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NMDA Receptors Are Upregulated and Trafficked to the
Plasma Membrane after Sigma-1 Receptor Activation in the
Rat Hippocampus
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Johnny K. Ngsee,? Melissa Snyder,' Jean-Claude Beique,? and Richard Bergeron'

'0ttawa Hospital Research Institute, Ottawa, Ontario, Canada, K1H 8M5, and ?Department of Cellular and Molecular Medicine, University of Ottawa,
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Sigma-1 receptors (o-1Rs) are endoplasmic reticulum resident chaperone proteins implicated in many physiological and pathological
processes in the CNS. A striking feature of o-1Rs is their ability to interact and modulate a large number of voltage- and ligand-gated ion
channels at the plasma membrane. We have reported previously that agonists for o-1Rs potentiate NMDA receptor (NMDAR) currents,
although the mechanism by which this occurs is still unclear. In this study, we show that in vivo administration of the selective o-1R
agonists (+)-SKF 10,047 [2S-(2a,60,11R*]-1,2,3,4,5,6-hexahydro-6,11-dimethyl-3-(2-propenyl)-2,6-methano-3-benzazocin-8-ol hy-
drochloride (N-allylnormetazocine) hydrochloride], PRE-084 (2-morpholin-4-ylethyl 1-phenylcyclohexane-1-carboxylate hydrochlo-
ride), and (+)-pentazocine increases the expression of GluN2A and GluN2B subunits, as well as postsynaptic density protein 95 in the rat
hippocampus. We also demonstrate that o-1R activation leads to an increased interaction between GluN2 subunits and o-1Rs and
mediates trafficking of NMDARSs to the cell surface. These results suggest that o-1R may play an important role in NMDAR-mediated
functions, such as learning and memory. It also opens new avenues for additional studies into a multitude of pathological conditions in

which NMDARs are involved, including schizophrenia, dementia, and stroke.
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Introduction

Sigma receptors (o-Rs) are widely expressed in the CNS and are
involved in several physiological and pathological processes, such
as neuronal firing, neurotransmitter release, learning and mem-
ory, neuroprotection, and drug abuse (for review, see Maurice
and Su, 2009). Radioligand binding studies have suggested that
two subtypes of o-Rs exist, o-1R and ¢-2R (Quirion et al., 1992;
Myers et al., 1994), but only the o-1R has been cloned and inves-
tigated extensively. After activation by agonists, o-1Rs translo-
cate from the endoplasmic reticulum (ER) to the plasma
membrane in which they modulate both voltage-gated (Lupar-
dus et al., 2000; Aydar et al., 2002; Zhang and Cuevas, 2002, 2005;
Tchedre et al., 2008; Johannessen et al., 2009; Zhang et al., 2009;
Kinoshita et al., 2012) and ligand-gated (Martina et al., 2007;
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Zhang et al., 2011a, b) ion channels. Thus, they are ideally suited
to regulate a variety of processes that may affect cellular function.

One ligand-gated ion channel known to be modulated by
o-1Rs is the NMDA receptor (NMDAR), a receptor involved in
learning and memory processes (for review, see Kerchner and
Nicoll, 2008) and implicated in cell death associated with neuro-
logical disorders, such as excitotoxicity and ischemia (Forder and
Tymianski, 2009). Although the mechanism of interaction be-
tween o-1Rs and NMDARs remains unclear (Martina et al., 2007;
Balasuriya et al., 2013), it has been demonstrated that activation
of o-1Rsleads to potentiation of NMDAR-mediated responses in
neurons (Monnet et al., 1990; Bergeron et al., 1995, 1996, 1997;
Debonnel et al., 1996b; Martina et al., 2007; Zhang et al,,
2011a,b). One possible avenue by which NMDARs are potenti-
ated is via an increase in the number of receptors expressed at the
plasma membrane. This could be attributable to either de novo
protein synthesis or a redistribution of existing NMDARs (e.g.,
from intracellular pools to the plasma membrane).

Here we show that o-1R activation, after an intraperitoneal
injection of the o-1R agonists (+)-SKF 10,047 [2S-(2a,60,11 R*]-
1,2,3,4,5,6-hexahydro-6,11-dimethyl-3-(2-propenyl)-2,6-methano-
3-benzazocin-8-ol hydrochloride (N-allylnormetazocine)
hydrochloride (SKF)], PRE-084 [2-morpholin-4-ylethyl 1-phe-
nylcyclohexane-1-carboxylate hydrochloride (PRE)], or (+)-
pentazocine (PTZ) (de Montigny et al., 1992; Monnet et al., 1994,
1996; Bergeron et al., 1995; Debonnel et al., 1996b) results in an
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increase in protein synthesis of the NMDAR subunits GIluN2A
and GluN2B along with postsynaptic density protein 95 (PSD-
95). The selective o-1R antagonists BD1047 (N'-[2-(3,4-dichlo-
rophenyl)ethyl]- N, N,N’-trimethylethane-1,2-diamine) and
BD1063 (1-[2-(3,4-dichlorophenyl)ethyl]-4-methylpiperazine)
(Matsumoto et al., 1995; McCracken et al., 1999) abolish this
effect. We also show an increased interaction between o-1Rs and
GluN2 subunits, as well as an increase in surface levels of
NMDARs after o-1R activation. This suggests a novel mechanism
in which o-1Rs regulate NMDAR expression and trafficking, po-
tentially altering NMDAR function at the synapse.

Materials and Methods

Animals. Male Sprague Dawley rats (6—8 week old) were purchased from
Charles River. They were acclimatized and housed under standard con-
ditions and had access to standard chow and water ad libitum. The in-
house o-1R ™/~ mice (Langa et al., 2003) and their wild-type littermates
were also housed under standard conditions. All procedures in this study
were performed in accordance with the guidelines of the Canadian Council
on Animal Care, which conform to National Institutes of Health guidelines,
and were approved by the University of Ottawa Animal Care Committee. All
animal procedures were performed under isoflurane anesthesia.

Antibodies. The following antibodies and their dilutions were used in
this study: mouse monoclonal anti-GluN1 (1:10,000; Synaptic Systems);
mouse monoclonal anti-GluN2A and mouse monoclonal anti-GluN2B
(both 1:750; LifeSpan Biosciences); rabbit monoclonal anti-GluA1 clone
C3T (1:2500; Millipore); rabbit polyclonal anti-GluA2/3/4 (1:3500; Cell
Signaling Technology); mouse monoclonal anti-PSD-95 (1:10,000; Af-
finity BioReagents); and goat polyclonal anti-o-1R (1:250; Santa Cruz
Biotechnology). For sucrose-gradient fractionation and differential cen-
trifugation controls, we used the following: mouse monoclonal anti-3-
actin (1:14,000; GenScript); mouse monoclonal anti-BiP and rabbit
polyclonal anti-Rab5a (1:2000 and 1:1000 respectively; Lifespan Biosci-
ences); goat polyclonal anti-calnexin (C-20) and goat polyclonal anti-
flotillin (both 1:250; Santa Cruz Biotechnology); rabbit polyclonal
anti-clathrin and rabbit polyclonal anti-glycine receptor (GlyR; (1:5000 and
1:2000 respectively; Thermo Fisher Scientific); rabbit polyclonal anti-CREB
(1:2000; Cell Signaling Technology); and rabbit polyclonal anti-nucleolin
and rabbit polyclonal anti-B-tubulin (1:2000 and 1:30,000, respectively; Ab-
cam). HRP-conjugated secondary antibodies were all purchased from Jack-
son ImmunoResearch.

