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Abstract: In this study, we characterize biophysical changes in NMDA receptor function in response
to brief non-injurious ischemic stress (ischemic preconditioning). Electrophysiological studies show
NMDA receptor function is reduced following preconditioning in cultured rat cortical neurons. This
functional change is not due to changes in the reversal potential of the receptor, but an increase in
desensitization. We performed concentration–response analysis of NMDA-evoked currents, and
demonstrate that preconditioned neurons show a reduced potency of NMDA to evoke currents, an
increase in Mg2+ sensitivity, but no change in glycine sensitivity. Antagonists studies show a reduced
inhibition of GluN2B antagonists that have an allosteric mode of action (ifenprodil and R-25-6981), but
competitive antagonists at the GluR2A and 2B receptor (NVP-AMM077 and conantokin-G) appear to
have similar potency to block currents. Biochemical studies show a reduction in membrane surface
GluN2B subunits, and an increased co-immunoprecipitation of GluN2A with GluN2B subunits,
suggestive of tri-heteromeric receptor formation. Finally, we show that blocking actin remodeling
with jasplakinolide, a mechanism of rapid ischemic tolerance, prevents NMDA receptor functional
changes and co-immunoprecipitation of GluN2A and 2B subunits. Together, this study shows that
alterations in NMDA receptor function following preconditioning ischemia are associated with
neuroprotection in rapid ischemic tolerance.

Keywords: NMDA receptor; ischemic preconditioning; ischemic tolerance; oxygen and glucose deprivation

1. Introduction

N-methyl-D-aspartate (NMDA) receptors have a dichotomous nature, being both
pivotal to synaptic plasticity [1] and a significant mediator of neurotoxicity following acute
brain injury, such as strokes [2,3]. NMDAR antagonists are shown to be neuroprotective
in multiple ischemia studies in vivo [4,5] and in vitro [6,7], however, their unfavorable
toxicity profiles [8] render their use for clinical therapy challenging. Disruption of the
physiological functions of NMDA receptors by such NMDA antagonists may contribute to
the side effects that outweigh their neuroprotective benefits [9,10]. Therefore, searching for
alternative mechanisms of reducing neuropathological NMDAR-mediated neurotoxicity,
without disrupting physiological NMDA function, is of particular clinical interest.

The NMDA receptor is a tetramer comprised of two GluN1 subunits (glycine bind-
ing) and two NR2 subunits (glutamate binding). The pharmacological sensitivity and
biophysical properties of Mg2+ sensitivity and the decay half-life of NMDA receptors are
GluN2-subunit-dependent [11]. Four genes encoding NR2 subunits have been reported.
Many studies of NMDA receptor function focus on the role of GluN2A and GluN2B
di-tetrameric receptors as synaptic/physiological, or extrasynaptic/pathophysiological,
respectively [12–15]. However, this model may be over simplistic, given that mature adult
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synapses contain functional GluN2B subunits, and recent evidence suggests adult synapses
contain tri-heteromeric NMDA receptors (consisting of two NR1/GluN2A/GluN2B) [16].
Electrophysiological studies give further support to the significance of tri-heteromeric
NMDA receptors [17,18], yet little is known about their role in pathophysiological events.

We recently reported a change in NMDA receptor function following preconditioning
ischemia (a brief ischemic stress that results in neuroprotection 1 h later). NMDA receptor
currents and NMDA-mediated neurotoxicity are reduced following preconditioning, due
to ubiquitin–proteasome-mediated cytoskeleton remodeling [19,20]. Here, we perform a
more thorough biophysiological characterization of NMDA receptor function in ischemic
tolerant neurons, and suggest a potential role for tri-heteromeric NMDA receptors in the
neuronal response to ischemic preconditioning.

2. Materials and Methods
2.1. Cell Culture

Cultures of primary cortical neurons were prepared according to the previously de-
scribed techniques from 1 day old Sprague Dawley rat pups (either sex) [19]. All exper-
iments were performed in accordance with American animal protection legislation and
approved by the Morehouse School of Medicine Institutional Animal Care and Use Com-
mittee. Neurons were grown for 10–14 d in culture before experiments, when cultures
consisted of 80–90% neurons based on NeuN staining results. For ischemia modeling,
we performed oxygen and glucose deprivation (OGD). Cells were washed twice in PBS
(0.5 mM CaCl2, 1 mM MgCl2; pH 7.4) and then incubated for 30 min in an anaerobic
chamber (Forma Scientific, Marietta, OH) (85% N2, 5% H2, 10% CO2) in PBS at 37 ◦C. After
ischemia, cells were replenished with Neurobasal A media and placed into a normoxic
incubator to recover for 1 h.

2.2. Electrophysiology

Patch clamp recordings were performed as described previously [19]. All recordings
were performed on neurons 10–14 d in culture, and OGD-treated cells were recorded
1h following recovery. NMDA, ifenprodil, and RO 25-6981 were from Tocris Bioscience
(Ellisville, MO, USA). NVP-AAM077 was a kind gift from Novartis. Other reagents were
from Sigma-Aldrich (St. Louis, MO, USA). For whole-cell recordings, the intracellular
solution contained 140 mM CsF, 2.0 mM MgCl2, 1.0 mM CaCl2, 10 mM HEPES, 11 mM
EGTA, 4 mM Mg-ATP, and 2 mM tetraethylammonium chloride (TEA-Cl) (pH 7.25–7.35,
300–310 mOsm). The extracellular solution contained 150 mM NaCl, 5.4 mM KCl, 2.0 mM
CaCl2, 10 mM HEPES, and 10 mM glucose (pH 7.3–7.4, 325–335 mOsM). Unless otherwise
specified, 1 µM tetrodotoxin and 3 µM glycine were added into all extracellular solutions.
Patch electrodes were constructed from thin-walled borosilicate glass (1.5 mm diameter,
World Precision Instruments, Sarasota, FL, USA) and the resistances of the electrodes were
2–4 MΩ when filled with intracellular solution. Cells were held at −60 mV, and NMDA
currents were elicited by the rapid perfusion of extracellular solutions containing 100 µM
NMDA, except in the NMDA concentration–response study, where the concentration of
NMDA was specified per the experiment design (1–1000 µM). A multi-barrel perfusion
system (ALA Scientific Instruments, Farmingdale, NY, USA) was used to achieve a rapid
exchange of extracellular solutions. Whole-cell currents were recorded using Axopatch 200B
amplifiers (Axon Instruments, Baltimore, MD, USA), and data were filtered at 2 kHz and
digitized at 5 Hz using a Digidata 1320 DAC unit (Axon Instruments). On-line acquisition
was performed using pCLAMP software (version 10, Axon Instruments). For each cell,
a voltage step of −5 mV from the holding potential was applied to monitor the cell
capacitance and access resistance. Recordings with an access resistance larger than 15 MΩ
were excluded from data analysis.
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2.3. Biotinylation Assay and Streptavidin-Pulldown

Biotinylation assays were performed using the EZ-Link Micro Sulfo-NHS-SS-
Biotinylation Kit per manufacturer’s directions (Thermo Scientific, Bohemia, NY, USA).
Briefly, for NMDA receptor internalization, cells were incubated with EZ-Link Micro Sulfo-
NHS-SS-Biotin for 15 min. The cells then were washed with PBS, subjected to either 30 min
OGD or sham OGD, and recovered for 1 h. Cells were washed twice with 100 mM ice-cold
2-mercaptoethanesulfonic acid (MESNA) on ice before harvesting. For external NMDA
receptor labeling, cells were subjected to either 30 min OGD or sham OGD before they were
labeled with EZ-Link Sulfo-NHS-LC-Biotin for 15 min in ice. The cells were then washed
twice with PBS on ice and harvested. Cells were lysed and incubated with streptavidin
agarose resin (Thermo Scientific) for 1 h at room temp. Lysates were washed 3 times with
PBS NP40 (0.1%) and processed for immunoblotting.

