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AMPA receptor-mTORC1 
signaling activation is required for 
neuroplastic effects of LY341495 in 
rat hippocampal neurons
Mi kyoung Seo1, Le Thi Hien2, Min Kyung park3, Ah Jeong choi1, Dae-Hyun Seog4, 
Seong-Ho Kim1,5, Sung Woo park1,2,6* & Jung Goo Lee  1,2,7*

The group II metabotropic glutamate 2/3 (mGlu2/3) receptor antagonist LY341495 produces 
antidepressant-like effects by acting on mammalian target of rapamycin complex 1 (mTORC1) signaling 
and α-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) receptors in rodent. We investigated 
whether LY341495 affects neuroplasticity via these mechanisms in rat primary hippocampal cultures 
under conditions of dexamethasone (DEX)-induced neurotoxicity. Ketamine was used for comparison. 
Hippocampal cultures were treated with LY341495 under conditions of DEX-induced toxicity. Changes 
in mTORC1-mediated proteins were determined by Western blotting analyses. Changes in dendritic 
outgrowth and spine density were evaluated via immunostaining. LY341495 significantly prevented 
DEX-induced decreases in the levels of mTORC1, 4E-BP1, and p70S6K phosphorylation as well as the 
levels of the synaptic proteins. These effects were blocked by pretreatment with the AMPA receptor 
inhibitor 2,3-dihydroxy-6-nitro-7sulfamoyl-benzo(f)quinoxaline (NBQX) and the mTORC1 inhibitor 
rapamycin. LY341495 significantly attenuated DEX-induced decreases in dendritic outgrowth and spine 
density. Pretreatment with rapamycin and NBQX blocked these effects of LY341495. Further analyses 
indicted that induction of BDNF expression produced by LY341495 was blocked by pretreatment 
with NBQX and rapamycin. LY341495 has neuroplastic effects by acting on AMPA receptor-mTORC1 
signaling under neurotoxic conditions. Therefore, activation of AMPA receptor and mTORC1 signaling, 
which enhance neuroplasticity, may be novel targets for new antidepressants.

Depression is a very common mental disorder characterized by depressed mood, decreased interest, decreased 
cognitive function, and a chronic course with multiple physical symptoms1. Antidepressant drugs are the most 
commonly used method of treating depression2. Most antidepressant drugs currently used in clinical practice 
modulate the function of monoamines, such as serotonin, dopamine, and noradrenaline, in the central nervous 
system3,4.

However, the current research shifts the focus to molecular mechanisms that underlie long-lasting down-
stream changes in the brain after chronic antidepressant use. Among newly discovered findings regarding the 
molecular mechanisms of antidepressant drugs, there has been a great deal of research interest in the antide-
pressant effects of mammalian target of rapamycin (mTOR) signaling activation5. A randomized trial reported 
that ketamine infusion improved the symptoms of depression in patients with treatment-resistant depression6. 
In a systemic review and meta-analysis of patients with depression, a single ketamine infusion was shown to 
have a rapid antidepressant effect, but the effect lasted from 4 to 7 days7. Thus, it has been clinically confirmed 
that ketamine has an antidepressant effect, but its mechanism of action has not been clearly elucidated. Li et al. 
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reported that a sub-anesthetic dose of ketamine activates the mTORC1 signaling pathway, increases the expres-
sion of synaptic proteins and synaptogenesis in the prefrontal cortex (PFC) of mice, and exhibits antidepres-
sant effects8. Furthermore, for ketamine to have a rapid antidepressant effect, the α-amino-3-hydroxy-5-methyl
-4-isoxazolepropionic acid (AMPA) receptor must be stimulated9,10. Therefore, activation of mTORC1 and AMPA 
receptors represent new targets for the development of rapid-acting antidepressants11. Although ketamine acti-
vates mTORC1 to produce an antidepressant effect, there are obstacles to using this compound as an antide-
pressant in depressed patients, including the development of dissociative and psychotic symptoms, as well as 
dependence and drug abuse12. Therefore, it is necessary to find drugs that can activate mTORC1 without the 
side effects of ketamine. Possible alternatives to ketamine include metabotropic glutamate 2/3 (mGlu2/3) receptor 
antagonists. Indeed, mGlu2/3 antagonists have been found to have antidepressant effects. According to recent 
research, LY341495 rapidly increases levels of the phosphorylated and activated forms of ERK and a downstream 
target of mTORC1, p70S6 kinase, in a concentration- and time-dependent manner in rat primary cortical cul-
tures13. Fukumoto et al. reported an antidepressant effect in the forced swimming test (FST) when LY341495 
was administered to the medial PFC C57BL/6J in male mice. They also found that the antidepressant effect was 
blocked when the AMPA receptor antagonist NBQX was administered to the mPFC of C57BL/6J male mice14. 
Podkowa et al. reported that rats who receive joint administration of ketamine and LY341495 show stronger anti-
depressant effects in FST, increased mTOR signaling in the PFC and hippocampus, and increased expression of 
the synaptic proteins GluA1 and PSD9515. The mGlu2/3 antagonist LY341495 does this by acting on mTORC1 sig-
naling and AMPA receptors16–18, and the mechanism may involve effects on the expression of synaptic proteins. 
However, its effects on the neuroplasticity of primary hippocampal neurons in rats have not been elucidated. 
In this study, we investigated the effects of this mGlu2/3 antagonist on neuroplasticity mediated by mTORC1 
signaling and AMPA receptor activity in primary hippocampal neurons of rats. Our reason for working with 
primary hippocampal neurons was that changes in neuroplasticity in the hippocampus are known to play an 
important role in the pathophysiology of depression19. We also used a dexamethasone-induced neuronal toxic 
model in this study. Although this was an in vitro study, the synthetic corticosteroid dexamethasone is known 
to increase neuronal death and induce a depression-like phenotype20,21. We examined whether LY341495 could 
promote dendritic outgrowth and spine formation in a toxic environment induced by dexamethasone (DEX). 
It effects on activation of AMPA receptors and mTORC1 signaling were examined using the AMPA receptor 
inhibitor 2,3-dihydroxy-6-nitro-7sulfamoyl-benzo(f)quinoxaline (NBQX) and the mTORC1 inhibitor rapamy-
cin. Ketamine was used for comparison.

Results
Effects of LY341495 on mTORC1 signaling. To investigate the effects of ketamine and LY341495 on 
mTORC1 signaling in DEX-treated hippocampal cells, the phosphorylation levels of mTORC1, 4E-BP1, and 
p70S6K, as well as the expression levels of the synaptic proteins PSD-95 and GluA1, were determined by Western 
blotting.

One-way ANOVA showed significant differences in the levels of mTORC1 (F [4,15] = 10.810, P < 0.001), 4E-BP 
(F [4,15] = 21.440, P < 0.001), p70S6K (F [4,15] = 11.910, P < 0.001), PSD-95 (F [4,15] = 111.900, P < 0.001), and 
GluA1 (F [4,15] = 18.240, P < 0.001). DEX treatment caused significant decreases in the phosphorylation levels 
of mTORC1 (48.7% of control, P = 0.002), 4E-BP (27.8% of control, P < 0.001), and p70S6K (45.7% of control, 
P = 0.001), as well as the expression levels of PSD-95 (33.1% of control, P < 0.001) and GluA1 (44.5% of control 
P < 0.001) (Fig. 1). Low (1 μM) to high concentrations (100 μM) of LY341495 increased these phosphorylation 
levels and synaptic protein expression levels in DEX-treated cells, with 100 μM producing significant increases 
(phosphor-Ser2448-mTORC1: 95.9% of control, P = 0.004; phosphor-Thr37/46–4E-BP1: 79.2% of control, P < 0.001; 
phosphor-Thr389-p70S6K: 96.6% of control, P = 0.002; PSD-95: 79.2% of control, P < 0.001; GluA1: 91.1% of 
control, P < 0.001). We also found that ketamine (100 μM) increased the levels of mTORC1 signaling-mediated 
proteins in DEX-treated cells (Supplemental Fig. S1). These results indicate that LY341495 activates mTORC1 
signaling, similar to the induction by ketamine, in DEX-treated hippocampal cells.

