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High Salt Intake Recruits Tonic Activation of NR2D Subunit-
Containing Extrasynaptic NMDARs in Vasopressin Neurons
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In addition to producing a classical excitatory postsynaptic current via activation of synaptic NMDA receptors (NMDARs), gluta-
mate in the brain also induces a tonic NMDAR current (INMDA) via activation of extrasynaptic NMDARs (eNMDARs). However,
since Mg21 blocks NMDARs in nondepolarized neurons, the potential contribution of eNMDARs to the overall neuronal excita-
tory/inhibitory (E/I) balance remains unknown. Here, we demonstrate that chronic (7 d) salt loading (SL) recruited NR2D subunit-
containing NMDARs to generate an Mg21-resistant tonic INMDA in nondepolarized [Vh (holding potential) 270mV] vasopressin
(VP; but not oxytocin) supraoptic nucleus (SON) neurons in male rodents. Conversely, in euhydrated (EU) and 3 d SL mice,
Mg21-resistant tonic INMDA was not observed. Pharmacological and genetic intervention of NR2D subunits blocked the Mg21-
resistant tonic INMDA in VP neurons under SL conditions, while an NR2B antagonist unveiled Mg21-sensitive tonic INMDA but not
Mg21-resistant tonic INMDA. In the EU group VP neurons, an Mg21-resistant tonic INMDA was not generated by increased ambient
glutamate or treatment with coagonists (e.g., D-serine and glycine). Chronic SL significantly increased NR2D expression but not
NR2B expression in the SON relative to the EU group or after 3 d under SL conditions. Finally, Mg21-resistant tonic INMDA selec-
tively upregulated neuronal excitability in VP neurons under SL conditions, independent of ionotropic GABAergic input. Our
results indicate that the activation of NR2D-containing NMDARs constitutes a novel mechanism that generates an Mg21-resistant
tonic INMDA in nondepolarized VP neurons, thus causing an E/I balance shift in VP neurons to compensate for the hormonal
demands imposed by a chronic osmotic challenge.
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Significance Statement

The hypothalamic supraoptic nucleus (SON) consists of two different types of magnocellular neurosecretory cells (MNCs) that syn-
thesize and release the following two peptide hormones: vasopressin (VP), which is necessary for regulation of fluid homeostasis;
and oxytocin (OT), which plays a major role in lactation and parturition. NMDA receptors (NMDARs) play important roles in shap-
ing neuronal firing patterns and hormone release from the SON MNCs in response to various physiological challenges. Our results
show that prolonged (7 d) salt loading generated a Mg21-resistant tonic NMDA current mediated by NR2D subunit-containing
receptors, which efficiently activated nondepolarized VP (but not OT) neurons. Our findings support the hypothesis that NR2D sub-
unit-containing NMDARs play an important adaptive role in adult brain in response to a sustained osmotic challenge.

Introduction
NMDA receptors (NMDARs) are a subclass of glutamate-gated
ion channels that can mediate the majority of excitatory input
on neurons in the brain. At synaptic and extrasynaptic sites,
NMDARs are thought to be responsible for maintaining an exci-
tatory/inhibitory balance in two distinct modalities. Synaptic
NMDARs mediate the classical transient EPSCs, whereas extra-
synaptic NMDARs (eNMDARs) generate a persistent, tonic
NMDAR current (INMDA; Papouin and Oliet, 2014). NMDARs
can be distinguished from other ionotropic glutamate receptors
because of characteristics such as high Ca21 permeability and a
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strong voltage-dependent channel block caused by external
Mg21 (Traynelis et al., 2010). This Mg21 channel block inhibits
ion flux through agonist-bound open NMDARs at resting
membrane potential (Vm) values, thus requiring the coincident
agonists and membrane depolarization to relieve the Mg21

channel block and allow ions to flow through the channel.
Consequently, eNMDARs generate tonic INMDA at low concen-
trations of extracellular Mg21 and/or with a depolarized mem-
brane potential (Le Meur et al., 2007; Fleming et al., 2011;
Hanson et al., 2019). However, to mediate tonic INMDA with the
low levels of extracellular glutamate normally found in the
brain, novel strategies are required, targeting eNMDARs to
reduce or completely relieve the Mg21 channel block at resting
membrane potentials. The mechanisms underlying this phe-
nomenon are yet to be fully understood.

Most NMDARs are tetrameric assemblies of two NR1 subu-
nits and up to four different NR2 (NR2A, NR2B, NR2C, and
NR2D) subunits (Paoletti et al., 2013; Wyllie et al., 2013;
Hansen et al., 2018). The identity of the four different NR2 sub-
units determines the properties of the receptor. For example,
NR2D-containing NMDARs are located exclusively extrasynap-
tically (Lozovaya et al., 2004). NR2D subunits confer a high
agonist affinity (Erreger et al., 2007), a weak desensitization
(Krupp et al., 1998; Villarroel et al., 1998), and a slow deactiva-
tion (Vicini et al., 1998; Wyllie et al., 1998) of NMDARs. Of
note, NR2D receptors are less sensitive to Mg21 block (Monyer
et al., 1994; Kuner and Schoepfer, 1996; Momiyama et al., 1996;
Huang and Gibb, 2014) and less Ca21 permeable (Siegler
Retchless et al., 2012) compared with NR2A and NR2B recep-
tors. Therefore, NR2D-containing receptors may be ideal can-
didates for sensing low ambient glutamate concentrations in
the extrasynaptic space and for generating tonic INMDA with
less excitotoxicity in the brain. To date, the contribution of
NR2D-containing NMDARs to tonic INMDA in nondepolar-
ized neurons has not been investigated in the mature brain,
partly because expression of the NR2D subunit is develop-
mentally and regionally regulated. The NR2D subunit is
widely expressed during late embryonic and early postnatal
development; subsequently, it is generally preserved at low
levels in a few regions of the adult brain (Watanabe et al.,
1992; Monyer et al., 1994; Dunah et al., 1996; Wenzel et al.,
1996; Liu and Wong-Riley, 2010). For example, among the
four NR2 subunit mRNAs expressed (Al-Ghoul et al., 1997;
Decavel and Curras, 1997), NR2B and NR2D are commonly
expressed in the supraoptic nucleus (SON; Doherty and
Sladek, 2011). However, the functional significance of
NR2D expression in the mature brain remains unknown.

The SON consists of two different types of magnocellular
neurosecretory cells (MNCs) that contribute to the hypothal-
amo–neurohypophyseal system (Swanson and Sawchenko,
1983). SON MNCs synthesize and release vasopressin (VP), a
peptide hormone necessary for the regulation of fluid homeo-
stasis, and oxytocin (OT), a closely related hormone that
stimulates lactation and parturition. Salt intake increases both
plasma sodium and osmolality. Therefore, VP neurons re-
spond to increased osmolality by increasing neuronal activity
and hormone release from the neurohypophysis during salt
loading (SL). Here, we show that prolonged SL recruits NR2D-
containing NMDARs to generate Mg21-resistant tonic INMDA in
nondepolarized VP neurons. This leads to selective upregula-
tion of the neuronal excitability of VP over OT neurons under
SL conditions and contributes to fluid homeostasis via hor-
mone secretion.

