treated slices increased the time in burst firing
(Fig. 1 Cand Table S1) in comparison to treatment with DAAO alone but
also in comparison to control conditions. Supplementing glycine to
GO-treated samples increased with a strong tendency the time spent in
bursting and almost restored the time in busting when comparing to
control conditions (Fig. 1D and Table S1). The stronger effect of D-serine
to increase the time in bursting in comparison to glycine might be due to
a powerful uptake of glycine (Destreel et al., 2019). These results indi-
cate that the co-agonist glycine controls the time DA neurons spend in
bursting phase through the activation of NMDARs.

To control for changes in the amount of glycine and D-serine in slices
in the presence of either GO or DAAO, concentrations of glycine and D-
serine were evaluated using high-performance liquid chromatography
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Fig. 2. D-serine is the main co-agonist of synaptic NMDARs in SNc DA neurons. A, Averaged traces (~100 events) of SEPSCs at + 40 mV (upper traces) and —70 mV
(lower traces) in control, in DAAO (45 min, 0.2 units/ml) and in DAAO+D-serine (100 uM). At the right are superimposed traces for the three conditions. Amplitude
of NMDAR-mediated component was measured at +40 mV (vertical dashed lines). B, Averaged traces (~100 events) of sSEPSCs at +40 mV and —70 mV in control, in
GO (45 min, 0.2 units/ml) and in GO+glycine (1 mM). Superimposed traces are at the right. C, Summary bar graph of traces recorded as in (A). At +40 mV, control:
5.7 + 1.4 pA; DAAO: 2.0 + 0.4 pA; DAAO-+D-serine: 3.3 + 0.5 pA. NMDAR-sEPSCs were decreased in DAAO (p < 0.01 versus control), increased in DAAO-+D-serine
(p < 0.05 versus DAAO) but similar as in control (ns for DAAO+D-serine versus control). At —70 mV, control: —8.8 + 0.9 pA; DAAO: —8.1 + 0.7 pA; DAAO+D-
serine: —8.5 + 1.0 pA. AMPAR-sEPSCs were unchanged under any conditions (ns). Data points are: Control, n = 7; DAAO, n = 7; DAAO+D-serine, n = 7. D,
Summary bar graph of traces recorded as in B. At +40 mV, control: 4.3 & 0.4 pA; GO: 4.3 + 0.5 pA; GO+glycine: 6.0 + 0.7 pA. NMDAR current was unchanged in GO
(ns versus control), but increased in GO+glycine (p < 0.05 for GO+glycine versus GO and GO+glycine versus control). At —70 mV, control: —10.1 + 1.3 pA; GO:
—8.8 + 0.9 pA; GO+glycine: —7.7 £ 0.6 pA. Currents were unchanged (ns). Data points are: Control, n = 7; GO, n = 7; GO+glycine, n = 7. C-D, Bars represent mean
+ SEM; points indicate data from individual experiments. The p values are from Friedman test followed by Dunn’s post hoc test (data at +40 mV in C-D) or from
Anova 1 test followed by Tukey’s post hoc test (data at —70 mV in C-D).
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(HPLC) experiments. In slices incubated with either DAAO or GO, D-
serine and glycine concentration were significantly decreased, con-
firming that DAAO and GO specifically degrade D-serine and glycine,
respectively (Fig. S2). The specificity of the enzymes observed here is in
line with previous observations in comparable experimental conditions
(Le Bail et al., 2015; Papouin et al., 2012; Li et al., 2013) and indicate
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the respective co-agonist amount.
2.2. Synaptic NMDARs are activated by the co-agonist D-serine

The nature of the endogenous co-agonist activating the synaptic pool
of NMDARs has not been identified for SNc DA neurons. Incubation of

that the reduction of time in bursting is due to a selective reduction of slices with DAAO induced a significant reduction in peak amplitude of
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Fig. 3. Subunit composition of synaptic NMDARs in nigral DA neurons. A, Averaged eEPSCs (~30 events) recorded from SNc¢c DA neurons at +40 mV in control
conditions (black traces), after incubation with tricine (gray trace) and subsequently after tricine+Zn?* (light grey trace). A focal double-barreled stimulating
electrode was placed rostrally to the SN to activate fibers from the STN. For each condition traces were recorded in the presence of picrotoxin (50 uM), CGP 55485
(1 uM), CNQX (10 uM), and strychnine (10 uM). Tricine was used at 10 mM and Zn?" at 60 uM (to have 300 nM free Zn*") (Vergnano et al., 2014). B, Bar chart for
the mean amplitude of NMDAR-eEPSCs (top) in control conditions (dark grey bar), in tricine (grey bar) and in tricine+Zn?* (light grey bar). At +40 mV, control:
34.2 + 2.8 pA, tricine: 33.5 + 3.0 pA; tricine+Zn>": 32.4 + 3.0 pA. NMDAR-mediated current was neither modified in tricine (ns versus control) nor in tricine+Zn>"
(ns for tricine+Zn>* versus tricine and for tricine+Zn®" versus control). Bar chart for the weighted decay time constant of the NMDAR-eEPSCs (bottom) in control
conditions (dark grey bar), in tricine (grey bar) and in tricine+Zn>" (light grey bar). Weighted decay, control: 84.0 + 14.1 ms; tricine: 84.0 + 14.3 ms; tricine+Zn>*:
85.0 + 12.2 ms. Decay of NMDAR current was neither modified in tricine (ns versus control) nor in tricine+Zn?* (ns for tricine+Zn?" versus tricine and for
tricine+Zn?* versus control). Data points are in control, n = 8; tricine, n = 8; tricine+Zn%**, n = 8. C, Averaged eEPSCs (~30 events) recorded at +40 mV in control
conditions (black traces) and in Ro25-6981 (grey traces). Ro25-6981 was used at 1 uM. D, Bar chart showing the mean amplitude of NMDAR-eEPSCs (top) in control
conditions (dark grey bar) and in Ro25-6981 (grey bar). At +40 mV, control: 38.6 + 5.7 pA; Ro25-6981: 23.4 + 4.7 pA. NMDAR current amplitude was decreased in
R025-6981 (p < 0.001 versus control). Bar chart showing the weighted decay time constant of the NMDAR-eEPSCs (bottom) in control conditions (dark grey bar)
and in Ro25-6981 (grey bar). Weighted decay, control: 91.0 £ 17.9 ms; R025-6981: 92.5 + 16.4 ms). NMDAR current decay was not changed in Ro25-6981 (ns
versus control). Data points are in control, n = 9; Ro25-6981, n = 9. E, Averaged eEPSCs (~30 events) recorded at +40 mV in control conditions (black traces) and
in DQP-1105 (grey traces,top). DQP-1105 was used at 20 uM. F, Bar chart showing the amplitude of the NMDAR-eEPSCs (top) in control conditions (dark grey bar)
and in DQP-1105 (grey bar). At +40 mV, control: 36.0 + 3.2 pA; DQP-1105: 19.4 + 5.0 pA). NMDAR current amplitude was decreased in DQP-1105 (p < 0.01 versus
control). Bar chart showing the decay of the NMDAR-eEPSCs (bottom) in control conditions (dark grey bar) and in DQP-1105 (grey bar). Weighted decay, control:
68.8 + 24.4 ms; DQP-1105: 76.1 + 26.3 ms). NMDAR current decay was not changed in DQP-1105 (ns versus control). Data points are in control, n = 7; DQP-1105,
n = 7. Bars represent mean + SEM; points indicate data from individual experiments. The p values are from Anova test followed by Tukey’s post hoc test (A-C) or
from paired t-test (D-F).
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the NMDAR-mediated component of spontaneous synaptic excitatory
postsynaptic currents (SEPSCs) at +40 mV (Fig. 2 A). Addition of
exogenous D-serine reversed the effects of DAAO on the amplitude of
sEPSCs which was similar to the sEPSC amplitude in control (Fig. 2 C).
Treatment with GO did not change the amplitude of sEPSCs but sup-
plementation of glycine to GO-treated samples increased the amplitude
of sEPSCs (Fig. 2B) which was significantly larger than in control con-
ditions (Fig. 2D). The large increase in sEPSC amplitude is due to the
high glycine concentration used to allow the co-agonist to reach the
synaptic cleft bordered with glycine transporters (Berger et al., 1998).
Currents at —70 mV, representing principally the activation of AMPAR:s,
were not modified, either with DAAO or with GO (Fig. 2C-D). These
results provide evidence that D-serine maintains synaptic activation of
NMDARs in DA neurons. Unexpectedly, the co-agonist activating syn-
aptic NMDARs and the pool of NMDARs for bursting differed in their
identity. This indicates that the pool of NMDARs implicated in the
generation of bursts might be different from the pool of synaptic
NMDARs.

