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Objective(s): It is urgent to develop non-pharmacological interventions or multifactor combination 
approaches to combat Alzheimer’s disease (AD). The effect of exercise (EX) combined with 
environmental enrichment (EE) on behavioral phenotypes and neurogenesis markers in an Alzheimer-
like rat model was investigated. 
Materials and Methods: The groups consisted of AD, sham-operated, AD+EX, AD+EE, and AD+EX+EE. 
AD was produced by injection of amyloid-beta (1-42, 6 µg) intrahippocampally, and a daily treadmill 
for 3 consecutive weeks was used for EX animals. EE was a large cage (50× 50× 50 cm) containing 
differently shaped objects. Spatial learning and memory were evaluated in the Morris water maze 
(MWM), and a shuttle box was used to evaluate inhibitory avoidance memory. RT-PCR was performed 
to assess the expression of early neurogenesis markers, DCX, and Sox2 within the hippocampus.
Results: Pretreatment with exercise and EE, both individually and in combination, could provide 
protection from memory impairments in AD rats. Combined treatment led to a significantly more 
pronounced improvement in memory deficits of AD rats than either paradigm alone. Combination 
therapy with exercise and EE could also reverse the passive avoidance memory impairment and 
hippocampal DCX expression of AD rats to the control levels.
Conclusion: These data suggest that exercise in combination with cognitive engagement can provide 
a non-pharmacological and multidomain policy that may prevent or delay AD symptoms.
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Introduction
Alzheimer’s disease (AD) is a progressive and chronic 

brain disorder that leads to the gradual loss of cognitive, 
reasoning, abstraction, language, and behavioral skills, 
ultimately resulting in dependence on caregivers for daily 
living activities. The increasing population, longevity, and 
financial prosperity have raised concerns about widespread 
dementia among the aging population in the coming 
decades. At present, there are 26 million AD patients 
worldwide, and the number is estimated to reach around 106 
million by 2050, raising serious ethical, economic, clinical, 
and social concerns (1, 2). AD is a multifactorial syndrome 
that causes a gradual decline in brain functioning due to 
a complex variety of neurochemical alterations, including 
changes in synaptic density and function, neurogenesis, and 
the formation of beta-amyloid (Ab) plaques, neurofibrillary 
tangles (NFTs), neuroinflammation, oxidative stress, and 
so on (3). The disease has been recognized for more than 
100 years, but a definitive treatment strategy has not been 
established yet due to its uncertain etiology and complex 
pathogenesis. Currently, acetylcholinesterase inhibitors 
(AChEIs) such as donepezil, rivastigmine, galantamine, 

and NMDA receptor antagonist memantine offer only 
temporary symptomatic relief. Therefore, there is an urgent 
need to explore the effectiveness of non-pharmacological 
interventions such as cognitive or physical practices or 
combined approaches to combat this disabling disease.

A healthy lifestyle, including a balanced diet, regular 
exercise, and engagement in activities that involve 
socializing and stimulating the brain, has been suggested 
to have beneficial effects on cognition and reduce the 
overall risk of developing AD (4, 5). The positive effects 
of exercise on brain health and cognitive functioning have 
been well-documented in both human and animal studies 
(6, 7). Physical exercise has been demonstrated to improve 
brain function and memory through multiple mechanisms, 
including improving cerebrovascular status, angiogenesis, 
neurogenesis, synaptic plasticity, and growth factor 
secretion (7, 8). For decades, researchers have investigated 
physical exercise as a behavioral intervention to mitigate 
neurological impairments in experimental studies. Regular 
physical exercise has been shown to delay, ameliorate, or 
even prevent cognitive decline in elderly people (9, 10), aged 
rats (11), or AD transgenic mice (12).
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Numerous epidemiological studies have highlighted 
poor cognitive stimulation as a risk factor for cognitive 
decline development. Higher educational and occupational 
attainment has been consistently associated with a lower 
risk of developing dementia in general and AD in particular 
(13, 14). In experimental studies, active lifestyle behavior 
can be modeled by housing multiple rodents in a large 
chamber where a variety of complex and challenging 
objects (tunnels, toys, shelter, ladder, nesting materials) 
and a voluntary running wheel are present to provide a 
stimulating environment (enriched environment; EE) 
for sensory, cognitive, motor, and social development 
compared to standard housing (15). Several studies have 
reported the positive effects of EE on both cognitive and 
biochemical features of neurodegenerative pathology in 
experimental models (16, 17). EE increases the expression 
of neurotrophic factors and other molecules associated 
with synaptic plasticity, neurogenesis, axonal transport, 
and dendritic branching, exerting strong neuroprotective 
effects (16, 18, 19). Although conflicting data is showing 
that the effect of EE on AD pathology, neurogenesis, or 
cognitive performance is limited and variable (17, 20-
23), EE has recently gained attention as a potential non-
pharmacological strategy that might affect the onset and 
progression of neurodegenerative diseases, including AD.

