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Cellular/Molecular

NMDA Receptors Containing the GluN2D Subunit Control
Neuronal Function in the Subthalamic Nucleus

Sharon A. Swanger,* Katie M. Vance,'* Jean-Francois Pare,’ Florence Sotty,* Karina Fog,* Yoland Smith,>?
and “Stephen F. Traynelis'
Department of Pharmacology and 2Department of Neurology, Emory University School of Medicine, Atlanta, Georgia 30322, 3Yerkes National Primate
Research Center and Morris K. Udall Center of Excellence for Parkinson’s Disease Research, Emory University, Atlanta, Georgia 30329, and *H. Lundbeck
A/S, Division of Neurodegeneration and Biologics, Ottiliavej 9, DK-2500 Valby, Denmark

The GluN2D subunit of the NMDA receptor is prominently expressed in the basal ganglia and associated brainstem nuclei, including the
subthalamic nucleus (STN), globus pallidus, striatum, and substantia nigra. However, little is known about how GluN2D-containing
NMDA receptors contribute to synaptic activity in these regions. Using Western blotting of STN tissue punches, we demonstrated that
GluN2D is expressed in the rat STN throughout development [age postnatal day 7 (P7)-P60] and in the adult (age P120). Immunoelectron
microscopy of the adult rat brain showed that GluN2D is predominantly expressed in dendrites, unmyelinated axons, and axon terminals
within the STN. Using subunit-selective allosteric modulators of NMDA receptors (TCN-201, ifenprodil, CIQ, and DQP-1105), we provide
evidence that receptors containing the GluN2B and GluN2D subunits mediate responses to exogenously applied NMDA and glycine, as
well as synaptic NMDA receptor activation in the STN of rat brain slices. EPSCs in the STN were mediated primarily by AMPA and NMDA
receptors and GluN2D-containing NMDA receptors controlled the slow deactivation time course of EPSCs in the STN. In vivo recordings
from the STN of anesthetized adult rats demonstrated that the spike firing rate was increased by the GluN2C/D potentiator CIQ and
decreased by the GluN2C/D antagonist DQP-1105, suggesting that NMDA receptor activity can influence STN output. These data indicate
that the GluN2B and GluN2D NMDA receptor subunits contribute to synaptic activity in the STN and may represent potential therapeutic
targets for modulating subthalamic neuron activity in neurological disorders such as Parkinson’s disease.
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The subthalamic nucleus (STN) is a key component of the basal ganglia, a group of subcortical nuclei that control movement and
are dysregulated in movement disorders such as Parkinson’s disease. Subthalamic neurons receive direct excitatory input, but the
pharmacology of excitatory synaptic transmission in the STN has been understudied. Here, we show that GluN2B- and GluN2D-
containing NMDA receptors mediate the NMDA receptor component of EPSCs in subthalamic neurons. Moreover, our results
demonstrate that pharmacologic modulation of GluN2D-containing receptors alters the time course of EPSCs and controls the in
vivo spike-firing rate in the STN. This study identifies GluN2D as a potential target for modulating subthalamic neuron activity.

ignificance Statement

nuclei that are critical for movement control. Neuronal activity in
the STN provides the primary excitatory drive for the basal gan-
glia output nuclei, the globus pallidus internal, and substantia
nigra pars reticulata (SNr; Bolam et al., 2000; Bevan et al., 2002;
Wilson and Bevan, 2011). STN neurons exhibit autonomous fir-
ing that is driven by voltage-dependent sodium channels (Beur-
rier et al.,, 2000; Do and Bean, 2003; Surmeier et al., 2005;
Atherton et al., 2008). Spike firing of subthalamic neurons is also

Introduction
The subthalamic nucleus (STN) is the lone glutamatergic mem-
ber of the basal ganglia, a group of interconnected subcortical
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regulated by several types of afferents, including excitatory inputs
from the cortex, thalamus, pedunculopontine nucleus, and supe-
rior colliculus (Afsharpour, 1985; Canteras et al., 1988; Féger et
al., 1994; Nambu et al., 1996; Féger, 1997). STN neurons also
recieve inhibitory inputs from the globus pallidus external
(Smith and Grace, 1992; Shink et al., 1996; Bolam et al., 2002;
Karachi et al., 2005) and dopaminergic inputs from the substan-
tia nigra pars compacta (SN¢) (Hassani et al., 1997; Prensa et al.,
2000; Cragg et al., 2004). The loss of SNc neurons in Parkinson’s
disease leads to altered firing patterns in the STN, which corre-
lates with the development of motor symptoms in patients and in
animal models of the disease (Hamani et al., 2004; Wilson and
Bevan, 2011). In addition, synchronous firing between the STN
and motor cortex increases in the disease state, suggesting that
activity at glutamatergic cortical inputs to the STN may be altered
(Magill et al., 2001; Magill et al., 2004; Sharott et al., 2005; Kithn
et al., 2006; Mallet et al., 2008; Litvak et al., 2011; Moran et al.,
2011; Alegre and Valencia, 2013). Furthermore, exogenous acti-
vation of the corticosubthalamic projection can induce parkin-
sonian motor symptoms in rodents (Pan et al., 2014), indicating
that glutamatergic neurotransmission in the STN has an integral
role in basal ganglia function and movement.

Subthalamic neurons express mRNA encoding subunits in
each ionotropic glutamate receptor class, including AMPA, kai-
nate, and NMDA receptors (Sato et al., 1993; Bischoff et al., 1997;
Wiillner et al., 1997; Clarke and Bolam, 1998; Jakowec et al.,
1998). AMPA/kainate-type receptors mediate the fast compo-
nent of EPSCs, whereas NMDA receptors mediate the slow com-
ponent, which carries the majority of charge transfer and calcium
influx during excitatory neurotransmission (Traynelis et al.,
2010). NMDA receptors are typically composed of two glycine-
binding GluN1 subunits and two glutamate-binding GIuN2 sub-
units (Dingledine etal., 1999; Karakas and Furukawa, 2014; Lee et
al., 2014). The GluN2 subunits, GIluN2A-2D, confer distinct
properties to the receptor, including pharmacology, deactivation
time course, channel open probability, and sensitivity to magne-
sium inhibition (Traynelis et al., 2010). For example, GluN2D-
containing NMDA receptors have a strikingly slow deactivation
time course, low single channel open probability, and weak mag-
nesium sensitivity compared with the other GluN2 subunits. In
addition, GluN2 subunits have different regional expression pat-
terns in the brain and in situ hybridization studies suggest that
subthalamic neurons express mRNA encoding GluN2B and
GluN2D (Monyer et al., 1994; Standaert et al., 1994; Wenzel etal.,
1996). Agonist-evoked AMPA and NMDA receptor currents
have been demonstrated in STN neurons (Gotz et al., 1997; Awad
etal., 2000; Lobo etal., 2003), but the roles for specific ionotropic
glutamate receptors in synaptic transmission and spike firing in
the STN have not been studied in detail.

The goal of this study was to determine which glutamate
receptor subtypes mediate excitatory synaptic transmission in
the STN, with a particular focus on determining the contribu-
tion of GluN2D-containing NMDA receptors. In addition, we
tested whether modulating GluN2D-containing receptors in-
fluenced STN spike firing in vivo. Our results indicate that
GluN2B- and GluN2D-containing receptors mediate the
NMDA receptor component of EPSCs in the STN and that
ongoing activation of GluN2D-containing NMDA receptors
affects STN spike firing in vivo. These findings have important
implications for the potential therapeutic regulation of STN
spike activity.
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Materials and Methods

Tissue punches and Western blotting. All procedures using animals were
approved by the Institutional Animal Care and Use Commiittee of Emory
University. Female Sprague Dawley rats [age postnatal day 7 (P7), P14,
P30, P60, and P110-P120] and WT and GluN2D ~/~ C57BL/6 mice of
both sexes (age P28 —P30) were killed by isoflurane overdose (Ikeda et al.,
1995). The brains were removed and 200-300 wm sagittal slices contain-
ing the STN were prepared in ice-cold PBS using a vibrating microtome.
Tissue punches of the STN were removed using a 0.5 or 0.75 mm tissue
punch (Stoelting) and then frozen on dry ice. The tissue was sonicated in
lysis buffer, pH 7.4, containing the following (in mm): 150 NaCl, 50 Tris,
50 NaF, 5 EDTA, 5 EGTA, 1% Triton, 1% SDS, and protease inhibitors.
Protein concentrations were determined by the Bradford assay and then
the samples were diluted with lysis buffer and 2X Laemmli buffer to a
final concentration of 0.5 g/ ul. After heating at 95°C for 5 min, 5-10 ug
of total protein was loaded on a 4-15% SDS-PAGE gel. Proteins were
transferred to PVDF membranes for Western blotting. The antibodies
used were mouse anti-GluN2D (Millipore, MAB5578, 1:5000), mouse
anti-tubulin (Sigma-Aldrich, 1:50,000), and HRP-conjugated goat anti-
mouse (Jackson Immunoresearch, 1:10,000). Membranes were stripped
with Restore Stripping Buffer (Pierce) for 15 min and washed before
being reprobed with additional primary antibodies. Chemiluminescence
signals were detected with film, which were imaged with the Bio-Rad Gel
Doc Imager and analyzed by densitometry using Image].

Immunohistochemistry and electron microscopy. Adult Sprague Dawley
rats and adult WT and GluN2D ~/~ C57BL/6 mice of both sexes were
used for histology experiments. The animals were anesthetized with pen-
tobarbital and perfusion fixed with a mixture of 4% paraformaldehyde
and 0.1% glutaraldehyde (Galvan et al., 2006; Kuwajima et al., 2007). The
brains were then cut into 60-um-thick sections with a vibratome and
processed for the light and electron microscopic localization of the
GluN2D subunit using well characterized commercially available anti-
bodies: mouse anti-GluN2D (Millipore, MAB5578) or goat anti-
GluN2C/D (Santa Cruz Biotechnology, sc-31551; Laurie et al., 1997).
The avidin—biotin peroxidase method and 3,3" diaminobenzidine were
used to visualize the reaction product of GluN2D immunoreactivity.
Sections of the STN were prepared for electron microscopy as previously
described (Kuwajima et al., 2004; Galvan et al., 2006; Kuwajima et al.,
2007). One block of tissue was taken out from the STN in each ani-
mal, cut in ultrathin sections with an Ultramicrotome (Ultracut T2;
Leica), mounted on copper grids, and examined in the electron micro-
scope (model 1011; Jeol, Peabody, MA). At the electron microscopic
level, the STN tissue was scanned, and a series of 50 micrographs of
randomly distributed immunoreactive profiles were taken at 40,000X.
The different labeled elements were categorized as dendrites, terminals,
axons, or glia according to their ultrastructural features (Peters et al.,
1991).

Cell culture and molecular biology. Cells from the human embryonic
kidney-293 cell line (CRL 1573; ATCC; hereafter HEK cells) were plated
on glass coverslips (Warner Instruments) coated with 100 ug/ml poly-p-
lysine. Cells were maintained in 5% humidified CO, at 37°C in Dulbec-
co’s Modified Eagle Medium with Glutamax (Invitrogen) supplemented
with 10% fetal bovine serum, 10 units/ml penicillin, and 10 pg/ml strep-
tomycin. The Fugene6 transfection reagent (Roche Diagnostics) was
used to transiently transfect HEK cells with cDNA encoding GFP, GluN1,
and GluN?2 at a ratio of 1:1:1. The cDNAs used were rat NMDA receptor
subunits GIuN2B (GenBank U11419), GluN2D (GenBank L31611),
GluN1-la (GenBank U11418, U08261), and GluN1-1b (GenBank
U08263). The transfected cells were incubated in media supplemented
with NMDA receptor antagonists D,L-2-amino-5-phosphonovalerate
(200 unm; D,L-APV) and 7-chlorokynurenic acid (200 um; 7-CKA).

Patch-clamp recordings from transfected HEK cells. Voltage-clamp re-
cordings were made from transfected cells lifted from the coverslip (V,
—60 mV, Axopatch 200B amplifier; Molecular Devices). Recordings
were digitized at 40 kHz using Axon pClamp10 software and filtered at 8
kHz using an eight-pole Bessel filter (—3 dB; Frequency Devices). Elec-
trodes were made from thin-walled borosilicate glass (Warner Instru-
ments) and were filled with an internal solution containing the following
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(in mMm): 110 Cs-gluconate, 30 CsCl, 5 HEPES, 4 NaCl, 0.5 CaCl,, 2
MgCl,, 5 BAPTA, 2 Na,ATP, and 0.3 NaGTP, pH 7.35, 295 M(). Cells
were bathed in an external solution containing the following (in mm):
150 NaCl, 10 HEPES, 30 p-mannitol, 3 KCI, 0.5 CaCl,, and 0.01 EDTA,
pH 8.0. A Warner Instruments TC-344B temperature controller main-
tained the temperature of the external solution (23°C or 32°C). Rapid
solution exchange for whole-cell voltage-clamp recordings of HEK cells
was performed using a two-barrel theta glass pipette controlled by a
piezoelectric translator (Burleigh Instruments). The open tip 10-90%
rise time of the solution exchange was <0.6 ms and the solution exchange
time (10—90%) around a whole cell was ~3 ms (Vance et al., 2012).