Drugs. SKF, PRE, BD1047, and BD1063 were purchased from Tocris
Cookson, PTZ was purchased from Sigma-Aldrich, and anisomycin was
purchased from Bioshop. SKF, BD1047, and BD1063 were dissolved di-
rectly in PBS (in mwm: 137 NaCl, 2.7 KCl, 10 Na,HPO,, and 1.8 KH,PO,,
pH 7.4). PTZ was initially dissolved in warm 0.1N HCl and then diluted
with PBS before use. Anisomycin was dissolved in DMSO and then di-
luted with PBS before use (final concentration was 20% DMSO).

Drug administration. Rats (4—6 weeks of age) were injected intraperi-
toneally with SKF, PTZ, or PRE (all 2 mg/kg) based on previously pub-
lished reports (Steinfels et al., 1988; Miller et al., 1992; Beskid et al., 1998)
or PBS for vehicle control. The hippocampi were collected 30, 45, or 90
min after injection because brain concentrations of PTZ are maximal
~20-30 min after injection and negligible after 120 min (Medzihradsky
and Ahmad, 1971). We assumed similar pharmacokinetics for SKF and
PRE. For o-1R antagonist treatments, animals were either subcutane-
ously implanted with a 1 ul/h osmotic minipump (Alzet) containing
BD1047 or BD1063 (both 2 mg-kg ™' +d ") for 2 d (chronic adminis-
tration) to ensure steady-state antagonist concentration or injected in-
traperitoneally with 2 mg/kg for 1 h (acute) before o-1R agonist
administration. Although acute administration is sufficient to block
0-1Rs (Nguyen et al., 2005), we used chronic administration to take
advantage of o-1R downregulation observed after prolonged administra-
tion of BD1047 (Zambon et al., 1997). To inhibit protein synthesis, ani-
somycin (30 mg/kg) was injected intraperitoneally 1 h before SKF or PTZ
treatment (Wanisch and Wotjak, 2008). In the case of in vitro experi-
ments, hippocampal slices were preincubated with 50 um BD1063 for 1 h
before SKF (1 or 5 um) treatment for 90 min.
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Isolation of crude synaptosomal fractions. Differential centrifugation
steps on control and drug-treated hippocampi were performed as de-
scribed previously with minor modifications (Fig. 1A; Hallett et al.,
2008). All steps were performed at 4°C. Briefly, isolated hippocampi were
homogenized in homogenization buffer [20 mwm Tris-HCI, 320 mwm su-
crose, 5mM EDTA, 1 mm EGTA, 10 mm NaF, 2 mm Na;VO,, 1 mm PMSE,
and 1X EDTA-free protease inhibitor cocktail (Roche), pH 7.4]. The
total homogenate (TH) was centrifuged at 800 relative centrifugal force
(rcf) for 10 min, and the resulting pellet (P1) and supernatant (S1) were
collected. S1 was further centrifuged for 15 min at 9200 rcf to obtain the
pellet (P2) and supernatant (S2). P2 was subjected to hyposmotic lysis by
resuspension in 750 ul of homogenization buffer with 35.6 mm sucrose
instead of 320 mm. The lysate was then incubated on ice for 30 min with
occasional mixing before centrifugation at 25,000 rcf for 30 min. Both the
resulting supernatant (LS1) and the pellet [crude synaptosomal mem-
brane fraction (LP1)] were collected. The pellet was solubilized in 300 ul
of solubilization buffer (20 mm Tris-HCI, 5 mm EDTA, 1 mm EGTA, 10
mwm NaF, 2 mm Na;VO,, 1 mm PMSF, 1% NP-40, 0.1% SDS, 0.1% Na-
deoxycholate, and 1 X EDTA-free protease inhibitor cocktail, pH 7.4) for
30 min with end-over-end rotation and then subjected to a short spin for
5 min at 16,000 rcf. The resulting solubilized LP1 (crude synaptosomal
fraction) was collected and diluted more than 10X for protein measure-
ment. All the other isolated pellets were resuspended in homogenization
buffer. The protein concentration of all isolated fractions was deter-
mined by Bradford assay (Bio-Rad) before resolving on SDS-PAGE and
Western blot (WB).

Slice preparation. Coronal brain slices (300 wm thick) containing the
hippocampus were obtained as follows: anesthetized rats were decapi-
tated, and the brains were removed into ice-cold oxygenated (95%
0,/5% CO,) artificial CSF [ACSF (in mm): 126 NaCl, 2.5 KCl, 2 CaCl,, 1
MgCl,, 26 NaHCOs, and 10 glucose, pH 7.3 (300 mOsm)]. Slices were
made using a vibrating microtome (Leica VT 1000S) and transferred to a
six-well plate. SKF (1 or 5 um) was added directly to the ACSF, and an
equivalent amount of PBS was added to a control well. The slices were
homogenized using Dounce homogenizer in homogenization buffer 90
min after SKF administration. The homogenate was then processed to
obtain LP1 as above. Protein concentration was determined by Bradford
assay before subjecting it to WB.

Subcellular fractionation. Subcellular fractionation was performed on
hippocampi from vehicle- and drug-treated animals as described previ-
ously (Blackstone et al., 1992) with some modifications. All steps were
performed at 4°C. LP1 fractions were obtained as described above and
resuspended in homogenization buffer, layered on top of a discontinu-
ous sucrose gradient containing 0.8 M/1.0 M/1.2 M sucrose, and centri-
fuged for 2 h at 65,000 rcf. Fractions at the 0.8 M/1.0 M [vesicular fraction
(VF)] and 1.0 M/1.2 M interfaces [purified synaptosomal membrane frac-
tion (SMF)] were collected, as well as the pellet fraction (PF). VF and
SMEF were separately cleared by centrifugation at 30,000 rcf for 30 min,
and all the pellets were resuspended in 300 ul of homogenization buffer
without sucrose before Bradford assay and WB.

