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Abstract. (5S,10R)‑5‑methyl‑10,11‑dihydro‑5H‑dibenzo(A,D)
cyclohepten‑5,10‑imine hydrogen maleate (MK‑801) is 
an N‑methyl‑D‑aspartate non‑competitive antagonist that 
possesses useful biological properties, including anticon-
vulsant and anesthetic activities. Studies have indicated the 
rapid antidepressant effects of MK‑801 in animal models. 
However, there are no reports concerning a sustained anti-
depressant effect in the chronic unpredictable mild stress 
(CUMS) model. Furthermore, the antidepressant mechanism 
remains unclear. The aim of the present study was to examine 
the effects of MK‑801 (0.1 mg/kg) and rapastinel (10 mg/kg) 
on depression‑like behavior in CUMS mice and measure 
the protein expression of brain‑derived neurotrophic factor 
(BDNF), α‑amino‑3‑hydroxy‑5‑methyl‑4‑isoxazolepropionic 
acid receptor (GluA1) and phosphorylated mammalian target 
of rapamycin (p‑mTOR). In the tail suspension and forced 
swim tests, MK‑801 significantly attenuated the increased 
immobility time in CUMS mice compared with the vehicle 
group. In the sucrose preference test, a single‑dose injection 
of MK‑801 significantly ameliorated the decreased sucrose 
preference in CUMS mice compared with the vehicle group. 
Western blot analyses indicated that MK‑801 significantly 
attenuated the decreased BDNF, GluA1 and p‑mTOR protein 
levels in the medial prefrontal cortex (mPFC), dentate gyrus 
(DG) and CA3 of the hippocampi of CUMS mice. Conversely, 
this compound had no effect on increased BDNF, GluA1 and 
p‑mTOR protein levels in the nucleus accumbens of CUMS 

mice. Therefore, the present study revealed the sustained 
antidepressant effects of MK‑801 in the CUMS model. 
Furthermore, synaptogenesis and neuronal regeneration in the 
prelimbic regions of mPFC, DG and CA3 of the hippocampus 
may be implicated as mechanisms that promote a sustained 
antidepressant response.

Introduction

In addition to being the most prevalent mental disorder, 
depression is one of the leading causes of disability across 
the world (1). Major depressive disorder is among the most 
severe and debilitating psychiatric illnesses  (2). Although 
serotonin‑norepinephrine reuptake inhibitors and selective 
serotonin reuptake inhibitors are generally effective in the 
treatment of depression, it can take several weeks for the 
patients to experience the complete therapeutic benefits (3). 
In addition, ~1/3 of these patients fail to respond to the 
current pharmacotherapy and there is a high rate of relapse 
among those who do (4). Therefore, the development of novel 
therapeutic agents capable of inducing rapid and sustained 
antidepressant responses is urgently required to treat patients 
with depression who are resistant to the currently available 
pharmacological agents.

The pharmacological agent (5S,10R)‑5‑methyl‑10,11‑dihydro‑ 
5H‑dibenzo(A,D)cyclohepten‑5,10‑imine hydrogen maleate 
(MK‑801) is a high affinity, noncompetitive antagonist of 
N‑methyl‑D‑aspartate (NMDA)  (5). Previous results have 
indicated the antidepressant action of rapastinel (formerly 
GLYX‑13) in preclinical models of depression (6). However, the 
reports of the antidepressant activity of MK‑801 in rodents are 
inconsistent. MK‑801 at 0.1 mg/kg has been demonstrated to 
significantly decrease the immobility time during the forced 
swimming test (FST) in mice (7). Notably, MK‑801 has been 
indicated to have a short half‑life, persisting for 3 h following 
the administration of a single dose (7). Furthermore, MK‑801 at 
0.03 and 0.1 mg/kg exhibited antidepressant activity that lasted 
for 1 h in mice, whereas the antidepressant effects were not 
evident at 24 h in FST (8). MK‑801 at 0.1 mg/kg significantly 
enhances the decreased sucrose consumption 2 days following 
single‑dose administration in the sucrose preference test 
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(SPT) (8). However, no anti‑anhedonia effect was detected 4 or 
7 days following the administration of the single dose in a social 
defeat stress model (9). These findings suggest that MK‑801 
induces a rapid antidepressant effect in the social defeat stress 
model, although the effect was not long lasting (9).