Patch-clamp recording from neurons in the STN. Sprague Dawley rats
(aged P11-P18) as well as WT or GluN2D ~/~ C57BL/6 mice (aged P14 —
P20) of both sexes were killed by isoflurane overdose and decapitated.
The brain was rapidly removed, hemisected, and glued to the stage of a
vibrating microtome (Leica VT1000S or VT1200S). Sagittal brain slices
(250 wm) were cut in ice-cold artificial CSF (aCSF) composed of (in mm):
130 NaCl, 24 NaHCO;, 10 glucose, 3 KCI, 3 MgSO,, 1.25 NaH,PO,, and
1 CaCl, that was saturated with 95% O,/5% CO,. For some experiments,
after isoflurane overdose, the animals were transcardially perfused with
an ice-cold sucrose-based aCSF solution containing the following (in
mM): 230 sucrose, 24 NaHCOs;, 10 glucose, 3 KCl, 10 MgSO,, 1.25
NaH,PO,, and 0.5 CaCl, and saturated with 95% O,/5% CO, before the
slicing procedure described above. All slices were incubated at room
temperature in the NaCl-based aCSF solution for at least 1 h before use
and recordings were performed at 32°C. The external aCSF solution for
the slice recordings contained the following (in mwm): 130 NaCl, 24
NaHCO;, 10 glucose, 3 KCI, 0.2-1.5 MgSO,, 1.5-4 CaCl,, and 1.25
NaH,PO, saturated with 95%0,/5% CO,. Recording electrodes were
filled with a solution containing the following (in mwm): 120 Cs-
methanesulfonate, 15 CsCl, 10 tetraethylammonium chloride, 10
HEPES, 8 NaCl, 3 Mg-ATP, 1.5 MgCl,, 1 QX-314, 0.3 Na-GTP, and 0.2
EGTA, pH 7.3 (Guzman et al., 2009). Recordings were made using either
an Axopatch 200A or Axopatch 200B amplifier (Molecular Devices),
digitized at 20 kHz using Axon pClamp8 software, and filtered at 2 kHz
using an eight-pole Bessel filter (—3 dB; Frequency Devices).

A Picospritzer II (Parker Hannifin) was used to evoke currents by
pressure applying brief pulses (4—12 psi; 3-100 ms) of NMDA (1 mm)
and glycine (0.003-0.5 mwm) through a borosilicate capillary tube (3.5
MQ). During the picospritzer recordings, the external solution was sup-
plemented with 0.5 um TTX, 10 um bicuculline, and 5 um nimodipine
(Lee etal., 2007). Voltage-clamp recordings were obtained at a Vi;o; p of
—60 mV and the recording solutions contained 0.2 mm Mg?™". Three to
10 stable control measurements were obtained in the presence of aCSF at
30-90 s intervals. The NMDA receptor modulator (prepared in the aCSF
external solution) or vehicle was bath applied for 5-15 min while cur-
rents were continuously evoked by pressure application of NMDA and
glycine. After bath application of the modulator, the slice was washed
with the control aCSF solution and NMDA/glycine continued to be pres-
sure applied at the same interval. Finally, the NMDA receptor competi-
tive antagonist b,L.-APV (400 um) was bath applied during NMDA and
glycine applications to inhibit the NMDA receptor response (Lee et al.,
2007).

EPSCs were evoked by injecting 50—500 A of current for 0.1 ms using
a bipolar tungsten-stimulating electrode (FHC) placed near the internal
capsule fibers rostral to the STN (Baufreton et al., 2009; Yamawaki et al.,
2012). EPSCs were evoked every 30 s and the recordings were conducted
using the external solution described above supplemented with 10 um
bicuculline and 10 um DNQX. Voltage-clamp recordings were per-
formed at —40 mV or +40 mV with 0.2 mm or 1.5 mm Mg>", respec-
tively, in the recording solutions. Paired-pulse recordings were
performed at —40 mV in 10 uMm bicuculline, 1 mm Mg“, and 4 mMm
Ca?*. For the paired-pulse recordings, EPSCs were evoked every 30 s by
a pair of stimuli separated by 50 ms. The I}, current was recorded under
current-clamp conditions using the same intracellular solution by inject-
ing 0.1 nA of hyperpolarizing current into the cell for 1 s.

Analysis of voltage-clamp recordings. The individual sweeps of whole-
cell voltage-clamp recordings from HEK cells and subthalamic neurons
were averaged and preapplication baseline subtracted. ChanneLab or
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Clampfit was used to determine current amplitude, the 10-90% rise time
of peak amplitude, charge transfer, and the deactivation time constants.
The deactivation time constants of whole-cell voltage-clamp recordings
from HEK cells and evoked EPSCs from subthalamic neurons were cal-
culated by fitting the following equation to the data:

Response = Ampgasrexp (—time/Tasr)

+ Ampg owexp (—time/Ts ow)

Where 7,47 is the fast deactivation time constant, g o is the slow
deactivation time constant, Ampy, 47 is the current amplitude of the fast
deactivation component, and Ampg; v is the current amplitude of the
slow deactivation component. Weighted deactivation time constants
(Ty) were calculated using the following equation:

Tw = [Ampmsu‘/ (Amppysr + AmPSLow]TFAST

+ [Amps ow/ (Ampgasr + Ampsiow) ] TsLow

In vivo extracellular recordings of STN neuronal activity. All in vivo rat
spike-firing experiments were performed in accordance with the Euro-
pean Communities Council Directive (86/609/EEC) for the care and use
of laboratory animals and the Danish legislation regulating animal ex-
periments. The Danish Animal Experiments Inspectorate approved the
protocols (journal no 2004/561-798). For all experiments, rats were
housed two per cage under a 12 h light/dark cycle (lights on at 6:00 A.M.)
in a temperature (21 * 2°C)- and humidity (60 * 10%)- controlled
environment. Rats were allowed to acclimate for 5-7 d before experimen-
tation with ad libitum access to rat chow and tap water.

For recordings of neurons in the STN, male Wistar rats (Charles River)
weighing 280-360 g were used. Animals were anesthetized with an intra-
peritoneal injection of urethane (1.2-1.5 g/kg). Animals were then
mounted in a stereotaxic frame, the skull was exposed, and a hole ~3 X
3 mm was drilled above the STN (see coordinates below). Extracellular
single-cell recordings were performed using an assembly consisting of a
recording glass electrode and an ejection pipette allowing local drug
delivery. The recording glass micropipette was first pulled and broken at
an external diameter of 2—4 um and was subsequently bent by heating
the shank ~7 mm from the tip. The ejection pipette was prepared from
glass tubing with an internal diameter of 0.3 mm and calibrated at 15
mm/ul (Assistent, ref. 555/5) and was pulled and broken back to an
external diameter of 50 wm. The ejection pipette then was positioned
under microscopic control and, by means of micromanipulators, imme-
diately adjacent to and 40—60 um above the tip of the bent recording
electrode. Both pipettes were permanently jointed with an ultraviolet-
sensitive resin. Ejection pipettes were filled through the tip by negative
pressure with NMDA modulators at various concentrations dissolved in
PBS solution (NaCl 8 g/L, KCl 0.2 g/L, Na,HPO,-2H,O 1.44 g/L,
KH,PO, 0.2 g/L, and CaCl,-2H,0 132 mg/L). The recording electrode
was filled with 2% (w/v) Pontamine Sky Blue in 0.5 M sodium acetate
solution and had an impedance of 2-10 M{) at 135 Hz.

The assembly was then lowered into the brain using a hydraulic mi-
crodriver at the following coordinates: AP 4.2-3.6 mm posterior to
bregma; L 2.2-2.8 mm lateral to the midline. Extracellular action poten-
tials were amplified, discriminated, and monitored on an oscilloscope
and an audiomonitor. Discriminated spikes were collected and analyzed
using Spike 2 software (Cambridge Electronic Design) on a PC-based
system connected to a CED 1401 interface unit (Cambridge Electronic
Design). Presumed glutamatergic neurons from the STN typically were
found 7.4-8.0 mm beneath the surface of the brain according to the rat
brain atlas (Paxinos and Watson, 1998) and all exhibited a biphasic,
positive-negative waveform. Once a neuron was isolated and its baseline
firing rate was stable for at least 5 min, drug application close to the
recorded neuron was initiated by applying repeated pressure pulses
(10-40 ms duration; 10-20 psi) with the assistance of a Picospritzer III
(Intracell). A small volume (3—-6 nl) typically was applied to minimize
mechanical distortion and was followed under microscopic control by
the movement of the solution meniscus in the pipette. Repeated ejections
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were performed to assess reproducibility of the drug effects at a mini-
mum interval of 4 min.

The NMDA receptor modulator CIQ was either applied alone
(10-20 um) or in combination with MK-801 (2.5 um). The change in
firing rate induced by drug application was compared with the baseline
firing rate by measuring the maximal firing rate during either the last
10-20 s of drug application for CIQ or the 10-20 min period after
DQP-1105 application, which was then expressed as percentage of base-
line firing rate measured 3-5 min before drug application. For MK-801
coapplication experiments, because a decrease in the baseline firing rate
typically was observed over time after MK-801 application, the baseline
firing rate measured before each drug application was subtracted from
the maximal firing rate during the last 10-20 s of drug application. The
responses evoked by the second through fifth applications were then
expressed as a percentage of the response evoked by the first drug
application.

Statistical analysis. The data were analyzed and plotted in GraphPad
Prism 5 or Origin Lab 9.0. The Shapiro—Wilk’s test was used to test for
normality and Levene’s test was used to test for homogeneity of vari-
ances. The data were then analyzed using appropriate parametric or non-
parametric tests with corrections for multiple comparisons as stated in
the figure legends. Normal data are reported as mean = SEM and non-
normal data are reported as median and 25-75% interquartile range
(IQR). Significance for all tests was set at p < 0.05.

Results

GluN2D subunit is expressed in subthalamic neurons
GluN2D expression levels are developmentally regulated in some
brain regions, many of which show a marked decrease in expres-
sion during postnatal development (Dunah et al., 1996; Wenzel
etal., 1996; Laurie et al., 1997; Lau et al., 2003; Shibata et al., 2003;
Liu and Wong-Riley, 2010). To evaluate GluN2D expression in
the STN, tissue punches were harvested from the STN of rats aged
P7,P14,P30, P60, and P110-P120 (Fig. 1A) and then analyzed by
Western blotting using a monoclonal antibody against GluN2D.
GluN2D expression was observed in the STN at all of the ages
analyzed in this study and there was no significant change in
GluN2D levels between age groups (n = 3—4 animals per group;
Fig. 1B,C). Tissue punches from WT and GluN2D ~/~ mice
(Ikeda et al., 1995) were used to demonstrate the specificity of
the GIuN2D antibody (n = 3 animals; Fig. 1C). Importantly,
these data demonstrate that the GluN2D subunit is expressed in
the rat STN throughout postnatal development and in adult-
hood. In addition, brain sections from WT and GluN2D ~/~ mice
were immunostained with a polyclonal antibody that detects the
GluN2C and GIuN2D subunits. Using light microscopy, strong
immunoreactivity was apparent in WT STN, whereas the faint
staining detected in GIuN2D /™ sections was similar to back-
ground levels in control WT sections incubated without primary
antibodies (Fig. 1D). These data suggest that GluN2D is ex-
pressed in the STN of adult mice and also support data from
previous in situ hybridization studies showing no detectable
GluN2C expression in the STN (Monyer et al., 1994; Standaert et
al., 1994; Wenzel et al., 1997).

Next, the subcellular distribution of GluN2D protein was
evaluated in the rat STN using immunostaining and electron
microscopy. GluN2D localization was analyzed by immunostain-
ing with either the GluN2C/D polyclonal antibody or the mono-
clonal antibody against GluN2D used in Figure 1. Analysis of
electron micrographs suggested that the GIuN2D subunit was
expressed predominantly in dendrites of subthalamic neurons
(Fig. 2A,B,D); 66 = 3.0% (monoclonal), and 64 = 3.2% (poly-
clonal) of the total labeled elements were accounted for by den-
dritic profiles. Albeit less frequent, GluN2D-positive labeling was
also found presynaptically in unmyelinated axons (14.5 = 1.3%

Swanger, Vance et al. @ GIuN2D Function in the Subthalamic Nucleus

Bis

1.0

Protein levels (a.u

P7 P14 P30 P60P110+

C P7 P14 P30 P60 P110+ WT  2D-/-
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Figure 1. GIuN2D protein expression during postnatal development. A, Brain slices are
shown before (left) and after (right) removal of the STN by a tissue punch. B, GIuN2D expression
in STN tissue punches obtained from rats aged P7, P14, P30, P60, and P110 —P120 (P110+) was
evaluated by Western blot. Densitometry measurements for GIuN2D levels were normalized to
tubulinlevels, plotted as mean == SEM, and analyzed by one-way ANOVA (n = 3—4animals per
group, Fi,4q) = 2.153, p = 0.142). Measurements from two replicate Western blots were
averaged for each animal. C, Representative Western blots of GIuN2D and tubulin show protein
samples from two different animals for each age group. D, Immunoperoxidase labeling from
polyclonal GIuN2C/D antibodies is shown in the STN of WT mice (left) and GIuN2D ~/~ mice
(center). The right panel shows peroxidase labeling in WT tissue incubated without primary
antibodies. Scale bar, 0.5 mm.

and 14.3 = 2.3% total labeled elements, respectively; Fig. 2C,E)
and axon terminals (17.3 = 2.8% and 23.3 = 1.4% total labeled
elements, respectively), some of which displayed the ultrastruc-
tural features of putative pallidal GABAergic terminals (Fig.
2A,F). Occasionally, the peroxidase deposit in the labeled den-
drites was aggregated at the postsynaptic densities of asymmetric
synapses (Fig. 2B, D). Overall, the patterns of STN labeling ob-
tained with both the polyclonal GluN2C/D and the monoclonal
GluN2D antibodies were similar despite the different epitopes of
the two antibodies (Fig. 2G). Altogether, these data provide
strong evidence that GIuN2D is expressed in subthalamic neu-
rons and could regulate synaptic transmission in the STN.