2.4. Immunoprecipitation

Immunoprecipitation (IP) assays were performed on neurons at 12 d in culture.
MagnaBind protein A magnetic beads (Thermo Scientific) were washed with PBS con-
taining 0.1% Tween 20 using Magna GrIP Rack (Thermo Scientific) before prebinding to
capture antibodies (5 µg) for 30 min at room temp. The beads were washed again 3 times
before incubating with cell lysates (500 µg) overnight at 4 ◦C. Precipitated proteins were
washed, eluted by boiling in gel-loading buffer, then subject to PAGE for immunoblotting.

2.5. Immunoblotting

Immunoblotting was performed as previously described [19]. Protein samples (50 µg)
were denatured, subjected to PAGE, and transferred to polyvinylidene difluoride mem-
branes (Bio-Rad, Hercules, CA, USA). Membranes were incubated with primary anti-
bodies to GluN1 (BD Biosciences, Cayey, Puerto Rico), GluN2A (Sigma), or GluN2B (BD
Biosciences) at 4 ◦C overnight, and then anti-rabbit or anti-mouse IgG conjugated to
horseradish peroxidase (Cell Signaling Technology) for 2 h at room temperature. Chemilu-
minescence (Visualizer Millipore, Charlottesville, VA, USA) was captured and quantified
using a Kodak Imagestation 4000 MM.

2.6. Data Analysis

Data are reported as mean ± SEM. Statistical analyses were performed using one
way ANOVA or two-way ANOVA, followed by Bonferroni’s multiple comparison test
using GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA, USA). All elec-
trophysiology data were recorded on 3–5 independent cultures. To calculate NMDA and
glycine potency, the following equation was used for curve fitting to calculate the EC50:
I = Imax/[I + (EC50/[concentration])nH] where nH is the empirical Hill coefficient and [concentration]
represents the concentration of agonist in ECF. IC50 of Mg2+ inhibition was calculated by fitting
the Mg2+ concentration–response curves with the equation I = Imax [1 − 1/(1 + IC50)nH], where
Imax is the maxim current recorded with 3 µM glycine and nH is the empirical Hill coefficient.
Curve fitting was performed in Sigma plot. Comparisons on NMDA current density, shift of
NMDA reverse potential, and Ca2+ permeability ratio were performed with paired Student’s
t-test. pEC50 and pIC50 values for NMDA potency, glycine potency, and Mg2+ blockage were
analyzed with unpaired Student’s t-test (two-tailed).

3. Results
3.1. Biophysical Analysis Reveals Decreased Potency of NMDA following Preconditioning

Our previous studies show NMDA-mediated peak currents are reduced in neuronal
cells one hour after a preconditioning ischemic stress (30 min OGD) [19]. We performed
whole-cell patch recordings in response to 100 µM NMDA from 14 DIV neurons subjected
to sham OGD or 30 min OGD and recovered for one hour (Figure 1a). Both peak currents
(Ipeak) and steady state currents (Iss) are significantly reduced in preconditioned neurons, by
approximately 60% (Figure 1b,c). The NMDA-evoked current density (current normalized
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to cell capacitance) is also reduced in preconditioned neurons. Compared to control,
following preconditioning OGD, the current density of NMDA-evoked Ipeak is reduced by
60% (50.5 ± 5.8 pA/pF vs. 23.3 ± 2.4 pA/pF, n = 16, 14, p = 0.0001) (Figure 1c). Likewise, the
current density of the steady-state current (Iss) is also reduced following preconditioning
ischemia (29.1 ± 3.0 pA/pF vs. 15.5 ± 1.31 pA/pF, n = 16,14, p = 0.0001).

We further investigated biophysical parameters with respect to the NMDA response.
The current–voltage (I–V) relationship of the NMDA receptors in control and PC-treated
neurons was assessed by plotting the 100 µM NMDA-evoked Iss as a function of membrane
potentials in the absence of Mg2+ (Figure 1e,f). In both control and preconditioned cells,
the I–V responses are linear and reverse near 0 mV. The major difference between the
response is the lower slope in the preconditioned cells (Figure 1f). We analyzed the
desensitization time constant of the 100 µM NMDA-evoked currents, by fitting the current
response to a monoexponential equation (see Methods). Analysis of our data shows a
decrease in decay constant tau from 1979 ± 485 ms in control cells to 748 ± 122 ms in cells
subjected to preconditioning ischemia (p = 0.0345) (Figure 1d). These data suggest that the
desensitization of NMDA-elicited currents in preconditioned cells is faster compared to
control cells.

As a control, we examined the general excitability of the neurons following precondi-
tioning ischemia, by measuring voltage-dependent Na+ currents using recording media
containing no tetrodotoxin (TTX), and stepping the membrane potential from −60 mV
to +30 mV (10 mV steps). The largest peak Na+ currents are recorded at −30 mV in both
groups of neurons (Figure 1g). There is no difference in the current density between control
and PC-treated cells (19.2 ± 6.1 pA/pF (n = 6) and 19.3 ± 5.3 pA/pF (n = 9), respectively,
p = 0.99, 2-tail Student’s t-test) (Figure 1h). We found no evidence suggesting changes
in the membrane integrity, such as increased leak currents (not shown). Together, these
data suggest that NMDA responses in preconditioned neurons are reduced (due to smaller
current amplitude and quicker desensitization to NMDA), but that the general excitability
of neurons one hour following preconditioning ischemia is unchanged.

3.2. NMDA Receptors Show Increased Sensitivity to Mg2+, but Not Glycine, following
Ischemic Preconditioning

We further examined the biophysical properties of the receptors mediating the re-
sponse to NMDA. A concentration–response curve was generated to determine whether
the change in response to NMDA is due to a change in potency of NMDA for the receptor
(s) (Figure 2a). The calculated NMDA EC50 of the control neurons is 24.75 ± 6.2 µM,
(r2 = 0.99), and in ischemia-treated neurons it increases to 62.74 ± 13.6 µM (r2 = 0.99)
(Student’s t-test performed on pEC50, values p = 0.0070, Figure 2b). These data suggest a
significant decrease in NMDA potency for its receptors following preconditioning ischemia.

