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N E U R O S C I E N C E

An antidepressant mechanism underlying the allosteric 
inhibition of GluN2D-incorporated NMDA receptors at 
GABAergic interneurons
Jilin Zhang1,2†, Jinjin Duan3,4†, Wei Li1,2†, Xian Wang5, Shimin Ren5, Luyu Ye2,3, Fang Liu3,  
Xiaoting Tian3, Yang Xie3, Yiming Huang1, Yidi Sun1, Nan Song1, Tianyu Li2,3, Xiang Cai6,7,  
Zhiqiang Liu8, Hu Zhou8, Chenggang Huang3, Yang Li3,5*, Shujia Zhu1,2,9*, Fei Guo3,8*

N-methyl-d-aspartate receptors (NMDARs), key excitatory ion channels, have gained attention as anti-depression 
targets. NMDARs consist of two GluN1 and two GluN2 subunits (2A-2D), which determine their pharmacological 
properties. Few compounds selectively targeting GluN2 subunits with antidepressant effects have been identified. 
Here, we present YY-23, a compound that selectively inhibits GluN2C- or GluN2D-containing NMDARs. Cryo-EM 
analysis revealed that YY-23 binds to the transmembrane domain of the GluN2D subunit. YY-23 primarily affects 
GluN2D-containing NMDARs on GABAergic interneurons in the prefrontal cortex, suppressing GABAergic neuro-
transmission and enhancing excitatory transmission. Behavioral assays demonstrate YY-23’s rapid antidepressant 
effects in both stress-naïve and stress-exposed models, which are lost in mice with global or selective knockout of 
the grin2d gene in parvalbumin-positive interneurons. These findings highlight GluN2D-containing NMDARs on 
GABAergic interneurons as potential depression treatment targets.

INTRODUCTION
Major depressive disorder (MDD) is one of the most common psy-
chiatric diseases (1). After decades of preclinical and clinical research, 
the neurobiological basis and aetiological mechanism of MDD remain 
elusive, probably due to the heterogeneous genetic and environmen-
tal correlates, the lack of potential biomarkers, and the scarcity of rep-
resentative animal models. Most clinically available antidepressants 
developed on the basis of the classic monoaminergic theory produce 
low remission rates with long response lag times, moderate pharma-
cotherapeutic efficacy, and high individual heterogeneity (2). Thus, 
there is an urgent need for the development of faster-acting and more 
efficacious therapeutic agents to treat patients with MDD, especially 
those who are refractory to conventional antidepressants.

In recent years, a wealth of compelling studies has suggested that 
impairment of the glutamatergic system is likely to underlie the patho-
physiology of depression (3, 4). This accumulating evidence has come 
mainly from studies of the rapid-acting antidepressant ketamine, 
which is an N-methyl-d-aspartate receptor (NMDAR) channel blocker 
(5–8). It has been suggested that ketamine treatment enhanced gluta-
mate transmission in the prefrontal cortex (PFC) and hippocampus 

in rodents and humans by blocking NMDA receptors (NMDARs) on 
GABAergic interneurons (9, 10). This process instantly triggers den-
dritic spine regrowth (11) and cortical excitability (6, 7). As a result, 
NMDAR antagonism has received much attention as a theory for the 
development of rapid-acting antidepressants.

NMDARs are glycine and glutamate coactivated ion channels 
involved in synaptic neurotransmission and plasticity in the verte-
brate brain (12). Typical NMDARs are composed of two obligatory 
GluN1 subunits bound to glycine and two alternative GluN2 sub-
units (types 2A, 2B, 2C, and 2D) bound to glutamate, forming either 
diheteromeric or triheteromeric tetramers. The four GluN2 subunits 
display distinct temporal and spatial expression patterns and con-
tribute to various biophysical and pharmacological properties of 
NMDARs (13,  14). Notably, cell type–specific NMDAR subtypes 
have been approved as molecular targets for the antidepressant 
action of ketamine and rapastinel; the latter is a positive alloste-
ric modulator (PAM) of NMDARs (15). GluN2A/2B-containing 
NMDARs are the predominant subtypes expressed in the adult 
brain, whereas GluN2C/2D-containing NMDARs are specifically con-
fined to discrete regions that play a crucial role in disease pathology. 
For example, in schizophrenia, recent evidence has highlighted 
the critical role of NMDAR hypofunction in cortical GABAergic 
neurons, particularly where GluN2D subunits are prominently 
expressed (16, 17). Notably, ketamine exhibited slightly higher po-
tency for GluN2D than GluN2A and GluN2B (18), and a study 
suggests that GluN2D subunit is critical for the sustained antide-
pressant effects of (R)-ketamine (19). Although inhibiting GluN2D-
containing NMDAR has been proposed as a potential strategy to 
treat depression, the druggability of it remained elusive.

Our previous study identified a compound named YY-23 that 
selectively inhibited the activity of NMDARs but not AMPA receptors 
(AMPARs) in cultured hippocampal neurons (20, 21). In this study, we 
aimed to assess whether YY-23–mediated inhibition of NMDARs 
displays subtype selectivity and to understand the molecular mecha-
nism underlying its fast antidepressant effects in vivo. Here, we show 
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that YY-23 preferentially acts as an allosteric inhibitor for GluN2C- and 
GluN2D-containing NMDAR. Cryo-electron microscopy (cryo-EM) 
structures of GluN2D- containing NMDAR were identified in complex 
with YY-23, providing structural evidence of on-target binding of 
YY-23 at the molecular level. We found that YY-23 produced fast-onset 
antidepressant actions on various animal models of depression. 
Electrophysiological recordings and behavior studies on transgenic 
animals further demonstrated that the GluN2D subunit on GABAergic 
interneurons in the medial prefrontal cortex (mPFC) played a pivotal 
role in mediating the antidepressant effects of YY-23.

RESULTS
YY-23 selectively inhibits GluN2C- or 
GluN2D-containing NMDARs
As described in our previous report (22), YY-23 was obtained by 
acid hydrolysis of timosaponin B3 or chemical synthesis from timo-
saponin B2 (fig. S1 and table S1). YY-23 was isolated as a white 
amorphous powder, [α]20

D
− 66.0 (c 0.05, pyridine), with a molecular 

formula of C33H54O8 as determined by positive-ion High-Resolution 
(HR)–electrospray ionization (ESI)–time-of-flight (TOF)–mass spec-
trometry (MS) (detected mass/charge ratio: 601.3713 [M + Na]+; 
calcd. For C33H54O8Na: 601.3711). The 13C–nuclear magnetic reso-
nance (NMR) spectrum and distortionless enhancement by polari
zation transfer experiment showed the presence of 4 methyl groups, 
12 methylene groups, 13 methine groups, and 4 quaternary carbons. 
The presence of a β-glycopyranosyl moiety was determined by the 
anomeric proton at δH 4.87 (J = 7.7 Hz) and the carbon signal at δC 
105.19. The NMR spectral data of YY-23 were very similar to those of 
timosaponin BIII, indicating that the two have the same basic skele-
ton. In the heteronuclear multiple-bond correlation spectra, long-
range correlations were observed from δH 4.87 (H-1′) to δC 75.22 
(C-26) and vice versa. Accordingly, the structure of YY-23 was elu-
cidated and named (25S)-3,26-dihydroxy-20(22)-ene-5β-furost-26-
β-d-glucopyranoside (Fig. 1A).

We first investigated whether this compound targets monoami-
nergic receptors. FLIPR Calcium 4 Assay Kits were used to screen the 
5HT2A, 5HT2B, and 5HT2C serotonin receptors, while Lance Ultra 
cAMP Kits were used to screen the 5HT1A, D1R, D2R, and D4R dopa-
mine receptors. When YY-23 was applicated (starting at 100 μM with 
3× serial dilutions), it exhibited no notable effects on these receptors, 
indicating that YY-23 has negligible activity on these monoamine 
receptors (table S2). For instance, YY-23 at 10 μM (and potentially 
higher concentrations) did not show noticeable activation or inhibi-
tion of these receptors (Fig. 1, B and C). We also conducted a func-
tional evaluation of YY-23 on the dopamine transporter (DAT), 
serotonin transporter (SERT), and the α7 nicotinic acetylcholine 
receptor. The results demonstrated that YY-23 had no meaningful 
inhibitory activity on DAT and SERT (fig. S2, A and B), while it 
exhibited only a weak inhibitory effect on the α7 receptor (fig. S2C). 
These findings suggest that monoaminergic receptors are unlikely to 
be the primary targets of YY-23.

On the basis of our previous data, YY-23 selectively inhibits 
NMDA- but not AMPA-induced currents in cultured hippocampal 
neurons (21). We next investigated whether YY-23–mediated 
inhibition displays subtype specificity by performing electro-
physiological recordings on recombinant GluN1-GluN2 receptor 
subtypes expressed in either Xenopus laevis oocytes or human 
embryonic kidney (HEK) 293T cells. We found that YY-23 selectively 

reduced the glycine- and glutamate-induced maximal responses 
of GluN1-GluN2C and GluN1-GluN2D NMDARs (Fig. 1, D to G; 
fig. S3, A and B; and table S3). We noticed that the inhibitory effect 
of YY-23 on GluN1-GluN2D receptor expressed in Xenopus oocytes 
was difficult to reach the plateau until 10 min of application (fig. S3, 
A and B). In contrast, YY-23 had minimal effects on both GluN1-
GluN2A and GluN1-GluN2B receptors (Fig. 1, D to G).