Agonist-evoked NMDA receptor currents in the STN are

mediated by GluN2B- and GluN2D-containing receptors

To determine which GluN2 subunits contributed to NMDA re-
ceptor currents in subthalamic neurons, we tested the effects of
GluN2 subunit-selective modulators on agonist-evoked re-
sponses in brain slices from rats aged P11-P18. NMDA (1 mm)
and glycine (0.5 mm) were ejected from a micropipette by brief
pressure pulses and NMDA receptor modulators were bath ap-
plied to the slices (Fig. 3A). The GluN2B-selective inhibitor ifen-
prodil (3 uMm; Williams, 1993) reduced the peak amplitude of
NMDA- and glycine-evoked currents to 62 * 8.1% of the base-
line response in aCSF (n = 6; Fig. 3 B, C). Next, we tested whether
agonist-evoked currents could be modulated by the GluN2C/D-
selective inhibitor DQP-1105 (Acker et al., 2011) and GIuN2C/
D-selective positive allosteric modulator CIQ (Mullasseril et al.,
2010). DQP-1105 (20 wm) inhibited current amplitudes to
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Figure 2.  Analysis of ultrastructural features of GluN2D-immunoreactive elements in the STN. Electron micrographs of rat STN show GluN2C/D immunoreactivity in an axon terminal (Ter; 4),
dendrites (Den; A, B), and an unmyelinated axon (Ax; €) in the STN neuropil. The arrows indicate aggregates of peroxidase labeling. Electron micrographs of the rat STN show immunoperoxidase
labeling from a monoclonal GluN2D antibody close to the postsynaptic density of an asymmetric synapse (arrow) in the dendrite (Den; D), in unmyelinated axons (Ax, arrows; E), and in an axon
terminal forming a symmetric synapse with a large dendrite in the STN (Ter, arrow; F). G, Histogram showing the relative percentages of different types of labeled elements in the STN
immunostained with either the polyclonal GluN2C/D or monoclonal GIuN2D antibodies (n = 4 animals). Error bars indicate SEM. Scale bars, 0.5 um. The scale bar in Bis valid for A and the scale bar

in Dis valid for E.

65.0 = 5.5% of baseline responses (n = 6; Fig. 3B,D), and CIQ
(20 wm) potentiated current amplitudes to 150 = 8.6% of base-
line aCSF responses (n = 6; Fig. 3 B, E). In addition, we evaluated
whether the GluN2A-selective inhibitor TCN-201 affected
agonist-evoked responses in the STN (Bettini et al., 2010; Edman
et al., 2012; Hansen et al., 2012). We used 3 uM glycine because
TCN-201 has been shown to be less effective at higher concentra-
tions of glycine (Hansen et al., 2012). TCN-201 did not affect the
peak amplitude of the currents (100 * 3.2% of baseline, n = 6;
Fig. 3B) compared with the vehicle control (102 * 2.2% of base-
line, n = 5). As a positive control, TCN-201 significantly reduced
NMDA receptor currents recorded from cerebellar granule cells
cultured in elevated potassium, which is known to promote ex-
pression of GIuN2A (31 = 3.9% of control, n = 7, paired ¢ test,
p = 0.006; Zheng et al., 2001). In each experiment, the agonist-
evoked responses were blocked by application of D,L.-APV, indi-
cating that the currents were mediated by NMDA receptors (e.g.,
Fig. 3C-E). We interpret these data to suggest that the GluN2B
and GluN2D subunits are the primary GluN2 subunits expressed
in the developing rat STN, which is consistent with previous re-
ports showing GluN2B and GluN2D mRNA expression in the
STN (Monyer et al., 1994; Standaert et al., 1994).

STN EPSCs are mediated by AMPA and NMDA receptors

To assess how ionotropic glutamate receptors contribute to syn-
aptic currents in the STN, EPSCs were evoked using a stimulating
electrode placed in the internal capsule and the NMDA, AMPA,
and kainate receptor components of the EPSC were isolated
pharmacologically (Fig. 4A; Baufreton et al., 2009). We first as-
sessed the Mg sensitivity of the NMDA receptor component
(NMDAR-EPSCs) by evaluating the current—voltage relationship
for EPSCs at 0.2 mM and 1.5 mM Mg?™ in the presence of the
AMPA/kainate receptor antagonist DNQX (n = 4; Fig. 4B).
NMDAR-EPSCs showed moderate voltage-sensitive Mg>* block
when recorded at —40 mV in aCSF containing 0.2 mm Mg>™"

compared with that observed at 1.5 mm Mg>". Therefore, we
determined the total contribution of NMDA receptors to synap-
tic currents by applying DNQX (20 uM) and evoking EPSCs at a
holding potential of +40 mV with 1.5 mm Mg>". After DNQX
application, the peak amplitude of the remaining EPSC was
53.7% (median) of the baseline EPSC amplitude in aCSF (IQR =
24.3-63.8, n = 14; Fig. 4C,D). In addition, DNQX slowed the
EPSC deactivation time course compared with the aCSF control
(Table 1), which is consistent with NMDA receptors mediating
the slow component of the EPSC time course in the STN.
AMPA and kainate receptor currents were isolated by inhib-
iting NMDA receptors with 400 um D,L-APV and 50 um 7-CKA,
which reduced the peak current to 36.7% (median) of the base-
line EPSC amplitude in aCSF (IQR = 27.0—-47.0%, n = 8; Fig.
4C,D). As expected, inhibition of NMDA receptors significantly
accelerated the decay time for the EPSC (Table 1). To study the
contribution of kainate receptors alone, we applied 400 um D,L-
APV and 50 um 7-CKA (to inhibit NMDA receptors) plus 100 um
GYKI-52466, a selective noncompetitive antagonist for AMPA
receptors (Mott et al., 2008). Under these conditions, we detected
a residual postsynaptic current in four of eight neurons tested.
The peak amplitude of the remaining currents had a median
value of 10.7% of the baseline response in aCSF (IQR = 5.4—
19.2%, n = 4) and these remaining currents were subsequently
blocked by AMPA/kainate receptor antagonist DNQX, suggest-
ing that they may be mediated by kainate receptors. In the other
four neurons, inhibition of only NMDA and AMPA receptors
blocked the entire EPSC, suggesting that kainate receptors are not
expressed at all synapses in the STN. The overall median of kai-
nate receptor responses was 2.2% of the total EPSC amplitude,
which was not significantly different from zero (IQR = 0-11.7%,
n = 8, Wilcoxon’s signed-rank test, p = 0.125). The deactivation
time course of kainate receptor currents was faster than that of
the total EPSC, but not significantly different from the combined
AMPA /kainate receptor response (Table 1). Therefore, it is pos-
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Figure 3.  NMDA- and glycine-evoked currents are potentiated or inhibited by GIuN2B and
GluN2D subunit-specific modulators. A, Brief pulses (3—100 ms) of NMDA (1 mm) and glycine
(0.003—0.5 mm) were pressure applied to STN neurons in acute brain slices and current re-
sponses were recorded by whole-cell voltage-clamp (V},,, —60 mV). B, Effects of bath appli-
cation of TCN-201 (10 ), ifenprodil (3 pm), DQP-1105 (20 um), CIQ (20 pum), and vehicle
(0.1% DMSO0) on the peak amplitudes of current responses were plotted as the percentage of
baseline aCSF responses. Open gray circles represent individual values, the horizontal black lines
are the group means. Error bars indicate SEM. The data were analyzed by one-way ANOVA
(Fi424y = 34.628,p < 0.001) and post hoc Dunnett's test versus the vehicle group (vehicle:n =
5, TCN-201:n = 6, p = 0.999; ifenprodil: n = 6, *p = 0.002; DQP-1105: n = 6, ¥p = 0.004;
and C1Q: n = 6, #p << 0.001). n is the number of brain slices. Representative current recordings
(left) and plots of the peak amplitude for each sweep expressed as a percentage of mean
baseline response (right) are shown for 3 m ifenprodil (€), 10 um DQP-1105 (D), and 20 m
ClQ (). The black bars depict the period of drug application.

sible that kainate receptors are expressed at a subset of excitatory
synapses in the STN. Altogether, these data suggest that the ma-
jority of the EPSC responses in the STN are mediated by NMDA
and AMPA receptors, with NMDA receptors controlling the slow
time course of these currents.

GluN2B- and GluN2D-containing receptors mediate the
NMDA receptor component of EPSCs in the STN

To determine the contributions of the GluN2B and GluN2D sub-
units to synaptic activity in the STN, EPSCs were evoked in the
presence of GIuN2B- or GluN2C/D-selective NMDA receptor
modulators. The GluN2B-selective antagonist ifenprodil (3 um)
significantly reduced the peak amplitude and total charge transfer
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Figure 4.  NMDA and AMPA receptors mediate the majority of EPSCs in the STN. A, Repre-
sentative recording arrangement used to evoke EPSCs with a bipolar tungsten-stimulating
electrode placed in the internal capsule rostral to the STN. B, The current—voltage relationships
forthe NMDA component of STN EPSCs were acquired in the presence of 20 v DNQX and either
0.2mmMg 2" (n=4)or 1.5mmMg>" (n = 4). The currents were normalized to the peak EPSC
amplitudes recorded at +60 mV for each condition. C, In the representative trace, AMPA and
kainate receptors were isolated by bath application of 400 wump, L-APV and 50 m 7-CKA (gray).
Kainate receptors (dark gray) were isolated by bath application of 100 rm GYKI-52466, 400 pum
0, L-APV, and 50 wm 7-CKA. The NMDA receptor component (light gray) was determined by
subtracting the EPSC response recorded in the presence of 400 wm o, L-APV and 50 pm 7-CKA
from the total evoked EPSCrecorded in aCSF alone (black). D, Comparison of the peak responses
of evoked EPSCs in the presence of DNQX (NMDA, n = 14), o, 1-APV and 7-CKA (AMPA/KA,
n = 38),orGYKI-52466, 0, .-APV, and 7-CKA (KA, n = 8) are shown as a percentage of total EPSC
amplitude. n is the number of brain slices. The horizontal line is the median value, the box is the
25-75 percentile, and the whiskers are the 10 -90 percentile.

Table 1. Deactivation time courses of subthalamic EPSCs

Receptor EPSC Trast (MS) Tg ow (MS) Ty, (Ms) % Teast n

Total 36 =44 240+ 43 109 =10 58 £33 25
NMDAR 53+12 268 = 39 154 + 16* 49+58 13
AMPAR/KAR nx19 73x12 27 = 36° 71x43 n
KAR 15+20 86 = 13 26+ 18* 8139 8

7y Values were compared by one-way ANOVA (F; s3) = 22.724,p << 0.001) and post hoc Tukey s tests (*p = 0.029,
¥p < 0.001 vs total). n is the number of slices.

of the EPSCs to 67 = 6.5% and 66.5 * 6.1% of baseline EPSCs,
respectively (n = 14; Fig. 5A, D,E). The GluN2C/D-selective in-
hibitor DQP-1105 (20 um) significantly decreased the peak am-
plitude and the total charge transfer of the current responses to
59 * 8.4% and 62 * 12% of baseline aCSF responses, respectively
(n = 7; Fig. 5B, D,E). The GluN2C/D-positive allosteric modula-
tor CIQ (20 uMm) increased the peak amplitude and total charge
transfer of evoked currents to 156 * 13% and 137 = 10% of
baseline responses, respectively (n = 13; Fig. 5C-E). The vehicle
control (0.1% DMSO) did not affect the peak amplitude (99 *
3.2%, n = 12; Fig. 5D) or the total charge transfer (98 * 4.9%;
Fig. 5E) of EPSCs. These data suggest that NMDA receptors con-
taining the GluN2B and GluN2D subunits mediate excitatory
synaptic currents in the STN.

