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Abstract
Intracerebroventricular infusion of resolvin E1 (RvE1), a bioactive metabolite derived from eicosapentaenoic acid, exerts 
antidepressant-like effects in a mouse model of lipopolysaccharide (LPS)-induced depression; these effects are blocked by 
systemic injection of rapamycin, a mechanistic target of rapamycin complex 1 (mTORC1) inhibitor. Additionally, local infusion  
of RvE1 into the medial prefrontal cortex (mPFC) or dorsal hippocampal dentate gyrus (DG) produces antidepressant-like 
effects. To evaluate the potential of RvE1 for clinical use, the present study examined whether treatment with RvE1 via intra-
nasal (i.n.) route, a non-invasive route for effective drug delivery to the brain, produces antidepressant-like effects in LPS-
challenged mice using tail suspension and forced swim tests. Intranasal administration of RvE1 significantly attenuated LPS-
induced immobility, and these antidepressant-like effects were completely blocked by an AMPA receptor antagonist or L-type 
voltage-dependent Ca2+ channel blocker. The antidepressant-like effects of both i.n. and intra-mPFC administrations of RvE1 
were blocked by intra-mPFC infusion of a neutralizing antibody (nAb) for brain-derived neurotrophic factor (BDNF) or vascular 
endothelial growth factor (VEGF). Intra-mPFC infusion of rapamycin completely blocked the antidepressant-like effects of both 
i.n. and intra-mPFC administrations of RvE1 as well as those of intra-mPFC infusion of BDNF and VEGF. Moreover, i.n. RvE1 
produced antidepressant-like effects via mTORC1 activation in the mPFC of a mouse model of repeated prednisolone-induced 
depression. Intra-dorsal DG infusion of BDNF and VEGF nAbs, but not rapamycin, blocked the antidepressant-like effects 
of i.n. RvE1. These findings suggest that i.n. administration of RvE1 produces antidepressant-like effects through activity-
dependent BDNF/VEGF release in the mPFC and dorsal DG, and mTORC1 activation in the mPFC, but not in the dorsal DG.  
Thus, RvE1 can be a promising candidate for a novel rapid-acting antidepressant.
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Introduction

Depression is one of the most widespread debilitating 
psychiatric illnesses that imposes enormous personal and 
socioeconomic burdens [1]. Conventional monoamine-
based antidepressants, notably selective serotonin reuptake 
inhibitors, have significant limitations, including delayed 
onset of therapeutic response and low efficacy (approxi-
mately one-third of individuals with depression are con-
sidered treatment-resistant) [2]. In the 2000s, a single 
subanesthetic dose of ketamine, an N-methyl-d-aspartate 
receptor (NMDAR) antagonist, was reported to exert rapid 
and sustained antidepressant effects even in patients with 
treatment-resistant depression [3, 4]. (S)-ketamine, an 
enantiomer of ketamine, was approved in the form of nasal 
spray for treatment-resistant depression in the USA and 
Europe in 2019 [5, 6]. However, racemic ketamine and (S)-
ketamine are associated with undesirable psychotomimetic/
dissociative side effects and the potential for abuse [7–9]. 
Thus, there is an urgent need to develop novel, rapid, and 
efficacious antidepressants with fewer side effects.

Unraveling of the cellular and molecular mechanisms 
underlying the rapid antidepressant actions of ketamine is key 
for the identification and characterization of novel targets for 
developing safer rapid-acting antidepressants [10–12]. Brain-
derived neurotrophic factor (BDNF) and the downstream 
mechanistic target of rapamycin complex 1 (mTORC1) sign-
aling in the medial prefrontal cortex (mPFC) are known to 
be essential for the antidepressant-like effects of ketamine 
[10–14]. Ketamine-induced BDNF release depends on the acti-
vation of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid receptors (AMPARs) and L-type voltage-dependent 
Ca2+ channels (L-VDCCs) [10–12, 14]. Activation of BDNF-
mTORC1 signaling in the mPFC is also required for the anti-
depressant-like effects of other rapid-acting agents, including 
scopolamine (a non-selective muscarinic acetylcholine recep-
tor antagonist) and rapastinel (an NMDAR positive allosteric 
modulator) [10–12, 15–19]. Our recent studies demonstrate 
that neuronal vascular endothelial growth factor (VEGF) sign-
aling in the mPFC also contributes to the antidepressant-like 
actions of ketamine [20] and a heterologous interplay between 
BDNF and VEGF signaling in the mPFC plays a key role in 
the rapid antidepressant-like responses to these neurotrophic 
factors [21]. BDNF and VEGF signaling in the hippocampal 
dentate gyrus (DG) are also involved in the antidepressant-
like effects of ketamine [22, 23]. Moreover, VEGF reportedly 
activates the mTORC1 signaling pathway [24]. These find-
ings suggest that compounds that can rapidly promote BDNF/
VEGF release and/or activate the mTORC1 signaling are 
promising candidates for novel rapid-acting antidepressants.

Resolvin E1 (RvE1) is a bioactive lipid mediator derived 
from eicosapentaenoic acid (EPA) [25–28]. We recently 

found that intracerebroventricular (i.c.v.) infusion of RvE1 
reverses depression-like behaviors induced by lipopolysac-
charide (LPS), chronic pain, and repeated prednisolone 
(PSL), likely via the chemerin receptor ChemR23 [29–31]. 
The antidepressant-like effects of RvE1 are completely 
blocked by systemic injection of the mTORC1 inhibitor 
rapamycin [29]. We have also shown that infusion of RvE1 
into the mPFC or dorsal DG produces antidepressant-like 
effects in mouse models of LPS- and repeated PSL-induced 
depression [29, 31]. These findings suggest that mTORC1 
signaling mediates the antidepressant-like effects of RvE1 
and that the mPFC and dorsal DG play a role in the behavio-
ral effects of RvE1. However, the precise underlying mecha-
nisms remain unclear.

RvE1 was administered directly into the brain in our 
previous studies [29–31], because RvE1 is highly unstable, 
when compared with its precursor EPA, and degrades rap-
idly in vivo [32, 33]. However, this compound should be 
delivered effectively to the brain via a non-invasive route 
for clinical use. The intranasal (i.n.) route is one of the most 
promising delivery routes for drugs to the brain because 
it bypasses the blood–brain barrier and hepatic first-pass 
metabolism [34]. Thus, we first examined whether i.n. 
administration of RvE1 produced antidepressant-like effects 
in a mouse model of LPS-induced depression. We then 
addressed the roles of AMPARs, L-VDCCs, BDNF/VEGF, 
and mTORC1 signaling in the mPFC and dorsal DG in the 
antidepressant-like effects of i.n. administration of RvE1. 
Moreover, we examined whether i.n. RvE1 produced antide-
pressant-like effects via mTORC1 activation in the mPFC in 
a mouse model of repeated PSL-induced depression resistant 
to acute treatment with a conventional antidepressant [31].

