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Background: Some environment enrichments such as exercise has been report-
ed to improve the diminished cognitive functions and related gene expression. 
Therefore, we aimed to investigate the effects of prolonged treadmill exercise on 
long-term learning and hippocampal gene expression, which involves learning 
and plasticity.
Materials and methods: Male Wistar rats (n = 32) randomly assigned into four 
groups: control (C), social isolation (SI), exercised (E), social isolation + exercise 
(SE) during postnatal days (PNDs) 21–34. Social isolation protocol was applied 
during 14 days by placing the rat alone in a cage. Rats were exercised daily,  
5 days per week, for overall 4 weeks. Finally, learning performance was evaluated 
by the novel object recognition test. At the end of learning test, the rats were 
decapitated to isolate hippocampus tissues for learning related gene expression 
such as N-methyl-d-aspartate receptor (NMDAR) subunit genes (Grin1, Grin2a, 
Grin2b) and cyclin dependent kinase 5 (Cdk5), Cdk5 regulatory subunit p35 
(Cdk5r), activity-regulated, cytoskeletal-associated protein (Arc), the immediate 
early gene (c-Fos, a marker of neuronal activation), doublecortin (DCX), achaete-
scute homolog 1 (ASCL1), brain-derived neurotrophic factor (BDNF) by real-time 
polymerase chain reaction (RT-PCR). 
Results: Grin1, NMDAR subunit gene expression was increased significantly in  
E group compared to other groups. Grin2b, NMDAR subunit gene expression 
was increased in E group compared to the SI group. Cdk5 level increased in  
E group compared to the SE group. The ASCL1 gene expression increased in  
E group compare to the SE group. The DCX gene expression increasing in C group 
compared to SI and SE groups.  
Conclusions: Taken together these findings may point out that long-term social 
isolation down-regulated learning-related genes. However, treadmill exercise to-
gether with social isolation did not restore this down-regulation although treadmill 
exercise increased learning-related genes without improving cognitive behaviour. 
(Folia Morphol 2019; 78, 4: 668–675)
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INTRODUCTION
Increasing evidence has shown that environmental 

disruptions such as social isolation stress can cause se-
vere cognitive dysfunctions [15]. Cognitive functions 
like learning and memory occur in the hippocampus 
and it’s developmental stages affected by stress fac-
tors in the adolescent period [40, 46]. Additionally, 
experiencing social isolation stress in adolescent pe-
riod caused anxiety and depression-like behavioural 
changes and impaired cognitive functions in the adult 
lifetime [23, 27, 38, 39]. The benefits of exercise are 
also apparent in the central nervous system where 
exercise can protect against neurodegenerative dis-
orders, alleviate symptoms of psychiatric disorders 
such as depression and anxiety or facilitate learning 
and memory [2, 10, 20, 24, 26]. Learning and mem-
ory occur in hippocampus particularly dependent on 
the hippocampal circuit and involves induction of 
some N-methyl-d-aspartate receptor (NMDAR) sub-
unit genes. Glutamergic system and NMDA-mediated 
glutamate system are known to be crucial for brain 
development, neuronal migration, differentiation and 
hippocampal plasticity [49]. 

NMDAR contains a heterotetrameric complex  
of two Grin1 subunits and two Grin2 subunits  
(Grin2A-2D). Grin1 gene produces GluN1 protein and 
essential for the formation of functioning NMDARs 
[32]. In addition, several mutations in Grin1 caused 
severe developmental delay associated with intel-
lectual disability [33]. NMDAR subunits Grin2a and 
Grin2b genes are highly abundant in brain regions 
associated with memory functions and hippocampal 
plasticity [11]. Also, Arc is important for maintenance 
of long-term plasticity and memory [35, 36]. 