In recent times, there has been a growing interest in 
combining various interventions to improve cognitive 
performance, which has shown great promise as a 
therapeutic approach for treating various health conditions. 
Particularly, the combination of physical and cognitive 
training has attracted increasing interest. The human data 
analysis revealed that combined physical and cognitive 
training has an advantage over training alone in terms of 
cognition and brain structure and function (24, 25)post-
intervention standardized mean difference (SMD. The 
same advantage of this combination has also been reported 
in terms of various aspects of neural plasticity events and 
cognitive tasks in animal models (26, 27)the efficacy of 
long term exposure of VSL rats to combination paradigm 
of environmental enrichment (EE. In our previous study, 
we found a superior function in memory along with 
greater hippocampal expression of the molecular marker of 
memory in a combined program of treadmill running and 
EE than either treatment individually in healthy rats (28). 
However, to date, the data on the combination of EE and 
physical activity for cognitive deficits in neurodegenerative 
status is scarce. 

With these promising data concerning the additive effect 
of simultaneous exposure to EE and physical exercise on 
cognition in non-neurodegenerative status, we asked whether 
simultaneous exposure to two paradigms in amyloid beta-
induced AD rats may also have a greater impact on learning 
and memory function than  either treatment alone. In 
addition, we aimed to investigate if neuronal development 
plays a role in our findings. This was achieved by assessing 
the levels of DCX and Sox2, which are markers of early 
hippocampal neurogenesis in the hippocampus of rats.

Materials and Methods  
Animals

The experiments and animal handling procedures 
were conducted in accordance with the guidelines set by 
the Laboratory Animal Ethics Committee of Mashhad 

University of Medical Sciences (IR.MUMS.MEDICAL.
REC.1398.421). Every effort was made to minimize the 
number of rats used and any potential suffering. The timeline 
of the experiments is presented in Figure 1. Male rat pups 
were acquired from the colony maintained by the Animal 
Facility at Faculty of Medicine of Mashhad University of 
Medical Sciences, Iran.

Experimental design
At one month of age, the animals were randomly assigned 

to one of the following five experimental groups, each 
consisting of eight individuals (n=8): i) Alzheimer: Rats 
received bilateral intrahippocampal injections of amyloid-
beta (6 µg/6µl) and were housed in standard animal cages 
measuring 50*30*25 cm. ii) Sham-operated: Rats received 
the same volume of vehicle solution via the same route 
and were kept in standard cages. iii) Alzheimer+Enriched 
Environment (Alz+EE): Rats were housed in larger cages 
measuring 50*50*50 cm for a duration of 5 weeks. These 
cages were furnished with nesting materials, tunnels, 
ladders, shelters, houses, and toys, which were regularly 
modified and rearranged to promote a sense of novelty. 
Subsequently, the rats received intrahippocampal injections 
of Aβ 1-42. iv) Alzheimer+Exercise (Alz+EX): Rats in 
standard cages underwent treadmill running sessions 
for a period of 3 weeks, five days a week, and were then 
subjected to intrahippocampal injections of Aβ 1-42. v) 
Alzheimer+EX+EE: Rats were exposed to 5 weeks of an 
enriched environment combined with 3 weeks of treadmill 
exercise, followed by intrahippocampal injections of Aβ 
1-42 (as shown in Figure 1). Behavioral tests were initiated 
when the animals reached 2 months of age. After the 
completion of behavioral tests, the rats were euthanized for 
hippocampal dissection and subsequent analysis (refer to 
Figure 1). The animals were housed in groups of four and 
eight in standard and enriched cages, respectively. They had 
unrestricted access to food and water under all conditions 
and were kept in a climate-controlled room maintained at 
23 °C ± 1 °C, following a 12-hour light-dark cycle (lights on 
from 06:00 to 18:00 hours). All cages were cleaned once a 
week. 

