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	 Background:	 Emotional state can be affected by different training loads. The aim of this study was to explore the changes of 
rat emotional state, as well as the mRNA and protein expressions of N-methyl-D-aspartate receptors (NMDARs), 
postsynaptic density 95 (PSD-95), and kinesin family member 17 (KIF-17) in the hippocampus, by long-term 
moderate-intensity and high-intensity training models in rats.

	 Material/Methods:	 The exercise model of SD rats was set up by treadmill running of moderate and high intensities for 4 weeks. 
The rats in the moderate-intensity training group were given endurance training with increasing intensity, 
while rats in the high-intensity training group were given high-speed training, and those in the normal control 
group were also established. The body weights of rats were measured before and after exercise to determine 
weight reduction. Real-time PCR and Western blotting were used to detect the mRNA and protein expressions 
of NMDARs, PSD-95, and KIF-17 in hippocampus of rats under different training loads.

	 Results:	 Compared with the control group, the rats in the moderate-intensity training group had better body condition 
and emotional state, while the rats in the high-intensity training group had poor body condition and emotion-
al state. The mRNA and protein expression of PSD-95, KIF-17, and NMDARs in the moderate-intensity training 
group were significantly elevated (P<0.05) while those in the high-intensity training group were suppressed 
(P<0.05).

	 Conclusions:	 Different training loads have remarkable influences on the cognition, emotion, and mental status of rats, and 
can affect the mRNA and protein expressions of NMDARs, PSD-95, and KIF-17 in rats. Appropriate training loads 
alleviate hypoxia damage to the hippocampus, and also effectively improve hippocampus function.

	 MeSH Keywords:	 Cognitive Science • Emotions • Oxidative Stress • Receptors, Ionotropic Glutamate

	 Abbreviations:	 NMDAR – N-methyl-D-aspartate; PSD-95 – postsynaptic density 95; KIF-17 – kinesin family member 17

	 Full-text PDF:	 https://www.medscimonit.com/abstract/index/idArt/906781

Authors’ Contribution: 
Study Design  A

 Data Collection  B
 Statistical Analysis  C
Data Interpretation  D

 Manuscript Preparation  E
 Literature Search  F
Funds Collection  G

1 Department of Clinical Medicine, Logistic University of People’s Armed Police 
Force, Tianjin, P.R. China

2 Guangzhou Institute of Chemistry, Chinese Academy of Science, Guangzhou, 
Guangdong, P.R. China

3 Department of Training, Logistic University of People’s Armed Police Force, 
Tianjin, P.R. China

4 Department of Physiology, Logistic University of People’s Armed Police Force, 
Tianjin, P.R. China

5 Department of Rescue Medicine, Logistic University of People’s Armed Police 
Force, Tianjin, P.R. China

6 Department of Preventive Health Care, Affiliated Hospital of Logistics University 
of People’s Armed Police Force, Tianjin, P.R. China

7 Department of Biochemistry and Molecular Biology, Logistic University of People’s 
Armed Police Force, Tianjin, P.R. China

e-ISSN 1643-3750
© Med Sci Monit, 2017; 23: 4954-4960

DOI: 10.12659/MSM.906781

4954
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]  [Index Copernicus]

ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Background

Exercise can cause adaptive physical changes and enhance the 
body’s ability to adapt to exercise. Reasonable exercise can pro-
mote brain health, enhance emotion regulation [1], improve me-
tabolism, and increase ability to learn and work. However, the 
excessive stress caused by overload training and a variety of 
military and sports competitions may cause physical problems, 
as well as producing certain negative effects on learning, memo-
ry, and emotional regulation [2], which are important depressive 
symptoms. The hippocampus is an important component of the 
limbic system in coordinating learning and memory, and is also 
the most sensitive area of the brain to fatigue stress injury [3].

