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Excitatory signaling mediated by NMDARs has been shown to regulate mood disorders. However, current treatments target-
ing NMDAR subtypes have shown limited success in treating patients, highlighting a need for alternative therapeutic targets.
Here, we identify a role for GluN2D-containing NMDARs in modulating emotional behaviors and neural activity in the bed
nucleus of the stria terminalis (BNST). Using a GluN2D KO mouse line (GluN2D2/2), we assessed behavioral phenotypes
across tasks modeling emotional behavior. We then used a combination of ex vivo electrophysiology and in vivo fiber pho-
tometry to assess changes in BNST plasticity, cell-specific physiology, and cellular activity profiles. GluN2D2/2 male mice ex-
hibit evidence of exacerbated negative emotional behavior, and a deficit in BNST synaptic potentiation. We also found that
GluN2D is functionally expressed on corticotropin-releasing factor (CRF)-positive BNST cells implicated in driving negative
emotional states, and recordings in mice of both sexes revealed increased excitatory and reduced inhibitory drive onto
GluN2D2/2 BNST-CRF cells ex vivo and increased activity in vivo. Using a GluN2D conditional KO line (GluN2Dflx/flx) to
selectively delete the subunit from the BNST, we find that BNST-GluN2Dflx/flx male mice exhibit increased depressive-like
behaviors, as well as altered NMDAR function and increased excitatory drive onto BNST-CRF neurons. Together, this study
supports a role for GluN2D-NMDARs in regulating emotional behavior through their influence on excitatory signaling in a
region-specific manner, and suggests that these NMDARs may serve as a novel target for selectively modulating glutamate
signaling in stress-responsive structures and cell populations.
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Significance Statement

Excitatory signaling mediated through NMDARs plays an important role in shaping emotional behavior; however, the recep-
tor subtypes/brain regions through which this occurs are poorly understood. Here, we demonstrate that loss of GluN2D-con-
taining NMDARs produces an increase in anxiety- and depressive-like behaviors in mice, deficits in BNST synaptic
potentiation, and increased activity in BNST-CRF neurons known to drive negative emotional behavior. Further, we deter-
mine that deleting GluN2D in the BNST leads to increased depressive-like behaviors and increased excitatory drive onto
BNST-CRF cells. Collectively, these results demonstrate a role for GluN2D-NMDARs in regulating the activity of stress-re-
sponsive structures and neuronal populations in the adult brain, suggesting them as a potential target for treating negative
emotional states in mood-related disorders.
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Introduction
Dysregulated excitatory signaling is proposed to underlie a num-
ber of mood-related disorders (Graybeal et al., 2012; Sanacora et
al., 2012). Despite this, the molecular underpinnings of how exci-
tatory signaling influences emotional behavior are poorly under-
stood, underscoring a critical need for continued study of the
receptor and cell types involved in shaping the physiological
changes that drive them. The NMDARs in particular have
emerged as targets both associated with the pathobiology of these
disease states and for developing treatments for their more in-
tractable forms (Sanacora et al., 2008; Javitt et al., 2011; Ghasemi
et al., 2014).

NMDARs are heteromeric receptors composed of two GluN1
subunits and a combination of two GluN2 or GluN3 subunits,
with GluN2 subunits being more prominent in the adult brain
(Hansen et al., 2018). GluN2 subunits are comprised of four iso-
forms (GluN2A-D), each conferring distinct physiological prop-
erties (Paoletti et al., 2013). NMDARs containing the GluN2D
subunit (GluN2D-NMDARs) represent an interesting potential
target due to their unique biophysical attributes, including pro-
longed deactivation kinetics, weakened Mg21 sensitivity, and
enhanced glutamate sensitivity (Vicini et al., 1998; Qian et al.,
2005). Recent rodent studies have also reported that genetic dele-
tion of GluN2D-NMDARs can alter emotional behavior; how-
ever, opposing phenotypes have been observed, warranting
further investigation (Miyamoto et al., 2002; Yamamoto et al.,
2017; Shelkar et al., 2019).

While GluN2D-NMDARs may represent an interesting ther-
apeutic target due to their distinctive properties and lower
expression in the adult brain (Monyer et al., 1994; Wenzel et al.,
1996), little is known about their functional role in regions
known to drive emotional behavior. The general restriction of
GluN2D expression that occurs during development (Sheng et
al., 1994; Cull-Candy et al., 2001) suggests that their influence
might be significant in extended amygdalar regions. The bed nu-
cleus of the stria terminalis (BNST) is one such region that has
been heavily implicated in modulating emotional states, serving
as a key integrator of negative valence and stress-related stimuli
(Dong et al., 2001; Lebow and Chen, 2016). Excitatory signaling
in the BNST has also been implicated in driving emotional
behavior, with previous studies reporting that disruptions of
inter- and intra-BNST excitatory synaptic function can lead to
increases or decreases in anxiety- and depressive-like behaviors
(Jennings et al., 2013; Kim et al., 2013; Glangetas et al., 2017).
Moreover, the BNST is known to contain dense populations of
neuropeptidergic cells that have been linked to regulating emo-
tional behavior, in particular those expressing corticotropin-
releasing factor (CRF, Crh). These cells (BNST-CRF) have been
shown to drive negative valence, with numerous preclinical stud-
ies linking increases in both BNST and extended amgydalar CRF

cell signaling to depression- and stress-related states/disorders
(Lebow et al., 2012; Sink et al., 2013; Pleil et al., 2015; Fetterly et
al., 2019).

Using behavioral testing and electrophysiological recording
techniques, we demonstrate here that mice constitutively lacking
GluN2D (GluN2D�/�) exhibit increases in anxiety- and depres-
sive-like behaviors, and associated disruptions in BNST synaptic
potentiation. Closer examination of GluN2D expression across
the BNST revealed the subunit to be present on BNST-CRF neu-
rons, suggesting a role for GluN2D-NMDARs in regulating their
activity. Ex vivo whole-cell electrophysiology and in vivo record-
ings of calcium transients from these neurons in GluN2D�/�

mice confirmed this, showing converging evidence of increased
basal excitatory activity. To specifically explore the role of
GluN2D-NMDAR signaling in the BNST, we used a conditional
KO line (GluN2Dflx/flx) to examine the effects of BNST-GluN2D
loss in adult mice. Further, we used a Crh-promoter driven Flp
line to study the cell type-specific effects of regionally restricted
GluN2D deletion on BNST-CRF cell physiology. We find that
BNST-GluN2D deletion produces increased depressive-like
behavior, as well as increased excitatory drive onto the BNST-
CRF neurons similar to what we observed in GluN2D�/� mice.
Overall, these studies suggest that GluN2D-NMDARs play an
important role in shaping excitatory signaling in the BNST and
specifically in BNST-CRF cells that may correlate with aspects of
emotional behavior.

Materials and Methods
Animals
Male and female mice of at least 8weeks of age were used throughout this
study. GluN2D constitutive KO mice (GluN2D�/�) were purchased from
the RIKEN Experimental Animal Division Repository (RBRC #01840),
whereas Crh-IRES-Cre, Ai14, and C57BL/6J mice were purchased from
The Jackson Laboratory (stock #012704, #007908, and #00064). Crf-
Tomato mice were generated as previously reported (Chen et al., 2015;
Silberman et al., 2013). GluN2D conditional KOmice (GluN2Dflx/flx) were
purchased from MRC Harwell (Grin2dtm1c[EUCOMM]Wtsi, EMMA ID:
04857) and bred as outlined by the Wellcome Trust Sanger Institute
guidelines for their suite of conditional ready mice. Crh-IRES-FlpO mice
were generously provided for our use by the laboratory of Bernado
Sabatini (The Jackson Laboratory, stock #031559). To visualize CRF cells
in brain slices from rodents lacking the GluN2D subunit, GluN2D�/�

mice were crossed with Crf-Tomato mice for constitutive deletion studies
(GluN2D�/�/ Crf-Tomato), and GluN2Dflx/flx mice were crossed with hemi-
zygous Crh-IRES-FlpO mice (GluN2Dflx/flx/Crf-Flp) for regional GluN2D
deletion studies. GluN2D�/� mice were also bred to the Crh-IRES-Cre
line to generate the mice necessary for conducting in vivo fiber photome-
try studies (GluN2D�/�/Crf-Cre). GluN2D�/�, Crf-Tomato, and Crh-
IRES-FlpOmice were genotyped using protocols reported for each respec-
tive line on The Jackson Laboratory’s website, while custom primers were
designed for endpoint PCR to genotype the GluN2Dflx/flx mice (forward
primer: GTGTGACCAGGAAGCCACTT, reverse primer: TCCTTGA
TCCCGTCCCTCAA).

For behavioral studies using the GluN2D�/� and GluN2Dflx/flx

mouse line, male mice were primarily used to replicate the conditions of
previously published behavioral work with the GluN2D�/� line (Ikeda
et al., 1995; Miyamoto et al., 2002; Obiang et al., 2012; Yamamoto et al.,
2017; Shelkar et al., 2019). For ex vivo electrophysiological and in vivo
fiber photometry studies using the GluN2D�/�/Crf-Tomato, GluN2D�/�/
Crf-Cre, and GluN2Dflx/flx/Crf-Flp lines, mice of both sexes were used
to minimize the total number of animals. No sex differences were
observed in these studies; and as such, all data are compiled across
groups into values representative of both sexes. All mouse lines were
maintained on a C57BL/6J background and backcrossed as needed.
Mice were group-housed with 2-5 individuals per cage and maintained
on a 12 h light/dark cycle (lights on at 0600 h) under controlled
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temperature (20°C-25°C) and humidity (30%-50%) levels. Mice were
given access to food and water ad libitum. All treatments and interven-
tions were approved by the Vanderbilt Animal Care and Use
Committee.

