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Rislenemdaz treatment in the lateral habenula improves
despair-like behavior in mice
Ting Lei1,2, Dan Dong3, Meiying Song1, Yanfei Sun2, Xiaofeng Liu1 and Hua Zhao1,2

The specific GluN2B antagonist rislenemdaz (Ris; a.k.a. MK-0657 and CERC-301) is in phase II clinical trial as an antidepressive drug,
but the working mechanism for its antidepressant effects is not clearly understood. Given the important role of the lateral habenula
(LHb) in the pathogenesis of depression and the fact that GluN2B-containing N-methyl-D-aspartate receptors and brain-derived
neurotrophic factor (BDNF) are expressed in the LHb, we conducted a study to examine whether the LHb mediates Ris’
antidepressant effects in a chronic restraint stress (CRS)-induced depressive-like mouse model. In this study, Ris was administered
systemically or locally into the LHb. Short hairpin RNAs were used to knockdown BDNF in the LHb. Depressive-like behaviors were
assessed with the open field test, forced swimming test, tail suspension test, and sucrose preference test. Expression of GluN2B,
BDNF, and c-Fos in the LHb were analyzed with western blotting and immunohistochemistry under condition with Ris administered
systemically or with BDNF knockdown in the LHb. We found that both systemic and intra-LHb administration of Ris alleviated CRS-
induced despair-like behavior and that systemic Ris reduced LHb expression of GluN2B, BDNF, and c-Fos (a neuronal activity
marker). Specific knockdown of BDNF in the LHb prevented CRS-induced despair-like behavior, while preventing CRS-induced
increases in BDNF and c-Fos expression in the LHb. Together these results suggest that Ris may exert its antidepressant effects
through affecting the LHb such as downregulating BDNF expression in the LHb.
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INTRODUCTION
Major depressive disorder (MDD) is a common neuropsychiatric
disorder that afflicts more than 300 million people of all ages [1]
and it imposes a heavy economic burden on society and families.
Given the fact that almost a third of patients with MDD are
resistant to treatment with medication and psychotherapy [2], it is
important to better understand the pathophysiology of MDD to
help develop more effective therapies.
Many studies have shown that glutamatergic neurotransmission

is closely associated with the pathophysiology and treatment
responsivity of MDD [3, 4]. Elevated glutamate levels and
decreased glutamine/glutamate ratios, amenable to normalization
with antidepressant drugs, have been reported in plasma samples
obtained from patients with MDD [5]. Recently, the N-methyl-D-
aspartate receptor (NMDAR), an ionotropic glutamate receptor, has
been identified to be a therapeutic target for the treatment of
depression [6, 7]. In preclinical studies, NMDAR antagonism has
been shown to produce rapid and sustained antidepressant effects
in both rodent models and human subjects [8–10]. However, the
use of many NMDAR antagonists, such as MK-801 and ketamine,
are limited due to their harmful psychosis-like side-effects [11].
NMDARs are large heterotetrameric membrane protein com-

plexes, most of which are composed of two obligatory GluN1 and
two GluN2 subunits, the latter of which occurs in four subtypes,
i.e., GluN2A, B, C, and D [12, 13]. Both genetic and pharmacological
studies have suggested that GluN2B-containing NMDARs play an
important role in mood disorders [14]. Specific knockout of

GluN2B in cortical pyramidal neurons has been reported to
alleviate depressive-like behaviors and occlude further antide-
pressant action of ketamine [15]. Selective GluN2B subunit
blockers also produce rapid antidepressant effects in both rodents
[16] and humans [17, 18], with low neurotoxicity and mild or
negligible psychogenic effects [19]. One such antagonist that is
highly selective for GluN2B-containing NMDARs, rislenemdaz (Ris),
has been submitted to phase II antidepressant clinical studies.
However, the mechanism mediating the antidepressant effects of
this drug has not yet been clarified.
GluN2B-containing NMDARs are widely expressed in the

central nervous system and have multiple physiological functions,
such as regulating neuronal development [20] and synaptic
plasticity [21]. Many studies have demonstrated that neurotrophins,
a family of growth factor hormones, including nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 4
(NT4), and neurotrophin 3 (NT3), regulate neurite growth and
synaptic plasticity, and thus have been implicated in the
pathophysiological processes underlying depression, especially
BDNF [22, 23]. Studies indicate that BDNF expression in the medial
prefrontal cortex (mPFC) [24] and hippocampus [25] can be
regulated by GluN2B-containing NMDAR activation suggesting that
depression-like behaviors might be improved by BDNF regulation by
way of antagonism of GluN2B-containing NMDARs, such as with Ris.
GluN2B-containing NMDARs are expressed in the lateral