NMDARs are excitatory amino acid receptors that can cause 
changes in learning, memory, and motion under different inten-
sities of training, and are closely related to the progression of 
depression and the corresponding specific therapies [4]. NMDA 
receptor is a heteropolymer consisting of NR1 and NR2 (A or 
B); it is activated by combining simultaneously with glutam-
ic acid and glycine to play a biological role [5,6]. It is mainly 
distributed in the postsynaptic membrane of the central ner-
vous system and is expressed at highest levels in forebrain ar-
eas such as the hippocampus [7]. PSD-95 is a scaffold protein 
mainly located in the postsynaptic density area, playing a key 
role in the signal integration and transduction of glutamate 
receptor. KIF-17 is a member of the kinesin-2 family; it has a 
dimer structure composed of kinesin monomer, which is spe-
cifically distributed in the nervous system and testicular tissue.

There is a close relationship between NMDA receptor, PSD-
95, and KIF-17. PSD-95 is widely distributed in the brain, over-
lapped with the distribution area of NMDA receptors. NR1-NR2B 
is connected with PSD-95 at C terminal. NR2B is a major com-
ponent transported by KIF-17 to cells, so decreased transport 
function of KIF-17 causes corresponding changes in NR2B ex-
pression, leading to various diseases and pathological states. 
PSD-95 can combine with KIF-17, and when KIF-17 is damaged 
or inhibited, NR2B cannot be transported. Therefore, the com-
bination of PSD-95 and KIF-17 is particularly critical to synap-
tic transmission of NMDA receptor.

This study used the method of Bedford et al. [8] to establish 
a platform exercise model in SD rats with medium- and high-
strength continuous training. SD rats learn easily, are sensi-
tive to various stimuli, have a nervous system similar to that 
of humans, and have been widely used in the study of higher 
nervous system activity, such as rewards and punishment ex-
periments, maze testing, and research on neurosis and man-
ic-depressive psychosis. After training SD rats for 4 weeks, 
changes in the NMDA-related receptors PSD-95 and KIF-17 
were tested. The present study aimed to explore in depth the 
influences of different training loads on rat emotional state 

and expressions of NMDA receptors, PSD-95 and KIF-17 mRNA, 
and proteins, which are important in alleviating fatigue and 
improving the emotional state under different training loads, 
and to provide an experimental basis for scientific training.

Material and Methods

Establishment of laboratory animal model and 
hippocampal slice preparation

We used 24 healthy, male, SD rats, aged 2 months and weight 
214.65±11.24 g, which were provided by Beijing University 
Health Science Center Department of Laboratory Animal Science 
(permit number SCXK2002-0001). Rats could eat and drink free-
ly and were kept in an environment of 23±2°C, 40%~60% hu-
midity, and a natural day/night light cycle. A person was spe-
cially assigned to be responsible for rat training, which started 
at 8 AM. The handling of animals in the experiment was in ac-
cordance with the Guidance Suggestions for the Care and Use 
of Laboratory Animals formulated by the Ministry of Science and 
Technology of the People’s Republic of China. After 1 week of 
adaptation, the 24 rats underwent adaptive treadmill training 
for 3 weeks (slope gradient 0°, speed 8.2 m/min, and 10 min 
per day). Then, according to their weights (no distinct differ-
ences were observed among the 3 groups), they were random-
ly assigned into 3 groups: control group, high-intensity train-
ing group, and moderate-intensity training group. Following 
the method of Bedford et al., increasing load training was ap-
plied to the moderate-intensity training group with speed start-
ing at 15 m/min and increasing to 3 m/min every 5 min until 
20 m/min, at which time the slope gradient of the treadmill 
was raised to 5° and training lasted for 60 min, with its in-
tensity being 64–76% VO2max. In the high-intensity training 
group, rats were trained at the speed of 50 m/min for 6 min, 
then rested for 5 minutes, and in this pattern the rats were 
trained altogether for 3 times with training intensity greater 
than 80% VO2max. In the process of training, electric stimu-
lation or a hairbrush were used to keep rats in the front one-
third of the treadmill track so as to assure steady training in-
tensity. After each training, the rats were tested to determine 
whether they were injured. If so, they would be given timely 
treatment and rest for adjustment. The training lasted 4 weeks 
with 6 training days per week. In control group, the rats were 
kept in their cages and not given training. The rats were killed 
instantly after training was completed, and the hippocampus 
was taken out and put on an ice plate. Then, the hippocam-
pus was weighed after rinsing with cold physiological saline.