The US Food and Drug Administration granted rapas-
tinel the Fast Track designation in 2014 (10). Studies have 
demonstrated that rapastinel, an NMDA receptor glycine‑site 
functional partial agonist, induces a rapid and long‑lasting 
antidepressant‑like effect without psychotomimetic side 
effects in animal models (11). In another study, it was revealed 
that the antidepressant effect of rapastinel persisted for 5 days 
following treatment with a single dose in the social defeat 
stress model of depression (12). A recent placebo‑controlled 
study suggested that rapastinel at 5 and 10 mg/kg produces 
a rapid and sustained antidepressant effect following a single 
intravenous infusion in patients with depression who had 
not responded to other antidepressants, without eliciting any 
psychotomimetic or other notable side effects (13).

The aim of the present study was to demonstrate that 
MK‑801 elicits a sustained antidepressant effect in the estab-
lished chronic unpredictable mild stress (CUMS) mouse 
model. The antidepressant effects of MK‑801 and rapastinel 
were evaluated in mice subjected to behavioral tests in the 
CUMS model of depression. As brain‑derived neurotrophic 
factor (BDNF), a subtype of α‑amino‑3‑hydroxy‑5‑methyl‑4‑
isoxazolepropionic acid receptor (GluA1) and phosphorylated 
mammalian target of rapamycin (p‑mTOR) signaling are 
implicated in the mechanisms underlying the antidepressant 
action of the NMDA receptor antagonists (11,14,15), western 
blot analysis was performed to examine the effects of MK‑801 
and rapastinel on the protein expression of BDNF, GluA1 and 
p‑mTOR in the medial prefrontal cortex (mPFC), nucleus 
accumbens (NAc), dentate gyrus (DG) and CA3 of the hippo-
campi regions (12,16).

Materials and methods

Animals. A total of 40 young, healthy male CD1 (ICR) mice 
(body weight, 22‑25 g; age, 6‑8 weeks) born and reared in 
the animal facility of Renmin Hospital of Wuhan University 
(Wuhan, China) were used in the present study. All animals 
were maintained in a room at 22±2˚C with 60±5% relative 
humidity and a 12‑h light/dark cycle (lights on between 
07:00‑19:00 h). Mice had ad  libitum access to water and 
food when the stressors were not applied. The stressors were 
applied to mice outside their living area in a separate proce-
dure room.

The present study was conducted in strict accordance with 
the recommendations of the Guide for the Care and Use of 
Laboratory Animals and was approved by the Institutional 
Animal Care and Use Committee of Wuhan University.

Drugs and drug administration. On the day of intraperitoneal 
injection a single dose of vehicle (10 ml/kg; 0.9% saline), 
MK‑801 (0.1 mg/kg, Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany), and rapastinel (10 mg/kg, Tocris Bioscience, Bristol, 
UK) were administered to mice (Fig. 1A). Previously reported 
doses of MK‑801 (0.1 mg/kg) and rapastinel (10 mg/kg) were 
used (7‑9,11). If a drug exhibited antidepressant activity that 

lasted for >24 h in FST or 2 days in SPT mice, it was considered 
long‑lasting (8,9).

CUMS mice model. The CUMS procedure was performed as 
previously described (11). CUMS mice model consisted of a 
range of unpredictable stressors, which alone are insufficient 
to induce sustained effects. The animal model consisted 
of random chronic exposure to a variety of unpredictable 
stressors, which are listed in Table I. To ensure the application 
of unpredictable stress and prevent habituation, all stressors 
were randomly scheduled during a 7‑day experimental period 
and repeated three times throughout the 21‑day experimental 
period, the SPT was used to evaluate the successful estab-
lishment of the CUMS model as previously described (11). 
Control mice (the housing conditions, age, sex and weight 
of the control mice were the same as the study group) were 
bred in a separate room and did not come in contact with the 
stressed groups. There were four treatment groups as follows 
(n=10 mice/group): Control (10 ml/kg; distilled water), vehicle 
(10 ml/kg; distilled water), MK‑801 (0.1 mg/kg) and rapastinel 
(10 mg/kg).