Coimmunoprecipitation. P2 PFs were isolated as described above, and
immunoprecipitation (Co-IP) experiments were performed as described
previously (Suh et al.,, 2010) with some modifications. All steps were
performed at 4°C unless otherwise stated. In short, P2 pellets were solu-
bilized in 200-300 wl of lysis buffer (50 mm Tris-HCI, 2 mm EDTA, 0.5%
Na-deoxycholate, and 1X EDTA-free protease inhibitor cocktail, pH
8.8) at 37°C for 30 min before dilution with 5 vol of ice-cold neutraliza-
tion buffer (50 mm Tris-HCI, 2 mm EDTA, 0.1% Triton X-100, and 1X
EDTA-free protease inhibitor cocktail, pH 6.8). The lysate was incubated
with end-over-end rotation for 30 min and then centrifuged at 25,000 rcf
for 30 min. Antibodies (o-1R, PSD-95, GluN2A, or GluN2B) and pre-
washed Protein A/G-ultralink agarose resin (Pierce) were added to the
supernatant at 5 ug of antibody per 400 ug of protein. After an overnight
incubation with end-over-end rotation, the beads were collected by cen-
trifugation at 1200 rcf for 5 min and then washed four times with ice-cold
wash buffer (50 mm Tris-HCI, 50 mm NaCl, 2 mm EDTA, and 0.1%
Triton X-100, pH 7.4), and the protein complexes were eluted by adding
5X SDS sample buffer. The specificity of o-1R antibody was tested by
incubating antibodies with blocking peptide [a short region of o-1R C
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Figure 1.

An increase in GIuN2 subunit expression in the LP1 fraction is observed 90 min after o~1R agonist administration. A, Schematic diagram showing the methodology used to isolate

subcellular fractions from hippocampal homogenate. B, Representative WBs of LP1 probed for GIUN2A expression 30 and 45 min after vehicle (Veh), SKF, or PTZ injection with 3-tubulin as the
loading control. €, WBs of all the fractions depicted in A. An upregulation of GluN2 subunits and PSD-95 is observed in LP1 after administration of SKF. Nucleolin and Rab5a were used as fraction
controls and 3-tubulin as the loading control. No change in nucleolin and Rab5a levels was observed after SKF treatment.

terminus (Santa Cruz Biotechnology)] at a ratio of 1:5 for overnight at
4°C before subjecting to WB for detecting o-1Rs in P2 lysates from
o-1R """ or o-1R ™/~ mice.

Surface biotinylation. To perform these experiments, we followed the
protocol published by Dennis et al. (2011) with some modifications. All
steps were performed at 4°C unless otherwise stated. In brief, hippocam-
pal slices (300 wm) from drug- and vehicle-treated rats were incubated
with 0.5 mg/ml EZ-sulfo-NHS-SS-biotin (Pierce) in PBS for 20 min on
ice to biotinylate surface proteins. Excess biotin was removed by washing
the slices six times with cold supplemented Tris-buffered saline [TBS+
(in mm): 50 Tris-HCI, 150 NaCl, 20 MgCl,, and 20 CaCl,, pH 7.6] before
homogenization in lysis buffer and sonicated for 20 s. Cell debris was
removed by centrifugation for 10 min at 14,000 rcf and the supernatant
(lysate) collected. The whole cell lysate was then incubated for 1 h with
prewashed NeutrAvidin Agarose (Pierce) to capture biotinylated pro-
teins. The beads were washed six times with 1 ml of TBS+ and two times
with 1 ml of PBS containing 0.05% SDS. Bound proteins were recovered
from the beads with 400 ul of elution buffer (50 mwm Tris-HCI, 2% SDS, and
1 mm DTT, pH 6.8) by boiling for 10 min. Protein concentration was deter-
mined using DC assay (Bio-Rad) before SDS-PAGE and WB.

Western blotting and statistical analysis. For all WB samples, 10 ug of
protein was resolved on 10% SDS-PAGE, transferred onto PVDF mem-
branes, and developed using Luminata Crescendo (Millipore). Bands
were detected using film or the LI-COR Odyssey Fc system (LI-COR
Biosciences). Subsaturated bands were used for quantification of the
pixel intensities using NIH ImageJ (Schneider et al., 2012) for films, and
the Image Studio 2.0 software (LI-COR Biosciences) was used for collec-
tion and quantification when the LI-COR was used. WB experiments
were repeated five to eight times from at least four different animals, and
band intensities were normalized to B-tubulin or B-actin before compar-
ison with vehicle unless otherwise stated. The statistical significance was
determined using a two-tailed, unpaired Student’s ¢ test with a p value
<0.05 considered statistically significant. The number of animals is rep-
resented by #.

Results

o-1R activation increases hippocampal GluN2 subunit and
PSD-95 expression

Agonist activation of o-1Rs leads to an increase in NMDAR-
mediated responses in the CNS (Monnet et al., 1990; Debonnel et
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Table 1. Change in protein expression of NMDARs, AMPARs, and PSD-95 after SKF or PTZ administration

(+)-SKF 10,047

(+)-Pentazocine

30 min 45min 90 min 30 min 45 min 90 min

Veh SKF Veh SKF Veh SKF Veh PTZ Veh P1Z Veh P1Z
GIuN1 100 =193 105108 100+ 135 88.6 =573 100 =20.5 118 =20.1 100 =7.57 109 = 6.75 100 =8.91 903 =751 100 =102 98.7 = 14.2
GIuN2A 100 = 3.45 100 =4.81 100 =13.2 122 +12.8 100 = 12.2 263 = 11.1* 100 = 143 82.1 £ 126 100 £6.12 102 =9.02 100 = 6.47 138 = 6.57*
GIuN2B 100 =10.7 100 =6.94 100 =13.6 109 = 13.6 100 == 13.8 260 = 23.9* 100 = 10.7 953 *=9.97 100 =846 103 = 8.65 100 = 2.61 128 *+ 2.93*
GluA1 100 =434 115+6.75 100 =3.08 107 =3.66 100 = 12.2 84.1 =281 100 =20.5 125226 100 +=10.1 882+ 11.8 100 = 17.1 108 = 143
GluA2/3/4 100 = 6.57 101 £732 100 =503 952=*+6.14 100 = 11.8 97.6 =108 100 =148 105+ 9.68 100 £798 101 =7.99 100 = 18.2 957 = 16.2
PSD-95 100 =8.02 119 +531 100+ 206 942 *=4.66 100 = 12.1 188 = 20.1* 100 =7.21 107 +=9.68 100 = 6.56 109 = 7.81 100 = 10.1 153 *= 9.42*

Columns showing values 30, 45, and 90 min after injection are expressed as a percentage of the corresponding vehicle with the experiments done in parallel. Data are mean == SEM of at least four animals. *p << 0.05, significantly different

from vehicle (Student’s two-tailed, unpaired ¢ test).

al., 1996a,b; Bergeron et al., 1997), but the mechanism by which
this occurs is currently unclear. Although there are several possi-
bilities that could explain this phenomenon, we chose to focus on
two. First, o-1R activation may lead to an increase in the number
of cell-surface NMDARs. Second, o-1R activation may mediate
changes in NMDAR trafficking resulting in a redistribution of
NMDARs (e.g., from the ER/Golgi to the plasma membrane)
without a change in overall numbers.