Effects of the AMPA receptor inhibitor NBQX on activation of mTORC1 signaling induced by 
LY341495. The antidepressant actions of ketamine and LY341495 require stimulation of the AMPA recep-
tor17,22. In addition, the induction of mTORC1 signaling by ketamine is blocked by AMPA receptor inhibition17,22. 
To determine whether the AMPA receptor is involved in activation of mTORC1 signaling induced by LY341495, 
DEX-treated hippocampal cells were pretreated with the AMPA receptor inhibitor NBQX and the mTORC1 
inhibitor rapamycin for 30 min prior to adding ketamine (100 µM) or LY341495 (100 µM). After a 96-h incuba-
tion with ketamine or LY341495, the phospho-Ser2448-mTORC1, PSD-95, and GluA1 levels were measured via 
Western blotting.

The results of two-way ANOVA are summarized in Supplemental Table 1. Significant main effects of each 
drug and each inhibitor on mTORC1 phosphorylation levels and PSD-95 and GluA1 expression levels were found 
(Supplemental Table 1). Significant interactions were also found (Supplemental Table 1). Rapamycin (1 µM) or 
NBQX (50 µM) alone did not have a significant effect but completely blocked the ketamine-induced increases in 
levels of phospho-Ser2448-mTORC1, PSD95, and GluA1 (Supplemental Fig. S2). Similarly, LY341495-induced 
stimulation of mTORC1 phosphorylation (P = 0.005) was completely blocked by rapamycin (LY341495 vs. 
rapamycin + LY341495; 148.9% vs. 102.8%, P = 0.008) and NBQX (LY341495 vs. NBQX + LY341495; 148.9% 
vs. 101.7%, P = 0.006) (Fig. 2A). Rapamycin (PSD-95: LY341495 vs. rapamycin + LY341495; 134.6% vs. 103.2%, 
P = 0.001; GluA1: LY341495 vs. rapamycin + LY341495; 142.7% vs. 88.9%, P < 0.001) and NBQX (PSD-95: 
LY341495 vs. NBQX + LY341495; 134.6% vs. 99.6%, P = 0.001; GluA1: LY341495 vs. NBQX + LY341495; 142.7% 
vs. 79.0%, P < 0.001) blocked the increases in levels of PSD-95 and GluA1 produced by LY341495 (PSD-95: 
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Figure 1. Effects of LY341495 on the levels of mTORC1, 4E-BP1, and p70S6K phosphorylation and PSD-95 
and GluA1 expression in DEX-treated hippocampal cells. Cells were treated with LY341495 (1, 10, and 100 μM) 
or DMSO (non-drug treatment control, final concentration 0.5%) for 4 days with or without DEX (500 μM). The 
levels of phospho-Ser2448-mTORC1 (A), phospho-Thr37/46–4E-BP1 (B), and phospho-Thr389-p70S6K (C), PSD-
95 (D), and GluA1 (E) were determined by Western blotting. The picture is cropped to eliminate samples of cells 
from experimental groups not included in this publication. The full picture is provided in the Supplementary 
File. Values represent the mean ± SEM expressed as a percentage of the value for DMSO-treated, non-DEX-
treated cells (control cells). **P < 0.01 vs. DMSO-treated, non-DEX-treated cells; ††P < 0.01 vs. DMSO-treated, 
DEX-treated cells.
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P < 0.001; GluA1: P < 0.001) (Fig. 2B,C). Taken together, these results indicate that the stimulation of mTORC1 
signaling in response to LY341495 requires activation of the AMPA receptor in DEX-treated hippocampal cells.

Effects of LY341495 on hippocampal dendritic outgrowth and spine density. Ketamine increases 
mTORC1 signaling, and this effect induces increased synaptogenesis in the prefrontal cortex8. To examine 
whether LY341495 increases neuroplasticity, ketamine (100 μM) or LY341495 (1, 10, and 100 μM) was added 
to hippocampal cells cultured with DEX (500 μM) and incubated for 5 days. Total dendritic length and spine 
formation were measured using antibodies to the dendritic marker MAP-2 and the spine marker phalloidin, 
respectively.

One-way ANOVA showed a significant effect on dendritic outgrowth (F [4,1995] = 31.880, P < 0.001). DEX 
treatment significantly reduced total dendritic length compared to control cells (41.1 µm vs. 32.6 µm, respectively, 
P < 0.001) and this reduction was reversed by LY341495 in a concentration-dependent manner (1 μM = 45.2 µm, 
10 μM = 47.2 µm, and 100 μM = 53.1 µm, all P < 0.001, Fig. 3A). In addition, ketamine at a dose of 100 μM sig-
nificantly increased total dendritic length in DEX-treated hippocampal cells (Supplemental Fig. S3A). To inves-
tigate the roles of mTORC1 signaling and AMPA receptors in the enhancement of dendritic outgrowth induced 
by LY341495 or ketamine, DEX-treated hippocampal cells were pretreated with rapamycin (1 μM) and NBQX 
(50 μM) (Fig. 3). Two-way ANOVA revealed significant differences in all scenarios (Supplemental Table 2). 
Rapamycin and NBQX alone did not affect dendritic outgrowth but inhibited the enhancement of total den-
dritic length induced by ketamine (Supplemental Fig. S3B,C). Similar to the effects of ketamine, LY341495 
(100 μM)-induced increases in total dendritic length (all P < 0.001) were completely blocked by rapamycin 

Figure 2. Effects of rapamycin or NBQX on increases in mTORC1 phosphorylation, PSD-95, and GluA1 levels 
induced by LY341495 in DEX-treated hippocampal cells. Cells were exposed to rapamycin (1 μM, mTORC1 
inhibitor) or NBQX (50 μM, AMPA receptor inhibitor) for 30 min prior to adding LY341495 (100 μM) or 
DMSO (non-drug treatment control, final concentration 0.5%) for 4 days with DEX (500 μM). The levels of 
phospho-Ser2448-mTORC1 (A), PSD-95 (B), and GluA1 (C) were measured using Western blotting. The picture 
is cropped to eliminate samples of cells from experimental groups not included in this publication. The full 
picture is provided in the Supplementary File. Values represent the mean ± SEM expressed as a percentage 
of the value for cells treated with DMSO alone (control cells). **P < 0.01 vs. cells treated with DMSO alone; 
††P < 0.01 vs. cells treated with LY31495 alone.
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(LY341495 vs. rapamycin + LY341495: 52.9 µm vs. 42.2 µm, respectively, P < 0.001) and NBQX (LY341495 vs. 
NBQX + LY341495, respectively; 54.5 µm vs. 46.3 µm, respectively, P < 0.001).