Materials and Methods
Animal experiments. All animal experimentation was approved by

the Chungnam National University Institutional Animal Care and Use
Committee (Registration #2025–1-21) and was conducted in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Male wild-type (WT) or NR2D knock-out (KO)
C57BL/6N mice weighing 20–24 g, and Sprague Dawley (SD) rats and
double-transgenic Wistar rats weighing 120–180 g, which express both
the arginine VP (AVP)-enhanced green fluorescent protein (AVP-eGFP)
fusion gene (Ueta et al., 2005) and the OT-monomeric red fluorescent
protein 1 (OT-mRFP1) fusion gene (Katoh et al., 2011) were randomly
assigned to either the euhydrated (EU) control group or SL group.
NR2D KO C57BL/6N mice (Ikeda et al., 1995) were provided by the
RIKEN BioResource Research Center (no. RBRC01840) through the
National BioResource Project of the Ministry of Education, Culture,
Sports, Science and Technology, Japan. All animals had access to food
ad libitum throughout the experiments. The SL groups had their
water replaced with 2% NaCl to drink for 3 or 7 d. At the end of the
SL protocol, the animals were anesthetized with avertin (250mg/kg,
i.p.; Millipore Sigma) and decapitated to extract the brain. Blood
was collected from each animal after decapitation and was centri-
fuged for serum collection. Serum osmolality was measured using
the freezing point depression method and a micro-osmometer
(model 210, Fiske Associates).

Seven days of SL resulted in increased serum osmolality in both WT
SD (EU group: 3076 0.6 mOsm/kg, n=6; vs SL group: 367.86 4.4
mOsm/kg, n=7) and transgenic Wistar rats (EU group: 308.16 0.7
mOsm/kg, n=31; vs SL group: 360.86 7.0 mOsm/kg, n=43). In
C57BL/6 WT mice, serum osmolality increased to 349.36 1.3 mOsm/kg
(n= 14) and 382.26 5.5 mOsm/kg (n=21) in the 3 and 7 d SL groups,
respectively, and to 327.36 0.7 mOsm/kg (n= 17) in the EU group.
Seven days of SL also significantly increased serum osmolality in NR2D
KO mice (EU group: 326.96 1.8 mOsm/kg, n=10; vs SL group:
383.56 7.6 mOsm/kg, n=12).

Electrophysiology and data analysis. Patch-clamp recordings from
SON MNCs were obtained from hypothalamic slices (300mm) as previ-
ously described (Park et al., 2007). Briefly, the rats and mice were anes-
thetized with avertin and decapitated, and the brains were rapidly
isolated. Slices were maintained in, and perfused with, artificial CSF
(aCSF) containing 126 mM NaCl, 5 mM KCl, 1.2 mM MgCl2, 26 mM

NaHCO3, 1.2 mM NaH2PO4, 10 mM glucose, and 2.4 mM CaCl2 at pH
7.3–7.4 and saturated with 95% O2 and 5% CO2. In a subset of voltage-
clamp recordings, low Mg21 aCSF (20 mM MgCl2) was used to facilitate
measurements of NMDA-mediated currents. The internal solution
contained 130 mM K-gluconate, 10 mM KCl, 10 mM HEPES, 5 mM

Mg21ATP, 0.9 mM MgCl2, and 10 mM EGTA. Recordings were obtained
at 35°C, using a Multiclamp 700B (Molecular Devices). Currents were
filtered at 1 kHz and digitized at 10 kHz (Digidata 1440A and pClamp 9
software, Molecular Devices). Input–output (I–O) curves were plotted as
previously described (Pandit et al., 2015). Briefly, the number of evoked
spikes versus injected current in response to depolarizing step pulses (of
10 pA from 0 to 60pA, 1.2 s duration) were plotted, and fitted by a
Boltzmann function: y=1/{11 exp[(Ih � I50)/k]}, in which y is the num-
ber of spikes at a given injected current [hyperpolarization-activated cat-
ion current (Ih)], I50 the current at which half of the maximal spikes are
evoked, and k is the slope factor. Data were excluded if the series resist-
ance was not stable throughout the entire recording (20% change) or if
neuronal input resistance (IR) was ,550 MV at the beginning of the
recording.

The NMDA receptor-mediated tonic current (tonic INMDA) was
defined as changes in the holding current (Iholding) in the presence of
ionotropic GABA receptor antagonist picrotoxin (200 mM) and was cal-
culated by the difference in Iholding measured as the average of a 2 min
steady-state baseline segment obtained before and after the application
of NMDAR antagonists. INMDA was recorded and calculated at –70mV
unless otherwise stated. The effects of INMDA on firing discharge were
studied using a current-clampmethod. Firing rates (spontaneous or evoked
using DC current injection) were recorded in continuous mode and calcu-
lated using Mini Analysis Program (Synaptosoft; RRID:SCR_002184) for a
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period of ;3min before and after application of the NMDAR antagonist
(Park et al., 2006).

Drugs were added to the aCSF perfusing solution at differing concen-
trations. The final concentration of dimethylsulfoxide was ,0.05%,
when used as a vehicle. DL-2-amino-5-phospho-nopentanoic acid,
(2Sp,3Rp)-1-(phenanthren-2-carbonyl) piperazine-2, 3-dicarboxylic acid
(PPDA) and DL-threo-b -benzyloxyaspartic acid (TBOA) were all pur-
chased from Tocris Bioscience. All other drugs were purchased from
Sigma-Aldrich.

Single-cell RT-PCR. Single-cell RT-PCR was performed following
patch-clamp recordings to categorize the VP neurons, as previously
described with minor modifications (Lee et al., 2012). The cytoplasm of
the neuron that showed Mg21-sensitive INMDA was pulled into a patch
pipette with negative pressure and under visual control to ensure the nu-
cleus was not contained. The cytoplasm in the pipette was dissipated
into a prepared microtube containing 5ml of nuclease-free water
(Qiagen) and then immediately stored at�70°C. Single-cell cDNA samples
were synthesized using an Applied Biosystems High Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific) according to the man-
ufacturer instructions. PCR amplification was then performed using single-
cell cDNA as a template. PCR mixtures contained 1ml of both forward and
reverse 10 mM primers, 10ml of 2� Taq master mix buffer (GoTaq Green
Master Mix, Promega), and 2–4ml of cDNA template. The annealing tem-
perature in the thermal cycler was 60°C, and, in total, 50 cycles were per-
formed. Primers targeting VP (59-CCTCACCTCTGCCTGCTACTT-39
and 59-GGGGGCGATGGCTCAGTAGAC-39) were synthesized by
Bioneer. Final PCR products were visualized by electrophoresis
using 1.8% agarose gels stained with ethidium bromide. All PCR
products were purified using a PCR purification kit (Qiagen), and
the purified products were then sequenced to confirm amplification
of the correct sequences. Genomic DNA samples not treated with
reverse transcriptase were used as negative controls to assess for
contamination of samples.

Western blotting. SON sections were lysed with 1� passive lysis
buffer (Cell Signaling Technology) and quantified using a Coomassie
Protein Assay Kit (Bio-Rad). Approximately 50mg of protein was loaded
onto a 10% SDS polyacrylamide gel for electrophoresis and then trans-
ferred onto nitrocellulose membranes. The blots were then blocked with
TBST (0.1% Tween 20 in 1� Tris-buffered saline) containing 5%
skimmed milk for 1 h at room temperature. The blots were then incu-
bated at 4°C overnight with primary antibodies against the NMDAR
NR2B subunit (1:1000; catalog #06–600, Millipore; RRID:AB_310193)
and NR2D subunit (1:1000; catalog #AGC-020, Alomone Labs; RRID:
AB_10658334) diluted in TBST containing 5% skim milk. Next the blots
were incubated with a horseradish peroxidase-conjugated goat anti-rab-
bit (catalog #7074, Cell Signaling Technology; RRID:AB_2099233) and
anti-mouse (catalog #31430, Thermo Fisher Scientific; RRID:AB_
228307) secondary antibody (1:1000). A Pierce enhanced chemilumines-
cence detection kit (Thermo Fisher Scientific) was used to visualize anti-
body binding, and the intensity of the bands was measured using ImageJ
software 1.42q (National Institutes of Health).