Intrahippocampal microinjection of Aβ 1-42
The animals were administered anesthesia with ketamine-

xylazine (100-10 mg/kg, IP; Vibac Laboratories, Carros,  
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Figure 1. Experimental design of the study
Animals were assigned to the different treatments from week 4 to week 8 and then 
subjected to intrahippocampal injection of Aβ 1-42 in week 9 of age. Spatial learning 
and memory in Morris water maze (MWM), inhibitory avoidance memory in passive 
avoidance task (PAT), and hippocampal extraction of neurogenesis markers were 
performed in week 10. For further details see methods section
EX: exercise; EE: enriched environment
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France) and secured in a stereotaxic frame. Burr holes were 
drilled bilaterally in the skull, targeting the CA1 region of 
the hippocampi, using the following coordinates: 3.6 mm 
posterior to bregma, 2.4 mm lateral to the sagittal suture, 
and 3.6 mm ventral to the surface of the skull (refer to 
Figure 2). Aβ 1-42 (6 µg in 6μ PBS) or vehicle was bilaterally 
injected (3 µl per side) through a 27-gauge injection needle, 
which was connected to a Hamilton syringe (10 µl) via a 
polyethylene tube. The injection was manually administered 
over a period of 10 min, and the injection needle was left 
in place for an additional 60 sec to optimize diffusion away 
from the needle tip and minimize dorsal diffusion.

 
Treadmill exercise 

In the exercise groups, the rats were subjected to treadmill 
running once a day for 5 consecutive days per week over 
a period of 3 weeks. The specific details of the treadmill 
regimen were as follows. During the first two weeks, the 
rats ran on the treadmill at a speed of 3 m/min for the 
initial 5 min, followed by an increase to 6 m/min for the 
subsequent 5 min, and finally reaching a speed of 10 m/min 
for the final 20 min. In the third week, the running speed 
was adjusted. The rats ran at a speed of 6 m/min for the first 
15 min, then increased to 10 m/min for the next 15 min, 
and finally reached a speed of 15 m/min for the last 15 min. 
Each session in the third week included a 5-minute break 
for the animals. Throughout all the treadmill sessions, the 
inclination of the treadmill remained at 0%. Additionally, 
the rats received a mild shock of 0.25 mA whenever they 
stopped running, to encourage continuous movement. All 
treadmill sessions were conducted during the light cycle 
between 9:00 and 14:00. This modified protocol was based 
on previous studies by Saadati et al. (29) and Kim et al. (30).

Spatial learning and memory in morris water maze 
(MWM)

In the Morris Water Maze (MWM) experiment, a 
circular tank was used, measuring 160 cm in diameter and 
80 cm in height. The tank was filled with 22-24 °C water, 
with a depth of 50 cm. To divide the pool into quadrants, 
it was conceptually separated into four equal parts. Each 
quadrant was assigned a number: 1, 2, 3, and 4. In the 
center of quadrant 3, a round platform measuring 10 cm 

in diameter was positioned 2 cm below the water’s surface, 
hidden from the view of the rats. The trials took place in a 
dimly lit room, where various fixed images (such as squares, 
circles, or triangles) were attached to the walls surrounding 
the maze. An automated video tracking system (Borj 
Sanat Azma) recorded the rats’ performance. The MWM 
experiments spanned five consecutive days. During the first 
four days of training, each rat completed four trials daily, 
with a 5 min break between each trial. In each trial, the rat 
was released into the water from one of the four quadrants, 
facing the wall of the pool. Throughout the training trials, 
the location of the platform remained constant, allowing the 
rats to search for the hidden escape platform within a time 
limit of 60 sec. Once the rat found the platform, it stayed on 
it for 15 sec before being removed from the water, dried with 
a towel, and returned to its home cage until the next trial. If 
a rat failed to find the platform within the allotted time, the 
experimenter manually guided it to the platform, following 
the same procedure as the others. To assess spatial learning, 
data on the time taken and distance covered to reach the 
hidden platform were collected and analyzed as criteria. On 
the fifth day, a single probe trial was conducted, 24 hr after 
the final training trial, to evaluate spatial memory. In this 
trial, the rat was released into the pool without the presence 
of an escape platform and allowed to swim freely for 60 
sec. The time spent, distance traveled, and the number 
of crossings over the target quadrant were examined as 
parameters for spatial memory. All behavioral procedures 
for the various groups were conducted during the lights-
on period, ensuring consistent conditions throughout the 
experiments.