Behavioral tests. All behavioral tests were performed as 
reported previously (17‑19). The tests were performed in a quiet 
room. All experimental mice were placed in the behavioral 
test room for ~30 min prior to the test and were returned to the 
housing room soon after the tests.

The locomotion test (LMT) was performed using an 
animal movement analysis system SCANETMV‑40 (Melquest 
Co., Ltd., Toyama, Japan). Mice were placed in transparent 
Plexiglas cages (560x560x330 mm). Under house lighting, 
cumulative exercise was recorded for 60 min as previously 
described (18,19) and the mice cages were cleaned between 
testing sessions. The LMT was performed 2 h following the 
injection of a single dose (D22).

During the tail suspension test (TST), the experimental 
mice were taken away from the living area and a piece 
of adhesive tape was placed ~2 cm from the tip of the tail. 
The tape was used to hang mice individually on a hook. The 
immobility time of tail suspension for each mouse, which 
was determined by a skilled observer, was video recorded 
for 10 min as previously described (17,18). When mice hung 
passively and completely motionless, they were considered 
immobile. TST was performed 4 h following the injection of a 
single dose (D23).

The FST was performed to assess immobility time in 
mice. Mice were placed individually in a cylinder (31x23 cm), 
which contained ~15 cm of water (23±1˚C). The experimental 
mice were assessed using an automated forced‑swim appa-
ratus SCANETMV‑40 (Melquest Co., Ltd.). When a mouse 
remained within the same rectangle for 0.3  sec after the 
rectangle was set up, the mouse was considered immobile. 
Immobility time was calculated from the activity time using 
the apparatus analysis software (Melquest Co., Ltd., Toyama, 
Japan) as follows: Total time‑active time. The cumulative 
immobility time of the mice was recorded for 6 min (17,19). 
FST was performed 8 h following the injection of a single dose 
(D23).

To perform the SPT, mice were exposed to 1% sucrose 
solution and water for ~48 h, deprived for 4 h and then exposed 
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to two identical bottles containing water and 1% sucrose solu-
tion for 1 h. The bottles containing sucrose and water were 
weighed prior to and following 1 h of exposure. Subsequently, 
the sucrose preference was evaluated as follows: The bottle 
containing sucrose was weighed prior to 1 h of exposure 
(S1), the bottle containing water was weighed prior to 1 h of 
exposure (W1), the bottle containing sucrose was weighed 
following 1 h of exposure (S2), the bottle containing water 
was weighed following 1 h of exposure (W2), the sucrose 
preference %=(S1‑S2)/[(W1‑W2) + (S1‑S2)] x100%. A 1% SPT 
test was performed 2 (D24) and 4 days (D26) following a 
single‑dose injection.

Western blot analysis of BDNF, GluA1, and p‑mTOR protein 
expression. Western blot analysis was performed as reported 
previously (17). Mice were sacrificed and their brains were 

immediately harvested. Coronal sections ~1 mm thick were 
cut and bilateral tissue punches of mPFC, NAc, DG and CA3 
of the hippocampi were selected on ice using a SZ‑LED Kenis 
light microscope, and stored at ‑80˚C. Tissue samples were 
homogenized in Laemmli lysis buffer (Gold Biotechnology 
Inc., St. Louis, MO, USA). The samples were centrifuged at 
3,000 x g at 4˚C for 8 min to obtain the supernatants. Protein 
concentration was determined using the DC protein assay kit 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA), and samples 
were incubated for 5 min at 95˚C with an equal volume of 
4% SDS, 125 mM Tris/HCl, 0.1% bromophenol blue (pH 6.8), 
20% glycerol and 10% β‑mercaptoethanol. Aliquots (10 µg) 
were separated by 10% SDS‑PAGE. Subsequently, proteins 
were transferred onto polyvinylidene difluoride membranes 
using a Mini Trans‑Blot Cell. Membranes were blocked with 
2% bovine serum albumin (Bio‑Rad Laboratories, Inc.) in Tris 