Statistical analysis and experimental design. Numerical data are pre-
sented as the mean 6 SEM. To assess the differences in tonic INMDA

under SL conditions, a hierarchical testing procedure was performed. In
the first step, a Shapiro–Wilk test was used to test the null hypothesis
that the data distribution was normal with a significance level of 5%. For
data with a normal distribution, the statistical significance of compari-
sons was assessed using either a two-sample t test or a one-way ANOVA
followed by a post hoc test (e.g., Bonferroni’s test). If the null hypothesis
was rejected, nonparametric tests were used with Microcal Origin soft-
ware (RRID:SCR_002815). For all experiments male mice or rats were
used. Tonic INMDA was categorized into two modalities, either the
Mg21-sensitive tonic INMDA measured by Iholding shift was induced by
increasing the extracellular Mg21 concentration from 20 mM to 1.2 mM

at Vh, at �70mV, or the Mg21-resistant tonic INMDA was measured by
Iholding shift induced by NMDAR antagonists at Vh, at �70mV using
normal aCSF. Electrophysiological recordings were taken from three or
more animals per group, and three to four slices were collected per ani-
mal. The Mann–Whitney test was used to compare two groups if the

data were not normally distributed. The pharmacological sensitivity of
tonic INMDA to various NMDAR antagonists was investigated using both
WT and NR2D KO animals. To compare INMDA amplitude and protein
expression (NR2B and NR2D) in the EU group, the 3 d SL group and
the 7 d SL group, a one-way ANOVA followed by a post hoc test was
used. The effects of Mg21-resistant tonic INMDA on neuronal firing were
investigated using NR2C/NR2D antagonists and compared using a
Wilcoxon signed-rank test. Finally, the effects of Mg21-resistant tonic
INMDA on the input–output function of VP neurons in the EU and SL
groups were compared using a two-way repeated-measures (RM)
ANOVA followed by a post hoc test.

Results
To assess the functional significance of tonic NMDAR activation
in SON MNCs during an osmotic insult, we compared the tonic
INMDA, defined as the shift in Iholding after the application of an
NMDAR antagonist in the EU and SL animals. The total tonic
INMDA, composed of Mg21-sensitive and Mg21-resistant tonic
INMDA, was measured by increasing the extracellular Mg21 con-
centration ([Mg21]o) from 20 mM to 1.2 mM followed by treat-
ment with different NMDAR antagonists.

SL generated an Mg21-resistant tonic INMDA in
nondepolarized VP neurons
First, we compared tonic INMDA in SD rats in the EU, 3 d SL, and
7 d SL groups in low [Mg21]o aCSF (Fig. 1A,B). An Mg21-sensi-
tive tonic INMDA (indicated by an outward shift in Iholding after
an increase in [Mg21]o) was observed in all tested neurons, con-
firming previous findings that tonic persistent activation of
NMDARs mediates tonic INMDA in SON MNCs (Fleming et al.,
2011). Mg21-sensitive tonic INMDA did not differ among the EU
(10.06 0.6 pA; n= 18), 3 d SL (9.56 1.6 pA; n=11), and 7 d SL
groups (8.56 0.8 pA; n= 21; one-way ANOVA, F(2,47) = 1.75,
p= 0.184). Application of AP5 (100 mM) in the presence of 1.2
mM [Mg21]o further shifted the Iholding outwardly (a phenom-
enon defined as an Mg21-resistant tonic INMDA) in 12 of 21 SON
MNCs isolated from seven rats from the 7 d SL group (Fig. 1A,
B). In contrast, AP5 caused minimal changes in Iholding in all
SON slices obtained from rats in the EU and 3 d SL groups
(0.36 0.2 vs 0.26 0.4 pA, respectively). Although 7 d SL gener-
ated Mg21-resistant tonic INMDA, total tonic INMDA values were
not different among the three groups.

The SON consists of VP and OT neurons (Swanson and
Sawchenko, 1983); therefore, our results showing that 7 d of SL
generated an Mg21-resistant INMDA in a subgroup of SON
MNCs may imply that an osmotic insult leads to the recruitment
of Mg21-resistant tonic INMDA in a cell type-specific manner. To
investigate this hypothesis, experiments were repeated in AVP-
eGFP and OT-mRFP1 neurons (Fig. 1C–E). Here, we compared
the effect of AP5 on Iholding at a holding potential (i.e., Vh) of
�70mV in normal aCSF. In the EU group, all tested VP neurons
(11 neurons from four rats) and OT neurons (10 neurons from
four rats) failed to express an Mg21-resistant tonic INMDA (Fig.
1D,E). Conversely, AP5 selectively produced an Mg21-resist-
ant tonic INMDA in 11 of 12 VP neurons in the SL groups but
this did not occur in OT neurons (four rats in each group; Fig.
1D,E). This result implies that SL recruits an Mg21-resistant
tonic INMDA in a VP neuron-specific manner. In both the EU
and SL groups, application of the ionotropic glutamate recep-
tor antagonist, kynurenic acid (KynA; 5 mM) in addition to
AP5 (AP51KynA) completely blocked PSCs but failed to
cause a further significant change in Iholding (Fig. 1C). This
finding supports the dominant role of NMDARs in the
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generation of tonic glutamate currents
under our recording conditions.

In a subset of experiments, we investi-
gate the sensitivity of INMDA to intracellu-
lar MK-801, which has been used to
selectively inhibit NMDARs in single cells
(Berretta and Jones, 1996). Intracellular
MK-801 (1 mM) contained in a recording
pipette significantly reduced both total
INMDA (and/or Mg21-sensitive INMDA)
in the EU MNCs (from 12.26 1.3 to
12.26 1.3 pA) and 7 d SL MNCs (from
20.66 1.7 to 10.06 1.6 pA, n = 6–7 in
each, p, 0.01 in both cases). Combined
with the fact that intracellular MK-801
partially but selectively inhibits NMDAR
current (Sun et al., 2018), these results
suggested that INMDA reflects the block-
ade of NMDARs in SON MNCs being
recorded in our recording conditions.

Next, we combined post hoc single-cell
RT-PCR with electrophysiology in WT SD
rats. The results are summarized in Figure
1F. An Mg21-resistant INMDA was promi-
nent in 10 different identified VP neurons
but was absent in 7 of the non-VP neu-
rons, further supporting the conclusion
that the SL-induced Mg21-resistant INMDA

in VP neurons is not related to the genetic
modification of AVP-eGFP neurons.

PPDA blocked Mg21-resistant tonic
INMDA in nondepolarized SL-VP
neurons
To investigate the molecular composition
of NMDARs generating an Mg21-resistant
INMDA, we assessed the pharmacological
properties of the Mg21-resistant INMDA in
VP neurons in the EU and SL groups
(Fig. 2).