Passive avoidance task
The passive avoidance task was conducted using a 

shuttle box apparatus consisting of two chambers of equal 
dimensions (25×25×20 cm) connected by a guillotine door. 
One chamber was brightly illuminated, while the other was 
dark. The floor of both chambers was made of stainless-steel 
grids, capable of delivering electric shocks (50 Hz, 3 sec, and 
1 mA intensity) through a standard stimulator. The passive 
avoidance task assesses long and short-term memories in 
an associative manner, utilizing fear motivation. Taking 
advantage of rodents’ natural preference for the dark 
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Figure 2. (A) Schematic representation of the rat brain coordination from Paxinos atlas. (B) The ink was injected stereotaxically into the CA1 area in the 
pilot experiment to assure the correct coordination
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compartment, this task evaluates inhibitory avoidance 
memory. The animal learns to associate the dark chamber 
with a prior aversive stimulus. The task was conducted over 
two consecutive days. On the first day (habituation and 
acquisition phases), the animal was initially placed in the 
light chamber with the guillotine door opened after 5 sec, 
allowing free exploration of both chambers for 5 min. Thirty 
min later, the animal was placed in the bright chamber, and 
after 5 sec, the guillotine door was opened, enabling the 
animal to freely move to the dark chamber. Animals with an 
initial latency to enter the dark chamber exceeding 100 sec 
were excluded from the study. Once the animal entered the 
dark chamber with all four paws, the door was closed, and the 
animal remained there for 10 sec before being returned to its 
home cage. After an interval of 1 hr, the animal was placed 
back into the light chamber, and the door was opened after 
5 sec. This time, upon entering the dark chamber, the door 
was immediately closed, and a weak electric shock (1 mA, 
50 Hz, 3 sec) was delivered to the animal’s foot through the 
steel grids on the floor. After 10 sec, the animal was returned 
to its home cage and kept there for 120 sec. The same 
procedure was repeated for subsequent sessions. Successful 
acquisition of inhibitory avoidance memory was defined as 
the animal staying on the light side without moving to the 
dark side for at least 120 sec. However, if an animal moved 
to the dark chamber within 120 sec, the guillotine door was 
closed, and another shock was administered as in the first 
trial. On the second day (retention phase), the latency to 
enter the dark chamber without the presence of an electric 
foot shock was measured, following the same procedure as 
the acquisition trial. The step-through latency (STL), the 
number of entries into the dark compartment, and the total 
time spent in the dark compartment (TDC) were recorded 
as retention parameters, with a maximum STL cutoff of 300 
sec.

Tissue dissection and real-time PCR
Following the completion of behavioral experiments 

(Figure 1), the animals were decapitated, and both whole 
hippocampi were swiftly extracted and frozen in liquid 
nitrogen. They were then stored at -80 degrees Celsius 
until further homogenization. To evaluate the mRNA 
expression of early neurogenesis markers, DCX and Sox2, 
in the hippocampus, quantitative real-time PCR (qRT-
PCR) was conducted. Total RNA was extracted using the 
RNeasy Mini kit (Parstous, Iran), and the concentration 
of the RNA was measured at 260 nm absorbance using a 
nanodrop spectrophotometer (Thermo Fisher Scientific, 
Germany). First-strand cDNA was synthesized from 1000 
ng of RNA using a cDNA Synthesis Kit (Yekta-Tajhiz; Cat: 
Yt4500), following the manufacturer’s instructions. qRT-
PCR amplification was performed using the CFX 96 Real-
Time System (Roche Applied Science, USA) and Syber 
Green dye (Amplicon, Denmark). All qRT-PCR reactions 
were performed in duplicate. The relative expression levels 
of the target genes were calculated using the 2-ΔΔCq 
(Livak) method, with normalization to the internal control 
(β-actin). 

Statistical analysis
The time and distance required to locate the hidden 

platform during the MWM training days in the separate 
groups were subjected to repeated-measure analysis. To 

compare these variables between the groups, a two-way 
ANOVA with repeated measures (group and block as 
factors) was conducted. For the analysis of data obtained 
from the probe trials, swimming speed, passive avoidance 
variables, and gene expression, a one-way ANOVA 
followed by Tukey’s post-hoc multiple comparison tests was 
employed. Non-parametric data were analyzed using the 
Kruskal-Wallis test, followed by the Bonferroni adjustment. 
The values are presented as means±SEM and statistical 
significance was set at P<0.05. 