Behavioral testing
All experiments took place during the light phase of the cycle. Group-
housed male GluN2D�/�, and male GluN2Dflx/flx, mice were transferred
into the vivarium 3weeks before testing and allowed a minimum of
1week for acclimation. Following acclimation, mice were singly housed
for 2weeks; 5 d before the start of behavioral testing, mice were handled
daily to help reduce experimenter-induced stress as previously described
(Olsen and Winder, 2010). On test days, mice were brought into proce-
dure rooms;1 h before the start of any experiment to allow for acclima-
tization, which was performed under full light (;300–400 lux) in rooms
while mice were provided food and water ad libitum. All equipment
used during testing was cleaned with a 70% ethanol solution before start,
and in between each animal run, to mask odors and other scents.
Open field test (OFT). Mice were run in ENV-S10S open field activity

chambers (Med Associates) fitted with IR photograph-beam arrays for
60min under full light in the chambers (;200-300 lux). Total locomotor
activity and zone analyses for total time spent in the designated center
and surround zones of the activity arena were performed using Med
Associates software.
Light/dark (L/D) box.Mice were run using the same activity chambers

described above, with inserts made of blacked out Plexiglas fitted into
the left side of each chamber, occupying approximately half of the total
chamber area. Mice were placed into the dark side to begin the test and
run for 10min. Total movement between and activity within each side
of the chamber was automatically recorded via Med Associates software
based on IR beam breaks. Zone analyses for total time spent in each side
of the chamber, as well as total zone entries and overall locomotion (dis-
tance traveled), were later performed using Med Associates software.
Elevated zero maze (EZM).Mice were run using a custom EZM appa-

ratus measuring 34 cm inner diameter, 46 cm outer diameter, placed
40 cm off the ground on four braced legs, with two open quadrants and
two closed quadrants. Testing was performed under illuminated condi-
tions (;200–300 lux for open quadrants and ;100–150 lux for closed
quadrants), with mice initially placed into one of the open quadrants, af-
ter which they were run for 5min in the maze and filmed continuously.
Videos were analyzed automatically via ANY-maze software (Stoelting)
for total time spent in the designated open quadrants compared with
total time spent in the closed quadrants, and presented as percent total
time in open quadrants overall. Total locomotion and quadrant entries
were similarly assessed via ANY-maze.
Forced swim test (FST). The FST was always performed on the final

day of all behavioral testing batteries. Mice were placed in Plexiglas cyl-
inders containing room temperature (;22°C–23°C) tap water for 6min
while being continuously filmed. Videos were then analyzed to deter-
mine the total immobility time (i.e., lack of swimming/struggling while
in water) observed in mice during the last 4min of the test (first 2 min
were designated as a habituation period to the water/test). All results
were hand-scored by individuals blinded to the genotype of test mice.
Novelty-induced hypophagia (NIH). Testing was performed as previ-

ously described (Louderback et al., 2013). In brief, mice were subjected
to 4 d of training on drinking a highly palatable food (liquid Ensure, va-
nilla flavor) in their home cages, and a final testing day in a novel cage.
Training consisted of 30 min of access to Ensure in the home cage under
low red lighting conditions (;40–50 lux), and mice were timed for la-
tency (seconds) to first lick of sipper bottles containing Ensure and then
for total consumption of Ensure (grams) at the end of each session. On
test day, mice were placed in a new cage devoid of bedding under bright
lights (;400–500 lux) immediately before Ensure access, after which la-
tency to first lick and total consumption of Ensure at the end of the
30min session were measured. Results were scored by individuals
blinded to treatment groups, and total consumption of Ensure was
measured across the entire experiment to rule out potential issues of a
feeding phenotype.

Slice preparation for electrophysiology
Male and female mice were transported from animal colony housing
facilities to the laboratory and placed in a sound-attenuated chamber for
1 h before ex vivo brain slice preparation as previously described (Harris
et al., 2018; Centanni et al., 2019; Fetterly et al., 2019). Mice were anes-
thetized with isoflurane gas, after which brains were quickly removed
and placed in ice-cold sucrose ACSF containing the following: 194 mM

sucrose, 20 mM NaCl, 4.4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 1.2 mM

NaH2PO4, 10 mM glucose, and 26 mM NaHCO3. For slices prepared for
field potential recordings, 0.9 mM of ascorbic acid was added to help pre-
serve cell health in the interface chamber. Dissecting solution was satu-
rated with 95% O2/5% CO2 (v/v). Coronal slices 300mm in thickness
were prepared using a VT1200S vibratome (Leica Microsystems). Slices
containing anterior portions of the dorsolateral BNST (dlBNST)
(bregma, 0.26–0.02 mm) were selected using the internal capsule, ante-
rior commissure, and stria terminalis as landmarks.
Field potential recordings. After dissection, slices were transferred to

an interface recording chamber (Fine Science Tools), where they were
perfused with heated (;29°C) and oxygenated (95% O2/5% CO2, v/v)
ACSF (124 mM NaCl, 4.4 mM KCl, 2 mM CaCl2-2H2O, 1.2 mM MgSO4,
1 mM NaH2PO4, 10 mM glucose, and 26 mM NaHCO3, pH 7.2–7.4, 295-
305 mOsm) at a rate of ;2 ml/min. Slices were allowed to equilibrate in
ACSF for at least 1 h before recording began. A bipolar Ni-chrome wire
stimulating electrode and a borosilicate glass recording electrode (1–2
MV) filled with ACSF were placed in the dlBNST to elicit and record
extracellular field responses, which were amplified using an AxoClamp
2B amplifier (Molecular Devices). Baseline responses to electrical stimu-
lus at an intensity that produced ;40% of the maximum response were
recorded for 20 min at a rate of 0.05Hz. After acquisition of a stable
baseline, LTP was induced with two trains of 100Hz, 1 s tetanus deliv-
ered with a 20 s intertrain interval at the same intensity as the baseline
stimuli. The N1 (an index of sodium channel-dependent firing) was also
monitored, and experiments in which it changed by more than ;20%
were discarded. Analyses were made from the percent change of the N2
(an index of the extracellular population response) from baseline
0–10min after tetanus and 51–60min after tetanus. Electrical signals
were low-pass filtered at 2 kHz, digitized at 20 kHz, and acquired with a
Digidata 1322A and pClamp 9.2 system (Molecular Devices). All rele-
vant analysis work was conducted with Clampex 10.6 software
(Molecular Devices).
Whole-cell recordings. Following dissection, slices were transferred to

a holding chamber containing heated (;29°C) and oxygenated (95%
O2/5% CO2, v/v) ACSF. Slices were allowed to equilibrate in ACSF for at
least 1 h, after which they were transferred onto a submerged recording
chamber on a BX51WI upright microscope (Olympus). In the chamber,
slices were continuously perfused with oxygenated and heated ACSF at a
rate of 2 ml/min. Recording electrodes (3-6 MV) were pulled on a
Flaming/Brown Micropipette Puller (Stutter Instruments) using thin-
walled borosilicate glass capillaries, and filled with a cesium gluconate in-
ternal solution (117 mM Cs-gluconate, 20 mM HEPES, 0.4 mM EGTA,
5 mM TEA-Cl, 2 mM MgCl2, 4 mM ATP, and 0.3 mM GTP, pH 7.2-7.4,
285–290 mOsm). A bipolar Ni-chrome stimulating electrode was placed
in the stria terminalis ;100–300 mm dorsal to the recorded cell, and
electrical responses were evoked via local fiber stimulation (5-15 V at a
duration of 100-150 ms) at 0.1Hz. After achieving whole-cell configura-
tion, cells were allowed to dialyze and equilibrate for 2–5 min before re-
cording. Postsynaptic parameters were continuously monitored during
all experiments, and cells were excluded from final analysis if the access
resistance changed by .20% in either direction. For sEPSC measure-
ments made in voltage-clamp mode, responses were isolated by adding
25 mM picrotoxin (GABAA receptor antagonist, Tocris Bioscience) into
the ACSF and bath-applying over slices while recording at a holding
potential of �70 mV. sIPSC measurements were performed by adding
10 mM NBQX (pan-AMPA and kainate receptor antagonist, Tocris
Bioscience) and 25mM AP-V (pan-NMDAR antagonist, Tocris Bioscience)
into bath-applied ACSF, while maintaining a holding potential of –70 mV.
mEPSC recordings were also made at a holding potential of –70 mV,
while ACSF containing 1 mM of TTX (sodium channel blocker, Abcam)
and 25 mM picrotoxin was perfused over the slice. In paired-pulse ratio
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(PPR) experiments, paired-evoked 100-200 pA responses at 0.05Hz
were elicited, and interstimulus intervals (ISIs) of 30, 50, and 100ms
were used. For measuring the evoked, isolated NMDAR EPSCs used
for analyzing differences in NMDAR kinetics, the holding potential for
the cells was adjusted to 40 mV, and ACSF containing 10 mM NBQX
and 25 mM picrotoxin was perfused over the slice. Evoked, isolated
NMDAR EPSCs were also elicited for GluN2C/D antagonist wash-on
experiments, but this time using a modified, 0 Mg21-based ACSF (124
mM NaCl, 4 mM KCl, 1 mM NaH2PO4, and 3.7 mM CaCl2-2H2O, pH
7.4–7.2, 295-305 mOsm) containing 25 mM picrotoxin, 10 mM NBQX,
and 40 mM of the selective GluN2C/2D antagonist DQP-1105 (selective
GluN2C/D antagonist, Tocris Bioscience) and using a –70 mV holding
potential. Slices were prepared as described above for these experi-
ments but allowed to recover and equilibrate in heated, normal ACSF
before being transferred to the rig and perfused with the modified 0
Mg21 ACSF. Signals were acquired with a Multiclamp 700B amplifier
(Molecular Devices), digitized via a Digidata 1322A, and analyzed with
pClamp 10.6 software (Molecular Devices). Spontaneous and miniature
voltage-clamp recordings were analyzed via Clampfit 10.6 (Molecular
Devices) by measuring the peak amplitudes and frequencies of events
over a 6min period (in three, 2min bins). PPRs were analyzed by divid-
ing the value of the amplitude of the second response over the amplitude
of the first (P2/P1), and the resulting ratios plotted out for each ISI pe-
riod. Evoked NMDAR EPSCs decay kinetics were interrogated by exam-
ining the amplitude of the current trace at half of the tau (t ) value.
Evoked NMDAR EPSCs isolated in 0 Mg21 ACSF for DQP-1105 wash-
on studies were analyzed by measuring the percent change in the ampli-
tude of the response from baseline during the last 8 min of the recording
(i.e., following DQP application and drug wash-out).

RNAscope ISH
RNAscope studies were performed as previously described (Ghamari-
Langroudi et al., 2015). Three mRNA species expressed by neurons in
the dlBNST were visualized across separate sets of experiments using
the enhanced fluorescent ISH technique RNAscope (Advanced Cell
Diagnostics). RNAscope cDNA probes and detection kits were pur-
chased from Advanced Cell Diagnostics and used according to the com-
pany’s online protocol for fresh-frozen tissue. The probe sets directed
against Crh and Grin2d were designed from sequence information from
the mouse RefSeq mRNA IDs NM_205769.2 and NM_008172.2, respec-
tively, and custom probes for the Flp recombinase were designed by
Advanced Cell Diagnostics (catalog #448191).

C57BL/6J and Crh-IRES-FlpO male mice, aged 8-10 weeks, were
anesthetized using isoflurane, and the brains were quickly removed and
frozen in Tissue Tek OCT compound (Sakura) using Super Friendly
Freeze-It Spray (Thermo Fisher Scientific). Brains were stored at �80°C
until cut on a CM3000 cryostat (Leica Microsystems) to produce 16mm
coronal sections. Sections were adhered to warm, charged glass micro-
scope slides, and immediately refrozen before being stored at �80°C
until ready to undergo the RNAscope procedure. In brief, following
the Advanced Cell Diagnostics protocol for fresh frozen tissue, slides
were fixed for 15 min in ice-cold 4% PFA and then dehydrated in a
sequence of ethanol serial dilutions (50%, 70%, and 100%, twice each).
Slides were briefly air-dried, and then a hydrophobic barrier was drawn
around the tissue sections using a Pap Pen (Vector Labs). Slides were
then incubated with Advanced Cell Diagnostics’ Pretreat Four solution
for 30 min at room temperature in a humidified chamber. Following
protease treatment, sections were incubated with RNAscope cDNA
probes (2 h), and then with a series of signal amplification reagents
provided by the Multiplex Fluorescence Kit from Advanced Cell
Diagnostics: Amp 1-FL (30 min), Amp 2-FL (15 min), Amp 3-FL (30
min), and Amp 4-FL ALT A (15 min); 2 min of washing in RNAscope
wash buffer (1� from 50� stock) was performed between each step, and
all incubation steps with the cDNA probes and amplification reagents
were performed using a HybEZ oven (Advanced Cell Diagnostics) at 40°
C. cDNA probe mixtures were prepared at a dilution of 50:1 of the C1
channel probe (Grin2d) and C2 channel probe (Crh) for C57 studies,
and at 50:1 of C1 probe for Crh and C2 probe for Flp for studies in the
Crh-IRES-FlpO line. Sections were also stained for DAPI using the