Figure 1. Schedule of CUMS model, drug administration, behavioral tests and brain sampling. (A) CUMS was performed for 21 days. Stressed mice were 
used in the subsequent experiments. Vehicle, MK‑801 (0.1 mg/kg), or rapastinel (10 mg/kg) was administered intraperitoneally (D22). LMT, TST and FST 
were performed 2, 4 and 8 h after injection of a single dose, respectively (D22‑23). A 1% SPT test was performed 2 (D24) and 4 days (D26) after a single‑dose 
injection. The collection of the brain regions was performed at D27. (B) LMT, (C) TST, (D) FST, and (E and F) 1% SPT results were determined. Values were 
presented as the mean ± standard error of the mean (10 mice/group). **P<0.01 and ***P<0.001 as indicated. Con, control; Veh, vehicle; MK, MK‑801; Rap, 
rapastinel; CUMS, chronic unpredictable mild stress; LMT, locomotion test; TST, tail suspension test; FST, forced swim test; SPT, sucrose preference test; D, 
day; N.S., not significant.
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buffered saline with 0.1% Tween‑20 (TBST) for ~1 h at 22±2˚C. 
Blots were incubated with primary antibodies against BDNF 
(1:500 dilution; cat. no. H‑117, Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA), GluA1 (cat. no.  ab31232; dilution 
1.67 µl/ml, Abcam, Cambridge, MA, USA), β‑actin (1:10,000 
dilution, Sigma‑Aldrich; Merck KGaA) and p‑mTOR (1:1,000 
dilution, Cell Signaling Technology, Inc., Danvers, MA, USA) 
overnight at 4˚C. The following day, blots were washed three 
times in TBST and incubated with horseradish peroxidase 
conjugated secondary anti‑rabbit antibody (cat. no. sc‑2357; 
1:5,000 dilution; Invitrogen; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) for 1 h at room temperature. Following 
a final three washes with TBST, bands were detected using 
enhanced chemiluminescence (Bio‑Rad Laboratories, Inc.) 
and a western blotting detection system. The images were 
captured and the optical density of the bands was analyzed 
using a LAS3000 imaging and detection system (Fujifilm 
Corporation, Tokyo, Japan).

Stat ist ical analysis. Data were presented as the 
mean ± standard error of the mean. PASW Statistics 19 (formerly 
SPSS Statistics; SPSS, Inc., Chicago, IL, USA) was used for 
analysis and the groups were compared using one‑way analysis 
of variance followed by Fishers least significant difference 
post‑hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Effects of intraperitoneal administration of MK‑801 and 
rapastinel in the CUMS model. MK‑801 provides a rapid 
antidepressant effect in the social defeat stress model  (9). 
Notably, rapastinel has been demonstrated to produce a rapid 
and long‑lasting antidepressant effect in CUMS and social 
defeat stress models (9,11,12). In the present study, the effects 
of MK‑801 and rapastinel were assessed in the established 
CUMS model (Fig. 1A).

LMT indicated no statistically significant difference among 
the four groups (Fig. 1B). In the TST and FST, 0.1 mg/kg 
MK‑801 and 10 mg/kg rapastinel significantly attenuated the 
increased immobility times in stressed mice (P<0.001 
and P<0.005; Fig. 1C and D, respectively). The SPT results 
demonstrated that the sucrose preference of mice treated 
with a single injection MK‑801 or rapastinel was significantly 
increased compared with that of the vehicle‑treated group 
(P<0.001 and P<0.01; Fig. 1E (D24) and F (D26), respectively). 
These behavioral data suggest that MK‑801 elicited a rapid 
and long‑lasting (5 days) antidepressant effect in the CUMS 
model, which was consistent with the antidepressant effect of 
rapastinel.