habenula (LHb) as evidenced by immunohistochemistry [26].
Meanwhile, abnormal activity in the LHb is strongly correlated
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with MDD pathophysiology [27]. Glucose metabolism in the LHb is
elevated in rodent models of depression (induced by stress,
injections of α-methylpara-tyrosine, or withdrawal from chronic
amphetamine) [28], and electrolytic lesions of the LHb can reduce
depressive-like behaviors via increasing serotonin levels in the
dorsal raphe nucleus [29]. Moreover, blockade of LHb NMDARs
alleviates depression-related behaviors in rats [30]. In depressive
patients, deep brain stimulation of the LHb has been reported to
produce rapid, sustained relief from treatment-resistant MDD [31].
However, the mechanism regarding how GluN2B-containing
NMDARs in the LHb impact depression is unknown.
Based on the study findings mentioned, we hypothesized that

Ris may mediate its antidepressant effects via GluN2B-containing
NMDARs and BDNF in the LHb. To test our hypothesis, in the
current study we determined whether Ris treatment could
improve signs of behavioral despair and, if so, whether these
effects involved the LHb. Specifically, we examined the effects of
systemic Ris on GluN2B, BDNF, and c-Fos (neuronal activity
marker) expression in the LHb. We then tested whether specific
depletion of BDNF in the LHb could prevent chronic restraint
stress (CRS)-induced despair-like behavior and CRS-induced
enhancement of LHb neuronal activity.

MATERIALS AND METHODS
Animals
Male C57BL/6J mice (7 weeks old, 18–22 g) were purchased from
the Department of Experimental Animals at Jilin University,
Changchun, China. Pairs of mice were housed in isolation
ventilation cages under standard conditions (22 ± 1 °C, 12 h
light/dark cycle, lights on at 7:00 a.m.) and allowed free access
to food and water. The animals were housed singly for ~1.5 days
before being administered the drug treatment and behavioral
testing. All experiments in this study were approved by the
Committee for Animal Care Research at Jilin University. Numbers
and groups of mice used for different experiments are provided in
the corresponding figure legends. All mice with incorrect LHb
injection sites were excluded. Data presented in the same figure
were obtained from the same batch of mice.

CRS
The CRS procedure was implemented as described in detail previously
[32]. Briefly, mice were restrained individually in a well-ventilated 50
ml conical tube for ~2.5 h per day for 14 consecutive days, and
control mice remained in their home cages. After each day of CRS,
restrained mice were immediately returned to their home cages.

Drug administration
Systemic Ris injection. Ris (MedChemExpress, Shanghai, China;
catalog no. HY-106441A) is a highly selective GluN2B antagonist; its
chemical name is 4-methylbenzyl (3S, 4R)-3-fluoro-4-[(pyrimidin-2-
ylamino) methyl] piperidine-1-carboxylate. Ris was first dissolved in
dimethyl sulfoxide (Solarbio, Beijing, China) to make a stock
solution at a concentration of 0.01mg/µl. Injection solutions of Ris
were prepared by diluting its stock solution in saline solution with
20% sulfobutyl ether-β-cyclodextrin (Yuanye, Shanghai, China) and
the amount of injection for each mouse was calculated based on
the group dose level and individual body weight. The mice were
administered an intra-peritoneal (i.p.) injection of Ris (0.1, 0.3, 0.6,
or 1.0 mg/kg) or vehicle twice before behavioral testing, 24 h and
45min before the test as described previously [33].