reagent provided by the Fluorescent Multiplex Kit. Immediately follow-
ing DAPI staining, sections were mounted and coverslipped using
Aqua-Poly Mount media (PolySciences) and left to dry overnight in a
dark, cool place. Sections from the dlBNST were collected in pairs, using
one section for incubation with the cDNA probes and another for incu-
bation with a probe for bacterial mRNA (dapB, Advanced Cell
Diagnostics) to serve as a negative control. Sections were imaged using a
710 scanning confocal microscope (Carl Zeiss) at 20� (20�/0.50 N.A.
lens) and 63� magnification (63�/0.50 N.A. oil immersion lens), and
composite images of the dlBNST were generated as TIF files and ana-
lyzed in Fiji/ImageJ. Images from sections treated with the negative con-
trol probe for each pair of slides were used to determine brightness and
contrast parameters that minimized observation of bacterial transcripts
and autofluorescence, and these adjustments were then applied to the
images from experimental sections treated with the cDNA probes.
Adjusted experimental images were then analyzed in a designated region
of interest around the dlBNST. Cells in these ROIs were identified using
both DAPI-stained nuclei and the borders present between cells identified
with the help of grayscale differential interference contrast overlays, and
the total number of cells in each region were counted. Cells were appraised
for the presence of Grin2d and Crh signal to determine the total number
of cells showing probe expression either alone or in combination in C57
studies, and similarly for the presence of Crh and Flp signal in Crh-IRES-
FlpO studies. Transcripts were readily identified as round, fraction delim-
ited spots over and surrounding DAPI-labeled nuclei.

Stereotaxic surgery procedures
Adult mice (;8weeks of age) were anesthetized with isoflurane (initial
dose = 3%, maintenance dose = 1.5%), and surgery was performed using
an Angle Two stereotaxic frame (Leica Microsystems) to intracranially
inject adeno-associated virus (AAV) into the dlBNST based on the
Paxinos and Franklin (2004) mouse brain atlas (from bregma: AP0.14,
ML 60.88, DV �4.24, 15.03° tilt) at a rate of 100 nl/min. For behavior
studies using the GluN2Dflx/flx line, male mice were bilaterally injected
with ;300 nl of recombinant AAV5-CMV-eGFP or AAV5-CMV-Cre-
eGFP (UNC Vector Core), and given a 4week recovery period.
GluN2Dflx/flx/Crf-Flp mice of either sex used for physiology studies were
bilaterally injected with ;300 nl of a 1:1 mixture of an AAV9-Ef1a-
fDIO-tdTomato virus (Stanford Vector Core) and the AAV5-CMV-Cre-
eGFP virus, and similarly given 4weeks recovery before producing slices
for ex vivo recordings.

For photometry studies, GluN2D�/�/Crf-Cre mice of either sex were
injected with ;300 nl of AAV9-Syn-FLEX-jGCaMP7f-WPRE (Addgene)
into the right dlBNST, and then given a 3week recovery period to allow
for full expression of the virus. Following this period, mice underwent a
second round of surgery to place a fiberoptic cable implant (4.1 mm fiber,
Doric Lenses) just above the injection site of the virus within the dlBNST
(;0.1 mm above DV coordinate listed above). After placing the fiberoptic
into position, a system consisting of a light-curable Optibond primer and
adhesive agent (Henry Schein Medical) and Herculite XRV dental com-
posite enamel (Kerr) was applied to the mouse’s skull to firmly affix and
hold the fiberoptic in position. Briefly, after exposure of the skull, gel etch-
ant was used to clean the skull, a screw was placed rostral to the craniot-
omy hole, and the implant was slowly lowered through the previously
made craniotomy hole. Optibond FL Primer was applied around the
implant, followed by Optibond FL light-curable adhesive, and last the
light-curable Herculite enamel. Mice were given a minimum 1week re-
covery period following implant surgery to allow for the surgery sites to
fully heal before the start of in vivo calcium signal recording.

In vivo fiber photometry recordings
Optical recordings of GCaMP7f fluorescence were acquired using a
RZ5P fiber photometry detection system (Tucker-Davis Technologies),
consisting of a processor with Synapse software (Tucker-Davis Tech-
nologies), and optical components (Doric Lenses and ThorLabs).
Excitation wavelengths generated by LEDs (470nm blue light and
405nm violet light) were relayed through a filtered fluorescence mini-
cube at spectral bandwidths of 460-495 and 405 nm to a prebleached
mono fiberoptic cable connected to the implant on top of each animal’s
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head. Power output for the primary 470 nm channel at the tip of the fi-
beroptic cable was measured at ;25–30 mW. Single emissions were
detected using a femtowatt photoreceiver with a lensed fiber cable
adapter. Signal in both 470 and 405nm channels were monitored contin-
uously throughout all recordings, with the 405 nm signal used as an iso-
bestic control for both ambient fluorescence and motion artifacts
introduced by movement of the fiberoptic implant. Wavelengths were
modulated at frequencies of 210–220 and 330Hz, respectively, and
power output maintained at 20mA with a DC offset of 3mA for both
light sources. All signals were acquired at 1 kHz and lowpass filtered at
3Hz. Mice were housed and handled as described above, with the addi-
tion of a 5min session each handling day during which the mice were
hooked up to the fiberoptic cable to allow them to become accustomed
the tethered cable. Mice were transported to the procedure room and
habituated for 1 h. Mice were then connected to the photometry system,
and following a 1-2min period to adjust to these manipulations, a
30min recording session was conducted to observe basal activity in the
dlBNST. Mice were placed in a custom arena and allowed to explore for
the duration of the recording. Following testing, all mice were perfused
and tissue was assessed for both proper targeting of both initial viral
injections and optic fiber placement via immunohistochemistry.

Analysis of the GCaMP signal was done with a custom-written
MATLAB code (can be provided on request), with the bulk fluorescent
signal from both the 470 and 405 channels normalized to compare dif-
ferences in calcium-mediated event frequencies across groups using the
405 as a control channel. Linear regression was used to correct for the
bleaching of signal for the duration of each recording, using the slope of
the 405 nm signal fitted against the 470 nm signal. Detection of GCaMP-
mediated fluorescence is presented as a change in the 470 nm/fitted
405 nm signal over the fitted 405 signal (DF/F). Peak analysis of calcium-
mediated events to determine frequency across subjects was performed
by running the normalized, filtered signals produced by our MATLAB
code through Clampfit 10.6 software and performing a template match-
ing event detection analysis on each file. The template was set to match
the average width and amplitude of an imputed, positive-going calcium-
mediated event, with a template matching variable set at;2.5.

Immunohistochemistry
Immunostaining for the GluN2D protein in neural tissue sections was
performed using a modification of the protocol previously described
(Yamasaki et al., 2014). In brief, mice were anesthetized using isoflurane
and underwent transcardial perfusion using ice-cold PBS and a 4% PFA
solution made in PBS. Following perfusion, brains were quickly removed
and placed in ice-cold 4% PFA overnight for postfixation, and then into
an ice-cold 30% sucrose solution prepared in PBS for 2–3 d to cryopro-
tect the tissue. Brains were then embedded in paraffin wax and sectioned
at 5mm on a microtome. Sections containing the dlBNST were baked in
a hybridization oven at 50°C for 1–2 h to melt wax, before going through
a series of washes in Citrisol solution, 100%, 95%, 70%, and 50% ethanol,
PBS and 1% hydrogen peroxide. Sections were next digested in a pepsin
solution (Dako, 1mg/ml) at 39°C for ;20 min, and then washed with
PBS and a PBS/Triton-X100 (PBS-T, 0.1%) solution. A hydrophobic bar-
rier was drawn using a PAP-Pen. Sections were then blocked with a
buffer containing 10% normal donkey serum (Jackson ImmunoResearch
Laboratories) in PBS for 1 h at room temperature in a humidified cham-
ber. Primary antibody for GluN2D (generously provided by the labora-
tory of Masahiko Watanabe) was applied at a concentration of 1mg/ml
in a solution of 10% normal donkey serum and PBS-T, and the sections
were stored in a humidified chamber at 4°C for ;72–96 h. Primary anti-
body was removed with a series of four washes in ice-cold PBS-T buffer
before a biotin conjugated secondary antibody (Jackson ImmunoResearch
Laboratories) prepared in 10% normal donkey serum and PBS-T was
applied at a concentration of 1:2000 for ;3 h at room temperature in a
humidified chamber. Secondary antibody was removed with four washes
in ice-cold PBS-T, and then the tissue underwent amplification for
the GluN2D signal using a Cy3-Tyramide Signal Amplification kit
(PerkinElmer). In brief, HRP reagent provided by the kit was applied to
sections at a concentration of 1:100 in room temperature. TNB buffer
overnight at 4°C in a humidified chamber, and washed off the following

day via three, 5min washes using TNT buffer. Cy3 fluorophore was then
prepared at a 1:50 dilution and applied to the sections for 5 min at room
temperature before being washed off with three, 5min washes in TNT
buffer. Last, sections were treated with a DAPI stain (1:10,000) for;30 s
at room temperature before being mounted and coverslipped using
warm, Aqua-Poly Mount media. Once dried, sections were then imaged
using the same confocal microscope described above.

For imaging Cre, eGFP, tdTomato, and GCaMP7f expression intro-
duced via viral injections into the dlBNST, animal tissue was prepared
and removed following PFA perfusion as described above and sections
made at 40mm. Floating tissue sections were then incubated with mouse
anti-Cre (1:1000, MAB3120, Millipore) and chicken anti-GFP (1:1000,
ab13970, Abcam) primary antibodies prepared in a solution of 10% nor-
mal donkey serum and PBS-T for;72 h at 4°C as necessary. Cy3 donkey
anti-mouse (1:400, Jackson ImmunoResearch Laboratories) or Cy2 don-
key anti-chicken (1:400) secondary Abs prepared in PBS-T were applied
next for 24 h at 4°C, after which sections were counterstained with DAPI
(1:10,000) and then mounted and coverslipped. Slides were imaged using
an Imager M2 upright fluorescent microscope (Carl Zeiss) at 5� and
10� magnification. Endogenous eGFP signal was used to validate the
expression of GCaMP7f in the dlBNST, and DAPI staining combined
with differential interference contrast imaging was used to validate the
position of implanted fiberoptic cables for mice used in photometry
studies.