Results 
Spatial learning and memory in MWM 

During the acquisition trial days, it was observed through 
repeated measures analysis that all singular groups were 
able to learn the location of the hidden platform, which 
was evident by the decrease in escape latency and distance 
traveled over the course of four subsequent training days 
(P=0.000). The analysis of repeated measures ANOVA did 
not reveal any significant differences among the groups 
in terms of escape latency or distance traveled (P=0.892 
for time and P=0.781 for distance, as shown in Figures 
3A and B). The spatial memory parameters in the single 
probe trials are depicted in Figure 3C. One-way ANOVA 
showed significant differences in the percentage of time 
(F(4,35)=10.45, P=0.000) and distance (F(4,35)=9.16, 
P=0.000) spent in the target quadrant (Q3) among the 
groups. Tukey’s post-hoc test revealed that the Alz group 
spent significantly less time in the target quadrant as 
compared to the sham, Alz+EX, Alz+EE, and Alz+EX+EE 
groups (P<0.005, 0.05, 0.05, and 0.001, respectively). 
Moreover, the decrease in the percentage of distance in the 
Alz group was found to be significant only when compared 
to the sham and Alz+EX+EE groups (P<0.005 and 0.001, 
respectively). Interestingly, the animals in the Alz+EX+EE 
group spent more time and distance in the target quadrant as 
compared to both the Alz+EX and Alz+EE groups (P<0.05).  
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Figure 3. A, B: Spatial learning in the Morris water maze (MWM) 
test in sham, Alz (Alzheimer), Alz+EX (exercise), Alz+EE (enriched 
environment), and Alz+EX+EE rats
Each day represents the mean latency (A) and distance moved (B) through four 
consecutive trials to find the hidden platform. There were no significant differences 
in spatial learning ability among the groups. (two-way repeated measure ANOVA)
(C) Spatial memory in MWM test in experimental groups. Spatial memory was 
defined as the percentage of time and distance spent in the target quadrant as well as 
the percentage of the number of crosses on this quadrant. The time and distance in the 
target quadrant were significantly decreased in the Alz group compared to the sham, 
Alz+EX, Alz+EE, and Alz+EX+EE groups
**P<0.01 indicating a difference from sham, #P<0.05 indicating a difference 
from Alz+EX and Alz+EE, •P<0.05 and •••P<0.001 represent the difference from 
Alz+EX+EE group. (D) Swimming speed in MWM.  Data are shown as mean±SEM 
(one-way ANOVA followed by Tukey test)
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Furthermore, there was no significant difference observed 
in the MWM swimming speed among the five experimental 
groups (as shown in Figure 3D).

Passive avoidance memory in the shuttle box 
The results of the passive avoidance memory are shown 

in Figures 4A and B. The Kruskal-Wallis test revealed a 
significant difference in STL (P=0.011) and the number of 
entries (P=0.010) between the groups. After the Bonferroni 
adjustment, it was found that STL is significantly decreased 
in the Alz group compared with the sham group (P=0.004). 
Comparison between the Alz and Alz+EX+EE groups 
showed that the latter group had significantly longer STL 
than the former one (P=0.002, Figure 4B). The number of 
entries to the dark part in the Alz group was significantly 
increased compared to the Alz+EE (P=0.001) and 
Alz+EX+EE (P=0.004) groups (Figure 4A). The remained 
differences did not meet statistical significance. 

DCX and Sox2 mRNA expression
Figures 5A and B show the results of Sox2 and DCX 

mRNA expression in the hippocampus of rats. The mRNA 
expression of Sox2 was the same in all groups (P=0.496, 
Figure 5A). One-way ANOVA revealed a significant 

difference in hippocampal DCX between the groups (F(4,10)= 
12.40, P=0.001, Figure 5B). Tukey’s post-hoc analysis showed 
that DCX is severely decreased in Alz and Alz+EX groups 
compared to the sham group (P<0.005). DCX expression 
was significantly reversed when Alz animals were submitted 
simultaneously to exercise and EE in the Alz+EX+EE group 
(P<0.05 in comparison with Alz and Alz+EX groups). The 
hippocampal Sox2 levels were the same in all groups. The 
remaining differences did not meet statistical significance.