Materials and Methods

Animals

Male C57BL/6 J (6–11 weeks, n = 374) and ICR (6–8 weeks, 
n = 110) mice were used as models of LPS-induced and 
repeated PSL-induced depression, respectively. Female ICR 
mice (8 weeks, n = 20) were also used. They were either pur-
chased from Japan SLC (Hamamatsu, Japan) or bred in the 
animal facilities of Kanazawa University, group-housed, and 
maintained at a constant ambient temperature (22 ± 2 °C) under 
a 12-h light/dark cycle with food and water available ad libitum. 
Animal use and procedures were approved by the Institutional 
Animal Care and Use Committee of Kanazawa University, and 
all efforts were made to minimize the suffering of mice. Mice 
were randomly allocated to each treatment group, and the inves-
tigators were not blinded to the group allocation.
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Reagents

RvE1 was synthesized as previously described [35], dis-
solved in 100% ethanol, and stored at – 80 °C. These 
solutions (200 µg/mL for i.n. administration and 100 µg/
mL for intra-mPFC/DG infusion) were diluted with ster-
ile phosphate-buffered saline (PBS) immediately before 
use (final concentrations of ethanol were 0.5% for i.n. 
administration and 0.25% for intra-mPFC/DG infusion). 
LPS (serotype 0127:B8; Sigma, St. Louis, MO), NBQX 
(an AMPAR antagonist; Enzo Life Sciences, Farming-
dale, NY), and verapamil (an L-VDCC blocker; Tokyo 
Chemical Industry, Tokyo, Japan) were dissolved in ster-
ile saline. Sheep anti-BDNF neutralizing antibody (nAb) 
(Cat No. AB1513P, Millipore, Temecula, CA), goat 
anti-VEGF nAb (Cat No. AF-493-NA, R&D Systems, 
Minneapolis, MN), normal sheep IgG (R&D Systems), 
and normal goat IgG (R&D Systems) were reconstituted 
according to the manufacturer’s instructions, and diluted 
with sterile PBS or PBS containing ethanol. Recom-
binant BDNF (Sumitomo Pharma, Osaka, Japan) and 
mouse VEGF164 (the predominant VEGF isoform; Wako, 
Osaka, Japan) were dissolved in 0.1% bovine serum 
albumin (BSA; Wako)/PBS or 10% dimethyl sulfoxide 
(DMSO)/0.09% BSA/PBS. Rapamycin (LC Laboratories, 
Woburn, MA) was initially dissolved in DMSO and then 
diluted with sterile PBS, PBS containing BSA, or PBS 
containing ethanol. Water-soluble PSL (Shionogi, Osaka, 
Japan) was reconstituted in saline.

Surgery and Drug Treatments

Stereotaxic surgery, intra-mPFC (1.8 mm rostral, ± 0.4 mm 
lateral, 2.8 mm ventral to bregma) [36] and intra-dorsal 
DG (2.1 mm caudal, ± 1.5 mm lateral, 2.7 mm ventral 
to bregma) [36] infusions were performed as previously 
described [20, 21, 29, 31, 37, 38]. Each mouse was bilater-
ally infused into the mPFC or dorsal DG with RvE1 (50 pg/
side), BDNF nAb (200 ng/side), normal sheep IgG (200 ng/
side), VEGF nAb (80 ng/side), normal goat IgG (80 ng/
side), rapamycin (0.01 nmol/side), BDNF (100 ng/side), 
VEGF (5 ng/side), or appropriate vehicle in a volume of 
0.2 µL/side. Some mice received an intraperitoneal (i.p.) 
injection of NBQX (10 mg/kg), verapamil (10 mg/kg), or 
saline 30 min before i.n. administration of RvE1. For i.n. 
administration, mice were held in the supine position and 
administered either vehicle (0.5% ethanol/PBS; 10 µL/
mouse) or RvE1 [10 ng (in 0.5% ethanol/PBS)/mouse] by 
slowly pipetting 5 µL into each nostril. These doses were 
determined based on previous studies [15, 20, 21, 29, 31, 
37–40].

Lipopolysaccharide‑Induced Depression Model

Lipopolysaccharide (LPS) (0.8 mg/kg) or saline was i.p. 
injected into C57BL/6 J mice at 10 mL/kg, as previously 
described [29, 38, 40, 41]. Intranasal or intra-mPFC 
administration of RvE1 (or vehicle) was performed 23 h 
after the LPS challenge, and the locomotor activity (LMA) 
test, tail suspension test (TST), and forced swim test (FST) 
were performed 1, 3, and 5 h after the administration of 
RvE1 (or vehicle), respectively.

Repeated Prednisolone‑Induced Depression Model

Repeated administration of prednisolone (PSL) in male 
ICR mice induced depression-like behavior without affect-
ing locomotor activity [31], while repeated injection of 
PSL to C57BL/6 mice not only induced depression-like 
behavior, but also reduced locomotor activity [42]. Thus, 
in the present study, PSL (50 mg/kg per day) or saline was 
injected subcutaneously (s.c.) into ICR mice for 5–6 days, 
as previously described [31]. Intranasal administration of 
RvE1 (or vehicle) was performed 23 h after the fifth injec-
tion of PSL (or saline), followed by the open field test 
(OFT) 1 h later. Thirty minutes after completion of the 
OFT, the sixth injection of PSL (or saline) was adminis-
tered, and 24 h later, the mice underwent the forced swim 
test (FST).

Behavioral Testing

The locomotor activity (LMA) test was performed as previ-
ously described [37, 38]. Each mouse was placed in a testing 
chamber (38 × 26 × 24 cm) and allowed to explore freely for 
10 min. During this period, the total distance traveled and 
time spent in the center area of the chamber (19 × 13 cm) 
were measured automatically using the Smart 3.0 software 
(PanLab Harvard Apparatus, Holliston, MA). The open field 
test (OFT) was performed as previously described [31, 43]. 
Each mouse was placed in an open field (42 × 42 × 42 cm) 
and allowed to explore freely for 10 min. The total distance 
traveled and time spent in the center area (21 × 21 cm) were 
analyzed using the Smart 3.0 software. The tail suspension 
test (TST) was performed as previously described [20, 38]. 
Each mouse was suspended, with its tail fixed to a hook 
using a small piece of adhesive tape. The duration of immo-
bility was measured for 6 min in a blinded manner. Mice 
that climbed their tails during the test period were excluded 
from the analyses (n = 12). The forced swim test (FST) was 
conducted as previously described [20, 21, 29, 31, 37, 38]. 
Each mouse was placed in a 4-L beaker containing water 
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(24 ± 1 °C; 15-cm depth) and forced to swim for 6 min. The 
duration of immobility was scored during the last 4 min in 
a blinded manner.

Histology

After the behavioral tests, mice were euthanized by cervi-
cal dislocation, and their brains were harvested and frozen  
in powdered dry ice. Coronal sections (50 µm) were prepared 
using a cryostat, thaw-mounted on slides, and stained with  
thionin to confirm the infusion sites. Mice with incor-
rect infusion placements were excluded from the analyses 
(C57BL/6 J, n = 33; ICR, n = 23).

Statistical Analyses

Sample sizes were determined based on similar stud-
ies which are sufficient to obtain statistical significances, 
although no statistical methods were used to predetermine 
the sample sizes. Data are presented as mean ± SEM and 
analyzed by the Student’s t-test, one-way or two-way analysis  
of variance (ANOVA) followed by the Holm-Sidak’s post 
hoc test using GraphPad Prism 6 or 9 (GraphPad Software, 
La Jolla, CA). Differences were considered statistically sig-
nificant at p < 0.05.