Western blotting
Bilateral tissue punches (;0.8 mm) of the dlBNST collected from
GluN2D�/� or GluN2D1/1 mice, and later from GluN2Dflx/flx mice
injected with either a virus encoding Cre or eGFP, were homogenized in
lysis buffer containing 2% SDS and 1� protease inhibitor cocktail
(Roche Diagnostics) via pipetting and passage through a 27 gauge sy-
ringe and an insulin syringe. Samples were centrifugated at 1000 � g for
10 min, and total protein concentration was then determined using a
BCA protein assay kit (Thermo Fisher Scientific). Whole homogenate
was used for analysis, and all samples were diluted to an equal concen-
tration by mixing with sample buffer containing 62.5 mM Tris-HCl, pH
6.8, glycerol, 5% SDS, 0.5% bromophenol blue, and 5% b -mercaptoetha-
nol. Diluted samples were boiled at 90°C for 3 min, and then 10–20 mg
of each was run on a 7% polyacrylamide-resolving gel. Protein was then
transferred onto a single nitrocellulose membrane, and then stained for
total protein using Ponceau S. Membranes were cut at specific molecular
weights and probed with different antibodies for select products.
Primary antibodies used included mouse anti-NMDAR 2D (1:5000,
MAB5578, Millipore), mouse anti-b -3 tubulin (1:1000, 4466S, Cell
Signaling Technology), and mouse anti-GAPDH (1:10,000, MAB374,
Millipore). All primary antibody dilutions were prepared in 5% pow-
dered milk solution in 1� TBS/Triton-X100 (TBS-T), and applied to
blots overnight at 4°C. Blots were washed 4 times in 1� TBS-T the fol-
lowing day, and then probed with an anti-mouse, HRP-conjugated sec-
ondary antibody (1:8000, W402B, Promega) in 5% milk, 1� TBS-T for
;2 h at room temperature. Blots were then washed an additional four
times with fresh 1� TBS-T and then soaked in Western Lighting Plus-
ECL solution (PerkinElmer) for 1-2 min before imaging on X-ray film.
Blots were appraised as needed for changes in total protein expression
via densitometry analysis using Fiji/ImageJ software.

Experimental design and statistical analysis
The number of animals used in each experiment were predetermined
based on analyses of similar experiments in the literature and supple-
mented as needed based on observed effect sizes (Louderback et al.,
2013; Silberman et al., 2013; Ghamari-Langroudi et al., 2015; Holleran et
al., 2016; Centanni et al., 2019; Fetterly et al., 2019). All data are pre-
sented as mean 6 SEM for each group, and all statistical analyses were
performed using Prism 8 software (GraphPad Software). We used both
male and female mice within this study. When sex was not found to be a
statistically significant factor, we combined male and female data for
analysis. For behavior experiments, data comparing metrics between KO
and WT groups across tasks were analyzed using unpaired, two-tailed
Student’s t tests, whereas analyses of changes in locomotive behavior
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Figure 1. GluN2D KO mice exhibit altered affective phenotypes. A, Design schema and timeline for the 4 d behavioral testing battery, consisting of OFT, L/D, EZM, and FST. B, Percent total
time spent in the center zone of the OFT arena was shown to be significantly decreased in GluN2D KO (2D�/�) mice compared with GluN2D WT (2D1/1) littermates (p, 0.001). C, No differ-
ence in the percent total time spent on the light side of the L/D box was found between 2D�/� and 2D1/1 mice (p = 0.793). D, Percent total time spent in the open quadrants of the EZM
was, however, found to be significantly decreased in the 2D�/� (p = 0.048). E, Total time spent immobile during the course of the FST was also found to be significantly increased for the
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between both groups across multiple time points were performed using
two-way ANOVAs along with Sidak’s multiple comparison post hoc test,
and corrected p values are reported in the text as needed. Two-tailed t test
analyses were also performed on LTP data from KO and WT mice, total
cell counts, and CRF(1) for ISH studies, drug effects of DQP on NMDAR
eEPSC amplitude and decay kinetics, sEPSC, sIPCS and mEPSC ampli-
tude and frequency values in ex vivo recordings, and frequency values for
imputed calcium-mediated events in in vivo recordings (all of which con-
sisted of comparisons between only two groups). For PPR data examining
changes in the ratio across three separate ISIs, a two-way ANOVA was
used, along with Sidak’s multiple comparison post hoc test, to assess effects
of genotype and the PPR over time, with corrected p values presented in
the text. For all analyses, significance levels were set at a = 0.05. Detailed
statistics are provided within the text and figure legends.

Results
GluN2D KOmice exhibit enhanced negative emotional
phenotypes
Previous behavioral studies in GluN2D KO (GluN2D�/�) mice
have reported opposing phenotypes, with an initial study sug-
gesting a decrease in anxiety- and depressive-like behaviors,
while subsequent studies found these behaviors to be signifi-
cantly increased in the GluN2D�/� (Miyamoto et al., 2002;
Yamamoto et al., 2017; Shelkar et al., 2019). In order to address
these conflicting findings, we used a battery of four tests to assess
different aspects of negative emotional behavior between
GluN2D�/� and GluN2D1/1 (wildtype) littermates (Fig. 1A).
Age-matched male mice (;12weeks) underwent OFT, L/D,
EZM, and FST testing over 4 consecutive days. GluN2D�/� mice
displayed a significant decrease in the percent total center time
in the OFT compared with GluN2D1/1 controls (Fig. 1B; 2D1/1

= 47.86 2.3% time in center, 2D�/�: 28.16 3.1% time in center,
t(19) = 5.05, p , 0.0001, unpaired t test). Additionally, percent
total time in the open quadrants of the EZM was also signifi-
cantly decreased in the GluN2D�/� mice compared with con-
trols (Fig. 1D; 2D1/1: 34.26 2.4% time open quadrant, 2D�/�:
26.86 2.6% time open quadrant, t(21) = 2.10, p = 0.048, unpaired
t test). Differences in behavior were not observed between groups
in the L/D (Fig. 1C; 2D1/1: 21.36 2.5% time in light, 2D�/�:
22.16 1.7% time in light, t(20) = 0.27, p = 0.793, unpaired t test).
Total immobility time on the FST was significantly increased
in the GluN2D�/� compared with GluN2D1/1 mice (Fig. 1E;
2D1/1: 97.16 11.0 s immobile, 2D�/�: 134.56 10.6 s immo-
bile, t(21) = 2.45, p = 0.023, unpaired t test). Collectively, our
findings from the OFT, EZM, and FST suggest an overt
increase in anxiety- and depressive-like behaviors in the
GluN2D�/� mice, generally consistent with the results pre-
sented in Yamamoto et al. (2017) and Shelkar et al. (2019).

While no apparent anxiety-like behavior was observed in the
L/D, it is possible that differences in our experimental design
for the task (black inset, one-half area of activity chamber as
opposed to one-third area) (Crawley and Goodwin, 1980)
could have increased the possibility of false negatives.

As an important control, we also assessed changes in total
locomotion across all relevant tasks. Total locomotion was found
to be decreased in GluN2D�/� mice compared with GluN2D1/1

controls in the OFT, consistent with previous findings (Ikeda et
al., 1995; Obiang et al., 2012; Shelkar et al., 2019). However, fur-
ther analysis of changes in percent total distance traveled in the
center and periphery of the chamber between both groups showed
more modest differences in locomotion (Fig. 1F; total locomotion:
2D1/1: 60936 420.2 beam breaks, 2D�/�: 42196 295.4 beam
breaks, t(19) = 3.70, p = 0.002; % distance center: 2D1/1: 55.86
2.8%, 2D�/�: 47.76 2.2%, t(20) = 2.29, p = 0.033; % distance
periphery: 2D1/1: 42.46 2.4%, 2D�/�: 53.36 2.2%, t(19) = 2.99,
p = 0.008, unpaired t tests). Additionally, measurements of differ-
ences in locomotor activity and zone/quadrant entries compared
between the two groups in the LD and EZM tasks revealed no dif-
ference in overall locomotion (Fig. 1G,H; LD total locomotion:
2D1/1: 16906 117.9 beam breaks, 2D�/�: 14556 82.0 beam
breaks, t(20) = 1.64, p = 0.117; light entries: 2D1/1:;216 3,
2D�/�: ;196 2, t(20) = 0.68, p = 0.503; dark entries: 2D1/1:
;226 3, 2D�/�: ;196 2 t(20) = 0.70, p = 0.490; EZM total loco-
motion: 2D1/1: 19.96 1.2 m traveled, 2D�/�: 16.66 1.4 m trav-
eled, t(20) = 1.79, p = 0.089; open quadrant entries: 2D1/1:
;156 1, 2D�/�:;136 1, t(20) = 1.35, p = 0.192; closed quadrant
entries: 2D1/1: ;156 1, 2D�/�: ;126 1, t(20) = 1.64, p = 0.117,
unpaired t tests). Our observations here are thus in close agree-
ment with those of previously published datasets that suggest that
the effects of constitutive GluN2D deletion are more in line with
altered emotional behavior and not gross locomotor function.

GluN2D deletion produces deficits in BNST excitatory
synaptic potentiation
While GluN2D-NMDARs have been shown to regulate synaptic
function in the cerebellum, basal ganglia, and hippocampus
(Harney et al., 2008; Zhang et al., 2014; Swanger et al., 2015; von
Engelhardt et al., 2015; Dubois et al., 2016), their role in extended
amygdalar circuits regulating emotional behaviors has been
unexplored. Deletion or pharmacological blockade of select
NMDAR subtypes in the BNST can produce both alterations in
synaptic function and negative emotional behavior (Wills et al.,
2012; Louderback et al., 2013), and previous studies suggested
the potential presence of GluN2D in this region (Watanabe et al.,
1992, 1993; Wenzel et al., 1996; Yamasaki et al., 2014). To con-
firm this, we collected tissue punches from the dlBNST of
GluN2D1/1 and GluN2D�/� mice to test for the presence of
GluN2D protein. Western blot analysis of whole tissue lysates
revealed a band for GluN2D in dlBNST lysates, as well as in
lysates taken from regions known to express high levels of the
subunit, such as the thalamus and hypothalamus. These bands
were absent from all regions in samples collected from
GluN2D�/� mice (Fig. 2A). Additional means of validation were
also performed via immunohistochemistry and yielded similar
results for GluN2D expression and absence in the BNST across
GluN2D1/1 and GluN2D�/� tissue samples, as well as thalamus
sample as an additional control (Fig. 2B).

We next set out to examine whether GluN2D-NMDARs con-
tribute to shaping synaptic function in the BNST by performing
extracellular field potential recordings in the dlBNST to assess
differences in NMDAR-dependent LTP of evoked field potentials

/

2D�/� compared with the 2D1/1 (p = 0.023). F, Analysis of total locomotion during the
OFT via a plot of minute-to-minute time course for activity (counts, i.e., IR beam breaks) dur-
ing the 60min recording (left) and summary graph of total locomotion throughout (right).
2D�/� shows a significant decrease in total locomotion on in the OFT (p = 0.002), as well
as a significant decrease in percent distance traveled in the center, and an increase in percent
distance traveled in the periphery of the arena (p = 0.033 and p = 0.008, respectively). The
2D�/� also shows no overt deficits in locomotor activity in the (G) L/D or the (H) EZM.
Analysis of distance traveled and total entries into the light and dark sides of the chamber in
the L/D is not significantly different between genotypes (p = 0.117, p = 0.503, and p =
0.490, respectively), and similar measures of total distance traveled and entries into the
open or closed quadrants in the EZM (p = 0.089, p = 0.192, and p = 0.117, respectively)
also revealed no indication of a locomotor phenotype. Data are mean6 SEM, overlain with
individual points (N2D

�/� = 11, N2D1/1 = 12). *p� 0.05, **p� 0.01, ****p� 0.0001.
n.s., not significant.
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in acute ex vivo brain slices from
GluN2D1/1 and GluN2D�/� mice. After
establishing a stable baseline recording, we
applied two brief trains of tetanizing electri-
cal stimulation to induce LTP (Fig. 2C, inset,
arrow) and observed a robust potentiation of
the evoked responses in GluN2D1/1 slices
comparable to previously reported findings
by our laboratory (Wills et al., 2012). In the
GluN2D�/� slices, we observed a marked
decrease in the amplitude of responses im-
mediately following tetanus compared with
GluN2D1/1 controls, an effect that was
maintained for up to 10min (Fig. 2C,D; %
increase over baseline 2D1/1: 173.66 9.0%,
2D�/�: 133.36 5.0%, t(17) = 3.52, p = 0.003,
unpaired t test). While there was a clear
reduction in the early phase of the response
to tetanus in GluN2D�/� slices, LTP at later
time points in the dlBNST was not altered,
as a comparison of the overall amplitude
of the field potential during the final
10min of a 60min post-tetanus recording
revealed no significant difference between
GluN2D�/� or GluN2D1/1 responses (Fig.
2D; % increase over baseline 2D1/1: 139.3 6
6.8%, 2D�/�: 123.56 5.3%, t(17) = 1.72, p =
0.105, unpaired t test). Overall, these data sug-
gest that GluN2D-NMDARs may contribute
to the induction of short-term synaptic
potentiation (STP) in the dlBNST, consist-
ent with pharmacological studies of hippo-
campal STP (Volianskis et al., 2013, 2015).