Discussion 
Regarding the positive impact of physical activity and 

EE, both individually and in combination with other 
paradigms on cognitive functions and with respect to 
consistent neuronal mechanisms through which exercise 
and EE affect cognition; the current study was designed to 
examine whether a combined program of physical exercise 
and EE would yield a greater protective effect than either 
treatment alone against the cognitive deficits of AD rats. 
Animals that were injected with amyloid-beta exhibited 
a decline in their spatial memory abilities, as evidenced 
by reduced time spent and distance traveled in the target 
quadrant of MWM. Pretreatment with running exercise 
and EE, both individually and in combination, could 
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Figure 4. A, B: The passive avoidance memory in the shuttle box apparatus in sham, Alz (Alzheimer), Alz+EX (exercise), Alz+EE (enriched environment), 
and Alz+EX+EE rats
The number of entries to the dark part was increased in the Alz group compared to the Alz+EE  and Alz+EX+EE groups. **P<0.01 and ••P<0.01 indicating a difference from 
Alz+EX+EE and Alz+EE, respectively (A). Step-through latency (STL) to the dark part was decreased in the Alz group compared to the sham and Alz+EX+EE groups
**P<0.01 and ••P<0.01 indicating a difference from sham and Alz+EX+EE, respectively (B). The differences in Initial latency to the dark part (A) and in the total time in the dark 
compartment (TDC) (B) between the groups did not reach statistical significance
Data are shown as mean ± SEM (The Kruskal Wallis test followed by Bonferroni adjustment)
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Figure 5. A, B: Hippocampal gene expression of early neurogenesis markers, Sox2 (A) and DCX (B) in sham, Alz (Alzheimer), Alz+EX (exercise), Alz+EE 
(enriched environment), and Alz+EX+EE rats
The mRNA expression of Sox2 was the same in all groups. One-way ANOVA revealed a significant decrease in DCX expression in Alz and Alz+EX groups compared to the sham 
and Alz+EX+EE groups
**P<0.01 indicating a difference from sham and #P<0.05 indicating a difference from Alz+EX+EE group
Data are shown as mean±SEM (one-way ANOVA followed by Tukey test)
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provide protection from memory impairments in AD rats. 
Exercise and EE in combination led to a significantly more 
pronounced improvement in memory deficits of AD rats 
than in either paradigm alone. Passive avoidance memory 
was also disrupted in AD animals as revealed by the 
decrease in retention time to enter the dark chamber. While 
pretreatment with both individual and combined exercise 
and EE increased the retention time toward the control 
levels, the combined paradigm was only significantly 
efficient. Concerning neurogenesis marker analysis, 
amyloid-beta injection led to a significant decrease in the 
mRNA expression of hippocampal DCX, and combination 
pretreatment with exercise and EE could significantly 
restore it.   

AD is a prevalent and devastating neurodegenerative 
condition that is characterized by the accumulation of 
amyloid plaques, the formation of neurofibrillary tangles, 
significant neuronal loss, and a decline in cognitive function 
(31). Despite the disease representing a global public health 
and social care crisis, there are still no promising treatment 
strategies available. Both the familial and sporadic forms 
of AD express common neuropathological hallmarks, 
suggesting that different causes, factors, and pathways could 
be involved in the neuropathological deficits of the disease. 
Experimental animal models of AD display growing and 
persistent memory deficits which are analogous to the 
symptoms of human sporadic AD (32). Our data were in 
accordance with previous studies indicating that ICV or 
intrahippocampal microinjection of amyloid-beta causes 
memory disturbances. However, it should be noted that 
a single injection of amyloid peptide does not exactly 
mimic all of the pathological features and neurochemical 
components of AD. While to date no ideal animal model 
that reproduces all of the features of AD in humans has been 
developed, the genetic mouse models and amyloid-beta 
microinjection are the most relevant existing experimental 
AD models. Injecting amyloid-beta into the brain of rats 
triggers oxidative stress, pro-inflammatory responses, 
and a sequence of neurotoxic events that ultimately result 
in damage to the neuronal functions responsible for the 
behavioral symptoms associated with AD. Therefore, the 
injection of amyloid-beta into the rat brain is considered 
an acceptable model to induce some neural and behavioral 
features of AD analogous to those seen in transgenic animals 
(33). 