One important feature of hippocampal plasticity 
that might make it sensitive to the stress, and also 
differentiates it from most other brain regions, is 
the fact that the hippocampus still comprises stem 
cells that increase new neurons even in adulthood. 
For instance, NMDAR activity is necessary for the 
regulation and correction of existing neuronal cir-
cuits during the acquisition of new information, the 
maturation of dendritic spines, synaptic connections 
and excess activation can cause excitotoxicity [28, 45].  
NMDAR also appear in the calcium-dependent 
brain-derived neurotrophic factor (BDNF) stimulation 
pathway and required for activity-dependent BDNF 
expression and BDNF suppression [8, 44]. BDNF is 
the vital neurotrophic factors that links exercise with 
improvements in cognitive processes [4]. Also, the 

Cdk5/p35 pathway has been known closely related 
to NR2B in spatial learning and memory functions  
[30, 37]. Cdk5 is known to phosphorylate doublecortin 
(DCX) and other microtubule-regulatory proteins [9].  
DCX located in the granular layer of the dentate 
gyrus (DG) in the hippocampus has shown to be 
critical in the development via mitosis of neural stem 
cell [17]. Also DCX involves in migrating neuroblasts 
and regulates neuronal migration by stabilising of 
microtubule function [16]. Achaete-scute homolog 1 
(ASCL1) plays a central role in the differentiation of 
neuronal progenitor which is expressed by hippocam-
pal progenitors during development [34]. In addition, 
Fos proteins which product of c-Fos gene involves in 
cell growth, proliferation, differentiation [16, 25, 41]. 

The aim of the present study was to determine the 
effect of exercise on learning and memory functions 
by using novel object recognition test, and the expres-
sion of hippocampal genes, namely NMDAR (Grin1, 
Grin2a, Grin2b), BDNF, Cdk5, Cdk5r, c-Fos, DCX, Arc, 
ASCL1 was measured by real-time polymerase chain 
reaction (RT-PCR) in the socially isolated rats.

MATERIALS AND METHODS 
Animals and experimental groups

Experimental procedures were performed in ac-
cordance with the Mersin University of Health Guide 
for Care and Use of Laboratory Animals and were ap-
proved by the University of Mersin Institutional Animal 
Care and Use Committee. Male Wistar rats (n = 32)  
3 weeks old, exposed to an inverse 12-h light/dark cycle 
at ambient temperature of 21 ± 1oC. After the acclima-
tisation period, male rats were randomly divided into 
four groups (n = 8): control (C), social isolation stress 
(SI), exercise (E), social isolation stress + exercise (SE). 

Social isolation procedure  

Social isolation involved removing the experimen-
tal animal from the home cage, and placing it into 
an isolated cage with dimensions 25 × 42 × 15 cm. 
Every day rats were exposed to stress between 08:00 
and 14:00 for 6 h in a separate room. After completed 
their social isolation, rats spent the rest of the day in 
standard rat cages. This procedure was repeated daily 
for 14 days. During this period, the control groups 
(C, E) spent their time in the standard rat cages [6].

Exercise procedure 

After 14 isolated days, for physical exercise proce-
dure, the treadmill apparatus was used. The running 
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motivation of the animals was enhanced by direct cur-
rent shock (0.1–0.15 mA) at the lane terminal of the 
treadmill [5]. Rats were exercised daily, 5 days per week, 
for overall 4 weeks. Everyday exercise procedure began 
14:00, between 08:00 and 14:00 social isolation proto-
col was continued (SI, SE). The running time in exercise 
groups was increased progressively through 4 weeks. 
The first-week duration of exercise was 20 min, second 
week — 50 min, third week — 50 min and last week — 
60 min. After exercise protocol learning performances 
were evaluated by novel object recognition test. 

The novel object recognition test 

Distinct visual cues were placed on the walls of the 
testing room and a video camera was positioned over-
head to record animals’ interactions with the objects 
during both the familiarisation and test phase [14, 29]. 
Before began the test rats were familiarised to the area 
for 15 min and rats underwent Spatial Object Location 
test sessions the next day. Each test session consisted 
of a 3-min familiarisation phase and a 3-min test phase, 
which were separated by a delay (60 min, 15 min, and 
240 min, respectively). The first day, after 3-min famil-
iarisation phase, 3-min test phase was applied after 
60 min delayed. Second day delay time determined 
as 15 min and third day it was 240 min. Two identical 
objects were located in the corners of the arena furthest 
from the experimenter and the time spent investigating 
each object was measured. A rat was considered to 
be exploring an object when it was directing its nose 
at a distance of less than 2.5 cm to the object and/ 
/or touching it with its nose [14]. After the delay that 
followed familiarisation, rats underwent a 3-min test 
phase. During the test phase, rats were returned to the 
same arena, except that one of the two objects seen 
before was moved to one of the previously unoccupied 
corners. The object that was moved and the corner that 
it was moved to were counterbalanced across condition 
and test sessions, such that rats never experienced the 
same object relocation twice. The amount of time that 
animals spent investigating each object was measured. 
Because rats have an innate preference for novelty, if 
their spatial memory is intact they will spend more time 
with the object in the new location compared to the 
object that was not moved [18]. 