First, we directly compared the Iholding
shift in SL VP neurons produced by se-
quential application of an NR2C/NR2D-
selective NMDAR antagonist, PPDA (Feng
et al., 2004). PPDA (1 mM) outwardly
shifted the Iholding of nondepolarized VP
neurons from the SL groups in normal
aCSF and subsequent addition of 100
mM AP5 (PPDA 1 AP5) failed to induce
a further shift in Iholding (Fig. 2A,B). In
contrast, ifenprodil (IFD; 10 mM), a
selective antagonist of the NR2B subu-
nit (Chenard and Menniti, 1999) failed
to alter Iholding in VP neurons from the SL groups (Fig. 2B).

To investigate whether eNMDARs mediate Mg21-resistant
tonic INMDA, we examined and compared the effect of meman-
tine, an NMDAR antagonist that preferentially targets extrasy-
naptic receptors (Xia et al., 2010; Wu and Johnson, 2015) and
MK-801, a use-dependent NMDAR open channel antagonist
(Huettner and Bean, 1988), on Iholding in nondepolarized VP
neurons in the SL groups. The addition of memantine (1 mM)
resulted in Mg21-resistant INMDA comparable to that of PPDA,
and subsequent addition of AP5 (memantine 1 AP5) did not

further alter Iholding (Fig. 2A,B). In contrast, MK-801 (40 mM)
failed to produce any effect on the Iholding of VP neurons in the
SL groups (Fig. 2B).

In summary, the amplitudes of Mg21-resistant INMDA pro-
duced by memantine, PPDA, and AP5 did not differ significantly
in VP neurons in the SL groups (Fig. 2B), implying that Mg21-
resistant INMDA is predominantly mediated by extrasynaptic
NR2C/NR2D-containing receptors. All NMDAR antagonists
(PPDA, memantine, MK-801, and ifenprodil) caused minimal
changes to Iholding in nondepolarized VP neurons in the EU
group (data not shown), supporting the conclusion that SL

Figure 1. Cell type-specific changes in tonic INMDA in nondepolarized SON MNCs from rats in the euhydrated and salt-load-
ing groups. A, Representative traces of neurons from the euhydrated and 7 d salt-loaded (7dSL) groups showing the outward
shift in Iholding induced by increased [Mg

21]o (from 20 mM to 1.2 mM) followed by the addition of AP5 (100 mM). B, Total
INMDA (Iholding shift induced by [Mg

21]o increase and the addition of AP5) are summarized for the EU, 3 d salt-loaded (3dSL)
and 7dSL groups (left). Mg21-resistant INMDA (Iholding shift induced by AP5 in the presence of 1.2 mM [Mg21]o) values are
summarized in the right panel. Note that Mg21-resistant INMDA was observed in neurons in the 7dSL group but not in the
EU and 3dSL groups. C, Representative traces showing Mg21-resistant INMDA in AVP-eGFP neurons in one representative rat
from the EU (EU-VP and SL (SL-VP) groups. D, Summarized amplitudes of Mg21-resistant INMDA in the labeled neurons under
the EU and SL conditions (pppp, 0.001 compared with EU, two-sample t test). Representative images of AVP-eGFP (arrow)
and non-VP (arrowhead) neurons from the recording shown in the inset. E, Summarized amplitudes of Mg21-resistant INMDA
in labeled OT neurons under the EU and SL conditions. Representative images of OT-mRFP1 neurons (arrow) and non-OT neu-
rons (arrowhead) from the recording shown in the inset. F, Mg21-resistant INMDA are summarized in non-VP [VP(–)] and VP
neurons [VP(1)] assessed by post hoc single-cell RT-PCR. A representative PCR result in two groups is shown in the inset;
pppp, 0.001 compared with EU, two-sample t test.
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recruits additional NR2C/NR2D-containing receptors to mediate
Mg21-resistant INMDA of VP neurons.

NR2B antagonist ifenprodil blocked tonic INMDA in
depolarized VP neurons
To verify the contribution of NR2B-containing NMDARs to
tonic INMDA in SON MNCs, we investigated the effects of ifen-
prodil on Iholding in VP neurons in the EU and SL groups at a
depolarized membrane potential.

In accordance with a previous report (Fleming et al., 2011),
ifenprodil (IFD) efficiently produced tonic INMDA under depolar-
ized conditions in normal aCSF (Fig. 3). At a Vh of 140mV,
10 mM IFD induced a significant and similar inward Iholding shift
in VP neurons in both the EU and SL groups, and subsequent
addition of 1 mM 1PPDA (IFD 1 PPDA) produced a further
inward shift in Iholding VP neurons in the SL groups, but not in
the EU group (Fig. 3A,B).

A similar result was observed with sequential application of
PPDA and IFD (Fig. 3A), implying that an Mg21 channel block
is essential for both inward and outward tonic currents mediated
by NR2B-containing NMDARs, whereas NR2C/NR2D-contain-
ing NMDARs contributed to the generation of tonic INMDA in
nondepolarized VP neurons in the SL groups.

Increased EPSC frequency with
hyperosmotic solution failed to recruit
Mg21-resistant tonic INMDA in VP
neurons
Hypertonic stimuli excite primary osmosen-
sory neurons in the organum vasculosum
lamina terminalis (OVLT; Sayer et al., 1984;
Honda et al., 1990; Ciura and Bourque,
2006), sending target-selective excitatory
inputs to VP neurons (Yang et al., 1994;
Stachniak et al., 2014). Glutamate released
from presynaptic terminals has the ability to
diffuse and activate eNMDARs on neighbor-
ing cells (Asztely et al., 1997). Therefore, this
enhanced glutamatergic input could recruit
Mg21-resistant tonic INMDA in VP neurons
after hyperosmotic stimulation. To assess
this possibility, we examined whether acute
hyperosmotic stimulation in brain slices
(with the addition of 50 mM mannitol to
aCSF) generated an Mg21-resistant tonic
INMDA in VP neurons.

Direct application of the hyperosmotic
solution (50 mM mannitol to aCSF) did
not cause any significant change in the
Iholding of VP neurons in the EU group
(Fig. 4A,B), although it significantly in-
creased the frequency of EPSCs (Fig.
4C,D) but with no significant changes in
amplitude or decay time kinetics, (Fig.
4E,F), in accordance with a previous
report (Yokoyama et al., 2010). Similar
results were observed in hypothalamic
slices that were incubated in hyperos-
motic solution for 20–30min. Addition of
AP5 (100 mM) did not cause any signifi-
cant Iholding changes in VP neurons in the
EU group, even after incubation in hyper-
osmotic solution. These results disprove
the notion that increased ambient gluta-
mate with enhanced glutamatergic input

from OVLT generates Mg21-resistant tonic INMDA in VP neurons.

Increased glutamate concentration was not sufficient to
generate Mg21-resistant tonic INMDA in VP neurons
In addition to spillover of glutamate from the synaptic cleft,
altered glutamate transporter (GluT) activity could lead to the
accumulation of glutamate in the extracellular space, activating
eNMDARs and therefore enhancing tonic INMDA strength
(Fleming et al., 2011). To test this hypothesis, we investigated the
effects of PPDA on Iholding in the presence of 30 mM glutamate or
TBOA in VP neurons in both the EU and SL groups (Fig. 5).