Grin2dmRNA colocalizes with CRF
transcripts in dlBNST
Given the alteration in field potential-level syn-
aptic plasticity that we observed in the BNST
of GluN2D�/� mice, we next performed
whole-cell patch-clamp recording experi-
ments to assess whether genetic deletion of
GluN2D altered basal synaptic function.
However, when using unbiased selection
and patching only visually identified cells
throughout the dlBNST,weobserved no sig-
nificant differences in the physiological pro-
files of cells recorded from in GluN2D1/1

andGluN2D�/� brain sliceswhen analyzing
sEPSC current events (Fig. 3A; frequency:
2D1/1: 1.56 0.3Hz, 2D�/�: 1.46 0.2Hz,
t(34) = 0.02, p = 0.982; amplitude: 2D1/1:
�24.56 0.9 pA, 2D�/�:�25.66 0.9 pA, t(34)
=0.88,p=0.383,unpairedttests)orthekinetics
of isolated NMDAR-mediated evoked postsy-
naptic currents (eEPSCs, Fig. 3B; 2D1/1:
72.26 10.5 half tau [ms], 2D�/�: 67.96 9.5
half tau [ms], t(17) = 0.30, p = 0.767, unpaired
ttest).

The BNST contains a number of highly heterogeneous and
specialized cell populations (Kash et al., 2015; Lebow and Chen,
2016), such that the lack of observable differences in synaptic
function in individual neurons could be due to a restricted pat-
tern of expression of GluN2D within these subpopulations. To

determine the expression profile of GluN2D in dlBNST we used
an enhanced form of fluorescent ISH (RNAscope) to examine
the expression of GluN2D transcripts throughout the region and
on select cell populations. We focused in particular on those cells
expressing the stress-related peptide CRF, as this population has
been previously implicated in the regulation of emotional

Figure 2. GluN2D deletion produces deficits in BNST excitatory synaptic potentiation. A, Western blot analysis of total pro-
tein lysate taken from tissue punches (0.8 mm) of the dlBNST, medial thalamus (thal.), and hypothalamus (hypo.) from
GluN2D WT (2D1/1) and GluN2D KO (2D�/�) mice. Left, Representative image of punch locations for the dlBNST. Right,
Representative blot of bands for both GluN2D protein and control b 3-tubulin. B, Representative 5� images of the BNST
and the medial thalamus taken from 2D1/1 and 2D�/�, stained for the GluN2D protein (red) and counterstained with the
nuclear marker DAPI (blue). C, Averaged time courses of excitatory postsynaptic field potentials recorded from the dlBNST of
2D1/1 and 2D�/� acute, ex vivo brain slices after high-frequency stimulation (arrow; two 1 s trains at 100 Hz). Right,
Representative traces from both 2D1/1 (black) and 2D�/� (red) slices before tetanus (1) and;10 min after tetanus (2). A
schematic of the recording setup is shown as an inset above the time course plot. D, Summary graphs of the averaged field
potential responses 0-10 min after tetanus (left) and 51-60 min after tetanus (right). A significant difference in the amplitude
of responses recorded from 2D�/� slices was noted for up to 10 min following tetanus compared with 2D1/1 controls (p =
0.003), but not during the final 10 min of recording (p = 0.105). Data presented across summary graphs as mean 6 SEM
with individual points overlain (n2D1/1 = 11 slices from N2D1/1 = 9 mice, n2D�/� = 8 slices, from N2D�/� = 7 mice).
**p� 0.01. n.s., not significant.
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behaviors (Sink et al., 2013; Silberman and Winder, 2013; Pleil et
al., 2015; Marcinkiewcz et al., 2016; Fetterly et al., 2019). Using
custom cDNA probes designed for Grin2d (GluN2D) and Crh
(CRF) transcripts, we examined transcript expression patterns
and colocalization across the left and right dlBNST of three sepa-
rate adult male C57BL/6J mice (Fig. 4A). Consistent with our hy-
pothesis, we found 2D transcripts to be diffusely expressed
throughout the dlBNST and present on a minority of BNST cells
when comparing the number of Grin2d transcript-positive cells
with total unlabeled cells across both the right and left dlBNST (Fig.
4B; Grin2d[-] = 1661.7 cells, ;67.5% of total cells, Grin2d[1] =
773.3 cells,;32.5% of total cells; lower insert: t(4) = 7.17, p = 0.002,
unpaired t test). Upon closer inspection of the stratification of the
Crh-labeled population, we observed that signal for this transcript
was highly colocalized on cells labeled with probes for the Grin2d
transcript (Fig. 4C; Crh[1] only = 19 cells,;22.8% of total Crh[1]
cells, Crh1Grin2d[1] = 61 cells, ;77.2% of total Crh[1] cells;
lower insert: t(4) = 5.11, p = 0.007, unpaired t test), suggesting the
potential of increased expression of GluN2D-NMDARs on this sub-
set of BNST neurons.

Functional synaptic GluN2D-containing NMDARs are
expressed on adult mouse BNST-CRF neurons
Given the concentration of Grin2d transcript on Crh transcript
positive neurons, we next sought to assess whether functional
GluN2D-NMDARs were present on these cells (BNST-CRF),
and how the loss of this subunit altered their synaptic physiology.

To identify BNST-CRF cells in ex vivo brain slices for whole-cell
patch-clamp electrophysiology, we crossed the GluN2D�/� mice
to a previously validated CRF reporter line (Crf-Tomato)
(Silberman et al., 2013; Chen et al., 2015) (Fig. 5A). We then iso-
lated electrically evoked synaptic NMDAR-mediated EPSCs at
BNST-CRF neurons via the use of a modified, Mg21-free artifi-
cial cerebrospinal fluid (Wills et al., 2012) while holding the cells
at –70 mV; after which, the GluN2C/2D selective antagonist
DQP-1105 (Acker et al., 2011) was bath applied (40 mM) (Fig.
5B,C; baseline: 8 min, DQP wash-on: 10 min, wash-out: 10 min).
In slices from GluN2D1/1 mice, DQP-1105 wash-on produced a
;36% decrease in the amplitude of the evoked NMDAR EPSC,
an effect that was absent in slices prepared from GluN2D�/�

mice (Fig. 5C; CRF 2D1/1 pre-DQP: 103.16 2.0% baseline,
post-DQP: ;67.96 8.2% baseline, t(8) = 4.21, p = 0.003, unpaired
t test; CRF 2D�/� pre-DQP: 100.0% baseline, post-DQP:;100.06
7.3% baseline, t(6) = 0.003, p = 0.997, unpaired t test). In in vitro
systems, GluN2D-NMDARs have been shown to exhibit sub-
stantially slower kinetics relative to NMDARs containing the
GluN2A/B or C subunits (Vicini et al., 1998; Paoletti et al.,
2013; Hansen et al., 2018). Consistent with these previously
reported differences, we noted that the decay kinetics of electri-
cally isolated NMDAR EPSCs (40 mV holding potential) on
BNST-CRF neurons in slices from the GluN2D�/� mice were
substantially accelerated compared with those observed in slices
from the GluN2D1/1 mice (Fig. 5D; CRF 2D1/1: 134.86 10.1
half tau [ms], CRF 2D�/�: 101.06 11.9 half tau [ms], t(16) =
2.18, p = 0.045, unpaired t test).

Figure 3. Unbiased examination of dlBNST neurons in the GluN2D�/� does not identify overt differences in basal excitatory physiology. A, Representative traces of sEPSC recordings from
dlBNST neurons in GluN2D1/1 (2D1/1, black) and GluN2D�/� (2D�/�, red) brain slices (left). Summary graphs of both frequency and amplitude analyses of recorded sEPSCs revealed no dif-
ferences in either metric across groups when sampling cells with an unbiased approach (frequency: p = 0.981, amplitude: p = 0.383; n2D1/1 = 17 cells from N2D1/1 = 4 mice, n2D�/� = 19 cells
from N2D�/� = 7 mice). B, Representative traces of electrically isolated NMDAR-EPSCs (holding potential: 40 mV) from 2D1/1 and 2D�/� dlBNST neurons (left). Summary graph to the right
shows analysis of changes in the decay kinetics (milliseconds) of NMDAR-isolated currents from both groups revealed no difference when using an unbiased approach to identify and patch
dlBNST neurons (p = 0.767; n2D1/1 = 10 cells from N2D1/1 = 5 mice, n2D�/� = 9 cells from N2D�/� = 5 mice). Data are mean6 SEM with individual data points overlain. n.s., not significant.
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Excitatory and inhibitory transmission on BNST-CRF
neurons are divergently controlled by GluN2D
Next, we examined spontaneous excitatory and inhibitory transmis-
sion onto BNST-CRF cells in brain slices from GluN2D�/� mice.
sEPSC frequency and amplitude were both found to be increased in
BNST-CRF neurons from GluN2D�/� slices compared with
GluN2D1/1 mice (Fig. 6A; frequency: CRF 2D1/1: 0.66 0.1Hz,
CRF 2D�/�: 1.26 0.2Hz, t(28) = 2.73, p = 0.011; amplitude:
CRF 2D1/1: �23.86 1.3pA, CRF 2D�/�: �29.56 1.2pA, t(28) =
3.29, p = 0.003, unpaired t tests). To probe these results further, we
repeated this analysis in the presence of the sodium channel blocker
TTX (1 mM) to remove presynaptic action potential firing and iso-
late mEPSCs generated by singular vesicle release events. We
observed that mEPSC amplitude, but not frequency, was increased
on BNST-CRF cells from GluN2D�/� slices in comparison with
GluN2D1/1 slices (Fig. 6B; frequency: CRF 2D1/1: 0.46 0.01Hz,
CRF 2D1/1: 0.66 0.1Hz, t(17) = 1.45, p = 0.167; amplitude:

CRF 2D1/1: �22.56 1.1pA, CRF 2D�/�: �27.66 1.2pA, t(17) =
3.01, p = 0.008, unpaired t tests). In addition, we analyzed PPRs of
electrically evoked EPSCs at –70 mV across three separate ISIs on
BNST-CRF cells in the GluN2D�/�, with a two-way ANOVA
revealing main effects of ISI time, genotype, and subject (Fig. 6C;
ISI time: F(2,32) = 5.62, p = 0.008, genotype: F(1,16) = 34.54,
p, 0.0001, subject: F(16,32) = 3.58, p = 0.001, ISI time � genotype:
F(2,32) = 2.70, p = 0.083). Post hoc analysis with Sidak’s multiple
comparisons test showed significantly decreased PPRs (,1) in cells
from the GluN2D�/� compared with GluN2D1/1 cells at all time
points (30ms: p , 0.0001; 50ms: p , 0.0001; 100ms: p = 0.005),
indicative of paired-pulse depression. Collectively, these results sug-
gest an enhancement of excitatory drive onto BNST-CRF cells in
the KO, likely through a combination of presynaptic and postsynap-
tic mechanisms.

