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ARTICLE INFORMATION ABSTRACT

Original Research Paper Although the benefits of regular exercise have been known for
Doi: several organs and systems, the effect on brain health is still under
Received February. 2020 debate during aging. It has been widely accepted that type and
Accepted March. 2020 duration of exercise play a critical role in the maintenance of
Keywords: cognitive function and memory. Ultramarathon (UM) has become a

Ultramarathon

Hippocampus popular sport in recent years because of its benefits. This study

aimed to determine the acute effect of 25 km half-marathon (HM)

Subiculum : . . .
Prolonged Exercise and 64 km UM on the hippocampus, especially on its subregions
MRI that are responsible for cognitive function and memory. A total of

15 healthy male runners aged between 40-60 years were grouped as
HM (n=7) and UM (n=8). Brain scans were obtained with 3T
magnetic resonance imaging (MRI) before and after the race.
Volumetric differences in the subregions of the hippocampus were
compared by using a paired-sample t-test in HM and UM groups
before and after the race. As a result, the volume of subiculum
subregion was increased in both HM and UM groups, whereas
volumetric increase in total hippocampus and CA1-3 subregions
were observed only in the UM group. The volume of DG remained
unchanged in both HM and UM groups after the race. It can be
concluded that endurance running causes an increase in
hippocampal volume in healthy male runners. However, a certain
threshold is needed to stimulate the CA1-3 subregion of the
hippocampus. In conclusion, endurance running may prevent age-
dependent atrophy in the hippocampus which has a key role in
cognitive function and memory.

1. Introduction

Aging has become a major topic in health science in the 21st century as a result of the increased life
expectancy of humankind which seems to break the 90-year survival barrier by 2030 [1]. The increased longevity of
life creates important public health challenges since aging has adverse effects on all organ systems because of
decreased metabolism, impaired immune system, increased oxidative stress, etc. [2-4]. The most profound effect of
aging is on the structure and function of the brain, thus cognitive impairment and dementia are widely seen in aging
societies [5]. Longitudinal studies reported an annual decrease of 2% in hippocampal volume which correlates with
the decline in cognitive function and memory in the elderly [6]. On the other hand, there is a consensus that exercise is
an effective form to stimulate the central nervous system to improve the cognitive ability and mental health [7],

however, the type and duration for optimal benefit is still argued and remains unclear.
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2. Literature Review

Recent studies explicitly propose that moderate exercise reverses and prevents cognitive function and cortical
volumetric decrease in individuals with and without dementia [8-10]. Lee et al. (2018) showed that exercise inhibited
neuronal apoptosis in the hippocampus. Hippocampus consists of Cornu Ammonus (CA), dentate gyrus (DG) and
subiculum and plays a key role in memory and healthy aging [11]. It is a part of the limbic system placed in the
medial temporal lobe and is sensitive to several lifestyle habits. Studies have shown that hippocampal volume decline
may occur during depression, [12], chronic alcohol consumption [13] and prolonged stress [14]. On the other hand,
higher education level, attendance to recreational activities, environmental enrichment, and physical exercise
correlates with greater hippocampal volume among individuals suggesting that changing the lifestyle might have a
beneficial effect in preventing or reversing the hippocampal atrophy [15,16].

Aerobic exercise triggers cell proliferation and survival in brain tissue, enhances synaptic plasticity which
increases hippocampal volume and prevents or slow brain atrophy in the elderly [17]. Moreover, moderate exercise
also increases cerebral blood volume in the hippocampus of adults, which is related to enhanced memory function and
neurogenesis [18].

Neurological benefit of chronic endurance training attenuates cortical loss and possibly improve neurological
function at every age [19]. However, type and intensity of exercise plays an important role in the magnitude of the
effect of exercise on hippocampal volume [20]. Animal studies showed that regular moderate exercise attenuates
improved newborn cell survival and increased blood vessel density in the hippocampus of chronic stress-induced rat
model, whereas high intermittent exercise or strength training did not affect hippocampal volume changes or
neurogenesis [21]. Resistance training caused long-term promotion on cognition and white matter volume in older
women and triggered hippocampal synaptic plasticity [16]. The study indicated that aerobic exercise lasting eight
weeks induced significant cognitive improvement and significantly increased the number of hippocampal neurons in
CA and DG sub-regions [22]. Hajisoltani et al. (2011) found that moderate exercise might cause long-term
potentiation in DG after 10 days [23], whereas Den Ouden et al. (2018) showed that exercise enhances long term
potentiation in CA region of the hippocampus in acute stress-induced rat model [24]. Moreover, it has been
hypothesized that low to moderate exercise may activate high-affinity glucocorticoid receptors that enhance memory
and learning, whereas higher concentrations of glucocorticoids also activate low-affinity mineralocorticoid receptors,
resulting in a lowered long term potentiation (LTP) and may cause memory impairment [25].