Results

Intranasal Administration of RvE1 Produces 
Antidepressant‑Like Effects via Activation 
of AMPARs and L‑VDCCs

Our previous study demonstrated that i.c.v. infusion of RvE1 
(1 ng/mouse) exerted antidepressant-like effects in LPS-
induced depression model mice [29]. Here, we examined 
the antidepressant-like effects of i.n. administration of RvE1 
in LPS-challenged mice by administering of RvE1 (10 ng/
mouse) or vehicle (0.5% ethanol/PBS) intranasally 23 h after 
injection of LPS or saline and subjecting the mice to the 
LMA test, TST, and FST 1, 3, and 5 h after i.n. administra-
tion, respectively (Fig. 1a). LPS challenge and i.n. adminis-
tration of RvE1 did not affect total distance traveled (Fig. 1b) 
and the time spent in the center area of the chamber (an 
indicator of anxiety-like behaviors; Fig. 1c) in the LMA test. 
LPS challenge significantly increased immobility in vehicle-
treated mice in the TST (Fig. 1d) and FST (Fig. 1e), and 
i.n. administration of RvE1 alleviated these depression-like 
behaviors. RvE1 did not affect immobility in saline-injected 
control mice, as per the TST (Fig. 1d) and FST (Fig. 1e). 
These findings indicate that i.n. administration of RvE1 pro-
duces antidepressant-like effects.

The antidepressant-like effects of ketamine and other 
rapid-acting agents, require the activation of AMPARs 
and L-VDCCs [10–16, 19, 44]. We examined the involve-
ment of AMPARs and L-VDCCs in the antidepressant-
like effects of i.n. administration of RvE1: LPS-challenged 
mice were i.p. injected with NBQX (10 mg/kg), verapamil 
(10 mg/kg), or saline 30 min before i.n. administration of 
RvE1 (Fig. 1f). LMA was not significantly affected by 
RvE1, NBQX, or verapamil (Fig. 1g). RvE1 significantly 
decreased immobility in saline-pretreated mice in the TST 
(Fig. 1h) and FST (Fig. 1i), and these antidepressant-like 
effects were blocked by pretreatment with NBQX or vera-
pamil. Neither NBQX nor verapamil altered immobility 
in both the TST (Fig. 1h) and FST (Fig. 1i). These results 
indicate that the activation of AMPARs and L-VDCCs is 
required for the antidepressant-like effects of i.n. RvE1.

Antidepressant‑Like Effects of i.n. Administration 
of RvE1 Require BDNF Release in the mPFC

Rapid-acting antidepressants, including ketamine, stim-
ulate BDNF release in the mPFC through activating 
AMPARs and L-VDCCs [10–12, 14–16, 19]. We tested 
whether BDNF release in the mPFC plays a role in the 
antidepressant-like effects of i.n. administration of RvE1. 
We infused BDNF nAb (200 ng/side), which would bind 
and sequester BDNF in the extracellular space, or control 
IgG (200 ng/side) into the mPFC of LPS-challenged mice 
15 min before i.n. administration of RvE1 (Fig. 2a). These 
treatments did not significantly influence LMA (Fig. 2b). 
In control IgG-infused mice, i.n. administration of RvE1 
decreased immobility in the TST (Fig.  2c) and FST 
(Fig. 2d). The antidepressant-like effects of RvE1 were 
completely blocked in BDNF nAb-infused mice. Intra-
mPFC infusion of BDNF nAb alone did not significantly 
alter immobility in the TST (Fig. 2c) and FST (Fig. 2d). 
These results suggest that BDNF release in the mPFC is 
required for the antidepressant-like effects of i.n. RvE1.

Previously, we found that intra-mPFC infusion of RvE1 
(50 pg/side) exerted antidepressant-like effects in LPS-
induced depression model mice [29]. To examine whether 
RvE1 locally induces BDNF release in the mPFC to pro-
duce the antidepressant-like effects, LPS-challenged mice 
received an intra-mPFC co-infusion of RvE1 and BDNF 
nAb (Fig. 2f). LMA was not significantly affected by intra-
mPFC infusion of RvE1, BDNF nAb, or a combination 
of RvE1 and BDNF nAb (Fig. 2g). Intra-mPFC infusion 
of RvE1 significantly decreased immobility in the TST 
(Fig. 2h) and FST (Fig. 2i) in control IgG-co-infused mice, 
and these antidepressant-like effects of RvE1 were blocked 
by co-infusion of BDNF nAb. These results suggest that 
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RvE1 acts locally in the mPFC to induce BDNF release 
and the resulting antidepressant-like effects.

Antidepressant‑Like Effects of i.n. Administration 
of RvE1 Require VEGF Release in the mPFC

We recently found that ketamine rapidly and transiently 
increased VEGF release in the mPFC, which was necessary 
for the rapid antidepressant-like actions of this drug [20]. 

We investigated whether VEGF release in the mPFC plays 
a role in the antidepressant-like effects of i.n. administration 
of RvE1. LPS-challenged mice were infused with VEGF 
nAb (80 ng/side) or control IgG (80 ng/side) into the mPFC 
15 min before i.n. administration of RvE1 (Fig. 3a). These 
treatments did not affect LMA (Fig. 3b). In control IgG-
infused mice, i.n. administration of RvE1 decreased immo-
bility in the TST (Fig. 3c) and FST (Fig. 3d), and these 
effects were completely blocked by VEGF nAb infusion. 

Fig. 1   Intranasal administration of RvE1 produces antidepressant-
like actions via activation of AMPARs and L-VDCCs in LPS-induced 
depression model mice. a Experimental timeline for LPS challenge 
(0.8 mg/kg, i.p.), i.n. administration of either vehicle (0.5% ethanol/
PBS) or RvE1 (10 ng/mouse), and behavioral testing. b, c Effects of 
LPS and RvE1 on total distance traveled (b, interaction, F1,27 = 0.546, 
p = 0.466; LPS, F1,27 = 2.13, p = 0.156; RvE1, F1,27 = 0.0235, 
p = 0.8794) and time in center (c, interaction, F1,27 = 1.131, p = 0.297; 
LPS, F1,27 = 0.0994, p = 0.755; RvE1, F1,27 = 0.0849, p = 0.773) in 
the LMA test. d, e Effects of LPS and RvE1 on immobility time in 
the TST (d, interaction, F1,25 = 5.12, p = 0.0326; two LPS + vehicle-
treated mice were excluded due to tail-climbing) and FST (e, inter-
action, F1,27 = 8.49, p = 0.0071). f Experimental timeline for LPS 

challenge (0.8  mg/kg, i.p.), i.p. injection of saline, NBQX (10  mg/
kg) or verapamil (10  mg/kg), i.n. administration of either vehicle 
(0.5% ethanol/PBS) or RvE1 (10 ng/mouse), and behavioral testing. 
g Effects of NBQX, verapamil and RvE1 on LMA in LPS-challenged 
mice (interaction, F2,32 = 1.29, p = 0.290; inhibitors, F2,32 = 0.628, 
p = 0.540; RvE1, F2,32 = 0.0391, p = 0.845). h, i Effects of NBQX 
and verapamil on the antidepressant-like actions of i.n. administra-
tion of RvE1 in the TST (h, interaction, F2,27 = 4.71, p = 0.0175; two 
saline + vehicle-, one saline + RvE1-, one NBQX + vehicle-, and one 
verapamil + RvE1-treated mice were excluded due to tail-climbing) 
and FST (i, interaction, F2,32 = 9.392, p = 0.0006). Data are expressed 
as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (two-way 
ANOVA followed by Holm-Sidak’s post hoc test)
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VEGF nAb alone did not significantly change immobility 
in both the TST (Fig. 3c) and FST (Fig. 3d). These results 
suggest that VEGF, as well as BDNF, release in the mPFC 
is required for the antidepressant-like effects of i.n. RvE1.