To demonstrate the specificity of the GluN2C/D-selective
modulators used in this study, EPSCs were evoked in STN slices
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GluN2B- and GluN2D-selective NMDA receptor modulators alter evoked EPSCs in the STN. NMDAR-EPSCs were evoked in STN neurons held at —40 mV in the presence 0f 0.2 mm Mg "

and 20 v DNQX. Representative EPSC traces from rat STN neurons are shown for baseline aCSF responses (black) and after application of each modulator (gray): ifenprodil (3 um; ), DQP-1105 (20
um; B), and 1Q (20 pum; €). The peak amplitude (D) and charge transfer (E) for evoked EPSCs are shown as a percentage of baseline responses for vehicle (0.1% DMSO, n = 12), ifenprodil (n = 14),
DQP-1105 (n =7),and C1Q (n = 13). The data were analyzed by one-way ANOVA and post hoc Dunnett’s test versus the vehicle group. Peak amplitude: £ 5 ,,, = 25.63,p <<0.001;*p = 0.047,3p =
0.0343, #p = 0.0001. Charge transfer: f 5 ,,, = 18.428,p < 0.001;*p = 0.037, ¥p = 0.047, #p = 0.007. F, Representative EPSC traces from STN neurons in WT and GIuN2D ~'~ mouseslices are
shown for baseline (aCSF with vehicle 0.1% DMSO) and after DQP-1105 (20 wum) application. G, Charge transfers for EPSCs are shown as a percentage of baseline responses (WT:n = 3, paired t test,
*p=0.043;2D ~/":n = 4, paired t test, p = 0.866). H, Representative EPSC traces from WT and GIuN2D ~’~ slices are shown for baseline (aCSF with vehicle 0.1% DMS0) and after CIQ (20 1m)
application. 1, Charge transfers for EPSCs are shown as a percentage of baseline responses (WT:n = 3, paired ttest, *p = 0.017;2D ~/~:n = 3, paired ttest, p = 0.206).J, EPSC deactivation traces
are shown for a representative rat STN neuron at baseline (aCSF) and after DQP-1105 application. The paired weighted tau values are plotted for each cell (n = 7, *p = 0.004; see Table 2 for time
constants and details of the statistical analysis). K, EPSC deactivation traces are shown for representative neurons from WT and GIuN2D ~/~ mice and the weighted tau values are plotted for each
cell (WT:n=7,2D ~/~:n =6, *p = 0.004; see Table 3 for time constants). For all graphs, the open gray circles represent individual values, the horizontal black lines are the group means, and the

error bars are SEM. n is the number of brain slices.

from WT and GluN2D ~/~ mice in the absence and presence of
DQP-1105 and CIQ. In WT neurons, DQP-1105 significantly
reduced the total charge transfer of EPSCs to 69.5 * 3.0% of
baseline (Fig. 5F,G) and the peak amplitude of EPSCs was re-
duced to 74.4 = 0.9% of baseline (n = 3, paired ¢ test, p = 0.006).
DQP-1105 had no significant effect on EPSC charge transfer
(97.9 = 4.4% of baseline; Fig. 5F,G) or peak amplitude in
GIuN2D ~/~ neurons (106 * 2.9% of baseline, n = 4, paired ¢
test, p = 0.169). CIQ significantly increased EPSC total charge
transfer (140 £ 7.4% of baseline; Fig. 5H,I), as well as peak
amplitude in WT neurons (118 = 0.1% of baseline, n = 3, paired
ttest, p = 0.002). However, in GluN2D ~/~ neurons, CIQ had no
significant effect on EPSC total charge transfer (109 % 5.0% of
baseline; Fig. 5H,I) or peak amplitude (99.8 * 8.7% of baseline,
n = 3, paired t test, p = 0.428). These data provide evidence that
the effects of the GluN2C/D-selective modulators were mediated
by GluN2D-containing NMDA receptors in the STN.

GluN2D immunoreactivity was occasionally detected in axon
terminals synapsing upon the STN; therefore, we also evaluated

whether the GIuN2D subunit had a presynaptic effect on EPSCs
by testing whether the paired-pulse ratio was altered by potenti-
ation of GluN2D-containing NMDA receptors with CIQ. The
paired-pulse ratio was 1.4 = 0.10 in aCSF with a 50 ms interval
between pulses and bath application of 20 um CIQ did not sig-
nificantly alter the paired-pulse ratio (1.5 = 0.13, n = 5, paired ¢
test, p = 0.239). These data suggest that potentiation of GluN2D-
containing NMDA receptors does not alter presynaptic gluta-
mate release.

Loss of GluN2D function accelerates the EPSC deactivation
time course in the STN

NMDA receptors containing GluN2D have slower deactivation
kinetics compared with the other GIuN2 subunits (Traynelis et
al., 2010), raising the possibility that GluN2D expression would
slow the decay time of EPSCs in the STN. To test this hypothesis,
we compared the deactivation time constants for EPSCs evoked
at baseline in aCSF to those after application of subunit-selective
modulators. DQP-1105 significantly decreased the time constant
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Table 2. EPSC deactivation time course is accelerated by GIuN2D inhibition

(n=10) (n=17) (n=13)

aCsF Ifenprodil  aCSF DQP-1105  aCSF aq
Toast(MS) 41552 48+51 59+14 4313 55+67 65+ 10
Toow(Ms) 277 =35 30145 304 £45 211=21* 31052 329+78
Ty (Ms) 45420 17622 153+17 1M7+£12F 148+15 148+16
% sy 5550 46+74 59+74 60+80 56+53 62+ 44

Time constants were analyzed by one-way ANOVAS (7 sr: Fs 50) = 2.356, p = 0.053; Tgyou: Fis 50) = 4.01,p =
0.014; 7y Fis 54y = 3.58, p = 0.023; %Teasy: Fis 50) = 0.876, p = 0.504) and post hoc Bonferroni comparisons
were performed between aCSF and drug (ifenprodil g, gy: p = 0.54, 7,2 p = 0.139; DQP-1105 *p = 0.037,p =
0.004; C1Q 75 g: p = 0.961, 7y p = 0.527). The reported values are mean == SEM. n is the number of slices.

Table 3. EPSC deactivation time course is accelerated in the STN of GluN2D ~/~
mice

Genotype Tepst (M) TgLow (MS) 7y (ms) % Teast n
W1 150 = 10 61176 338 + 44 62558 7
GluN2D '~ 678 =12  326+72% 144" 651x78 6

Time constants were compared between WT and GIuN2D ~/~ groups by Student’s t test: *p = 0.02, 'p = 0.004,
#p = 0.004, %55y was not ignificant (p = 0.792). The reported values are mean = SEM Nis the number of slices.

for the slow component and the weighted time constant of EPSCs
compared with baseline (n = 7; Fig. 5], Table 2). Neither ifen-
prodil nor CIQ significantly affected the EPSC deactivation time
course (Table 2). The role of GluN2D in controlling the EPSC
time course was further evaluated by comparing EPSC deactiva-
tion times in STN slices from WT and GluN2D ~/~ mice. The
deactivation time constants for the fast and slow components of
NMDAR-EPSCs recorded from GluN2D ~/~ neurons were signifi-
cantly reduced compared with WT EPSCs (Fig. 5K, Table 3). To-
gether, these data suggest that synaptic GluN2D-containing NMDA
receptors contribute to the time course of EPSCs in the STN.

NMDA receptor deactivation rates in the STN are consistent
with recombinant GluN2B- and GluN2D-containing
receptors

Given that NMDA receptors containing distinct subunits have dif-
ferent deactivation rates, we evaluated whether the time course ob-
tained for the NMDA receptor component of EPSCs in the STN was
consistent with the deactivation time course of recombinant
GluN2B- or GluN2D-containing NMDA receptors. For these exper-
iments, we transiently transfected HEK cells with GluN2B or
GluN2D, along with GluN1-1a or GluN1-1b. These two different
splice variants of GluN1 were used because the variants containing
exon 5 (GluN1-1b/2b/3b/4b) have been proposed to be expressed in
STN neurons and exon 5-containing NMDA receptors have an ac-
celerated deactivation time course after glutamate removal (Stan-
daert et al., 1993; Laurie and Seeburg, 1994; Winkler et al., 1999;
Rumbaugh et al., 2000; Vance et al., 2012).

The recombinant NMDA receptors were activated by rapid
application of 1 mM L-glutamate for 2—4 s (0.05 mMm glycine
was present in all solutions) and the deactivation time con-
stant was determined upon rapid removal of L-glutamate. To
compare the time courses with those obtained from evoked
NMDAR-EPSCs in STN slices, we evaluated the temperature
sensitivity of recombinant NMDA receptor deactivation by
recording at both 23°C and 32°C. As expected, the deactiva-
tion time course of recombinant NMDA receptors was accel-
erated at 32°C compared with recordings obtained at 23°C
(Fig. 6A, Table 4), similar to what has been observed previ-
ously for NMDA receptors (Cais et al., 2008). Furthermore,
GluN1-1b/GluN2B receptors had a more rapid deactivation
time course compared with GluN1-1a/GluN2B receptors (Fig.
6A, Table 4; see also Vance et al., 2012). Likewise, the deacti-
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Figure 6.  Deactivation time course of NMDAR-EPSCs is consistent with that of recombinant
NMDA receptors. A, Recombinant GluN1-1a/GluN2B, GluN1-1b/GIuN2B, GluN1-1a/GIuN2D, and
GluN1-Tb/GIuN2D receptors were expressed in HEK cells and were activated by 2—4 s applica-
tion of T mm L-glutamate and 0.05 mm glycine (gray bars) at either 23°C (gray) or 32°C (black).
Responses were normalized and superimposed at the two temperatures. B, Normalized deac-
tivation time courses of GluN1-1b/GluN2B and GluN1-1b/GIuN2D at 32°C superimposed on the
deactivation time course of the NMDA receptor component of an evoked EPSC from a represen-
tative STN neuron.

Table 4. NMDA receptor deactivation times are sensitive to temperature and GluN1
variant

Trast (MS) Tsiow (MS) Ty (Ms) 9 Teast n

23°C
1a/2B 180 = 18 1100 = 370 360 + 53 70 =14 5
1b/2B 180 = 74 630 = 120 210 = 68 9320 6
1a/2D 1500 = 110 4000 = 590 3100 £ 150 3015 3
1b/2D 270 £ 52 860 * 47 650 * 22 36 =39 5

32°C
1a/2B 100 = 6.5 380 =39 150 £ 7.0 84+ 27 4
1b/2B 49 44 290 £ 97 7540 66 =19 5
1a/2D 450 = 98 1400 = 94 1200 = 7.8 25+87 5
1b/2D 210 = 23 630 £ 110 340 = 25 611 5

Reported values are mean == SEM. nis the number of cells. The main effects of splice variant (V) and temperature (T)
were analyzed by two-way ANOVA for GIUN2B (7¢agy: Fy(r 14y = 26.56, p < 0.001, Frq 14 = 26.05, p < 0.007;
Tow: Fur1e = 170, = 0.212,Fr; 16 = 6.20,p = 0.025; Ty;: Fy(1.16) = 5.32,p = 0.035, Frg 16 = 11.64,p =
0.004; %Tepsr: Fyr 1) = 183, p = 0.196, Fr(1 16) = 0.04, p = 0.952) and GIUN2D (g Fyq 15 = 112.91,p <
0.001, Fyq.1) = 64.70,p < 0.007; 75 o Fyr 14y = 89.18,p < 0.001, Frg 14y = 44.90,p < 0.007; 7y Fy 10y =
99046, p < 0.001, Fyy1ay = 453.04, p < 0.00T; %Tppsy: Fyarzy = 147, p = 0.249, Frq 1y = 0413,
p=10533).

vation time course of GluN1-1b/GluN2D receptors was signif-
icantly faster than that of GluN1-1a/GluN2D receptors (Fig.
6A, Table 4). Notably, the deactivation time course observed
for the NMDA receptor component of EPSCs in the STN is
intermediate between the deactivation time components of
recombinant GluN1-1b/GluN2B and GluN1-1b/GluN2D at
32°C (Fig. 6B, Tables 1, 4). This result is consistent with the
hypothesis that NMDA receptors containing GluN2B and/or
GluN2D subunits mediate EPSCs in the STN.

GluN2D modulators alter spike firing in vivo
GluN2D-containing receptors could contribute to the resting ex-
citability in the STN due to their high sensitivity to glutamate,
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Figure7. Modulation of GluN2D-containing NMDA receptors alters the firing rate of STN neurons in vivo. Extracellular single-cell recordings were performed in the STN of anesthetized adult male
rats. The drug or vehicle control (0.1% DMS0) was applied locally to the STN after 5 min of stable baseline recording. A, Representative spike trains from periods before and after application of
DQP-1105 are shown. B, DQP-1105 application (gray bar) caused a long-lasting decrease in firing rate, as demonstrated by a plot of firing rate versus time from a representative STN neuron. C, Firing
rates for vehicle (n = 4)- and DQP-1105 (n = 6)-treated groups graphed as a percentage of the baseline firing rate (Student’s ¢ test, *p = 0.043). D, Baseline firing rate was plotted versus the
DQP-1105-induced change in firing rate and analyzed by linear regression (regression line shown in black; r> = 0.022; p = 0.781 compared with zero). £, Representative spike trains from periods
before and after CIQapplication are shown. F, Plot of firing rate versus timeis given for a representative STN neuron to which ClQ (20 um) was applied three times (gray bars). G, Firing rates for groups
treated with vehicle (n = 18), 3 nl of CIQ (n = 17), and 6 nl of CIQ (n = 10) expressed as a percentage of the baseline firing rate. The data were analyzed by Kruskal-Wallis ANOVA and Dunn’s
multiple-comparisons test (x %(2) = 19.803,p < 0.001, *p < 0.001,4p = 0.003, CIQ3 nlvs CIQ6nl: p = 0.861]. H, Least squares fitting determined that the relationship between the CIQ-induced
change in firing rate and the baseline firing rate was best-fit by a one-phase exponential decay function (2 = 0.695). For presentation, the percentage change in firing rate was plotted against the
log transform of the baseline firing rate for each cell and fit with a regression line. /, Either CIQ + PBS (n = 4) or CIQ + MK-801 (n = 4) were applied to the STN 5 times over ~30 min (gray bars)
during extracellular recordings. J, Graph showing the mean firing rate for each animal after the second through fifth drug applications as a percentage of the firing rate after the first drug application.
MK-801 requires channel opening before block, so the initial application of (IQ + MK-801 increased the firing rate, whereas the effects of subsequent applications were blocked by MK-801
(Student's t test, *p = 0.001). The open gray circles represent individual values, the horizontal black lines are the group means, and the error bars are SEM. n is the number of cells.