Ultramarathons are endurance races longer than a marathon and expose runners to severe physical and mental
stress. The ultramarathons have become very popular in recent years with participants at an average age of 45 years
[17,26]. Only a few studies have demonstrated positive effect of ultramarathon on volumetric changes in certain brain
regions, however, there is only one study so far to our knowledge that has examined the chronic effect of endurance
running on hippocampal volume in ultramarathon (UM) runners. Wood et. al (2016) showed that hippocampal volume
did not differ between UM runners and their physical active agemates, however, volumetric changes in hippocampal
subregions CA, DG and subiculum were not investigated [19]. Therefore, this study aimed to investigate the acute
effect of prolonged endurance running on hippocampus subregions CA1-3, DG and subiculum in healthy male UM

runners by using 3T MRI scanning and hippocampal segmentation.
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3. Method
3.1. Participants

All subjects gave their informed consent form before participation in the study which was conducted in
accordance with the Declaration of Helsinki. The protocol was approved by the Ethics Committee of the local
University (83/09-10-2019). A priori power analysis was conducted to test the difference between two dependent
group means using a two-tailed test, a medium effect size (d=.78), and an alpha of .05. Power analysis revealed that a
sample of 15 participants with two equal sized groups of n = 7 was required to achieve a power of .80.

Fifteen healthy male runners aged between 40 and 60 years participated in the study and were grouped as half-
marathon (HM) (n=7) or UM (n=8). The participants of the present study were enrollees of the Ultra-Skytrail who
were contacted one week before the race and asked for participation in this study. Exclusion criteria were a history of
alcohol and/or substance abuse, any neurological or psychiatric condition, metabolic disease, traumatic brain injury,

hypertension, traffic accident, depression, any kind of medication and being left-handed.

3.2. Materials

Participants received a medical check-up and examination by physician before pre-race measurements. A
questionnaire including personal information, medical conditions, and training and race history was administered to
all participants on the day before the race. Weight and height measurements were performed according to standardized
procedures [27]. The body-mass index (BMI) was calculated using the weight (kg)/height (m2) formula.

MRI acquisition and processing

MRI scans were performed twice for each athlete by the same radiologist at the National Research and
Education City Hospital. Pre-race scanning was performed one day before the race, and postrace scanning
immediately after the race. Brain scans were performed with a Siemens 3T MRI (Magnetom Skyra, Siemens
Healthcare, Erlangen, Germany). The T1-weighted images were obtained at supine position with a 3D sagittal
magnetization-prepared rapid-acquisition gradient-echo (MPRAGE) sequence (sagittal, repetition time (TR) = 2300
ms, echo time (TE) = 3.4 ms, field of view (FOV) = 250 mm2, matrix: 256%256, flip angle 7°, slice thickness = 1
mm). All images were examined for possible lesions in the cortex as an exclusion criterion. T1-weighted images were
processed by cloud-computing software HIP 3 (http://volbrain.upv.es), which is an advanced automatic pipeline that
provides automatic hippocampus subfield segmentation as CA1-3, CA4/DG and subiculum according to Kulaga-
Yoskovitz method [28] described in detail elsewhere [29].

3.3. Procedure

All participants were assessed at the same day for pre-teat evaluation before the Erciyes Ultra Sky Trail
(https://skyerciyes.com). All runners participated to the 25 km HM and 65 km UM according to their enrolment. Both
HM and UM group runners had to pass the check points within a time limit and were free to consume food, water, and

hypotonic drinks. The altimetry and distance of HM and UM are given in Figure 1 and 2, respectively.
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Figure 1. Schematic representation of 25 km HM route with detailed distance and altimetry

(https://skyerciyes.com). The race lasted for 6.5 hours and took place between 08.00 am and 14:40 pm.

The HM runners completed a 25km half marathon with a total climbing of 1429 m at an altimetry ranging
between 1991 m and 2626 m. The runner of UM group completed a distance of 65 km with a total climbing of 3223 m
at an altimetry ranging between 1646 m and 2626 m. Mean temperature (day= 27.0343.1°C; night=12.75+0.96°C; 12-
29°C), humidity (12.24+2,3 %) and wind speed (8.05 km/h) were obtained from AccuWeather (AccuWeather Superior).
Wet Bulb Globe Temperature index that is a measure of the heat stress in direct sunlight was calculated as 23.9 °C and
heat index as 17.2 °C during the race.
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Figure 2. Schematic representation of 64 km UM with detailed distance and altimetry (https://skyerciyes.com).
The race started at 05.30 am and finished the next day 07.00 am.