NMDA receptors require the simultaneous binding of glycine to GluN1 and glutamate
to GluN2 for activation [21]. In our standard experimental setting, the NMDA was co-
applied with 3 µM of glycine, which is reported as a near-saturating concentration in
cultured neurons [22,23]. We assessed the response of receptors to varying concentrations of
glycine (0.01–10 µM) (Figure 2c). The calculated glycine EC50 between control and ischemia-
treated neurons are not significantly different (707.7 ± 138.6 nM vs. 836.3 ± 143.9.8 nM,
respectively. Student’s t-test on pEC50 values, p = 0.567). The Hill coefficients are also
similar in control (1.87 ± 0.24) and preconditioned neurons (1.45 ± 0.16; p = 0.74) (Figure 2d).
Hence, our results do not suggest any significant changes in glycine potency on NMDA
receptors following ischemic preconditioning.
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Figure 1. Ischemia preconditioning induces NMDA current reduction in cultured cortical neurons.
(a) Primary cultured cortical neurons of 10–14 DIV were treated with either 30 min OGD or sham
OGD followed by 1 h of recovery in normoxic incubator before they were used for whole-cell
recording. (b) Representative traces of whole-cell currents evoked with 100 µM NMDA in control
and PC neurons. Neurons were held at −60 mV and currents were recorded in ECF containing
1 µM TTX and 3 µM Gly. (c) The current densities of NMDA-evoked currents in control neurons
calculated from peak currents (Ipeak) and steady-state current (Iss). Data shown are mean ± sem,
*** denotes p < 0.001, Student’s 2-tail t-test. (d) Desensitization time constants in presence of 100 µM
NMDA were analyzed by exponentially fitting the bottom portion of the currents shown in B. Data
shown are mean ± sem, n = 13 in control and 10 in PC neurons (* p < 0.05 Student’s 2-tail t-test).
(e,f) The I–V relationship of NMDA-evoked currents with exemplary traces in control and PC neurons.
In both groups, a linear I–V relationship (calculated from Iss) is found, and the reverse potentials
in both groups are around 0 mV (2.9 and −2.34 Mv). Data shown are mean ± sem; n = 10. (g,h) In
a subset of neurons, TTX was omitted from ECF and a 10 mV voltage step protocol from −60 to
+30 mV was applied to elicit voltage-evoked Na+ currents. The exemplary traces shown are elicited
at −30 mV. Data shown are mean ± sem, n = 6 and 9. No statistical difference is found (p = 0.99, 2-tail
Student’s t-test).
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Figure 2. Ischemia-preconditioned neurons show decreased sensitivity to NMDA, unchanged re-
sponse to Gly, and increased sensitivity to Mg2+ block. (a) Whole-cell recording was performed
at −60 mV with 1 µM TTX and 3 µM Gly present. NMDA currents were evoked with 1–1000 µM
NMDA (black line) in control and PC neurons. (b) The concentration–response relationship of
NMDA-evoked currents was obtained by fitting correspondent Iss with Hill equation. Inserts shown
are mean ± sem of pEC50 values generated from individual fittings from 10 control and 13 PC neurons
(** denotes p < 0.01, unpaired Student’s 2-tail t-test). (c) Gly sensitivity determined by applying
10–10,000 nM of Gly (grey line) with 100 µM NMDA (black line) on control and PC-treated neurons.
Cells were bathed in ECF containing 1 µM TTX, but no Gly. (d) The concentration–response rela-
tionship of Gly-dependent currents in control and PC neurons. Insert: pEC50 values generated from
individual fittings to Iss from 10 control and 8 PC neurons. No statistical significance is found (data
are mean ± sem; p > 0.05, unpaired Student’s 2-tail t-test). (e) The Mg2+ blockage to NMDA currents
was assessed by applying 0.01−3 mM of Mg2+ (grey bar) in the middle of NMDA application (black
line) in control and PC neurons. (f) The concentration–response relationship was calculated by fitting
the Iss values with Hill equation. Insert: pIC50 calculated from individual fittings of control and
PC-treated neurons (*** denotes p < 0.001, unpaired Student’s 2-tail t-test).
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NMDA receptors are unique in their voltage-dependent blockage by extracellular
Mg2+ [11], which is known to be directly related to the severity of excitotoxicity during
ischemia [24]. To assess changes in Mg2+ sensitivity of receptors, we co-applied 100 µM
NMDA and 3 µM glycine with 10–3000 µM of Mg2+ to generate Mg2+ concentration–
response curves using a holding potential of −60 mV (Figure 2e). Compared to control
neurons, we observe a left-shift of the Mg2+ concentration–response curve following precon-
ditioning ischemia (Figure 2f) (Mg2+ IC50 = 581.5 ± 22.9 µM for control and 145.6 ± 13.5 µM
for PC neurons, respectively, Student’s t-test on pIC50 values p = 0.0001) (Hill coefficients
are not significantly different) (Figure 2f). These data suggest a significant increase in
NMDA receptors to Mg2+ blockage following preconditioning ischemia.

3.3. Reduction in GluN2B Membrane Localization and Functional Responses in Neurons Subjected
to Ischemic Preconditioning

The reduction in NMDA-elicited currents (Figure 1b–d) following ischemic precondi-
tioning suggests a loss of membrane-localized NMDA receptors. The surface localization
of NMDA receptors in control and ischemia-treated neurons was identified by biotiny-
lation assay [25]. Surface proteins were cross-linked with biotin, followed by strepta-
vidin pull-down, then blotted with specific antibodies to GluN1, GluN2A, and GluN2B
(Figure 3a). We observe no significant changes in membrane-located GluN1 subunits fol-
lowing ischemic preconditioning (p > 0.05, n = 3). A small, but non-significant, increase
in GluN2A external/internal ratio is observed following preconditioning ischemia. In
contrast, following preconditioning ischemia, a significant decrease in the GluN2B exter-
nal/internal ratio is evident (p = 0.0206, n = 3) (Figure 3b,c). The results indicate that
one hour following ischemic preconditioning GluN2B, but not GluN2A subunits, may be
removed from the cellular membrane.

The potential role of GluN2B was assessed using ifenprodil, a non-competitive GluN2B
antagonist [26]. NMDA (100 µM) currents are reduced by 76.5% in control cells, but only
49.2% in preconditioned neurons (Figure 3d,e) (Control: 42.5 ± 6.1 pA/pF to
10.8 ± 3.8 pA/pF (76.5% ± 5% inhibition); PC-treated: 22.0 ± 3.1 pA/pF to
11.7 ± 1.8 pA/pF, a 49.2 ± 2.9% inhibition); p = 0.0001). This suggests a loss in potency
of ifenprodil to block GluN2B-mediated responses in preconditioned neurons. We ob-
serve a similar loss in inhibition of NMDA-evoked currents in preconditioned neurons
with a second non-competitive GluN2B antagonist, RO 25-6981 (Control: 59.6% ± 4% vs.
PC-treated: 40.3 ± 4.5%; p = 0.0054) (Figure 3f,g). We assessed a competitive, GluN2B-
selective antagonist, conantokin-G [27,28] (that also inhibits GluN1/GluN2A/GluN2B
tri-heteromeric NMDA receptors [29,30]). Conantokin-G (3 µM) is equally effective at
blocking NMDA-evoked currents in controls and PC-treated neurons (61.1% ± 7% inhibi-
tion vs. 64% ± 9.9% inhibition, respectively; p = 0.80) (Figure 3f,g). Therefore, following
preconditioning ischemic stress, there is no change in the blockade of NMDA-evoked
currents by conantokin-G. There is no significant change in the ability of a relatively selec-
tive GluN2A antagonist NVP-AAM0077 [31] (3 µM) to block NMDA-evoked currents in
preconditioned neurons (Control: 33.2 ± 2.1 pA/pF to 10.9 ± 1.8 pA/pF (70.2% ± 4% inhi-
bition); PC-treated 21.6 ± 1.6 pA/pF to 8.0 ± 1.8 pA/pF (75.2% ± 3% inhibition); p = 0.31)
(Figure 3d,e). Together, these data suggest preconditioned neurons are less sensitive to
non-competitive (allosteric) NMDA receptor antagonists, but not competitive antagonists.