YY-23 acts as an allosteric inhibitor binding to the GluN2 
transmembrane domain
Next, we examined the effect of YY-23 on the current-voltage (I-V) rela-
tionship of GluN1a-GluN2D receptors. In contrast to the conventional 
voltage-dependent magnesium block, the I-V curve exhibited a voltage-
independent profile upon application of 10 μM YY-23 (Fig. 1H). 
There was no significant difference in the inhibition level when 
the holding potential was set to −60, −40, or +40 mV (Fig. 1I). To elu-
cidate whether YY-23–mediated inhibition relies on the gating states of 
GluN1-GluN2D receptors, we applied 10 μM YY-23 to the nonactivated 
receptors for the same duration as for the activated receptors. The results 
showed that YY-23 also bound to GluN1-GluN2D receptors in the apo 
state and displayed a remarkable inhibitory effect (Fig. 1J). We then 
examined YY-23–mediated inhibition at various concentrations of 
glycine or glutamate and found that the inhibition occurred in an ago-
nist concentration-independent manner (Fig. 1K). On the basis of 
this evidence, we proposed that YY-23 acts as an allosteric inhibitor 
to GluN1-GluN2D receptors.

Next, we tried to identify structural elements in NMDARs that 
might be responsible for the action of YY-23. GluN1 and GluN2 
subunits share similar topological architectures, with two tandem 
extracellular domains comprising an N-terminal domain (NTD) 
and a ligand binding domain (LBD), a transmembrane domain (TMD) 
where the ion channel is located, and an intracellular C-terminal 
domain (CTD) (Fig. 2A) (12). Both the NTD and LBD have a bi-lobed 
clamshell-like architecture, and the LBD is composed of S1 and S2 
segments linked with TMD helices (Fig. 2A). We first constructed 
truncated or chimeric subunits to search for the structural elements 
involved in YY-23–mediated inhibition (Fig. 2, A and B). Two elec-
trode voltage-clamp (TEVC) recordings showed that the chimeric 
GluN1-GluN2D receptors with replacement of either NTD, NTD plus 
linker, or the S1 portion of the GluN2D subunit with that of the 
GluN2A subunit, as well as with the CTD deleted GluN1-GluN2D 
receptors, displayed YY-23 inhibition similar to that of wild-type 
(WT) GluN1-GluN2D receptors (Fig. 2B). Notably, GluN1-GluN2D 
(2A-S2) and GluN1-GluN2D (2B-S2) receptors showed a partial 
reduction in the inhibitory effect of YY-23 (Fig. 2, B and C). More 
notably, GluN1-GluN2A (2D-S2) or GluN1-GluN2B (2D-S2) recep-
tors displayed a substantial gain of function of YY-23–mediated 
inhibition (Fig. 2, B and C). Together, these data demonstrate that 
the S2 region of the GluN2D subunit is critical for the allosteric 
action of YY-23.

To determine the YY-23 binding site on GluN1-GluN2D receptors, 
we carried out a cryo-EM experiment on the human GluN1b-GluN2D 
receptor with the CTD deleted and in the presence of the agonist 
glycine, the competitive antagonist (R)-4-(3-phosphonopropyl)
piperazine-2-carboxylic acid (R-CPP) and YY-23. We confirmed that 
the inhibitory effect of YY-23 was also observed for GluN1b-GluN2D 
receptors (fig. S3B). Next, we resolved the cryo-EM structure of 
YY-23–bound GluN1b-GluN2D receptors at the resolution of 4.2 Å 
(Fig. 2D; fig. S3, C to F, and table. S4). After modeling the GluN1b and 
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Fig. 1. Specificity of YY-23 action on NMDAR subtypes. (A) Chemical structure of YY-23. (B and C) Effects of YY-23 on 5HT1A, 5HT2B, and 5HT2C receptors (FLIPR Calcium 
4 Assay) and 5HT2A, D1R, D2R, and D4R in both agonist and antagonist modes. Data were processed using an unpaired t test for normally distributed data and the Mann-
Whitney test for nonnormally distributed data. (D and E) Representative current traces from recombinant NMDARs in Xenopus oocytes [(D), TEVC] with 100 μM glutamate, 
100 μM glycine, and 10 μM YY-23 and from HEK293T cells [(E), whole-cell voltage-clamp] with 500 μM NMDA, 20 μM glycine, and 10 μM YY-23. (F and G) Concentration-
response curves showing the effect of YY-23 on NMDARs in Xenopus oocytes (mean ± SD) and HEK293T cells (mean ± SEM). (H) Current-voltage (I-V) relationships for 
GluN1-GluN2D receptors with control (squares), 10 μM YY-23 (triangles), or 1 mM Mg2+ (circles) in the presence of saturating glycine and glutamate (100 μM each). 
(I) Statistical analysis of YY-23–mediated inhibition at holding potentials of −60, −40, and +40 mV. (J) Representative trace depicting the GluN1-GluN2D receptor response 
to a 1-min exposure to 10 μM YY-23 without agonists. (K) Inhibition efficacy of YY-23 on GluN1-GluN2D receptors at varying concentrations of glycine and glutamate, 
normalized to currents induced by 100 μM glycine and glutamate. (I) and (K) were analyzed by one-way analysis of variance (ANOVA). ns, not significant.
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GluN2D into the density by rigid-body fitting based on the structure of 
the R-CPP–bound GluN1a-GluN2D receptor [Protein Data Bank 
(PDB): 7YFF (23)], we identified a clear electron density in the TMD of 
the GluN2D subunit, which fitted well with the YY-23 molecule (Fig. 2, 
D and E). YY-23 inserted into a niche formed by the M1, M2, and M4 
helices of GluN2D subunit, with its steroid moiety inserted in the 
pocket and sugar moiety extended outward (Fig. 2, F and G). To 
confirm the structural observation, we first verified whether residues 
among GluN2 subunits of the TMD region were directly responsible 
for YY-23 binding. We individually substituted all nonconserved 
residues in the TMD of GluN2D with their homologous residues in the 
GluN2A subunit. However, none of the mutant constructs led to a loss-
of-function effect of YY-23 (fig. S4, A and B). Since YY-23 bound in the 
TMD of GluN2D and showed loss of function on chimeric GluN1-
GluN2D (2B-S2) receptors, we proposed that the conformation of the 
S2-M4 linker and M4 may control the subtype-specific inhibitory 
effect of YY-23. Therefore, we generated chimeric constructs of GluN2D 
by replacing the S2-M4 linker and/or the M4 helix with the corre-
sponding segments from the GluN2B subunit (Fig. 2, A and B). Substi-
tution of either the S2-M4 linker or M4 resulted in a substantial decline 
of the YY-23 inhibition on GluN1-GluN2D receptor (Fig. 2B). More-
over, substitution of the S2-M4 linker together with the M4 segment 
completely abolished the YY-23 inhibition on GluN1-GluN2D recep-
tors (Fig. 2, B and C). This evidence suggests that the S2-M4 linker 
and the M4 helix in GluN2D subunit are responsible for the 

subunit-selective YY-23 inhibition. In sum, these data provide struc-
tural evidence for a binding site within the TMD of the GluN2 subunit 
and elucidate the molecular basis of GluN2-dependent allosteric inhi-
bition by YY-23.

YY-23 inhibits native GluN2D-containing NMDARs 
in the mPFC
The GluN2C subunit is dominantly expressed in the cerebellum, so 
we first chose GluN2D for the following in vivo studies, because it is 
widely distributed in the brain (24) and is closely associated with 
depression and anxiety (19, 25). However, very little is known about 
the cell type–specific expression and functional role of the GluN2D 
subunit in the adult cortex. We performed multiplex fluorescence in 
situ hybridization (FISH) to examine grin2d mRNA expression in 
interneurons and pyramidal neurons in adult mice at 8 weeks (Fig. 
3, A to D). We found that grin2d preferentially colocalized with cells 
positive for slc32a1 (encoding GAD67) rather than those positive 
for slc17a7 (encoding Vglut1). Transcriptomic analysis of NMDAR 
subunits using a single-cell RNA sequencing dataset (fig. S5) demon-
strated that grin1, grin2a, and grin2b were densely expressed both in 
the inhibitory interneurons and excitatory neurons, whereas grin2d 
was preferentially expressed in the inhibitory neurons. These results 
confirmed that the GluN2D subunit was expressed in the mPFC in 
adult mice and preferentially colocalized with interneurons rather 
than pyramidal neurons.