At the end of all experiment, under the ketamine/ 
/xylazine anaesthesia, rats were decapitated and their 
hippocampus tissue was isolated. The brains were 
stored at –80oC and used for gene analysis with the 
method of the quantitative RT-PCR.

Gene expression by RT-PCR and analysis 

Total RNA isolation from the tissues was performed 
by a manual method using TRIzol (Invitrogen). 4 µL 
total RNA extraction was used as a template into syn-
thesis of cDNA using Fluidigm Reverse Transcription 
Kit in accordance with the manufacturer’s instructions 
to obtain cDNA. Quantitative RT-PCR was run on  
a Fluidigm Biomark Real-Time PCR using Taqman GE 
Master Mix. The Fluidigm Access Array (TaqMan) was 
used to evaluate expression levels of Grin1, Grin2a, 
Grin2b, Cdk5, Cdk5r, Arc, c-Fos, DCX, ASCL1, BDNF. 
The relative expression of genes was calculated by 
the comparative 2–∆∆Ct method using PPIA RNA levels 
as internal control. Peptidylprolyl widely preferred as  
a control gene in neurological research [19].

Data evaluation and statistical analysis 

All data are expressed as mean values ± standard 
error of the mean (SEM). The normal distribution of 
data in each group was controlled by the Shapiro-Wilk 
test. For normally distributed data of behavioural 
test and genes expression level, statistical analysis 
was performed by using one-way ANOVA, repeated 
measures analysis of variance (ANOVA) and Tukey post 
hoc comparisons. The significance level of p < 0.05 
was considered for statistically significance.

RESULTS
Effects of social isolation and exercise on novel 
object recognition test at different time intervals

The time spent in the familiar object was evaluated 
in all intervals after the training session. As a normal 
behaviour, rodents usually spent more time exploring 
the novel object in the test session, which indicates 
that they recognised the object offered previously. 
According to the novel object recognition test, there 
is a significant difference at a 60-min section in social 
isolation group compare to the control (p < 0.05). 
For the group of rats that performed test session  
15 and 240 min after training, all groups recognised 
similarly the novel object, since all groups of rat spent 
the same time in the novel object in the test (Table 1). 

Effects of social isolation and exercise  
on hippocampal learning related  
and neurogenesis gene levels 

According to our results; Grin1 NMDAR subunit 
gene expression was increased significantly in E group 
compared to other groups (for C group, p = 0.049; for 
SI group, p = 0.001; for SE group, p = 0.000). Grin2b 
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NMDAR subunit gene expression was increased in  
E group compared to SI group (for SI group, p = 0.012  
and for SE group, p = 0.008). In contrast, Grin2a 
gene expression did not change between groups  
(p = 0.81; Fig. 1).

Together with NMDA receptor subunits gene ex-
pressions, we measured expression levels of BDNF, 
Cdk5, Cdk5r genes and found an increase in Cdk5 
level in E group compare to the SE group significantly 
(p = 0.05). The ASCL1 gene expression increased in  
E group compare to the SE group (p = 0.031). The DCX  
gene expression increasing in C group compared to 
SI and SE groups (p = 0.20 and p = 0.27). However, 
we did not find any significant differences in BDNF 
(p = 0.873), Cdk5r (p = 0.085), Arc (p = 0.46) and 
c-Fos gene level (p = 0.079; Fig. 2).