Thus, our initial experiments focused on whether o-1R acti-
vation affects the expression levels of NMDAR subunits in the
LP1 (synaptosomal) fraction (Fig. 1A) after o-1R activation in
vivo. Although differential centrifugation is a widely used tech-
nique to isolate subcellular fractions, one technical limitation of
this method is the potential for cross-contamination. We sought
to address this problem by investigating the expression of marker
proteins in all isolated fractions (Fig. 1C). Probing the crude
fractions for NMDAR subunits and PSD-95 revealed enrichment
in LP1, as well as the preceding fractions. Neither NMDARs nor
PSD-95 were detected in the crude cytosolic (S2) or vesicle-
enriched (LS1) fractions (Fig. 1C). Nucleolin, a cytosolic/nuclear
DNA-binding protein, was enriched in the cytosolic fractions S2
and S1 as reported previously (Taha et al., 2014), and the early
endosomal protein Rab5a was enriched in LP1 but not LS1 (Fi-
scher von Mollard et al., 1994). Therefore, we are confident that
the LP1 fractions isolated using differential centrifugation used in
this study are not cross-contaminated.

Because there are many confounding pharmacokinetic fac-
tors that could affect the bioavailability of o-1R agonists after
intraperitoneal injection (e.g., blood—brain barrier permea-
bility), we performed a time course experiment in which we
collected tissue samples at three different time points after
agonist injection. A representative WB for GIluN2A at 30 and
45 min after administration of 2 mg/kg SKF (top), PTZ (bot-
tom), or vehicle (PBS) is shown in Figure 1B. An intraperito-
neal injection of SKF resulted in no change in expression level
of any NMDAR under investigation 30 or 45 min after injec-
tion (Fig. 1B, Table 1: GluN2A, 100 * 4.8%, p = 0.98 at 30 min
and 122 = 12% compared with vehicle, p = 0.46 at 45 min
after injection, n = 5). Similar results were obtained when the
experiments were repeated after PTZ injection (Fig. 1B:
GluN2A, 82.1 = 12%, p = 0.37 at 30 min and 102 * 9% of
vehicle, p = 0.90 at 45 min after injection, n = 5).

In contrast, a robust upregulation of GluN2A and GluN2B
subunit expression was observed 90 min after SKF and PTZ in-
jection (Fig. 1B). Injection of SKF results in a 263 = 11% increase
in GluN2A and a 260 * 23% increase in GluN2B relative to
vehicle (Fig. 2A,B: p < 0.05, n = 5). A 0-1R induced upregula-
tion of PSD-95, a PSD protein associated with GluN2A and
GluN2B subunits (Kornau et al., 1995; Niethammer et al., 1996),

was also observed 90 min after SKF administration (Fig. 2A, B:
188 = 20% of vehicle, p < 0.05, n = 5). Thus, o-1R activation
leads to significant upregulation of GluN2 subunits and PSD-95
90 min after agonist administration, and as a result, we per-
formed all subsequent experiments at this time point.

To confirm that this upregulation was attributable to o-1R
activation, we repeated the experiment with two other o-1R ago-
nists, PRE and PTZ. As expected, intraperitoneal administration
of 2 mg/kg PRE resulted in an increase in GluN2 subunits and
PSD-95 expression (Fig. 2C: GluN2A, 146 = 8.9%; GluN2B,
134 = 9.7%; PSD-95, 121 *+ 5.2% of vehicle, p < 0.05,n = 6). A
similar increase was observed after PTZ injection (Fig. 2D:
GIuN2A, 138 £ 6.5%; GluN2B, 128 = 2.9%; PSD-95, 153 * 9.4%
of vehicle, p < 0.05, n = 5). With both PRE and PTZ, the increase
was less pronounced than with SKF. Surprisingly, we observed no
change in the GluN1 expression level after SKF (Fig. 2A,B: 110 *
8.3% of vehicle, p = 0.44, n = 5), PRE (Fig. 2C: 131 = 27% of
vehicle, p = 0.41, n = 6), or PTZ (Fig. 2D: 98.7 = 14.2% of
vehicle, p = 0.76, n = 5) injection. Therefore, activation of o-1Rs
by any one of three classical o-1R agonists results in an upregu-
lation of GluN2 subunits and PSD-95.

Previous studies have demonstrated that administration of
o-1R agonists has no significant effect on AMPA receptor
(AMPAR)-mediated currents (Fletcher et al., 1995). One impli-
cation of this work is that the protein expression of AMPARSs is
not affected after o-1R activation. To test this, we examined the
levels of the AMPAR subunits GluAl and GluA2/3/4 (Table 1).
Our results revealed no significant changes in the levels of
AMPAR subunits 90 min after an intraperitoneal injection of
either SKF (Fig. 2 E, F: GluAl, 84.2 * 2.8%, p = 0.32; GluA2/3/4,
97.6 = 11% of vehicle, p = 0.91, n = 6), PRE (Fig. 2G: GluAl,
109 = 12%, p = 0.71; GluA2/3/4, 86.5 = 19% of vehicle, p = 0.35,
n=6),or PTZ (Fig. 2H: GluA1, 108 = 14%, p = 0.80; GluA2/3/4,
95.7 = 16% of vehicle, p = 0.91, n = 6). Together, we show that
administration of o-1R agonists lead to an increase in protein
levels of the NMDAR subunits GluN2A and GluN2B and PSD-
95, but with no effect on AMPARs.

One confounding factor with in vivo injections of o-1R ago-
nists is the possibility of systemic effects of the drugs, given the
widespread distribution of o-1Rs (Matsumoto, 2007). To assess
this, we cut 300- wm-thick hippocampal slices (see Materials and
Methods) and then bath administered SKF to the slices in vitro.
We used two different concentrations of SKF, 1 and 5 uM, both of
which result in minimal NMDAR blockade (Fletcher et al., 1995)
but produce maximal o-1R binding (Gundlach, 1986). We then
probed for GluN2 subunits and PSD-95 expression 90 min after
SKF application. Both 1 and 5 uMm SKF resulted in an upregula-
tion of GluN1 (Fig. 3A,B: 1 um SKF, 127 = 2.1%; 5 um SKEF,
119 * 10% of control, p < 0.05, n = 4) and GluN2A (Fig. 3A, B:
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Figure 2.

Injection of o-1R agonists leads to an increase in GIuN2 subunits and PSD-95 expression. A significant increase in protein expression of GluN2A, GluN2B, and PSD-95 was observed 90

min after intraperitoneal injection of vehicle (Veh) or SKF (4, B). Similar results were obtained 90 min after injection of PRE (€) or PTZ (D). There was no change in the expression level of AMPARs after
SKF (E, F), PRE (G), or PTZ (H ) injection. Bar graphs are mean == SEM of at least five animals. *p << 0.05.

1 um SKF, 125 * 2.8%; 5 um SKF, 112 *+ 1.9% of control, p <
0.05, n = 4) subunits. A significant upregulation of GluN2B sub-
units was observed after bath application of 1 um SKF (Fig. 3A, B:
110 = 1.1% of control, p < 0.05, n = 4) but GluN2B was surpris-
ingly downregulated after application of 5 um SKF (Fig. 3A,B:
84 = 4.7% of control, p < 0.05, n = 4). There was no significant
change in PSD-95 expression after 1 um SKF application (Fig.
3A,B: 112 = 4.7%, p = 0.07, n = 4), but a significant increase in
PSD-95 expression was observed after bath application of 5 um
SKF (Fig. 3A,B: 121 * 3.9%, p < 0.05, n = 4). Thus, we show that
the in vivo effects of o-1R agonists are also observed in acute
slices, demonstrating that the increase in GluN2 subunit and
PSD-95 expression observed 90 min after agonist administration
is attributable to o-1R activation rather than any nonspecific
systemic effects.