At the end of the race, runners were free to consume 200 gr of carbohydrates (hot pasta) and 200 ml of water
during the transportation from mountain to hospital. Post-race MRI scans were performed within 20 minutes by the
same radiologist.

Statistical analysis was performed by using the IBM statistical package program (SPSS version 25.0, IBM
Corp.: Armonk, NY, USA). Shapiro-Wilk test was used to check the normality of distribution. Differences in the
volume of hippocampal subregions CA1-3, CA4/DG and subiculum before and after the race were compared by using
the paired-sample t-test in HM and UM groups, separately. The level of statistical significance was set at p<0.05.

Results were interpreted as mean + standard deviations from 95% confidence interval (CI).

4. Results

As shown in Table 1, the mean scores of HM and UM groups were nearly identical, regarding their age, height
and body weight. BMI was almost the same with no statistical difference between HM and UM groups. Running
history was lower in the UM group compared to HM whereas annual running distance was slightly higher in the UM

group. Weekly running distance, training speed, and race speed showed no statistically significant difference between
HM and UM groups (Table-1).
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Table 1. Characteristics of the participants

HM (n=7) UM (n=8)
mean£SD (%95 CI) mean£SD (%95 CI)

Age (years) 49.29 + 5.85 (40-60) 46.25 +3.37 (40-52)
Height (m) 1.77 £ 0.07 (1.65-1.84) 1.75+0.05 (1.67-1.82)
Weight (kg) 72.86 £ 9.00 (60-86) 71.62 + 8.12 (63-90)
BMI (kg/m2) 22.04 +£2.28 (22.04-27) 23.05+2.12 (22.02-27.41)

Running history (year)
Running distance (year/km)

10.29 + 6.60 (4-20)
3940.00 +1875.23(1280-6800)
132.86 + 69.93 (50-270)
13.78 + 4.30 (8-20)

5.17 + 0.62 (4.30-6.04)
6.03 + 1.37 (5.10-8.98)

8.88 + 4.64 (6-20)
4187.50 + 1338.91 (1100-5000)
132.50 + 89.24 (75-340)
10.75 + 5.04 (8-21)

5.16 + 0.58 (4.30-5.80)
5.95+ 1.32 (4.43-8.2)

Running distance (week/km)
Training volume (hours/week)
Mean training speed (km/h)
Mean race speed (km/h)

BMI: Body mass index

Pre and postrace hippocampal volume differences in the HM group were compared for both HM (Table 2) and
UM (Table 3) groups, separately. Paired sample t-test showed a statistically significant increase in the subiculum
volume and right subiculum in the HM group, whereas no other statistically significant change was observed in any

other subregion of the hippocampus when prerace values were compared to postrace values. (Table 2).

Table 2. Volumetric changes in hippocampus and sub-regional structures in the HM race

Pre-race Post-race

Tissue Volume (cm?®) n mean + SD mean + SD t p

Hippocampus total 7 8.351 £0.901 8.440 £ 0.765 -.832 437
Hippocampus right 7 4.254 + 0.550 4.277 +0.491 -621 558
Hippocampus left 7 4.099 + 0.357 4.161 £ 0.285 -895 405
CA1-3 total 7 5.209 + 0.620 5.346 £ 0.501 -1,387 215
CA1-3 right 7 2.694 £ 0.411 2.756 £ 0.359 -1,681 144
CA1-3 left 7 2.514+0.216 2.591+0.172 -1,242 260
CA4/DG total 7 0911+0.162 0.914£0.142 -.108 918
CA4/DG right 7 0.444 £ 0.082 0.446 +0.079 -.152 .884
CA4/DG left 7 0.464 + 0.086 0.471£0.077 -.267 798
Subiculum total 7 2.180+£0.180 2.233+£0.170 -2,632 .039%*
Subiculum right 7 1.079 £ 0.071 1.113 £0.071 -3,526 .012%*
Subiculum left 7 1.117£0.110 1.101 £0.114 155 479

*p<.05

In the UM group, a statistically significant increase was observed in the volume of total hippocampus, right
hippocampus and left hippocampus after the race. Moreover, there was a statistically significant increase in the
volume of total CA1-3 subregion and left CA1-3 subregion. UM group runners showed an increase in total subiculum
and right subiculum after the race when compared to pre-race volumes. Other volumes of hippocampal regions

remained the same when pre-race values were compared to the post-race value in the UM group (Table 3).
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Table 3. Volumetric changes in hippocampus and sub-regional structures in the UM race