To determine whether RvE1 locally induces VEGF 
release in the mPFC to exert antidepressant-like effects, LPS- 
challenged mice received an intra-mPFC co-infusion of RvE1 
and VEGF nAb (Fig. 3f). LMA was not significantly changed 

following intra-mPFC infusion of RvE1, VEGF nAb, or a 
combination of RvE1 and VEGF nAb (Fig. 3g). Intra-mPFC 
infusion of RvE1 significantly decreased immobility in the 
TST (Fig. 3h) and FST (Fig. 3i) in control-IgG-co-infused 
mice, and these antidepressant-like effects of RvE1 were 
blocked by co-infusion of VEGF nAb. These results suggest 
that RvE1 acts locally in the mPFC to induce VEGF release 
and the resulting antidepressant-like effects.

Fig. 2   Intranasal and intra-mPFC injections of RvE1 produce antide-
pressant-like actions via BDNF release in the mPFC in LPS-induced 
depression model mice. a Experimental timeline for LPS challenge 
(0.8 mg/kg, i.p.), intra-mPFC infusion of either control IgG (200 ng/
side) or BDNF nAb (200  ng/side), i.n. administration of either 
vehicle (0.5% ethanol/PBS) or RvE1 (10  ng/mouse), and behavio-
ral testing. b Effects of intra-mPFC infusion of BDNF nAb and i.n. 
administration of RvE1 on LMA in LPS-challenged mice (interac-
tion, F1,19 = 0.00995, p = 0.922; BDNF nAb, F1,19 = 0.177, p = 0.679; 
RvE1, F1,19 = 0.642, p = 0.433). c, d Effects of intra-mPFC infusion of 
BDNF nAb on the antidepressant-like actions of i.n. administration of 
RvE1 in the TST (c, interaction, F1,19 = 13.9, p = 0.0014) and FST (d, 
interaction, F1,19 = 5.50, p = 0.0300) in LPS-challenged mice. e Sche-

matic representation of the mPFC infusion sites. Plates are from ref. 
36. f Experimental timeline for LPS challenge, intra-mPFC infusion 
of control IgG (200 ng/side), RvE1 (50 pg/side) + control IgG, BDNF 
nAb (200  ng/side) or RvE1 + BDNF nAb, and behavioral testing. 
g–i Effects of intra-mPFC infusion of RvE1 with or without BDNF 
nAb on LMA (g, interaction, F1,25 = 1.07, p = 0.311; BDNF nAb, 
F1,25 = 0.811, p = 0.376; RvE1, F1,25 = 0.821, p = 0.374) and immobil-
ity time in the TST (h, interaction, F1,25 = 7.57, p = 0.0109) and FST 
(i, interaction, F1,25 = 9.92, p = 0.0042) in LPS-challenged mice. j 
Schematic representation of the mPFC infusion sites. Plates are from 
ref. 36. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, 
***p < 0.001 (two-way ANOVA followed by Holm-Sidak’s post hoc 
test)
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Antidepressant‑Like Effects of i.n. Administration 
of RvE1 Require mTORC1 Activation in the mPFC

We previously showed that the antidepressant-like effect 
of i.c.v. infusion of RvE1 was blocked by systemic injec-
tion of rapamycin in LPS-induced depression model mice 
[29]. Here, to investigate the role of mTORC1 in the mPFC 
in the antidepressant-like actions of i.n. administration of 

RvE1, LPS-challenged mice were infused with rapamycin 
(0.01 nmol/side) or vehicle (10% DMSO/PBS, vehicle 1) 
into the mPFC 15 min before i.n. administration of either 
RvE1 or vehicle (0.5% ethanol/PBS, vehicle 2) (Fig. 4a). 
There was no significant difference in LMA among the 
groups (Fig. 4b). In vehicle 1-infused mice, i.n. administra-
tion of RvE1 significantly decreased immobility in the TST 
(Fig. 4c) and FST (Fig. 4d), and these antidepressant-like 

Fig. 3   Intranasal and intra-mPFC injections of RvE1 produce antide-
pressant-like actions via VEGF release in the mPFC in LPS-induced 
depression model mice. a Experimental timeline for LPS challenge 
(0.8 mg/kg, i.p.), intra-mPFC infusion of either control IgG (80 ng/
side) or VEGF nAb (80  ng/side), i.n. administration of either vehi-
cle (0.5% ethanol/PBS) or RvE1 (10  ng/mouse), and behavioral 
testing. b Effects of intra-mPFC infusion of VEGF nAb and i.n. 
administration of RvE1 on LMA in LPS-challenged mice (interac-
tion, F1,23 = 0.0125, p = 0.912; VEGF nAb, F1,23 = 0.0571, p = 0.813; 
RvE1, F1,23 = 2.39, p = 0.136). c, d Effects of intra-mPFC infusion 
of VEGF nAb on the antidepressant-like actions of i.n. administra-
tion of RvE1 in the TST (c, interaction, F1,22 = 6.98, p = 0.0149; one 
IgG + RvE1-treated mouse was excluded due to tail-climbing) and 
FST (d, interaction, F1,23 = 11.1, p = 0.0029) in LPS-challenged mice. 

e Schematic representation of the mPFC infusion sites. Plates are 
from ref. 36. f Experimental timeline for LPS challenge, intra-mPFC 
infusion of control IgG (80  ng/side), RvE1 (50  pg/side) + control 
IgG, VEGF nAb (80 ng/side) or RvE1 + BDNF nAb, and behavioral 
testing. g–i Effects of intra-mPFC infusion of RvE1 with or with-
out VEGF nAb on LMA (g, interaction, F1,18 = 0.000105, p = 0.992; 
VEGF nAb, F1,18 = 0.0319, p = 0.860; RvE1, F1,18 = 0.573, p = 0.459) 
and immobility time in the TST (h, interaction, F1,18 = 7.55, 
p = 0.0133) and FST (i, interaction, F1,18 = 22.0, p = 0.0002) in LPS-
challenged mice. j Schematic representation of the mPFC infusion 
sites. Plates are from ref. 36. Data are expressed as mean ± SEM. 
*p < 0.05, **p < 0.01, ***p < 0.001 (two-way ANOVA followed by 
Holm-Sidak’s post hoc test)
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effects of i.n. RvE1 were completely blocked by intra-mPFC 
infusion of rapamycin. Rapamycin alone did not affect 
immobility in the TST (Fig. 4c) and FST (Fig. 4d). These 
results indicate that mTORC1 activation in the mPFC is 
required for the antidepressant-like effects of i.n. adminis-
tration of RvE1.