prolonged deactivation time course, and weak magnesium sensi-  large effect on spike firing when the baseline firing rate was low
tivity, as well as their ability to mediate substantial charge transfer ~ and less of an effect when neurons were already firing at a high
and calcium influx into the neuron (Carmignoto and Vicini,  baseline rate (Fig. 7H). The effect of CIQ on spike firing was
1992; Monyer et al., 1994; Erreger et al., 2005). We therefore  transient and reversible and significantly attenuated by the
tested whether modulating GluN2D-containing receptors altered ~ NMDA receptor channel blocker MK-801 (n = 4; Fig. 7L,]).
STN firing rate under resting conditions in vivo. DQP-1105 or ~ Together, these data suggest that GluN2D-containing NMDA
CIQ was injected into the STN of anesthetized adult rats and  receptors have an important role in regulating spike firing of
extracellular action potentials were recorded from individual  subthalamic neuronsin vivo and that the GluN2D subunit may be
STN neurons. Inhibition of GluN2D-containing NMDA recep-  a useful pharmacological target for modulating STN activity.
tors by direct injection of DQP-1105 (3 nl) significantly de- . .

creased the firing rate to 63 * 14% of the baseline rate, with a Discussion

maximal inhibition typically observed between 10 and 20 min  Three main findings of this study demonstrate the potential role
after application (n = 6; Fig. 7A—C). The magnitude of DQP-  of GluN2D-containing NMDA receptors in regulating excitatory
1105 inhibition was not related to the baseline firing rate, as  synaptic transmission in the rat STN. First, the GluN2D subunit
determined by regression analysis (Fig. 7D). The firing rate of  is expressed presynaptically and postsynaptically in subsets of
subthalamic neurons was significantly increased by CIQ (3 nl:  dendrites, axons, and axon terminals in the rat STN. Second, the
median = 154% of baseline, IQR = 118-258%, n = 17; 6 nl: GluN2D and GluN2B subunits are the predominant GluN2 sub-
median = 172% ofbaseline, IQR = 104—409%, n = 10), whereas ~ units mediating NMDA receptor function in the developing rat
the vehicle had no effect on baseline firing rate (100% of baseline, = STN. Third, modulation of GluN2D-containing NMDA recep-
IQR = 93-103, n = 18; Fig. 7E-G). The magnitude of CIQ po-  tors controls in vivo spike firing in the adult rat STN. These data
tentiation was correlated with the baseline firing rate; CIQ hada  identify the functional contributions of NMDA receptor sub-
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types to synaptic currents and suggest a key role for the GluN2D
subunit in regulating neuronal activity in the STN.

The recent development of pharmacological tools that mod-
ulate GluN2D-containing receptors has allowed for functional
studies of GluN2D in the nervous system. In the STN, we ob-
served a partial inhibition of EPSCs by the GluN2C/D-selective
negative allosteric modulator DQP-1105, which is 40- to 70-fold
selective for GluN2D over GluN2A/B (Acker et al., 2011). DQP-
1105 has also been used to demonstrate GluN2D function at
synapses in the spinal cord dorsal horn and the SN¢ (Hildebrand
et al., 2014; Pearlstein et al., 2015). EPSCs in the striatum were
partially inhibited by the GluN2C/D-selective inhibitor QNZ46,
which is ~50-fold selective for GluN2D over GluN2A/B (Mosley
et al,, 2010; Hansen and Traynelis, 2011). The GluN2C/D-
selective positive allosteric modulator CIQ (Mullasseril et al.,
2010) potentiated subthalamic EPSCs in our study and CIQ was
also shown to modulate spike firing and dopamine levels in the
striatum (Feng et al., 2014; Zhang et al., 2014). In these studies, it
was inferred that the effects of GluN2C/D modulators were me-
diated by GluN2D, not GluN2C, due to the lack of histological
evidence for GluN2C expression in these brain regions (Monyer
et al., 1994; Standaert et al., 1994; Wenzel et al., 1996; Wenzel et
al., 1997). Our data support a similar conclusion in the STN,
given the lack of immunoreactivity of the GluN2C/D antibody in
STN tissue from GluN2D ~/~ mice (Fig. 1). Moreover, we pro-
vide evidence that DQP-1105 and CIQ have no significant effect
on synaptic transmission in the STN of GluN2D-deficient mice,
which further supports the specificity of these modulators and
their utility for studying GluN2C/D-containing receptors in na-
tive tissues.

The prolonged deactivation time course of NMDAR-EPSCs in
the STN is similar to what has been found in other regions pro-
posed to contain synaptic GluN2D (Lozovaya et al., 2004; Broth-
well et al., 2008; Harney et al., 2008; Hildebrand et al., 2014; von
Engelhardt etal., 2015). This slow deactivation time course could
alter the temporal summation of excitatory synaptic inputs into
the STN and increase neuronal excitability (Forsythe and West-
brook, 1988; Bourne and Nicoll, 1993; Edmonds et al., 1995).
Indeed, longer EPSC deactivation time courses have been linked
to stronger synaptic plasticity (Mayer and Miller, 1990; Fox et al.,
1991; Carmignoto and Vicini, 1992; Edmonds et al., 1995) and
recent studies have suggested a potential role for GluN2D in me-
diating synaptic plasticity in the hippocampus and striatum
(Harney and Anwyl, 2012; Volianskis et al., 2013; Tozzi et al.,
2015). GluN2D-containing NMDA receptors may also be ex-
pressed at extrasynaptic sites, which could lead to higher tonic
NMDA receptor activity in the STN, causing depolarization and
increased burst firing (Zhu et al., 2004; Zhu et al., 2005). Several
reports have suggested extrasynaptic GluN2D expression in the
substantia nigra, hippocampus, and cerebellum (Brickley et al.,
2003; Harney et al., 2008; Costa et al., 2009; Wu and Johnson,
2015), but it is unknown whether extrasynaptic NMDA receptors
are present in the STN.

Interestingly, many CNS regions that express GluN2D also
have a high expression of the GluN2B subunit, including the SN,
SNr, striatum, pallidum, nucleus accumbens, and the dentate
gyrus (Monyer et al., 1994; Standaert et al., 1994; Wenzel et al.,
1996; Standaert et al., 1999; Brickley et al., 2003). Functional
studies have indicated that the GIuN2B and GIuN2D subunits are
concurrently expressed at a subset of synapses in the SN, stria-
tum, and lamina I neurons of the dorsal horn (Brothwell et al.,
2008; Hildebrand et al., 2014). Similarly, the NMDA receptor
component of EPSCs in the developing STN was mediated by
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GluN2B- and GluN2D-containing receptors. The time course of
the NMDA receptor component of STN EPSCs is intermediate
between the time course of recombinant GluN1-1b/GluN2B and
GluN1-1b/GIluN2D (Fig. 5B), further suggesting that the NMDA
receptors expressed at STN synapses contain the GluN2B and
GluN2D subunits. Studies in SNc¢ neurons have suggested that
the GluN2D and GluN2B subunits may be expressed as trihetero-
meric receptors (Jones and Gibb, 2005; Brothwell et al., 2008;
Huang and Gibb, 2014). A similar subunit arrangement may be
present at synapses in the STN; however, the proportion of tri-
heteromeric receptors containing GluN1/2B/2D in the STN is
unknown. In addition, the relative expression levels of the GluN1
splice variants remain unclear. The stoichiometry of NMDA re-
ceptor subunit composition in STN neurons will be important to
understand given the likely impact on the functional and phar-
macological properties of NMDA receptors.

An additional finding of our study is that the GluN2D subunit
is highly expressed in STN neurons throughout postnatal devel-
opment and in adulthood. Expression of GluN2D in the adult
STN was demonstrated by our biochemical, histological, and in
vivo spike-firing experiments (Figs. 1, 2, 7). Recent studies have
also demonstrated GluN2D protein expression and synaptic
function in the adult rodent striatum (Tozzi et al., 2015; Zhang
and Chergui, 2015). Historically, studies have shown a marked
decrease in GluN2D expression after 1-2 weeks of age across
much of the nervous system (Dunah et al., 1996; Wenzel et al.,
1996; Laurie et al., 1997; Lau et al., 2003; Shibata et al., 2003; Liu
and Wong-Riley, 2010). An age-dependent decrease in GluN2D-
mediated synaptic currents was demonstrated in hippocampal
interneurons and SN¢ neurons (Pearlstein et al., 2015; von En-
gelhardt et al., 2015). Conversely, one study has suggested that
GluN2D-containing NMDA receptors are present in adult SNc¢
neurons, but are primarily extrasynaptic (Wu and Johnson,
2015). Further investigations of the developmental changes in
GluN2D gene expression and subcellular localization will be im-
portant for a better understanding of the role of GluN2D in brain
function.

Finally, our study has demonstrated that GluN2D modulators
can regulate neuronal firing of STN neurons in vivo. These results
suggest that either extrasynaptic receptors are tonically active or
that excitatory synaptic drive to the STN activates sufficient
NMDA receptors such that modulation affects neuronal excit-
ability and thus spike firing. GluN2D-containing receptors have
high glutamate potency (0.5 uMm; Erreger et al., 2007), which is
compatible with activation by tonic glutamate, estimated in some
tissues to reach 3 um (Edmonds et al., 1995; Timmerman and
Westerink, 1997; Rusakov and Kullmann, 1998). In addition, the
reduced sensitivity of GluN2D-containing NMDA receptors to
Mg *? inhibition should allow both synaptic and tonic NMDA
receptor activation (Monyer et al., 1994; Qian et al., 2005). The
role of NMDA receptors in STN firing suggests that targeting the
GluN2D subunit could affect the firing rate and perhaps the firing
pattern of subthalamic neurons and this could be of therapeutic
utility in Parkinson’s disease (Hallett and Standaert, 2004). No-
tably, in an animal model of Parkinson’s disease, blocking
NMDA receptor function in the STN using a pan-NMDA recep-
tor blocker rectified hypokinetic motor symptoms (Pan et al.,
2014). Use of nonselective NMDA receptor blockers is not a via-
ble option for treatments given the side effects associated with
both competitive antagonists and channel blockers (Nicholson et
al., 1997; Nicholson and Balster, 2003; Yuan et al., 2015). How-
ever, if inhibition of NMDA receptors by a GIuN2D subunit-
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selective antagonist shows a limited side effect profile, then these
antagonists may be of therapeutic interest.

In conclusion, postsynaptic currents at excitatory synapses in
the STN contain both NMDA and AMPA receptor components.
The NMDA receptor component of excitatory neurotransmis-
sion in the developing STN is mediated primarily by GluN2B-
and GluN2D-containing receptors. Importantly, the GluN2D
subunit is expressed in the developing and adult STN and mod-
ulating GluN2D-containing NMDA receptor function regulates
the spike-firing rate in the adult rat STN. Because increased firing
rate and altered firing patterns in the STN contribute to the
symptoms of Parkinson’s disease (Bergman et al., 1990; DeLong,
1990; Rodriguez et al., 1998; Levy et al., 2000; Obeso et al., 2000),
GluN2D-containing NMDA receptors may be a novel therapeu-
tic target for the treatment of this disease.

References

Acker TM, Yuan H, Hansen KB, Vance KM, Ogden KK, Jensen HS, Burger
PB, Mullasseril P, Snyder JP, Liotta DC, Traynelis SF (2011) Mechanism
for noncompetitive inhibition by novel GluN2C/D N-methyl-D-
aspartate receptor subunit-selective modulators. Mol Pharmacol 80:
782-795. CrossRef Medline

Afsharpour S (1985) Topographical projections of the cerebral-cortex to the
subthalamic nucleus. ] Comp Neurol 236:14-28. CrossRef Medline

Alegre M, ValenciaM (2013) Oscillatory activity in the human basal ganglia:
more than just beta, more than just Parkinson’s disease. Exp Neurol 248:
183-186. CrossRef Medline

Atherton JF, Wokosin DL, Ramanathan S, Bevan MD (2008) Autonomous
initiation and propagation of action potentials in neurons of the subtha-
lamic nucleus. J Physiol 586:5679—5700. CrossRef Medline

Awad H, Hubert GW, Smith Y, Levey AI, Conn PJ (2000) Activation of
metabotropic glutamate receptor 5 has direct excitatory effects and po-
tentiates NMDA receptor currents in neurons of the subthalamic nucleus.
J Neurosci 20:7871-7879. Medline

Baufreton J, Kirkham E, Atherton JF, Menard A, Magill PJ, Bolam JP, Bevan
MD (2009) Sparse but selective and potent synaptic transmission from
the globus pallidus to the subthalamic nucleus. ] Neurophysiol 102:
532-545. CrossRef Medline

Bergman H, Wichmann T, DeLong MR (1990) Reversal of experimental
parkinsonism by lesions of the subthalamic nucleus. Science 249:
1436-1438. CrossRef Medline

Bettini E, Sava A, Griffante C, Carignani C, Buson A, Capelli AM, Negri M,
Andreetta F, Senar-Sancho SA, Guiral L, Cardullo F (2010) Identifica-
tion and characterization of novel NMDA receptor antagonists selective
for NR2A- over NR2B-containing receptors. ] Pharmacol Exp Ther 335:
636—644. CrossRef Medline

Beurrier C, Bioulac B, Hammond C (2000) Slowly inactivating sodium cur-
rent (I(NaP)) underlies single-spike activity in rat subthalamic neurons.
J Neurophysiol 83:1951-1957. Medline

Bevan MD, Magill PJ, Hallworth NE, Bolam JP, Wilson CJ (2002) Regula-
tion of the timing and pattern of action potential generation in rat sub-
thalamic neurons in vitro by GABA-A IPSPs. ] Neurophysiol 87:
1348-1362. Medline

Bischoft S, Barhanin J, Bettler B, Mulle C, Heinemann S (1997) Spatial dis-
tribution of kainate receptor subunit mRNA in the mouse basal ganglia
and ventral mesencephalon. ] Comp Neurol 379:541-562. CrossRef
Medline

Bolam JP, Hanley JJ, Booth PA, Bevan MD (2000) Synaptic organisation of
the basal ganglia. ] Anat 196:527-542. CrossRef Medline

Bolam JP, Magill PJ, Bevan MD (2002) The functional organisation of
the basal ganglia: new insights from anatomical and physiological
analyses. In: Basal ganglia VII (Nicholson LFB, Faull RLM, eds), pp
371-378. New York: Kluwer Academic/Plenum Publishers.