Pre-race Post-race

Tissue Volume (cm?) n mean + SD mean + SD t p

Hippocampus total 8 8.153 +0.587 8.267+0.579 -5.276 .001*
Hippocampus right 8 4.112 +£0.323 4.168 + 0.305 -2.960 .021%
Hippocampus left 8 4.036 + 0.271 4.104 + 0.286 -5.169 .001*
CA1-3 total 8 5.115+0.649 5.179 + 0.622 -2.441 .044%*
CA1-3 right 8 2.631 +£0.366 2.654 +0.341 -1.368 214
CA1-3 left 8 2.484 +£0.298 2.525+0.294 -3.136 .016*
CA4/DG total 8 0.848 £0.105 0.858 £0.110 -.966 366
CAA4/DG right 8 0.411 +0.062 0.419 £ 0.069 -1.219 262
CA4/DG left 8 0.439 +0.054 0.442 + 0.054 -.284 785
Subiculum total 8 2.189+0.163 2.231+0164 -2.753 .028%*
Subiculum right 8 1.079 £ 0.071 1.095 £ 0.070 -2.489 .042%*
Subiculum left 8 1.114 + 0.098 1.138 £ 0.109 -1.610 151

*p<.05

5. Discussion and Conclusion

The main purpose behind conducting this study was to investigate the acute effect of endurance running at
different distances on hippocampal volume and its subregions which are suggested to be involved in cognitive
functioning, spatial and non-spatial memory. For the first time in literature, as to our knowledge, this study was
focused on the effect of UM running in male athletes’ hippocampal subregions CA1-3, DG, and subiculum which
responded differently to exercise in previous animal studies.

The findings of this study showed that UM running has an acute effect on hippocampal volume and the sub-
regions which responded differently to prolonged durations of exercise in HM and UM races. The subiculum
subregion increased in volume after HM and UM races in all runners. However, the volume of the total hippocampus
and the subregion CA1-3 increased only in the 64 km UM race, whereas the 25 km HM race failed to cause an
increase in these regions of the hippocampus. DG remained the same after both HM and UM races. Although
hippocampus studies with UM runners are sporadic, the results of this study are in concordance with previous
neurology research performed with animals and humans. Animal studies showed that exercise has a site-specific
influence [22]. Previous research that examined the hippocampus, thalamus and caudate showed that exercise effect
was highly selective, influencing only the anterior hippocampus, but not the thalamus or the caudate nucleus [30]. The
results in this study are parallel to our findings since the anterior hippocampus mainly consists of the subiculum and
the subregion CA1 [31], which has increased in volume in the endurance runner in the present study.

Subiculum volume has increased in both HM and UM races which are the same type of activity performed in
an outdoor environment. This seems consistent with literature since the subiculum is the pivotal structure in spatial
information processing and plays a crucial role in organizing hippocampal output [32]. Multiple CA1 place cells
converge with one subicular neurons which are activated and consistently modulated by movement-related activity.
This place and movement signal combination is assumed to modulate hippocampal spatial information and body
movement-related information in the subiculum [33]. Moreover, research performed with rats showed that the visual

cortex sends visual information of external landmarks to the subiculum which in turn calibrates head-direction signals
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[34]. A study showed that the hippocampus plays a crucial role in navigation, especially in unknown and outdoor
environments [35]. Since both groups performed exercise in an outdoor environment and run continuously for several
hours in an open area, it not surprising that subiculum might be activated in both groups and underwent a volumetric
increase. Moreover, firing pattern of neuronal units in CA1 and subiculum were different in dark and light transition
[36,37] which might be a possible explanation for CA1-3 subregion volume increase in the UM group who were
running during night (from 05.30 am to the next day 07.00 am), whereas HM group finished the race in day time
(between 08.00 am and 2:40 pm).

It might be speculated that increased volume in the subiculum and CA1-3 subregions might correlate with an
incline in Brain-Derived Neurotrophic Factor (BDNF) in the hippocampus since previous studies found a strong
correlation between hippocampal volume and BDNF-mediated signaling [38-39]. Erickson et.al (2011) found that a
volumetric increase in the anterior hippocampus was associated with high BDNF serum levels [30], suggesting that
anterior hippocampus is rich in BDNF which may increase with exercise also in humans [40,41]. Furthermore, the
increase in the hippocampus volume correlates with BDNF increases within the CA1 subregion in animals [42] which
parallels findings of our study that identified volumetric increase in the CA1-3 subregion the UM group.