To determine whether RvE1 stimulates mTORC1 locally 
in the mPFC to produce antidepressant-like effects, LPS-
challenged mice were co-infused with RvE1 and rapamycin 
into the mPFC (Fig. 4f). There was no significant difference 
in LMA among the groups (Fig. 4g). The antidepressant-like 
effects of intra-mPFC infusion of RvE1 were completely 

Fig. 4   Intranasal and intra-mPFC injections of RvE1 produce 
antidepressant-like actions via mTORC1 activation in the mPFC 
in LPS-induced depression model mice. a Experimental timeline 
for LPS challenge (0.8  mg/kg, i.p.), intra-mPFC infusion of either 
vehicle 1 (10% DMSO/PBS) or rapamycin (0.01  nmol/side), i.n. 
administration of either vehicle 2 (0.5% ethanol/PBS) or RvE1 
(10  ng/mouse), and behavioral testing. b Effects of intra-mPFC 
infusion of rapamycin and i.n. administration of RvE1 on LMA in 
LPS-challenged mice (interaction, F1,16 = 0.0379, p = 0.848; rapa-
mycin, F1,16 = 2.87, p = 0.110; RvE1, F1,16 = 2.09, p = 0.167). c, d 
Effects of intra-mPFC infusion of rapamycin on the antidepressant-
like actions of i.n. administration of RvE1 in the TST (c, interac-
tion, F1,16 = 12.8, p = 0.0025) and FST (d, interaction, F1,16 = 7.16, 

p = 0.0165) in LPS-challenged mice. e Schematic representation 
of the mPFC infusion sites. Plates are from ref. 36. f Experimen-
tal timeline for LPS challenge, intra-mPFC infusion of vehicle (10% 
DMSO/0.25% ethanol/PBS), RvE1 (50 pg/side) or RvE1 + rapamy-
cin (0.01  nmol/side), and behavioral testing. g–i Effects of intra-
mPFC infusion of RvE1 with or without rapamycin on LMA (g, 
one-way ANOVA, F2,16 = 0.761, p = 0.483) and immobility time in 
the TST (h, one-way ANOVA, F2,16 = 7.33, p = 0.0055) and FST 
(i, one-way ANOVA, F2,16 = 22.2, p < 0.0001) in LPS-challenged 
mice. j Schematic representation of the mPFC infusion sites. Plates 
are from ref. 36. Data are expressed as mean ± SEM. *p < 0.05, 
**p < 0.01, ***p < 0.001 [two-way ANOVA (b–d) and one-way 
ANOVA (g–i) followed by Holm-Sidak’s post hoc test]
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blocked by co-infusion of rapamycin in the TST (Fig. 4h) 
and FST (Fig. 4i). These results suggest that RvE1 acts 
locally in the mPFC to produce antidepressant-like effects 
via mTORC1 activation.

Antidepressant‑Like Effects of Intra‑mPFC Infusions 
of BDNF and VEGF Require mTORC1 Activation 
in the mPFC

We previously demonstrated that intra-mPFC infusion of 
BDNF (100 ng/side) or VEGF (5 ng/side) produced ketamine-
like antidepressant-like effects in naïve animals [15, 20, 21, 
37, 38]. Here, we tested the antidepressant-like actions of 
BDNF and VEGF in LPS-induced depression model mice 
(Fig. 5a). Intra-mPFC infusion of BDNF or VEGF completely 
reversed LPS-induced depression-like behaviors in the TST 
(Fig. 5c) and FST (Fig. 5d) without affecting LMA (Fig. 5b). 
These results indicate that intra-mPFC infusion of BDNF/
VEGF produces antidepressant-like effects in LPS-challenged 
mice.

Although previous studies showed that both BDNF and 
VEGF can activate mTORC1 [24, 45], to our knowledge, 
there is no direct behavioral evidence of whether the intra-
mPFC infusion of BDNF or VEGF exerts the antidepressant-
like effects via mTORC1 activation. Hence, we examined the 
effects of co-infusion of the mTORC1 inhibitor rapamycin 
(0.01 nmol/side) on the antidepressant-like effects of intra-
mPFC infusion of these neurotrophic factors in mice with 
LPS-induced depression (Fig. 5f). There was no difference 
in LMA among the groups (Fig. 5g). The antidepressant-
like effects of intra-mPFC infusion of BDNF or VEGF were 
significantly blocked by co-infusion of rapamycin in the TST 
(Fig. 5h) and FST (Fig. 5i). Intra-mPFC infusion of rapamy-
cin alone did not alter immobility in both the TST (Fig. 5h) 
and FST (Fig. 5i). These results indicate that intra-mPFC 
infusion of BDNF/VEGF produces antidepressant-like 
effects in an mTORC1-dependent manner.

Intranasal Administration of RvE1 Attenuates 
Repeated PSL‑Induced Depression‑Like Behavior 
via mTORC1 Activation in the mPFC

To further confirm the role of prefrontal mTORC1 activa-
tion in the antidepressant-like actions of i.n. administra-
tion of RvE1, we examined whether these effects required 
mTORC1 activation in the mPFC using a mouse model of 
repeated PSL-induced depression in which the conventional 
antidepressant desipramine fails to decrease immobility as 
per the FST [31]. Male ICR mice were injected s.c. with 
PSL (50 mg/kg) or saline daily, administered i.n. with either 
RvE1 (10 ng/mouse) or vehicle 23 h after the fifth s.c. injec-
tion, and subjected to the OFT 1 h later (Fig. 6a). Thirty 
minutes after the OFT, the mice received an additional s.c. 

injection with either PSL or saline, and 24 h later, they 
underwent the FST (Fig. 6a). Repeated PSL and i.n. RvE1 
administrations did not affect the total distance traveled 
(Fig. 6b) or time spent in the center area (Fig. 6c) in the 
OFT, suggesting that these treatments did not significantly 
influence LMA and anxiety levels. Repeated PSL injections 
significantly increased immobility in the FST (Fig. 6d) in 
vehicle-treated mice, and i.n. administration of RvE1 alle-
viated this depression-like behavior. RvE1 did not affect 
immobility in saline-injected control mice (Fig. 6d). These 
findings indicate that i.n. administration of RvE1 produces 
antidepressant-like effects in the mouse models of repeated 
PSL-induced, as well as LPS-induced, depression-like 
behaviors. PSL-treated male mice were then infused with 
rapamycin (0.01 nmol/side) or vehicle 1 into the mPFC 
15 min before i.n. administration of either RvE1 or vehi-
cle 2 (Fig. 6e). There were no significant differences in the 
distance traveled (Fig. 6f) or time spent in the center area 
(Fig. 6g) in the OFT among the groups. In vehicle 1-infused 
mice, i.n. administration of RvE1 significantly decreased 
immobility in the FST (Fig. 6h), and the antidepressant-like 
effects of i.n. RvE1 were significantly blocked by intra-
mPFC infusion of rapamycin. These findings confirm the 
antidepressant-like potential of i.n. administration of RvE1.

We also examined whether repeated administration of 
PSL in female ICR mice was able to induce depression-
like behavior (Supplemental Fig. 1a). Repeated PSL signifi-
cantly decreased time spent in the center area (Supplemental 
Fig. 1c) without affecting total distance traveled in the OFT 
(Supplemental Fig. 1b), but failed to increase immobility 
in the FST (Supplemental Fig. 1d). These findings suggest 
that repeated injection of PSL induces anxiety-like, but not 
depression-like, behavior in female mice. Thus, we were 
unable to evaluate the antidepressant-like effects of i.n. 
RvE1 in PSL-treated females.

Antidepressant‑Like Effects of i.n. Administration 
of RvE1 Require BDNF/VEGF Release in the Dorsal 
DG

We previously demonstrated that infusion of RvE1 into 
the dorsal DG exerted antidepressant-like effects in LPS-
challenged mice [29]. Thus, we examined whether BDNF 
release in the dorsal DG mediates the antidepressant-like 
effects of i.n. RvE1. We infused BDNF nAb (200 ng/side) 
or control IgG (200 ng/side) into the dorsal DG of LPS-
challenged mice 15 min before i.n. administration of RvE1 
(Fig. 7a). These treatments did not significantly affect LMA 
(Fig. 7b). In control IgG-infused mice, i.n. RvE1 decreased 
immobility in the TST (Fig. 7c) and FST (Fig. 7d), and 
these antidepressant-like actions were significantly blocked 
by BDNF nAb infusion. BDNF nAb alone did not signifi-
cantly change immobility in the TST (Fig. 7c) and FST 
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(Fig. 7d). These results suggest that BDNF release in the 
dorsal DG mediates the antidepressant-like effects of i.n. 
RvE1.