Fig. 2. Structural determinants of YY-23 inhibition. (A) Topological structure of GluN subunits showing NTD, LBD with S1 and S2 portions, TMD, and intracellular CTD. L1 
and L2 are linkers connecting NTD-LBD and S2-M4, respectively. (B) Effects of 10 μM YY-23 on WT, chimeric, and truncated receptors in Xenopus oocytes. Top shows a linear 
representation for a GluN2 subunit corresponding to the topological structure in (A). Dashed line aligned with the media response of the GluN1-GluN2D WT receptor 
provides a benchmark for the YY-23–mediated inhibitory effect. Data were analyzed by Brown-Forsythe ANOVA with Dunnett’s T3 post hoc. Individual cells are repre-
sented by data points. Mean ± SEM are shown in bar graphs; box plots display minimum/maximum values, quartiles, and medians. Significance: “ns” (P > 0.05), **P < 0.01, 
***P < 0.001, and ****P < 0.0001. (C) Current traces of chimeric receptors responding to 10 μM YY-23 with saturating concentrations (100 μM) of glycine and glutamate 
(“Gly/Glu”). (D) Electron density map of GluN1b-GluN2D receptor bound with YY-23 (yellow). (E) Structure of YY-23 bound to GluN1-GluN2D receptor. (F) Detailed view of 
YY-23 density (mesh) within the binding site constituted by the M1, M2, and M4 helices of GluN2D subunit. (G) Top-down view of the TMD of GluN1b-GluN2D receptor 
with YY-23 bound.
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Fig. 3. YY-23 inhibits activity of interneurons via GluN2D subunit. (A) Coronal mouse brain section showing mPFC (dashed box), with confocal imaging of DNA 
(4′,6-diamidino-2-phenylindole, blue), grin2d mRNA (red), and Slc32a1 mRNA (green) using multiplex FISH. Dashed lines indicate mPFC layers. PrL; prelimbic cortex; IL, 
infralimbic cortex; Cg1, cerebral cortex, area 1. (B) Localization of Sic17a7 (pyramidal neurons, green), Slc32a1 (interneurons, green), and grin2d (red), with magnified views. 
Arrows highlight grin2d-positive neurons. (C and D) Quantification of single or dual mRNA-positive cells. Data were analyzed using one-way ANOVA for normally distributed 
data (C) and Brown-Forsythe ANOVA with Dunnett’s T3 multiple comparisons for data with heterogeneous variance (D). (E) Patch-clamp setup from GAD67-GFP–positive 
mPFC slices. (F to I) NMDA-induced currents with/without 20 μM YY-23 in interneurons [(F) and (G)] and pyramidal neurons [(H) and (I)] from WT mice. Representative traces 
shown. Wilcoxon test for paired comparisons. (J) Quantitative PCR of mRNA in WT and grin2d knockout (KO) mice. (K and L) NMDA currents with 20 μM YY-23 and/or 3 μM 
CIQ in interneurons from WT and grin2d KO mice. Representative traces shown. [(K) and (L)] Representative recording traces. Data underwent one-way ANOVA and Tukey’s 
multiple comparisons for histograms (M). Each point denotes an individual cell. Bar graphs represent mean ± SEM. Box plots depict min/max values, quartiles, and median 
lines. Significance: ns (P > 0.05), **P < 0.01, and ***P < 0.001.
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Next, we hypothesized that YY-23 may preferentially act on 
GluN2D-containing NMDARs and investigated the effects of YY-23 
on NMDAR activity of layer II/III interneurons and pyramidal neu-
rons in adult mPFC slices. NMDA-evoked inward currents from glu-
tamate decarboxylase 1 (GAD67)–enhanced green fluorescent protein 
(EGFP)–labeled interneurons and pyramidal neurons were recorded 
by patch-clamp (Fig. 3E). We found that YY-23 markedly inhibited 
NMDA-evoked currents in interneurons (Fig. 3, F and G) but not in 
pyramidal neurons (Fig. 3, H and I). To further investigate whether 
YY-23 acted selectively on native GluN2D-containing NMDARs, we 
applied the selective allosteric potentiator CIQ to boost the currents of 
GluN2D-containing NMDAR currents (26). We found that YY-23 
substantially blocked the enhancement of NMDA-evoked currents 
potentiated by 3 μM CIQ (Fig. 3, K and M). However, in grin2d-
knockout (KO) mice [authenticated by quantitative polymerase chain 
reaction (PCR); Fig. 3J], neither CIQ nor YY-23 had any effect on 
NMDA-evoked currents (Fig. 3, L and M). These results suggest that 
YY-23 selectively blocks the GluN2D subunit–mediated inward 
current in mPFC interneurons.

Inhibition of GluN2D-containing NMDARs on GABAergic 
interneurons enhances excitatory transmission
To test the YY-23 neurotransmission on mPFC interneurons, we 
first recorded action potentials (APs) by a series of current injec-
tions in mPFC GAD67-EGFP–positive interneurons (Fig. 4, A to 
C). The numbers of APs were substantially reduced by YY-23 at con-
centrations of 1, 10, and 30 μM in a concentration-dependent man-
ner (Fig. 4, B, D, and E). Given that YY-23 weakened the excitability 
and firing output of interneurons, we wondered how these changes 
might affect the inhibitory output onto nearby pyramidal neurons. 
Thus, we compared spontaneous inhibitory postsynaptic currents 
(sIPSCs) in mPFC layer V pyramidal neurons in WT and KO mice. 
YY-23 at 10 μM reduced the frequency but not the amplitude of 
sIPSC in WT mice (Fig. 4, F to M). This was also observed in the 
miniature inhibitory postsynaptic currents (mIPSCs) recorded from 
the pyramidal neurons (fig. S6, A to H). The results indicate that the 
GABAergic output from interneurons to pyramidal neurons was 
inhibited. As sIPSC makes postsynaptic more likely to inhibit firing 
of AP, we then examined whether this inhibition affected the excit-
ability of pyramidal neurons. The results showed that YY-23 (10 μM) 
increased the number of APs (Fig. 4, N to Q) and the frequency and 
amplitude of miniature EPSC (mEPSC) (fig. S6, I to Q), suggesting 
that YY-23 may enhance the excitability of pyramidal neurons by 
disinhibiting the GABAergic output of interneurons. Furthermore, 
we found that YY-23–induced inhibition of sIPSC and enhance-
ment of AP in pyramidal neurons were prevented in the grin2d KO 
mice (Fig. 4, I and J to M), suggesting that the GluN2D subunit may 
contribute to the YY-23–induced reduction of inhibitory output 
onto nearby pyramidal neurons and enhancement of excitability of 
pyramidal neurons.

Given that the selective serotonin reuptake inhibitor (SSRI) 
fluoxetine altered neither the mEPSC frequency (fig. S7, A to F) nor 
the amplitude (fig. S7, G to I) in pyramidal cells suggested a unique 
neuropharmacological mechanism of YY-23 compared with SSRIs. 
The results suggested that YY-23 directly inhibits GluN2D-containing 
NMDARs within interneurons, which reduces the inhibitory output 
of GABAergic interneurons and in turn results in the disinhibition 
of pyramidal cells. Thus, we speculate that the fast antidepressant 
effect of YY-23 is likely to be related to the induced enhancement 

of excitatory synaptic transmission in the mPFC in a characteristic 
manner involving disinhibition.

The antidepressant properties of YY-23
To investigate the antidepressant characteristics of YY-23, we first 
optimized its dosage using naïve mice. YY-23 was administered 
acutely, 30 min before behavioral tests. In the novelty-suppressed 
feeding test and the forced swimming test (FST), YY-23 notably 
decreased feeding latency and immobility time in a dose-dependent 
manner (Fig. 5, A and B). There were no significant changes in the 
total distance traveled during the open field test (OFT), indicating 
that YY-23 did not affect locomotor activity (Fig. 5C). These find-
ings confirm that YY-23 exhibits clear antidepressant-like effects 
upon acute administration.

We then used a chronic social defeat stress (CSDS) model in 
mice (27) to assess whether YY-23 could prevent stress-induced 
depressive symptoms (Fig. 5, D to F). Mice were classified on the 
basis of their social interaction (SI) ratio of 1, indicating equal time 
spent with and without a social target (CD-1). Mice with an SI ratio 
below this threshold were deemed susceptible. After 10 days of 
CSDS, about 60% of the stressed mice showed a defeated pheno-
type, characterized by reduced interaction zone time (Fig. 5F). Sus-
ceptible mice were then assigned to receive either a vehicle, YY-23 
(10 mg/kg), or fluoxetine (10 mg/kg). Depressive-like symptoms 
were evaluated using the sucrose preference test (SPT) and the tail 
suspension test (TST) (Fig. 5D), conducted 24 hours after the SI test 
on days 8 and 15, respectively.

Following 1 week of daily YY-23 administration, susceptible 
mice displayed a recovery in interaction zone time, similar to con-
trol mice, suggesting reversal of depressive symptoms. In contrast, 
3 weeks of fluoxetine treatment did not reverse social defeat behav-
ior (Fig. 5E). In addition, YY-23 administration alleviated increased 
immobility in the TST (Fig. 5G) and decreased sucrose consump-
tion in the SPT (Fig. 5H), indicating a reversal of depressive-like 
symptoms. YY-23–treated mice showed normal locomotor activity 
compared to controls (Fig. 5I).

The antidepressant effects of YY-23 were further confirmed 
in a corticosterone-induced depression model, characterized by 
hypothalamic-pituitary-adrenal hyperactivity from 21 days of corti-
costerone supplementation (Fig. 5J). Depressive symptoms were 
assessed using the SPT and FST. Corticosterone-exposed mice exhib-
ited reduced sucrose preference and increased immobility time, which 
were ameliorated by a single oral dose of YY-23 (Fig. 5, K and L). 
Similarly, (S)-ketamine improved sucrose preference and reduced 
immobility time (Fig. 5, K and L). Overall, YY-23 effectively reversed 
depressive phenotypes induced by CSDS and corticosterone, demon-
strating rapid antidepressant action.