To reveal the identity of the co-agonist for an identified gluta-
matergic input, electrical stimulation was applied to fibers from the STN
and evoked EPSCs (eEPSCs) recorded in DA neurons (Fig. S3). Incuba-
tion with DAAO reduced significantly the peak amplitude of the
NMDAR-eEPSCs at +40 mV and addition of exogenous D-serine
reversed the effects of DAAO on the amplitude of eEPSCs (Fig. S4A, C).
Treatment with GO did not change the mean amplitude of eEPSCs but
addition of glycine to GO-treated samples increased the mean amplitude
of eEPSCs, which was significantly larger than in control conditions
(Fig. S4B, D). Currents at —70 mV were neither changed by the treat-
ment with DAAO, nor with GO. These results obtained for the STN-SNc
synapse are similar to those observed on sEPSCs, indicating that the
same co-agonist, D-serine, is probably shared by distinct excitatory in-
puts in DA neurons. In addition, these results further reveal that synaptic
NMDARs and NMDAR-mediating bursts are activated by distinct co-
agonists.

2.3. Excitatory synapses in nigral DA neurons are composed of
triheteromeric NMDARs

An association between the nature of the predominant co-agonist
and the expression of a specific synaptic GluN2 subunit has been re-
ported (Le Bail et al., 2015; Papouin et al., 2012). To examine the sub-
unit composition of NMDARs in DA neurons, GluN2 subunit specific
NMDAR blockers were used. NMDARs containing the GluN2A subunit
have been shown to be inhibited by Zn?* via a high-affinity site for the
divalent cation located on this subunit (Vergnano et al., 2014; Morabito
et al., 2022). Tricine which is a selective chelator for zinc (Paoletti et al.,
1997, 2009) should therefore relieve the inhibition of GluN2A-NMDARs
and induce an augmentation of GluN2A-NMDAR-EPSCs (Vergnano
et al., 2014). In DA neurons, application of the Zn?* chelator tricine did
not modify the amplitude of the NMDAR-eEPSCs at +40 mV (Fig. 3 A,
B). Subsequent addition of Zn" was unable to change the amplitude of
eEPSCs too. In prefrontal cortical layer 5 pyramidal neurons, however,
in which GluN2A-containing NMDARs are present (Fossat et al., 2012;
Balsara et al., 2014; Wang et al., 2008), application of tricine and
tricine+Zn2" increased and decreased, respectively the NMDAR-eEPSC
amplitude (Fig. S5) illustrating previous observations for neurons
expressing GIluN2A (Vergnano et al., 2014; Morabito et al., 2022; Nozaki
et al,, 2011). In contrast, application of the antagonist of NMDARs
containing GluN2B (Ro25-6981) reduced significantly the amplitude of
eEPSCs to ~60 % of control (Fig. 3 C, D). Similarly application of the
GluN2D-containing NMDAR antagonist DQP-1105 reduced the ampli-
tude of eEPSCs to ~53 % of control (Fig. 3E, F). Weighted decay time
constant of eEPSCs was neither modified by the application of
R025-6981 nor by DQP-1105. This absence of effect on the decay time
constant by either Ro25-6981 or DQP-1105 indicates that a high pro-
portion of synaptic NMDARs in DA neurons are triheteromeric
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GluN1/GluN2B/GluN2D receptors, making unlikely the participation of
diheteromeric GluN1/GluN2B and GluN1/GIuN2D receptors (Yi et al.,
2019; Brothwell et al., 2008). Previous studies have demonstrated that
recombinant diheteromeric GluN1/GluN2B and GluN1/GluN2D
NMDARs produce respectively a substantially faster and slower deacti-
vation time constant in comparison to the deactivation time constant of
a recombinant GluN1/GluN2B/GluN2D receptor which is intermediate
(Yi et al., 2019). if diheteromeric GluN1/GluN2B and/or GluN1/-
GluN2D receptors would be present in the membrane, the application of
R025-6981 or DQP-1105 would be expected to change the decay time
course of NMDAR-EPSCs. The absence of change in the decay time
constant of EPSCs suggests that triheteromeric GluN1/GluN2B/GluN2D
receptors represent a large population of NMDARs (Yi et al., 2019;
Brothwell et al., 2008; Harris and Pettit, 2007; Gibb, 2022). Taken
together, these results suggest the presence of triheteromeric NMDARs
containing GluN2B and GluN2D but not GluN2A in synapses of SNc DA
neurons.

The expression of NMDAR subunits in DA neurons was further
explored using immunohistochemistry for GluN2A, GluN2B and GluN2D
subunits. The distribution of the subunits was determined in TH™ DA
neurons in the region in which DA neurons were selected for patch-
clamp recordings (Fig. S6). Both GluN2B and GluN2D subunits were
present in a large majority (~80 %) of TH' neurons but the GluN2A
subunit was only present in ~20 % of TH' neurons (Fig. S6B, C). Within
TH™ neurons, there were ~3 times more fluorescent dots for GluN2B and
GluN2D subunits than for GluN2A subunits (Fig. S6D). The distribution
of the three distinct NMDARs subunits was further examined at higher
magnification at the cellular level by taking into account membrane and
intracellular locations (Fig. S7). Immunolabeling for GluN2B and
GluN2D subunits was found predominantly at the membrane (GluN2B
membrane, ~75 % of the total dots; GluN2D membrane, ~77 % of the
total dots) in comparison to the intracellular compartment (GluN2B
intracellular, ~25 % of the total dots; GluN2D intracellular, ~23 %). In
contrast, the distribution of GluN2A was inverted and found at a high
proportion in cell’s intracellular milieu (GluN2A intracellular, ~85 %)
and at a very low proportion at the membrane (GluN2A membrane,
~15 %) (Fig. S7A, B). This GluN2 subunits expression profile is consis-
tent with the pharmacological data obtained using subunit specific
NMDAR blockers (Fig. 3).