Next, we investigated whether VEGF release in the dorsal 
DG is required for the antidepressant-like actions of i.n. RvE1. 
LPS-challenged mice were infused with VEGF nAb (80 ng/
side) or control IgG (80 ng/side) into the dorsal DG 15 min 
before i.n. administration of RvE1 (Fig. 7f). These treat-
ments did not significantly influence LMA (Fig. 7g). In con-
trol IgG-infused mice, i.n. RvE1 decreased immobility in the 
TST (Fig. 7h) and FST (Fig. 7i), and these antidepressant-like 
actions were significantly blocked by VEGF nAb infusion. 
VEGF nAb alone did not significantly change immobility in 
the TST (Fig. 7h) and FST (Fig. 7i). These results suggest that 
VEGF release in the dorsal DG mediates the antidepressant-
like effects of i.n. RvE1.

Antidepressant‑Like Effects of i.n. Administration 
of RvE1 Are Independent of mTORC1 in the Dorsal 
DG

We also tested the role of mTORC1 in the dorsal DG in the 
antidepressant-like effects of i.n. RvE1. LPS-challenged 
mice were infused with rapamycin (0.01 nmol/side) or vehi-
cle (10% DMSO/PBS, vehicle 1) into the dorsal DG 15 min 
before i.n. administration of either RvE1 or vehicle (0.5% 
ethanol/PBS, vehicle 2) (Fig. 8a). There was no significant 
difference in LMA among the groups (Fig. 8b). In vehicle 
1-infused mice, i.n. RvE1 significantly decreased immobility 
in the TST (Fig. 8c) and FST (Fig. 8d), and unexpectedly, 

these antidepressant-like effects were not blocked by intra-DG 
infusion of rapamycin. Rapamycin alone did not significantly 
change immobility in the TST (Fig. 8c) and FST (Fig. 8d). 
These results suggest that mTORC1 in the dorsal DG is not 
involved in the antidepressant-like effects of i.n. RvE1.

Discussion

Our findings demonstrate that (1) i.n. administration of an 
extremely low dose of RvE1 (10 ng/mouse) exerts antide-
pressant-like effects in mouse models of LPS- and repeated 
PSL-induced depression-like behaviors, consistent with 
our previous findings that i.c.v. (1 ng/mouse), intra-mPFC 
(50 pg/side), and intra-dorsal DG (50 pg/side) infusions of 
RvE1 produce antidepressant-like effects [29–31]; (2) the 
antidepressant-like effects of i.n. administration of RvE1 
require activation of AMPARs and L-VDCCs; (3) the antide-
pressant-like effects of both i.n. and intra-mPFC administra-
tions of RvE1 require BDNF/VEGF release and subsequent 
activation of mTORC1 in the mPFC; (4) the antidepressant-
like effects of i.n. RvE1 require BDNF/VEGF release, but 
not mTORC1 activation, in the dorsal DG. These results 
provide the first evidence that i.n. administration of RvE1 
produces therapeutic effects in mouse models of depression 
through mechanisms similar to those underlying the rapid 
antidepressant actions of ketamine [10–12]. Furthermore, 
our findings suggest that i.n. application is an attractive 
option for the clinical use of unstable resolvins. RvE1 is 
an endogenous lipid mediator important for homeostasis 
[26] and is safer than ketamine. Thus, RvE1 and its receptor 
ChemR23 may be promising targets for developing novel 
rapid-acting antidepressants.

Since the dose of i.n. RvE1 (10 ng/mouse) was extremely 
low, it was technically difficult to measure RvE1 levels in 
the brain. However, given that i.n. administered peptides, 
steroids, and liposomal drugs are reportedly distributed 
throughout the whole brain [46–50], RvE1, which has a low 
molecular weight (350.4), can be distributed to the whole 
brain after i.n. administration. The present study showed 
that the antidepressant-like effects of i.n. RvE1 were blocked 
by local infusion of BDNF and VEGF nAbs in the mPFC 
or dorsal DG in LPS-challenged mice. These findings sug-
gest that RvE1 can act on the mPFC and dorsal DG to pro-
duce antidepressant-like actions, which is consistent with 
our previous findings that local infusion of RvE1 into the 
mPFC and dorsal DG produces antidepressant-like effects 
[29, 31]. However, further investigations are required to 
quantify the amount of RvE1 in each brain region after i.n. 
administration.

As LPS-challenged mice are an inflammation-based 
model of depression [51], it is possible that i.n. RvE1 
may specifically ameliorate LPS-induced depression-like 

Fig. 5   Intra-mPFC infusion of BDNF or VEGF produces antidepressant-
like effects via mTORC1 activation in LPS-induced depression model 
mice. a The experimental timeline for LPS challenge (0.8 mg/kg, i.p.), 
intra-mPFC infusion of vehicle (0.1% BSA/PBS), BDNF (100 ng/side) 
or VEGF (5 ng/side), and behavioral testing. b–d Effects of intra-mPFC 
infusion of BDNF or VEGF on LMA (b, one-way ANOVA, F3,19 = 1.01, 
p = 0.411) and immobility time in the TST (c, one-way ANOVA, 
F3,19 = 10.1, p = 0.0003) and FST (d, one-way ANOVA, F3,19 = 10.7, 
p = 0.0002) in LPS-challenged mice. e Schematic representation of the 
mPFC infusion sites. Plates are from ref. 36. f The experimental time-
line for LPS challenge (0.8 mg/kg, i.p.), intra-mPFC infusion of vehicle 
(10% DMSO/0.09% BSA/PBS), BDNF (100  ng/side), VEGF (5  ng/
side), rapamycin [0.01  nmol/side; a mechanistic target of rapamycin 
complex 1 (mTORC1) inhibitor], BDNF + rapamycin or VEGF + rapa-
mycin, and behavioral testing. g–h Effects of intra-mPFC infusion of 
BDNF or VEGF with or without rapamycin on LMA (g, interaction, 
F2,30 = 1.86, p = 0.171; rapamycin, F1,30 = 0.975, p = 0.331; BDNF and 
VEGF, F2,30 = 0.377, p = 0.689) and immobility time in the TST (h, inter-
action, F2,28 = 7.47, p = 0.0025; one VEGF- and one BDNF + rapamycin-
treated mice were excluded due to tail-climbing) and FST (i, interaction, 
F2,30 = 4.86, p = 0.0149) in LPS-challenged mice. j Schematic repre-
sentation of the mPFC infusion sites. Plates are from ref. 36. Data are 
expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (b–d, 
one-way ANOVA; g, h, two-way ANOVA followed by Holm-Sidak’s 
post hoc test)
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Fig. 6   Intranasal administration of RvE1 produces antidepressant-
like actions via mTORC1 activation in the mPFC in repeated PSL-
induced depression model mice. a Experimental timeline for PSL 
treatment (50 mg/kg, s.c., once a day for 6 days), i.n. administration 
of either vehicle (0.5% ethanol/PBS) or RvE1 (10  ng/mouse), and 
behavioral testing. b, c Effects of PSL and RvE1 on total distance 
traveled (b, interaction, F1,56 = 0.0793, p = 0.779; PSL, F1,56 = 0.829, 
p = 0.366; RvE1, F1,56 = 0.326, p = 0.570) and time in center (c, 
interaction, F1,56 = 0.0605, p = 0.807; PSL, F1,56 = 1.38, p = 0.245; 
RvE1, F1,56 = 4.37, p = 0.0411) in the OFT. d Effects of PSL and 
RvE1 on immobility time in the FST (interaction, F1,56 = 6.36, 
p = 0.0146). e Experimental timeline for PSL treatment (50  mg/kg, 
s.c., once a day for 6 days), intra-mPFC infusion of either vehicle 1 