General changes in rats

Rat’s mental state, fur condition, food intake, drinking, and 
autonomous activity were observed and recorded during the 
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feeding period in normal condition with food and water free-
ly available. Rat mental state at rest and during training were 
especially observed, and the changes in rat rectal temperature 
(Tr) and body weight were determined.

Tr was determined immediately after training. A digital ther-
mometer was inserted about 5 cm into the anal sphincter and 
temperature was recorded after the reading was stable (after 
about 5 s). Tr was used to represent the core body temperature 
(Tc) of rats. The rats were weighted immediately after train-
ing, and the reduction of body weight was calculated weekly.

Real-time polymerase chain reaction (PCR)

We took hippocampal slices and dissolved them in 1 ml Trizol 
to extract the total RNA. The RT-PCR reaction was carried out 
in accordance with the instructions of the EasyScript First-
Strand cDNA Synthesis SuperMix and 2xEasyTaq PCR SuperMix. 
To synthesize cDNA, we used 2 μl of isolated total RNA and 
a mixture of oligo-dT with random hexamer primers (20 μl) 
provided in the kit. We applied 2-step real-time PCR with the 
StepOnePlus™ System (Applied Biosystems) and SYBR Green I 
dye for monitoring PCR. To prepare samples for real-time PCR, 
we used FastStart DNA Master SYBR Green I (Roche), follow-
ing the recommendations of the manufacturer. As a template 
for real-time PCR, we used 2 μl of 10× diluted cDNA reaction 
for b-actin, which serves as an internal control. The concen-
tration of primers in each reaction mixture was 1 μl per each 
specific set of primers. The relative mRNA expression for each 
target was measured by real-time PCR and was calculated by 
the comparative CT method (DDCT) (the amount of target, nor-
malized to an endogenous reference (b-actin) and relative to 
a calibrator) (cDNA from a pooled sample). The primer subse-
quences were as follows: 
NR1: 
(forward) 5’-ACCATGCACCTGCTGACATT- 3’
(reverse) 5’-CTTCAGCACCTCGGACAGCA- 3’
NR2A: 
(forward) 5’-TCCACCTTCTCCGGCTACAG-3’
(reverse) 5’-GTCGGTGCTGCACTGTCTTG- 3’
NR2B: 
(forward) 5’-GGATTCTGCATTGTGAGCTG-3’
(reverse) 5’-TCGCTTGCATATCCACATAA- 3’
PSD-95: 
(forward) 5’-ACG ACAAGACCAAGGACTGC- 3’
(reverse) 5’-TGGCCTTTAACCTGGACCAC-3’
KIF-17: 
(forward) 5’- AAGGTACCGCGTGTGAACCTGCTTACAA- 3’
(reverse) 5’- AAAAGCTTCCATCGAAGGTGAACTGCTT- 3’

The PCR procedure was as follows: pre-denaturalize the reac-
tion system at 94ºC for 5 min, denaturalize at 94ºC for 15 s, 
anneal for 34 s (NR1 at 56ºC; NR2A, PSD-95, and b-actin at 

58ºC; NR2B and KIF-17 at 60ºC), and leave it at 72ºC for 10 s. 
Then, the process of denaturalization, annealing, and leaving 
it alone was repeated 35 times before the system was main-
tained at 72ºC for 10 min. We carried out melting curve anal-
ysis (StepOne software) and agarose gel electrophoresis to an-
alyze the amplicons obtained. For a determination of CT (cycle 
threshold) values, we used StepOne analysis software, which 
provides automatic evaluation of the data acquired from the 
StepOnePlus system. The relative mRNA expression for each 
target was measured by real-time PCR and was calculated by 
the comparative CT method (DDCT).

Western blotting analyses

We collected 50-μg samples for SDS-PAGE electrophoresis, and 
then transferred them to PVDF membranes, added 5% skimmed 
milk powder blocking liquid, and then slowly blocked them on 
a shaking bed at room temperature for 60 min. Primary anti-
body was added according to the proportion (1: 1000, Abcam, 
UK) followed by incubation at 4°C overnight. Horseradish perox-
idase (HRP)- labeled goat-anti-rabbit antibody (1: 5000; Abgent, 
USA) was added and the proteins were incubated at 37°C for 1 h. 
After applying ECL fluorescence, the X-ray image was developed 
in the dark, the results were photographed by use of a gel im-
aging system, and Quantity One V4.40 (Bio-Rad, USA) software 
was used for quantitative analysis of signal strength of the band.