In the presence of TBOA (100 mM), a broad-spectrum GluT
antagonist (Shimamoto et al., 1998), PPDA (1 mM) caused a sig-
nificant change in Iholding in VP neurons in the SL groups but
not in the EU group (Fig. 5A,B); however, subsequent addition
of 5 mM KynA (PPDA 1 KynA) caused a significant outward
shift in Iholding in all groups. Similar results were observed in the
presence of 30 mM glutamate (Fig. 5C). PPDA failed to produce
any significant change in Iholding in VP neurons in the EU group
while in the presence of glutamate. However, it did produce
tonic INMDA in the SL groups, implying that an increase in
ambient glutamate levels is not enough to generate Mg21-

Figure 2. Pharmacological properties of tonic INMDA in nondepolarized VP neurons. A, Representative traces of VP neurons
from rats in the SL group showing the outward shift in Iholding induced by PPDA (1 mM, top) and memantine (Mem; 1 mM,
bottom) in normal aCSF with a nondepolarized membrane potential (Vh, �70mV). Note that additional application of AP5
(100 mM) did not cause further changes in Iholding in the same neurons. The dotted lines indicate the mean Iholding under
each condition. B, Mean changes in Iholding induced by the addition of PPDA, ifenprodil (IFD, 10 mM), Mem, MK801 (40 mM),
and AP5 in VP neurons from the SL group, one-way ANOVA (F(4,39) = 16.4, p, 0.001, with Bonferroni post hoc test,
pppp, 0.001, compared with PPDA).

Figure 3. Pharmacological properties of tonic INMDA in depolarized VP neurons. A, Representative traces showing the
Iholding changes induced by the sequential addition of 10mM IFD and 1mM PPDA (IFD1 PPDA; top and bottom, respectively)
in neurons from the EU and SL groups with a depolarized membrane potential (Vh, 140mV). The dotted lines indicate the
mean Iholding under each condition. B, Summarized Iholding changes induced by IFD and PPDA in VP neurons from both the EU
and SL groups (n= 9/group). ppp= 0.003 compared with EU, Mann–Whitney test.
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resistant INMDA in SONMNCs. The PPDA-
induced Iholding shift of VP neurons in the
SL groups did not differ in the absence
(8.56 1.1pA; Fig. 2) or presence of gluta-
mate or TBOA (one-way ANOVA, F(2,25) =
0.42, p=0.66), implying that Mg21-resistant
tonic INMDA became saturated in VP neu-
rons in the SL groups.

These results support the hypothesis
that the Mg21-resistant INMDA of VP neu-
rons in the SL groups cannot be attributed
simply to increased ambient glutamate lev-
els in the SON.

Increased coagonist concentration was
not sufficient to generate Mg21-
resistant tonic INMDA in VP neurons
NMDARs are unique among glutamate
receptors in their requirement for the
binding of coagonists, such as glycine or
D-serine, in addition to glutamate. In
SON MNCs, D-serine is the dominant
coagonist at synapses, while glycine is
more potent at extrasynaptic receptors
(Papouin et al., 2012). We next explored
whether the application of exogenous
coagonists (glycine or D-serine) generated
Mg21-resistant INMDA in VP neurons in
the EU or SL groups. Glycine (3 mM) or D-
serine (100 mM) failed to produce any
changes in Iholding in VP neurons in the EU
or SL groups (p=0.991 and 0.493, n=4–5
in all groups, two-sample t test). These
results agree with those of previous studies
and imply that the glycine binding sites of
the eNMDARs mediating tonic INMDA

become saturated in the brain (Le Meur et
al., 2007; Papouin et al., 2012).

The NR2C/D subunit-selective
potentiator CIQ failed to recruit Mg21-resistant tonic INMDA

in VP neurons in the EU and SL groups
Next, we used an NR2C/NR2D subunit-selective potentiator,
CIQ (Mullasseril et al., 2010), to investigate its effect on
Mg21-resistant tonic INMDA in VP neurons. CIQ (20 mM)
failed to produce any effect on Iholding in VP neurons in the
EU and SL groups (p = 0.687, n = 6 in both groups; two-sam-
ple t test), supporting the hypothesis that the SL-induced,
NR2D-mediated Mg21-resistant tonic INMDA in VP neurons
is maximally activated under these particular recording
conditions.

NR2D KO prevented SL-induced Mg21-resistant tonic INMDA

in SONMNCs
To confirm the role of NR2D-containing NMDARs in SL-
induced Mg21-resistant tonic INMDA, we compared the Mg21-re-
sistant tonic INMDA of C57BL/6 WTmice and of NR2D KOmice
under both the EU and SL conditions.

First, we compared tonic INMDA in EU and SL WT mice (Fig.
6A–D) to examine whether SL-induced Mg21-resistant tonic
INMDA is species specific. The Mg21-sensitive tonic INMDA was
observed in all tested neurons, and no significant differences
were observed in the EU or 3 and 7 d SL groups (Fig. 6A,B). The

addition of AP5 (100 mM) in the presence of normal [Mg21]o
resulted in an Mg21-resistant tonic INMDA in 10 of 20 SON
MNCs tested in the 7 d SL group, whereas minimal changes were
observed in the SON MNCs of the EU and 3 d SL groups (Fig.
6A,C). Despite these findings, the total INMDA did not signifi-
cantly differ among the three groups (Fig. 6D).

Next, we compared Mg21-resistant tonic INMDA between WT
and NR2D KOmice under EU and 7 d SL conditions (Fig. 6E,F).
PPDA (1 mM) produced an Mg21-resistant INMDA in 11 of 20
SON MNCs from seven different mice in the SL group, but no
significant changes in Iholding were observed in 10 neurons tested
in the EU group from four different WTmice (Fig. 6E,F). In con-
trast, PPDA in combination with AP5 (PPDA 1 AP5) caused
only minimal changes in Iholding of all tested SON MNCs from
NR2D KO mice in both the EU group (six neurons from three
mice) and SL groups (14 neurons from five mice; Fig. 6E,F),
implying that NR2D-containing NMDARs play an essential role
in mediating SL-induced Mg21-resistant tonic INMDA in SON
MNCs.

Chronic SL selectively increased NR2D expression over
NR2B subunit expression in the SON
To investigate whether SL induces Mg21-resistant tonic INMDA

via altered expression of extrasynaptic NMDARs in the SON, we

Figure 4. Acute hyperosmotic stimulus failed to generate Mg21-resistant INMDA in VP neurons. A, A representative exam-
ple showing the lack of change in Iholding after a hyperosmotic stimulus containing 50 mM mannitol (360 mOsm/kg) and the
addition of AP5 (100mM) and KynA (5 mM). B, Mean Iholding under the three different conditions, as in A, are summarized in
the bar graph (n= 6). C, Expanded current traces showing the effects of a hyperosmotic solution on the degree of ongoing
synaptic glutamatergic activity, as in A. D–F, Mean changes in the spontaneous EPSC frequency (D), amplitude (E), and decay
time kinetics (F) induced by a hyperosmotic solution (n= 6/condition). CTL, Control. pp = 0.03, compared with control,
paired-sample t test.
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compared the expression of NMDAR subunits NR2B and NR2D
in the SON of the EU group with that of mice in the 3 and 7 d
SL groups. In all three groups, Western blot analysis showed
the presence of NR2B and NR2D in the SON (Fig. 7A).
Importantly, while NR2D subunit polypeptide expression
was significantly higher in the 7 d SL mice than in the EU
and 3 d SL groups (Fig. 7C), NR2B expression was similar in
all three groups (Fig. 7B).

Blockage of Mg21-resistant tonic INMDA

downregulated the neuronal firing of
SL-VP neurons
To determine the contribution of Mg21-
resistant tonic INMDA to resting Vm and IR
in SON MNCs, recordings were obtained
using the current-clamp mode. We inves-
tigated the association between INMDA

attenuation and increased IR in VP neu-
rons in the SL groups using PPDA, which
selectively blocks Mg21-resistant tonic
INMDA (Table 1).