Cannula implantation and local administration of Ris. Mice were
anesthetized with an i.p. injection of 10% chloral hydrate (0.35 g/kg)
and their heads were fixed in a stereotaxic apparatus (RWD Life
Science, Shenzhen, China). Lidocaine was used to numb the scalp
skin before surgery. To avoid damaging large blood vessels, the
guide cannulas (outer diameter, 0.41mm; inner diameter, 0.25mm)

were placed at a 20° angle relative to the midline and implanted
onto the surface of LHb (coordinates relative to bregma: posterior,
−1.60mm; lateral, ±1.25mm; and ventral, −2.3 to −2.4mm) and
affixed to the skull with jeweler’s screws and dental cement. A
dummy cannula (diameter, 0.20mm) that extended 0.2mm beyond
the bottom of the guide cannula was inserted into each guide
cannula. After surgery, mice were placed immediately onto a heating
pad until they awoke. After a 7-days recovery period, Ris or vehicle
was administrated into the LHb bilaterally (4 nmol in 0.2 µl each side)
via corresponding injector needles (outer diameter, 0.21mm; inner
diameter, 0.11 mm) that were attached to an automated syringe
pump (Longer Precision Pump Co., Ltd, Baoding, China). The
injector needles were left in place for 5 min to ensure that the
drug diffused into the brain tissue completely. Behavioral testing
was conducted 30min after the drug diffusion period.

Knockdown of BDNF in the LHb
Short hairpin RNA (shRNA) against mouse BDNF (5′-GAAGTAA
ACGTCCACGGACAA-3′) and scrambled shRNA (5′-CGCTGAGTACT
TCGAAATGTC-3′) were each inserted into an adeno-associated
virus (AAV) vector containing the enhanced green fluorescence
protein coding sequence (Genechem, Shanghai, China) to form
AVV-shBDNF and AVV-scramble, respectively. AVV-shBDNF or AVV-
scramble was injected vertically into the LHb of anesthetized mice
(1 × 1012 viral particles per ml, 0.15 µl each side; coordinates
relative to bregma: posterior, −1.60 mm; lateral ±0.4 mm; ventral,
−2.5 to −2.7 mm). After injection, the needle was withdrawn
slowly and the incision was sutured.

Behavioral testing
Open field test (OFT). Mice were placed in the central area (20 cm ×
20 cm) of a cubic arena (50 cm × 50 cm × 50 cm), which they were
allowed to explore freely for 20min. Between tests, the open-field
apparatus was cleaned with 75% alcohol to remove the smell of the
last mouse. The activity of each mice was tracked and analyzed by
an EthoVision XT 8.5 system (Noldus, Wageningen, Netherlands).

Forced swimming test (FST). Mice were placed individually into a
Plexiglas cylinder (inner diameter, 11 cm; 30 cm high) containing water
(24 ± 1 °C; 10 cm deep) and allowed to swim freely for 6min. After
each test, the cylinder was cleaned and refilled with fresh water.
Immobility time during the last 4min of the 6min tests was measured.

Tail suspension test (TST). Mice were suspended 5 cm above the
horizontal floor for 6 min by fixing the distal 1/3 of the tail with
adhesive tapes. Immobility time during the last 4 min of the 6min
TST period was measured. Mice were considered immobile only
when their body and four limbs were still.

Sucrose preference test (SPT). Each mouse was habituated to the
test for 2 days by exposure to two bottles of water, then exposed
to two 2% sucrose solution bottles for 2 days. Subsequently, the
mice were deprived of water and sucrose solution for 24 h. Finally,
the mice were tested with a water bottle and a 2% sucrose
solution bottle for 2 h. The positions of the water and sucrose
bottles were switched halfway through the test. Mean sucrose
consumption ratio, relative to total consumption, was determined
for the first and second hour of the test to detect preference [34].

Immunohistochemistry
Each mouse was anesthetized with an injection of 10% chloral
hydrate (0.35 g/kg, i.p.), and its brain was extracted quickly and
soaked in 10% neutral formalin solution for 24 h. The brains were
dehydrated, embedded in paraffin, and cut into 4 µm sections on a
Leica microtome (RM2245). The sections were de-paraffinized with
xylene. Then brain tissues were rehydrated by placing them in pure
ethanol followed by a series of ethanol solutions (90, 80, 70, and
50%) diluted with distilled water. After a 5min recovery period in
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citrate at 95 °C, the sections were washed three times (5min/wash)
with phosphate buffered saline.
An MXB immunohistochemical kit was used according to the

manufacturer’s suggested protocol (Fuzhou, China; catalog no. KIT-
9710). Blocking reagent (reagent A), goat serum (reagent B), rabbit
anti-c-Fos antibody (1:400; Abcam, Cambridge, UK; catalog no.
ab190289), biotin-labeled anti-rabbit IgG second antibody (reagent
C), and horseradish peroxidase (HRP)-labeled streptomycete anti-
biotin protein (reagent D) were added in sequence (A, B, primary
antibody, C, and then D). After washing, the sections were placed in

a color developing agent (MXB, Fuzhou, China; catalog no. DAB-
0031) and the color reaction was terminated with water when the
color reached an appropriate saturation. Nuclei were counterstained
with Mayer’s hematoxylin solution. The sections were examined
under a light microscope (Olympus IX71) and c-Fos-immunopositive
neurons were counted as an index of neuronal excitability.