Biomolecules 2022, 12, 1214 8 of 15

Figure 3. Change in membrane-located GluN2B, but not GluN1 and GluN2A subunits, and NMDA
receptor antagonist efficacy following ischemic preconditioning. (a) Schematic drawing of surface
protein biotinylation assay. The internal and external portions of cell lysate from control and PC
neurons were then purified by streptavidin immunoprecipitation, and the level of target proteins
were blotted with specific antibodies. (b) The externally and internally located GluN1, GluN2A,
and GluN2B subunits in control and PC neurons shown in Western blots. (c) The quantified ex-
ternal/internal ratios of the GluN1, 2A, and 2B subunits in control and PC neurons expressed as
a % of control values (data are mean ± sem; * p < 0.05. Student’s 2-tail t-test performed on raw
data). (d) NMDA current blockage with GluN2B antagonist ifenprodil and GluN2A antagonist
NVP-AAM077 in control and PC neurons. Cells were held at −60 mV, and NMDA currents were
evoked with 100 µM NMDA (black line). After currents stabilized, 3 µM ifenprodil (grey bar) or 3 µM
NVP-AAM077 was co-applied with NMDA. Cells were recovered by washing. In some cells, both
ifenprodil and NVP-AAM077 were tested. When NVP-AAM077 was given before ifenprodil, a longer
period of wash time was needed, and currents could recover to 70–90% of their initial levels. In all
experiments, the solutions contained 1mM TTX and 3 µM Gly. (e) Inhibition profile of NVP-AAM077
and ifenprodil in control and preconditioning-ischemia-treated cells. Inhibition was determined using
the formula (1-(Iantag/INMDA)). Data shown are mean ± sem (n) *** p < 0.001, 2-tail Student’s t-test.
(f) Representative traces of whole-cell currents elicited by 100 µM NMDA with 3 µM of conantokin-G,
which are compared with those that received 3 µM of RO25-6981 co-application in control and PC
neurons. (g) The percent of inhibition of current (1-(IAntag/INMDA)) calculated from Iss in control
and PC neurons in the presence of 3 µM conantokin-G and R0-25-6981. Data are mean ± sem (n)
** p < 0.01, 2-tail Student’s t-test.
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3.4. Evidence for Increased Formation of Tri-Heteromeric NMDA Receptors following
Ischemic Preconditioning

Recent studies show functional tri-heteromeric conformations of NMDA receptors
(NR1/GluN2A/GluN2B) to be present in mature brains [16,18]. We investigated the assem-
bly of NMDA receptors using GluN2A- and GluN2B-subunit-specific immunoprecipitation.
We show an increase in the immunoprecipitation of GluN2B when incubating lysates with
a GluN2A bait antibody following preconditioning ischemia (Figure 4a,b). We confirm
this observation by reversing the IP and using GluN2B antibodies as the bait in the IP
reaction (Figure 4a,b). Since we do not detect any significant decrease in the levels of
GluN1–GluN2A or GluN1–GluN2B-complexed proteins (Figure 4c,d), we conclude the in-
crease is not likely due to a separation of the GluN2A/GluN2B complex from the obligatory
GluN1 subunits.

Figure 4. Increase of tri-heteromeric NMDA receptors following ischemic preconditioning. Cultured
neurons of 12–13 DIV were treated with either sham OGD or 30 min OGD followed by 1 h recovery
in the normoxic incubator before they were used for immunoprecipitation assay. (a) Immunoblots
of cell lysates subjected to immunoprecipitation with GluN2A or GluN2B antibody. (b) Quantifi-
cation of data from 3 IP assays. Data were normalized to input and expressed as a ratio of control
IPs (mean ± sem). (c) Immunoblots of cells lysates subjected to immunoprecipitation with GluN1
antibody and blotted with antibodies specific to GluN2A and 2B. Similar levels of GluN2A and
2B are found in the control and PC neurons. (d) Quantified data from 3 independent assays show
that no significant change is found between the control and PC neurons in regard to either GluN2A
or GluN2B.

3.5. Stabilizing Actin Polymerization Partially Lessened the NMDA Current Reduction and
Blocked Formation of Tri-Heteromeric NMDAR in Preconditioned Neurons

The actin-mediated stability of the synaptic structure is closely related to the activity of
glutamate receptors [19,32]. Jasplakinolide prevents actin remodeling and rapid ischemic
tolerance following preconditioning ischemia [19]. Jasplakinolide blocks preconditioning-
induced reduction in NMDA-evoked peak and steady-state currents in neurons (p = 0.02
and p = 0.0001, respectively) (Figure 5A,B). Jasplakinolide incubation alone does not sig-
nificantly affect NMDA current densities in control cells (p > 0.05) (Figure 5A). Jasplakino-
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lide reduces the co-immunoprecipitation of the GluN2A–GluN2B complex in PC-treated
neurons (Figure 5C,D). Together, these data suggest that blocking changes in the actin
cytoskeleton following preconditioning ischemia prevents changes in NMDA receptor
function, and, consequently, rapid ischemic tolerance.

Figure 5. Actin stabilizer jasplakinolide partially alleviates the NMDA current reduction and reduces
the formation of tri-heteromeric NMDAR in preconditioned neurons. (A) Cortical neurons were
incubated with 3 µM of jasplakinolide for 1 h prior to the 30 min OGD or sham OGD. The whole-cell
currents from the jasplakinolide-treated cells (black traces) were compared to those recorded from
untreated cells from their sister cultures (grey graces). (B) Peak (Ipeak) and steady-state (Iss) current
densities from control (white) and preconditioned cells in the presence or absence of jasplakinolide.
Data shown are mean ± sem. n = 6 * denotes p < 0.05 vs. PC-only-treated cells *** denotes p < 0.001 vs.
PC-only-treated cells. (C) Control, or PC neurons with and without 3 µM of jasplakinolide incubation
were used in immunoprecipitation assay. Samples were immunoprecipitated with GluN1, GluN2A,
or GluN2B antibody, and blotted with GluN2A and GluN2B antibody (shown as IP antibody/blot
antibody). (D) Quantification of the blots in (C).

4. Discussion

Here, we reveal a novel mechanism by which NMDA-receptor-mediated signaling
is selectively attenuated following brief exposure to non-injurious ischemic stress that
induces an innate protective phenotype (aka preconditioning). Following a detailed char-
acterization of NMDA electrophysical properties in preconditioned neurons, we observe
a reduction in NMDA potency, an increased desensitization rate, and an increase in the
potency of Mg2+ to block the receptor. Inhibitor studies show a reduced inhibition of
NMDA-evoked current that is blocked by non-competitive antagonists, but no change in
competitive inhibition. We show a reduction in cell surface NMDA receptor GLuN2B sub-
units, and an increased co-immunoprecipitation of GluN2A with GluN2B subunits, which
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is consistent with the replacement of di-heteromeric GluN2B receptors with tri-heteromeric
GluN1/GluN2A/GluN2B receptors. The reduction in signaling through NMDA receptors
is mediated by dynamic changes in the actin cytoskeleton system. These transient struc-
tural changes in NMDA subunit composition result in neuroprotection to ischemia, and
represent a novel approach to regulating NMDA-receptor-medicated excitotoxicity during
harmful ischemia.