A two-way RM ANOVA revealed that
IR was dependent on the addition of 1 mM

PPDA (F(3,41) = 5.89, p=0.04), but not on
SL (F(3,41) = 2.56, p= 0.13). A post hoc test
revealed that PPDA significantly increased
IR in VP neurons in the SL groups (p,
0.05), whereas it caused minimal changes
to VP neurons in the EU group (p. 0.05;
Table 1). Similarly, Vm was dependent on
the addition of PPDA (F(3,41) = 6.45,
p=0.02), but not on SL (F(3,41) = 0.02,
p= 0.82). In accordance with its effect on
Iholding (Fig. 2), PPDA caused minimal
effects on Vm (from�58.26 1.1 to�57.76
1.0mV, n=11, p. 0.05) in VP neurons in
the EU group, whereas it significantly hyper-
polarized Vm (from �56.56 1.1 to�59.06
1.0mV, n=11, p, 0.05,) in VP neurons in
the SL groups.

To assess further the functional signifi-
cance of Mg21-resistant tonic INMDA in SL
SON MNCs, we examined the effect of
PPDA on the spontaneous firing activity
of VP and OT neurons (Fig. 8). The spon-
taneous firing frequency was not depend-
ent on the cell type (two-way ANOVA,
F(3,25) = 0.004, p= 0.94). Furthermore, SL
had no significant effect on the spontane-
ous firing frequency of VP (EU group:
3.26 1.3Hz, n=6; vs SL group: 5.76 1.5
Hz, n=11) or OT neurons (EU group:
3.46 2.2Hz, n=4; vs SL group: 5.26 2.1
Hz, n=7; two-way ANOVA, F(3,25) = 0.93,
p=0.34) or on the proportion of spontane-
ously active neurons of the VP (6 of 11 neu-
rons in the EU group vs 11 of 13 neurons in
the SL group, p=0.18, Fisher’s exact test)
and OT neurons (4 of 7 neurons in the EU
group vs 7 of 9 neurons in the SL groups,
p=0.60, Fisher’s exact test). All tested neu-
rons that were silent were then subjected to a
current injection to produce a firing fre-
quency of ;2Hz to investigate the effect of
PPDA on ongoing firing activity (Fig. 8).

In accordance with its effect on Mg21-resistant tonic INMDA,
PPDA (1 mM) significantly decreased the neuronal firing rate in
VP neurons in the SL groups (n=13, p= 0.0002, Wilcoxon
signed-rank test), while it caused a minimal decrease in VP neu-
rons in the EU group (n=11, p= 0. 311, Wilcoxon signed-rank
test; Fig. 8A,B). PPDA did not cause any significant changes in
the neuronal firing of OT neurons in the EU or SL groups (Fig.

Figure 5. Increased extracellular glutamate failed to generate Mg21-resistant INMDA of VP neurons. A, Representative
examples of the effects of PPDA (1mM) and KynA (5 mM) on Iholding in the presence of 100mM TBOA, a glutamate transporter
antagonist. PPDA produced tonic INMDA in the SL groups but not in the EU group. B, PPDA-induced Iholding changes (IPPDA) in
the presence of TBOA, as shown in the bar graph (n= 8; pppp, 0.001, compared with EU, two-sample t test). C, IPPDA in
the presence of 30mM glutamate as shown in the bar graph (n= 8; pppp, 0.001, compared with EU, two-sample t test).

Figure 6. NR2D KO prevented the generation of SL-induced Mg21-resistant INMDA. A, Representative traces show-
ing that increased [Mg21]o (from 20 mM to 1.2 mM) and the addition of AP5 (100 mM) caused an outward shift in
Iholding in SON MNCs in C57BL/6 mice. AP5 induced an Iholding shift in the 7 d SL (7dSL) group but not in the euhy-
drated or 3 d SL (3dSL) groups. The dotted lines indicate mean Iholding level under each condition. B, C, Iholding
changes induced by sequential application of Mg21 (Mg21-sensitive INMDA; B) and AP5 (Mg21-resistant INMDA;
C) in each neuron type are plotted. D, Summarized total INMDA in the three groups. E, Representative current traces
showing the effect of PPDA (1 mM) on Iholding in SON MNCs in normal aCSF in the four different groups. Note that SL
induced Mg21-resistant INMDA in the wild-type mice but not in the NR2D KO mice. F, Amplitudes of Mg

21-resistant
INMDA measured by PPDA are shown for the four different groups.

Neupane et al. · Mg21-Resistant Tonic INMDA in SONMNCs J. Neurosci., February 10, 2021 • 41(6):1145–1156 • 1151



8A,B). Combined with the results that PPDA increased the input
resistance in VP neurons in the SL groups (Table 1), these results
further suggested that altered input resistance by the blockade of
Mg21-resistant tonic INMDA could be sufficient to increase the
neuronal firing in the neurons.

To determine whether the decrease in SON neuronal firing
after blockade of Mg21-resistant tonic INMDA required an intact
ionotropic receptor-mediated GABAergic synaptic input, experi-
ments were repeated in the presence of the ionotropic GABA re-
ceptor antagonist picrotoxin (200 mM). All recorded neurons
were spontaneously active in the presence of picrotoxin. The
results are summarized in Fig. 8, C and D. In the presence of pic-
rotoxin, PPDA significantly decreased the neuronal firing rate in

VP neurons in the SL groups (n=8, p= 0.02, paired samples t
test) but not in the VP neurons in the EU group. In VP neurons
in the SL groups, the effect of PPDA on ongoing firing in the
presence of picrotoxin (64.26 9.2% of control, n= 8) was no dif-
ferent from that produced in the absence of picrotoxin (666
8.1% of control, n= 13, p= 0.82, two-sample t test).

Together, these results imply that blockade of Mg21-resistant
tonic INMDA is sufficient to decrease neuronal excitability and fir-
ing discharge of VP neurons under SL conditions, even in the ab-
sence of an active GABAergic input.

Blockade of Mg21-resistant tonic INMDA shifted the input–
output function in VP neurons in the SL groups
To assess the functional significance of Mg21-resistant tonic
INMDA on repetitive firing activity, the effect of PPDA on the I–O
function in VP neurons was compared between the EU and SL
groups. Depolarizing current steps of increasing amplitude were
applied and the numbers of resulting spikes were plotted as a
function of the depolarizing steps (Fig. 9). At all levels of current
injection, the numbers of action potentials elicited in VP neurons
did not differ significantly between the EU and SL groups (Fig.
9A). The I–O function was expressed using the Boltzmann equa-
tion with a half-maximal current (I50) of 31.96 1.8 pA and a
slope factor (k) of 8.76 0.6 pA (n= 11) in VP neurons in the EU
group (Fig. 9B), which were no different from the values for VP
neurons in the SL groups (I50 = 31.56 1.6 pA, k= 8.46 0.3 pA,
n= 11). A two-way RM ANOVA revealed that the firing re-
sponses were dependent on current injection (F(1,140) = 132.80,
p, 0.001) but not on SL (F(1,140) = 0.05, p= 0.94). PPDA (1 mM)
significantly decreased the firing response in VP neurons in the
SL groups but not in the EU group (Fig. 9A). As a result, PPDA
significantly increased the I50 in VP neurons in the SL groups to
38.56 1.6 pA (F(3,41) = 18.91, with Bonferroni post hoc test,
p, 0.001), while the changes in the EU group did not show sta-
tistical significance (32.86 2.1 pA, n= 11, p. 0.05).