Upregulation of GluN2 subunits and PSD-95 protein
expression is blocked by o-1R antagonists

To verify that the increase in GluN2 subunits and PSD-95 that we
see after SKF, PRE, or PTZ treatment is attributable to activation
of o-1Rs, we used the classical o-1R antagonists BD1047 and
BD1063 (Matsumoto et al., 1995). In our initial in vitro experi-
ments, we bath applied 50 um BD1063 to hippocampal slices 1 h
before 1 um SKF was applied in the continued presence of
BD1063. Administration of BD1063 alone did not lead to any
changes in NMDAR subunit or PSD-95 expression (Fig. 3C,D:
GluN1, 111 * 3.2% of vehicle, p = 0.31; GluN2A, 119 = 16%,
p = 0.36; GluN2B, 91 * 6.1%, p = 0.52; PSD-95, 121 = 7.6% of
control, p = 0.12, n = 5). However, preincubation of BD1063
abolished the SKF-induced increase in NMDAR subunits (Fig.
3C,D: GluN1, 117 * 10%, p = 0.16; GluN2A, 109 = 8.1%, p =
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Figure3. Theincrease in NMDAR subunit and PSD-95 expression is also observed after o-1R activation in hippocampal slices. A, WBs showing the protein level of GIuNT, GIuN2A, GIuN2B, and
PSD-95 after a 90 min bath application of T or 5 wm SKF. B, A significant increase in GluN1, GIuN2A, and GIuN2B expression (relative to control; Ctrl) was observed in the presence of 1 um SKF. A
significant increase in PSD-95 expression was observed after application of 5 um SKF. €, D, The increase in NMDAR and PSD-95 protein levels was abolished after pretreatment with 50 v BD1063.

Bar graphs are mean == SEM of slices from at least five animals per treatment.

Table 2. Both acute and chronic administration of o-1R antagonists block the increase in GluN2 subunit and PSD-95 observed after SKF, PTZ, or PRE administration

Acute administration (2 mg/kg, i.p.)

Chronic administration (2 mg + kg ~"+d ~", 2 d osmotic minipumps)

BD1047 (% of vehicle) BD1063 (% of vehicle) BD1047 (% of vehicle) BD1063 (% of vehicle)

BD SKF + BD BD PRE + BD BD SKF + BD PTZ + BD BD SKF + BD
GIuN2A 126 = 11% 114.7 £ 7.8% 91 +7.1% 94 + 4.8% 1M1 £ 42% 128 = 14% 101 £ 14.2% 101 £ 6.1% 88 *+ 6.2%
GluN2B 104 £ 3.3% 104 £ 9.6% 95 + 0.8% 111 £ 9% 97.5 = 4.0% 118 £ 6.5% 118 £ 16% 109 £ 10.2% 88 £ 10%
PSD-95 124 + 44% 71+ 14% 87 = 1.8% 105 + 0.75% 93 + 5.8% 78 * 14% 105 + 2.0% 110 + 13% 101 + 3.8%

Data are mean = SEM of at least four animals. No significant difference in protein levels was observed in all cases ( p > 0.05, Student’s two-tailed, unpaired  test).

0.55; GluN2B, 81 = 8.4% of vehicle, p = 0.12, n = 5) and PSD-95
levels (PSD-95, 104 = 9.5% of vehicle, p = 0.69, n = 5). Thus, the
upregulation of NMDAR subunits and PSD-95 observed after
o-1R agonist administration is blocked by BD1063 in acute slices,
confirming that activation of o-1Rs underpins this phenomenon.

We then repeated the BD1063 experiments in vivo to verify
what we observed in acute slices. For these experiments, rats were
implanted with osmotic minipumps and infused with the antag-
onist BD1063 (2 mg-kg ™' -d™") for 2 d to ensure that o-1Rs
were blocked before challenging with SKF or PTZ (Table 2). No
obvious behavioral phenotype was observed in BD1063-treated
animals. Chronic BD1063 treatment alone had no effect on GluN2
subunit and PSD-95 expression levels (GluN2A, 101 = 11%, p =
0.90; GluN2B, 109 * 10%, p = 0.74; PSD-95, 110 * 13%, of vehicle,
p = 0.13, n = 3). As expected, pretreatment with BD1063 abolished
the SKF-mediated increase in GluN2 subunits and PSD-95 expres-

sion (Table 2: GluN2A, 88 = 6.2%, p = 0.67; GluN2B, 88 * 10%,
p = 0.60; PSD-95, 101 = 3.8% of vehicle, p = 0.86, n = 3).

To confirm the data we obtained in vivo with BD1063, we
repeated the experiment with another o-1R antagonist BD1047
(Matsumoto et al., 1995). Because acute (intraperitoneal) admin-
istration of BD1047 results in effective o-1R blockade (Nguyen et
al., 2005), we compared the two routes of o-1R antagonist ad-
ministration (acute vs chronic) using 2 mg/kg BD1047. One ex-
perimental group received BD1047 for 2 d using osmotic
minipumps (chronic), whereas the other group received a single
intraperitoneal injection of BD1047 (acute) 1 h before o-1R ag-
onist injection. Figure 4A shows representative blots of NMDAR
and PSD-95 expression after chronic and acute administration of
BD1047 in vivo. Chronic antagonist treatment alone did not elicit
a change in the protein levels under investigation (Fig. 4A,B,
Table 2: GluN2A, 111 * 4.2%, p = 0.25; GluN2B, 97.5 = 4.0%,
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Chronicand acute administration of BD1047 abolishes the o-1R-mediated increase in NMDAR subunit and PSD-95 expression in vivo. A, B, There was no change in the expression level

of GIuN2A, GIuN2B, or PSD-95 after a 2 d chronic administration or a single intraperitoneal injection (acute administration) of vehicle (Veh) or the o-1R antagonist BD1047 (BD). €, D, Chronic
administration of BD1047 blocked the increase in GIuN2 subunit and PSD-95 levels observed 90 min after an intraperitoneal injection of SKF or PTZ. E, F, Acute administration of BD1047 also
abolished the increase in GIuN2 subunits and PSD-95 expression after administration of SKF or PRE. Bar graphs are mean == SEM of at least five animals.

p = 0.77; PSD-95, 93 * 5.8% of vehicle, p = 0.31, n = 5). Like-
wise, the expression levels were not altered after a single, acute
intraperitoneal injection of BD1047 (Fig. 4 A, B, Table 2); expres-
sion levels of GluN2A (126 * 11% of vehicle, p = 0.27, n = 3),
GIluN2B (104 * 3.3% of vehicle, p = 0.64, n = 3), or PSD-95
(124 = 44% of vehicle, p = 0.65, n = 3) were unaffected after a
single intraperitoneal injection of BD1047 (Fig. 4B).