2.4. Glycine controls the activation of the NMDAR-mediated tonic current

NMDARs are generally concentrated in synapses but are also
encountered at extrasynaptic sites (Petralia et al., 2010). Activation of
extrasynaptic NMDARs by ambient glutamate generates a whole-cell
tonic current manifested by the blockade of NMDARs (Le Meur et al.,
2007). This NMDAR-mediated tonic current has been described in SNc
DA neurons (Wild et al., 2015) but the preferred co-agonist for this
NMDAR-mediated current remains undetermined. In slices incubated
with DAAO, the amplitude of the tonic current recorded at Vg
= 440 mV was not significantly different from control after application
of D-AP5 (Fig. 4 A, B). In contrast, in the presence of GO, the amplitude
of the tonic current was reduced to ~46 % of control, indicating that
reducing the amount of glycine impaired the activation of NMDARs
mediating this current. Remarkably, since glycine is the predominant
co-agonist for extrasynaptic NMDARs activated during tonic current and
is also controlling the occurrence of bursts, this pool of NMDARs might
be critical for the generation of bursts.

To determine the subunit composition of extrasynaptic NMDARs in
DA neurons, subunit specific NMDAR blockers were used. In the pres-
ence of tricine, the magnitude of the tonic current was similar as in
control conditions (Fig. 4B, C). Adding Zn?" to tricine did not modify the
current amplitude too, indicating that the GluN2A subunit may not be a
component of extrasynaptic NMDARs. The GluN2B blocker Ro25-6981
and the GluN2D blocker DQP-1105 reduced significantly the tonic cur-
rent to ~31 % of control and ~26 % of control, respectively (Fig. 4B, C).
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Fig. 4. Glycine gates extrasynaptic NMDARs in nigral DA neurons. A, Tonic NMDAR-mediated current in control conditions (top), in DAAO (45 min, 0.2 units/ml;
below middle) and in GO (45 min, 0.2 units/ml; bottom) revealed by the current shift induced by D-AP5 at Vy0g = +40 mV. Dashed red line indicate amplitude of
holding current before the application of D-AP5. Data in the different conditions are from distinct experiments. B, Tonic NMDAR-mediated current in tricine (10 mM,
top), in tricine+Zn?* (60 uM, second from top), in Ro25-6981 (1 uM, third from top) and in DQP-1105 (20 uM, bottom). C, Summary bar graph of the mean
amplitude of the NMDAR-mediated tonic current. Control: —26.5 + 2.5 pA; DAAO: —21.3 =+ 3.5 pA; GO: —12.1 + 3.0 pA; tricine: —22.6 + 4.2 pA,; tricine + Zn?*:
—23.1 £ 3.2 pA; Ro25-6981: —8.1 + 2.4 pA; DQP-1105: —6.9 + 3.5 pA. NMDAR-mediated tonic current was unchanged in DAAO, in tricine and in tricine+ Zn** (ns
versus control), but reduced in GO (p < 0.05 versus control), in Ro25-6981 and in DQP-1105 (p < 0.01 versus control). Data points are in control, n = 11; DAAO,
n = 10; GO, n = 12; tricine, n = 11; tricine+Zn?", n = 13; R025-6981, n = 11; DQP-1105, n = 11. Bars represent mean + SEM; points indicate data from individual
experiments. The p values are from Kruskal-Wallis test followed by a post hoc Dunn’s test.

These results indicate that extrasynaptic NMDARs may be composed by
GluN2B and GluN2D subunits, as observed for juvenile tissue (Jones and
Gibb, 2005) and that extrasynaptic, like synaptic sites, may express a
high proportion of triheteromeric GluN1/GluN2B/GIluN2D receptors
(Brothwell et al., 2008). Taken together, our results strongly suggest that
even though the same NMDAR subtype is present at synaptic and
extrasynaptic sites, distinct co-agonists are responsible for their
activation.

2.5. Activation of extrasynaptic NMDARs generates tonic current

It is generally accepted that the tonic NMDAR-mediated current is
largely due to the activation of extrasynaptic NMDARs (Le Meur et al.,
2007). To evaluate the potential contribution of synaptic NMDARs to the
current, the irreversible open channel blocker MK-801 was used to block
specifically synaptic NMDARs (Huettner and Bean, 1988; Koh et al.,
2022; Liu et al., 2013). After a 20 min application of MK-801, low fre-
quency stimulation elicited eEPSCs at +40 mV with strongly reduced
amplitude to ~30 % of control (Fig. 5 A). The consecutive application of
D-AP5 revealed a tonic current with an amplitude similar to the
amplitude measured without the inhibition of synaptic NMDARs
(Fig. 5A, C). In contrast, the blockade of both synaptic and extra-
synaptic NMDARs under MK801 incubation at +40 mV strongly reduced
the amplitude of the tonic current (Fig. 5B, C). The absence of a change
in the tonic current when synaptic NMDARs are blocked indicates that
the pool of extrasynaptic NMDARs mainly sustains the tonic
NMDAR-mediated current in DA neurons.

2.6. Bursting activity relies on the contribution of extrasynaptic NMDARs

In vivo, bursting activity in SNc DA neurons has been reported to
result from the tonic activation of NMDARs (Chergui et al., 1993), but
which pool of NMDARs contribute to this firing activity is not known. To
determine the potential contribution of synaptic NMIDARs to bursting
activity, MK-801 was applied. In the presence of the inhibitor, the

amplitude of eEPSCs at +40 mV was strongly reduced, indicating that a
large fraction of synaptic NMDARs were blocked (Fig. 6 A). The
recording configuration was then switched to current-clamp to deter-
mine whether the spontaneous bursting activity can be induced. After a
short time period (~10 min) to allow stabilization of the membrane
potential, NMDA and apamin were bath-applied in combination with a
DC current injection. In these conditions, DA neurons exhibited spon-
taneous bursting activity, comparable to the activity recorded without
the blockade of synaptic NMDARs (Fig. 6B-E). These results strongly
suggest that bursts in DA neurons are elicited mainly by the activation of
extrasynaptic NMDARs.