Western blot
The LHb regions were dissected out of each brain and proteins
were extracted from the LHb with a protein extraction kit

Fig. 1 Systemic Ris alleviates CRS-induced depressive-like behaviors in mice. Mice subjected to CRS were given Ris (in mg/kg, i.p.: 0.1, 0.3,
0.6, or 1.0; CRS+ Ris groups) or vehicle (CRS+ Vehicle group). Normal mice not subjected to CRS were given vehicle (Con group). a Timeline of
Ris administration and behavioral testing, n= 7/group. b Total distance traveled in the OFT. c Central area duration in the OFT. d Immobility
time in the FST. e Immobility time in the TST. f Sucrose preference in the SPT. Data are means ± SEMs; *p < 0.05; **p < 0.01; ***p < 0.001 vs. Con
group; #p < 0.05; ##p < 0.01; ###p < 0.001; ####p < 0.0001 vs. CRS+ Vehicle group.
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(Solarbio, Beijing, China). A 30 µg aliquot of proteins were
separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto PVDF membranes. The
membranes were blocked with 5% skim milk at room temperature
for 1 h and then incubated with the following primary antibodies
at 4 °C overnight: rabbit anti-GluN2B (1:1000; Abcam, Cambridge,
UK; no. ab65783), rabbit anti-c-Fos (1:1000; Abcam; no. ab190289),
mouse anti-NGF (1:500; Bioss, Beijing, China; no. bsm-10806M),
mouse anti-BDNF (1:500; Bioss; no. bsm-2291M), rabbit anti-NT4
(1:500; Bioss; no. bs-0158R), rabbit anti-NT3 (1:500; Bioss; no. bs-
21490R), and anti-GAPDH (1:5000; Abcam; no. ab181602). After
washing, membranes were incubated with HRP-conjugated goat

anti-rabbit (1:5000; Bioss, Beijing, China; no. bs-0295G-HRP) or
goat anti-mouse (1:5000; Bioss, Beijing, China; no. bs-40296G-HRP)
secondary antibody at room temperature for 1 h. After washing, a
highly sensitive ECL reagent (Tanon, Shanghai, China) was placed
on the membrane for 1 min. Bands were detected with
SageCapture software (Sage Creation Science Co., Ltd, Beijing,
China) and measured with ImageJ software (NIH).

Statistical analysis
SPSS 23 and Graphpad Prism 7.0 were used to analyze data and
generate graphs. Data were analyzed with Student’s t test (Fig. 4c,
Figs. S1, S2) and one-way analyses of variance (ANOVAs; Figs. 1–4,

Fig. 2 Systemic Ris reverses CRS effects on GluN2B, BDNF, and c-Fos expression in the LHb. Mice subjected to CRS were given vehicle (CRS
+ Vehicle group) or Ris (1 mg/kg, i.p.; CRS+ Ris group). Normal mice not subjected to CRS were given vehicle (Con+ Vehicle group).
a Timeline of Ris administration and protein detection, n= 4–6/group. b Representative c-Fos immunolabeled sections (scale bar= 50 µm, left;
scale bar= 20 µm, right). Black arrows indicate c-Fos positive cells. c Representative western blot images. d Quantitative analysis of c-Fos
positive neurons in the LHb. e Quantitative analysis of western blots shown in (c). Data are means ± SEMs; **p < 0.01; ***p < 0.001 vs. Con+
Vehicle group; ##p < 0.01; ###p < 0.001 vs. CRS+ Vehicle group.
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except Fig. 4c). Fisher’s least-significant difference test was used
for post hoc testing. All data are presented as means ± standard
errors (SEMs). P values < 0.05 were considered statistically
significant.