In addition to an analysis of excitatory drive onto BNST-CRF
neurons, we assessed the impact of GluN2D deletion on sIPSCs as

Figure 4. Grin2d mRNA colocalizes with CRF transcripts in dlBNST. A, Representative image of the dlBNST (outlined via dashed white lines) at 20� magnification after undergoing
RNAscope (top left), showing individual cells with DAPI (blue) counterstained nuclei labeled for Grin2d (red) or Crh (green) mRNA transcripts. Top right, Red boxed area shows a representative
high-magnification image of the dlBNST at 63�, along with example images to the far right of cells labeled for each transcript of interest, and in combination. B, Summary graph showing
the portion of total counted dlBNST cells (left and right, dlBNST, N = 3 C57BL/6J mice) labeled for the Grin2d and Crh transcripts alone or in combination. When comparing the total of cells
negative for the Grin2d transcript (2D[-]) with those labeled for the transcript (2D[1]), cells positive for GluN2D mRNA are shown to represent a lower population within the dlBNST (p =
0.007). C, Summary graph of the Crh transcript-positive cell populations in the dlBNST. As a portion of these cells, those colabeled for Grin2d are shown to make up a greater overall percentage.
Additional comparison of the cells labeled for the Crh transcript alone with those labeled for Crh and Grin2d in combination shows the number of colabeled cells to be significantly higher (p =
0.002). Data are mean6 SEM with individual data points overlain. **p� 0.01.
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well. We observed that, in contrast to our sEPSC findings, sIPSC
amplitude was decreased onto BNST-CRF neurons in slices from
the GluN2D�/� mice compared with the GluN2D1/1, whereas
frequency was not altered (Fig. 6D; frequency: CRF 2D1/1:
1.46 0.2Hz, CRF 2D�/�: 1.66 0.3Hz, t(28) = 0.77, p = 0.447; am-
plitude: CRF 2D1/1:�24.66 1.7 pA, CRF 2D�/�:�19.36 0.8 pA,
t(30) = 2.79, p=0.009, unpaired t tests).

BNST-CRF cells in the GluN2D2/2 show evidence of
increased activity in vivo
Our observations that excitatory and inhibitory drive onto
BNST-CRF neurons are altered in an opposing fashion by the
loss of GluN2D-NMDARs suggested the possibility that these
cells may exhibit increased activity in vivo in response to such
changes in intra-BNST circuit dynamics. We tested this hypothe-
sis by conducting in vivo recordings of neuronal activity from
awake, behaving mice via fiber photometry. To generate the nec-
essary transgenic animals, we crossed our GluN2D�/� mice to

the an Crh-IRES-Cre line, then injected Cre-dependent virus trans-
ducing the expression of the calcium-sensor GCaMP7f under con-
trol of the hSyn promoter unilaterally into the dlBNST, and last
implanted the mice with a fiberoptic cable to allow for the detec-
tion of GCaMP fluorescence (Fig. 7A). We then examined the ba-
sal activity of BNST-CRF cells in both GluN2D1/1 and
GluN2D�/� mice after placing them in a novel, open arena (Fig.
7B–D). We recorded GCaMP7f signal for 30min, after which the
collected signal was processed and normalized to produce traces
showing changes in net fluorescence over time (DF/F). Neuronal
activity was interpreted as imputed calcium-mediated transients
(i.e., events) detectable above noise in a trace, and total events
were quantified over the course of each recording to examine
event frequency. Under basal conditions when exploring a novel
environment, we observed a significant increase in the frequency
of events recorded from the BNST-CRF cells of GluN2D�/� mice
compared with GluN2D1/1 (Fig. 7C,D; CRF 2D1/1: 0.096
0.01Hz, CRF 2D�/�: 0.116 0.004Hz, t(14) = 2.54, p = 0.024,

Figure 5. Functional synaptic GluN2D-containing NMDARs are expressed on adult mouse BNST-CRF neurons. A, Representative image of the dlBNST (outlined via dashed white lines) from
the GluN2D�/�/Crh-IRES-Cre/Ai14 reporter line (CRF 2D�/�) taken at 20� magnification. Red represents CRF-positive cells labeled with tdTomato. Blue represents cell nuclei denoted by DAPI
counterstaining. B, Averaged time courses of isolated NMDAR-EPSCs (holding potential: –70 mV, modified 0 Mg21 ACSF) recorded from CRF 2D1/1 and CRF 2D�/� cells in the dlBNST. Bath
application of the GluN2C/GluN2D selective antagonist DQP-1105 (40 mM) reduced the amplitude of the NMDAR-EPSC only in BNST-CRF 2D1/1 cells (35.3%6 8.4% decrease from baseline).
C, Summary graphs for NMDAR-EPSC amplitude from BNST-CRF 2D1/1 (p = 0.003) and 2D�/� (p = 0.997) cells comparing the first 8 min of recordings before bath application of DQP-1105
(baseline, pre-DQP) and the last 8 min of the recording following both 10min wash-on of the drug, and a 10 min wash-out (post-DQP). Right, Representative traces pre-DQP (solid line) and
post-DQP (dashed line). Data are mean 6 SEM, with individual points overlain (nCRF 2D1/1 = 5 cells from NCRF 2D1/1 = 3 mice, nCRF 2D�/� = 4 cells from NCRF 2D�/� = 2 mice). D, Left,
Representative traces of electrically isolated NMDAR-EPSCs (holding potential: 40 mV) recorded from BNST-CRF 2D1/1 and 2D�/� cells. Right, Analysis of the overall decay kinetics of the
NMDAR-EPSC across both groups revealed a significant decrease in half tau (milliseconds) value for BNST-CRF 2D�/� cells compared with 2D1/1 (p = 0.045). Data are mean 6 SEM, with
individual points overlain (nCRF 2D1/1 = 9 cells from NCRF 2D1/1 = 2 mice, nCRF 2D�/� = 9 cells from NCRF 2D�/� = 2 mice). *p� 0.05, **p� 0.01. n.s., not significant.
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Figure 6. Excitatory and inhibitory transmission on BNST-CRF neurons are divergently controlled by GluN2D. A, Representative traces of sEPSCs recorded from BNST-CRF 2D1/1 (black) and
2D�/� (red) cells (left). Both sEPSC frequency and amplitude were shown to be significantly increased in BNST-CRF 2D�/� cells compared with 2D1/1 cells (frequency: p = 0.011, amplitude:
p = 0.003; nCRF 2D1/1 = 15 cells from NCRF 2D1/1 = 5 mice, nCRF 2D�/� = 15 cells from NCRF 2D�/� = 5 mice). B, Left, Representative traces of mEPSCs recorded from BNST-CRF 2D1/1 (black)
and 2D�/� (red) cells. No differences were noted in the frequency of mEPSCs in BNST-CRF 2D1/1 or 2D�/� cells, but amplitude was found to be significantly increased in the 2D�/� cells
(frequency: p = 0.167, amplitude: p = 0.008; nCRF 2D1/1 = 8 cells from NCRF 2D1/1 = 4 mice, nCRF 2D�/� = 11 cells from NCRF 2D�/� = 4 mice). C, Left, Representative traces of paired EPSCs at
an ISI of 50 ms from both BNST-CRF 2D1/1 (black) and 2D�/� (red) cells. Right, PPRs of evoked 100-200 pA responses, elicited at ISI of 30, 50, and 100 ms, show significant decreases in the
ratio at all three time points for the CRF 2D�/� cells compared with metrics from 2D1/1 cells (F(2,32) = 5.62, p = 0.008; nCRF 2D1/1 = 10 cells from NCRF 2D1/1 = 4 mice, nCRF 2D�/� = 8 cells
from NCRF 2D�/� = 4 mice). D, Left, Representative traces of sIPSCs recorded from BNST-CRF 2D1/1 (black) and 2D�/� (red) cells. No differences were noted in sIPSC frequency between
BNST-CRF 2D1/1 and 2D�/� cells on comparison, but the amplitude of these currents was found to be significantly increased in the 2D�/� (frequency: p = 0.447, amplitude: p = 0.009;
nCRF 2D1/1 = 14 cells from NCRF 2D1/1 = 3 mice, nCRF 2D�/� = 16 cells from NCRF 2D�/� = 4 mice). All data across graphs are mean 6 SEM with individual points overlain. *p� 0.05,
**p� 0.01, ****p� 0.0001. n.s., not significant.
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unpaired t test), consistent with our hypothesis of increased activ-
ity of these cells in the KO in vivo. To validate the fidelity of the
recorded GCaMP7f signal observed during this task, we placed
mice into an anesthesia chamber following a brief recovery period
in their home cages and recorded activity in the BNST during iso-
flurane exposure (Fig. 7B,E). A 1 min exposure of isoflurane
decreased imputed Ca21 transients drastically and persisted after
the removal of the mice from the chamber until they regained
consciousness, after which the signal was restored to basal levels.

BNST specific deletion of the GluN2D subunit produces an
enhanced depressive-like phenotype in mice
Our data suggest that the constitutive loss of the GluN2D subu-
nit from NMDARs in adult mice leads to increased negative
emotional behavior and associated increases in the activity

profiles of BNST-CRF neurons. To more specifically manipulate
BNST GluN2D subunits, and control for potential compensatory
effects resulting from the loss of a key subunit from birth (Balu
and Coyle, 2011), and the differing role in signaling and level of
expression of GluN2D-NMDARs, particularly in interneurons,
noted in the early stages of development (Monyer et al., 1994;
Wenzel et al., 1996; Hanson et al., 2019), we used a GluN2D con-
ditional KO line (GluN2Dflx/flx) to selectively ablate the subunit
from the BNST in adult mice. We first tested the efficiency of the
GluN2Dflx/flx for knocking down the protein by performing in-
tracranial injections of viruses encoding either Cre or eGFP bilat-
erally into the dlBNST (Fig. 8A, middle) and then collecting
tissue punches from BNST for Western blot analysis using whole
tissue lysates. Samples from Cre-injected mice revealed a robust
knockdown of GluN2D, as evidenced by the lack of a band

Figure 7. BNST-CRF cells in the GluN2D�/� show evidence of increased activity in vivo. A, Schematic showing setup of in vivo fiber photometry system used for detecting and recording
GCaMP7f signaling from CRF-Cre(1) cells in the dlBNST of awaking, behaving GluN2D�/�/Crh-IRES-Cre mice. Bottom right, Representative 20� magnified image shows the general expression
patterns of Crh-IRES-Cre in the dlBNST and coexpression of a Cre-dependent virus encoding GCaMP7f. B, Outline of behavioral testing for recording basal activity of BNST-CRF cells in GluN2D1/1

(2D1/1) and GluN2D�/� (2D�/�) mice when placed in a novel environment. A baseline of initial activity in home cages were observed for validating signal output. Select individuals were
briefly exposed to isoflurane gas to assess specificity of signal in awake, behaving mice. C, Representative fiber photometry traces showing changes in the basal activity of BNST-CRF cells from
both the 2D1/1 (left, black) and 2D�/� (right, red) mice over a 30 min recording. D, Summary graph comparing the frequency of recorded GCaMP7f events from BNST-CRF 2D1/1 and 2D�/�

cells under basal conditions for 30 min. Event frequency was found to be significantly increased in the BNST-CRF cells of the 2D�/� compared with 2D1/1 controls (p = 0.024). Data are mean
6 SEM, with individual data points overlain (NBNST-CRF 2D1/1 = 8 mice, NBNST-CRF 2D�/� = 8 mice). Imputed calcium transients are presented as changes in dF/F. *p� 0.05. E, Specificity of
GCaMP7f signal in BNST-CRF (+) cells was tested via brief exposure to isoflurane gas. A representative trace shows recordings from these cells prior to exposure (;0–6 min), at the onset of expo-
sure (;30 sec exposure, shaded blue region), and after the mouse was removed from the anesthesia chamber (;7 min, 30 sec mark) and allowed to regain consciousness in its home cage for
an additional 5 mins. No imputed events were detectable during isoflurane exposure.
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for the protein across all relevant samples (Fig. 8A, right). By
comparison, BNST samples from eGFP-injected controls still
displayed a prominent band for GluN2D, while additional sam-
ples taken from the thalamus of BNST-Cre injected mice also
showed a robust band, further confirming the selectively of the
GluN2Dflx/flx line.