2.7. Synaptic glutamate released from STN fibers allows burst generation
via extrasynaptic NMIDARs

In vivo, the stimulation of the glutamatergic STN neurons favors
bursting (Chergui et al., 1994). To evaluate with pool of NMDARs is
implicated for burst at the STN-SNc synapse, tract stimulation was
applied to fibers originating from STN and voltage recorded in DA
neurons. A train of stimuli at low frequency (10 Hz) did not evoke
associated APs (Fig. 7 A, C-E), presumably because at this stimulation
frequency, extrasynaptic NMDARs are not recruited by spillover (Harris
and Pettit, 2008). Incubation with either DAAO or GO or GO+glycine
was also unable to modify the firing. In contrast, stimulation at a higher
frequency (50 Hz) for 500 ms induced in control conditions and in the
presence of DAAO short bursts (Fig. 7B) which were similar in both
conditions. In the presence of GO, bursts had a reduced number of AP, a
decreased intraburst frequency but an increased time to first AP. In
contrast, supplementation of glycine to GO induced burst at 50 Hz,
increased the AP number, intraburst frequency and decreased time to
first AP in comparison to the condition in which GO was alone (Fig. 7B,
C-E). At this stimulation frequency (50 Hz), extrasynaptic NMDARs may
be recruited by spillover of glutamate (Harris and Pettit, 2008) and
co-activated by glycine. To further evaluate the contribution of gluta-
mate spillover to bursting glutamate uptake blockade was applied in
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Fig. 5. Extrasynaptic NMDARs mediate tonic current in SNc DA neurons. A, Experimental protocol to block synaptic NMDARs using MK-801. Averaged eEPSC at
Vhola = +40 mV under low stimulation frequency (0.1 Hz). Switch to current-clamp (CC, Vy,01q ~ —80 mV) for ~20 min during the application of MK-801 (20 pM).
Washout of MK-801 and switch back to Vyg1q = +40 mV. Stimulation was resumed using a frequency of 5 Hz for 16 s (Koh et al., 2022; Yang et al., 2017). Note the
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experiment, CNQX (10 pM), picrotoxin (50 uM), CGP 55485 (1 pM) and strychnine (10 uM) were present in the bath. B, Experimental design to block both synaptic
NMDARs and extrasynaptic NMDARs using MK-801. During application of MK-801, holding potential was kept at +40 mV and repetitive afferent fiber stimulation
frequency was at 0.2 Hz. Note the quasi absence of the tonic current after application of D-AP5. C, Summary bar graph of the peak amplitude of the tonic current.
Control: —26.5 + 2.5 pA; after MK-801 treatment to reduce synaptic NMDARSs (syn): —21.8 + 2.3 pA; after MK-801 treatment and continuous synaptic stimulation to
block synaptic and extrasynaptic NMDARs (syn+extrasyn): —10.6 & 2.0 pA). Tonic current was not different after MK-801 [syn] (ns versus control) but was
decreased after MK-801 [syn+extrasyn] (p < 0.05 for MK-801 [syn] versus MK-801 [syn-+extrasyn] and p < 0.001 for MK-801 [syn+extrasyn] versus control). Data
points are in control, n = 11; +MK-801 (syn), n = 9; +MK-801 (syn-+extrasyn), n = 7. Bars represent mean + SEM; points indicate data from individual experiments.

The p values are from Anova test followed by a post hoc Tukey’s test, with ~"p < 0.001.

order to allow glutamate to escape from the synaptic cleft and to reach
extrasynaptic sites (Arnth-Jensen et al., 2002; Asztely et al., 1997;
Harney et al., 2008). At 10 Hz, tract stimulation induced high firing in
the presence of the glutamate uptake blocker TBOA and in TBOA sup-
plemented by glycine (Fig. S8A, C-E). At 50 Hz, synaptic stimulation
induced even stronger bursting in TBOA and in TBOA+glycine (Fig. S8B,
C-E), confirming the role of glutamate spillover in the induction of
bursting. Overall, these results highlight that at extrasynaptic locations,
spilling over of glutamate from the synapse and glycine activate
NMDARSs to switch on a burst in SNc DA neurons.

3. Discussion

The contribution of NMDARs located at synaptic or extrasynaptic
sites and the availability of co-agonists within and outside synapses
strongly influence the excitability of DA neurons and therefore the
downstream release of dopamine in the dorsal striatum. Here, by using
electrophysiological and biochemical experiments, we determined the

nature of the co-agonist and the pool of NMDARs implicated in bursts
generated by SNc DA neurons. First, we identified glycine as the co-
agonist controlling the bursting time. Second, we observed that D-
serine acts for glutamatergic synaptic transmission and not for bursting.
Third, we found that glycine is implicated in the activation of extra-
synaptic NMDARs and in bursting. Fourth, we showed that the tonic
NMDAR-mediated current is predominantly mediated by extrasynaptic
NMDARs. Fifth, bursting activity is supported principally by the
contribution of extrasynaptic but not synaptic NMDARs during gluta-
mate spillover. Sixth, pharmacological experiments revealed that a
substantial population of NMDARs are triheteromeric GluN1/GluN2B/
GluN2D receptors, expressed both at synaptic and extrasynaptic sites.
We concluded that the activation of glycine-gated extrasynaptic
NMDARSs by spillover of glutamate switch on bursting in DA neurons.
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Fig. 6. Extrasynaptic NMDARs mediate bursting in SNc DA neurons. A, Blockade of synaptic NMDARs using MK-801. Control averaged eEPSC at Vpog = +40 mV.
Switch to CC (Vpoig = —80 mV) for ~20 min during the application of MK-801. Washout of MK-801 and switch back to Vy,01q¢ = +40 mV. Stimulation was resumed.
Bursting activity (right) recorded in CC induced by application of NMDA and apamin. To generate bursting in CC, CNQX (10 uM), picrotoxin (50 uM), CGP 55485
(1 uM) and strychnine (10 uM) were present in the bath. Note the presence of spontaneous bursts after the blockade of synaptic NMDARs. B, Summary plot showing
burst duration in control and after the blockade of synaptic NMDARs. Control: 1.1 + 0.2 s; 4, zNMDARs blocked: 1.4 + 0.3 ms. Burst duration was unchanged when
synaptic NMDARs were blocked (ns versus control). C, Summary plot showing the number of AP/ burst in control and after the blockade of synaptic NMDARs.
Control: 2.8 + 0.3; ;;,n,NMDARSs blocked: 2.2 + 0.3. AP number was not changed after synaptic NMDAR blockade (ns versus control). D, Summary plot showing burst
frequency in control and after the blockade of synaptic NMIDARs. Control: 0.4 + 0.1 Hz; ;,,NMDARSs blocked: 0.4 + 0.1 Hz. Burst frequency was not different after
synaptic NMDAR blockade (ns versus control). E, Summary plot showing the time in bursting in control and after the blockade of synaptic NMDARs. Control: 21.9
+ 2.8 Hz; ;;,NMDARSs blocked: 23.3 + 5.0 Hz. Burst frequency was not different after synaptic NMDAR blockade (ns versus control) (C-E) Data points are in control,
n = 8; ;;n,NMDARs blocked, n = 6. Bars are mean + SEM; points indicate data from individual experiments. The statistical tests used were Mann-Whitney test (B) or

unpaired t-test (C- E).

3.1. NMDAR subtypes at synaptic and extrasynaptic locations in SNc DA
neurons

NMDARs located at extrasynaptic versus synaptic sites have been
shown to have different subunit compositions and to deserve distinct
cellular functions (Hardingham and Bading, 2010). In adolescent SNc
DA neurons, synaptic NMDARs are composed of GluN2B and GluN2D
subunits, an expression pattern already observed at postnatal ages
(Brothwell et al., 2008). Neither GluN2A (Brothwell et al., 2008; Jones
and Gibb, 2005) nor GluN2C (Jones and Gibb, 2005) have been reported
to be expressed in SNc DA neurons, either in the synaptic (Brothwell
et al., 2008) or in extrasynaptic membrane (Jones and Gibb, 2005).
NMDAR-eEPSCs were reduced in amplitude to ~60 % of control and
~50% of control by the GluN2B-containing NMDAR blocker
R025-6981 and the GluN2D-containing NMDAR blocker DQP-1105,
respectively. These percentages of inhibition are comparable to those
reported by previous observations for midbrain neurons (Harnett et al.,
2009; Swanger et al., 2015) and hippocampal interneurons (Yi et al.,