DISCUSSION
Generally, the performance for the novel object 

recognition declines while the interval between train-
ing and session increases, with better indices obtained 
around 90 min after training [13, 42]. Our groups 

Table 1. Exploring time for novel object test

Groups Time/minute

15 60 240

C 3.57 ± 2 92.50 ± 39* 40.83 ± 30

SI 34.38 ± 21 18.54 ± 6 41.25 ± 18

CE 14.18 ± 6 67.91 ± 19 62.29 ± 24

SE 29.8 ± 13 74.79 ± 13 85.83 ± 40

*There is a significant difference at the 60-min section in social isolation group  
compare to the control (p < 0.05). Values are given as mean ± standard deviation;  
C — control group; SI — social isolation group; E — exercised group; SE — social 
isolation + exercise group

Figure 1. Shows fold change expression levels of Grin1 (A), Grin2a (B), Grin2b (C), brain-derived neurotrophic factor (BDNF; D), Cdk5 (E), 
Cdk5r (F), in rat hippocampus by real-time polymerase chain reaction. Values are expressed as a percentage of the cage control value (100%). 
One way ANOVA followed by Tukey’s post hoc multiple comparison tests; *for Grin1, different from others group (C, SI, SE); **for Grin2b, 
different from SI groups (SI and SE); ***for Cdk5 different from SE group (p < 0.05); C — control group; SI — social isolation group;  
E — exercised group; SE — social isolation + exercise group.
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showed no differences in the time spent in the nov-
el object in 15 min and 240 min after training. This 
situation suggests that they did not recognise the 
novel object. In our study 60 min after training, social 
isolation group spent less time with the novel object 
compared to the control group. Exercise and social 
isolation + exercise rats did not show differences in 
the time spent in the novel object when compared 
to other groups, which means that both groups of 
rat effectively recognised the novel object. In our 
previous study, we found that social isolation stress 
and exercise did not affect the learning and memory 
functions by using the Morris water maze test. How-
ever, in the elevated plus maze test, anxiety scores 
were the lowest in the exercise group compared 
to others [6]. The novel object recognition test is 
based on the spontaneous novel object preference 
of rodents. Anatomically, this task is depending on 
the hippocampus, the nigrostriatal dopaminergic 
pathway and rhinal cortex [47]. These brain structures 
play a cardinal role in recognition memory formation, 
and if damage exists, the performance in recognition 
memory tasks is diminished [1]. It should be noted 
from that; another brain regions could affect the 
hippocampus process. Also in our study, long-term 
treadmill exercise did not show any possible effects on 

cognitive performances. Surprisingly, longer periods 
of exercise intervention are ineffective to promote 
cognitive performance compared to shorter dura-
tions. Possibly the induction of exercise in rodents 
is partly mediated by environmental changes [21]. 
Although we did not find differences in cognitive 
functions caused by exercise, we mentioned possible 
gene-environment interactions in the context of stress 
and exercise model. We showed an enhanced impact 
of exercise on learning and memory-related genes but 
not on some physiological measures. 

Several psychiatric and neurological disorders 
manifest learning and memory deficits. For this rea-
son, cognitive enhancement is considered as an ef-
fective treatment approach. NMDA is a main target 
gene for the development of cognitive enhancers 
due to its essential role in learning and memory. In 
particular, the NMDAR subunit gene NR2B improves 
synaptic plasticity and memory when over-expressed. 
However, the potential role as therapeutic target for 
NR2B gene has not been investigated detailed [5]. 
Here we showed in our study, Grin2b (NR2B), Grin1 
(NR1) gene expressions increased in exercise group 
significantly. NMDAR subunits genes decreased in 
stress and exercise protocol, but this tendency was 
not significant. Like our results, Stranahan et al. [43] 

Figure 2. Shows fold change expression levels of doublecortin (DCX; A), Arc (B), c-Fos (C), achaete-scute homolog 1 (ASCL1; D) in rat hip-
pocampus by real-time polymerase chain reaction. Values are expressed as a percentage of the cage control value (100%). One way ANOVA 
followed by Tukey’s post hoc multiple comparison tests; *for DCX, SI and SE group; **for ASCL1, different from SE group (p < 0.05); C — 
control group; SI — social isolation group; E — exercised group; SE — social isolation + exercise group.
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showed that the combined effect of stress and exer-
cise diminished cognitive functions. Also Zhao et al. 
[50] indicated that NR2B gene was down-regulated 
in prefrontal cortex in response to isolation rearing 
for 8 weeks in Sprague Dawley rats. However, the fact 
that exercise seems to deficient treatment on social 
isolation stress should be taken into consideration. 
Because we showed social isolation + exercise groups’ 
genes Grin2b, Grin1 and Grin 2a also downregulated 
like social isolation group. However, when exercise 
was applied to the grouping rats, it caused up-regu-
lation in the Grin2b and Grin1 genes expression levels. 
We can reveal that when experienced in a group set-
ting, running stimulates learning and memory-related 
genes. Although NMDAR subunits genes altered due 
to the stress and exercise application, we did not find 
any changes in learning and memory. Possibly, dura-
tion of the exercise protocol was enough to express 
in genes’ level but insufficient to reflect in learning 
and memory functions in rats. We presumed that, if 
we prolonged the exposure time of application we 
would probably see therapeutic effects of exercise on 
social isolation stress.