Chronic administration of BD1047 prevented the robust in-
crease in GluN2 subunits and PSD-95 observed 90 min after SKF
administration (Fig. 4C,D, Table 2: GluN2A, 128 * 14%, p =
0.33; GluN2B, 118 = 6.5%, p = 0.23, n = 5; PSD-95, 78 * 14% of
vehicle, p = 0.55, n = 3). When the experiment was repeated
using PTZ, the expression levels of GluN2 subunits and PSD-95
were not significantly changed after chronic BD1047 administra-
tion (Fig. 4C,D, Table 2: GluN2A, 101 = 14%, p = 0.76; GluN2B,
118 = 16%, p = 0.64; PSD-95, 105 * 2.1% of vehicle, p = 0.31,
n = 5). There was also no significant change in GluN2 subunit
and PSD-95 expression levels when SKF was injected 1 h after

acute administration of BD1047 (Fig. 4E,F, Table 2: GluN2A,
114 = 7.8, p = 0.27; GluN2B, 104 = 9.6%, p = 0.69; PSD-95,
71 £ 14% of vehicle, p = 0.43, n = 3). Similar results were
obtained when PRE was administered 1 h after o-1R antagonist
treatment (Fig. 4E, F, Table 2: GluN2A, 94 * 4.8%, p = 0.60;
GluN2B, 111 * 8.9%, p = 0.34; PSD-95, 105 * 0.75% of vehicle,
p = 0.10, n = 3). Thus, these experiments demonstrate that both
chronic and acute administration of one of two o-1R antagonists
are able to block the upregulation of GluN2 subunits and PSD-95
observed after injection of any one of the three o-1R agonists
under study (Table 2). Together, our pharmacological experi-
ments show that activation of o-1Rs is mediating an increase in
GIuN2 and PSD-95 levels in the rat hippocampus.

The o-1R-mediated increase in GluN2 subunit and PSD-95
expression is protein synthesis dependent

Recent studies have shown that o-1R activation regulates protein
expression of a number of membrane-bound ion channels
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Figure 5.

The increase in GIuN2 subunits and PSD-95 expression after o-1R activation is protein synthesis dependent. 4, Representative WBs showing that the expression levels of GIuN2A,

GluN2B, and PSD-95 were unaffected by intraperitoneal injection of vehicle (Veh) or anisomycin (Aniso). However, there was a decrease in the expression level of c-Fos (B), demonstrating that
anisomycin blocked protein synthesis at this time point. Interestingly, anisomycin treatment before SKF (C, D) or PTZ (E, F) administration prevented any change in expression levels of GIuN2

subunits and PSD-95. Bar graphs are mean = SEM of at least five animals. *p << 0.05.

(Ishima et al., 2008; Nishimura et al., 2008; Crottes et al., 2011).
Therefore, the increase in GluN2 subunit and PSD-95 expression
after o-1R agonist administration could arise from de novo pro-
tein synthesis. In this case, inhibiting protein synthesis should
abolish the upregulation of GluN2 subunits and PSD-95 ob-
served after injection of o-1R agonists. To test this hypothesis, the
protein synthesis inhibitor anisomycin (Wanisch and Wotjak,
2008) was administered 1 h before challenging the animals with
o-1R agonists. To validate that anisomycin effectively blocked
protein synthesis in our experimental paradigm, we monitored
c-Fos levels, a commonly used marker for protein synthesis (Fi-
scher et al., 2004). Expression of c-Fos was significantly reduced
(Fig. 5A,B: 73 = 1% of vehicle, p < 0.05, n = 4) after anisomycin
administration (30 mg/kg) alone when compared with vehicle,
indicating a decrease in de novo protein synthesis. In addition,
anisomycin did not alter GIuN2 subunit or PSD-95 expression
(Fig. 5A,B: GluN2A, 94 * 4.4%, p = 0.26; GluN2B, 90 = 15%,
p = 0.78; PSD-95, 88 * 4.7% of vehicle, p = 0.42, n = 4). How-
ever, anisomycin pretreatment abolished the SKF-mediated in-

crease in GluN2 subunit and PSD-95 expression (Fig. 5C,D:
GluN2A, 102 *= 7%, p = 0.86; GluN2B, 116 * 8%, p = 0.20;
PSD-95, 87 %+ 7.6% of vehicle, p = 0.52, n = 5). Similar results
were obtained when PTZ was administered after anisomycin
treatment (Fig. 5E,F: GluN2A, 118 *= 8%, p = 0.28; GluN2B,
115 £ 16%, p = 0.61; PSD-95, 111 * 3.8% of vehicle, p = 0.28,
n = 6). These results demonstrate that the increase in GluN2
subunits and PSD-95 is dependent on de novo protein synthesis.
Therefore, we show that the o-1R activation leads to an increase
in GluN2 subunits and PSD-95 by increasing protein synthesis.

Increased interaction between o-1Rs and NMDARs after
o-1R activation

One well established role of o-1Rs is as ligand-activated scaffolds
to assist in protein trafficking (Su et al., 2010). Therefore, we
speculated that, during activation, o-1Rs may associate with
NMDAR/PSD-95 complexes, followed by trafficking to the
plasma membrane. To investigate this possibility, we performed
Co-IP experiments 90 min after SKF or vehicle injection. We
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chose to focus on SKF in all subsequent experiments because of
the robust response observed after its administration (Fig. 2 A, B).

To ensure the specificity of the o-1R antibody, we performed
WB experiments on rat LP1 samples in the presence and absence
of o-1R blocking peptide (Fig. 6A, left), as well as on hippocampi
obtained from wild-type and o-1R ™/~ mice (Fig. 6A, right).
When the WBs were probed for o-1Rs without blocking peptide
in rats or wild-type mice, a single band at ~29 kDa was observed,
which corresponds to o-1Rs. This band was absent in the pres-
ence of o-1R blocking peptide and in LP1 extracts obtained from
o-1R ™/~ mice. We also verified our Co-IP protocol by immuno-
precipitating with o-1Rs and detecting with o-1Rs after vehicle or
SKF administration (Fig. 6B). A single band was observed in both

vehicle and SKF treatment with little nonspecific binding (IgG).
Thus, our control experiments show that we were able to immu-
noprecipitate o-1Rs with the antibody used.

To investigate whether activation of o-1Rs influenced the
binding to NMDAR and PSD-95, we immunoprecipitated o-1R,
followed by WB for GluN2A, GluN2B, and PSD-95. In all of our
Co-IP experiments, there was either a very weak or no interaction
between the control IgG and any of the proteins under study (Fig.
6C). After SKF administration, there was an increased interaction
of GluN2A and GluN2B with o-1Rs (Fig. 6C,D: GluN2A, 163 *
24%; GluN2B, 142 * 10% of vehicle, p < 0.05, n = 4) but not
with PSD-95 (137 = 14%, p = 0.32, n = 4). When the reverse
experiment was performed (IP with GluN2A, GIluN2B, or
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Aredistribution of GluN2 subunits and PSD-95 was observed after administration of SKF. 4, Schematic diagram showing the three fractions isolated from LP1 by discontinuous sucrose

gradient. B, Representative WBs showing protein expression in the different fractions after injection of vehicle (Veh) or SKF with 3-tubulin as a loading control. A significant increase in GluN2A ()
and GluN2B (D) expression was observed in the VF and a significant increase in PSD-95 (E) in both VF and SMF after SKF administration. There is a decrease in expression in the PF for all three proteins

investigated (C~E). Bar graphs are mean == SEM of at least four animals. *p << 0.05.