We repeated the behavioral studies we ran on our GluN2D�/�

mice across cohorts of age-matched (;12 weeks) male
GluN2Dflx/flx following intracranial injection of either Cre or
eGFP encoding virus bilaterally into the dlBNST (Fig. 8B,C).
Analysis of total center time in the OFT revealed no difference
in the percent total time spent in the center of the chamber
between Cre- or eGFP-injected mice (Fig. 8C, left, left middle;
2Dflx/flx-eGFP: 57.26 7.2% time in center, 2Dflx/flx-Cre: 46.66 4.4%
time in center, t(21) = 1.29, p = 0.212, unpaired t test), as well as
no overt differences in locomotor activity across all time points
(Fig. 8C, left; locomotion: F(1,21) = 1.28, p = 0.271, two-way
ANOVA with Sidak’s repeated-measures post hoc test). We also
noted no difference in the total percent time spent in the open
quadrants of the EZM when running both Cre and eGFP
injected mice in this task (Fig. 8C, right center; 2Dflx/flx-eGFP:
40.86 7.1% time in middle, 2Dflx/flx-Cre: 32.76 3.9% time in cen-
ter, t(21) = 1.03, p = 0.317, unpaired t test), indicating along with
the results of the OFT an apparent lack of increased anxiety-like
behavior. By contrast, the FST revealed a significant increase in
the total immobility time for Cre-injected mice compared with
eGFP injected controls (Fig. 8C, right; 2Dflx/flx-eGFP: 62.96 10.7 s
immobile, 2Dflx/flx-Cre: 108.26 13.2 s immobile, t(21) = 2.63, p =
0.016), suggesting a possible increase in depressive-like behavior
similar to what we observed in the constitutive KOs. To further
assess this phenotype, we tested a new cohort of mice on the
NIH task to assess the latency to consume a highly palatable food
(Fig. 8D) (Dulawa and Hen, 2005; Louderback et al., 2013). Cre-
injected mice demonstrated an increase in their overall latency to
first approaching and licking sipper bottles containing Ensure
compared with eGFP-injected control littermates (Fig. 8D, left
middle; 2Dflx/flx-eGFP: 167.86 45.7 s [latency to lick], 2Dflx/flx-Cre:
417.66 99.4 s [latency to lick], t(19) = 2.21, p = 0.04, unpaired
t test). Analysis of the overall acquisition of the task and total
Ensure consumption were also tracked across groups for the du-
ration of the NIH, and showed no differences in the initial ability
of the mice to learn to drink the Ensure (Fig. 8D, left; latency:
F(1,19) = 2.135, p = 0.16, subject: F(19,76) = 1.472, p = 0.121, two-
way ANOVA with Sidak’s repeated measures post hoc test) or
amount of Ensure consumed across all days (Fig. 8D, right mid-
dle; consumption time course, latency: F(1,19) = 0.02, p = 0.90,
day � latency: F(4,76) = 0.69, p = 0.601, two-way ANOVA with
Sidak’s multiple comparisons post hoc test; test day consumption:
2Dflx/flx-eGFP: 0.976 0.1 consumed [g], 2Dflx/flx-Cre: 0.96 0.1 con-
sumed [g], t(19) = 0.95, p = 0.354, unpaired t test).

BNST specific deletion of GluN2D produces increased
excitatory drive onto BNST-CRF neurons
To better clarify the effects, we observed on BNST-CRF neuron
excitability in the GluN2D�/�/Crf-Tomato line, we crossed the
GluN2Dflx/flx mice with a line expressing Flp recombinase (Crh-
IRES-FlpO) under the control of the Crh promoter (GluN2Dflx/flx/
Crf-Flp) to allow for CRF cell-specific recordings in the BNST
following GluN2D deletion. Using RNAscope, we examined
transcript expression patterns and colocalization across the left
and right dlBNST of 7 separate adult Crh-IRES-FlpO mice for
both Crh and Flp cDNA to validate the fidelity and penetrance of
Flp expression in BNST-CRF cells. We found the probes to show

a high level of colocalization with one another in the dlBNST,
with minimal ectopic expression of signal for the Flp probe on
cells negative for the Crh probe (Fig. 9A; penetrance: Crh[1]
only = 227 cells, ;25.8% of total Crh[1] cells, Crh[1]/Flp[1] =
654 cells, ;74.2% of total Crh[1] cells; fidelity: Flp[1] only =
44, ;6.3% of total Flp[1] cells, Flp[1]/Crh[1] = 654 cells,
;93.7% of total Flp[1] cells; lower insert left, Crh cell average
totals: t(12) = 2.48, p = 0.029; lower insert right, Flp cell average
totals: t(12) = 3.87, p = 0.002, unpaired t tests), indicating that the
majority of BNST-CRF-positive cells in these mice are Flp-posi-
tive as well. Following this confirmation, GluN2Dflx/flx/Crf-Flp
mice were intracranially injected with viruses encoding Cre
tagged with an eGFP reporter and Flp-dependent tdTomato into
the BNST, allowing us to both identify and patch tdTomato-pos-
itive (i.e., CRF-positive) Cre-positive (Cre[1]) or Cre-negative
(Cre[-]) cells in ex vivo slices (Fig. 9B). Using this approach, we
first confirmed NMDAR function to be altered in Cre(1) cells
compared with Cre(-) cells by examining isolated NMDAR
eEPSC decay kinetics, and noted a significant increase in the
decay rate in Cre(1) comparable with what we found when re-
cording from BNST-CRF cells in the GluN2D�/� line (Fig. 9C;
Cre[-] = 58.86 5.8ms, Cre[1] = 39.26 5.4ms, t(13) = 2.48, p =
0.028, unpaired t test). We then recorded sEPSCs for both Cre
(1) and Cre(-) cells, and observed a significant increase in the
frequency of these events in Cre(1) cells, as well as a nonsignifi-
cant increase in the sEPSC amplitude (Fig. 9D; frequency: Cre[-]
= 1.36 0.4Hz, Cre[1] = 3.66 0.8Hz, t(18) = 2.59, p = 0.019,
unpaired t test; amplitude: Cre[-] = �26.56 1.4 pA, Cre[1] =
�32.26 2.4 pA, t(18) = 2.08, p = 0.053, unpaired t test). Together,
these data demonstrate an enhancement of excitatory drive onto
BNST-CRF cells that occurs following acute deletion of
GluN2D-NMDARs in the BNST similar to what we reported in
the case of the GluN2D�/�. This further indicates a key role for
these receptors in regulating intra-BNST excitatory signaling,
specifically on select subpopulations of BNST cells.

Discussion
Here, we demonstrate a role for GluN2D-NMDARs in both
modulating emotional behaviors and regulating BNST neuronal
activity. We find that GluN2D deletion promotes an increase in
anxiety- and depressive-like behavior, consistent with previous
studies (Yamamoto et al., 2017; Shelkar et al., 2019). Using ex
vivo electrophysiology and in vivo photometry, we identified
adaptations in the BNST that correlate with these behaviors via
enhanced excitatory drive and basal activation of BNST-CRF-
positive cells. Further, through the use of a novel GluN2Dflx/flx

line, we demonstrate a direct link between the loss of GluN2D-
NMDAR function in the BNST and increased depressive-like
behavior. Ex vivo recordings from the BNST in these mice show
similar increases in excitatory drive onto CRF cells, an effect that
may correlate with the enhanced negative emotional state these
mice display. Collectively, our findings suggest the GluN2D-
NMDARs as an intriguing target for modulating glutamatergic
signaling in key stress-responsive cell populations.

GluN2D-NMDAR expression in the BNST and emotional
behavior
The BNST receives glutamatergic projections from several struc-
tures implicated in the regulation of emotional behavior, and
deficits in BNST excitatory signaling have consistently been
shown to be linked with increases in negative emotional behavior
(McElligott and Winder, 2009; Conrad and Winder, 2011;
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Conrad et al., 2011; Lebow and Chen, 2016; Glangetas et al.,
2017; Ch’ng et al., 2018). Studies have also implicated NMDAR-
mediated signaling in the BNST as important to the regulation of
these emotional states, with Glangetas et al. (2017) demonstrat-
ing that the inhibition of an NMDAR-mediated form of LTP in
the vHipp-BNST circuit promotes anxiogenic behavior in the

EPM. Previous studies have shown GluN2D to be enriched in
midbrain and hindbrain structures in adult rodents (Monyer et
al., 1994; Wenzel et al., 1996), and we provide evidence here for
the subunit’s expression in the BNST of adult mice. We further
show a basal disruption of STP in the BNST of the GluN2D�/�,
resulting in an acute blunting of synaptic potentiation. GluN2D