GluN2D subunit in PV interneurons is crucial for 
antidepressant efficacy of YY-23
To determine whether GluN2D-containing NMDARs are essential 
for YY-23’s antidepressant effects, we used GluN2D KO (grin2d−/−) 
and heterozygous (grin2d+/−) mice. In the FST and TST (Fig. 6, A 
and B), YY-23 substantially reduced immobility time in WT mice 
compared to vehicle-treated controls. However, this effect was absent 
in grin2d−/− and grin2d+/− mice. The distance traveled in the loco-
motor test did not differ among grin2d+/+, grin2d+/−, and grin2d−/− 
groups (Fig. 6C), suggesting that YY-23’s antidepressant-like effects 
are not due to increased locomotion. The absence of the GluN2D 
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Fig. 4. YY-23 up-regulated activity of pyramidal neuron by inhibiting interneuron. (A) Coronal mouse brain section showing electrode placement in the prelimbic 
area (PrL). (B and C) Active potential recordings (B) from GAD67-EGFP–positive interneurons (C) in the mPFC. (D and E) Spike counts from graded current injections (0 to 
350 pA in 50-pA steps) on interneurons with varying YY-23 concentrations (D). Data analyzed by Kruskal-Wallis ANOVA and Dunn’s post hoc test. Box plots show min/max 
values, quartiles, and medians (E). (F to K) sIPSC recordings in mPFC pyramidal neurons from WT and grin2d−/− mice, before and after 10 μM YY-23. Cumulative distribu-
tions of sIPSC intervals [(H) and (K)] and frequencies [(G) and (J)] analyzed by Kolmogorov-Smirnov test. (L and M) Bar graphs comparing sIPSC frequencies (L) and ampli-
tudes (M) at baseline (gray) and post–YY-23 (green) in WT and grin2d−/− mice, analyzed by repeated measures (RM) two-way ANOVA with Bonferroni’s post hoc test. 
(N) AP recordings in pyramidal neurons with YY-23 in WT versus grin2d−/− mice. (O and P) Spike frequency response to current injections in pyramidal neurons with YY-23 
in WT (O) and grin2d−/− mice (P). (Q) Average spike counts pre– and post–YY-23 in WT and grin2d−/− mice, analyzed by RM two-way ANOVA with Bonferroni’s test. 
Bar graphs show mean ± SEM. Significance: *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 5. Rapid antidepressant effect of YY-23 on mice. (A to C) YY-23 shows dose-dependent antidepressant-like effects in stress-naïve mice, as measured by the novelty-
suppressed feeding test (A) and forced swimming test (B). No impact on locomotion was observed in the OFT (C). Data analyzed by Kaplan-Meier survival analysis with 
Mantel-Cox test (A) and one-way ANOVA with Dunn’s correction [(B) and (C)]. (D) Experimental timeline for behavioral tests, drug administration, and brain tissue collec-
tion in a CSDS model. Mice received treatments of vehicle, fluoxetine (FLX), or YY-23 after 10 days of social stress, with tissue collected 24 hours after the final dose. 
(E) Social interaction (SI) ratio for each group weekly, analyzed by repeated measures (RM) two-way ANOVA with Tukey’s test. (F) Exploratory trajectories of C57BL/6N mice 
with 21 days of drug administration. Yellow box shows the SI zone. “Sus” indicates susceptible mice. (G to I) TST (G), SPT (H), and OFT (I) were assessed, and data were ana-
lyzed by one-way ANOVA with Tukey’s test. (J to L) Overview and effects of YY-23 and (S)-ketamine in a corticosterone-induced depressive model. SPT (K) and FST (L) data 
analyzed by RM two-way ANOVA with Tukey’s test. Bar graphs represent mean ± SEM. Significance: *P < 0.05, **P < 0.01, and ***P < 0.001.
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gene did not produce antidepressant effects, possibly because of a 
compensatory response in the body.

To address the potential involvement of GluN2C in the antidepres-
sant effects of YY-23, we conducted additional experiments using grin2c 
KO mice (fig. S8A). With Western blot, we found almost no expression 
of GluN2C protein in the hippocampus and cerebral cortex but abun-
dant GluN2C in cerebellum of adult mice (fig. S8A). Behavioral tests 
show that grin2c KO mice displayed hyperactivity in the OFT compared 
to control mice (fig. S8B). In addition, the immobility time in grin2c KO 
mice was not notably different from that of control mice in both the FST 
(fig. S8C) and the TST (fig. S8D). Therefore, the antidepressant-like 
effects of YY-23 (10 mg/kg) were not blocked in grin 2c KO mice, 
indicating that YY-23 likely targets the GluN2D subunit rather than 
the GluN2C subunit to exert its antidepressant effects.

Given the specific expression of GluN2D in parvalbumin (PV) inter-
neurons, we hypothesized that selective deletion of GluN2D in these 
neurons would affect YY-23’s efficacy. We crossed grid 2d loxp trans-
genic mice with PV-cre transgenic mice to generate a PV-Cre grin2df/f 
line with selective grin2d gene deletion in PV interneurons. While PV-
Cre grin2df/− mice exhibited no notable changes, their PV-Cre grin2df/f 
counterparts demonstrated substantially diminished immobility 
times in both the FST and the TST (Fig. 6, D and E), indicating an 
antidepressant-like phenotype. Administration of YY-23 failed to evoke 
antidepressant effects in PV-Cre grin2df/f mice (Fig. 6, D and E), 
with locomotor activity remaining unaffected (Fig. 6F). These results 
underscore the critical role of the GluN2D subunit in PV interneurons 
for mediating the antidepressant effects of YY-23.

YY-23 reverses stress-induced proteomic changes in 
susceptible mice
To further investigate the pathophysiological mechanism underly-
ing stress-induced depression and to identify the phenotype-specific 

molecular function of YY-23, we used quantitative proteomics to 
analyze protein expression in the mPFC. Three animals were used 
per group for brain tissue sampling 24 hours after 3 weeks of drug 
administration (Fig. 5D), and a total of 4915 distinct proteins were 
quantified by MS. Proteomic analysis revealed that the expression 
levels of 120 proteins were significantly different between the sus-
ceptible and control groups. Unsupervised hierarchical clustering 
analysis of these 120 proteins clustered them into four distinct 
groups representing the four different responses to the treatments 
(Fig. 7A). We also found that the changes in 26 altered proteins in 
the susceptible group (stress versus ctrl) were substantially reversed 
by YY-23 (YY-23 versus stress; Fig. 7B). Thus, these proteins repre-
sent some common components that are oppositely regulated by 
stress and YY-23. The clustering analysis results shown in the heat-
map further revealed that the 26 proteins, including 11 proteins that 
were up-regulated and 15 that were down-regulated by stress, could 
be oppositely regulated by YY-23 (Fig. 7C). In contrast, fluoxetine, 
an antidepressant with a long response lag, rescued the levels of only 
12 of the 120 proteins that were changed by stress (fig. S9).

To gain insight into the involvement of these proteins in different 
molecular and biological functions, Gene Ontology annotation of 
the 26 proteins inversely regulated by YY-23 was performed. Nine 
terms were substantially enriched in the molecular function catego-
ry. The identified proteins were mainly involved in receptor inter-
nalization, response to calcium ions, and positive regulation of 
synaptic transmission (Fig. 7D).

Antidepressant effects of YY-23 depend on its promotion of 
synaptic plasticity
To further explore the synaptic modulation induced by YY-23, we 
recorded field excitatory postsynaptic potentials (fEPSPs) in the 
mPFC. The stimulating electrode was placed in layer V, and the 

Fig. 6. Genetic deletion of grin2d abolished the antidepressant-like effect of YY-23. (A to C) YY-23 reduced immobility time in the FST (A) and TST (B) in WT (grin2d+/+) 
mice but not in grin2d KOs (grin2d+/− and grin2d−/−), indicating the need for the grin2d gene for YY-23’s effects. No changes in locomotion were observed in the OFT (C). 
(D to F) Behavioral effects of YY-23 on mice with (PV-Cre grin2df/− and PV-Cre grin2df/f) and without (grin2df/f) grin2d deletion in PV-positive interneurons. Data were ana-
lyzed by two-way ANOVA with Bonferroni correction. Bar graphs show means ± SEM. Significance: *P < 0.05 and **P < 0.01.
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recording electrode in layer II/III (Fig. 8A). Unexpectedly, the initial 
slope of the fEPSP substantially increased within 10 min of YY-23 
application, and this effect persisted for up to 40 min (Fig. 8B). The 
fEPSPs were inhibited by the application of the AMPAR antagonist 
CNQX, confirming their dependence on AMPARs. These results 
suggest a strong association between the identified proteins (Fig. 7) 
and synaptic transmission following YY-23 treatment.

We aimed to further investigate the mechanism underlying 
YY-23–induced enhancement of excitatory synaptic transmission. 
Previous studies have implicated the mammalian target of rapamy-
cin (mTOR) signaling pathway, which is localized to dendrites and 
the cell body and regulates translation, in rapid antidepressant effects 
and long-term synaptogenesis (28, 29). To examine the role of mTOR 
in synaptic transmission, we pretreated mPFC slices with the selec-
tive mTOR inhibitor rapamycin (5 μM) for 30 min and then reeval-
uated fEPSPs. The results showed that rapamycin pretreatment at 
5 μM inhibited the YY-23–induced enhancement of fEPSPs (Fig. 8, 
C and D). These findings suggest that the enhancement of excitatory 
synaptic transmission by YY-23 may be dependent on the mTOR 
signaling pathway.

To further assess the role of mTOR in YY-23’s antidepressant 
effects, rapamycin was locally infused into the mPFC. We found that 
administration of YY-23 (10 mg/kg) markedly reduced immobility 

time in the TST (Fig. 8E) for mice treated with dimethyl sulfoxide 
(DMSO) but not in those treated with rapamycin. Similarly, YY-23 
improved the time spent in the open arms of DMSO-treated mice 
in the elevated plus maze (Fig. 8F) but had no notable effect in 
rapamycin-treated mice. These data indicate a strong involvement 
of the mTOR signaling pathway in the antidepressant effects induced 
by YY-23.

DISCUSSION
In this study, we discovered a timosaponin derivative, YY-23, with 
selective inhibition of GluN2C– and GluN2D–containing NMDARs. 
Cryo-EM structure analysis and electrophysiological recordings sug-
gested that YY-23 does not directly block the channel gate or compete 
with agonist binding. Instead, it acts as a negative allosteric modulator 
of GluN1-GluN2D receptors. YY-23 demonstrated rapid antidepres-
sant effects in mouse models, which were abolished in grin2d-KO mice 
and mice with grin2d gene deletion in PV interneurons. In the mPFC 
region of the mouse brain, GluN2D was primarily expressed in 
GABAergic interneurons. YY-23 directly inhibited native GluN2D-
containing NMDAR currents in the mPFC, leading to a decrease in the 
output of GABAergic interneurons. This disinhibited the excitability of 
pyramidal cells and promoted synaptic plasticity.