Bourne HR, Nicoll R (1993) Molecular machines integrate coincident syn-
aptic signals. Cell 72:65-75. CrossRef Medline

Brickley SG, Misra C, Mok MH, Mishina M, Cull-Candy SG (2003) NR2B
and NR2D subunits coassemble in cerebellar Golgi cells to form a distinct
NMDA receptor subtype restricted to extrasynaptic sites. ] Neurosci 23:
4958—-4966. Medline

Brothwell SL, Barber JL, Monaghan DT, Jane DE, Gibb AJ, Jones S (2008)

J. Neurosci., December 2, 2015 - 35(48):15971-15983 « 15981

NR2B- and NR2D-containing synaptic NMDA receptors in developing
rat substantia nigra pars compacta dopaminergic neurones. ] Physiol 586:
739-750. CrossRef Medline

Cais O, Sedlacek M, Horak M, Dittert I, Vyklicky L Jr (2008) Temperature
dependence of NR1/NR2B NMDA receptor channels. Neuroscience 151:
428-438. CrossRef Medline

Canteras NS, Shammah-Lagnado SJ, Silva BA, Ricardo JA (1988) Somato-
sensory inputs to the subthalamic nucleus-a combined retrograde and
anterograde horseradish-peroxidase study in the rat. Brain Res 458:
53—64. CrossRef Medline

Carmignoto G, Vicini S (1992) Activity-dependent decrease in nmda recep-
tor responses during development of the visual-cortex. Science 258:
1007-1011. CrossRef Medline

Clarke NP, Bolam JP (1998) Distribution of glutamate receptor subunits at
neurochemically characterized synapses in the entopeduncular nucleus
and subthalamic nucleus of the rat. ] Comp Neurol 397:403—420. Medline

Costa BM, Feng B, Tsintsadze TS, Morley RM, Irvine MW, Tsintsadze V,
Lozovaya NA, Jane DE, Monaghan DT (2009) N-methyl-D-aspartate
(NMDA) receptor NR2 subunit selectivity of a series of novel piperazine-
2,3-dicarboxylate derivatives: preferential blockade of extrasynaptic
NMDA receptors in the rat hippocampal CA3-CA1 synapse. ] Pharmacol
Exp Ther 331:618—-626. CrossRef Medline

Cragg SJ, Baufreton J, Xue Y, Bolam JP, Bevan MD (2004) Synaptic release
of dopamine in the subthalamic nucleus. Eur ] Neurosci 20:1788-1802.
CrossRef Medline

DeLong MR (1990) Primate models of movement disorders of basal ganglia
origin. Trends Neurosci 13:281-285. CrossRef Medline

Dingledine R, Borges K, Bowie D, Traynelis SF (1999) The glutamate recep-
tor ion channels. Pharmacol Rev 51:7-61. Medline

Do MT, Bean BP (2003) Subthreshold sodium currents and pacemaking of
subthalamic neurons: modulation by slow inactivation. Neuron 39:
109-120. CrossRef Medline

Dunah AW, Yasuda RP, Wang YH, Luo J, Dévila-Garcia M, Gbadegesin M,
Vicini S, Wolfe BB (1996) Regional and ontogenic expression of the
NMDA receptor subunit NR2D protein in rat brain using a subunit-
specific antibody. ] Neurochem 67:2335-2345. Medline

Edman S, McKay S, Macdonald L], Samadi M, Livesey MR, Hardingham GE,
Wyllie DJ (2012) TCN 201 selectively blocks GluN2A-containing
NMDARSs in a GluN1 co-agonist dependent but non-competitive man-
ner. Neuropharmacology 63:441—449. CrossRef Medline

Edmonds B, Gibb AJ, Colquhoun D (1995) Mechanisms of activation of
glutamate receptors and the time-course of excitatory synaptic currents.
Annu Rev Physiol 57:495-519. CrossRef Medline

Erreger K, Dravid SM, Banke TG, Wyllie DJ, Traynelis SF (2005) Subunit-
specific gating controls rat NR1/NR2A and NR1/NR2B NMDA channel
kinetics and synaptic signalling profiles. ] Physiol 563:345-358. CrossRef
Medline

Erreger K, Geballe MT, Kristensen A, Chen PE, Hansen KB, Lee CJ, Yuan H,
Le P, Lyuboslavsky PN, Micale N, Jorgensen L, Clausen RP, Wyllie DJ,
Snyder JP, Traynelis SF (2007) Subunit-specific agonist activity at
NR2A-, NR2B-, NR2C-, and NR2D-containing N-methyl-D-aspartate
glutamate receptors. Mol Pharmacol 72:907-920. CrossRef Medline

Féger ] (1997) Updating the functional model of the basal ganglia. Trends
Neurosci 20:152-153. CrossRef Medline

Féger J, Bevan M, Crossman AR (1994) The projections from the parafas-
cicular thalamic nucleus to the subthalamic nucleus and the striatum arise
from separate neuronal populations-a comparison with the corticostria-
tal and corticosubthalamic efferents in a retrograde fluorescent double-
labeling study. Neuroscience 60:125-132. CrossRef Medline

Feng Z], Zhang X, CherguiK (2014) Allosteric modulation of NMDA recep-
tors alters neurotransmission in the striatum of a mouse model of Parkin-
son’s disease. Exp Neurol 255:154-160. CrossRef Medline

Forsythe ID, Westbrook GL (1988) Slow excitatory postsynaptic currents
mediated by N-methyl-D-aspartate receptors on cultured mouse central
neurones. ] Physiol 396:515-533. CrossRef Medline

Fox K, Daw N, Sato H, Czepita D (1991) Dark-rearing delays the loss of
nmda-receptor function in kitten visual-cortex. Nature 350:342-344.
CrossRef Medline

Galvan A, Kuwajima M, Smith Y (2006) Glutamate and GABA receptors
and transporters in the basal ganglia: What does their subsynaptic local-
ization reveal about their function? Neuroscience 143:351-375. CrossRef
Medline


http://dx.doi.org/10.1124/mol.111.073239
http://www.ncbi.nlm.nih.gov/pubmed/21807990
http://dx.doi.org/10.1002/cne.902360103
http://www.ncbi.nlm.nih.gov/pubmed/2414329
http://dx.doi.org/10.1016/j.expneurol.2013.05.018
http://www.ncbi.nlm.nih.gov/pubmed/23764499
http://dx.doi.org/10.1113/jphysiol.2008.155861
http://www.ncbi.nlm.nih.gov/pubmed/18832425
http://www.ncbi.nlm.nih.gov/pubmed/11050106
http://dx.doi.org/10.1152/jn.00305.2009
http://www.ncbi.nlm.nih.gov/pubmed/19458148
http://dx.doi.org/10.1126/science.2402638
http://www.ncbi.nlm.nih.gov/pubmed/2402638
http://dx.doi.org/10.1124/jpet.110.172544
http://www.ncbi.nlm.nih.gov/pubmed/20810618
http://www.ncbi.nlm.nih.gov/pubmed/10758106
http://www.ncbi.nlm.nih.gov/pubmed/11877509
http://dx.doi.org/10.1002/(SICI)1096-9861(19970324)379:4<541::AID-CNE6>3.0.CO;2-2
http://www.ncbi.nlm.nih.gov/pubmed/9067842
http://dx.doi.org/10.1046/j.1469-7580.2000.19640527.x
http://www.ncbi.nlm.nih.gov/pubmed/10923985
http://dx.doi.org/10.1016/S0092-8674(05)80029-7
http://www.ncbi.nlm.nih.gov/pubmed/8094038
http://www.ncbi.nlm.nih.gov/pubmed/12832518
http://dx.doi.org/10.1113/jphysiol.2007.144618
http://www.ncbi.nlm.nih.gov/pubmed/18033813
http://dx.doi.org/10.1016/j.neuroscience.2007.11.002
http://www.ncbi.nlm.nih.gov/pubmed/18068304
http://dx.doi.org/10.1016/0006-8993(88)90495-7
http://www.ncbi.nlm.nih.gov/pubmed/2463044
http://dx.doi.org/10.1126/science.1279803
http://www.ncbi.nlm.nih.gov/pubmed/1279803
http://www.ncbi.nlm.nih.gov/pubmed/9674565
http://dx.doi.org/10.1124/jpet.109.156752
http://www.ncbi.nlm.nih.gov/pubmed/19684252
http://dx.doi.org/10.1111/j.1460-9568.2004.03629.x
http://www.ncbi.nlm.nih.gov/pubmed/15380000
http://dx.doi.org/10.1016/0166-2236(90)90110-V
http://www.ncbi.nlm.nih.gov/pubmed/1695404
http://www.ncbi.nlm.nih.gov/pubmed/10049997
http://dx.doi.org/10.1016/S0896-6273(03)00360-X
http://www.ncbi.nlm.nih.gov/pubmed/12848936
http://www.ncbi.nlm.nih.gov/pubmed/8931465
http://dx.doi.org/10.1016/j.neuropharm.2012.04.027
http://www.ncbi.nlm.nih.gov/pubmed/22579927
http://dx.doi.org/10.1146/annurev.ph.57.030195.002431
http://www.ncbi.nlm.nih.gov/pubmed/7778875
http://dx.doi.org/10.1113/jphysiol.2004.080028
http://www.ncbi.nlm.nih.gov/pubmed/15649985
http://dx.doi.org/10.1124/mol.107.037333
http://www.ncbi.nlm.nih.gov/pubmed/17622578
http://dx.doi.org/10.1016/S0166-2236(96)01016-8
http://www.ncbi.nlm.nih.gov/pubmed/9106354
http://dx.doi.org/10.1016/0306-4522(94)90208-9
http://www.ncbi.nlm.nih.gov/pubmed/8052406
http://dx.doi.org/10.1016/j.expneurol.2014.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24632480
http://dx.doi.org/10.1113/jphysiol.1988.sp016975
http://www.ncbi.nlm.nih.gov/pubmed/2900892
http://dx.doi.org/10.1038/350342a0
http://www.ncbi.nlm.nih.gov/pubmed/1672557
http://dx.doi.org/10.1016/j.neuroscience.2006.09.019
http://www.ncbi.nlm.nih.gov/pubmed/17059868

15982 - J. Neurosci., December 2, 2015 - 35(48):15971-15983

Gotz T, Kraushaar U, Geiger J, Lubke J, Berger T, Jonas P (1997) Functional
properties of AMPA and NMDA receptors expressed in identified types of
basal ganglia neurons. ] Neurosci 17:204-215. Medline

Guzman JN, Sanchez-Padilla J, Chan CS, Surmeier D] (2009) Robust pace-
making in substantia nigra dopaminergic neurons. ] Neurosci 29:11011—
11019. CrossRef Medline

Hallett PJ, Standaert DG (2004) Rationale for and use of NMDA receptor
antagonists in Parkinson’s disease. Pharmacol Ther 102:155-174.
CrossRef Medline

Hamani C, Saint-Cyr JA, Fraser J, Kaplitt M, Lozano AM (2004) The sub-
thalamic nucleus in the context of movement disorders. Brain 127:4-20.
CrossRef Medline

Hansen KB, Traynelis SF (2011) Structural and mechanistic determinants
of a novel site for noncompetitive inhibition of GluN2D-containing
NMDA receptors. ] Neurosci 31:3650-3661. CrossRef Medline

Hansen KB, Ogden KK, Traynelis SF (2012) Subunit-selective allosteric in-
hibition of glycine binding to NMDA receptors. ] Neurosci 32:6197—
6208. CrossRef Medline

Harney SC, Anwyl R (2012) Plasticity of NMDA receptor-mediated excit-
atory postsynaptic currents at perforant path inputs to dendrite-targeting
interneurons. ] Physiol 590:3771-3786. CrossRef Medline

Harney SC, Jane DE, Anwyl R (2008) Extrasynaptic NR2D-Containing
NMDARs Are Recruited to the Synapse during LTP of NMDAR-EPSCs.
] Neurosci 28:11685-11694. CrossRef Medline

Hassani OK, Frangois C, Yelnik J, Féger ] (1997) Evidence for a dopaminer-
gic innervation of the subthalamic nucleus in the rat. Brain Res 749:
88-94. CrossRef Medline

Hildebrand ME, Pitcher GM, Harding EK, Li H, Beggs S, Salter MW (2014)
GluN2B and GluN2D NMDARs dominate synaptic responses in the adult
spinal cord. Sci Rep 4:4094. Medline

Huang Z, Gibb A] (2014) Mg2+ block properties of triheteromeric GluN1-
GIuN2B-GluN2D NMDA receptors on neonatal rat substantia nigra pars
compacta dopaminergic neurones. J Physiol 592:2059-2078. CrossRef
Medline