It is conventionally considered that the activation of GluN2B- vs. GluN2A-containing
NMDA receptors have deleterious and physiological effects, respectively. However, it
is not understood how the subunit complement of NMDA receptors change following
preconditioning ischemia. We demonstrate that the reduction in NMDA responses fol-
lowing ischemic preconditioning is associated with the functional loss of NMDA recep-
tors composing GluN2B subunits from the cell membrane, and an increased assembly
of GluN1/GluN2A/GluN2B tri-heteromeric NMDA receptors. The loss in function of
GluN2B-containing NMDA receptors is likely due to multiple factors. First, as shown in
our biotinylation study, ischemic preconditioning results in a rapid decrease in GluN2B
subunits in the neuronal cell membrane. This is probably due to increased subunit inter-
nalization and/or decreased membrane insertion following preconditioning. Consistent
with this hypothesis, our previous study shows GluN2B subunits rapidly detach from the
actin cytoskeleton following preconditioning ischemic stress [19]. Secondly, membrane-
located NMDA receptors show a reduced potency to NMDA, and increased desensitization
following ischemic preconditioning (Figure 1). As GluN2B-composing NMDA receptors
are largely associated with the extrasynaptic NMDA receptors [33], and related to harmful
outcomes during ischemia [13,14], a reduction in these receptors in the NMDA complex
may result in a decreased excitotoxicity during ischemia, while retaining the ability of the
NMDA receptor to perform physiological functions.

Conantokin-G (CGX-1007) is a snail venom peptide that competitively blocks GluN2B
subunit receptors [27,28,30,34,35], but not GluN2A-containing receptors (for exception,
see [36]). The effect of conantokin-G on tri-heteromeric receptors is more complex. Sev-
eral studies report a partial blockade of NR1/GluN2A/GluN2B-mediated currents by
conantokin-G [29,30,35], except for a recent study by Cheriyan et al. that reports conantokin-
G to be of very weak potency for such tri-heteromeric receptors (5% inhibition) [37]. One
potential reason for this observation is the use of a tri-heteromeric expression system,
whereby the C terminus domains contain C1 and C2 tags [37–39]. In our study, we do not
see any reduction in NMDA current inhibition in the presence of conantokin-G. Interest-
ingly, we also see no decrease in the inhibition of NMDA-mediated currents by a second
competitive NMDA receptor antagonist, NVP-AMM1077. NVP-AMM1077 was originally
described as a GluN2A-selective antagonist [40], but more receptor studies suggest its
selectivity is less than originally reported [31]. Although the selectivity of NVP-AMM1077
is modest when tested with glutamate as the agonist, greater selectivity is observed when
NMDA is used as the agonist [31]. It should be noted that we observe similar inhibition of
NMDA-mediated effects at 10, 3, and 0.1 µM in control neurons and following precondi-
tioning ischemia (TD personal communication: not shown). Our data are consistent with
previous studies showing a reduced inhibition of NMDA tri-heteromeric receptors by ifen-
prodil compared to di-heteromeric NMDA receptors containing GluN2B subunits [38,39].
Indeed, both non-competitive NMDA 2B receptor antagonists tested in our study show
reduced inhibitory effects following ischemic preconditioning (Figure 3). A potential role
for tri-heteromeric NMDA receptors is also supported by co-immunoprecipitation data
(Figure 3) and the change in GluN2B–GluN2A ratios on the cell surface. The exact role of
tri-heteromeric receptors in rapid ischemic tolerance will be unclear until a selective small
molecule inhibitor of this receptor is identified.

The exact biophysical properties of GluN1/GluN2A/GluN2B tri-heteromeric NMDA
receptors are still under investigation [17]. In our experimental setting, the NMDA EC50 of
the control neurons is 20.0 ± 2.8 µM, which is lower than that measured from exogenously
expressed recombinant rat NMDA receptors composed of GluR1/GluN2B (30 µM). In
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neurons receiving ischemic preconditioning, the EC50 increases 2.9-fold to 57.3 ± 9.6 µM,
which is lower than the EC50 values measured from exogenously expressed recombinant
rat NMDA receptors composed of GluR1/GluN2A (95 µM), but higher than the EC50 from
GluR1/GluN2B, GluR1/GluN2C (22 µM), and GluR1/GluN2D complexes (7.3 µM) [41].
Although it is challenging to draw firm conclusions based on the biophysical properties
of our recordings, due to the complexity of the neuronal system we used, the change in
EC50 does remain in line with our hypothesis that changes in NMDA receptor subunits
composition occur following ischemic preconditioning.

Different compositions of GluN2 and selective splicing of the GluN1 transcripts gener-
ate multiple receptor isoforms with distinct brain distributions and functional properties,
which contribute to their complex roles in both physiological [42,43] and pathological
function, including following ischemia [13,44,45]. In this study, we focused on the two
major subunits of NMDA receptors: GluN2A and 2B. It is yet unknown how other NMDA
receptor subunits, such as GluN3, are affected during ischemic preconditioning. The GluN3
subunits also provide glycine binding sites and co-expression of GluN3 with GluN1 and
GluN2 could result in a reduction in NMDA currents [46]. The loss of GluN3A subunits
containing NMDA receptors increases neuronal damage in cultured neurons following
ischemia [47]. Our data do not support a role of GluN3 following ischemic preconditioning,
because an unchanged glycine potency is observed following preconditioning ischemia [48].
However, we cannot rule out the possibility that the involvement of GluN3 may affect the
receptor assembly, such that resultant changes in EC50 are very limited, due to a limited
number of GluN1/GluN3 di-heteromers and/or GluN1/GluN2/GluN3 tri-heteromers
being added.

The Mg2+ sensitivity of NMDA responses increases following ischemic precondi-
tioning. If extracellular Mg2+ levels are not supra-maximal, an elevated Mg2+ sensitivity
enhances the blockade of NMDA-receptor-mediated responses, resulting in decreased exci-
totoxicity. The Mg2+ sensitivity of NMDA receptors can be decreased by post-translational
modification of the protein [49], and increased by structural changes [50]. As the binding
site for Mg2+ is located in the pore of the NMDA receptor, how this region is affected
by changes in subunits composition, such as from GluN1/GluN2A or GluN1/GluN2B
di-heteromers to GluN1/GluN2A/GluN2B tri-heteromers, or by intracellular signaling
events following preconditioning, is clearly worthy of further study.