RESULTS
Systemic Ris improved depressive-like behaviors
CRS mice were injected with Ris at 0.1, 0.3, 0.6, or 1.0 mg/kg (i.p.)
and then subjected to behavioral testing, including the OFT,
FST, TST, and SPT. Relative to the Con group, CRS-exposed mice
showed augmented depressive-like behaviors, including
decreased total distance (F5,36= 12.309, p < 0.05, Fig. 1b) and
central area duration (F5,36= 1.825, p < 0.05, Fig. 1c) in the OFT,
increased immobility time in the FST (F5,36= 6.135, p < 0.001,
Fig. 1d) and TST (F5,36= 6.736, p < 0.05, Fig. 1e), and reduced
sucrose intake in the SPT (F5,36= 3.620, p < 0.01, Fig. 1f). The
robustness of these effects varied across the different Ris dose
groups. Compared with the CRS+ Vehicle group, the CRS+ Ris
groups had significantly decreased immobility times in the TST
(F5,36= 6.736, p < 0.001 for all four Ris dose groups, Fig. 1e) and
FST (F5,36= 6.135, p < 0.05 for 0.6 mg/kg Ris group, p < 0.001 for
1.0 mg/kg Ris group, Fig. 1d), as well as marked increases in total
distance traveled in the OFT (F5,36= 12.309, p < 0.05 for 0.1 mg/kg
Ris, p < 0.01 for 0.3 mg/kg Ris, p < 0.001 for 0.6 mg/kg Ris, p <
0.0001 for 1 mg/kg Ris, Fig. 1b). The latter two aforementioned
behavioral datasets show Ris dose dependency. Ris did not affect
the other tested behaviors significantly in CRS mice at any of the
four doses tested.

Systemic Ris downregulated GluN2B and BDNF expression and
inhibited neuronal activity in the LHb
Expression of GluN2B, NGF, BDNF, NT4, NT3, and c-Fos proteins in
the LHb was detected after administration of Ris (1 mg/kg, i.p.) in
CRS mice. Compared with the Con+ Vehicle group, the CRS+
Vehicle group had greater levels of GluN2B (F2,6= 20.485), BDNF
(F2,6= 29.946, and c-Fos (F2,6= 56.653) expression; meanwhile,
compared with the CRS+ Vehicle group, the CRS+ Ris group had
lower levels of GluN2B (F2,6= 20.485), BDNF (F2,6= 29.946), and c-
Fos (F2,6= 56.653) expression (all p < 0.01, Fig. 2c, e). Immunohis-
tochemistry showed that CRS increased numbers of c-Fos positive
neurons in the LHb (F2,117= 40.876, p < 0.001 vs. Con group,
Fig. 2b, d), and that Ris (1 mg/kg, i.p.) reduced c-Fos positive
neurons in the LHb of CRS mice (F2,117= 40.876, p < 0.001 vs. CRS
+ Vehicle group, Fig. 2b, d). Neither CRS nor Ris altered NGF, NT4,
or NT3 protein levels in the LHb significantly.

Intra-LHb injection of Ris improved despair-like behavior
Compared with non-CRS surgery-control mice given intra-LHb
infusions of only vehicle, CRS mice given intra-LHb infusions of
only vehicle showed stable depression-like behaviors, including
decreased total distance (F2,20= 4.151, p < 0.05, Fig. 3d) and
central area duration (F2,20= 3.625, p < 0.05, Fig. 3e) in the OFT,
increased immobility times in the FST (F2,19= 10.626, p < 0.01,
Fig. 3f) and TST (F2,19= 8.630, p < 0.05, Fig. 3g), and reduced
sucrose intake in the SPT (F2,20= 14.459, p < 0.001, Fig. 3h).
Compared with surgery-control CRS mice given intra-LHb injec-
tions of only vehicle, CRS mice given intra-LHb injections of Ris
(4 nmol in 0.2 µl/side) had significantly decreased immobility times

Fig. 3 Intra-LHb injection of Ris improves CRS-induced despair-like behavior. Mice subjected CRS were given intra-LHb injection of
Ris (CRS+ Ris group) or vehicle (CRS+ Vehicle group). Behavioral control mice not subjected to CRS were given intra-LHb vehicle (Con+
Vehicle group). a Timeline of Ris administration and behavioral testing, n= 7–8/group. b Cannula implantation. cMap of Ris injection (left) and
a coronal brain section stained with Pontamine sky blue dye to show Ris injection site (right). d Total distance traveled in the OFT. e Central
area duration in the OFT. f Immobility time in the FST. g Immobility time in the TST. h Sucrose preference in the SPT. Data are means ± SEMs;
*p < 0.05; **p < 0.01; ***p < 0.001 vs. Con+ Vehicle group; ##p < 0.01 vs. CRS+ Vehicle group.
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in the FST (F2,19= 10.626, p < 0.01, Fig. 3f) and TST (F2,19= 8.630, p
< 0.01, Fig. 3g). The behavior of non-CRS control mice was not
affected significantly by local injection of Ris (4 nmol in 0.2 µl/side)
into the LHb (Fig. S1).