2019) in which GluN1/GluN2B/GIuN2D triheteromers are present. A
small proportion of diheteromeric GluN1/GluN2B or GluN1/GluN2D
NMDARs might participate to the synaptic current, but the absence of
change of the decay time course of NMDAR-eEPSCs in the presence of
either Ro25-6981 or DQP-1105 argues against the presence of these
diheteromeric NMDARs (Brothwell et al., 2008; Harris and Pettit, 2007;
Perszyk et al., 2016). Tricine and Zn** were ineffective to modify
NMDAR-eEPSC amplitude, indicating the absence of GluN2A in synaptic
receptors. At extrasynaptic locations, the same NMDAR subtype is
expressed as the one at synaptic locations, indicating a substantial
proportion of triheteromeric GluN1/GluN2B/GluN2D NMDARs at both
synaptic and extrasynaptic sites. The presence of GluN2B and GluN2D
subunits is generally observed at extrasynaptic sites in distinct types of
neurons in postnatal (Jones and Gibb, 2005; Harney et al., 2008; Loz-
ovaya et al., 2004; Brickley et al., 2003) and in mature tissue (Riebe
et al., 2016; Momiyama, 2000). The presence of GIuN2B in synaptic
NMDARs has also been observed in the hippocampus (Harris and Pettit,
2007) associated to GIuN2A (Harris and Pettit, 2007; Rauner and Kohr,
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Fig. 7. Bursting activity requires glycine and glutamate spillover during high regime of synaptic transmission. A, Voltage traces in CC from a SNc¢ DA during synaptic
stimulation at 10 Hz for 500 ms in control (left), in DAAO (45 min, 0.2 units/ml, middle left), in GO (45 min, 0.2 units/ml, middle right) and in GO+glycine (1 mM,
right). Voltage traces were recorded with CNQX (10 uM), picrotoxin (50 uM), CGP 55485 (1 uM) and strychnine (10 uM). B, Voltage traces in a SNc DA during
synaptic stimulation at 50 Hz for 500 ms in control (left), in DAAO (middle left), in GO (middle right) and in GO+glycine (right). C, Summary plot showing the mean
number of APs generated during stimulation at 10 Hz (left). Control: 0.5 + 0.2; DAAO: 0.7 + 0.3; GO: 0.8 + 0.2; GO+glycine: 1.0 + 0.3. AP number was unchanged
under any conditions (ns). AP number for synaptic stimulation at 50 Hz (right). Control: 2.6 + 0.3; DAAO: 3.2 + 0.5; GO: 1.2 + 0.3; GO + glycine: 2.4 & 0.3. AP
number was not different in DAAO and in GO+glycine (ns versus control) but was decrease in GO (p < 0.01 for GO versus control and p < 0.0001 for GO versus
DAAO). AP number was increased in GO+glycine in comparison to GO (p < 0.05). D, Summary plot for the intraburst frequency during stimulation at 10 Hz (left).
Control: 0.4 & 0.3 Hz; DAAO: 0.5 & 0.5 Hz; GO: 0.2 + 0.2 Hz; GO + glycine: 0.8 & 0.7 Hz. Intraburst frequency was unchanged under any conditions (ns). Intraburst
frequency for stimulation at 50 Hz (right). Control: 3.8 & 0.7 Hz; DAAO, 5.5 + 1.3 Hz; GO, 1.1 + 0.4 Hz; GO + glycine, 4.2 + 0.3 Hz. Intraburst frequency was not
different in DAAO and in GO-+glycine (ns versus control) but was decreased in GO (p < 0.01 for GO versus control and p < 0.0001 for GO versus DAAO). Intraburst
frequency was increased in GO+glycine in comparison to GO (p < 0.01). E, Summary plot showing the time to the first AP during stimulation at 10 Hz (left). Control:
536.4 + 104.6 ms; DAAO: 491.6 + 112.9 ms; GO: 483.4 + 55.7 ms; GO+glycine: 452.0 &+ 49.1 ms. Time to first AP was unchanged under any conditions (ns). Time
to first AP for stimulation at 50 Hz (right). Control: 104.6 + 11.8 ms; DAAO: 113.0 + 19.9 ms; GO: 415.5 + 33.8 ms; GO+glycine: 146.7 &+ 20.6 ms. Time to first AP
was not different in DAAO and in GO+glycine (ns versus control) but was increased in GO (p < 0.001 for GO versus control and p < 0.0001 for GO versus DAAO).
Time to first AP was decreased in GO+glycine in comparison to GO (p < 0.05). C-E, Data points are in control, n = 10; DAAO, n = 6; GO, n = 9; GO+glycine, n = 5.
Bars are means + SEM; points indicate data from individual experiments. The p values are from Anova 2 followed by Tukey’s post hoc Test.

2011) in pyramidal neurons to form triheteromeric receptors which
represent a major population of NMDARs (Rauner and Kohr, 2011;
Stroebel et al., 2018) and to GluN2D in interneurons (Yi et al., 2019;
Perszyk et al., 2016). At extrasynaptic locations in the hippocampus
GluN2B is associated to GIuN2D (Harney et al., 2008; Lozovaya et al.,
2004).

3.2. Location determines the identity of co-agonists

The identity of the co-agonist has been determined for several glu-
tamatergic synapses in distinct principal neurons (Le Bail et al., 2015;
Papouin et al., 2012; Li et al., 2013; Fossat et al., 2012; Panatier et al.,
2006; Curcio et al.,, 2013). D-serine is generally engaged in the

activation of synaptic NMDARs and our results confirms this rule for SNc¢
DA neurons. In a unique case, however, glycine has been shown to
activate synaptic NMDARs in mature dentate granule cells (Le Bail et al.,
2015). The predominant role of D-serine for synaptic NMDARs has been
associated to GluN2A-containing NMDARs for instance in adolescent
cortical layer 5 neurons (Fossat et al., 2012) and hippocampal CA1 py-
ramidal neurons (Le Bail et al., 2015; Papouin et al., 2012). In the case of
DA neurons, our results show that the preponderance of D-serine to
activate synaptic NMDARs is however not accompanied by GluN2A- but
by GluN2B-containing NMDARs. Enzymatic reduction of glycine
revealed that this co-agonist predominates for the activation of extra-
synaptic NMDARs in SNc DA neurons. A comparable correspondence has
been reported for CA1 pyramidal neurons where glycine activates also
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preferentially extrasynaptic GluN2B-containing NMDARs (Papouin
et al., 2012). Is there consequently any possible influence exerted by a
co-agonist on the NMDAR subunit composition? Interestingly, the
GluN2B subunit in SNc DA neurons is present in the synaptic compart-
ment, where D-serine is acting and in the extrasynaptic compartment
where glycine operates, it seems that a direct influence of a preferred
co-agonist on GluN2B or vice versa is unlikely. Furthermore, while both
sites have NMDARs composed of GluN2B and GluN2D and D-serine and
glycine have similar affinities for a given GluN2 subunit (Ferreira et al.,
2017; Hansen et al., 2021), a discrimination between the two
co-agonists cannot be operated by a GluN2B-containing NMDAR.
Rather, the organization of the microenvironment, the presence of
transporters for the co-agonists and the proximity of astrocytic leaflets in
the vicinity of NMDARs certainly influences the predominant role of
co-agonists at synaptic and extrasynaptic locations. The glycine trans-
porter GLYT1 expressed in the SNc (Cubelos et al., 2005) might maintain
a high concentration ratio of D-serine/glycine within the synaptic cleft
and a low concentration ratio at the extrasynaptic membrane (Dopico
et al., 2006). D-Serine reuptake by ASCT and EAAT transporters is not so
efficient since they are not stereoselective and display low to moderate
affinity for D-Serine. More work is needed to shed light on the estab-
lishment and role of the compartmentalization of co-agonists. Interest-
ingly, co-agonists might represent an access to target synaptic versus
extrasynaptic NMDAR pools.