Taken together, we provide evidence to support a potential role of functional GluN1/
GluN2A/GluN2B tri-heteromeric receptors in the response to brief non-injurious ischemic
stress. Ischemic preconditioning suppresses the excitotoxic NMDA effects [19], but CREB
signaling in response to NMDA is maintained (Meller personal communication). In ad-
dition to ischemia, NMDA-receptor-mediated excitotoxicity is thought to play a critical
role in many other CNS disorders, such as Alzheimer’s disease, Parkinson’s diseases,
and Huntington’s disease [11]. Therefore, the preconditioning-identified alterations in
NMDA receptor physiology may represent a broad mechanism, relevant to synaptic re-
modeling and neuronal protection, which could be applied to these neurological disorders
and diseases.

Author Contributions: R.M., T.L., M.X., Z.-G.X., and R.S. contributed to the study conception and
design. M.X., T.L., S.M., and A.P. performed the experimental work. M.X., T.L., and R.M. wrote the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by NIH R01 NS059588 and NSF 1956233 to R.M. and NIH
R01NS128018, NIH SC3 GM122593 to T.L. Institutional support at MSM was provided by NIH/NCRR/
RCMI Grant G12-RR03034 and U54 NS060659.

Institutional Review Board Statement: Animal experiments were performed in accordance with
the American animal protection legislation and approved by the Morehouse School of Medicine
Institutional Animal Care and Use Committee (protocol code 10-06 and date of approval 08/2010).



Biomolecules 2022, 12, 1214 13 of 15

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study available
from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no competing financial interests.

References
1. Hunt, D.L.; Castillo, P.E. Synaptic plasticity of NMDA receptors: Mechanisms and functional implications. Curr. Opin. Neurobiol.

2012, 22, 496–508. [CrossRef] [PubMed]
2. Gascon, S.; Sobrado, M.; Roda, J.M.; Rodriguez-Pena, A.; Diaz-Guerra, M. Excitotoxicity and focal cerebral ischemia induce

truncation of the NR2A and NR2B subunits of the NMDA receptor and cleavage of the scaffolding protein PSD-95. Mol. Psychiatry
2007, 13, 99–114. [CrossRef] [PubMed]

3. Simon, R.P.; Swan, J.H.; Griffiths, T.; Meldrum, B.S. Blockade of N-methyl-D-aspartate receptors may protect against ischemic
damage in the brain. Science 1984, 226, 850–852. [CrossRef] [PubMed]

4. Steinberg, G.K.; Saleh, J.; DeLaPaz, R.; Kunis, D.; Zarnegar, S.R. Pretreatment with the NMDA antagonist dextrorphan reduces
cerebral injury following transient focal ischemia in rabbits. Brain Res. 1989, 497, 382–386. [CrossRef]

5. Bullock, R.; Graham, D.I.; Chen, M.H.; Lowe, D.; McCulloch, J. Focal cerebral ischemia in the cat: Pretreatment with a competitive
NMDA receptor antagonist, D-CPP-ene. J. Cereb. Blood Flow. Metab. 1990, 10, 668–674. [CrossRef]

6. Boireau, A.; Malgouris, C.; Burgevin, M.C.; Peny, C.; Durand, G.; Bordier, F.; Meunier, M.; Miquet, J.M.; Daniel, M.;
Chevet, T.; et al. Neuroprotective effects of RPR 104632, a novel antagonist at the glycine site of the NMDA receptor, in vitro. Eur.
J. Pharmacol. 1996, 300, 237–246. [CrossRef]

7. Ripley, T.L.; Little, H.J. Ethanol withdrawal hyperexcitability in vitro is selectively decreased by a competitive NMDA receptor
antagonist. Brain Res. 1995, 699, 1–11. [CrossRef]

8. Ikonomidou, C.; Turski, L. Why did NMDA receptor antagonists fail clinical trials for stroke and traumatic brain injury? Lancet.
Neurol. 2002, 1, 383–386. [CrossRef]

9. Lai, T.W.; Shyu, W.C.; Wang, Y.T. Stroke intervention pathways: NMDA receptors and beyond. Trends Mol. Med. 2011, 17, 266–275.
[CrossRef]

10. Biegon, A.; Fry, P.A.; Paden, C.M.; Alexandrovich, A.; Tsenter, J.; Shohami, E. Dynamic changes in N-methyl-D-aspartate receptors
after closed head injury in mice: Implications for treatment of neurological and cognitive deficits. Proc. Nat. Acad. Sci. USA 2004,
101, 5117–5122. [CrossRef]

11. Traynelis, S.F.; Wollmuth, L.P.; McBain, C.J.; Menniti, F.S.; Vance, K.M.; Ogden, K.K.; Hansen, K.B.; Yuan, H.; Myers, S.J.;
Dingledine, R. Glutamate receptor ion channels: Structure, regulation, and function. Pharmacol. Rev. 2010, 62, 405–496. [CrossRef]
[PubMed]

12. Hardingham, G.E.; Bading, H. Synaptic versus extrasynaptic NMDA receptor signalling: Implications for neurodegenerative
disorders. Nat. Rev. Neurosci. 2010, 11, 682–696. [CrossRef] [PubMed]

13. Liu, Y.; Wong, T.P.; Aarts, M.; Rooyakkers, A.; Liu, L.; Lai, T.W.; Wu, D.C.; Lu, J.; Tymianski, M.; Craig, A.M.; et al. NMDA
receptor subunits have differential roles in mediating excitotoxic neuronal death both in vitro and in vivo. J. Neurosci. 2007, 27,
2846–2857. [CrossRef] [PubMed]

14. Hardingham, G.E.; Fukunaga, Y.; Bading, H. Extrasynaptic NMDARs oppose synaptic NMDARs by triggering CREB shut-off
and cell death pathways. Nat. Neurosci. 2002, 5, 405–414. [CrossRef] [PubMed]

15. Papadia, S.; Soriano, F.X.; Leveille, F.; Martel, M.A.; Dakin, K.A.; Hansen, H.H.; Kaindl, A.; Sifringer, M.; Fowler, J.;
Stefovska, V.; et al. Synaptic NMDA receptor activity boosts intrinsic antioxidant defenses. Nat. Neurosci. 2008, 11, 476–487.
[CrossRef] [PubMed]

16. Luo, J.; Wang, Y.; Yasuda, R.P.; Dunah, A.W.; Wolfe, B.B. The majority of N-methyl-D-aspartate receptor complexes in adult
rat cerebral cortex contain at least three different subunits (NR1/NR2A/NR2B). Mol. Pharmacol. 1997, 51, 79–86. [CrossRef]
[PubMed]

17. Tovar, K.R.; McGinley, M.J.; Westbrook, G.L. Triheteromeric NMDA receptors at hippocampal synapses. J. Neurosci. 2013, 33,
9150–9160. [CrossRef]

18. Rauner, C.; Kohr, G. Triheteromeric NR1/NR2A/NR2B receptors constitute the major N-methyl-D-aspartate receptor population
in adult hippocampal synapses. J. Biol. Chem. 2011, 286, 7558–7566. [CrossRef]

19. Meller, R.; Thompson, S.J.; Lusardi, T.A.; Ordonez, A.N.; Ashley, M.D.; Jessick, V.; Wang, W.; Torrey, D.J.; Henshall, D.C.;
Gafken, P.R.; et al. Ubiquitin proteasome-mediated synaptic reorganization: A novel mechanism underlying rapid ischemic
tolerance. J. Neurosci. 2008, 28, 50–59. [CrossRef]

20. Jessick, V.J.; Xie, M.; Pearson, A.N.; Torrey, D.J.; Ashley, M.D.; Thompson, S.; Meller, R. Investigating the role of the actin regulating
complex ARP2/3 in rapid ischemic tolerance induced neuro-protection. Int. J. Physiol. Pathophysiol. Pharmacol. 2013, 5, 216–227.