Changes similar to those observed in total dendritic length were observed for spine density (F [4,195] = 23.550, 
P < 0.001), which was significantly reduced in DEX-treated cells compared to control cells (0.5 vs. 1.4, respec-
tively, P < 0.001) (Fig. 4). LY341495 significantly increased dendritic spine density in a concentration-dependent 
manner in DEX-treated cells (1 μM = 1.1, 10 μM = 1.2, 100 μM = 2.0, all P < 0.001). Ketamine at a dose of 100 μM 
also significantly increased spine density in DEX-treated cells (Supplemental Fig. S4A). The effects of rapamycin 
on increases in spine density induced by LY341495 or ketamine were examined, and two-way ANOVA revealed 
significant effects of both drug and drug × rapamycin interactions (Supplemental Table 2). Significant differences 
were also observed in spine density for ketamine, NBQX, and ketamine × NBQX interactions (Supplemental 
Table 2). Furthermore, statistical analyses of the effects of NBQX on the LY341495-induced increase in spine 
density revealed significant effects of LY341495 and LY341495 × NBQX interactions and a trend for the effects 
of NBQX (P = 0.074, Supplemental Table 2). Post hoc analyses (Fig. 4) showed that rapamycin and NBQX alone 
had no effect but inhibited the enhancement of spine density induced by LY341495 (LY341495 vs. rapamy-
cin + LY341495, 2.8 vs. 2.0, respectively, P < 0.001; LY341495 vs. NBQX + LY341495, respectively, 3.5 vs. 2.5, 

Figure 3. Effects of LY341495 on total dendritic length in DEX-treated hippocampal cells: requirement for 
mTORC1 signaling and AMPA receptor activation. Cells were treated with LY341495 (1, 10, or 100 μM) or 
DMSO (non-drug treatment control, final concentration 0.5%) for 5 days with or without DEX (500 μM) (A). 
Cells were exposed to rapamycin (1 μM, B) or NBQX (50 μM, C) for 30 min prior to adding LY341495 (100 μM) 
or DMSO (control) for 5 days with DEX. In total, 400 cells from each group were analyzed. All data are 
expressed as the mean ± SEM. (A) *P < 0.01 vs. DMSO-treated, non-DEX-treated cells (control cells); †P < 0.01 
vs. DMSO-treated, DEX-treated cells; (B,C). **P < 0.01 vs. cells treated with DMSO alone; ††P < 0.01 vs. cells 
treated with LY31495 alone.
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P < 0.001) or ketamine (Supplemental Fig. S4B,C). These results indicate that the enhancement of dendritic out-
growth and spine density induced by LY341495 require activation of mTORC1 signaling and AMPA receptor.

Effects of LY341495 on BDNF expression: involvement with AMPA receptor-mTORC1 activa-
tion. Increases in spine formation induced by ketamine depend on BDNF release via activation of AMPA 
receptors and subsequent stimulation of mTORC1 signaling23,24. To determine whether LY341495 increases 
BDNF expression, hippocampal cells cultured with DEX (500 μM) were incubated with ketamine (100 μM) or 
LY341495 (1, 10, and 100 μM).

One-way ANOVA revealed a significant effect on BDNF level (F [4,15] = 62.270, P < 0.001). DEX treatment 
significantly decreased the level of BDNF expression compared to control cells (45.7% of control, P < 0.002), and 
LY341495 at concentrations of 10 and 100 μM produced increases in levels of BDNF expression (10 μM = 66.0% of 
control, P = 0.009; 100 μM = 104.4% of control, P < 0.001, Fig. 5A), similar to ketamine (Supplemental Fig. S5A). 
To investigate whether AMPA receptor and mTORC1 signaling activation are required for the upregulation of 
BDNF induced by LY341495, DEX-treated hippocampal cells were pretreated with NBQX and rapamycin for 
30 min prior to adding ketamine (100 µM) or LY341495 (100 µM). After a 96-h incubation, BDNF expression was 
measured. Two-way ANOVA (Supplementary Table 1) revealed significant main effects in all scenarios. NBQX 
(50 µM) or rapamycin (1 µM) alone did not affect BDNF expression but each completely blocked the increase in 
BDNF expression induced by ketamine (Supplemental Fig. S5). Similarly, the effects of LY341495 on BDNF level 
(P = 0.013) were blocked by NBQX (LY341495 vs. NBQX + LY341495, 142.0% vs. 88.8%, respectively, P = 0.002) 
and also rapamycin (LY341495 vs. rapamycin + LY341495, 142.0% vs. 86.7%, respectively, P < 0.001) (Fig. 5B).

Discussion
The mGlu2/3 antagonist LY341495 reversed the decreases in mTORC1, 4E-BP, and p70S6K phosphorylation and 
the decreases in synaptic proteins induced by DEX treatment in primary hippocampal neurons of rats. These 
effects were blocked by pretreatment of the cells with the mTORC1 inhibitor rapamycin and AMPA receptor 
inhibitor NBQX. In addition, LY341495 attenuated the decreases in dendritic outgrowth and spine density 
induced by DEX, and pretreatment with rapamycin and NBQX blocked these effects. LY341495 also increased 
BDNF expression, and this effect was blocked by rapamycin and NBQX.

Metabotropic glutamate (mGlu) receptors are G protein-coupled modulatory receptors in the glutamate 
receptor family25. There are eight subtypes of the mGlu receptor. The mGlu1 and mGlu2 receptors, which belong 

Figure 4. Effects of LY341495 on spine density in DEX-treated hippocampal cells: requirement for mTORC1 
signaling and AMPA receptor activation. Cells were treated with LY341495 (1, 10, or 100 μM) or DMSO (non-
drug treatment control, final concentration 0.5%) for 5 days with or without DEX (500 μM) (A). Cells were 
exposed to rapamycin (1 μM, B) or NBQX (50 μM, C) for 30 min prior to adding LY341495 (100 μM) or DMSO 
for 5 days with DEX. In total, 50–60 dendritic segments from each group were analyzed. All data are expressed 
as the mean ± SEM. (A) **P < 0.01 vs. DMSO-treated, non-DEX-treated cells (control cells); ††P < 0.01 vs. 
DMSO-treated, DEX-treated cells; (B,C) **P < 0.01 vs. cells treated with DMSO alone; ††P < 0.01 vs. cells treated 
with LY31495 alone.
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to Group I, are mainly excitatory, whereas the mGlu2 and mGlu3 receptors, which belong to Group II, and the 
mGlu4, mGlu6, mGlu7, and mGlu8 receptors, which belong to Group III, are inhibitory26. The following research 
drugs that bind to orthosteric mGlu2/3 receptors have been shown to produce mGlu2/3 receptor antagonistic 
effects: MGS0039, LY341495, and LY302037127. Among these drugs, LY341495 is a highly potent and selective 
antagonist for mGlu2 and mGlu3 receptors, and several studies have shown that a group II metabotropic gluta-
mate receptor antagonist has antidepressant effects similar to those of ketamine28. Bespalov et al. reported that 
intraperitoneal injection of LY341495 reduced the immobility time of mice in the FST29. Campo et al. reported 
that pre-administration of LY341495 dose-dependently reduced the immobility time of mice in the FST and 
that LY341495 also reduced their immobility time in the tail suspension test (TST)30. In addition to LY341495, 
MGS0039 has been shown to produce an increased antidepressant effect in the rat FST and mice TST as the dose 
increased31. Dwyer et al. also reported that administration of LY341495 to rats with anhedonia caused by chronic 
unpredictable stress improved anhedonia rapidly and for a relatively long time32. Another study confirmed that 
the antidepressant effect of LY341495 in the rat FST was blocked by the mTOR inhibitor rapamycin16. These find-
ings suggest that mGlu2/3 antagonists may have antidepressant effects.