Discussion
The main findings of this study are that (1) an osmotic challenge
mediated by 7 d (but not 3 d) of SL generated an Mg21-resistant
tonic INMDA in nondepolarized VP neurons; (2) the Mg21-resist-
ant tonic INMDA in VP neurons in the SL groups was not a result
of increased ambient glutamate concentration; (3) pharmacologi-
cal blockade and genetic deletion of NR2D subunits inhibited
the Mg21-resistant tonic INMDA in VP neurons in the SL groups;
(4) the Mg21-resistant tonic INMDA selectively regulated the fir-
ing activity of VP (but not of OT) neurons in the SL groups; and
(5) SL increased NR2D expression in the SON. These findings
indicate that increased expression and activation of NR2D-con-
taining NMDARs is a novel mechanism generating an Mg21-
resistant tonic INMDA in VP neurons, which may contribute to
elevated neuronal activity and, in turn, VP hormone release
to aid fluid homeostasis following the chronic osmotic insult.
To the best of our knowledge, this is the first evidence that

Figure 7. SL increased NR2D expression in the SON. A, Representative Western blot analysis
showing NMDAR NR2B and NR2D subunit expression under EU and SL conditions. B, NR2B and C,
NR2D subunit expression in the SON in the EU and SL groups is summarized and compared,
respectively. The protein expression was normalized to the level detected in the EU group and
compared with the expression in SL animals. Summarized data shown are as the mean 6 SE
(n= 5 and n= 11 for NR2B and NR2D subunits, respectively). One-way ANOVA, F(2,30) = 8.48,
p, 0.05; with Bonferroni post hoc test, ppp, 0.01.

Table 1. Basic membrane properties of VP SON MNCs

n IR (mV) Vm (mV)

EU CTL 11 746.16 40.2 �58.26 1.1
PPDA 11 749.26 45.2 �57.76 1.0

SL CTL 11 659.46 29.8 �56.56 1.1
PPDA 11 705.66 28.4p �59.06 1.0p

CTL, Control.
pp, 0.05 compared with respective CTL, two-way RM ANOVA with Bonferroni post hoc test.
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recruitment of NR2D-containing NMDARs in the adult brain
contributes to generation of a unique, functionally relevant
extrasynaptic excitatory signaling mechanism. We propose
that this novel mechanism plays an important adaptive role in
these neuroendocrine cells in response to sustained physiolog-
ical challenges.

Cellular mechanisms generating Mg21-resistant tonic INMDA

in VP neurons under SL conditions
SON MNCs represent a conspicuous example of activity-
dependent neuronal–glial plasticity (Tweedle and Hatton, 1977,
1984; Theodosis and Poulain, 1993) that involves reversible glial

retraction from and between neighbor-
ing neurons leading to increased forma-
tion on synaptic inputs on the targeted
neurons. Glial retraction with reduced
GLT-1 activity increases extracellular
glutamate and activates eNMDARs in
SON MNCs in response to osmotic
challenges (Fleming et al., 2011; Joe et
al., 2014). However, in the present
study, the increased extracellular gluta-
mate level evoked by exogenous gluta-
mate or GluT blocker was not sufficient
to generate or potentiate PPDA-sensi-
tive tonic INMDA in the EU and SL SON
MNCs. These results imply that in-
creased ambient glutamate levels, in the
context of an altered topography of the
tripartite synapse and/or GluT activity
itself, are not enough to generate an
Mg21-resistant INMDA in VP neurons
under SL conditions.

Given that ambient glutamate is suf-
ficient to activate eNMDARs (Sah et al.,
1989; Herman and Jahr, 2007; Papouin
et al., 2012), altered expression and/or
composition of eNMDARs could gener-
ate a tonic INMDA in SONMNCs regard-
less of ambient glutamate concen-
trations. Indeed, the lack of change in
the abundance of NMDAR subunits
previously reported after 3 d of SL
(Doherty and Sladek, 2011) and pas-
sive dehydration (Carreño et al., 2011)
seems to be consistent with our results
showing that 3 d of SL was not enough
to induce Mg21-resistant tonic INMDA

in SON MNCs (Fig. 1). Similarly, our
results demonstrating that 7 d of SL
increased NR2D expression, together
with previous reports of NR1 upreg-
ulation in chronic SL (7–10d; Decavel
and Curras, 1997), imply that an in-
creased abundance of NMDARs gener-
ates Mg21-resistant tonic INMDA after
7 d SL in VP neurons. Our results show-
ing that pharmacological and genetic
intervention of NR2D prevented Mg21-
resistant tonic INMDA provide further
evidence that NR2D-containing recep-
tors play an essential role in the genera-
tion of Mg21-resistant tonic INMDA in
VP neurons under SL conditions.

Together, our results imply that, in addition to the changes in
the neuronal–glial microenvironment, SL recruits NR2D-con-
taining NMDARs, which in turn mediate this unique extrasynap-
tic signaling, shown in VP neurons.

Diversity of eNMDARs mediating tonic INMDA

Given that SON MNCs express NR2B and NR2D subunit
proteins (Doherty and Sladek, 2011) and that NR1/NR2B/
NR2D triheteromers form functional NMDARs in both syn-
aptic (Brothwell et al., 2008) and extrasynaptic membranes
(Brickley et al., 2003), it is plausible that, in addition to NR2D

Figure 8. Mg21-resistant tonic INMDA upregulated neuronal firing in SON MNCs. A, Representative traces of neuronal firing in
VP and OT neurons from rats in the EU and SL groups. Blockade of Mg21-resistant tonic INMDA (PPDA, 1 mM) decreased the firing
activity in SL-VP but not in EU-VP, EU-OT, and SL-OT neurons, while subsequent application of 100 mM AP5 (PPDA1 AP5) effi-
ciently decreased firing activity in all groups. B, Firing frequency under each condition [pppp, 0.001, compared with control
(CTL) Wilcoxon signed-rank test; n= 11, EU-VP; n= 13, SL-VP; n= 7, EU-OT; n= 9, SL-OT]. C, Representative traces showing the
effect of PPDA on the neuronal firing of EU-VP and SL-VP neurons in the presence of an ionotropic GABAA receptor antagonist,
picrotoxin (PTX; 200 mM). D, Firing frequency of VP neurons before and during the application of PPDA in the presence of PTX
under the EU (n= 5) and SL (n= 8) conditions; pp= 0.02, compared with control, paired-sample t test.
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diheteromers, triheteromeric eNMDARs
composed of NR1/NR2B/NR2D subunits
mediate Mg21-resistant tonic INMDA in VP
neurons under SL conditions. However,
NR1/NR2B/NR2D triheteromers are also
sensitive to ifenprodil, although less so
than diheteromeric NR1/NR2B recep-
tors (Brothwell et al., 2008), so our
results showing that ifenprodil failed to
block Mg21-resistant tonic INMDA of
VP neurons under SL conditions (Fig.
2B) challenge the hypothesis that trihe-
teromeric NR1/NR2B/NR2D receptors
or diheteromeric NR2B receptors contrib-
ute to the Mg21-resistant tonic INMDA of
VP neurons under SL conditions. It is
also noteworthy that extracellular MK-801
failed to block Mg21-resistant tonic INMDA

of VP neurons in SL conditions (Fig. 2B).
Combined with the fact that extracellular
MK-801 preferentially interacts and blocks
the NMDAR currents mediated by NR2A-
and NR2B-containing NMDARs compared
with NR2C- or NR2D-containig receptors in nondepolarized cells
(Yamakura et al., 1993; Laurie and Seeburg, 1994; Bresink et al.,
1996), insensitivity of Mg21-resistant INMDA to the open chan-
nel blocker, MK-801 is also in line with the fact that NR2C/
NR2D-containing receptors mediate Mg21-resistant INMDA of
VP neurons.