21. Kleckner, N.W.; Dingledine, R. Requirement for glycine in activation of NMDA-receptors expressed in Xenopus oocytes. Science
1988, 241, 835–837. [CrossRef] [PubMed]

http://doi.org/10.1016/j.conb.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22325859
http://doi.org/10.1038/sj.mp.4002017
http://www.ncbi.nlm.nih.gov/pubmed/17486105
http://doi.org/10.1126/science.6093256
http://www.ncbi.nlm.nih.gov/pubmed/6093256
http://doi.org/10.1016/0006-8993(89)90285-0
http://doi.org/10.1038/jcbfm.1990.120
http://doi.org/10.1016/0014-2999(95)00780-6
http://doi.org/10.1016/0006-8993(95)00445-V
http://doi.org/10.1016/S1474-4422(02)00164-3
http://doi.org/10.1016/j.molmed.2010.12.008
http://doi.org/10.1073/pnas.0305741101
http://doi.org/10.1124/pr.109.002451
http://www.ncbi.nlm.nih.gov/pubmed/20716669
http://doi.org/10.1038/nrn2911
http://www.ncbi.nlm.nih.gov/pubmed/20842175
http://doi.org/10.1523/JNEUROSCI.0116-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17360906
http://doi.org/10.1038/nn835
http://www.ncbi.nlm.nih.gov/pubmed/11953750
http://doi.org/10.1038/nn2071
http://www.ncbi.nlm.nih.gov/pubmed/18344994
http://doi.org/10.1124/mol.51.1.79
http://www.ncbi.nlm.nih.gov/pubmed/9016349
http://doi.org/10.1523/JNEUROSCI.0829-13.2013
http://doi.org/10.1074/jbc.M110.182600
http://doi.org/10.1523/JNEUROSCI.3474-07.2008
http://doi.org/10.1126/science.2841759
http://www.ncbi.nlm.nih.gov/pubmed/2841759


Biomolecules 2022, 12, 1214 14 of 15

22. Vyklicky, L., Jr.; Benveniste, M.; Mayer, M.L. Modulation of N-methyl-D-aspartic acid receptor desensitization by glycine in
mouse cultured hippocampal neurones. J. Physiol. 1990, 428, 313–331. [CrossRef] [PubMed]

23. Benveniste, M.; Clements, J.; Vyklicky, L., Jr.; Mayer, M.L. A kinetic analysis of the modulation of N-methyl-D-aspartic acid
receptors by glycine in mouse cultured hippocampal neurones. J. Physiol. 1990, 428, 333–357. [CrossRef] [PubMed]

24. Cox, J.A.; Lysko, P.G.; Henneberry, R.C. Excitatory amino acid neurotoxicity at the N-methyl-D-aspartate receptor in cultured
neurons: Role of the voltage-dependent magnesium block. Brain Res. 1989, 499, 267–272. [CrossRef]

25. Chai, S.; Li, M.; Branigan, D.; Xiong, Z.G.; Simon, R.P. Activation of acid-sensing ion channel 1a (ASIC1a) by surface trafficking.
J. Biol. Chem. 2010, 285, 13002–13011. [CrossRef]

26. Williams, K. Ifenprodil discriminates subtypes of the N-methyl-D-aspartate receptor: Selectivity and mechanisms at recombinant
heteromeric receptors. Mol. Pharmacol. 1993, 44, 851–859.

27. Sheng, Z.; Dai, Q.; Prorok, M.; Castellino, F.J. Subtype-selective antagonism of N-methyl-D-aspartate receptor ion channels by
synthetic conantokin peptides. Neuropharmacology 2007, 53, 145–156. [CrossRef]

28. Sheng, Z.; Liang, Z.; Geiger, J.H.; Prorok, M.; Castellino, F.J. The selectivity of conantokin-G for ion channel inhibition of NR2B
subunit-containing NMDA receptors is regulated by amino acid residues in the S2 region of NR2B. Neuropharmacology 2009, 57,
127–136. [CrossRef]

29. Lu, C.; Fu, Z.; Karavanov, I.; Yasuda, R.P.; Wolfe, B.B.; Buonanno, A.; Vicini, S. NMDA receptor subtypes at autaptic synapses of
cerebellar granule neurons. J. Neurophysiol. 2006, 96, 2282–2294. [CrossRef]

30. Barton, M.E.; White, H.S.; Wilcox, K.S. The effect of CGX-1007 and CI-1041, novel NMDA receptor antagonists, on NMDA
receptor-mediated EPSCs. Epilepsy Res. 2004, 59, 13–24. [CrossRef]

31. Frizelle, P.A.; Chen, P.E.; Wyllie, D.J. Equilibrium constants for (R)-[(S)-1-(4-bromo-phenyl)-ethylamino]-(2,3-dioxo-1,2,3,
4-tetrahydroquinoxalin-5 -yl)-methyl]-phosphonic acid (NVP-AAM077) acting at recombinant NR1/NR2A and NR1/NR2B
N-methyl-D-aspartate receptors: Implications for studies of synaptic transmission. Mol. Pharmacol. 2006, 70, 1022–1032.
[CrossRef] [PubMed]

32. Halpain, S.; Hipolito, A.; Saffer, L. Regulation of F-actin stability in dendritic spines by glutamate receptors and calcineurin.
J. Neurosci. 1998, 18, 9835–9844. [CrossRef] [PubMed]

33. Dingledine, R.; Borges, K.; Bowie, D.; Traynelis, S.F. The glutamate receptor ion channels. Pharmacol. Rev. 1999, 51, 7–61. [PubMed]
34. Donevan, S.D.; McCabe, R.T. Conantokin G is an NR2B-selective competitive antagonist of N-methyl-D-aspartate receptors. Mol.

Pharmacol. 2000, 58, 614–623. [CrossRef] [PubMed]
35. Klein, R.C.; Prorok, M.; Galdzicki, Z.; Castellino, F.J. The amino acid residue at sequence position 5 in the conantokin peptides

partially governs subunit-selective antagonism of recombinant N-methyl-D-aspartate receptors. J. Biol. Chem. 2001, 276,
26860–26867. [CrossRef]

36. Wittekindt, B.; Malany, S.; Schemm, R.; Otvos, L.; Maccecchini, M.L.; Laube, B.; Betz, H. Point mutations identify the glutamate
binding pocket of the N-methyl-D-aspartate receptor as major site of conantokin-G inhibition. Neuropharmacology 2001, 41,
753–761. [CrossRef]

37. Cheriyan, J.; Balsara, R.D.; Hansen, K.B.; Castellino, F.J. Pharmacology of triheteromeric N-Methyl-D-Aspartate Receptors.
Neurosci. Lett. 2016, 617, 240–246. [CrossRef]

38. Hansen, K.B.; Ogden, K.K.; Yuan, H.; Traynelis, S.F. Distinct functional and pharmacological properties of Triheteromeric
GluN1/GluN2A/GluN2B NMDA receptors. Neuron 2014, 81, 1084–1096. [CrossRef]