In addition to the research on antidepressant effects based on these animal models of depression, there have 
also been studies of the molecular effects of mGlu2/3 antagonists. LY341495 increased the phosphorylation levels 
of mTOR, P70S6K, and 4E-BP1 and the expression of synaptic proteins PSD-95, GluA1, and Synapsin I in the 
rat prefrontal cortex16. LY341495 also increased phosphorylated ERK and phosphorylated S6K levels in primary 
cortical neurons as a function of dose; BDNF release also increased significantly as a function of time13. Chaki et 
al. observed that LY341495 stimulated 5-HT1A receptors in the medial prefrontal cortex (mPFC) of mice to acti-
vate PI3K/AKT signaling and induce antidepressant effects. The effect of LY341495 was reduced when rapamycin 
was administered by mPFC33. In addition, the decreased BDNF and PSD-95 expression in the prefrontal cortex, 
dentate gyrus, and hippocampus CA3 were reversed when MGS00039 was administered to socially-defeated 
stressed mice34. These results suggest that mGlu2/3 antagonists can regulate neuroplasticity by activating mTORC1 
signaling and increasing expression of synaptic proteins.

In this study, we conducted experiments in a DEX-induced toxicity environment. We confirmed that 
LY341495 increased mTORC1 signaling in primary hippocampal neurons of rats. DEX is a corticosteroid and has 
excitotoxic effects on nerve cells. Particularly, exposure to DEX in the prenatal period may be associated with the 
development of depression. Therefore, we applied the DEX toxicity model in this study35–37.

We observed that LY341495 treatment reversed the decreased phosphorylation levels of mTORC1, 4E-BP1 
and p70S6K, and the expression of PSD95 and GluA1. Similar results were also observed with ketamine treat-
ment. Li et al. observed that ketamine increased the number of synaptic proteins and activated mTORC1 signa-
ling in the PFC of rats8. In addition, ketamine has also been shown to activate mTORC1 signaling and increase 
the expression of synaptic proteins in primary hippocampal neurons of rats38. In addition to the activation of 

Figure 5. Effects of LY341495 on BDNF expression in DEX-treated hippocampal cells: requirement for 
mTORC1 signaling and AMPA receptor activation. (A) Cells were treated with LY341495 (1, 10, and 100 μM) 
or DMSO (non-drug treatment control, final concentration 0.5%) for 4 days with or without DEX (500 μM). 
The levels of BDNF expression were measured using Western blotting. The picture is cropped to eliminate 
samples of cells from experimental groups not included in this publication. The full picture is provided in the 
Supplementary File. Values represent the mean ± SEM expressed as a percentage of the value for DMSO-treated, 
non-DEX-treated cells (control cells). *P < 0.01 vs. DMSO-treated, non-DEX-treated cells; †P < 0.01 vs. DMSO-
treated, DEX-treated cells. (B) Cells were exposed to rapamycin (1 μM, mTORC1 inhibitor) or NBQX (50 μM, 
AMPA receptor inhibitor) for 30 min prior to adding LY341495 (100 μM) or for 4 days with DEX. Values 
represent the mean ± SEM expressed as a percentage of the value for cells treated with DMSO alone (control 
cells). *P < 0.05 vs. cells treated with DMSO alone, **P < 0.01 vs. cells treated with DMSO alone; ††P < 0.01 vs. 
cells treated with LY31495 alone.
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mTORC1 signaling, recent studies have shown that ketamine rapidly increased glutamate release and activated 
AMPA receptors and mTORC1 signaling; the latter, in turn, stimulated BDNF release and Akt activation, facil-
itating synaptogenesis39. Increased BDNF release promotes the synthesis of synaptic proteins, resulting in the 
rapid antidepressant effect of ketamine. In the present study, we found that the decreases in the expression levels 
of mTORC1 signaling proteins in the DEX-induced toxic environment were reversed and the decreases in expres-
sion levels of BDNF, PSD-95, and GluA1 were also reversed by LY341495 treatment. These results suggest that 
LY341495, an mGlu2/3 antagonist, has a mode of action similar to that of ketamine.

We also evaluated how LY341495 affected AMPA receptors. Several studies have shown that positive 
allosteric modulators of AMPA receptors have antidepressant effects27,40. In one study, rats’ immobility time 
was significantly decreased by a single LY341495 injection before the FST17. In other studies, when NBQX was 
pre-administered before the FST, the antidepressant effects of LY341495 were dose-dependently decreased, and 
NBQX alone did not affect the immobility time17,22. In another study, NBQX reduced the antidepressant effects of 
ketamine and LY341495 co-administered in the FST41; additionally, pre-administration of LY341495 decreased 
feeding latency in the novelty-suppressed feeding test, which was blocked by NBQX42, and pre-administration of 
NBQX also blocked increased dopamine release by LY341495 to the basal level in the nucleus accumbens of rats43. 
We observed that the increase in mTORC1 phosphorylation and increases in PSD-95 and GluA1 expression by 
LY341495 treatment in primary hippocampal neurons were blocked by NBQX. We also found that the increases 
in mTORC1 phosphorylation and in PSD-95 and GluA1 expression by ketamine were also blocked by NBQX. 
These results indicate that LY341495 has neuroplastic effects that increase synaptic protein expression by activat-
ing the AMPA receptor via a mode of action similar to ketamine41,44,45. To the best of our knowledge, this is the 
first study to examine how LY341495 affects the expression of synaptic proteins by acting on AMPA receptors in 
rat primary hippocampal neurons.

Stress affects neuroplasticity, resulting in neuronal changes that lead to chronic depression and altered syn-
aptic density and synapse numbers, which lead to depression46,47. Decreased synaptic function and numbers in 
the dorsolateral prefrontal cortex of depressed patients have also been reported48. These results suggest that the 
depressed brain may show changes in neuroplasticity. In the present study, DEX treatment decreased the BDNF 
level, total dendritic outgrowth, and spine density of primary hippocampal cells of rats, and both LY341495 
and ketamine treatment dose-dependently reversed these effects, confirming that LY341495 affects BDNF level, 
dendritic outgrowth, and spine density. Our results are similar to those of previous studies38,49,50. Zanos et al. 
reported that the ketamine metabolite (2R,6R)-hydroxynorketamine-(2R,6R)-HNK acts on mGlu2 receptor and 
that combined sub-effective doses of the mGlu2/3 receptor antagonist LY341495 and (2R,6R)-HNK have syner-
gistic effects on gamma oscillations and antidepressant-relevant behavioral actions51. They also reported that the 
ketamine metabolite (2R,6R)-hydroxynorketamine-(2R,6R)-HNK increases AMPA-GluA1 receptor expression 
and activity as well as the level of BDNF and phosphorylation of eEF2K52. Lepack et al. reported that LY341495 
stimulates ERK signaling in primary cortical cultures to promote secretion of BDNF and that this mechanism of 
action is blocked by pretreatment with the TrkB inhibitor K252a13. We also observed that ketamine and LY341495 
increased ERK phosphorylation levels (Supplemental Fig. S6). Therefore, although we did not observe antide-
pressant effects of LY341495 in animal models of depression, LY341495 may have an antidepressant effect with a 
synaptic mechanism similar to ketamine (Fig. 6).

This study had some limitations. First, LY341495 activated mTORC1 signaling only under toxic conditions. 
In contrast to our observations, a previous study showed that ketamine promotes mTORC1 signaling in PFC in 
non-depressed mice53. Further investigations, including additional animal model studies, are therefore neces-
sary to clarify this issue. In addition, we used relatively high concentrations of LY341495 in this study. Although 
LY341495 has strong antagonistic activity against the mGlu2/3 receptor, LY341495 does not act only on the mGlu2/3 
receptor, and LY341495 also has relatively potent antagonist activity and affinity for mGlu7 and mGlu8 recep-
tors54. At the concentrations used in the present study, it is possible that LY341495 acted on mGlu7 and mGlu8 
receptors as well. Furthermore, it is unclear whether the concentrations of LY341495 used in this study were suffi-
cient for promoting mTORC1 signaling in vivo, especially in the human central nervous system. This discrepancy 
may be due to differences in the conditions of an in vivo human brain versus an in vitro cell culture. Finally, only 
50 µM NBQX was used in this study. Therefore, it is necessary to investigate the effects of NBQX at various other 
concentrations. More advanced and well-designed studies are necessary to overcome these limitations.