Protein expression of BDNF, GluA1 and p‑mTOR in the mPFC 
brain regions following intraperitoneal administration of 
MK‑801 and rapastinel. Western blot analysis was performed 
to detect the protein expression of BDNF, synaptogenesis 
marker GluA1 (14), and p‑mTOR in the mPFC 5 days after 
the administration of a single dose of MK‑801 and rapastinel 
(Fig. 2A). Results indicated that CUMS significantly reduced 
the protein expression of BDNF (P<0.01), GluA1 (P<0.001) 
and p‑mTOR (P<0.01) compared with the control group in 

the mPFC (Fig. 2A). Notably, MK‑801 and rapastinel signifi-
cantly attenuated the decreased protein expression of BDNF 
(P<0.01), GluA1 (P<0.001) and p‑mTOR (P<0.05) in the 
mPFC (Fig. 2A).

Protein expression of BDNF, GluA1, p‑mTOR in the NAc 
following intraperitoneal administration of MK‑801 and 
rapastinel. Western blot analysis was used to assess protein 
expression of BDNF, GluA1 and p‑mTOR in the NAc (Fig. 2B). 
CUMS significantly increased the protein expression of BDNF 
(P<0.001), GluA1 (P<0.001) and p‑mTOR (P<0.05) in the NAc 
group compared with the control (Fig. 2B). Notably, MK‑801 
and rapastinel had no significant effect on the increased protein 
expression of BDNF, GluA1 and p‑mTOR compared with the 
vehicle group (Fig. 2B).

Protein expression of BDNF, GluA1 and p‑mTOR in the 
DG of the hippocampus following intraperitoneal admin‑
istration of MK‑801 and rapastinel. Western blot analysis 
indicated the protein expression of BDNF, GluA1 and 
p‑mTOR in the DG of the hippocampus. CUMS signifi-
cantly decreased the protein expression of BDNF, GluA1 
and p‑mTOR compared with the control group in the DG 
of the hippocampus (all P<0.01; Fig. 3A). Notably, MK‑801 
and rapastinel significantly attenuated the decreased expres-
sion of BDNF, GluA1 and p‑mTOR protein in the DG of the 
hippocampus (P<0.05 and P<0.01; Fig. 3A).

Protein expression of BDNF, GluA1 and p‑mTOR in the 
CA3 region of hippocampus following intraperitoneal 
administration of MK‑801 and rapastinel. Western blot 
analysis was performed to measure the protein expression 
of BDNF, GluA1 and p‑mTOR in the CA3 region of the 
hippocampus. CUMS significantly reduced the protein 
expression of BDNF (P<0.05), GluA1 (P<0.01) and p‑mTOR 
(P<0.01) compared with the control group within the CA3 of 
the hippocampus (Fig. 3B). However, MK‑801 and rapastinel 
significantly attenuated the decreased protein expression of 
BDNF, GluA1 and p‑mTOR compared with the vehicle group 
(P<0.05 and P<0.01; Fig. 3B).

Table I. Schedule of stressor used in chronic unpredictable 
mild stress model.

Day	 Duration	 Stressor

1, 8, 15	 24 h	 Water deprivation
2, 9, 16	 24 h	 Food deprivation
	 2 h	 Physical restraint
3, 10, 17	 24 h	 Water deprivation
4, 11, 18	 24 h	 Soiled cage
	 5 min	 Forced swimming at 4˚C
5, 12, 19	 24 h	 Food deprivation
	 1 h	 Exposure to an empty bottle
6, 13, 20	 24 h	 Soiled cage
	 Overnight	 Overnight illumination
7, 14, 21	 24 h	 Exposure to a foreign object
	 5 min	 Cage tilt (45˚C)
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Figure 2. Effects of MK‑801 and rapastinel on BDNF, GluA1 and p‑mTOR protein expression in the mPFC and NAc. Protein expression of BDNF, GluA1 
and p‑mTOR in the (A) mPFC and (B) NAc was determined using western blot analysis. Values are expressed as a percentage of those of the control mice 
and presented as the mean ± standard error of the mean (n=6 or 7). *P<0.05, **P<0.01, ***P<0.001 as indicated. Con, control; Veh, vehicle; MK, MK‑801; 
Rap, rapastinel; BDNF, brain‑derived neurotrophic factor; GluA1, Glutamate A1; p‑mTOR, phosphorylated mammalian target of rapamycin; mPFC, medial 
prefrontal cortex; NAc, nucleus accumbens; N.S., not significant.