3.3. Contribution of extrasynaptic NMDARs and glycine to bursting
activity in SNc DA neurons

The pivotal role of NMDARs in the generation of bursts has been
revealed using genetic inactivation of the GluN1 subunit in DA neuron
(Wang et al., 2011; Zweifel et al., 2009). Both of these studies showed
that inactivated NMDARs induced a decrease in bursting as observed in
our work using depletion of glycine. Moreover, glycine is also prepon-
derant for the activation of extrasynaptic NMDARs underlying for a
large part the tonic NMDAR-mediated current. These results are in line
with work showing that in vivo bursting is generated by tonically acti-
vated NMDARs (Chergui et al., 1993). Spontaneous bursting activity
could be induced after the pharmacological blockade of synaptic
NMDARSs, further supporting the predominant contribution of extra-
synaptic NMDARs to bursting. Altogether, these observations strongly
suggest that the pool of NMDARs implicated in the generation of bursts
and the pool of extrasynaptic NMDARs, both depending on glycine,
correspond to the same pool of NMDARs. Functionally, how can extra-
synaptic NMDARs be activated to generate bursts? This pool of receptors
could be recruited during temporal summation of excitatory synaptic
inputs, mediating NMDAR-EPSCs with slow decay kinetics (Zweifel
et al., 2009; Drotos et al., 2023). Extrasynaptic NMDARs are most
probably recruited during high frequency synaptic activity by glutamate
spillover (Lozovaya et al., 2004) when glutamate uptake is limited or
overwhelmed (Arnth-Jensen et al., 2002; Asztely et al., 1997) during
high regime of synaptic activity. Burst in DA neurons are reminiscent of
plateau potentials in layer 5 cortical pyramidal neurons (Oikonomou
et al., 2012) or in hippocampal neurons (Suzuki et al., 2008) similarly
induced by the activation of extrasynaptic NMDARs via spillover.
Extrasynaptic GluN2D-containing NMDARs might favor EPSP-spike
coupling, as recently shown for GABAergic neurons (Yao et al., 2022).

Exogenous application of glycine potentiates bursts in SNc DA neu-
rons (Destreel et al., 2019) and enzymatic degradation of the co-agonist
decreases burst firing as shown here. Glycine is predominant for the
activation of extrasynaptic NMDARs which support bursting. These
findings represent mechanistic elements that might be considered for
pharmacological treatment of PD. Interestingly, stimulating the activa-
tion of NMDARSs via its co-agonist site could be beneficial during the late
phase of PD (Heresco-Levy et al., 2013). In vivo and clinical in-
vestigations showed that administration of sarcosine, a glycine trans-
porter 1 inhibitor, ameliorates some symptoms of PD (Tsai et al., 2014;
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Frouni et al., 2024). Increasing the amount of glycine might act at
extrasynaptic NMDARs and favor bursting activity by SNc DA neurons in
patients with PD.

4. Methods
4.1. Experimental model and study participant details

Experiments on Wistar rats were performed in strict accordance with
institutional (protocole 2203, Commission d’Ethique Animale, Uni-
versité de Liege), national (Comité déontologique), and European
guidelines for animal experimentation.

5. Method details
5.1. Brain slices preparation

Adolescent 4- to 7-week-old Wistar rats of either sex were anaes-
thetized with isoflurane (4 % in O, Matrx VIP 3000, Midmark) and
subsequently killed by decapitation. Before anesthesia animals were
kept in an oxygen-enriched chamber for fifteen minutes in order to in-
crease cell survival. Brain slices were prepared as previously described
(Destreel et al., 2019). Briefly, after decapitation, the brain was rapidly
dissected out and immersed in ice-cold slicing solution containing:
87 mM NaCl, 25 mM NaHCOs, 2.5 mM KCl, 1.25 mM NaH5PO4, 10 mM
D-glucose, 75 mM sucrose, 0.5 mM CaCly, and 7 mM MgCl, (pH 7.4 in
95 % 0O2/5 % COy, ~325 mOsm). Parasagittal 300 um-thick (for spon-
taneous EPSC recordings [SEPSC]) or horizontal 250 um-thick slices (for
electrically evoked EPSCs [eEPSCs]) containing the midbrain were cut
using a vibratome (Leica VT-1200, Nussloch, Germany) with a cutting
velocity of 0.06 mm/s and a horizontal vibration amplitude of 1.0 mm.
Slices containing the SNc were transferred to a storing chamber and
allowed to recover at 34°C for 30-45 min. After recovery, slices were
kept at room temperature (20 — 25°C) until recording, for up to
4-5 hours.

5.2. Slice electrophysiology

Slices were transferred to a recording chamber and superfused with
aCSF containing (in mM): 125 NaCl, 25 NaHCOs3, 25 glucose, 2.5 KCl,
1.25 NaHyPOy, 2 CaCly, and 1 MgCly (equilibrated with 95 % O2/5 %
CO9, Osmolarity ~320 mOsm). DA neurons were visualized using
infrared-Dodt gradient contrast (IR-DGC) optics and a 40x objective
(numerical aperture 0.75, Zeiss, Oberkochen, Germany) on a Zeiss Axio
Examiner.A1 microscope equipped with a CCD camera (C7500-51,
Hamamatsu, Japan). The location of the medial terminal (MT) nucleus
of the accessory optic tract was used as a reference for the SNc area in
horizontal slices. DA neurons were identified in whole-cell using
current-clamp and voltage-clamp protocols and post hoc using immu-
nohistochemistry. Selected DA neurons had a voltage rectification with
hyperpolarizing current steps, action potentials with long half-width,
slow autonomous pacemaking (1-4 Hz) and were positive for tyrosine
hydroxylase (Fig. S1). Voltage-clamp recordings of DA neurons were
conducted with patch pipettes from thick walled borosilicate glass
tubing (outer diameter: 2 mm, inner diameter: 1 mm, Hilgenberg, Ger-
many) with a horizontal puller (P-97, Sutter Instruments, Novato, USA).
Pipettes were first filled with a potassium gluconate-based internal so-
lution (~1 mm from the tip) and consecutively with a cesium gluconate
solution (Wang and Gao, 2010) for whole-cell voltage-clamp recordings.
For current-clamp (CC) recordings, pipettes were only filled with a
potassium-based solution. The potassium gluconate solution consisted
of, in mM: 120 K-gluconate, 20 KCl, 2 MgCl,, 4 NapATP, 0.5 NaGTP, 5
Nay-phosphocreatine, 0.1 EGTA, 10 HEPES and 0.1 % biocytin (pH =
7.3; osmolarity: ~302mOsm) and the cesium solution: 120
Cs-gluconate, 20 CsCl, 2 MgCl,, 4 NayATP, 0.5 NaGTP, 5 Nay-ph-
osphocreatine, 0.1 EGTA, 10 HEPES, 3 QX-314 and 0.1 % biocytin (pH =
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7.3; osmolarity: ~306 mOsm). When filled with these solutions, tip re-
sistances were between 3 and 6 MQ. Voltage- and current-clamp re-
cordings were obtained using a Multiclamp 700B amplifier (Molecular
devices, Palo Alto, CA) connected to a PC via a Digidata 1550 interface
(Molecular devices). Bridge balance was used to compensate the series
resistance (Rs) in current-clamp recordings (Ry; <15 MQ). The
current-clamp signal was sampled at 10 kHz. Whole-cell recordings
were discarded if the access resistance increased above 15 MQ for
voltage-clamp and above 20 MQ for current-clamp or if the values varied
over 30 % during recording. All voltage-clamp and current-clamp re-
cordings were performed at near-physiological temperature (32-34°C).
Bursting activity in SNc DA neurons was generated by bath-applications
of NMDA (30 uM) and apamin (300 nM). Hyperpolarizing current in-
jection (from —80 to —140 pA) was applied to maintain membrane
potential in a range (~—60 to —80 mV) that facilitated bursting. In these
conditions, 100 % of neurons (22 out of 22 neurons) exhibited burst
firing (Fig. 1 A, B). To measure time in bursting, the duration of the
depolarized plateau at half-height is given for all bursts during a time
period of 60 seconds and the value is given in seconds. In the absence of
the enzymes, the bursting activity remained stable over 45 minutes
(Table S2). Bursting activity in Fig. 5 was recorded using a K'-based
pipette internal solution and TEA and 4-AP in aCSF to block a majority of
the potassium conductances in order to stabilize the current baseline at
+40 mV in voltage-clamp. TEA and 4-AP were only present in the bath
for voltage-clamp recordings and were washed out while switching to
current-clamp. In these conditions, bursting could be generated in a
majority of DA neurons. Spontaneous EPSCs (SEPSCs) were isolated
pharmacologically with picrotoxin (50 uM), CGP 55485 (1 uM) and
strychnine (10 uM) to block GABA,, GABAp and glycine receptor,
respectively. Tonic NMDAR-mediated currents were recorded in the
presence of CNQX (10 uM), picrotoxin (50 uM), CGP 55485 (1 uM) and
strychnine (10 uM). The amplitude of the tonic current was measured by
the baseline shift after D-AP5 (50 pM) application.