This was the first study to investigate the effects of LY341495 on mTORC1 activation in the primary hip-
pocampal neurons of rats. LY341495 activated the mTORC1 signaling pathway and neuroplastic changes, includ-
ing increased BDNF expression, dendritic outgrowth, spine density, and synaptic proteins, under conditions 
of DEX-induced toxicity. These neuroplastic changes were blocked by the mTORC1 inhibitor rapamycin and 
the AMPA receptor antagonist NBQX. These findings suggest that LY341495 regulates neuroplasticity through 
AMPA receptors and mTORC1 signaling activation and that LY341495 has a mechanism of action similar to 
that of ketamine. Therefore, the mechanism of action of the mGlu2/3 antagonists may be a suitable target for the 
development of new antidepressants.

Methods
Primary hippocampal culture. All procedures were conducted in accordance with the guidelines of the 
Institutional Animal Care and Use Committee (IACUC), Inje University, Republic of Korea, and were approved 
by IACUC at the College of Medicine Inje University (approval no. 2016–044). Primary hippocampal cultures 
were prepared in a manner similar to that developed by Kaech and Banker55 from the brains of Sprague–Dawley 
(Orient Bio) rat fetuses (embryonic day 17) obtained from pregnant rats. Briefly, hippocampi were dissociated 
in neurobasal medium (Invitrogen) with trypsin (0.03%; Invitrogen) for 20 min and in neurobasal medium with 
1% fetal bovine serum (FBS; Invitrogen), 1% horse serum (Invitrogen), 2% serum-free B27 growth medium 
(Invitrogen), 0.25% l-glutamine (Invitrogen), and 50 U/mL penicillin–streptomycin (Invitrogen). For Western 
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blotting analyses, cells were plated at 2 × 105 cells per six-well dish. For immunostaining, cells were plated on 
18 × 18-mm coverslips in 12-well dishes at a density of 2 × 104 (dendritic outgrowth) and 5 × 103 cells (spine 
density). Cells were grown at 37 °C and 5% CO2 for 10 days.

Drug treatment. After 10 days of incubation, the cells were cultured with LY341495 (1, 10, 100 µM; Tocris 
Bioscience) or ketamine (100 µM; Huons) in the presence of DEX (500 µM; Sigma) for 4 days (Western blotting 
analyses) and 5 days (immunostaining analyses). To study the blocking effects, cells were treated with 50 µM 
NBQX (Calbiochem) or 1 µM rapamycin (Calbiochem) 30 min prior to LY341495 or ketamine. The culture 
medium and these drugs were changed every 2 days. A concentration of 500 µM DEX was selected because cell 
viability was 75–80% at this dose56. The concentrations of LY341495 used in this study were based on the obser-
vation that these concentrations (1, 10, and 100 µM) lead to concentration-dependent increases in the levels of 
mTORC1 phosphorylation under DEX-induced toxic conditions; lower concentrations (<1 µM) have no effect on 
the level of mTORC1 phosphorylation (data not shown). The concentrations of ketamine were based on a previ-
ous study that found that this concentration enhances mTORC1 phosphorylation as well as dendritic outgrowth 
in hippocampal cells38.

Western blotting analyses. Western blotting experiments were performed as described previously57. 
Briefly, hippocampal cells were homogenized in ice-cold lysis buffer (20 mM Tris-HCl, 137 mM NaCl, 10% glyc-
erol, 1% Nonidet™ P-40, 0.1% sodium dodecyl sulfate [SDS], 0.5% sodium deoxycholate, and 2 mM ethylenedi-
aminetetraacetic acid [EDTA]) and one complete protease inhibitor tablet (Roche). The lysates were centrifuged 
(1000 × g, 15 min, 4 °C) and the samples were stored at −80 °C until use. Immunoblotting was performed with 
one of the primary antibodies (anti-phospho-mTORC1 [Ser2448, #2971], anti-mTORC1 [#2972], anti-phosho-
4E-BP-1 [Thr37/46, #2855], anti-4E-BP-1 [#9452], anti-phospho-p70S6K [Thr389, #9205], and anti-p70S6K 
[#9202], anti-phospho-p44/42 MAPK (ERK1/2) [Thr202/Tyr204, #9101], anti-p44/42 MAPK (ERK1/2) [#4695] 
[1:1000; Cell Signaling]; anti-PSD-95 [1:1000, AB9634; Millipore]; anti-GluA1 [1:1000, ab109450; Abcam]; 
anti-BDNF [1:1000; sc-546, Santa Cruz]; anti-α-tubulin [1:2000; T9026, Sigma]) in Tris-buffered saline with 
Tween-20 (TBS-T) at 4 °C overnight, and then the membranes were washed three times in TBS-T for 10 min. 
These were incubated for 1 h in TBS-T containing horseradish peroxidase-conjugated secondary antibody 
(goat-anti-rabbit IgG [1:2000, sc-2004; Santa Cruz] for anti-phospho-mTORC1, anti-mTORC1, anti-phospho-
4E-BP-1, anti-4E-BP-1, anti-phospho-p70S6K, anti-p70S6K, anti-PSD-95, anti-GluA1, or anti-BDNF; anti-mouse 
IgG [1:10000, A4416; Sigma] for anti-α-tubulin) at room temperature. Western blotting analyses were repeated 
twice per sample for each of the two independent cultures.

Immunostaining analyses for dendritic outgrowth and spine density. Cells were fixed in 4% para-
formaldehyde. For dendritic outgrowth, cells were incubated with anti-microtubule-associated protein (MAP)-2 
antibody (1:1000, MAB3418; Millipore). Alexa Fluor® 568 goat anti-mouse IgG (Invitrogen) was used as a sec-
ondary antibody, and Hoechst 33258 (Invitrogen) was used for nuclear staining. Stained cells were mounted on 
cover glasses and observed through a fluorescence microscope (Olympus). To analyze the total dendritic length, 

Figure 6. Signaling pathways regulated by LY341495 and ketamine in hippocampal culture under conditions 
of dexamethasone (DEX)-induced neurotoxicity. Abbreviations: Akt, protein kinase B (PKB); AMPAR, 
α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptor; BDNF, brain-derived neurotrophic 
factor; mGlu2/3, metabotropic glutamate 2/3; mTORC1, mammalian target of rapamycin complex 1; NBQX, 
2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide; NMDA, N-methyl-d-aspartate; 
p70S6K, P70S6 kinase; PI3K, phosphoinositide 3-kinase; TrKB, tropomyosin receptor kinase B receptor; 4E-BP-
1, eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1.
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five fields were randomly selected from each group, and two independent cultures were performed. All neurons 
in a given field were counted, including both basal and apical dendrites. Dendritic length was determined as the 
distance between the edge of the cell body and the tip of the growth cone. Total dendritic length was obtained by 
summing the lengths of all dendrites from a single neuron and then averaging this measure in each group using 
the automated image-analysis program MetaMorph (Molecular Devices)58. At least 400 cells were analyzed in 10 
fields by a researcher blinded to the groups. To determine spine density, cells were incubated with Alexa Fluor® 
488 Phalloidin (1:40; Molecular Probes) and mounted for image acquisition. Images were captured at a resolution 
of 1024 × 1024 pixels, using an LSM 510 META laser-scanning confocal microscope (Carl Zeiss) with a 63 × oil 
immersion objective lens. To analyze spine density, we differentiated between spines and filopodia by shape and 
length. Spines were defined as less than 3 µm in length with a round or mushroom shape, and filopodia were 
defined as between 3 and 10 µm in length with a narrow shape. Ten neurons were randomly selected from each 
group, and three independent cultures were performed. In each 30 neuron group, two 50 µm dendritic segments 
per neuron were analyzed (50–60 dendritic segments per group) by a researcher blinded to the groups. To repre-
sent the average spine density in a 10 µm dendrite, the spine density of 50 µm dendritic segments was divided by 5.