(10% DMSO/PBS) or rapamycin (0.01  nmol/side), i.n. administra-
tion of either vehicle 2 (0.5% ethanol/PBS) or RvE1 (10 ng/mouse), 
and behavioral testing (f, g) Effects of intra-mPFC infusion of rapa-
mycin and i.n. administration of RvE1 on total distance traveled (f, 
interaction, F1,21 = 4.85, p = 0.039) and time in center (g, interaction, 
F1,21 = 0.0710, p = 0.793; rapamycin, F1,21 = 1.05, p = 0.318; RvE1, 
F1,21 = 0.978, p = 0.334) in the OFT in PSL-treated mice. h Effects of 
intra-mPFC infusion of rapamycin on the antidepressant-like actions 
of i.n. administration of RvE1 in the FST (interaction, F1,21 = 4.76, 
p = 0.0407). i Schematic representation of the mPFC infusion sites. 
Plates are from ref. 36. Data are expressed as mean ± SEM. *p < 0.05, 
**p < 0.01 (two-way ANOVA followed by Holm-Sidak’s post hoc 
test)
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behaviors via anti-inflammatory and pro-resolving actions. 
Additionally, in LPS-challenged mice, the antidepressant-
like effects of RvE1 can be evaluated only during a limited 
period, since sickness behaviors appear with the peak at 
2–6 h after the LPS challenge, and depression-like behav-
iors peak 1 day post-challenge and disappear within 3 days 
[52, 53]. Furthermore, the effects of i.n. RvE1 should be 

evaluated in female models of depression because depres-
sion is more prevalent in women than in men [54]. However, 
LPS-challenged female mice did not display depression-like 
behaviors [55, 56]. Thus, the antidepressant-like effects of 
i.n. RvE1 should be confirmed in other animal models of 
depression. In the present study, we used repeated PSL-
treated male mice [29]. This model is based on clinical 

Fig. 7   Intranasal administration of RvE1 produces antidepressant-like 
actions via BDNF/VEGF release in the dorsal DG in LPS-induced 
depression model mice. a Experimental timeline for LPS challenge 
(0.8  mg/kg, i.p.), intra-DG infusion of either control IgG (200  ng/
side) or BDNF nAb (200 ng/side), i.n. administration of either vehicle 
(0.5% ethanol/PBS) or RvE1 (10 ng/mouse), and behavioral testing. 
b Effects of intra-DG infusion of BDNF nAb and i.n. administration 
of RvE1 on LMA in LPS-challenged mice (interaction, F1,19 = 1.66, 
p = 0.213; BDNF nAb, F1,19 = 0.539, p = 0.472; RvE1, F1,19 = 1.88, 
p = 0.186). c, d Effects of intra-DG infusion of BDNF nAb on the 
antidepressant-like actions of i.n. administration of RvE1 in the 
TST (c, interaction, F1,18 = 9.79, p = 0.0058; one IgG + RvE1-treated 
mouse was excluded due to tail-climbing) and FST (d, interaction, 
F1,19 = 6.22, p = 0.0221) in LPS-challenged mice. e Schematic repre-
sentation of the DG infusion sites. Plates are from ref. 36. f Experi-

mental timeline for LPS challenge, intra-DG infusion of either con-
trol IgG (80 ng/side) or VEGF nAb (80 ng/side), i.n. administration 
of either vehicle or RvE1, and behavioral testing. g Effects of intra-
DG infusion of VEGF nAb and i.n. administration of RvE1 on LMA 
in LPS-challenged mice (interaction, F1,22 = 0.121, p = 0.731; VEGF 
nAb, F1,22 = 0.633, p = 0.435; RvE1, F1,22 = 0.736, p = 0.400). h, 
i Effects of intra-DG infusion of VEGF nAb on the antidepressant-
like actions of i.n. administration of RvE1 in the TST (h, interaction, 
F1,21 = 20.5, p = 0.0002; one VEGF nAb + RvE1-treated mouse was 
excluded due to tail-climbing) and FST (i, interaction, F1,22 = 11.7, 
p = 0.0025) in LPS-challenged mice. j Schematic representation of 
the DG infusion sites. Plates are from ref. 36. Data are expressed as 
mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (two-way ANOVA 
followed by Holm-Sidak’s post hoc test)
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observations that patients treated with synthetic glucocorti-
coids have a higher prevalence of depression than untreated 
patients [57]. Repeated PSL-induced depression-like behav-
ior was attenuated by RvE1 24 h after i.n. administration, 
suggesting that the antidepressant-like effects of i.n. RvE1 

lasted for at least 24 h. Considering that RvE1 appears to be 
rapidly inactivated [32, 33], the current findings raise the 
possibility that a single i.n. administration of RvE1 could 
cause rapid and sustained plastic changes in brain regions, 
including the mPFC and DG, resulting in rapid and sustained 
antidepressant-like effects. This possibility should be exam-
ined further in future studies. In addition, the present study 
was unable to evaluate the antidepressant-like effects of 
RvE1 in repeated PSL-treated female mice because repeated 
PSL induced anxiety-like behavior instead of depression-like 
behavior in females. Further studies are required to evalu-
ate the antidepressant-like effects of RvE1 in other female 
models of depression.

Ketamine and scopolamine rapidly increase extracellu-
lar glutamate levels in the mPFC [18, 58] via the blockade 
of NMDARs and M1 muscarinic acetylcholine receptors, 
respectively, on γ-aminobutyric acidergic (GABAergic) 
interneurons, resulting in disinhibition of glutamatergic 
neurotransmission [10–12, 59, 60]. Ketamine/scopolamine-
induced glutamate burst activates postsynaptic AMPARs 
[18, 61]. AMPAR stimulation activates L-VDCCs, which 
leads to BDNF release and activation of mTORC1 signal-
ing [62]. In addition to BDNF, neuronal VEGF signaling in 
the mPFC plays an essential role in the rapid and sustained 
antidepressant-like effects of ketamine [20], and VEGF stim-
ulates mTORC1 signaling [24]. Consistent with these find-
ings, the current study demonstrated that the antidepressant-
like effects of BDNF and VEGF are completely blocked by 
intra-mPFC co-infusion of rapamycin. To our knowledge, this 
is the first direct behavioral evidence suggesting that both 
BDNF and VEGF in the mPFC require the activation of 
downstream mTORC1 signaling to produce antidepressant-
like effects. Together, these findings confirm that BDNF/
VEGF release and subsequent mTORC1 signaling in the 
mPFC mediate the antidepressant-like actions of ketamine 
and scopolamine. However, some studies raise questions 
about the role of mTORC1 in the antidepressant actions 
of ketamine. Autry et al. [63] demonstrated that ketamine  
did not activate mTORC1 signaling in the mPFC and hip-
pocampus and that systemic injection of rapamycin did not 
reduce the antidepressant-like effects of ketamine. Moreo-
ver, Abdallah et al. [64] reported that a single oral pretreat-
ment with rapamycin unexpectedly prolonged, rather than 
blocked, the antidepressant effects of ketamine in patients 
with depression. In contrast, NV-5138, an mTORC1 activa-
tor, produces rapid antidepressant-like effects in rodents [65]. 
Phase I clinical trials show that a single dose of NV-5138 
produces rapid antidepressant effects with a favorable safety 
profile in patients with depression [66]. However, the effi-
cacy of this drug requires confirmation in larger clinical tri-
als (a randomized, double-blind, placebo-controlled phase 
II trial is currently underway; Clinicaltrials.gov Identifier: 
NCT05066672). Overall, although the role of mTORC1 in 
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the antidepressant effects of ketamine remains controversial, 
agents that induce BDNF/VEGF release and subsequent acti-
vation of mTORC1 in the mPFC are promising candidates for 
a new class of rapid-acting antidepressants.