Fig. 7. YY-23 enhanced synaptic transmission based on proteomic analysis. (A) Clustering of differentially expressed proteins in the mPFC from control (Ctrl-Veh) and 
susceptible mice treated with vehicle, fluoxetine (10 mg/kg; Sus-FLX), or YY-23 (10 mg/kg; Sus-YY-23) (n = 3 per group). Sampling details are in Fig. 4D. (B) Venn diagram 
showing altered proteins in the stress group versus control and in the YY-23 group versus the stress group, with YY-23 rescuing 26 proteins. (C) Clustering of these 
26 proteins indicating restoration by YY-23 in susceptible mice. (D) Gene Ontology (GO) enrichment analysis of the biological processes related to these proteins.
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GluN1-GluN2D receptors exhibit distinctive biophysical charac-
teristics, including the highest agonist potency, the longest exponen-
tial deactivation time course, and the lowest channel open probability 
among NMDAR subtypes (12, 30). Their activity can be modulated 
allosterically by endogenous protons (31); neurosteroids (32); and 
exogenous allosteric compounds, including CIQ 23, QNZ46 (33), 
and DQP-1105 (34). Allosteric modulators, which bind to sites dis-
tinct from the orthosteric agonist-binding sites (35), typically exert 
subunit-specific effects without altering fundamental channel func-
tion (36, 37). For example, allosteric modulators like rapastinel 
often have fewer side effects compared to channel pore blockers like 
ketamine, which can induce psychotomimetic or dissociative effects 
(38). In this study, we identified a previously unreported allosteric 
modulator binding site composed of GluN2D Pre-M1, TM1, and 
TM4. These findings suggest that the TMD region of NMDARs 
holds promise as a target for the development of subtype-selective 
allosteric modulators.

Although both the antidepressant ketamine and YY-23 bind to the 
TMD of NMDARs, there are still some essential differences in their 
action mechanism. First, ketamine, along with PCP and MK-801, 
functions as a pore blocker in the vestibule, directly obstructing the ion 
influx pathway (8, 39). In contrast, YY-23 acts as an allosteric inhibitor 
by binding to the periphery of the TMD in the GluN2D subunit. 
This binding inhibits the activity of NMDARs through an allosteric 
mechanism (Fig. 2). Second, ketamine shows voltage dependency 
and is ineffective during membrane depolarization (40, 41), while 
the action of YY-23 is not influenced by voltage [see Fig. 1 (H 
and I)]. Third, YY-23 selectively inhibited currents of GluN2C- and 

GluN2D-containing receptors (Fig. 1, D to G), unlike pore blockers 
such as ketamine, which display no subtype specificity (42). YY-23 
predominantly inhibited the GluN2D-containing receptors in the 
hippocampus and cerebral cortex because the Glun2C is less expressed 
in these brain areas (fig. S5). The GluN2D subunit is specifically 
found in GABAergic interneurons of cerebral cortex (Fig. 3, A and B), 
conferring YY-23 with GABAergic selectivity. All these features may 
contribute to behavioral differences observed in rodents treated with 
YY-23 versus ketamine, where ketamine but not YY-23 induces dose-
dependent hyperlocomotion and anesthetic effects (43, 44).

In our in vitro studies, we observed that YY-23 inhibited NMDARs 
containing both GluN2C and GluN2D subunits. This finding raises 
a pertinent question regarding the potential role of the GluN2C sub-
unit in mediating antidepressant effects. The GluN2C subunit is pri-
marily located in the thalamus and cerebellum (13, 45), and it is 
associated with motor and psychomimetic effects. Research conducted 
by Tarrés-Gatius et al. (46) reveals that while GluN2C KO mice did not 
exhibit the antidepressant and psychomimetic effects typically associ-
ated with ketamine, ketamine was still able to diminish psychomimetic 
behavior in these mice without affecting its antidepressant efficacy. The 
behavioral tests in the current research also showed that GluN2C did 
not involve in the antidepressant effect of YY-23 on mice. These find-
ings suggest that the GluN2C-incorporated NMDARs may play a role 
in the psychomimetic effects induced by ketamine rather than its anti-
depressant effects. In contrast, our results suggest a more pronounced 
association of the GluN2D-incorporated NMDARs with antidepres-
sant effects. This is exemplified by our observation that conditional 
knockout (cKO) of the GluN2D subunit in PV interneurons resulted in 

Fig. 8. YY-23 enhances LTP in mPFC, contributing to its antidepressant effect. (A) Schematic of fEPSP recording with stimulating electrode in layer VI and recording 
electrode in layer II/III; example traces are shown. (B and C) fEPSP slopes with (B) and without (C) rapamycin preperfusion. YY-23 and DMSO were administered at time zero 
(green line). CNQX was applied at 40 min to evaluate AMPAR involvement. Differences were analyzed using the Kolmogorov-Smirnov test. (D) YY-23 substantially increased 
fEPSP slope, an effect blocked by rapamycin preperfusion. (E and F) TST (E) and elevated plus maze (F) assessed the antidepressant-like effects of YY-23 in mice with 30-min 
preperfusion of DMSO or rapamycin in the PFC. Data [(D) to (F)] were analyzed by two-way ANOVA with Bonferroni post hoc test. Bar graphs show means ± SEM. Significance: 
*P < 0.05 and **P < 0.01.
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an antidepressant-like phenotype (Fig. 6, D and E). These outcomes 
indicate a potential specificity of the GluN2D subunit in mediating 
antidepressant effects. However, it is imperative to acknowledge that 
further research is needed to conclusively determine the roles of 
these subunits in the complex mechanisms underlying antidepressant 
efficacy, especially when they assemble to triheteromeric NMDARs.

Preclinical and clinical studies have characterized the neuroana-
tomical and functional abnormalities of the PFC in MDD models 
and patients (47–51). The PFC is vulnerable to stress, and even brief 
and mild stressors can cause rapid dendritic shrinkage and marked 
prefrontal cognitive impairment (52, 53). Aberrant gene expression 
and dysfunction of NMDARs in the PFC have been found in pa-
tients with MDD (54–56). A large number of studies have demon-
strated that chronic stress gives rise to excitation/inhibition (E/I) 
imbalance in the PFC (57–61), which is strongly associated with 
depression. This has been further evidenced by the discovery that 
drugs targeting NMDARs can rectify the E/I imbalance. For exam-
ple, ketamine has been proposed to act on NMDARs at GABAergic 
neurons (62), while the PAM rapastinel targets NMDARs at gluta-
matergic neurons (15). Although both drugs trigger different cell 
type–specific regulation of NMDARs, they ultimately exhibit prom-
ising antidepressant actions (15).

Consistent with the E/I balance theory, we found here that YY-23 
precisely targeted GluN2D-containing subtype NMDARs at GAB-
Aergic interneurons. It reduced the inhibitory input (decreased APs 
and IPSCs) to pyramidal cells and indirectly enhanced excitatory 
transmission in the mPFC (Figs. 4 and 7 and fig. S6). On the basis 
of previous studies, NMDAR antagonists that induced pyramidal 
cell disinhibition may activate downstream signaling, including 
phospho-mTOR, brain-derived neurotrophic factor, and glutama-
tergic AMPARs mediated excitatory transmission, which will help rees-
tablish synaptic communication that is impaired in depression (63, 64). 
In this study, we confirmed that YY-23 increased excitatory synaptic 
transmission in the mPFC (fig. S6, I to Q). In addition, a 10-min applica-
tion of YY-23 induced long-term potentiation (LTP) in hippocampal 
slices, as indicated by enhanced AMPAR-mediated fEPSPs (Fig. 8F) 
in the mPFC. This LTP effect was blocked by rapamycin, suggesting 
that mTOR signaling was involved in the synaptic plasticity medi-
ated by YY-23. These findings demonstrated that GluN2D triggered 
pyramidal cell disinhibition, with the subsequent reestablishment of 
synaptic communication underlying the antidepressant effects of YY-23. 
Moreover, our study provided valuable insights for developing therapeu-
tic antidepressant agents that target GluN2D-containing NMDARs.

MATERIALS AND METHODS
HPLC–tandem MS characterization of the synthetic YY-23
Timosaponin BIII was isolated from Rhizoma Anemarrhenae, which 
was purchased from the medicinal materials market of Shanghai 
(Shanghai City, China). High-performance liquid chromatography 
(HPLC)–grade acetonitrile was purchased from Dikma Company 
(Dikma, USA). The other reagents used were of analytical grade 
(Sinopharm Chemical Reagent Co. Ltd., China). Optical rotations were 
measured with a PerkinElmer 343 polarimeter. NMR spectra were 
measured on a Varian Mercury-400 (Varian, USA) using deuterium 
pyridine as the solvent and tetramethylsilane as an internal standard. 
HR-ESI-MS was carried out on a Micromass TOF Ultima (Micromass, 
UK) in negative electrospray (ESI−) ionization mode. Semipreparative 
HPLC was performed on a Unimicro Technologies System (quaternary 

pump, China) with a Grace Apollo C18 (10 mm inner diameter by 
250 mm, octadecyl Silane, 5 μm) semipreparative HPLC column 
including an EasyGuard Kit C18 (4 mm by 2 mm) guard column; 
the detector was an ultraviolet detector.

Drug administration
For in vivo study, freshly prepared YY-23 was suspended in 1% carboxy-
methyl cellulose sodium. For acute administration, 1 hour before 
the behavioral tests, YY-23 was intragastrically administered, and 
midazolam or fluoxetine (Santa Cruz Biotechnology, USA) was intra-
peritoneally administered. All three drugs were chronically adminis-
tered (once a day at 9:00 a.m. for 3 weeks) to control and susceptible 
mice. For in vitro study, YY-23 was first dissolved in DMSO and then 
diluted into extracellular recording solution for patch-clamp record-
ing in HEK293T cells, Ringer solution for TEVC recording, or normal 
artificial cerebrospinal fluid (ACSF) for slice recording. Following a 
7-day recovery period from surgery, rapamycin (10 nmol in 1 μl for 
PFC infusion) or a vehicle (DMSO) was administered at a rate of 
0.25 μl/min using an injection cannula (26GA) that extended 0.5 mm 
beyond the guide cannula, 30 min before drug injections.