Tkeda K, Araki K, Takayama C, Inoue Y, Yagi T, Aizawa S, Mishina M (1995)
Reduced spontaneous activity of mice defective in the epsilon 4 subunit of
the NMDA receptor channel. Brain Res Mol Brain Res 33:61-71. CrossRef
Medline

Jakowec MW, Jackson-Lewis V, Chen X, Langston JW, Przedborski S (1998)
The postnatal development of AMPA receptor subunits in the basal gan-
glia of the rat. Dev Neurosci 20:19-33. CrossRef Medline

Jones S, Gibb AJ (2005) Functional NR2B- and NR2D-containing NMDA
receptor channels in rat substantia nigra dopaminergic neurones.
J Physiol 569:209—-221. CrossRef Medline

Karachi C, Yelnik J, Tandé D, Tremblay L, Hirsch EC, Frangois C (2005)
The pallidosubthalamic projection: An anatomical substrate for nonmo-
tor functions of the subthalamic nucleus in primates. Mov Disord 20:172—
180. CrossRef Medline

Karakas E, Furukawa H (2014) Crystal structure of a heterotetrameric
NMDA receptor ion channel. Science 344:992-997. CrossRef Medline

Kiihn AA, Doyle L, Pogosyan A, Yarrow K, Kupsch A, Schneider GH, Hariz
MI, Trottenberg T, Brown P (2006) Modulation of beta oscillations in
the subthalamic area during motor imagery in Parkinson’s disease. Brain
129:695-706. CrossRef Medline

Kuwajima M, Hall RA, Aiba A, Smith Y (2004) Subcellular and subsynaptic
localization of group I metabotropic glutamate receptors in the monkey
subthalamic nucleus. ] Comp Neurol 474:589—602. CrossRef Medline

Kuwajima M, Dehoff MH, Furuichi T, Worley PF, Hall RA, Smith Y (2007)
Localization and expression of group I metabotropic glutamate receptors
in the mouse striatum, globus pallidus, and subthalamic nucleus: Regu-
latory effects of MPTP treatment and constitutive Homer deletion. ] Neu-
rosci 27:6249—-6260. CrossRef Medline

Lau WK, Lui PW, Wong CK, Chan YS, Yung KK (2003) Differential expres-
sion of N-methyl-D-aspartate receptor subunit messenger ribonucleic
acids and immunoreactivity in the rat neostriatum during postnatal de-
velopment. Neurochem Int 43:47—65. CrossRef Medline

Laurie DJ, Seeburg PH (1994) Regional and developmental heterogeneity in
splicing of the rat brain NMDAR] mRNA. J Neurosci 14:3180-3194.
Medline

Laurie DJ, Bartke I, Schoepfer R, Naujoks K, Seeburg PH (1997) Regional,
developmental and interspecies expression of the four NMDAR?2 sub-

Swanger, Vance et al. @ GIuN2D Function in the Subthalamic Nucleus

units, examined using monoclonal antibodies. Mol Brain Res 51:23-32.
CrossRef Medline

Lee CH, Lit W, Michel JC, Goehring A, Du J, Song X, Gouaux E (2014)
NMDA receptor structures reveal subunit arrangement and pore archi-
tecture. Nature 511:191-197. CrossRef Medline

Lee CJ, Mannaioni G, Yuan H, Woo DH, Gingrich MB, Traynelis SF (2007)
Astrocytic control of synaptic NMDA receptors. ] Physiol 581:1057-1081.
CrossRef Medline

Levy R, Hutchison WD, Lozano AM, Dostrovsky JO (2000) High-frequency
synchronization of neuronal activity in the subthalamic nucleus of par-
kinsonian patients with limb tremor. ] Neurosci 20:7766-7775. Medline

Litvak V, Jha A, Eusebio A, Oostenveld R, Foltynie T, Limousin P, Zrinzo L,
Hariz MI, Friston K, Brown P (2011) Resting oscillatory cortico-
subthalamic connectivity in patients with Parkinson’s disease. Brain 134:
359-374. CrossRef Medline

Liu Q, Wong-Riley MT (2010) Postnatal development of N-methyl-D-
aspartate receptor subunits 2A, 2B, 2C, 2D, and 3B immunoreactivity in
brain stem respiratory nuclei of the rat. Neuroscience 171:637—-654.
CrossRef Medline

Lobo MK, Itri JN, Cepeda C, Chavira CA, Levine MS (2003) Ionotropic
glutamate receptor expression and dopaminergic modulation in the de-
veloping subthalamic nucleus of the rat: an immunohistochemical and
electrophysiological analysis. Dev Neurosci 25:384-393. CrossRef
Medline

Lozovaya NA, Grebenyuk SE, Tsintsadze TSh, Feng B, Monaghan DT,
Krishtal OA (2004) Extrasynaptic NR2B and NR2D subunits of NMDA
receptors shape ‘superslow’ afterburst EPSC in rat hippocampus.
J Physiol 558:451-463. CrossRef Medline

Magill PJ, Bolam JP, Bevan MD (2001) Dopamine regulates the impact of
the cerebral cortex on the subthalamic nucleus-globus pallidus network.
Neuroscience 106:313-330. CrossRef Medline

Magill PJ, Sharott A, Bevan MD, Brown P, Bolam JP (2004) Synchronous
unit activity and local field potentials evoked in the subthalamic nucleus
by cortical stimulation. ] Neurophysiol 92:700-714. CrossRef Medline

Mallet N, Pogosyan A, Marton LF, Bolam JP, Brown P, Magill PJ (2008)
Parkinsonian beta oscillations in the external globus pallidus and their
relationship with subthalamic nucleus activity. ] Neurosci 28:14245—
14258. CrossRef Medline

Mayer ML, Miller R] (1990) Excitatory amino-acid receptors, 2nd messen-
gers and regulation of intracellular Ca-2+ in mammalian neurons.
Trends Pharmacol Sci 11:254-260. CrossRef Medline

Monyer H, Burnashev N, Laurie D], Sakmann B, Seeburg PH (1994) Devel-
opmental and regional expression in the rat brain and functional proper-
ties of four NMDA receptors. Neuron 12:529-540. CrossRef Medline

Moran RJ, Mallet N, Litvak V, Dolan RJ, Magill PJ, Friston KJ, Brown P
(2011) Alterations in brain connectivity underlying beta oscillations in
Parkinsonism. PLoS Comput Biol 7:¢1002124. CrossRef Medline

Mosley CA, Acker TM, Hansen KB, Mullasseril P, Andersen KT, Le P, Vellano
KM, Briuner-Osborne H, Liotta DC, Traynelis SF (2010) Quinazolin-
4-one derivatives: A novel class of noncompetitive NR2C/D subunit-
selective N-methyl-D-aspartate receptor antagonists. ] Med Chem 53:
5476-5490. CrossRef Medline

Mott DD, Benveniste M, Dingledine R] (2008) pH-Dependent inhibition of
kainate receptors by zinc. ] Neurosci 28:1659—-1671. CrossRef Medline

Mullasseril P, Hansen KB, Vance KM, Ogden KK, Yuan H, Kurtkaya NL,
Santangelo R, Orr AG, Le P, Vellano KM, Liotta DC, Traynelis SF (2010)
A subunit-selective potentiator of NR2C- and NR2D-containing NMDA
receptors. Nat Commun 1:90. Medline

Nambu A, Takada M, Inase M, Tokuno H (1996) Dual somatotopical rep-
resentations in the primate subthalamic nucleus: Evidence for ordered
but reversed body-map transformations from the primary motor cortex
and the supplementary motor area. ] Neurosci 16:2671-2683. Medline

Nicholson KL, Balster RL (2003) Evaluation of the phencyclidine-like dis-
criminative stimulus effects of novel NMDA channel blockers in rats.
Psychopharmacology (Berl) 170:215-224. CrossRef Medline

Nicholson KL, Jones HE, Balster RL (1997) Evaluation of the reinforcing
and discriminative stimulus effects of the N-methyl-D-aspartate compet-
itive antagonist NPC 17742 in rhesus monkeys. Behav Pharmacol 8:396—
407. Medline

Obeso JA, Rodriguez-Oroz MC, Rodriguez M, Lanciego JL, Artieda J, Gon-
zalo N, Olanow CW (2000) Pathophysiology of the basal ganglia in Par-
kinson’s disease. Trends Neurosci 23:58-S19. CrossRef Medline


http://www.ncbi.nlm.nih.gov/pubmed/8987749
http://dx.doi.org/10.1523/JNEUROSCI.2519-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19726659
http://dx.doi.org/10.1016/j.pharmthera.2004.04.001
http://www.ncbi.nlm.nih.gov/pubmed/15163596
http://dx.doi.org/10.1093/brain/awh029
http://www.ncbi.nlm.nih.gov/pubmed/14607789
http://dx.doi.org/10.1523/JNEUROSCI.5565-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21389220
http://dx.doi.org/10.1523/JNEUROSCI.5757-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22553026
http://dx.doi.org/10.1113/jphysiol.2012.234740
http://www.ncbi.nlm.nih.gov/pubmed/22615437
http://dx.doi.org/10.1523/JNEUROSCI.3035-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18987204
http://dx.doi.org/10.1016/S0006-8993(96)01167-5
http://www.ncbi.nlm.nih.gov/pubmed/9070631
http://www.ncbi.nlm.nih.gov/pubmed/24522697
http://dx.doi.org/10.1113/jphysiol.2013.267864
http://www.ncbi.nlm.nih.gov/pubmed/24614743
http://dx.doi.org/10.1016/0169-328X(95)00107-4
http://www.ncbi.nlm.nih.gov/pubmed/8774946
http://dx.doi.org/10.1159/000017295
http://www.ncbi.nlm.nih.gov/pubmed/9600387
http://dx.doi.org/10.1113/jphysiol.2005.095554
http://www.ncbi.nlm.nih.gov/pubmed/16141268
http://dx.doi.org/10.1002/mds.20302
http://www.ncbi.nlm.nih.gov/pubmed/15382210
http://dx.doi.org/10.1126/science.1251915
http://www.ncbi.nlm.nih.gov/pubmed/24876489
http://dx.doi.org/10.1093/brain/awh715
http://www.ncbi.nlm.nih.gov/pubmed/16364953
http://dx.doi.org/10.1002/cne.20158
http://www.ncbi.nlm.nih.gov/pubmed/15174075
http://dx.doi.org/10.1523/JNEUROSCI.3819-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17553998
http://dx.doi.org/10.1016/S0197-0186(02)00191-2
http://www.ncbi.nlm.nih.gov/pubmed/12605882
http://www.ncbi.nlm.nih.gov/pubmed/8182465
http://dx.doi.org/10.1016/S0169-328X(97)00206-4
http://www.ncbi.nlm.nih.gov/pubmed/9427503
http://dx.doi.org/10.1038/nature13548
http://www.ncbi.nlm.nih.gov/pubmed/25008524
http://dx.doi.org/10.1113/jphysiol.2007.130377
http://www.ncbi.nlm.nih.gov/pubmed/17412766
http://www.ncbi.nlm.nih.gov/pubmed/11027240
http://dx.doi.org/10.1093/brain/awq332
http://www.ncbi.nlm.nih.gov/pubmed/21147836
http://dx.doi.org/10.1016/j.neuroscience.2010.09.055
http://www.ncbi.nlm.nih.gov/pubmed/20887777
http://dx.doi.org/10.1159/000075664
http://www.ncbi.nlm.nih.gov/pubmed/14966379
http://dx.doi.org/10.1113/jphysiol.2004.063792
http://www.ncbi.nlm.nih.gov/pubmed/15146049
http://dx.doi.org/10.1016/S0306-4522(01)00281-0
http://www.ncbi.nlm.nih.gov/pubmed/11566503
http://dx.doi.org/10.1152/jn.00134.2004
http://www.ncbi.nlm.nih.gov/pubmed/15044518
http://dx.doi.org/10.1523/JNEUROSCI.4199-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/19109506
http://dx.doi.org/10.1016/0165-6147(90)90254-6
http://www.ncbi.nlm.nih.gov/pubmed/2166370
http://dx.doi.org/10.1016/0896-6273(94)90210-0
http://www.ncbi.nlm.nih.gov/pubmed/7512349
http://dx.doi.org/10.1371/journal.pcbi.1002124
http://www.ncbi.nlm.nih.gov/pubmed/21852943
http://dx.doi.org/10.1021/jm100027p
http://www.ncbi.nlm.nih.gov/pubmed/20684595
http://dx.doi.org/10.1523/JNEUROSCI.3567-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18272686
http://www.ncbi.nlm.nih.gov/pubmed/20981015
http://www.ncbi.nlm.nih.gov/pubmed/8786443
http://dx.doi.org/10.1007/s00213-003-1527-6
http://www.ncbi.nlm.nih.gov/pubmed/12851738
http://www.ncbi.nlm.nih.gov/pubmed/9832979
http://dx.doi.org/10.1016/S1471-1931(00)00028-8
http://www.ncbi.nlm.nih.gov/pubmed/11052215

Swanger, Vance et al. @ GIuN2D Function in the Subthalamic Nucleus

Pan MK, Tai CH, Liu WC, Pei JC, Lai WS, Kuo CC (2014) Deranged
NMDAergic cortico-subthalamic transmission underlies parkinsonian
motor deficits. ] Clin Invest 124:4629 —4641. CrossRef Medline

Paxinos G, Watson C (1998) The rat brain in stereotaxic coordinates. Am-
sterdam: Academic.