5.3. Extracellular synaptic stimulation

Afferent fibers were stimulated electrically using theta-glass (boro-
silicate; Hilgenberg) pipettes (Kumar et al, 2018) filled with a
HEPES-buffered sodium-rich solution containing (in mM): 135 NaCl, 5.4
KCl, 1.25 NaH3PO4, 1.8 CaCly, and 1 MgCly, 5 HEPES (pH adjusted to 7.2
with NaOH). The stimulation pipette was placed rostrally close (within
~100 um) to the recorded DA neuron and short current pulses were
applied (200-600 pA, 200-400 ms) to be slightly above minimal stim-
ulation in order to activate the smallest number of fibers. Excitatory
afferent fibers originating from the STN were selected using paired-pulse
ratio. Paired-pulse facilitation was used to identify fibers from the STN
as reported previously (Beaudoin et al., 2018). Electrically evoked
EPSCs (eEPSCs) were isolated pharmacologically with GABAs, GABAg
and glycine receptor blockers (picrotoxin, CGP 55485 and strychnine,
respectively). The Zn?' chelator tricine (10 mM) was bath-applied to
buffer Zn®* (Vergnano et al., 2014). Ambient zinc (Zn?7) levels exert a
tonic inhibition of EPSCs mediated by GluN2A-containing NMDARs due
to a high-affinity binding site for Zn?" specifically on this subunit
(Paoletti et al., 1997). Zn®** was subsequently added to tricine at a
concentration of 60 uM to obtain a concentration of 300 nM free Zn?*.
Synaptic NMDARs were selectively blocked by using the irreversible
NMDAR antagonist MK-801 (20 uM) applied for 20 min. Electrically
evoked EPSCs (eEPSCs) were recorded at a holding potential of Vg
= 440 mV under 0.1 Hz stimulation until stable baseline was obtained.
Recording configuration was switched to current-clamp with Viyembrane
~ —80mV for 20 min during the bath-application of MK-801 and
stimulation was stopped. MK-801 was washed out and recording
configuration was switched back to voltage-clamp with Vpgq
= 440 mV. Stimulation was resumed and delivered at 5 Hz for 16 s to
block selectively synaptic NMDARs (Koh et al., 2022; Liu et al., 2013;
Yang et al., 2017). Stimulation < 10 Hz does not induce measurable

11

Progress in Neurobiology 249 (2025) 102773

extrasynaptic NMDAR-mediated current (Harris and Pettit, 2008).
5.4. Immunohistochemistry

Immunohistochemical analysis for identification of DA neurons was
done on 300 um horizontal or parasagittal slices taken after electro-
physiological recordings. Biocytin-filled cells were fixed in 4 % para-
formaldehyde overnight at 4°C. After washing in phosphate buffer saline
(PBS, 0.1 M) and then in PBS containing 10 % normal goat serum (NGS)
and 0.3 % triton X-100, slices were incubated with primary antibody
against TH (mouse anti-TH 1:1000, Immunostar 22941, Abcam, UK) in
PBS containing 5 % goat-serum and 0.3 % Triton X-100 for 22 hours at
room temperature. Subsequently, slices were rinsed with PBS and
incubated with the secondary antibody (goat-anti-mouse-Alexa Fluor
568 1:500, Invitrogen A-11004, Thermo Fischer Scientitfic, Waltham,
MA, USA) together with Fluorescein Avidin DCS (1 pl/ml, Vector Lab-
oratories A-2001-5,) in PBS and 0.3 % triton X-100 overnight at 4°C.
After the final rinsing, slices were mounted on a slide containing a
300 pm iSpacer (SunjinLab #IS307, Hsinchu City, Taiwan) with Pro-
Long Gold Antifade (Invitrogen P36934), and imaged using an FV1000
confocal microscope (Olympus, Tokyo, Japan). Images were analyzed
with Fiji/ImageJ software (https://imagej.net) and Imaris v9.5.1 (Ox-
ford Instruments, Santa Barbara, CA, USA).

To determine the expression of GluN2 subunits in the SNc immu-
nohistochemical analysis was done on 5- to 6-week-old Wistar rats of
either sex. Animals were perfused using a peristaltic pump (Watson
Marlow, 101 U) with PBS (150 ml), followed by PBS containing with
4 % PFA (100 ml). Brains were carefully collected, post-fixed in 4 % PFA
for 24 hours at 4 °C, subsequently stored in sucrose azide 0.01 % for
48 hours at 4°C and sliced (40 um) with a NX70 cryostat (Epredia
Belgium, Machelen, Belgium). Slices were exposed to 10 % NGS and
0.1 % Triton X-100 followed by primary antibody incubations in PBS
containing 5 % NGS and 0.1 % Triton X-100 overnight at 4 °C. Primary
antibodies were against GluN2A subunit (rabbit anti-GluN2A 1:200,
Alomone AGC-002) combined to mouse anti-TH (1:1000, Immunostar
22941, Abcam, UK), or GluN2B subunit (rabbit anti-GluN2B 1:200,
Alomone AGC-003) with mouse anti-TH or GluN2D subunit (rabbit anti-
GIluN2D 1:200, Alomone AGC-020) with mouse anti-TH in 5 % NGS in
PBS and 0.1 % Triton X-100 overnight at 4 °C. After rinsing, slices were
incubated with secondary antibodies (goat anti-mouse alexa Fluor 568
1:500, Invitrogen A-11004 and goat anti-rabbit Alexa Fluor 488 1:400,
Invitrogen A-11011) in PBS with 0.1 % Triton X-100 for 2 hours at room
temperature. Slices were rinsed with PBS and shortly exposed to Dapi
(0.5 ug/ml). After mounting with Aqua-poly/mount (Polysciences
18606, Warrington, PA, USA) images were obtained with an FV1000
confocal microscope (Olympus, Tokyo, Japan) using 5x, 40x and 60x oil
immersion objectives (N.A. 0.16, 0.8 and 1.4, respectively).