Plasmid construction
For electrophysiological study, pcDNA3.1-based expression plasmids 
encoding WT rat GluN1-1a (GenBank accession number U08261), 
GluN2A (GenBank accession number D13211), GluN2C (GenBank 
accession number M91563), GluN2D (GenBank accession number 
L31611), mouse GluN2B (GenBank accession number BC172745), 
human GluN2B (GenBank accession number U88963.1), and human 
GluN2D (NM_000836.4) were provided by P. Paoletti (Institut de 
Biologie de l’Ecole Normale Supérieure, France). We designed all 
the chimeric constructs based on segmenting of the GluN2 subunits. 
The S2-M4 linker segmented at Leu813-Ile837 for human GluN2B 
and Ser825-Lys839 for human GluN2D. In addition, the M4 segmented 
at Thr797-Gln811 for human GluN2B and Leu840-Ala864 for human 
GluN2D. All chimeric constructs were generated with a Gibson 
assembly kit (NEBuilder M5520AA). All the site-directed mutagenesis 
was introduced by PCR using primers that replaced homologous nucle-
ic acid bases with mutant codons. pcDNA3.1-based expression plas-
mids encoding WT human nicotinic acetylcholine receptor alpha7 
subunit (GenBank accession number U62436.1) was used. Comple-
mentary RNAs (cRNAs) of all these constructs were produced on 
the basis of restriction enzyme linearized cDNA templates using 
an RNA transcription kit (Invitrogen AM1345), and the quality was 
assessed by gel electrophoresis. For structural study, the cDNAs of 
WT Homo sapiens grin1-1b (Met1-Gln868, NM_001185090.2) and 
grin2d (Met1-Pro879, NM_000836.4) were cloned into pEG-BacMam 
vector (65).

TEVC recording
For TEVC recording, X. laevis oocytes were prepared, injected, and 
voltage-clamped as reported (66). Briefly, cRNAs or cDNAs of mixed 
GluN1-1a and GluN2 subunits at a 1:1 GluN1:GluN2 ratio or human 
Chrna7 were injected into oocytes followed by incubating at 15°C in 
Barth solution containing 88 mM NaCl, 10 mM Hepes, 1 mM KCl, 
2.4 mM NaHCO3, 0.33 mM Ca(NO3)2, 0.41 mM CaCl2, and mM 0.82 
MgSO4 (pH adjusted to 7.6 with NaOH). For NMDARs, TEVC 
recordings were performed 24 to 48 hours after injection and con-
ducted in Ringer solution containing 100 mM NaCl, 0.3 mM BaCl2, 
5 mM Hepes, and 0.01 mM diethylenetriamine pentaacetic acid 
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(pH adjusted to 7.3 with KOH with a final potassium concentration 
of approximately 2.5 mM). For α7 nicotinic acetylcholine receptor, 
TEVC recordings were performed 72 hours after injection and con-
ducted in solution containing 115 mM NaCl, 2.5 mM KCl, 1.8 mM 
CaCl2, and 10 mM Hepes (pH adjusted to 7.3 with NaOH). Both 
glass electrodes were filled with 3 M KCl solution, and the current 
responses were recorded using an OC-725 amplifier (Warner Instru-
ments, Hamden, CT, USA) matched with a digital analog converter 
(Molecular Devices, Axon Digidata 1550B) under a holding potential 
of −60 mV unless performing the current-voltage ramp pulse. Glycine 
(100 μM) and glutamate (100 μM) were regarded as saturating ago-
nists used to induce the current of NMDARs unless otherwise stated. 
We perfused YY-23 for 60 s, except for the GluN1-2A and GluN1-2B 
receptors, to adequately detect its effect. The DMSO used to dissolve 
the YY-23 was supplemented at the same concentration to each solu-
tion used in the same trace, but the total amount did not exceed 0.2%. 
All traces were analyzed with Clampfit 10.6 software, and individual 
traces were fitted using their own data points with Origin 8.0 for pre-
sentation. The current-voltage ramp pulses were recorded by clamp-
ing the oocytes successively at eight different voltages from −100 mV 
to +40 mV (20 mV apart) within 1 s for each voltage after perfusing 
the cells with YY-23 for 60 s without withdrawing the drug.

Patch-clamp recording of HEK293T cells
HEK293T cells (American Type Culture Collection, catalog no. 
CRL-3216) were maintained in Dulbecco’s modified Eagle’s medium/
F12 (Gibco) supplemented with 10% fetal bovine serum (Gibco) 
and penicillin and penicillin-streptomycin (10 U ml−1; Cellgro) 
in a humidified incubator at 37°C (5% CO2). cDNAs encoding the 
NMDAR subunits and green fluorescent protein (GFP) at a ratio of 
1:1:1 (GluN1:GluN2:GFP) were transiently transfected into HEK293T 
cells using Fugene HD transfection reagent (Invitrogen) and incubated 
for 12 to 16 hours. Whole-cell patch-clamp recordings were performed 
at −60 mV using Axopatch 700B (Molecular Devices). The amplifica-
tion and data acquisition were performed using an Axon Digidata 
1550B (Molecular Devices). The electrodes were filled with an internal 
solution containing the following 110 mM d-gluconate, 110 mM 
CsOH, 30 mM CsCl, 5 mM Hepes, 4 mM NaCl, 0.5 mM CaCl2, 2 mM 
MgCl2, 5 mM 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic 
acid, 2 mM sodium ATP, and 0.3 mM sodium GTP (pH adjusted to 
7.35 with CsOH). The extracellular recording solution was composed 
of the following 150 mM NaCl, 10 mM Hepes, 3 mM KCl, 0.5 mM 
CaCl2, and 0.01 mM EDTA (pH adjusted to 7.4 with NaOH). We used 
20 μM glycine and 500 μM NMDA to induce the current of NMDARs 
expressed on HEK293T cells. The current responses were filtered at 
2 kHz (eight-pole Bessel filter, −3 dB) and digitized at 20 to 40 kHz.

Screening of pharmacological targets for YY-23 based on 
monoaminergic receptors
The FLIPR Calcium 4 Assay Kit (Molecular Devices) was used for 
the measurement of agonist- and antagonist-stimulated calcium 
signaling in cells (CHO-K1, Chempartner) expressing G protein–
coupled receptors (GPCRs), including 5HT2A, 5HT2B, and 5HT2C. The 
activity levels of these GPCRs can be functionally assessed using 
FLIPR-based fluorescence assays (67, 68). In addition, a Lance 
Ultra cAMP kit (Molecular Devices) was used to test the effects of 
compounds on 5HT1A, D1R, D2R, and D4R in agonist and antago-
nist modes. The detail was described in Supplementary Materials 
and Methods.

Protein purification and cryo-EM sample preparation
Suspended HEK293S GnTI− cells at the concentration of 3.5 to 
4.0 × 106/ml in 37°C were infected with P2 recombinant baculovirus 
encoding human grin1b and grin2d. A total of 10 μM MK-801 and 
10 mM sodium butyrate were coadded into the culture medium for 
boosting protein expression. Cells were transferred to 30°C for addi-
tional 48 to 60 hours and then collected by centrifugation at 7000g 
for 20 min. To completely remove MK801 contamination, mem-
brane fractions were extracted and further dialyzed in tris-buffered 
saline (TBS) buffer [150 mM NaCl and 20 mM tris (pH 8.0)] plus 1 mM 
glycine and 1 mM glutamate for 24 hours and TBS buffer for an-
other 24 hours. Afterward, the membrane was solubilized in TBS 
containing 1% lauryl maltose neopentyl glycol (L-MNG), a protease 
inhibitor cocktail of 0.8 μM aprotinin, 2 mM pepstatin A, leupeptin 
(2 μg/ml), 1 mM phenylmethyl sulfonyl fluoride, 1 mM glycine, and 
1 mM glutamate for 1.5 hours. After ultracentrifugation at 40,000 rpm, 
the supernatant was purified using Strep-tactin resin, and the pro-
tein was eluted with TBS buffer supplemented with 0.1% L-MNG 
and 5 mM d-desthiobiotin.

To incorporate the receptor in lipid nanodisc, soya bean lecithin 
(SBL; Avanti) dissolved in chloroform was dried down by nitrogen 
and resuspended in a TBS buffer supplemented with 20 mM L-MNG 
to a final lipid concentration of 10 mM. Recombinant expressed 
MSP1E3D1 protein (in Escherichia coli) was purified by metal che-
late affinity column (Ni-nitrilotriaceate) and dialysis against TBS buf-
fer. Then, a purified GluN1b-GluN2D receptor was mixed with 
MSP1E3D1 and SBL in a final ratio of 1:12:840 (molar ratios) and 
incubated for 40 min by gentle agitation at 4°C. Then, L-MNG was 
removed by adding Bio-Beads (SM2, Bio-Rad) to a final concentra-
tion of 150 mg/ml. After incubation for 2 hours, the Bio-Beads were 
replaced with fresh beads. The mixture was incubated overnight at 
4°C. After separation from Bio-Beads, Superose 6 Increase column 
(GE Healthcare) was used for size exclusion chromatography in TBS 
buffer. Peak fractions corresponding to reconstituted NMDAR were 
collected and concentrated to approximately 2 mg/ml for cryo-EM 
sample preparation.