39. Stroebel, D.; Carvalho, S.; Grand, T.; Zhu, S.; Paoletti, P. Controlling NMDA receptor subunit composition using ectopic retention
signals. J. Neurosci. 2014, 34, 16630–16636. [CrossRef]

40. Auberson, Y.P.; Allgeier, H.; Bischoff, S.; Lingenhoehl, K.; Moretti, R.; Schmutz, M. 5-Phosphonomethylquinoxalinediones as
competitive NMDA receptor antagonists with a preference for the human 1A/2A, rather than 1A/2B receptor composition.
Bioorg. Med. Chem. Lett. 2002, 12, 1099–1102. [CrossRef]

41. Erreger, K.; Geballe, M.T.; Kristensen, A.; Chen, P.E.; Hansen, K.B.; Lee, C.J.; Yuan, H.; Le, P.; Lyuboslavsky, P.N.; Micale, N.; et al.
Subunit-specific agonist activity at NR2A-, NR2B-, NR2C-, and NR2D-containing N-methyl-D-aspartate glutamate receptors.
Mol. Pharmacol. 2007, 72, 907–920. [CrossRef] [PubMed]

42. Li, F.; Tsien, J.Z. Memory and the NMDA receptors. N. Eng. J. Med. 2009, 361, 302–303. [CrossRef] [PubMed]
43. Yashiro, K.; Philpot, B.D. Regulation of NMDA receptor subunit expression and its implications for LTD, LTP, and metaplasticity.

Neuropharmacology 2008, 55, 1081–1094. [CrossRef] [PubMed]
44. von Engelhardt, J.; Coserea, I.; Pawlak, V.; Fuchs, E.C.; Kohr, G.; Seeburg, P.H.; Monyer, H. Excitotoxicity in vitro by NR2A- and

NR2B-containing NMDA receptors. Neuropharmacology 2007, 53, 10–17. [CrossRef] [PubMed]
45. Chen, M.; Lu, T.J.; Chen, X.J.; Zhou, Y.; Chen, Q.; Feng, X.Y.; Xu, L.; Duan, W.H.; Xiong, Z.Q. Differential roles of NMDA receptor

subtypes in ischemic neuronal cell death and ischemic tolerance. Stroke 2008, 39, 3042–3048. [CrossRef] [PubMed]
46. Das, S.; Sasaki, Y.F.; Rothe, T.; Premkumar, L.S.; Takasu, M.; Crandall, J.E.; Dikkes, P.; Conner, D.A.; Rayudu, P.V.; Cheung, W.; et al.

Increased NMDA current and spine density in mice lacking the NMDA receptor subunit NR3A. Nature 1998, 393, 377–381. [CrossRef]
[PubMed]

http://doi.org/10.1113/jphysiol.1990.sp018214
http://www.ncbi.nlm.nih.gov/pubmed/2172523
http://doi.org/10.1113/jphysiol.1990.sp018215
http://www.ncbi.nlm.nih.gov/pubmed/2146385
http://doi.org/10.1016/0006-8993(89)90774-9
http://doi.org/10.1074/jbc.M109.086041
http://doi.org/10.1016/j.neuropharm.2007.04.016
http://doi.org/10.1016/j.neuropharm.2009.04.014
http://doi.org/10.1152/jn.00078.2006
http://doi.org/10.1016/j.eplepsyres.2003.12.011
http://doi.org/10.1124/mol.106.024042
http://www.ncbi.nlm.nih.gov/pubmed/16778008
http://doi.org/10.1523/JNEUROSCI.18-23-09835.1998
http://www.ncbi.nlm.nih.gov/pubmed/9822742
http://www.ncbi.nlm.nih.gov/pubmed/10049997
http://doi.org/10.1124/mol.58.3.614
http://www.ncbi.nlm.nih.gov/pubmed/10953056
http://doi.org/10.1074/jbc.M102428200
http://doi.org/10.1016/S0028-3908(01)00112-5
http://doi.org/10.1016/j.neulet.2016.02.032
http://doi.org/10.1016/j.neuron.2014.01.035
http://doi.org/10.1523/JNEUROSCI.2736-14.2014
http://doi.org/10.1016/S0960-894X(02)00074-4
http://doi.org/10.1124/mol.107.037333
http://www.ncbi.nlm.nih.gov/pubmed/17622578
http://doi.org/10.1056/NEJMcibr0902052
http://www.ncbi.nlm.nih.gov/pubmed/19605837
http://doi.org/10.1016/j.neuropharm.2008.07.046
http://www.ncbi.nlm.nih.gov/pubmed/18755202
http://doi.org/10.1016/j.neuropharm.2007.04.015
http://www.ncbi.nlm.nih.gov/pubmed/17570444
http://doi.org/10.1161/STROKEAHA.108.521898
http://www.ncbi.nlm.nih.gov/pubmed/18688011
http://doi.org/10.1038/30748
http://www.ncbi.nlm.nih.gov/pubmed/9620802


Biomolecules 2022, 12, 1214 15 of 15

47. Nakanishi, N.; Tu, S.; Shin, Y.; Cui, J.; Kurokawa, T.; Zhang, D.; Chen, H.S.; Tong, G.; Lipton, S.A. Neuroprotection by the NR3A
subunit of the NMDA receptor. J. Neurosci. 2009, 29, 5260–5265. [CrossRef]

48. Chatterton, J.E.; Awobuluyi, M.; Premkumar, L.S.; Takahashi, H.; Talantova, M.; Shin, Y.; Cui, J.; Tu, S.; Sevarino, K.A.;
Nakanishi, N.; et al. Excitatory glycine receptors containing the NR3 family of NMDA receptor subunits. Nature 2002, 415,
793–798. [CrossRef]

49. Chen, L.; Huang, L.Y. Protein kinase C reduces Mg2+ block of NMDA-receptor channels as a mechanism of modulation. Nature
1992, 356, 521–523. [CrossRef]

50. Kawajiri, S.; Dingledine, R. Multiple structural determinants of voltage-dependent magnesium block in recombinant NMDA
receptors. Neuropharmacology 1993, 32, 1203–1211.

http://doi.org/10.1523/JNEUROSCI.1067-09.2009
http://doi.org/10.1038/nature715
http://doi.org/10.1038/356521a0

	Introduction 
	Materials and Methods 
	Cell Culture 
	Electrophysiology 
	Biotinylation Assay and Streptavidin-Pulldown 
	Immunoprecipitation 
	Immunoblotting 
	Data Analysis 

	Results 
	Biophysical Analysis Reveals Decreased Potency of NMDA following Preconditioning 
	NMDA Receptors Show Increased Sensitivity to Mg2+, but Not Glycine, following Ischemic Preconditioning 
	Reduction in GluN2B Membrane Localization and Functional Responses in Neurons Subjected to Ischemic Preconditioning 
	Evidence for Increased Formation of Tri-Heteromeric NMDA Receptors following Ischemic Preconditioning 
	Stabilizing Actin Polymerization Partially Lessened the NMDA Current Reduction and Blocked Formation of Tri-Heteromeric NMDAR in Preconditioned Neurons 

	Discussion 
	References