In the current study, using a mouse model of LPS-
induced depression-like behaviors, we demonstrated that 

the antidepressant-like actions of i.n. administration of RvE1 
were blocked by pretreatment with an AMPAR antagonist 
and L-VDCC inhibitor and that the antidepressant-like effects 
of i.n. and intra-mPFC administrations of RvE1 were blocked 
by intra-mPFC infusion of BDNF nAb, VEGF nAb, and 
rapamycin. Moreover, i.n. administration of RvE1 produced 

Fig. 9   Proposed model for the cellular mechanisms underlying the 
rapid antidepressant-like effects of ketamine and RvE1. Ketamine 
blockade of NMDARs expressed on GABAergic interneurons results 
in disinhibition and rapid glutamate burst that activates AMPARs in 
the mPFC. Similarly, we hypothesize that RvE1 activates AMPARs 
via stimulation of the Gi-coupled ChemR23 on GABAergic interneu-
rons, although it is still unclear whether ChemR23 is expressed by 
these neurons. The activation of AMPARs causes depolarization and 
activation of L-VDCCs, which stimulates BDNF and VEGF release. 
BDNF and VEGF stimulate TrkB and Flk-1, respectively, resulting 
in activation of mTORC1 signaling pathway. The mTORC1 pathway 
controls the translation and synthesis of synaptic proteins, such as 
GluA1 and PSD95, that are required for increases in synaptogenesis 

and spine maturation. These cellular events in the mPFC could be 
associated with the rapid antidepressant-like actions of ketamine and 
RvE1. BDNF and VEGF release, but not mTORC1 activation, in the 
dorsal DG also mediate the antidepressant-like effects of RvE1, sug-
gesting the involvement of mTORC1-independent downstream medi-
ators of BDNF/VEGF in the dorsal DG. AMPAR α-amino-3-hydroxy-
5-methyl-4-isoxasole propionic acid receptor, Flk-1 fetal liver kinase, 
GABA γ-aminobutyric acid, GABAAR GABAA receptor, L-VDCC 
L-type voltage-dependent Ca2+ channel, mTORC1 mechanistic target 
of rapamycin complex 1, nAb neutralizing antibody, PSD95 postsyn-
aptic density protein 95, NMDAR N-methyl-d-aspartate receptor, TrkB 
tropomyosin-related kinase B
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antidepressant-like effects via intra-mPFC mTORC1 activa-
tion in repeated PSL-treated male mice, which were resistant 
to a conventional antidepressant [31]. Although these find-
ings suggest that i.n. RvE1 produces rapid antidepressant-
like effects via ketamine-like mechanisms, the initial cellular 
target leading to the glutamate burst and AMPAR activation 
remains unknown. The present results, coupled with the fact 
that ChemR23 is an inhibitory G-protein-coupled recep-
tor [67], raise the possibility that RvE1 initially stimulates 
ChemR23 in GABAergic interneurons, resulting in disin-
hibition and rapid glutamate burst in the mPFC. This may 
activate L-VDCCs and cause Ca2+ influx, leading to BDNF 
and VEGF release and subsequent mTORC1 activation in 
the mPFC, which is associated with the rapid antidepressant-
like actions of RvE1 (Fig. 9). However, to our knowledge, 
it remains unknown whether ChemR23 is expressed by 
GABAergic interneurons, although this receptor is reportedly 
detected in neurons and glia in several human brain regions, 
including a part of the prefrontal cortex (Brodmann area 46) 
and the hippocampus [68]. Further studies are needed to test 
this hypothesis.

BDNF and VEGF signaling in the DG also play critical 
roles in the antidepressant-like effects of ketamine [22, 23]. 
Similarly, the present study demonstrated that BDNF/VEGF 
release in the dorsal DG is required for the behavioral effects 
of i.n. RvE1. However, infusion of rapamycin into the dor-
sal DG failed to block the antidepressant-like effects of i.n. 
RvE1, suggesting that mTORC1 in this brain region is not 
involved in the behavioral effects of i.n. RvE1. These results 
are consistent with previous findings that ketamine does not 
activate mTORC1 in the dorsal hippocampus [69] and that 
BDNF, but not mTORC1, signaling in the hippocampus is 
required for the antidepressant-like actions of ketamine [63]. 
Therefore, it is important in future studies to determine the 
mTORC1-independent downstream mediators of BDNF/
VEGF in the dorsal DG involved in the antidepressant-like 
effects of RvE1. Further molecular studies are required to 
confirm the impact of RvE1 on the mTORC1 signaling path-
way in the dorsal DG and mPFC.

Previous studies have demonstrated that LPS (approxi-
mately 0.8 mg/kg, i.p.) modulates the mTORC1 pathway in 
the mouse brain; however, the results have been mixed. Fran-
cija et al. [70] reported that LPS (0.83 mg/kg, i.p.) suppressed 
mTORC1 signaling in the prefrontal cortex and hippocampus 
at 28 h post-injection; this was associated with depression-
like behaviors. Genetic deletion of the NMDAR GluN2A 
subunit abolished LPS-induced depression-like behaviors 
by sustaining mTORC1 signaling activity [70]. Conversely, 
Zhao et al. [71] showed that LPS (0.83 mg/kg, i.p.) increased 
mTORC1 signaling in the forebrain 24 h after injection and 
concluded that LPS might induce depression-like behaviors 

via the activation of mTORC1 signaling. However, the causal 
relationship between increased mTORC1 signaling and 
depression-like phenotypes remains unclear, and the possi-
bility that increased mTORC1 activity may be a compensa-
tory response cannot be ruled out. Moreover, consistent with 
our previous finding that systemic injection of rapamycin 
did not affect LPS-induced depression-like behaviors [29, 
40], the present study demonstrated that a single infusion 
of rapamycin into the mPFC or dorsal DG 22.75 h after the 
LPS challenge did not affect LPS-induced depression-like 
behaviors. These findings suggest that mTORC1 activation 
is not involved in the induction of depression-like behaviors.

In conclusion, this study demonstrates that activity-
dependent BDNF/VEGF release and subsequent activation 
of mTORC1 in the mPFC play an essential role in the rapid 
antidepressant-like effects of i.n. administration of RvE1. 
Moreover, BDNF/VEGF release, but not mTORC1 activation, 
in the dorsal DG mediates the antidepressant-like actions of 
i.n. RvE1. However, the present study did not examine the role 
of BDNF/VEGF in the sustained antidepressant-like actions of 
i.n. RvE1 using repeated PSL-treated male mice, which should 
be examined in future studies. Nevertheless, the present find-
ings suggest that i.n. administration is a viable and promising 
route for the delivery of unstable RvE1 to the brain and can 
pave the way for the application of RvE1 and other resolvins in 
the treatment of psychiatric and neurological disorders, includ-
ing depression.
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