BDNF knockdown in the LHb prevented CRS-induced despair-like
behavior and inhibited neuronal activity in the LHb
To further test the role of BDNF in the LHb in the development of
depression-like behaviors in mice, we tested the effects of CRS on

depressive-like behaviors after specific knockdown BDNF in the
LHb. The interference efficiency of AVV-shBDNF was confirmed in
western blot assays. Compared with the Con+ AVV-Scramble
group, the Con+ AVV-shBDNF group had decreased BDNF levels
3 weeks after intra-LHb infusion of AAV-shBDNF (t= 12.328, p <
0.001 t test, Fig. 4b, c). Behavioral testing of mice subjected to CRS
1 week after AAV-shBDNF or AAV-Scramble infusion showed that,
compared with the Con+ AVV-Scramble group, the CRS+ AVV-
Scramble group showed greater depressive-like behaviors,

Fig. 4 Knockdown of BDNF in the LHb prevents the development of CRS-induced depressive-like behavior and normalizes expression of
BDNF and c-Fos. aMap of AVV injection (left) and a coronal section showing the site of AVV injection in the LHb (right; green, enhanced green
fluorescence protein). b Representative western blot showing the interference efficiency of AAV-shBDNF. c Quantitative analysis of BDNF
expression in the LHb from the experiment shown in panel B (n= 4–6/group). d Timeline of AVV injection and behavioral testing. e Total
distance in the OFT, n= 6–7/group. f Central area duration in the OFT, n= 6–7/group. g Immobility time in the FST, n= 7/group. h Immobility
time in the TST, n= 6/group. i Sucrose preference in the SPT, n= 7–8/group. j Representative western blot protein bands shown the
expression of GluN2B, BDNF, and c-Fos protein levels. k Quantitative analysis of protein expression from the experiment shown in (j) (n= 4–6/
group). Data are means ± SEMs; *p < 0.05; **p < 0.01; ***p < 0.001 vs. Con+ AAV-Scramble group; #p < 0.05; ##p < 0.01; ###p < 0.001 vs. CRS+
AAV-Scramble group.

Rislenemdaz treatment in the lateral habenula improves despair-like. . .
T Lei et al.

1722

Neuropsychopharmacology (2020) 45:1717 – 1724



including decreased total distance (F2,17= 2.870, p < 0.01, Fig. 4e)
in the OFT, increased immobility times in the FST (F2,18= 24.566, p
< 0.001, Fig. 4g) and TST (F2,15= 7.743, p < 0.01, Fig. 4h), and
reduced sucrose intake in the SPT (F2,19= 11.733, p < 0.01, Fig. 4i).
Interestingly, compared with CRS mice that received AVV-
Scramble, CRS mice given intra-LHb infusions of AAV-shBDNF
exhibited attenuated development of CRS-induced despair-like
behavior as reflected by decreased immobility times in the FST
(F2,18= 24.566, p < 0.001, Fig. 4g) and TST (F2,15= 7.743, p < 0.05,
Fig. 4h). The shBDNF treatment did not affect the other
depressive-like behaviors examined in CRS mice significantly and
had no significant behavioral effects in non-CRS control mice
(Fig. S2). Finally, western blots showed that BDNF knockdown with
intra-LHb infusion of AAV-shBDNF blocked CRS-induced increases
in BDNF (F2,6= 21.287, p < 0.01) and c-Fos (F2,6= 26.582, p < 0.01),
without affecting GluN2B levels (Fig. 4j, k).