Figure 3. Effects of MK‑801 and rapastinel on the BDNF, GluA1 and p‑mTOR protein expression in the DG and CA3 of the hippocampus regions. (A) Protein 
expression of BDNF, GluA1 and p‑mTOR in the (A) DG and (B) CA3 of the hippocampus regions was determined using western blot analysis. Values were 
expressed as a percentage of that of control mice and presented as the mean ± standard error of the mean (n=6 or 7). *P<0.05 and **P<0.01, as indicated. Con, 
control; Veh, vehicle; MK, MK‑801; Rap, rapastinel; BDNF, brain‑derived neurotrophic factor; GluA1, Glutamate A1; p‑mTOR, phosphorylated mammalian 
target of rapamycin; DG, dentate gyrus.
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Discussion

The present study was performed to further elucidate the 
mechanisms responsible for the long‑lasting antidepressant 
effects observed in the CUMS model following single‑dose 
administration of MK‑801. In the established CUMS model, 
MK‑801 significantly increased the protein expression of 
BDNF, GluA1 and p‑mTOR in the mPFC, DG and CA3 of the 
hippocampus, resulting in a sustained antidepressant effect. 
Notably, the protein expression of BDNF in the mPFC, DG and 
CA3 of the hippocampus were significantly lower compared 
with the control mice. Furthermore, the administration of a 
single dose of MK‑801 increased the protein expression level 
of BDNF in the mPFC, DG and CA3 of the hippocampus 
compared with the vehicle control in CUMS model mice. 
The expression of GluA1 and p‑mTOR proteins in the CUMS 
model mice was significantly lower compared with in the 
control mice; however, MK‑801 significantly increased the 
expression of GluA1 and p‑mTOR proteins in the mPFC, 
DG and CA3 of the hippocampus in the CUMS model 
mice when measured 5 days following drug administration. 
Notably, MK‑801 evoked the same long‑lasting antidepressant 
response as rapastinel, which is currently being tested in 
a phase  II clinical development program as an adjunctive 
therapy for major depressive disorder (clinicaltrials.gov 
identifier NCT01684163). On the basis of these findings, it 
was suggested that BDNF‑TrkB, GluA1 neurotransmitter and 
p‑mTOR signaling in the PFC and hippocampus may serve 
vital roles in the sustained antidepressant effect of MK‑801.

NMDA receptors are predominantly identified at 
excitatory synapses and are ubiquitously expressed in the 
central nervous system (20). These receptors have become 
targets for drug development for the treatment of depres-
sion (20,21). Ketamine, an NMDA receptor antagonist, is one 
of the most appealing antidepressants for treatment‑resistant 
depression (22,23). However, it is typically associated with 
psychotomimetic side effects. Ketamine is a racemic mixture 
containing equal parts of S‑ketamine and R‑ketamine (18). It 
has been reported that R‑ketamine is a potent, long‑lasting and 
safe antidepressant (18). In vivo imaging studies have revealed 
reduced glutamate levels in the PFC/anterior cortex of patients 
with depression  (24‑26). Postmortem data suggested that 
NMDA receptor protein expression is altered in the PFC of 
patients with depression (27). Similarly, CP‑101,606 (an NR2B 
subunit‑selective NMDAR antagonist) was reported to reduce 
depression scores  (28). As MK‑801 is an NMDA receptor 
noncompetitive antagonist, it is also reasonable to assume that 
its long‑lasting antidepressant‑like effects involve an NMDA 
receptor‑mediated process akin. Although MK‑801 has been 
considered to increase locomotor activity in the past (7), no 
significant effects at doses of 0.1 mg/kg were indicated in the 
present study, which is consistent with a recent report (9).