Glycine (1 mM), 600 μM R-CPP (Tocris, 0247-10), and 600 μM 
YY-23 were added into the protein sample and equilibrated by rotating 
for 30 min in 4°C. A three-microliter protein sample was applied to the 
glow-discharged 300-mesh Quantifoil R1.2/1.3 (Au) grid (Electron 
Microscopy China, BQR1.2/1.3-3A) using Vitrobot (Thermo Fisher 
Scientific), with the chamber environment controlled at 8°C and in 
100% humidity. Grids were blotted for 3 s and immediately plunged 
into liquid ethane for vitrification.

Cryo-EM data acquisition and processing
Cryo-EM data were collected on 300-kV Titan Krios G3 electron 
microscope (FEI) equipped with a K3 Summit direct electron detector 
(Gatan) and a Gatan quantum energy filter. The pixel size in the super-
resolution counting mode was set to 0.5355 Å, and each movie stack 
was dose-fractionated over 40 frames with a total dose of 60 electrons. 
The defocus values of movie stacks varied between −1.5 and −2.5 μm. 
Automatic data collection was conducted using Serial EM.

Data processing was mainly conducted by Relion 3.1.1 (69). 
Beam-induced motion and drift correction were performed using 
MotionCor2 (70). Contrast transfer function (CTF) parameters for each 
micrograph were determined by Gctf (71). Autopicked particles 
were extracted and then subjected to several rounds of reference-free 
two-dimensional (2D) classification and 3D classification. C2 
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symmetry was applied for the 3D refinement procedure. The “gold 
standard” fourier shell correlation (FSC) resolution was calculated 
with a soft shape mask applied to independent unfiltered half maps, 
with 0.143 criteria. Local resolution of density maps is estimated by 
using ResMap-1.1.461 (72).

Model building and refinement
Initial templates of N1b-N2D were generated with SWISS-MODEL 
(73), based on the structure of N1a-N2D receptor (PDB: 7YFF). 
Rigid-body docking with ChimeraX (74) was used to fit the struc-
tural coordinates into the density maps. The models were then sub-
jected to iterative manual adjustment in Coot 0.9.6.1 (75) and real 
space refinement in Phenix 1.20.1 (76).

Animals
Adult male C57BL/6N mice aged 8 to 12 weeks were used for electro-
physiological recording and behavioral tests. Adult male CD-1 mice 
aged 4 to 6 months were used as aggressors to develop a depressive 
model of CSDS. The mice were raised under stable conditions (except 
for the development of stressed mice) with access to food and water 
ad libitum. All animal studies and experimental procedures were ap-
proved by the Animal Care Committees of Shanghai Institute of 
Materia Medica (SYXK2020-0042) and the Center for Excellence in 
Brain Science and Intelligence Technology (NA-038-2023), Chinese 
Academy of Sciences. The experiments were carried out in accor-
dance with European Union Directive 2010/63/EU on the protection 
of animals used for scientific purposes. Double-blind experiments 
with drug administration were conducted, and the animals were 
randomly divided into groups.

Transgenic mouse construction and validation
Grin2d−/− and grin2df/f mice were generated with a CRISPR-Cas9 
system at Biocytogen Pharmaceuticals (Beijing) Co. Ltd. according to 
Ikeda et al. (77). The deletion of exon 2 from the mouse genome 
terminates the protein translation in exon 3 via frameshift mutation 
and yielded the Grin2d−/− mice. Briefly, a pair of single guide RNAs 
(sgRNAs) (sgRNA 1: 5′ AGCCTGCGCCGCTCCGCATG 3′; sgRNA 
13: 5′ TGGCAGAATGAGCCTAGTCT 3′) was designed to targeting 
the exon 2 segment of the grin2d gene (fig. S10A). For the grin2df/f 
mice, a targeting vector that incorporated loxP fragments and exon 2 
of grin2d was designed to insert into the cleavage gap between sgRNA 
1 and sgRNA 13 sites (fig. S10B). The off-target effect validation of 
CRISPR-Cas9 system is shown in the Supplementary Materials 
(Supplementary Materials and Methods and fig. S10C). The Grin2c 
KO mouse was a gift from X. Cai (Oujiang Laboratory, Key Labora-
tory of Alzheimer’s Disease of Zhejiang Province, Institute of Aging, 
School of Mental Health, Wenzhou Medical University, Wenzhou, 
Zhejiang 325035, China). Also, the PV-cre mouse (the Jackson 
Laboratory, stock no. 008069) was a gift from H. Yao (Institute 
of Neuroscience, State Key Laboratory of Neuroscience, Chinese 
Academy of Sciences Center for Excellence in Brain Science and 
Intelligence Technology, Chinese Academy of Sciences, Shanghai 
200031, China). For cKO grin2d in PV+ neurons of mice, grin2df/f 
mice were crossbred with a PV-cre mouse.

To further validate the gene expression of the grin2d-KO mice, we 
detected the mRNA expression level of grin2d by quantitative PCR. We 
extracted total RNA (kit no. B511311, Sangon Biotech) from the brain 
mPFC and hypothalamus tissues of WT and mutant mice and con-
structed a cDNA library using a cDNA reverse transcription kit 

(kit no. 18080044, Invitrogen). Then, we amplified grin2d (forward 
primer: 5′ GTGCTGGAGGAGTACGACTG 3′, reverse primer: 5′ 
GCAGAAGAAGTGGTTCCCCA 3′, used for amplifying a segment 
of grin2d exon 2) and a housekeeping gene, gapdh (as a control, for-
ward primer: 5′ TGTGTCCGTCGTGGATCTGA 3′, reverse primer: 
5′ TTGCTGTTGAAGTCGCAGGAG 3′), and analyzed all the PCR 
products by agarose gel electrophoresis (Fig. 3J).

Multiplex FISH
Mice were perfused intracardially with diethyl pyrocarbonate (DEPC)–
phosphate-buffered saline (PBS) followed by ice-cold 4% parafor-
maldehyde (PFA) in PBS. The brains were dissected, postfixed in 
4% PFA for 12 to 24 hours at 4°C, and dehydrated with 30% sucrose 
in DEPC-PBS. Afterward, the brains were sectioned at 20-μm thick-
ness and mounted on SuperFrost Plus Slides (Thermo Fisher Scien-
tific). Multiplex FISH was then performed with an RNAscope 
Multiplex Fluorescent v2-Kit (ACDBio). Probes against grin2d mRNA, 
Slc32a1 mRNA, and Slc17a7 mRNA were ordered from ACDBio and 
used in the experiment. Images were captured under a ×20 or ×63 
objective using a confocal microscope (Lecia TCS SP5 CFSMP).

Slice preparation
Mice were anesthetized with isoflurane, euthanized, and then per-
fused with 20 ml of ice-cold, oxygenated ACSF (25.0 mM NaHCO3, 
1.25 mM NaH2PO4, 2.5 mM KCl, 0.5 CaCl2, 7.0 mM MgCl2, 25.0 mM 
glucose, 11.0 mM choline chloride, 11.6 mM ascorbic acid, and 
3.1 mM pyruvic acid, gassed with 95% O2 and 5% CO2). The brains 
were immediately dissected out after decapitation. Bilateral coronal 
slices containing the medial PFC (350-μm thick) were cut using a 
vibratome (Leica VT1000s, USA). The slices were quickly placed into 
a chamber and incubated in normal oxygenated ACSF (118 mM 
NaCl, 2.5 mM KCl, 26 mM NaHCO3, 1 mM NaH2PO4, 10 mM 
glucose, 1.3 mM MgCl2, and 2.5 mM CaCl2, gassed with 95% O2 and 
5% CO2) at 35°C for 2 hours. The slices were lastly transferred to the 
recording chamber at room temperature.

Electrophysiology in mPFC slices
Electrophysiological recordings of features including APs, sIPSCs, 
mIPSCs, fEPSPs, and mEPSCs were carried out using an experimental 
device composed of an Axopatch 700B amplifier (Molecular Devices) 
and an Olympus microscope (Olympus, Japan) equipped with infrared 
differential interference contrast optics. The expression of EGFP was 
visualized in interneurons in the acute slice preparation of GAD67-
EGFP knock-in mice using epifluorescence illumination. The APs of 
interneurons in layer II/III and the mEPSCs of pyramidal neurons in 
layer V in the prelimbic mPFC were recorded by the whole-cell patch-
clamp technique. The glass electrodes had a resistance tip in the range 
of 3 to 4 megohm. For AP recording, the pipettes were filled with intra-
cellular solution containing 114 mM potassium gluconate, 6 mM KCl, 
0.5 mM CaCl2, 0.2 mM EGTA, 4 mM ATP-Mg, and 10 Hepes (pH 
adjusted to 7.25 with NaOH). AP firing was evoked in current-clamp 
mode by current injection. For the IPSC recording, the internal solu-
tion contains the following: 130 mM Cs-methanesulfonate, 10 mM 
CsCl, 10 mM Hepes, 4 mM NaCl, 7 mM phosphocreatine, 0.3 mM 
Na-GTP, 4 mM Mg-ATP, and 2 mM QX314-Br (pH adjusted to ~7.3 
with CsOH). sIPSCs were recorded in the mPFC pyramidal neurons 
voltage clamped at +10 mV, and mIPSCs were recorded in the pres-
ence of tetrodotoxin (TTX). For the mEPSC recording, neurons were 
clamped at −65 mV in the presence of TTX (1 μM) and bicuculline 
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(10 μM) in ACSF solution. The intracellular solution contained 
115 mM CsMeSO3, 20 mM CsCl, 10 mM Hepes, 2.5 mM MgCl2, 
4 mM Na2-ATP, 0.4 mM Na-GTP, 10 mM Na-phosphocreatine, 
and 0.6 mM EGTA (pH adjusted to 7.0 with NaOH). The data were 
filtered at 1 kHz and sampled at 10 kHz using Axon Digidata 1550B 
(Molecular Devices, USA) and analyzed by the Mini Analysis Program 
(Synaptosoft). For fEPSP recording, the bipolar stimulating electrode 
was placed on layer V of the mPFC slice, and the recording electrode 
(filled with 0.5 M CH3COONa, 1- to 5-megohm resistance at the tip) 
was placed on layer II/III. The duration of the stimulus pulse was 
100 μs with delivery at 0.03 Hz, and the stimulus intensity was adjusted 
to 65% of the maximal response. When the evoked responses were 
maintained at a stable level at this intensity, additional baseline record-
ing was performed for 10 min before the drug treatment. All record-
ings were continued for 60 to 80 min. NMDA-evoked currents were 
recorded in the presence of 200 μM NMDA and 30 μM glycine, which 
were pressurized and applied in a brief pulse. After 3 to 5 stable NMDA-
evoked currents in the ACSF solution, 3 μM CIQ, 20 μM YY-23, 
or both were bath-applied for 15 to 20 min. Current responses were 
then evoked again by pressure application of NMDA and glycine 
and compared with current responses obtained during application of 
the control (ACSF).