Statistical analyses. All statistical analyses were performed using GraphPad Prism software (ver. 7.03; 
GraphPad Software). Dose studies for ketamine and LY341495 were analyzed by one-way analysis of variance 
(ANOVA). For blockade experiments, two-way ANOVA was used to assess the main effect of drug (ketamine or 
LY341495) or inhibitor (rapamycin or NBQX) and the interaction between drug and inhibitor (ketamine × rapa-
mycin and ketamine × NBQX; LY341495 × rapamycin and LY341495 × NBQX). For post hoc comparison, Tukey’s 
multiple-comparison test was carried out. In all analyses, P < 0.05 was taken to indicate statistical significance.

Data availability
The data are available from the corresponding author upon request.

Received: 2 October 2019; Accepted: 9 January 2020;
Published: xx xx xxxx

References
 1. Otte, C. et al. Major depressive disorder. Nat. Rev. Dis. Prim. 2, 16065, https://doi.org/10.1038/nrdp.2016.65 (2016).
 2. Thase, M. E. Treating major depression: antidepressant algorithms. J. Clin. Psychiatry 70, e46, https://doi.org/10.4088/JCP.8001tx11c 

(2009).
 3. Goldberg, J. S., Bell, C. E. Jr. & Pollard, D. A. Revisiting the monoamine hypothesis of depression: a new perspective. Perspect. Med. 

Chem. 6, 1–8, https://doi.org/10.4137/PMC.S11375 (2014).
 4. Owens, M. J. Selectivity of antidepressants: from the monoamine hypothesis of depression to the SSRI revolution and beyond. J. Clin. 

Psychiatry 65, 5–10 (2004).
 5. Duman, R. S., Li, N., Liu, R. J., Duric, V. & Aghajanian, G. Signaling pathways underlying the rapid antidepressant actions of 

ketamine. Neuropharmacol. 62, 35–41, https://doi.org/10.1016/j.neuropharm.2011.08.044 (2012).
 6. Zarate, C. A. Jr. et al. A randomized trial of an N-methyl-D-aspartate antagonist in treatment-resistant major depression. Arch. Gen. 

Psychiatry 63, 856–864 (2006).
 7. Coyle, C. M. & Laws, K. R. The use of ketamine as an antidepressant: a systematic review and meta-analysis. Hum. Psychopharmacol. 

30, 152–163, https://doi.org/10.1002/hup.2475 (2015).
 8. Li, N. et al. mTOR-dependent synapse formation underlies the rapid antidepressant effects of NMDA antagonists. Sci. 329, 959–964, 

https://doi.org/10.1126/science.1190287 (2010).
 9. Aleksandrova, L. R., Phillips, A. G. & Wang, Y. T. Antidepressant effects of ketamine and the roles of AMPA glutamate receptors and 

other mechanisms beyond NMDA receptor antagonism. J. Psychiatry Neurosci. 42, 222–229 (2017).
 10. Strasburger, S. E. et al. What is the mechanism of Ketamine’s rapid-onset antidepressant effect? A concise overview of the 

surprisingly large number of possibilities. J. Clin. Pharm. Ther. 42, 147–154, https://doi.org/10.1111/jcpt.12497 (2017).
 11. Wohleb, E. S., Gerhard, D., Thomas, A. & Duman, R. S. Molecular and Cellular Mechanisms of Rapid-Acting Antidepressants 

Ketamine and Scopolamine. Curr. Neuropharmacol. 15, 11–20 (2017).
 12. Chaki, S. Beyond Ketamine: New Approaches to the Development of Safer Antidepressants. Curr. Neuropharmacol. 15, 963–976, 

https://doi.org/10.2174/1570159X15666170221101054 (2017).
 13. Lepack, A. E., Bang, E., Lee, B., Dwyer, J. M. & Duman, R. S. Fast-acting antidepressants rapidly stimulate ERK signaling and BDNF 

release in primary neuronal cultures. Neuropharmacol. 111, 242–252, https://doi.org/10.1016/j.neuropharm.2016.09.011 (2016).
 14. Fukumoto, K., Iijima, M. & Chaki, S. The Antidepressant Effects of an mGlu2/3 Receptor Antagonist and Ketamine Require AMPA 

Receptor Stimulation in the mPFC and Subsequent Activation of the 5-HT Neurons in the DRN. Neuropsychopharmacology 41, 
1046–1056, https://doi.org/10.1038/npp.2015.233 (2016).

 15. Podkowa, K., Pochwat, B., Brański, P., Pilc, A. & Pałucha-Poniewiera, A. Group II mGlu receptor antagonist LY341495 enhances the 
antidepressant-like effects of ketamine in the forced swim test in rats. Psychopharmacol. 233, 2901–2914, https://doi.org/10.1007/
s00213-016-4325-7 (2016).

 16. Dwyer, J. M., Lepack, A. E. & Duman, R. S. mTOR activation is required for the antidepressant effects of mGluR2/3 blockade. Int. J. 
Neuropsychopharmacol. 15, 429–434, https://doi.org/10.1017/S1461145711001702 (2012).

 17. Koike, H. & Chaki, S. Requirement of AMPA receptor stimulation for the sustained antidepressant activity of ketamine and 
LY341495 during the forced swim test in rats. Behav. Brain Res. 271, 111–115, https://doi.org/10.1016/j.bbr.2014.05.065 (2014).

 18. Koike, H., Iijima, M. & Chaki, S. Involvement of the mammalian target of rapamycin signaling in the antidepressant-like effect of 
group II metabotropic glutamate receptor antagonists. Neuropharmacol. 61, 1419–4123, https://doi.org/10.1016/j.
neuropharm.2011.08.034 (2011).

 19. Duman, R. S. & Li, N. A neurotrophic hypothesis of depression: role of synaptogenesis in the actions of NMDA receptor antagonists. 
Philos. Trans. R. Soc. Lond. B Biol. Sci. 367, 2475–2484, https://doi.org/10.1098/rstb.2011.0357 (2012).

 20. Haynes, L. E., Barber, D. & Mitchell, I. J. Chronic antidepressant medication attenuates dexamethasone-induced neuronal death and 
sublethal neuronal damage in the hippocampus and striatum. Brain Res. 1026, 157–167 (2004).

 21. Conti, M., Spulber, S., Raciti, M. & Ceccatelli, S. Depressive-like phenotype induced by prenatal dexamethasone in mice is reversed 
by desipramine. Neuropharmacol. 26, 242–249, https://doi.org/10.1016/j.neuropharm.2017.09.015 (2017).