DISCUSSION
Although Ris, a specific GluN2B receptor antagonist, is being
examined in a phase II clinical study, the mechanism mediating its
antidepressant effect is unclear. Consistent with previous studies
[33], our study showed that systemic injection of Ris improved
depression-like behaviors in CRS mice, as reflected by the mice
covering more distance in the OFT and spending less time
immobile in the FST and TST. In a previous study, systemic
administration of Ris was shown to inhibit [3H] Ro 25-6981 (a
specific GluN2B antagonist) binding of GluN2B-containing
NMDARs in mouse and rat forebrain [35] and these results
suggest that Ris may be able to cross the blood brain barrier. In
this study, we found that systemic injection of Ris reduced GluN2B
expression in the LHb of CRS mice. Of particular importance, our
findings showing that local intra-LHb injection of Ris improved
despair-like behavior of CRS mice in the FST and TST suggest that
Ris alleviated despair-like behavior in mice, at least in part,
through the LHb.
In the current study, Ris both downregulated GluN2B expression

and reduced BNDF levels in the LHb. In a recent study using a
stress-induced animal model of depression, the LHb was shown to
have elevated activation of the transcription factor CREB (cyclic AMP
response element binding protein), as reflected by phosphorylated
CREB levels, and facilitated long-term synaptic potentiation [36].
CREB binding to the BDNF promoter, and consequent upregulation
of BDNF expression, have been shown to be initiated by Ca2+ influx
[37]. Thus, Ris may downregulate GluN2B expression and decrease
Ca2+ influx, thereby regulating calmodulin-dependent protein
kinases and inhibiting expression of BDNF in the LHb.
Although BDNF is the neurotrophin that has been most closely

associated with depression [38, 39], its role in the pathophysiology
and treatment of depression remains controversial. Human patients
with MDD have significantly reduced serum levels of BDNF,
compared with healthy controls, and antidepressant treatments
can normalize serum BDNF levels in these patients [40]. Likewise,
antidepressant agents can reverse stressor-induced decreases in
BDNF levels in the hippocampus and mPFC in rats [24, 41]. Specific
knockdown of BDNF in the dorsal dentate gyrus of the
hippocampus induced despair-like and anhedonia-like behaviors,
whereas specific knockdown of BDNF in the ventral subiculum of
the hippocampus induced only anhedonia-like behavior [42].
Meanwhile, BNDF levels in the nucleus accumbens (NAc) have
been reported to be increased after chronic social defeat stress, and
mice with high BDNF levels in the NAc were found to be more
susceptible to defeat stress [43]. BDNF variance in the NAc might
help to explain why BDNF deletion failed to induce depressive-like
behaviors in a prior report [44]. The associations of depression-like
behaviors with reduced hippocampal BDNF but elevated NAc BDNF
suggest that these two brain regions may have differing roles in the
development of depressive symptoms. We speculate that BDNF

involvement in MDD pathogenesis encompasses multiple influ-
ences from different brain regions.
Our results showed that specific knockdown of BDNF in the LHb

prevented the development of despair-like behavior following CRS
and decreased c-Fos expression in the LHb. BDNF treatment has
been shown to induce expression of c-Fos (a marker of neuronal
activity) in rat primary cortical neurons [45], and numerous studies
have reported that increased activity of LHb neurons is an
important factor in the development of depression symptoms
[27, 46]. Thus, Ris may improve CRS-induced despair-like behavior
by reducing the expression of BDNF proteins in the LHb, thereby
inhibiting the activity of LHb neurons.
LHb neurons project to midbrain areas (the substantia nigra

compacta/ventral tegmental area and the median raphe nucleus/
dorsal raphe nucleus) and control their activities that are involved
in the release of dopamine and 5-HT neurotransmitters respec-
tively [47]. The suppressive effect of LHb activation on these brain
regions is mainly mediated by GABAergic neurons in rostromedial
tegmental nucleus (RMTg) [48, 49]. Inhibition of LHb afferents to
the downstream RMTg has been shown to reduce immobility
time in the FST, without having a significant effect on sucrose
intake in the SPT [50], which is consistent with our results in
behavioral tests. Interestingly, genetic deletion of GluN2B in the
mPFC results in enhanced excitatory synaptic drive onto the
mPFC from upstream regions in the medial dorsal thalamus and
reduces despair-like behavior [51]. Thus, it is possible that GluN2B
receptor antagonism in the LHb might alleviate despair-like
behavior via effects on incoming afferents or downstream brain
regions.
In conclusion, Ris alleviates CRS-induced despair-like behavior in

the LHb of mice and this alleviation may involve reduced BDNF
expression, and consequently reduced neuronal activity, in the
LHb. It remains to be clarified how Ris affects the activity and
molecular expression profiles of different LHb neuron types.
Furthermore, it will be important to explore Ris effects on brain
regions that are upstream and downstream of the LHb.
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