Statistical analysis

In the present study, all data are presented as the mean ± stan-
dard deviation (SD). Statistical differences were determined 
analysis of variance (ANOVA) followed by the Bonferroni t test 
for post hoc multiple comparisons. A statistical significance lev-
el of a=0.05 and P<0.05 was applied to all tests.

Results

Changes in rat body condition and mental state under 
different training intensities

Long-term observation showed that rat body condition and 
mental state were obviously changed after training. Compared 
with the control group, rats in the moderate-intensity training 
group were healthier and had obviously better mental state, 
while rats in the high-intensity training group had loss of ap-
petite and appeared depressed (Table 1).

Weight loss of rats after treadmill training with different 
training intensities.

As compared with the state before training, the body weight 
loss in the high-intensity training group showed a more 
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significant decrease than in the moderate-intensity training 
group after 4-week training (Table 2).

Relative mRNA expression of NMDAR, PSD-95, and KIF-17

Effects of different training intensities on gene expression of 
NR2A, NR2B, PSD-95, and KIF-17 were significantly increased 
in the moderate-intensity training group and decreased in the 
high-intensity training group as compared with the control 
group (P<0.05). Furthermore, the relative mRNA levels of NR1 
showed no significant differences (108.80±8.12% in the mod-
erate-intensity training group vs. 100.00±0.00% in the control 
group) (P>0.05) (Figure 1).

The protein expression of NMDAR, PSD-95, and KIF-17

It generally showed that the moderate-intensity continuous 
training increased the total protein levels of NR2A, NR2B, PSD-
95, and KIF-17, while the expression in NMDARs and KIF-17 
was reduced in the high-intensity training group as compared 
with the control group (P<0.05) (Figure 2).

As compared with the control group, moderate-intensity con-
tinuous training caused no significant difference in NR1 expres-
sion (103.71±2.17% in the moderate-intensity training group 
vs. 100.00±1.93%) in the control group) (P>0.05). In addition, 
PSD-95 showed no significant differences (95.41±1.26% in the 
high-intensity training group and 100.00±0.98% in the con-
trol group) (P>0.05).

Discussion

Influences of different intensities of training load on 
changes of emotional state in rats

Previous studies have discussed the influences of training 
loads on cognitive functions in rats by methods like rewards 
and punishment experiment and maze tests [9,10]. Modern 
medical research confirmed that different intensities of train-
ing loads can affect body condition and mental state. A study 
has found that reduced emotional capacity is an important de-
pressive symptom [11]. Excessive stress can cause reduction 
in rat and human emotional abilities. The experimental results 

Group n Tr Body condition
Mental state at a normal 

state
Mental state under 
training intensities

Control 8 37.18±0.18 Fat, fur normal Calm, complete feeding –

Moderate-intensity 8 40.62±0.57* Strong, fur glossy Active, complete feeding Positive

High-intensity 8 39.70±0.21* Thin, fur not glossy
Apathetic and irritable, 
reduced feeding

Manic

Table 1. Changes in rat body condition and mental state under different training intensities.

Data are expressed as mean ±SD (°C). * P<0.05, compared to control group.

Grouping
Training time (weeks)

1 2 3 4

Moderate intensity 8.4±1.7 7.7±2.1* 9.4±1.5 6.6±2.1*

High intensity 8.1±2.8 9.4±2.2 8.9±2.2 8.2±1.5*

Table 2. Weight loss of rats after treadmill training.

Data are expressed as mean ± SD (g). * P<0.05, compared to high-intensity training group.