Research studies investigating the potential benefits of 
exercise and EE have typically focused on exploring these 
therapies after experimentally-induced cognitive and 
brain function deficits have occurred (i.e., post-treatment) 
(26, 34). However, some studies have also employed a 
pretreatment approach with exercise and EE, administering 
the therapies before the experimental induction of AD-
like pathology in animals (34, 35). Voluntary exercise plus 
cognitive stimulation in the form of EE beginning before 
disease onset and continuing during the disease course 
counteract memory decline and anxiety-like behaviors in 
AD transgenic mice  (36, 37). A study by Herring et al. (38) 
compared the preventive and therapeutic effects of EE on 
beta-amyloid pathology in transgenic mice and concluded 
that both approaches are capable to reduce the beta-amyloid 
burden, though with the different plaque and cerebral 
angiopathy morphology. The prophylactic viewpoint of 
exercise and cognitive training has also been established 

in human studies. Among many lifestyle behaviors that 
could influence the course and pathology of AD, physical 
exercise is one of the most important habits that may 
assist in preventing AD or slowing the decline of cognitive 
components in patients with mild to severe AD (39, 40). 
There is mounting evidence to suggest that engaging in 
cognitive activities before the onset of dementia and AD can 
reduce the risk of developing these conditions by increasing 
cognitive reserve (4, 41, 42). In our study, we aimed to 
evaluate the potential preventive and prophylactic effects 
of combination therapy of exercise and EE on cognitive 
impairment and related molecular targets.

Both physical exercise and EE have been independently 
well-documented to improve cognitive scores in 
experimental healthy subjects as well as in cognitively 
impaired models (11, 43, 44). Treadmill exercise ameliorated 
memory impairment and increased hippocampal dendritic 
length, neurogenesis, and BDNF expressions in the amyloid-
beta injected rats, suggesting that exercise may have 
therapeutic benefits for relieving symptoms of AD (45). Dao 
et al. (46) also showed that regular exercise could prevent 
deficits in short-term memory and hippocampal long-term 
potentiation (LTP) in a rat model of AD (i.c.v amyloid-beta 
infusion). A recent study reviewed the protective capacity 
and corresponding mechanisms of treadmill exercise in 
different models of rodent memory deficits, particularly 
in AD-induced models (47). EE has also attracted much 
interest as a potential noninvasive approach that might 
affect the onset and development of neurodegenerative 
disorders including AD. EE has been shown to reduce 
memory deficits and neuropathological hallmarks in animal 
models of Alzheimer-like neurodegeneration (19, 34).

Consistently, these interventions in the present study 
could separately recover the impaired spatial memory 
of amyloid-beta-injected animals. While it is widely 
recognized that treatment with exercise or EE individually 
can partially alleviate the pathogenic phenotypes of the AD 
brain, there is limited information available on whether the 
combination of these two paradigms can work synergistically 
to improve pathogenic phenotypes in animal models that 
exhibit human-like AD symptoms. Therefore, the primary 
objective of this study was to examine whether cotreatment 
with exercise and EE is more efficient in restoring cognitive 
functions in AD rats than either paradigm alone. Results 
showed that while both exercise and EE separately 
could restore spatial memory performance in AD rats, 
combination therapy was significantly more effective. It 
seems that this augmented effect of combination therapy 
was additive but not synergistic, with each treatment alone 
producing significant improvement that when combined led 
to more efficacy. During acquisition, all individual groups 
were trained successfully; however, the Alzheimer group 
showed a slight increase in the acquisition blocks that did 
not meet the significance level. Given this, and considering 
the same swimming speed among the groups, it could be 
expected that the observed changes in spatial memory 
function may not be due to the potential confounding issues 
such as different sensorimotor processing or motivation of 
the animals.

Exercise and EE individually in combination with a 
variety of treatments have been evaluated to achieve a 
greater advantage for neurobehavioral dysfunctions in 
AD animal models. The effects of physical training in 
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combination with antioxidants (α-lipoic acid) have been 
investigated on the pathological phenotype of transgenic 
AD mice. This study found that compared to the control 
and single treatment groups, 16 weeks of treadmill running 
combined with lipoic acid in AD mice could ameliorate 
spatial cognitive deficits and protect the neuronal injury 
induced by amyloid-beta deposition (48). Another study 
also showed that a combination regimen of involuntary 
treadmill running, voluntary wheel exercise, and acousto-
optic stimulation could potentially reserve the reduced 
hippocampal neurogenesis and impaired behavioral 
functions in a mouse model of AD (49). Regarding EE, Dong 
et al. (50) examined the effects of combination therapy with 
EE and memantine (NMDA receptor antagonist approved 
for the treatment of AD) on cognitive functions and AD-like 
pathology of senescence-accelerated prone mice (SAMP8). 
In this study, they found that combined treatment exerted 
an additive restoring effect on learning and memory deficits 
in the MWM test and it synergistically reduced NFTs and 
expression of Amyloid precursor protein (APP) compared 
to either treatment alone in SAMP8 mice.