Consistent with the result of a previous report  (8), the 
present study indicated that MK‑801 had a rapid antidepressant 
effect (9). To the best of our knowledge, this is the first study 
to report the long‑lasting antidepressant effects of MK‑801 
in the CUMS model. In the present study, a single‑dose 
intraperitoneal injection of MK‑801 produced a long‑lasting 
(5‑day) antidepressant effect in the CUMS model to a similar 
extent as rapastinel. However, the precise mechanisms 

underlying this effect remain unclear. A previous study revealed 
that the etiology of depression is associated with the PFC and 
hippocampus (12). Notably, mice and humans exhibit functional 
homology in these two regions of the brain (29). A recent 
study suggested changes in the NAc may be associated with 
depression and its functional abnormalities may be primarily 
concentrated in the shell rather than the nucleus (30). Therefore, 
to understand the antidepressant effect of MK‑801, the mPFC, 
NAc, DG and CA3 of the hippocampus were examined in the 
present study.

BDNF is associated with the pathophysiology of depression 
and the BDNF gene may be responsible for susceptibility to 
depression (15). It has been reported that the expression of 
BDNF is conspicuously reduced in the PFC and hippocampi 
of patients with depression, whereas the expression of 
BDNF is significantly increased following antidepressant 
treatment (31‑33). A previous study suggested that depression 
is associated with changes in brain neurotransmitters, 
including dopamine, 5‑hydroxytryptamine, glutamate and 
γ‑aminobutyric acid (34). Furthermore, changes in the steady 
state concentration or imbalance of neurotransmitters may 
be associated with depression  (34). The glutamate system 
represents a novel target for the treatment of depression, 
inhibiting the release of neurotransmitters and regulates 
postsynaptic responses (16). Previous studies have identified 
that blocking the mTOR signaling pathway may reduce 
the antidepressant effect of NMDA receptor antagonists 
and prevent neuronal regeneration in animal depression 
models (11,20). p‑mTOR is the activated form of mTOR. In the 
present study, a noticeable decrease in the protein expression 
of BDNF, GluA1 and p‑mTOR in the mPFC, DG and CA3 of 
the hippocampus were indicated, while a significant increase 
in the expression of BDNF, GluA1 and p‑mTOR proteins in the 
NAc of CUMS mice was determined. These findings suggest 
that the occurrence and development of depression may be 
mediated by the BDNF‑TrkB, glutamate neurotransmitter 
and mTOR signaling pathways in these regions. These results 
are consistent with those reported by Shirayama et al (35). 
According to a previous report, synaptogenesis and neuronal 
regeneration serve a role in the prolonged antidepressant 
effect associated with NMDA receptor antagonists (14,16). 
The present results suggested that a single dose of MK‑801 
or rapastinel significantly attenuated the decrease in the 
expression of BDNF, GluA1 and p‑mTOR proteins in the 
mPFC, DG and CA3 of the hippocampus of the CUMS 
model. It is likely that the sustained increase in the expression 
of BDNF, GluA1 and p‑mTOR protein in the mPFC, DG 
and CA3 of the hippocampus is involved in the long‑lasting 
(5‑day) effect of MK‑801 and rapastinel. However, further 
detailed studies are required to fully understand the role of 
synaptogenesis and neuronal regeneration in the long‑lasting 
antidepressant response. The present study also identified that 
the expression of BDNF, GluA1 and p‑mTOR proteins did 
not significantly change in the NAc following antidepressant 
treatment with MK‑801 or rapastinel, which suggests that 
MK‑801 or rapastinel cannot inhibit p‑mTOR signaling 
pathway or block the release of GluA1 in NAc. However, 
further research is required.

In conclusion, the present study demonstrated that a 
single dose of MK‑801 produced a sustained antidepressant 
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effect in the established CUMS model of depression, and that 
MK‑801 elicits a rapid and sustained antidepressant effect 
similar to rapastinel. Furthermore, it is likely that increased 
synaptogenesis and neuronal regeneration in the mPFC, DG 
and CA3 of the hippocampus may be involved in the sustained 
antidepressant response. Therefore, the present findings 
suggest that the NMDA antagonist MK‑801 may be considered 
as a rapid and long‑lasting therapeutic agent in patients with 
depression, once the safety and efficacy of MK‑801 are proven 
in a clinical setting.
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