NMDAR subunit genes also interact with other 
signalling pathways such as Cdk5/p35. Cdk5 which 
is activated by binding to p35 or p39 is involved in 
synaptic plasticity and affects learning and memory 
formation [30]. In Cdk5 knockout (KO) mice and p35 
KO mice, brain development is severely diminished 
because neuronal migration is impaired. Mishiba et 
al. [30] findings reveal that Cdk5/p35 regulates spatial 
learning and memory, implicating Cdk5/p35 as a ther-
apeutic target in neurological disorders. In addition, 
we showed that Cdk5 gene expression up-regulated 
in the exercise group. We have known from the liter-
ature that Cdk5 pathway has been identified closely 
related to NR2B in spatial learning and memory func-
tions. According to our study, both NR2B and Cdk5 
gene expression were up-regulated in the exercise 
group. To the best of our knowledge, we elaborated 
the effects of long-term treadmill exercise on the 
relationship between Cdk5 and NMDAR subunits 
firstly in literature. 

Particularly acute stress leads to a decrease in 
BDNF level but declines in gene expression in chronic 
stress restricted [31, 48]. Although our result cannot 
infer the relationship between BDNF and learning 
performances, we have known from the literature 
that learning activity can influence the BDNF level [7].  
However, we are not sure if learning activity in the 

object recognition task could change immune content 
of these proteins [22]. In our study, BDNF level did 
not change between the group. Our forced exercise 
protocol did not affect BDNF levels. We assumed that 
when exercise applied voluntary, synaptic plasticity- 
-related gene — BDNF could be altered [3]. However, 
in the modern era, people have not a tendency to do 
exercise voluntary and need induction for exercise in 
an obligated way. For this reason, forced treadmill 
exercise is suitable for people in their daily routine 
exercise. Nevertheless, we assumed that not just exer-
cise type is important for people daily lives, also social 
interactions have really a cardinal role in learning and 
memory functions. These results suggest that in the 
absence of social interaction, a normally beneficial 
experience can exert a potentially deleterious influ-
ence on the brain. Nevertheless, it should be recalled 
that exercise protocol as itself can cause poor stress 
source and exaggerated diminished cognitive func-
tions together with social isolation stress.  

According to our results ASCL1, which involved 
in neural progenitor differentiation, was up-regu
lated in the exercise group significantly. Exercise 
has a clear impact on modifying microenvironment 
of progenitor immature cells. So here, we showed 
that new neurons are generated from stem cells 
usually in a quiescent state and they can reach to an 
active state by environmental stimulus like exercise. 
DCX expression is associated with neurite and axon 
elongation and synaptogenesis a marker of the new 
neuron [12]. In our study, we demonstrated that 
DCX down-regulated in stress and social isolation 
+ exercise group compare to the control. Actual-
ly, the relationship between exercise and stress in 
modifying neurogenesis and cognitive processes in 
adulthood is complex. It has been demonstrated 
that social isolation inverted the positive effects of 
exercise in adulthood, followed a decrease in neu-
ronal proliferation [43]. Our study suggested that, 
isolation stress during adolescence results in shrinks 
in neurogenesis in early adulthood rats. Thus, to our 
knowledge, this study is the first to demonstrate 
that longer-term exercise during adolescence does 
directly influences the expression levels of neuro-
genesis gene such as DCX, ASCL1 that reveal of new 
hippocampal neuron.

CONCLUSIONS
Long-term treadmill exercise increased hippocam-

pal learning-related genes and neurogenesis without 
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improving cognitive behaviour in socially isolated 
rats. Understanding the processes that underlie these 
changes should expand our knowledge of how envi-
ronmental occasions may modify brain development 
and function, and development of neuropsychiatric 
disorders. 
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