The distribution of the NMDAR subunits within neurons and at their
membranes was analyzed with Imaris using videos (Videos S1-S6).
Membrane transparency of reconstructed neurons was adjusted by
varying the transparency setting implemented in Imaris to differentiate
NMDAR subunits expressed in the cytoplasm (100 % transparency - 0 %
opacity) from NMDAR subunits in the membrane (0 % transparency -
100 % opacity). TH" DA neurons were selected around the MT
randomly from both hemispheres.

Supplementary material related to this article can be found online at
doi:10.1016/j.pneurobio.2025.102773.

5.5. Engzymes

Recombinant wild-type and M213R variants of Rhodotorula gracilis
D-amino acid oxidase (RgDAAO; EC 1.4.3.3) and recombinant H244K
glycine oxidase from Bacillus subtilis (BsGO; EC 1.4.3.19) were produced
in E. coli cells and purified as previously described (Sacchi et al., 2002;
Job et al., 2002; Sonia et al., 2001). The RgDAAO and BsGO preparations
had a specific activity of 75 U/mg protein on D-serine as substrate and


https://imagej.net
https://doi.org/10.1016/j.pneurobio.2025.102773

S. Ringlet et al.

2.5 U/mg protein on glycine as substrate, respectively. Midbrain slices
were perfused with RgDAAO (0.2 U/ml) or BsGO (0.2 U/ml) for 45 min.
For details about RgDAAO and BsGO substrate specificity see (Job et al.,
2002; Frattini et al., 2011).

5.6. Drugs and reagents

Picrotoxin (50 uM, Alomone Lab), CGP 55845 hydrochloride (1 pM,
Hellobio), strychnine (10 pM, Sigma), TBOA (30 pM, Biotechne) and D-
AP5 (50 uM, Alomone labs) were dissolved in doubled distilled water.
CNQX disodium (10 uM, Alomone labs) was dissolved in bi-distilled
water. Picrotoxin was dissolved in 90 % ethanol. The remaining chem-
icals and all salts were purchased from Sigma-Aldrich (Belgium).

5.7. High performance liquid chromatography (HPLC) analysis

Slices containing the substantia nigra were stored in the reserve
chamber near-physiological temperature (32-34 °C) using three exper-
imental conditions. The first condition was in physiological saline
(aCSF), the second in aCSF + GO (0.2 U ml™1) and the third in aCSF
+ DAAO (0.2 Uml™) for 45 minutes. The aCSF collected during all
experimental conditions were freeze-dried and then resuspended in
25 mM HCI. Following a neutralization step adding 0.2 M NaOH, the
samples were precolumn derivatizated with o-phthaldialdehyde/N-
acetyl-L-cysteine in a 1:4 volume ratio of 0.2 M borate, pH 8.2, and
0.2 M sodium phosphate, pH 10. Diastereoisomer derivatives were
resolved on a Kinetex EVO C18 reverse-phase column (5 um,
4.6 x150 mm; Phenomenex, Bologna, MI, Italy) using a HPLC PU-2089
System (Jasco Europe, Cremella, LC, Italy) equipped with a fluorescence
detector (344/443 nm, gain 1000X), in isocratic conditions (0.1 M so-
dium acetate buffer, pH 6.2, 3 % tetrahydrofuran, 0.7 ml/min flow
rate), modified from Punzo et al. (2016). Identification and quantifica-
tion of the D- and L-serine and glycine was based on retention times and
peak areas, compared with those associated with external standards
(calibration curves were built by injecting 0.005-0.2 pmol of standards).
To confirm the identity of D-enantiomers, a selective degradation of
D-amino acids in aCSF samples was obtained by adding 10 pg of M213R
RgDAAO for 4 h at 30 °C. Statistical analyses were performed using
GraphPad Prism 9.0.

6. Quantification and statistical analysis
6.1. Data acquisition and analysis

Pulse generation and data acquisition were performed using clampEx
(clampEx 10.5, Molecular Devices). Data analysis was performed using
pClamp 10.5 (clampFit), Mathematica 13 (Wolfram Research, Cham-
paign, IL), Stimfit (https://github.com/neurodroid/stimfit/wiki/Stimfit
) and Prism 8 (GraphPad software, La Jolla, CA). To detect sEPSCs,
MiniAnalysis (v6.0.7, Synaptosoft Inc.) was used and every single event
was inspected and selected visually. To obtain an averaged sEPSC,
events were superimposed to the initial phase of the current rise. To
measure the parameters of the averaged EPSC (amplitude, 20-80 % rise
time and decay), a short baseline (5 ms) was used immediately pre-
ceding the rise of the event. The averaged event was filtered at 2 kHz.
For the analysis of the NMDAR current component of sEPSCs at +40 mV,
a dashed vertical line was placed at 10 ms after the onset of the averaged
EPSC to evaluate the amplitude of the NMDAR-dependent synaptic
current and for eEPSC, it was placed 40 ms after the onset of the event
(Lietal., 2013; Jang et al., 2015). At this time point, the AMPAR-current
component is back to baseline. The peak amplitude of the
AMPAR-current component was measured at the peak of the averaged
EPSC at —70 mV. Bursts were defined as spontaneously occurring
biphasic changes in the membrane potential during which hyper-
polarized periods between —60 and —80 mV alternated with depolar-
ized plateau potentials > —60 mV superimposed by APs. This firing
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activity was stable and reproducible in the presence of NMDA with the
SK channel blocker apamin and hyperpolarizing current injection
(Seutin et al., 1993; Destreel et al., 2019).

6.2. Statistical analysis

Experimental values are expressed as mean =+ standard error of the
mean (SEM). Error bars in the figures also indicate SEM. Statistical
analysis was performed using Prism 8. Data were tested for normal
distribution with Shapiro-wilk and d’Agostino test. Accordingly, paired-
data were either tested by ANOVA 1 test followed by a Tukey post hoc
test or Friedman test followed by Dunn’s post hoc when more than 2
conditions. Unpaired-data were tested with Kruskal-Wallis test followed
by Dunn’s test. In the case of 2 conditions, either t-test or Wilcoxon test
(paired data) and Mann-Withney test (unpaired data) were used. In the
case of multiple conditions in 2 different stimulations protocol, ANOVA
2 test followed by a Tukey post hoc test were applied. Significance level
is given as *p < 0.05, "p < 0.01, "p < 0.001, ""p < 0.0001 and ns
(not significant) corresponding to p > 0.05 is represented in the
histograms.
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