1
2
3

Re
lat

ive
 qu

an
tit

y o
f m

RN
A (

%
 of

 co
nt

ro
l) 200

150

100

50

0

*

NR1 NR2 NR2B PSD-95 KIF-17

*

*
*

*

*
*

*

Figure 1. �Summary of the mRNA levels of NMDAR subunits 
(NR1, NR2A, and NR2B), PSD-95, and KIF-17 in the rat 
hippocampus were calculated and are shown above. 
The 3 groups (control group, moderate-intensity 
training group, and high-intensity training group) 
are labeled as 1, 2, and 3, respectively. Bar graphs 
represent mean ±SD. * P<0.05 as compared with the 
control group.
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showed that training can cause obvious changes in the health 
and mental state of rats, and the impact of different inten-
sities of training load also had different effects. Appropriate 
training intensity can help rats maintain physical and mental 
pleasure, with better training effects, thus promoting the emo-
tional state and to a certain extent alleviating the anxiety be-
havior of experimental animals. The present study found that 
high-intensity training can lead to obvious decreased rat body 
weight, showing significant symptoms of depression, which 
was consistent with previous research results.

Influences of different intensities of training load on 
expressions of NMDA receptor, PSD-95, and KIF-17

NR1 is a functional subunit whose disordered expression can 
cause loss of receptor function, while NR2 is a regulatory sub-
unit that can help the NMDA receptor to form a diversified struc-
ture [12]. A recent study found that the density of the dendrit-
ic spines was significantly decreased in NR2B knockout mice, 
and the related functions were also affected [13]. Previous re-
search and results of this experiment suggested that after 4 

De
ns

ity
 ra

tio
 N

R1
/β

-a
ct

in 
(%

)

150

100

50

0

*

1 2 3

De
ns

ity
 ra

tio
 N

R2
/β

-a
ct

in 
(%

)

150

100

50

0

*
*

1 2 3

De
ns

ity
 ra

tio
 PS

D-
95

/β
-a

ct
in 

(%
) 150

100

50

0

*

*

1 2 3

De
ns

ity
 ra

tio
 KI

F-
17

/β
-a

ct
in 

(%
)

150

100

50

0

*

*

1 2 3

De
ns

ity
 ra

tio
 N

R2
B/

β-
ac

tin
 (%

)

150

100

50

0

*

*

1 2 3

Figure 2. �The moderate-intensity continuous training increased total protein expression in NMDAR subunits, PSD-95, and KIF-17 
within the hippocampus, and the high-intensity continuous training showed a decreasing trend. The 3 groups (control group, 
moderate-intensity training group, and high-intensity training group) are labeled as 1, 2, and 3, respectively. Bar graphs 
represent mean ±SD. * P<0.05 as compared with the control group.
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weeks of training, the expression level of NMDA receptor in rat 
hippocampus was changed with the change of training load 
intensity, and the promotion role of moderate-intensity train-
ing on its expression was most significant. Appropriate train-
ing can affect the functions of NMDA receptors and facilitate 
synaptic information transmission by increasing expressions of 
NR1, NR2A, and NR2B. In addition, the experiment found that 
the correct amount of training did not significantly enhance 
the expression of NR1, but the causes and related mechanism 
still need further research.

A study has shown that when rats are in high-intensity train-
ing, NMDA receptors accept regulations of various ions such 
as Ca2+ and PSD to elevate the concentration of Ca2+ in brain 
tissue cells [14]. NR2B, while interacting with PSD-95, also pro-
duces excitatory nerve toxic effects when NMDA receptor is 
activated excessively, leading to excessive in-flow of Na+ and 
overload of intracellular Ca2+, and activation of downstream 
Ca2+-dependent proteases (e.g., nNOS) [15], thus producing a 
large amount of NO and oxygen free radicals, damaging mi-
tochondria, and eventually resulting in necrosis and apopto-
sis of nerve cells and overall damage to vital organs [16,17]. 
Results of the experiment suggested that high-intensity plat-
form training did not promote the expression of hippocampal 
NMDA receptor. High-intensity platform training decreased hip-
pocampal NR1, NR2A, and NR2B expressions, as well as the 
rat’s abnormal performance, which are suspected to be relat-
ed to the inhibitory effects of free radicals produced by high-
intensity training.