Pearlstein E, Gouty-Colomer LA, Michel FJ, Cloarec R, Hammond C (2015)
Glutamatergic synaptic currents of nigral dopaminergic neurons follow a
postnatal developmental sequence. Front Cell Neurosci 9:210. Medline

Peters A, Palay SL, Webster H (1991) The fine structure of the nervous
system: neurons and their supporting cells, Ed 3. New York: OUP.

Prensa L, Cossette M, Parent A (2000) Dopaminergic innervation of human
basal ganglia. ] Chem Neuroanat 20:207-213. CrossRef Medline

Qian A, Buller AL, Johnson JW (2005) NR2 subunit-depenclence of NMDA
receptor channel block by external Mg2+. ] Physiol 562:319-331.
CrossRef Medline

Rodriguez MC, Obeso JA, Olanow CW (1998) Subthalamic nucleus-
mediated excitotoxicity in Parkinson’s disease: a target for neuroprotec-
tion. Ann Neurol 44:5175-188. CrossRef Medline

Rumbaugh G, Prybylowski K, Wang JF, Vicini S (2000) Exon 5 and sperm-
ine regulate deactivation of NMDA receptor subtypes. ] Neurophysiol
83:1300-1306. Medline

Rusakov DA, Kullmann DM (1998) Extrasynaptic glutamate diffusion in
the hippocampus: ultrastructural constraints, uptake, and receptor acti-
vation. ] Neurosci 18:3158—3170. Medline

Sato K, Kiyama H, Tohyama M (1993) The differential expression patterns
of messenger RNAs encoding non-N-methyl-d-aspartate glutamate re-
ceptor subunits (GluR1-4) in the rat brain. Neuroscience 52:515-539.
CrossRef Medline

Sharott A, Magill PJ, Bolam JP, Brown P (2005) Directional analysis of co-
herent oscillatory field potentials in the cerebral cortex and basal ganglia
of the rat. J Physiol 562:951-963. CrossRef Medline

Shibata T, Watanabe M, Ichikawa R, Ameda K, Koyanagi T (2003) Tran-
sient neonatal expression of NR2B/2D subunit mRNAs of the N-methyl-
D-aspartate receptor in the parasympathetic preganglionic neurons in the
rat spinal cord. Brain Res Dev Brain Res 140:263-268. CrossRef Medline

Shink E, Bevan MD, Bolam JP, SmithY (1996) The subthalamic nucleusand
the external pallidum: two tightly interconnected structures that control
the output of the basal ganglia in the monkey. Neuroscience 73:335-357.
CrossRef Medline

Smith ID, Grace AA (1992) Role of the subthalamic nucleus in the regula-
tion of nigral dopamine neuron activity. Synapse 12:287-303. CrossRef
Medline

Standaert DG, Testa CM, Penney JB Jr, Young AB (1993) Alternatively
spliced isoforms of the NMDARI glutamate receptor subunit: Differen-
tial expression in the basal ganglia of the rat. Neurosci Lett 152:161-164.
CrossRef Medline

Standaert DG, Testa CM, Young AB, Penney JB Jr (1994) Organization of
N-methyl-D-aspartate glutamate receptor gene expression in the basal
ganglia of the rat. ] Comp Neurol 343:1-16. CrossRef Medline

Standaert DG, Friberg IK, Landwehrmeyer GB, Young AB, Penney JB Jr
(1999) Expression of NMDA glutamate receptor subunit mRNAs in neu-
rochemically identified projection and interneurons in the striatum of the
rat. Mol Brain Res 64:11-23. CrossRef Medline

Surmeier DJ, Mercer JN, Chan CS (2005) Autonomous pacemakers in the
basal ganglia: who needs excitatory synapses anyway? Curr Opin Neuro-
biol 15:312-318. CrossRef Medline

Timmerman W, Westerink BH (1997) Brain microdialysis of GABA and
glutamate: what does it signify? Synapse 27:242-261. CrossRef Medline

Tozzi A, etal. (2015) Alpha-synuclein produces early behavioral alterations
via striatal cholinergic synaptic dysfunction by interacting with GluN2D
N-methyl-D-aspartate receptor subunit. Biol Psychiatry pii: S0006-
3223(15)00678-2. CrossRef Medline

Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, Ogden KK,

J. Neurosci., December 2, 2015 - 35(48):15971-15983 « 15983

Hansen KB, Yuan H, Myers SJ, Dingledine R (2010) Glutamate receptor
ion channels: structure, regulation, and function. Pharmacol Rev 62:405—
496. CrossRef Medline

Vance KM, Hansen KB, Traynelis SF (2012) GluN1 splice variant control of
GluN1/GluN2D NMDA receptors. J Physiol 590:3857-3875. CrossRef
Medline

Volianskis A, Bannister N, Collett V], Irvine MW, Monaghan DT, Fitzjohn
SM, Jensen MS, Jane DE, Collingridge GL (2013) Different NMDA re-
ceptor subtypes mediate induction of long-term potentiation and two
forms of short-term potentiation at CA1 synapses in rat hippocampus in
vitro. J Physiol 591:955-972. CrossRef Medline

von Engelhardt J, Bocklisch C, Ténges L, Herb A, Mishina M, Monyer H
(2015) GluN2D-containing NMDA receptors-mediate synaptic currents
in hippocampal interneurons and pyramidal cells in juvenile mice. Front
Cell Neurosci 9:95. Medline

Wenzel A, VillaM, Mohler H, Benke D (1996) Developmental and regional
expression of NMDA receptor subtypes containing the NR2D subunit in
rat brain. ] Neurochem 66:1240-1248. Medline

Wenzel A, Fritschy JM, Mohler H, Benke D (1997) NMDA receptor heter-
ogeneity during postnatal development of the rat brain: differential ex-
pression of the NR2A, NR2B, and NR2C subunit proteins. ] Neurochem
68:469—478. Medline

Williams K (1993) Ifenprodil discriminates subtypes of the N-methyl-D-
aspartate receptor: selectivity and mechanisms at recombinant hetero-
meric receptors. Mol Pharmacol 44:851-859. Medline

Wilson CJ, Bevan MD (2011) Intrinsic dynamics and synaptic inputs con-
trol the activity patterns of subthalamic nucleus neurons in health and in
Parkinson’s disease. Neuroscience 198:54—68. CrossRef Medline

Winkler A, Mahal B, Zieglginsberger W, Spanagel R (1999) Accurate quan-
tification of the mRNA of NMDARTI splice variants measured by compet-
itive RT-PCR. Brain Res Brain Res Protoc 4:69—81. CrossRef Medline

Wu YN, Johnson SW (2015) Memantine selectively blocks extrasynaptic
NMDA receptors in rat substantia nigra dopamine neurons. Brain Res
1603:1-7. CrossRef Medline

Wiillner U, Standaert DG, Testa CM, Penney JB, Young AB (1997) Differ-
ential expression of kainate receptors in the basal ganglia of the develop-
ing and adult rat brain. Brain Res 768:215-223. CrossRef Medline

Yamawaki N, Magill PJ, Woodhall GL, Hall SD, Stanford IM (2012) Fre-
quency selectivity and dopamine-dependence of plasticity at glutamater-
gic synapses in the subthalamic nucleus. Neuroscience 203:1-11.
CrossRef Medline

Yuan H, Myers SJ, Wells G, Nicholson KL, Swanger SA, Lyuboslavsky P,
Tahirovic YA, Menaldino DS, Ganesh T, Wilson LJ, Liotta DC, Snyder JP,
Traynelis SF (2015) Context-dependent GluN2B-selective inhibitors of
NMDA receptor function are neuroprotective with minimal side effects.
Neuron 85:1305-1318. CrossRef Medline

Zhang X, Chergui K (2015) Dopamine depletion of the striatum causes a
cell-type specific reorganization of GluN2B- and GluN2D-containing
NMDA receptors. Neuropharmacology 92:108-115. CrossRef Medline

Zhang X, Feng ZJ, Chergui K (2014) Allosteric modulation of GluN2C/
GluN2D-containing NMDA receptors bidirectionally modulates dopa-
mine release: implication for Parkinson’s disease. Br ] Pharmacol 171:
3938-3945. CrossRef Medline

Zheng F, Erreger K, Low CM, Banke T, Lee CJ, Conn PJ, Traynelis SF (2001)
Allosteric interaction between the amino terminal domain and the ligand
binding domain of NR2A. Nat Neurosci 4:894-901. CrossRef Medline

Zhu ZT, Munhall A, Shen KZ, Johnson SW (2004) Calcium-dependent sub-
threshold oscillations determine bursting activity induced by N-methyl-
D-aspartate in rat subthalamic neurons in vitro. Eur J Neurosci 19:
1296-1304. CrossRef Medline

Zhu ZT, Munhall A, Shen KZ, Johnson SW (2005) NMDA enhances a
depolarization-activated inward current in subthalamic neurons. Neuro-
pharmacology 49:317-327. CrossRef Medline


http://dx.doi.org/10.1172/JCI75587
http://www.ncbi.nlm.nih.gov/pubmed/25202982
http://www.ncbi.nlm.nih.gov/pubmed/26074777
http://dx.doi.org/10.1016/S0891-0618(00)00099-5
http://www.ncbi.nlm.nih.gov/pubmed/11207419
http://dx.doi.org/10.1113/jphysiol.2004.076737
http://www.ncbi.nlm.nih.gov/pubmed/15513936
http://dx.doi.org/10.1002/ana.410440726
http://www.ncbi.nlm.nih.gov/pubmed/9749591
http://www.ncbi.nlm.nih.gov/pubmed/10712457
http://www.ncbi.nlm.nih.gov/pubmed/9547224
http://dx.doi.org/10.1016/0306-4522(93)90403-3
http://www.ncbi.nlm.nih.gov/pubmed/8450957
http://dx.doi.org/10.1113/jphysiol.2004.073189
http://www.ncbi.nlm.nih.gov/pubmed/15550466
http://dx.doi.org/10.1016/S0165-3806(02)00612-0
http://www.ncbi.nlm.nih.gov/pubmed/12586431
http://dx.doi.org/10.1016/0306-4522(96)00022-X
http://www.ncbi.nlm.nih.gov/pubmed/8783253
http://dx.doi.org/10.1002/syn.890120406
http://www.ncbi.nlm.nih.gov/pubmed/1465742
http://dx.doi.org/10.1016/0304-3940(93)90508-I
http://www.ncbi.nlm.nih.gov/pubmed/8515871
http://dx.doi.org/10.1002/cne.903430102
http://www.ncbi.nlm.nih.gov/pubmed/8027428
http://dx.doi.org/10.1016/S0169-328X(98)00293-9
http://www.ncbi.nlm.nih.gov/pubmed/9889300
http://dx.doi.org/10.1016/j.conb.2005.05.007
http://www.ncbi.nlm.nih.gov/pubmed/15916893
http://dx.doi.org/10.1002/(SICI)1098-2396(199711)27:3<242::AID-SYN9>3.0.CO;2-D
http://www.ncbi.nlm.nih.gov/pubmed/9329159
http://dx.doi.org/10.1016/j.biopsych.2015.08.013
http://www.ncbi.nlm.nih.gov/pubmed/26392130
http://dx.doi.org/10.1124/pr.109.002451
http://www.ncbi.nlm.nih.gov/pubmed/20716669
http://dx.doi.org/10.1113/jphysiol.2012.234062
http://www.ncbi.nlm.nih.gov/pubmed/22641781
http://dx.doi.org/10.1113/jphysiol.2012.247296
http://www.ncbi.nlm.nih.gov/pubmed/23230236
http://www.ncbi.nlm.nih.gov/pubmed/25859181
http://www.ncbi.nlm.nih.gov/pubmed/8769890
http://www.ncbi.nlm.nih.gov/pubmed/9003031
http://www.ncbi.nlm.nih.gov/pubmed/7901753
http://dx.doi.org/10.1016/j.neuroscience.2011.06.049
http://www.ncbi.nlm.nih.gov/pubmed/21723918
http://dx.doi.org/10.1016/S1385-299X(99)00005-7
http://www.ncbi.nlm.nih.gov/pubmed/10234454
http://dx.doi.org/10.1016/j.brainres.2015.01.041
http://www.ncbi.nlm.nih.gov/pubmed/25656790
http://dx.doi.org/10.1016/S0006-8993(97)00645-8
http://www.ncbi.nlm.nih.gov/pubmed/9369318
http://dx.doi.org/10.1016/j.neuroscience.2011.12.027
http://www.ncbi.nlm.nih.gov/pubmed/22209920
http://dx.doi.org/10.1016/j.neuron.2015.02.008
http://www.ncbi.nlm.nih.gov/pubmed/25728572
http://dx.doi.org/10.1016/j.neuropharm.2015.01.007
http://www.ncbi.nlm.nih.gov/pubmed/25619731
http://dx.doi.org/10.1111/bph.12758
http://www.ncbi.nlm.nih.gov/pubmed/24818560
http://dx.doi.org/10.1038/nn0901-894
http://www.ncbi.nlm.nih.gov/pubmed/11528420
http://dx.doi.org/10.1111/j.1460-9568.2004.03240.x
http://www.ncbi.nlm.nih.gov/pubmed/15016087
http://dx.doi.org/10.1016/j.neuropharm.2005.03.018
http://www.ncbi.nlm.nih.gov/pubmed/15993436

	NMDA Receptors Containing the GluN2D Subunit Control Neuronal Function in the Subthalamic Nucleus
	Introduction
	Materials and Methods
	Results
	GluN2D subunit is expressed in subthalamic neurons
	STN EPSCs are mediated by AMPA and NMDA receptors
	GluN2D modulators alter spike firing in vivo
	Discussion