PSD-95 and WB for o-1Rs), we also observed an increased inter-
action of GluN2 subunits with o-1Rs (GIuN2A, 152 * 6.9%j;
GIluN2B, 197 * 14% of vehicle, p < 0.05, n = 3) but not with
PSD-95 (99 * 16%, p = 0.96, n = 3) after o-1R activation.
Because PSD-95 binds directly to GluN2 subunits (Kornau et
al.,, 1995), we investigated whether the increased interaction ob-
served between o-1Rs and GluN2 subunits after SKF administra-
tion could affect PSD-95 binding to GluN2 subunits. To do this,
we immunoprecipitated PSD-95 and probed with antibodies
against the GluN2 subunits after administration of vehicle or
SKF. No change could be detected in the interaction between
PSD-95 and GluN2A after SKF administration (Fig. 6 E,F: 114 =
18% of vehicle, p = 0.74, n = 4), suggesting that binding of o-1Rs
to GIuN2A occurs without affecting the binding of PSD-95 to
GluN2A. However, a significant decrease in the amount of
GluN2B bound to PSD-95 was observed after SKF administration

(Fig. 6F: 50 % 4.1% of vehicle, p < 0.05, n = 4). Together, our
Co-IP experiments indicate that there is an increased complex
formation between GluN2 subunits and o-1Rs after SKF admin-
istration and that o-1R activation disrupts the association be-
tween GluN2B and PSD-95.

o-1R activation leads to the redistribution of GIuN2A,
GluN2B, and PSD-95 between intracellular compartments
Because o-1Rs are involved in translocation of proteins (Morin-
Surun etal., 1999; Kourrich et al., 2013), they may facilitate trans-
port of NMDARs to the plasma membrane. Thus, we would
expect an increase in GluN2 subunit expression in transport ves-
icles and/or postsynaptic membranes after SKF administration.
To test this hypothesis, three-step discontinuous sucrose
gradient centrifugation experiments were performed on LP1
fractions to elucidate the subcellular localization and move-
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After SKF administration, GIuN2A
and GluN2B protein levels were signifi-
cantly enhanced in VF (Fig. 7CD:
GIuN2A, 162 = 24%; GIluN2B, 174 *=
13% of vehicle, p < 0.05, n = 5) but were
unaltered in SMF after SKF administra-
tion (GluN2A, 97 = 11%, p = 0.94;
GluN2B, 120 £ 9.0% of vehicle, p = 0.25,
n =5). The levels of PSD-95 were signifi-
cantly increased in both VF and SMF (Fig.
7E: 156.5 = 12% and 143 £ 10% of vehi-
cle respectively, p < 0.05, n = 5). Further-
more, there was a significant decrease in
the levels of all three proteins in the PF
after SKF administration (Fig. 7C-E:
GIuN2A, 78 £ 11%; GluN2B, 51 = 19%;
PSD-95, 52 £ 6.8% of vehicle, p < 0.05,
n = 5), suggesting that there is movement
of these proteins out of subcellular organ-
elles. Thus, o-1R activation leads to an in-
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crease in GluN2A, GIuN2B, and PSD-95
protein levels in vesicles, along with an in-
crease in PSD-95 in the SMF. This in-
crease is likely attributable to an enhanced
export of newly synthesized proteins after
200 SKF treatment, although possible contri-
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mean = SEM of at least five animals. *p << 0.05.

ment of GluN2 subunits and PSD-95 after o-1R activation
(Fig. 7A). The VF is enriched at the 0.8 and 1.0 M sucrose
interface and contains transporter vesicles, whereas the SMF is
enriched at the 1.0 and 1.2 M sucrose interface and contains
synaptic membranes. The PF contains intracellular organelles,
such as ER and mitochondria (Blackstone et al., 1992). To
verify the purity of our fractions, we probed for proteins that
act as markers for particular fractions. Figure 7B shows that
flotillin was enriched in VF and SMF fractions (Nebl et al.,
2002), whereas calnexin was only present in the PF as expected
(Villa et al., 1992). Clathrin was enriched in VF and SMF but
not PF (Fig. 7B), again expected given its role in receptor
endocytosis (Sato et al., 1995). In contrast, the ER-resident
protein BiP was not present in the VF (Fig. 7B) but was present
in the SMF and PF (Gardner et al., 2013). The nuclear resident
protein CREB (Platenik et al., 2005) was not detected in any of
our sucrose gradient fractions (Fig. 7B).
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Anincrease in surface levels of NMDARs was observed after administration of SKF. A, Representative WB of B-actinin
the whole homogenate (Total) and the biotinylated (Surface) fractions showing a marked reduction in band intensity in the surface
fraction, typical of an intracellular protein. B, There was an upregulation in surface levels of NMDAR subunits after SKF injection
compared with vehicle (Veh). C, This effect was blocked after pretreatment with the o-1R antagonist BD1063 (BD). Bar graphs are

butions from degradation or endocytotic
vesicles cannot be ruled out.
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o-1R activation leads to an increase in
surface levels of NMDARs

Thus far, we have demonstrated that o-1R
activation leads to increased protein syn-
thesis and trafficking of GIuN2 subunits.
One obvious question is whether these
subunits can be inserted in the plasma
membrane, thereby resulting in an in-
crease in NMDAR surface expression. To
address this, we performed surface bioti-
nylation experiments after an intraperito-
neal injection of vehicle or SKF. Figure 8A
shows a representative blot of B-actin in-
tensity in total and surface fractions after
vehicle or SKF injection, demonstrating
that our protocol enables us to detect
changes in surface protein levels with no
significant contamination from intracellular proteins (e.g.,
B-actin). We also probed for GlyRs and observed no change in
surface levels after SKF administration (Fig. 8B). A significant
increase in surface GluN2A (242 * 20% of vehicle, p < 0.05, n =
3) and GluN2B (289 * 21% of vehicle, p < 0.05, n = 3) subunit
expression could be detected after injection of SKF (Fig. 8B).
Interestingly, the levels of surface GluN1 subunits also increased
after o-1R activation (129 = 3.8% of vehicle, p < 0.05,n = 3). As
a control, the surface expression levels of AMPARs showed no
change after SKF treatment (GluA1, 125 * 14%, p = 0.30; GluA2,
116 £ 15%, p = 0.42; GluA2/3/4, 117 = 19% of vehicle, p = 0.27,
n=3~8).