Figure 8. Conditional deletion of GluN2D in the BNST produces an increase in depressive-like behaviors in mice. A, Left, Schematic of mouse surgery and viral injection paradigms for driving
either Cre or eGFP expression bilaterally in the dlBNST of GluN2Dflx/flx mice. Representative 5� image (middle) showing expression patterns of Cre (magenta), eGFP (green), and DAPI counter-
staining (blue) in the dlBNST;4-5 weeks after surgery. Western blot analysis of total protein lysate taken from tissue punches (0.08 mm) of the dlBNST following either Cre (Cre[1]) or con-
trol/sham injection (Cre[-]). Representative blot of bands for both GluN2D and control GAPDH for Cre-injected mice (left) and controls (right) show robust knockdown of subunit expression in
the conditional line when Cre is present. Control punches were taken from the medial thalamus of BNST-injected mice as well to verify specificity of targeted deletion. B, Design schema and
timeline for modified 3 d behavioral testing battery, consisting of the OFT, EZM, and FST, and a separate timeline for the NIH. C, Behavioral testing results comparing anxiety- and depressive-
like behaviors of GluN2Dflx/flx mice following bilateral BNST KO of GluN2D (Cre) or control virus injection (eGFP). Analysis of percent total center time in the OFT revealed no significance differ-
ence in behavior in either Cre- or eGPF-injected individuals (left center), as well as no observable differences in locomotor activity between groups during the 60min task (left, locomotor activ-
ity: F(1,21) = 1.28, p = 0.271; middle, time: p = 0.212). Analysis of percent total time in the open quadrants of the EZM in both Cre- and eGFP-injected mice also showed no significant
differences in anxiety-related behaviors (right middle, p = 0.317). Total immobility time in the FST was, however, found to be significantly increased in Cre-injected individuals compared with
eGFP-injected controls (right, p = 0.016). D, A separate cohort of mice were run on the NIH as an additional measure of depressive-like behaviors. No overt differences in ability to acquire the
drinking paradigm was observed between groups (left, latency: F(1,19) = 2.14, p = 0.16), but Cre-injected mice displayed a significant increase in the total time (seconds) taken to first
approaching and drinking sippers of Ensure in a novel, brightly lit cage compared with eGFP-injected controls (left, p = 0.04). Both groups also showed no difference in total Ensure consump-
tion across days or amount of Ensure consumed on test day (latency course: F(1,19) = 0.02, p = 0.902, day � latency: F(4,76) = 0.69, p = 0.601; test day consumption: p = 0.354). Data are
mean6 SEM, with individual data points overlain (NGluN2D

flx/flx-eGFP = 11 mice, NGluN2D
flx/flx-Cre = 12 mice). *p� 0.05. n.s., not significant.
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Figure 9. Region-specific deletion of GluN2D in dlBNST produces increased excitatory drive onto CRF cells and altered NMDAR kinetics. A, Representative image of the dlBNST (outlined via
dashed white lines) at 20� magnification after undergoing RNAscope (right), showing individual cells with DAPI (blue) counterstained nuclei labeled for Crh (green) or Flp (red) mRNA tran-
scripts. Summary graphs (left) showing the portion of total counted dlBNST cells (left, right, dlBNST, N = 7 Crh-IRES-FlpO mice) labeled for the Crh and Flp transcripts alone or in combination.
When comparing the total of cells negative for the Crh transcript (Crh Only) to those labeled for both transcripts (Crh[1]\Flp[1]), cells positive for both are shown to represent the majority of
Crh(1) cells labeled within the dlBNST and averaged counts of cells from both left and right dlBNST across all mice confirms the high penetrance of Flp expression in this population (p =
0.029). Similar results are also shown for Flp(1) cells when confirming the fidelity of Flp expression in Crh(1) cells, showing only minimal ectopic Flp expression outside of Crh(1) cells (p =
0.002). B, Schematic outlining surgery and viral injection strategy for region-specific ablation of GluN2D in the dlBNST and identification of BNST-CRF cells in slices during whole-cell patch-
clamp recordings using a coinjection of Flp-dependent tdTomato and Cre virus (1:1 mix). A representative 20� image of both eGFP-labeled Cre-positive cells (green) and tdTomato-labeled cells
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deletion or pharmacological inhibition has previously been
found to produce similar reductions in forms of hippocampal
STP, demonstrating a conserved role for GluN2D-NMDARs in
the control of short-term plasticity (Volianskis et al., 2013, 2015).
A correlation may thus exist between the deficits in BNST plas-
ticity and enhanced negative emotional state we observed in the
GluN2D�/�, and is supported by work from Conrad et al. (2011),
in which mice that presented with a heightened anxiogenic state
following chronic stress were shown to have a blunting of LTP in
the BNST. Whether such parallel changes in both behavior and
BNST plasticity are predicated on reduced GluN2D-NMDAR
function will require more directed and in-depth study, specifi-
cally in regard to whether real-time disruption of receptor func-
tion can drive changes in emotional behavior in awake, behaving
mice. Nevertheless, our work here presents important initial
evidence for both the expression and function of GluN2D-
NMDARs in the BNST of adult mice, and positions this receptor
population as a potential key player in the maintenance of plastic-
ity events relevant to emotional behavioral output.

GluN2D-NMDAR-mediated signaling and CRF neuronal
activity
Direct and indirect studies of the activation (or deactivation) of
CRF-positive neurons within the BNST have implicated a role
for these cells in driving negative emotional behaviors and/or
responding to stress-related or aversive stimuli (Pleil et al., 2015;
Butler et al., 2016; Marcinkiewcz et al., 2016; Giardino et al.,
2018; Lin et al., 2018; Fetterly et al., 2019). These findings suggest
that greater activation of BNST-CRF neurons underlies aspects
of the anxiety- and depressive-like behaviors observed in animal
models of mood-related disorders. The GluN2D�/� line presents
similar phenotypes, and we found GluN2D-NMDARs to be func-
tionally expressed on a large majority of BNST-CRF neurons.
Further, we found excitatory drive onto these cells to be enhanced,
whereas inhibitory drive was diminished in the GluN2D�/�, sug-
gestive of a hyperactive state that has consistently been implicated
in both clinical and preclinical literature with the pathology of
multiple mood-related disorders (Arborelius et al., 1999; Keck and
Holsboer, 2001; Bale and Vale, 2004; Ronan and Summers, 2011).
Our in vivo recordings of the basal activity of these neurons in the
GluN2D�/� demonstrated a robust increase in the frequency of
calcium-mediated events, further supporting this conclusion and
the possibility of the GluN2D-NMDARs emerging as a unique tar-
get for modulating the activity of the CRF system within the
BNST.

A region-specific role for BNST-GluN2D-NMDARs in
regulating downstream behavior and cell type-specific
physiology
The downregulation and subsequent restricted expression of
GluN2D known to occur during early development (Monyer et

al., 1994; Wenzel et al., 1996) suggest a complex role for
GluN2D-NMDARs in the adult brain that may not be fully cap-
tured through the use of a constitutive KO. Thus, we developed
and validated a GluN2Dflx/flx line to delete the subunit from the
BNST of adult mice. BNST GluN2D deletion produced behav-
ioral phenotypes also observed in the GluN2D�/� (Yamamoto et
al., 2017; Shelkar et al., 2019). Previous studies of NMDAR func-
tion in regions shown to contain synaptic or extrasynaptic
GluN2D-NMDARs (subthalamic nucleus, hippocampus, and cer-
ebellum) have shown the subunit to exert unique control over the
deactivation time course of NMDAR-EPSCs (Swanger et al., 2015;
von Engelhardt et al., 2015; Dubois et al., 2016), an effect we also
show to be true at BNST-CRF cells in both the GluN2D�/� and
the GluN2Dflx/flx. The slower deactivation kinetics characteristic of
GluN2D-NMDARs are thought to be imparted by the receptors’
unique physiological properties (Monyer et al., 1994; Qian et al.,
2005; Erreger et al., 2007), and may contribute to a greater tempo-
ral summation of excitatory signaling at cells containing these
receptors (Bourne and Nicoll, 1993; Edmonds et al., 1995).
Properties, such as these, have previously been shown to result in
stronger and more robust plasticity (Carmignoto and Vicini, 1992;
Malenka, 1994; Edmonds et al., 1995), and thus might explain the
blunting in BNST STP we observe in the GluN2D�/�.

GluN2D-NMDAR localization both presynaptically and post-
synaptically has been speculated to allow these receptors to
uniquely regulate glutamatergic signaling, with recent work in the
cerebellum demonstrating that presynaptic GluN2D-NMDARs
can act as detectors of glutamate spillover at the synapses of in-
hibitory interneurons to regulate GABA release and excitatory/
inhibitory transmission cross-talk (Dubois et al., 2016). GluN2D-
NMDARs have also been speculated to be extrasynaptically local-
ized (Brickley et al., 2003; Harney et al., 2008; Costa et al., 2009),
which may allow for these receptors to participate in the regula-
tion of tonic glutamatergic currents at specific synapses (Papouin
and Oliet, 2014). While similar extrasynaptic mechanisms may be
in place at BNST-CRF cells, our data indicate the presence of syn-
aptic GluN2D-NMDARs on these neurons via the changes in
NMDAR-isolated EPSC amplitudes noted in GluN2D�/� or
DQP-1105-treated slices. The presence of both synaptic and
extrasynaptic GluN2D-NMDARs has been supported by physio-
logical studies of dopaminergic neurons in the substantia nigra
(Morris et al., 2018), and suggests the idea of these receptors serv-
ing as both detectors of presynaptic glutamate release and ambi-
ent changes in extracellular glutamate levels to control excitatory
input at the cell. It is important to note that we cannot rule out
that regional deletion of GluN2D in the BNST also affects CRF-
negative cells, and may result in potential changes in the sur-
rounding BNST microcircuitry that could factor into the control
of excitatory/inhibitory tone at BNST-CRF cells (Gracy and
Pickel, 1995; Paquet and Smith, 2000; Turesson et al., 2013).
Thus, further cell-specific manipulations of GluN2D-NMDAR
function in the BNST are required to gain a more complete mech-
anistic understanding of its role in mediating regional excitatory
signaling. Apart from extending these studies to the CRF-negative
BNST cells that also express functional GluN2D-NMDARs,
determining whether several of the key regions providing gluta-
matergic inputs to the BNST express the receptor (somatically,
axonally, or dendritically) will also be essential to providing a
more definitive understanding of GluN2D-mediated signaling in
relation to stress-responsive or negative emotional behavior.

Together, our data show that GluN2D-NMDARs provide an
important role in modulating excitatory activity both in key
stress-responsive regions and cell populations implicated in

/

(red) in the dlBNST ;4-5 weeks after surgery. C, Left, Representative traces of isolated
NMDAR-EPSCs recorded from GluN2Dflx/flx BNST-CRF Cre/tdTomato-positive cells (Cre[1],
red) and CRF tdTomato-positive, Cre-negative cells (Cre[-], black). Comparison of decay
kinetics observed between Cre(-) and Cre(1) cells revealed a significant decrease in half tau
(ms) measurements for Cre(1) cells compared with Cre(-), indicative of altered NMDAR func-
tion (p = 0.028). D, Left, Representative traces of sEPSC recordings from Cre(-) and Cre(1)
BNST-CRF cells. Summary data of comparisons of both frequency and amplitude metrics in
Cre(-) and Cre(1) cells revealed a significant increase in sEPSC frequency in the Cre(1)
group (p = 0.019). A trending, but nonsignificant, increase in sEPSC amplitude was also
observed between groups (p = 0.053). Data are mean 6 SEM, with individual data points
overlain (NGluN2Dflx/flx-Cre = 3 mice, NMDAR-EPSCs: nBNST-CRF Cre(-) = 7, nBNST-CRF Cre(1) = 8,
sEPSCs: nBNST-CRF Cre(-) = 10, nBNST-CRF Cre(1) = 10). *p� 0.05, **p� 0.01.
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mood- and anxiety-related disorders, and may position them as
attractive targets for the development of novel therapeutics.
These studies further establish a functionally relevant role for
GluN2D-NMDARs in driving and shaping complex emotional
behavior, and suggest an important need to develop a better
understanding of these receptors’ functional and modulatory
roles in the neurocircuitry of emotional behavior. Considering
the unique biophysical properties of GluN2D-NMDARs and
their restricted expression in the adult brain, our findings here
suggest that the manipulation of these receptors may avoid the
undesirable side effects of current treatments aimed at both the
glutamate and CRF signaling systems in affective disorders
(Binneman et al., 2008; Preskorn et al., 2008; Coric et al., 2010;
Iadarola et al., 2015; Weed et al., 2016; Pomrenze et al., 2017),
and pave the way for further studies of novel targets informed at
the level of region-, circuit-, and cell-centric physiology.
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