In the formation of spatial memory, PSD-95 can be recruited 
to the corresponding synaptic membrane surface, which helps 
to cluster and anchor NMDA receptors and increases the effi-
ciency of synaptic transmission in the process of synaptic plas-
ticity [18]. In KIF-17–/– mouse neurons, KIF-17-mediated NR2B 
transport is blocked, so the transcription of NR2B is greatly re-
duced [10]. This experiment analyzed the influences of differ-
ent training intensities on expression of PSD-95 and KIF-17, 
and found that the expressions of hippocampus PSD-95 and 
KIF-17 were also affected by the intensity of training, and the 
changing trend was basically consistent with the NMDA re-
ceptors. Thus, it seems that the up-regulated expressions of 
PSD-95 and KIF-17 are likely to further promote NR2 subunit 
expression through the enhancement of related NR2 subunit 
transport after the combination.

Relationship between emotional state and NMDA receptor, 
PSD-95, and KIF-17

NMDA receptors can be combined with an excitatory neu-
rotransmitter to participate in the development of neurons and 
synaptic plasticity, especially long-term potentiation (LTP), and 
is closely related with the emotional state [19]. Kaut et al. con-
firmed that NR2A is closely associated with severe depression 
by NMDA receptor methylation detection and related analy-
sis [20]. A study suggested that the increased expression of 
some specific genes reflects the increased number of neurons 
and synapses, thereby enhancing the corresponding physio-
logical function [21]. For example, it was found that Mg2+ con-
centration can increase the expression of NMDA receptor, and 
the downstream signal pathway through phosphorylating the 
postsynaptic membrane density by calcium/calmodulin depen-
dent protein kinase II, thereby enhancing NMDA receptor-de-
pendent LTP [22,23], and the formation of LTP can promote 
the expression of NR2B subunits, forming a vicious cycle. LTP 
is the major factor in hippocampal synaptic plasticity, which 
can enhance the transmission efficiency of synaptic informa-
tion, thus affecting the emotional state [24]. PSD-95, combined 
with KIF-17, plays an important role in synaptic transmission 
and emotion regulation, brain pathology physiology disorders 
such as cerebral infarction, and pain by NMDA receptor. In this 
study, compared with the control group, the moderate-intensi-
ty training group had obviously better mental state, and corre-
spondingly increased expressions of NMDA receptor, PSD-95, 
and KIF-17, and the high-intensity training group showed ob-
vious depressive state and the expressions were inhibited to 
different degrees. Nevertheless, we still lack a unified under-
standing of the mechanism by which these 3 indexes are re-
lated to cognition and emotion, which needs further research.

Conclusions

Different training modes have different effects on hippocampal 
function. The mechanism was complex. An appropriate amount 
of training alleviates hypoxia damage to the hippocampus and 
more effectively improves the emotional state. However, re-
search on the mechanism of hippocampal function changes 
caused by training and selective research on training methods 
and training amount are not systematic and need further work.

References:

	 1.	 Radahmadi M, Alaei H, Sharifi MR et al: The effect of synchronized forced 
running with chronic stress on short-, mid-, and long-term memory in rats. 
Asian J Sports Med, 2013; 4(1): 54–62

	 2.	 Aguiar AS, Castro AA, Moreira EL et al: Short bouts of mild-intensity physical 
exercise improve spatial learning and memory in aging rats: Involvement of 
hippocampal plasticity via AKT, CREB and BDNF signaling. Mechan Ageing 
Dev, 2011; 132(11): 560–67

	 3.	Xuan A, Long D, Li J et al: Hydrogen sulfide attenuates spatial memory im-
pairment and hippocampal neuroinflammation in beta-amyloid rat model 
of Alzheimer’s disease. J Neuroinflammation, 2012; 9(1): 202

4959
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]  [Index Copernicus]

Ren H. et al.: 
Effects of different training loads on emotional state…
© Med Sci Monit, 2017; 23: 4954-4960

ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



	 4.	Burnashev N, Szepetowski P: NMDA receptor subunit mutations in neuro-
developmental disorders. Curr Opin Pharmacol, 2015; 20: 73–82

	 5.	 Levine BD: .VO2max: What do we know, and what do we still need to know? 
J Physiol, 2008; 586(1): 25–34

	 6.	Wolf OT, Bauser DS, Daum I: Eyeblink conditional discrimination learning 
in healthy young men is impaired after stress exposure. Psychophysiology, 
2012; 49(2): 164–71