To demonstrate that this effect was mediated via o-1R activa-
tion, we repeated the experiments in the presence of a o-1R
antagonist. Chronic administration of BD1063 had no effect on
NMDAR subunit surface expression in and of itself (Fig. 8C:
GluN1, 93 * 11%, p = 0.86; GluN2A, 98.5 = 3.47%, p = 0.33;
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GluN2B, 98 = 2.7%, p = 0.09 of vehicle
n = 4). Administration of BD1063 com-
pletely abolished the SKF-induced in-
crease in surface expression of NMDAR
subunits (Fig. 8C: GluN1, 95 * 11.4%,
p = 0.64; GluN2A, 103 = 11.2%, p = 0.55;
GluN2B, 106 * 15.3% of vehicle, p =
0.90, n = 4). As expected, there was no
effect on the surface expression of GluA1
subunit with BD1063 alone (98 =+ 8.7% of
vehicle, p = 0.68, n = 4) or in combina-
tion with SKF (106 = 11% of vehicle, p =
0.72, n = 4). This shows that activation of
o-1Rsleads to an insertion of NMDARs in
the plasma membrane.

~
s

Discussion

The data presented in this study (summa-
rized in Fig. 9) demonstrate that o-1R ac-
tivation leads to an increase in de novo
protein synthesis of GluN2A, GluN2B,
and PSD-95 (Figs. 1-5). After o-1R acti-
vation, we also observe an enhanced inter-
action between o-1Rs and NMDARs (Fig.
6) and an intracellular redistribution of
GluN2 subunits and PSD-95 (Fig. 7). In
addition, activation of o-1Rs leads to a in-
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crease in NMDARs at the plasma mem-

brane (Fig. 8). These results provide S‘@ S, Pz, PIRE
insight into how o-1Rs may influence

NMDAR expression and trafficking in

hippocampal neurons. PSD-95 ‘ ER/MAM

Interestingly, o-1R activation did not
alter the expression level of GluN1 sub-
units (Fig. 2). One explanation for this is
that the availability of GluN2 subunits
may be the limiting factor for the assem-
bly of stable NMDARs and that GluN1
subunit expression is regulated by differ-
ent mechanisms. In agreement with this
hypothesis, previous work in cultured neurons reveals that the
majority of GluN1 subunits reside in an intracellular pool with
rapid turnover and that this pool is not associated with GluN2
subunits (Huh and Wenthold, 1999). When GluN1 subunits as-
sociate with GluN2 subunits, the resulting complex is efficiently
trafficked to the plasma membrane (McIlhinney et al., 1996; Huh
and Wenthold, 1999).

Because 0-1Rs have a well established role as an inter-
organelle signaling modulator (Su et al., 2010), they may aid
trafficking of NMDARs to the plasma membrane. A prediction
arising from this hypothesis is that o-1Rs and NMDARs may
form a macromolecular complex and that o-1R agonists should
be able to modulate this interaction. Indeed, the results obtained
from our Co-IP experiments reveal that there is an interaction
between o-1Rs and the GIuN2 subunits, which is enhanced after
o-1R activation (Fig. 6). Direct interactions between o-1Rs and
NMDARs have also been observed in a recombinant system
(Balasuriya et al., 2013). However, there appears to be a discrep-
ancy with regards to the locus of o-1R binding. Our data suggest
that o-1Rs bind directly to GluN2 subunits (Fig. 6), whereas
direct binding of 0-1Rs to GluN1 subunits is observed in recom-
binant cells (Balasuriya et al., 2013). Because it is well established
that NMDARSs are tetramers composed of two GluN1 and two

Figure9.

o-1Rs

Proposed model of NMDAR modulation after o~ 1R activation. Schematic diagram showing a proposed mechanism by
which activation of o-1Rs leads to an increase in plasma membrane NMDARs. Solid red arrows represent an increase in NMDAR
expression, and the dashed arrows represent potential trafficking events.

GluN2 subunits with a 1-2-1-2 stoichiometry (Salussolia et al.,
2011; Karakas and Furukawa, 2014; Lee et al., 2014), we cannot
rule out the possibility that, in our Co-IP experiments, o-1Rs are
directly binding to the GluN1 subunit and we are detecting this
interaction when probing for GluN2 subunits.

One intriguing result from our Co-IP experiments was a de-
crease in interaction between GluN2B and PSD-95 after o-1R
activation (Fig. 6 E,F). Because GluN2A and GluN2B have pre-
ferred associations with PSD-95 and synapse-associated protein
102 (SAP102), respectively (Sans et al., 2000), we speculate that
o-1Rs may further segregate these subunits during trafficking.
Because PSD-95 is preferentially expressed at the postsynaptic
density whereas SAP102 is more evenly distributed (for review,
see Sanz-Clemente et al., 2013), disruption of the GluN2B/PSD-95
association after o-1R activation may promote preferential traffick-
ing of GluN2B-containing NMDAR:s to extrasynaptic sites.

Previous work suggests that o-1Rs interact with ligand-gated
ion channels before exiting the Golgi (Crottes et al., 2011;
Balasuriya et al., 2013). Because o-1Rs are located at the interface
between the ER and the mitochondria-associated ER membrane
(MAM; Hayashi and Su, 2007), the obvious locus of interaction
between o-1Rs and NMDARs could be at the ER or Golgi. If
o-1Rs are acting as trafficking scaffolds to facilitate export of
NMDARs, we hypothesize that a redistribution of NMDARs
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should be observed after o-1R activation. To reflect movement of
NMDARs from the ER to the plasma membrane, we would ex-
pectto observe a decrease in the NMDAR content of the PF, along
with a concomitant increase in the VF and/or SMF. Consistent
with this hypothesis, there is a decrease in protein expression in
PF for both GluN2 subunits and PSD-95 after SKF administra-
tion (Fig. 7), suggesting that o-1Rs could act as a scaffold in
transport out of the ER/MAM compartment (Hayashi and Su,
2007; Kourrich et al., 2013).

As expected, GluN2A, GluN2B, and PSD-95 were all signifi-
cantly increased in VF after SKF injection (Fig. 7). Previous re-
ports have demonstrated that the GluN2B subunit is transported
in exocytotic vesicles as large protein complexes containing
PSD-95 (Guillaud et al., 2003; Standley et al., 2012). This suggests
that the increase in VF may reflect an increase in GluN2 subunit
and PSD-95 trafficking to the plasma membrane. Studies show-
ing sorting of o-1Rs to exocytotic vesicles after administration of
o-1R agonists (Hayashi and Su, 2003; Kourrich et al., 2012) pro-
vide some evidence to support this hypothesis. However, an in-
crease in VF could also be attributable to an increase in vesicles
containing GluN2 subunits/PSD-95 for recycling. In this regard,
additional experiments are required to fully resolve the subcellu-
lar dynamics of GluN2 subunits after o-1R activation.

The o-1R-mediated increase in NMDAR levels at the plasma
membrane that we observe (Fig. 8) may have wide-ranging func-
tional consequences given that NMDARs are implicated in an array
of physiological (e.g., synaptic plasticity) and pathological (e.g., ex-
citotoxicity) functions. Further understanding the relationship be-
tween o-1R activation and NMDAR physiology will provide exciting
new avenues for therapeutics in an array of CNS disorders.
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