 22. Witkin, J. M. et al. The Rapidly Acting Antidepressant Ketamine and the mGlu2/3 Receptor Antagonist LY341495 Rapidly Engage 
Dopaminergic Mood Circuits. J. Pharmacol. Exp. Ther. 358, 71–82, https://doi.org/10.1124/jpet.116.233627 (2016).

https://doi.org/10.1038/s41598-020-58017-3
https://doi.org/10.1038/nrdp.2016.65
https://doi.org/10.4088/JCP.8001tx11c
https://doi.org/10.4137/PMC.S11375
https://doi.org/10.1016/j.neuropharm.2011.08.044
https://doi.org/10.1002/hup.2475
https://doi.org/10.1126/science.1190287
https://doi.org/10.1111/jcpt.12497
https://doi.org/10.2174/1570159X15666170221101054
https://doi.org/10.1016/j.neuropharm.2016.09.011
https://doi.org/10.1038/npp.2015.233
https://doi.org/10.1007/s00213-016-4325-7
https://doi.org/10.1007/s00213-016-4325-7
https://doi.org/10.1017/S1461145711001702
https://doi.org/10.1016/j.bbr.2014.05.065
https://doi.org/10.1016/j.neuropharm.2011.08.034
https://doi.org/10.1016/j.neuropharm.2011.08.034
https://doi.org/10.1098/rstb.2011.0357
https://doi.org/10.1016/j.neuropharm.2017.09.015
https://doi.org/10.1124/jpet.116.233627


1 1Scientific RepoRtS |          (2020) 10:993  | https://doi.org/10.1038/s41598-020-58017-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

 23. Lepack, A. E., Fuchikami, M., Dwyer, J. M., Banasr, M. & Duman, R. S. BDNF release is required for the behavioral actions of 
ketamine. Int. J. Neuropsychopharmacol. 18, 1–6, https://doi.org/10.1093/ijnp/pyu033 (2014).

 24. Duman, R. S., Aghajanian, G. K., Sanacora, G. & Krystal, J. H. Synaptic plasticity and depression: new insights from stress and rapid-
acting antidepressants. Nat. Med. 22, 238–249, https://doi.org/10.1038/nm.4050 (2016).

 25. Pellicciari, R. & Costantino, G. Metabotropic G-protein-coupled glutamate receptors as therapeutic targets. Curr. Opin. Chem. Biol. 
3, 433–440 (1999).

 26. Blackshaw, L. A., Page, A. J. & Young, R. L. Metabotropic glutamate receptors as novel therapeutic targets on visceral sensory 
pathways. Front. Neurosci. 5, 40, https://doi.org/10.3389/fnins.2011.00040 (2011).

 27. Chaki, S. mGlu2/3 Receptor Antagonists as Novel Antidepressants. Trends Pharmacol. Sci. 38, 569–580, https://doi.org/10.1016/j.
tips.2017.03.008 (2017).

 28. Wright, R. A., Arnold, M. B., Wheeler, W. J., Ornstein, P. L. & Schoepp, D. D. [3H] LY341495 binding to group II metabotropic 
glutamate receptors in rat brain. J. Pharmacol. Exp. Ther. 298, 453–460 (2001).

 29. Bespalov, A. Y. et al. Behavioral characterization of the mGlu group II/III receptor antagonist, LY-341495, in animal models of 
anxiety and depression. Eur. J. Pharmacol. 592, 96–102, https://doi.org/10.1016/j.ejphar.2008.06.089 (2008).

 30. Campo, B. et al. Characterization of an mGluR2/3 negative allosteric modulator in rodent models of depression. J. Neurogenet. 25, 
152–166, https://doi.org/10.3109/01677063.2011.627485 (2011).

 31. Chaki, S. et al. MGS0039: a potent and selective group II metabotropic glutamate receptor antagonist with antidepressant-like 
activity. Neuropharmacol. 46, 457–467 (2004).

 32. Dwyer, J. M., Lepack, A. E. & Duman, R. S. mGluR2/3 blockade produces rapid and long-lasting reversal of anhedonia caused by 
chronic stress exposure. J. Mol. Psychiatry 1, 15, https://doi.org/10.1186/2049-9256-1-15 (2013).

 33. Fukumoto, K., Iijima, M., Funakoshi, T. & Chaki, S. 5-HT1A receptor stimulation in the medial prefrontal cortex mediates the 
antidepressant effects of mGlu2/3 receptor antagonist in mice. Neuropharmacol. 137, 96–103, https://doi.org/10.1016/j.
neuropharm.2018.05.001 (2018).

 34. Dong, C. et al. Rapid and Sustained Antidepressant Action of the mGlu2/3 Receptor Antagonist MGS0039 in the Social Defeat Stress 
Model: Comparison with Ketamine. Int. J. Neuropsychopharmacol. 20, 228–236, https://doi.org/10.1093/ijnp/pyw089 (2017).

 35. Li, S. X., Zhang, J. C., Wu, J. & Hashimoto, K. Antidepressant Effects of Ketamine on Depression-like Behavior in Juvenile Mice after 
Neonatal Dexamethasone Exposure. Clin. Psychopharmacol. Neurosci. 12, 124–127, https://doi.org/10.9758/cpn.2014.12.2.124 
(2014).

 36. Uno, H. et al. Neurotoxicity of glucocorticoids in the primate brain. Horm. Behav. 28, 336–348 (1994).
 37. Lanshakov, D. A., Sukhareva, E. V., Kalinina, T. S. & Dygalo, N. N. Dexamethasone-induced acute excitotoxic cell death in the 

developing brain. Neurobiol. Dis. 91, 1–9, https://doi.org/10.1016/j.nbd.2016.02.009 (2016).
 38. Park, S. W. et al. Differential effects of antidepressant drugs on mTOR signalling in rat hippocampal neurons. Int. J. 

Neuropsychopharmacol. 17, 1831–1846, https://doi.org/10.1017/S1461145714000534 (2014).
 39. Duman, R. S. & Voleti, B. Signaling pathways underlying the pathophysiology and treatment of depression: novel mechanisms for 

rapid-acting agents. Trends Neurosci. 35, 47–56, https://doi.org/10.1016/j.tins.2011.11.004 (2012).
 40. Alt, A., Nisenbaum, E. S., Bleakman, D. & Witkin, J. M. A role for AMPA receptors in mood disorders. Biochem. Pharmacol. 71, 

1273–1288 (2006).
 41. Agnieszka, P. P., Karolina, P. & Andrzej, P. Role of AMPA receptor stimulation and TrkB signaling in the antidepressant-like effect of 

ketamine co-administered with a group II mGlu receptor antagonist, LY341495, in the forced swim test in rats. Behav. Pharmacol. 
30, 471–477, https://doi.org/10.1097/FBP.0000000000000471 (2019).

 42. Fukumoto, K., Iijima, M. & Chaki, S. Serotonin-1A receptor stimulation mediates effects of a metabotropic glutamate 2/3 receptor 
antagonist, 2S-2-amino-2-(1S,2S-2-carboxycycloprop-1-yl)-3-(xanth-9-yl)propanoic acid (LY341495), and an N-methyl-D-
aspartate receptor antagonist, ketamine, in the novelty-suppressed feeding test. Psychopharmacol. 231, 2291–2298, https://doi.
org/10.1007/s00213-013-3378-0 (2014).

 43. Karasawa, J., Kotani, M., Kambe, D. & Chaki, S. AMPA receptor mediates mGlu 2/3 receptor antagonist-induced dopamine release 
in the rat nucleus accumbens shell. Neurochem. Int. 57, 615–619, https://doi.org/10.1016/j.neuint.2010.07.011 (2010).

 44. Freudenberg, F., Celikel, T. & Reif, A. The role of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors in 
depression: central mediators of pathophysiology and antidepressant activity? Neurosci. Biobehav. Rev. 52, 193–206, https://doi.
org/10.1016/j.neubiorev.2015.03.005 (2015).

 45. Sayson, L. V. et al. The novel methoxetamine analogs N-ethylnorketamine hydrochloride (NENK), 2-MeO-N-ethylketamine 
hydrochloride (2-MeO-NEK), and 4-MeO-N-ethylketamine hydrochloride (4-MeO-NEK) elicit rapid antidepressant effects via 
activation of AMPA and 5-HT2 receptors. Psychopharmacol. 236, 2201–2210, https://doi.org/10.1007/s00213-019-05219-x (2019).