	 7.	Henneberger C, Bard L, King C et al: NMDA receptor activation: two targets 
for two co-agonists. Neurochem Res, 2013; 38(6): 1156–62

	 8.	 Zhang Y, Li P, Feng J et al: Dysfunction of NMDA receptors in Alzheimer’s 
disease. Neurol Sci, 2016; 37(7): 1039–47

	 9.	 Talaei SA, Salami M: Sensory experience differentially underlies develop-
mental alterations of LTP in CA1 area and dentate gyrus. Brain Res, 2013; 
1537: 1–8

	10.	 Yin X, Takei Y, Kido MA et al: Molecular motor KIF17 is fundamental for 
memory and learning via differential support of synaptic NR2A/2B levels. 
Neuron, 2011; 70(2): 310–25

	11.	 Sachser RM, Santana F, Crestani AP et al: Forgetting of long-term memory 
requires activation of NMDA receptors, L-type voltage-dependent Ca (2+) 
channels, and calcineurin. Sci Rep, 2016; 6: 22771

	12.	 Tanaka K: Brain development and glutamate. Brain Nerve, 2013; 65(10): 
1121–32

	13.	Brigman JL, Wright T, Talani G et al: Loss of GluN2B-containing NMDA re-
ceptors in CA1 hippocampus and cortex impairs Long-Term Depression, 
reduces dendritic spine density, and disrupts learning. J Neurosci, 2010; 
30(13): 4590–600

	14.	Robles JC, Sturek M, Parker JL et al: Ca2+ sensitization and PKC contribute 
to exercise training-enhanced contractility in porcine collateral-dependent 
coronary arteries. Am J Physiol Heart Circ Physiol, 2011; 300(4): H1201–9

	15.	Marmol F, Sanchez J, Lopez D et al: Role of oxidative stress and adenosine 
nucleotides in the liver of aging rats. Physiol Res, 2010; 59(4): 553–60

	16.	Hardingham GE: Coupling of the NMDA receptor to neuroprotective and 
neurodestructive events. Biochem Soc Trans, 2009; 37(Pt 6): 1147

	17.	Miller LE, McGinnis GR, Kliszczewicz B et al: Blood oxidative-stress mark-
ers during a high-altitude trek. Int J Sport Nutr Exerc Metab, 2013; 23(1): 
65–72

	18.	Delint‐Ramírez I, Salcedo‐Tello P, Bermudez‐Rattoni F: Spatial memory for-
mation induces recruitment of NMDA receptor and PSD-95 to synaptic lip-
id rafts. J Neurochem, 2008; 106(4): 1658–68

	19.	Hardingham GE, Bading H: Synaptic versus extrasynaptic NMDA receptor 
signalling: Implications for neurodegenerative disorders. Nat Rev Neurosci, 
2010; 11(10): 682–96

	20.	Kaut O, Schmitt I, Hofmann A et al: Aberrant NMDA receptor DNA methyl-
ation detected by epigenome-wide analysis of hippocampus and prefron-
tal cortex in major depression. Eur Arch Psychiatry Clin Neurosci, 2015; 
265(4): 331–41

	21.	Burnouf S, Martire A, Derisbourg M et al: NMDA receptor dysfunction con-
tributes to impaired brain-derived neurotrophic factor-induced facilitation 
of hippocampal synaptic transmission in a Tau transgenic model. Aging 
Cell, 2013; 12(1): 11–23

	22.	Müller L, Tokay T, Porath K et al: Enhanced NMDA receptor-dependent LTP 
in the epileptic CA1 area via upregulation of NR2B. Neurobiol Dis, 2013; 
54: 183–93

	23.	 Shipton OA, Paulsen O: GluN2A and GluN2B subunit-containing NMDA re-
ceptors in hippocampal plasticity. Philos Trans R Soc Lond B Biol Sci, 2014; 
369(1633): 20130163

	24.	 Shin MK, Jung WR, Kim HG et al: The ganglioside GQ1b regulates BDNF ex-
pression via the NMDA receptor signaling pathway. Neuropharmacology, 
2014; 77(2): 414–21

4960
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]  [Index Copernicus]

Ren H. et al.: 
Effects of different training loads on emotional state…

© Med Sci Monit, 2017; 23: 4954-4960
ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)