Although NR2B does not contribute to the Mg21-resistant
tonic INMDA of VP neurons under SL conditions, it is broadly
accepted that NR2B receptors preferentially located in extrasy-
naptic regions (Tovar and Westbrook, 1999) contribute to tonic
INMDA in the brain. Like previous studies (Fleming et al., 2011),
we found that ifenprodil efficiently blocked tonic INMDA in depo-
larized SON MNCs (Fig. 3). While still debated, it is generally
accepted that eNMDARs are composed of NR2B-containing
NMDARs. Since NR2D receptors are less sensitive than NR2B
receptors to Mg21 ion channel blockade (Kuner and Schoepfer,
1996), our results imply that both NR2B- and NR2D-containing
NMDARs mediate tonic INMDA, with their relative contribu-
tions being dependent on the depolarizing state of neurons
(e.g., NR2D is predominant when neurons are hyperpolar-
ized and NR2B and NR2D are predominant when neurons
are depolarized).

Cell type-specific generation of NR2D-mediated Mg21-
resistant tonic INMDA in SONMNCs under SL conditions
SON MNCs release VP and OT hormones into the blood in
response to specific physiological demands, which are tightly
linked to the electrical activity of neurons (Poulain and
Wakerley, 1982; Renaud and Bourque, 1991). The excitatory
inputs from the OVLT to SON MNCs are target selective for
VP neurons (Yang et al., 1994; Stachniak et al., 2014), imply-
ing that they may selectively modulate the excitability of VP
neurons in response to a hyperosmotic challenge. However,
our results showing that enhanced glutamate input, puta-
tively including those from OVLT, did not generate or
potentiate INMDA in SON MNCs (Figs. 4, 5) argue against
this interpretation.

It has been proposed that differential NMDA receptor com-
position may shape the neurophysiological properties of VP and
OT neurons (Al-Ghoul et al., 1997). Indeed, VP neurons

expressed similar levels of mRNA of the NR2D (31%), NR2B
(39%), and NR2C (32%) subunits, whereas the NR2B subunit is
predominantly expressed (65%) in OT neurons (Al-Ghoul et al.,
1997). These findings, in addition to the results showing that
NR2C/NR2D receptors exhibit weaker magnesium block and
higher affinity for glycine than NR2B receptors, imply that the
high NR2C/NR2D subunit could cause VP neurons to be more
susceptible to glutamatergic activation than OT neurons. In this
study, pharmacological and genetic intervention of NR2D recep-
tors blocked tonic INMDA and suppressed the neuronal firing of
VP neurons under SL conditions, which is in accordance with
previous studies reporting that, at the protein level, NR2C
expression is absent in the SON (Doherty and Sladek, 2011) de-
spite the fivefold higher NR2C mRNA in VP compared with OT
neurons (Al-Ghoul et al., 1997). Overall, these results imply that
during a sustained osmotic challenge, NR2D-mediated tonic
INMDA contributes to the regulation of SON firing activity in a
cell type-dependent manner. However, we cannot completely
exclude the possibility that SL selectively alters the microenviron-
ment of VP neurons rather than OT neurons, contributing to the
cell type-specific nature of this effect.

Functional significance of NR2D-mediated Mg21-resistant
tonic INMDA in VP neurons under SL conditions
It has long been thought that nonfunctional extrasynaptic recep-
tors may be recruited to active synapses or functionally com-
bined with synaptic signaling, on demand, in the brain. For
example, enhanced synaptic activity functionally recruits NR2D-
containing eNMDARs to modify excitatory postsynaptic cur-
rents in the hippocampus and cerebellum (Clark and Cull-
Candy, 2002; Harney et al., 2008). Our results add to the known
functional repertoire of eNMDARs, showing that NR2D-con-
taining NMDARs can also be recruited in an “on-demand” basis
to extrasynaptic sites to generate a functionally relevant Mg21-
resistant tonic INMDA in VP neurons.

Although tonic NMDAR activation has been proposed to
modulate the input–output function (Sah et al., 1989; Wu et al.,
2012), such activation may also lead to cell death, possibly by an
excessive Ca21 influx (Hardingham et al., 2002). The permeabil-
ity of NMDARs to Ca21 ions may confer to NMDARs a central

Figure 9. Blockade of Mg21-resistant tonic INMDA shifted the I–O function. A, Representative examples of action potentials
evoked by depolarizing pulses of increasing amplitude before and during the application of PPDA (1 mM) to VP neurons in
the EU and SL groups. Note the decreased numbers of spikes produced in the presence of PPDA by neurons in the SL group
at each current amplitude step. Vm was held at �58mV under all conditions. B, Mean numbers of spikes produced as a
function of depolarizing current amplitude before (open) and during the application of PPDA (filled) in VP neurons from the
EU (circle) and SL (square) groups. Blockade of Mg21-resistant tonic INMDA significantly shifted the I–O relationship to the
right under SL conditions (see Results) compared with control (CTL; n= 11 in each), two-way RM ANOVA.

1154 • J. Neurosci., February 10, 2021 • 41(6):1145–1156 Neupane et al. · Mg21-Resistant Tonic INMDA in SONMNCs



role in both synaptic plasticity under physiological conditions
and neuronal death under excitotoxic pathologic conditions. In
addition to other unique biophysical properties of NR2D subu-
nit-containing NMDARs, including weak desensitization, slow
deactivation, low Mg21 sensitivity, and high glutamate affinity
(Yamakura and Shimoji, 1999; Bai et al., 2013; Paoletti et al.,
2013; Wyllie et al., 2013), NR2D receptors show reduced Ca21

permeability (Siegler Retchless et al., 2012). Therefore, NR2D-
containing eNMDARs may generate tonic INMDA in nondepolar-
ized VP neurons under physiological levels of Mg21 concentra-
tions in the brain and contribute to upregulation of neuronal
activity on an “on-demand” basis, while minimizing potential
excitotoxic effects because of their lower Ca21 permeability.
However, it is noteworthy that 7 d SL increased serum osmolality
to an equivalent level in WT and NR2D KO mice, suggesting
that there is central and/or peripheral adaptation maintaining
fluid homeostasis in NR2D KO mice in the SL condition. Given
that increases in plasma VP induced by salt intake promotes
water retention and vasoconstriction (Prager-Khoutorsky et al.,
2017), future studies are warranted to further investigate the
functional significance of the Mg21-resistant tonic INMDA to
facilitate VP release regulating sodium homeostasis, blood pres-
sure, and kidney function inWT and NR2D KOmice.

This study shows that the recruitment of functional NR2D-
containing NMDARs constitutes a novel mechanism by which
VP neurons generate an Mg21-resistant tonic INMDA and con-
tribute to adaptive firing responses to a sustained osmotic chal-
lenge. Moreover, our results expand the general mechanisms by
which neurons in the mature brain are capable of regulating a
membrane potential-sensitive excitatory signaling modality in an
“on-demand”manner.
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