 46. Shansky, R. M. & Morrison, J. H. Stress-induced dendritic remodeling in the medial prefrontal cortex: effects of circuit, hormones 
and rest. Brain Res. 1293, 108–113, https://doi.org/10.1016/j.brainres.2009.03.062 (2009).

 47. Pittenger, C. & Duman, R. S. Stress, depression, and neuroplasticity: a convergence of mechanisms. Neuropsychopharmacology 33, 
88–109 (2008).

 48. Kang, H. J. et al. Decreased expression of synapse-related genes and loss of synapses in major depressive disorder. Nat. Med. 18, 
1413–1417 (2012).

 49. Seo, M. K. et al. Effects of escitalopram and paroxetine on mTORC1 signaling in the rat hippocampus under chronic restraint stress. 
BMC Neurosci. 18, 39, https://doi.org/10.1186/s12868-017-0357-0 (2017).

 50. Seo, M. K. et al. Tianeptine induces mTORC1 activation in rat hippocampal neurons under toxic conditions. Psychopharmacol. 233, 
2617–2627, https://doi.org/10.1007/s00213-016-4309-7 (2016).

 51. Zanos, P. et al. 2R,6R)-hydroxynorketamine exerts mGlu2 receptor-dependent antidepressant actions. Proc. Natl Acad. Sci. USA 116, 
6441–6450, https://doi.org/10.1073/pnas.1819540116 (2019).

 52. Zanos, P. et al. NMDAR inhibition-independent antidepressant actions of ketamine metabolites. Nat. 533, 481–486, https://doi.
org/10.1038/nature17998 (2016).

 53. Duman, R. S. Ketamine and rapid-acting antidepressants: a new era in the battle against depression and suicide. F1000Research 7, 
1–10, https://doi.org/10.12688/f1000research.14344.1 (2018).

 54. Niswender, C. M. & Conn, P. J. Metabotropic glutamate receptors: physiology, pharmacology, and disease. Annu. Rev. Pharmacol. 
Toxicol. 50, 295–322, https://doi.org/10.1146/annurev.pharmtox.011008.145533 (2010).

 55. Kaech, S. & Banker, G. Culturing hippocampal neurons. Nat. Protoc. 1, 2406–2415 (2006).
 56. Park, S. W. et al. Liraglutide Activates mTORC1 Signaling and AMPA Receptors in Rat Hippocampal Neurons Under Toxic 

Conditions. Front. Neurosci. 12, 756, https://doi.org/10.3389/fnins.2018.00756 (2018).
 57. Seo, M. K. et al. Effects of antidepressant drugs on synaptic protein levels and dendritic outgrowth in hippocampal neuronal 

cultures. Neuropharmacol. 79, 222–233, https://doi.org/10.1016/j.neuropharm.2013.11.019 (2014).
 58. Klimaschewski, L., Nindl, W., Pimpl, M., Waltinger, P. & Pfaller, K. Biolistic transfection and morphological analysis of cultured 

sympathetic neurons. J. Neurosci. Methods 113, 63–71 (2002).

https://doi.org/10.1038/s41598-020-58017-3
https://doi.org/10.1093/ijnp/pyu033
https://doi.org/10.1038/nm.4050
https://doi.org/10.3389/fnins.2011.00040
https://doi.org/10.1016/j.tips.2017.03.008
https://doi.org/10.1016/j.tips.2017.03.008
https://doi.org/10.1016/j.ejphar.2008.06.089
https://doi.org/10.3109/01677063.2011.627485
https://doi.org/10.1186/2049-9256-1-15
https://doi.org/10.1016/j.neuropharm.2018.05.001
https://doi.org/10.1016/j.neuropharm.2018.05.001
https://doi.org/10.1093/ijnp/pyw089
https://doi.org/10.9758/cpn.2014.12.2.124
https://doi.org/10.1016/j.nbd.2016.02.009
https://doi.org/10.1017/S1461145714000534
https://doi.org/10.1016/j.tins.2011.11.004
https://doi.org/10.1097/FBP.0000000000000471
https://doi.org/10.1007/s00213-013-3378-0
https://doi.org/10.1007/s00213-013-3378-0
https://doi.org/10.1016/j.neuint.2010.07.011
https://doi.org/10.1016/j.neubiorev.2015.03.005
https://doi.org/10.1016/j.neubiorev.2015.03.005
https://doi.org/10.1007/s00213-019-05219-x
https://doi.org/10.1016/j.brainres.2009.03.062
https://doi.org/10.1186/s12868-017-0357-0
https://doi.org/10.1007/s00213-016-4309-7
https://doi.org/10.1073/pnas.1819540116
https://doi.org/10.1038/nature17998
https://doi.org/10.1038/nature17998
https://doi.org/10.12688/f1000research.14344.1
https://doi.org/10.1146/annurev.pharmtox.011008.145533
https://doi.org/10.3389/fnins.2018.00756
https://doi.org/10.1016/j.neuropharm.2013.11.019


1 2Scientific RepoRtS |          (2020) 10:993  | https://doi.org/10.1038/s41598-020-58017-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

Acknowledgements
This research was supported by Basic Science Research Program through the National Research Foundation 
of Korea (NRF) funded by the Ministry of Education (NRF-2018R1D1A1B07049481 to J.G. Lee and NRF-
2016R1A6A3A11930127 to M.K. Seo) & the Ministry of Science and ICT (MIST) (NRF-2019R1H1A2079875 to 
S.W. Park). This work was supported by a grant from Research year of Inje University in 2015 (20140654 to J.G. 
Lee).

Author contributions
Conceived and designed the experiments: J.G.L. and S.W.P., Performed the experiments: M.K.S., L.T.H., M.K.P., 
and A.J.C., Analyzed the data: M.K.S., L.T.H., M.K.P., A.J.C., D.H.S., and S.H.K., Wrote the paper: J.G.L. and 
S.W.P. All of the authors contributed to and approved the final manuscript.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-58017-3.
Correspondence and requests for materials should be addressed to S.W.P. or J.G.L.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-58017-3
https://doi.org/10.1038/s41598-020-58017-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	AMPA receptor-mTORC1 signaling activation is required for neuroplastic effects of LY341495 in rat hippocampal neurons

	Results

	Effects of LY341495 on mTORC1 signaling. 
	Effects of the AMPA receptor inhibitor NBQX on activation of mTORC1 signaling induced by LY341495. 
	Effects of LY341495 on hippocampal dendritic outgrowth and spine density. 
	Effects of LY341495 on BDNF expression: involvement with AMPA receptor-mTORC1 activation. 

	Discussion

	Methods

	Primary hippocampal culture. 
	Drug treatment. 
	Western blotting analyses. 
	Immunostaining analyses for dendritic outgrowth and spine density. 
	Statistical analyses. 

	Acknowledgements

	Figure 1 Effects of LY341495 on the levels of mTORC1, 4E-BP1, and p70S6K phosphorylation and PSD-95 and GluA1 expression in DEX-treated hippocampal cells.
	Figure 2 Effects of rapamycin or NBQX on increases in mTORC1 phosphorylation, PSD-95, and GluA1 levels induced by LY341495 in DEX-treated hippocampal cells.
	Figure 3 Effects of LY341495 on total dendritic length in DEX-treated hippocampal cells: requirement for mTORC1 signaling and AMPA receptor activation.
	Figure 4 Effects of LY341495 on spine density in DEX-treated hippocampal cells: requirement for mTORC1 signaling and AMPA receptor activation.
	Figure 5 Effects of LY341495 on BDNF expression in DEX-treated hippocampal cells: requirement for mTORC1 signaling and AMPA receptor activation.
	Figure 6 Signaling pathways regulated by LY341495 and ketamine in hippocampal culture under conditions of dexamethasone (DEX)-induced neurotoxicity.