Novelty-suppressed feeding test in mice
Mice were deprived of food for 24 hours with access to water ad 
libitum before the test was carried out. The mice were then removed 
to the test room and placed into a clean cage to habituate for at least 
1 hour. The testing apparatus consisted of a Plexiglas box (40 cmby 
40 cm by 20 cm), the floor of which was covered with 2 cm of wooden 
bedding. A small piece of mouse chow was placed on a white plat-
form (white circular filter paper, 11 cm in diameter) positioned in 
the center of the box. Each mouse was then placed in a corner of the 
box with his head facing the platform. The latency of first feeding 
episode was recorded. The first successful feeding was defined by the 
mouse sitting on its haunches, holding the pellet with its forepaws 
and biting the pellets. Immediately after the first feeding, each 
mouse was transferred to his home cage with access to food ad libi-
tum, and the amount of food consumed was measured to control for 
a change in appetite as a possible confounding factor.

Force swimming test
This test was conducted under normal light, as previously described 
(78). Briefly, mice were individually placed in a cylinder (35 cm in 
height × 10 cm in diameter) filled with water. An appropriate water 
level was set to prevent each mouse from touching the bottom with 
its limbs. In addition, the water temperature was set at 23° to 
25°C. The mice were allowed to swim for 6 min, and their activity 
was videotaped. There had been an extra acclimation period with a 
10-min swim on the previous day. The duration of immobility, de-
fined as the time spent floating or remaining motionless, was quan-
tified manually during the last 4 min.

Open field test
The OFT is a standard method to profile locomotor activity. Briefly, 
mice were handled in advance and then placed into the center of a 
square box (100 cm by 100 cm by 45 cm) that was made of white acrylic 
plastic. Each mouse was allowed to explore in the box for 10 min and 
was monitored online. The distance moved and percent of distance 
traveled in the center area for each animal were calculated offline.

Tail suspension test
The mice were suspended by securing their tails on the edge of a shelf 
positioned at a height of 80 cm above the floor. Their activity was 
videotaped to analyze their escape behavior. A blinded experiment 
was conducted to record the amount of time spent immobile during 
the last 4 min of the testing period; the first 2 min was excluded.

Procedure for the development of a mouse depressive 
model of CSDS
As previously described (27), briefly, after screening to identify aggres-
sive CD-1 mice, intruder C57BL/6N mice were directly placed within 
the resident aggressor’s home cage compartment for 5 to 10 min on 
10 consecutive days. During this exposure, the intruders showed signs 
of stress and subordination, including vocalization, the flight response, 
and a submissive posture. To prevent any habituation to the resident 
aggressor, the intruder C57BL/6J was exposed to a new resident’s 
home cage compartment for each subsequent daily defeat. After 5 to 
10 min of social defeat, the intruder was transported across the perfo-
rated divider to the opposite compartment and house in this compart-
ment for the remainder of the 24-hour period.

We placed the control C57BL/6N mice that did not experience 
social defeat in the same compartment. Twenty-four hours after the 
last session, we screened the susceptible mice based on the SI ratio. 
Briefly, SI was obtained by dividing the time spent in the interaction 
zone when the target was present by the time spent in the interac-
tion zone when the target was absent. An SI ratio of less than 1 indi-
cates that less time was spent in the presence than in the absence of 
a social aggressor. This can be used as a threshold for identifying 
susceptible mice. All mice were then housed individually for 3 weeks, 
and all of the susceptible mice were randomly divided into three 
groups for drug administration. The time spent in the interaction 
zone was accessed weekly using the same method as previously 
described (27).

Corticosterone-induced depression
Corticosterone (35 μg ml−1, Sigma-Aldrich), dissolved in 0.45% 
2-hydroxypropyl-β-cyclodextrin (0.45% HP-β-CD) or vehicle (0.45% 
HP-β-CD), was added to the drinking water and made available ad 
libitum. C57BL/6J mice were provided with the corticosterone 
(CORT) solution for 2 weeks and gradually weaned off over another 
6 days by halving the doses every other day. To prevent degradation, 
the CORT solution was replaced every 2 days.

Proteogenomic analysis by MS
Twenty-four hours after the last session of behavioral tests with the 
mouse depressive model of CSDS, the brain tissue of PFC regions 
was drowned immediately. Also, the protein of the tissue was further 
processed by tryptic digestion for subsequent MS analysis. The 
proteogenomic analysis of the PFC samples was performed on a 
Q-Exactive mass spectrometer with an ancillary EASY-nLC 1000 
HPLC system (Thermo Fisher Scientific). The protein concentra-
tion was determined by tryptophan fluorescence emission assay as 
described previously (79) Afterward, approximately 100 μg of pro-
tein from each sample was processed by filter-aided sample prepara-
tion digestion as previously described (80). The raw proteomic data 
have been deposited to the ProteomeXchange (81) Consortium 
via the PRoteomics IDEntifications Database (PRIDE) (82) partner 
repository with the dataset identifier. All the detail was described in 
Supplementary Materials and Methods.
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Data analysis
We calculated the relative current after YY-23 application to evalu-
ate the effects of YY-23 on all WT, truncated, and other mutant 
NMDARs expressed in recombinant systems. We used IC50, the 
concentration that inhibits the response half-maximally, to evaluate 
the YY-23 efficiency. The IC50 values were determined by nonlinear 
least-squares fitting of a Hill equation

with concentration-response data from individual trials normalized 
to the maximal responses in the absence of inhibitor. In this equation, 
A is the minimal plateau of the dose-response curve; the relative 
current (Y) was measured at the 60th second of YY-23 application 
on oocytes and at the current plateaus for HEK293T cells; X is the 
YY-23 concentration; and nH is the Hill slope. Fitted IC50 and Hill 
slope values for individual oocytes were used to calculate the mean 
and SEM as the final IC50 and Hill slope values. For voltage-current 
data analysis, we present the mean values with their associated 
SEM error bars.

To screen the pharmacological targets for YY-23 among monoami-
nergic receptors, calcium flux was measured by the FLIPR signal (FLIPR 
Calcium 4 Assay Kit), and cyclic adenosine 3′,5′-monophosphate 
(cAMP) was measured by the time-resolved fluorescence resonance 
energy transfer (TR-FRET) signal (Lance Ultra cAMP kit). The data are 
reported as the mean from the experiment. Median effective concentra-
tion (EC50) [log(agonist) versus response − variable slope]: Y = bottom 
+ (top-bottom)/(1 + 10^[(logEC50 − X) × hill slope]. IC50 [log(inhibitor) 
versus response − variable slope]: Y  =  bottom + (top-bottom)/
(1 + 10^[(logIC50 − X) × hill slope]. GraphPad Prism software 
was used for data analysis and EC50 or IC50 calculation: Activation 

% = raw data−minimum signal

maximum signal−minimum signal
× 100 and inhibition % = 100−

raw data−minimum signal

maximum signal−minimum signal
×100 for the targets 5HT1A, D2R, D4R, 5HT2A, 

5HT2B, and 5HT2C; activation % =  100 − raw data−minimum signal

maximum signal−minimum signal
× 100 

and inhibition % = raw data−minimum signal

maximum signal−minimum signal
× 100 for the target D1R.  

The data analysis of MS was described in Supplementary Materials 
and Methods.

Statistical analyses
Data meeting the assumptions of normality and equal variance 
between sample groups are shown as the mean ± SEM. Data that did 
not meet the normality or equal variance assumptions are presented 
in box plots with bars showing the medians and boxes showing the 
lower/upper quartiles. All statistical tests were two-tailed, and signifi-
cance was assigned at P < 0.05. The analyses were blindly performed 
for treatment assignments in all behavioral experiments. The statisti-
cal analyses were performed using GraphPad Prism v6 software. 
Normality and homogeneity of variance between group samples were 
assessed using the Shapiro-Wilk test and Bartlett’s test, respectively. 
Once normality and equal variance between sample groups were 
achieved, t tests, one-way, and two-way analysis of variance (ANOVA) 
followed by post hoc multiple comparisons tests were used. When 
normality tests failed, Mann-Whitney U, Wilcoxon, Kruskal-Wallis 
one-way ANOVA, and Friedman’s two-way ANOVA tests were 
performed. When homogeneity of variance tests failed, unpaired t test 
with Welch’s correction and Brown-Forsythe ANOVA was used. In 

rare cases in which values were missing randomly from repeated-
measures samples, the data were analyzed by fitting a mixed-effect 
model in Prism 9. The sample sizes, specific statistical tests used, and 
main effects of statistical analyses for each experiment are reported in 
the figure legends.

Supplementary Materials
This PDF file includes:
Supplementary Materials and Methods
Figs. S1 to S10
Tables S1 to S4
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