The possible combined effects of physical exercise 
and EE on experimental models have been explored in 
some studies. A study (51) showed that exposure to a EE 
including a voluntary running wheel could prevent spatial 
and visual memory impairment and neuronal apoptosis 
at a high altitude via VEGF signaling in hippocampal and 
visual cortex areas. In another study on experimentally 
induced cognitive deficits, it was indicated that a 
combined regimen of EE, nutrition, and physical exercise 
could markedly reverse spatial memory impairment and 
increase hippocampal neurogenesis in rats with lesioned 
brain (26). In studies on healthy animals, combination 
therapy with aerobic exercise and EE resulted in the best 
performance in memory tests and also the highest levels of 
molecular correlates of memory, including BDNF, NGF, and 
neurogenesis markers within the hippocampus (27, 28, 52, 
53). Despite the wealth of research concerning the possible 
effect of single physical and cognitive training on AD 
behavioral and neural pathology in experimental models, 
to date, no study has addressed the potential of these two 
paradigms in combination.

Some papers have reviewed the benefits of combination 
therapy with physical and cognitive training for cognitive 
impairments in humans (24, 25, 54). A systematic review 
concluded that a combined paradigm of cognitive and 
physical training has superior benefits compared to 
individual stimuli for cognitive and functional status in 
older adults with and without cognitive deficiency (55). 
However, it was reported that while aerobic exercise alone 
could improve the verbal fluency of older adults, the 
addition of simultaneous cognitive activity did not provide 
synergistic enhancement in executive functions (56). These 
data support the assumption that simultaneous physical and 
cognitive training has advantages over either stimulus alone 
for enhancing behavioral and cognitive deficits associated 
with neurodegeneration and CNS insults. 

Our data revealed that the hippocampal DCX levels were 
significantly decreased in AD model rats, and although 
neither pretreatment with exercise nor EE alone restored 
it, combined pretreatment could significantly return it to 
the control levels. DCX is a brain-specific microtubule-
associated protein that is involved in microtubule 

stabilization and nuclear translocation in migrating 
neuroblasts and young neuron DCX is found in the mitotic 
and early postmitotic neural cells, and it has a role in the 
neuronal growing processes (57, 58). Dramatic changes 
in synaptic architecture including loss of dendritic spines 
have been observed in AD animal models and the brains of 
AD patients (59). The enhancing effect of physical exercise 
and EE on hippocampal neurogenesis, a well-established 
mechanism for cognitive processes, has been widely 
documented in rodents (60).

It is difficult to conclude the exact correlated mechanisms 
for the additive effect of physical exercise and EE on 
cognitive impairments and hippocampal correlates of AD 
animals in our observations. It can be assumed that when 
exercise and EE are applied concurrently, the common 
potential mechanisms, such as neurogenesis, synaptic 
plasticity, increased expression of growth factors, increased 
blood follow, suppressing apoptosis, and balancing the 
oxidant-antioxidant system within the brain through which 
enhance the cognitive performances separately are amplified 
in combination therapy. The data from cognitively healthy 
animals show that simultaneous exercise and EE induce 
more new neurons and benefit brain function greater than 
either paradigm alone (27, 28). In rats with experimentally 
induced cognitive dysfunctions, Kapgal et al. (26) also 
reported that a combined paradigm of exercise, EE, and 
nutrition could overcome memory deficits and enhance 
hippocampal neurogenesis in the lesioned brain of rats. 

Conclusion 
In summary, intrahippocampal amyloid-beta infusion 

in the AD animal model caused deficits in recognition 
memory and hippocampal neurogenesis that resembled 
those described in AD patient pathology. Pretreatment 
with running exercise and EE could protect from 
memory impairments in AD rats, and these two factors in 
combination further led to a significantly more pronounced 
improvement in memory deficits and neurogenesis than 
either paradigm alone. Exercise alone may not be sufficient 
to prevent AD but in combination with other lifestyle 
habits such as cognitive engagement, it can provide a 
foundation for non-pharmacological interventions and a 
multidomain policy that may lead to a potential therapeutic 
strategy for humans suffering from AD. However, to apply 
these interventions to human subjects, more studies are 
needed to determine the benefits of physical exercise and 
EE alone or in combination and the probable mechanisms 
corresponding to these beneficial effects.
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