Barzroodi et. al (2019) showed that prolonged exercise may modulate GABA signaling pathways in the CA1-3
subregion of the rat hippocampus. It was concluded that exercise can cause both the upregulation of GABA receptors
in CA3 and down-regulation in CA1 and CA3 subregions in epileptic rats [43]. These findings support the results of
the present study that showed increased volume in CA1-3 subregion in the hippocampus of UM runners, but not HM,
suggesting that CA1-3 subregions are sensitive to prolonged exercise compared to DG subregion which was unaltered
in both HM and UM groups.

Previous literature is in concordance with these findings suggesting that plasticity in animals may show
diversity depending on exercise type, duration, speed and intensity as well as age, strain, and sex differences [44,45].
In a longitudinal study, Erikson et.al (2011) demonstrated that stretching exercise could not prevent brain atrophy and
caused a 1.4% decline in the elderly, whereas aerobic exercise was effective at increasing hippocampal volume by 2%
and preventing hippocampal atrophy [30]. A meta-analysis has demonstrated that acute aerobic exercise increases
basal peripheral BDNF concentrations, whereas strength training or intermittent exercise did not affect [46].
Swimming, on the other hand, reversed the decline in BDNF mRNA expressions in stressed rats [47]. Animal studies
showed BDNF expression correlated positively with aerobic exercise [48], but not with anaerobic exercise [49,50].
Strength exercise seems to have an adverse effect and attenuates the aerobic exercise-induced BDNF mRNA levels in
rats [51]. Meditation, however, had a summative effect on synchronous neuronal responses during physical training
[52], suggesting that neuronal activity increase BDNF expression and function [53].

Age is a very critical predictor for adult hippocampal neurogenesis and plasticity during prolonged exercise
since previous animal studies strongly agree that exercise may prevent age-dependent atrophy and improve plasticity
predominantly in the elderly [54]. This situation was explained by increased blood flow during exercise due to the
location of proliferating hippocampal cells near the small capillaries [55]. In contrast to previous studies that
identified increased blood flow in animal and human DG subregion after exercise [56], both HM and UM groups did
not show any volumetric alteration in the DG subregion. However, greater volume of total hippocampus, subiculum
and CA1-3 subregion after UM and subiculum after HM might indicate increased blood flow in both groups, but to a
greater extent in the UM group. This result is supported by previous literature that suggests that the duration of

learning tasks or training plays a critical role in the survival of new adult-born hippocampal neurons [57]. It has been
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accepted that extended engagement in the learning process increases new neuron survival in the hippocampus [58,59].
Furthermore, endurance exercise training promotes angiogenesis in brain tissue [60]. Considering all these findings, it
might be concluded that physical training, like cognitive training, should be performed for a certain duration and
volume to benefit adult hippocampal neurogenesis.

In this study, it can be speculated that the 25 km distance of HM was not enough to trigger exercise dependent
adult hippocampal neurogenesis. This might be explained by shorter exercise duration and lower exercise volume in
HM compared to UM. Moreover, the athletes in the HM group were not new starters and had the same fitness level as
the UM group since training volume was nearly the same in both groups. It is not surprising that the acute effect of
endurance running on the hippocampus was greater in the UM group than the HM group. It can be concluded that
there is a threshold of aerobic exercise to stimulate adult hippocampal neurogenesis and this threshold depends on
certain factors such as physical fitness level of the athletes, age, sex, genetic variation, etc. [19,61]. This phenomenon
is not limited to the brain and is also valid for maximal aerobic capacity (VO2max) and metabolic health [62].In
conclusion, this study showed that the volume of subiculum increased after both HM and UM in male endurance
runners aged between 40 and 60 years. Moreover, UM was able to cause an increase in the volume of CAl-3
subregion and total hippocampus, whereas HM did not affect these regions suggesting that a certain threshold is
needed to trigger hippocampal volume increase. Interestingly, the DG subregion remained the same before and after
the race in both groups. It can be concluded that UM has benefits for healthy male runners suggesting that exercise
dependent increased volume may prevent age-dependent atrophy in the hippocampus which has a key role in
cognitive function and memory.

Acknowledgments: Authors acknowledge Dr.ilhami Celik, the Head Doctor of the National Research and
Education City Hospital, and thank radiologist Dr.Turgut Toksem and his staff of the radiology laboratory for their

administrative and technical support during the research.

References

1. Kontis V, Bennet JE, Mathers CD, Li G, Foreman K, Ezzati M. Future life expectancy in 35 industrialised
countries: projections with a Bayesian model ensemble. The Lancet 2017; 389:1323-35.

2. Moskalev A, Aliper A, Smit-McBride Z, Buzdin A, Zhavoronkov A. Genetics and epigenetics of aging and
longevity. Cell Cycle 2014;13 :1063-1077.

3. Pal S, Tyler JK. Epigenetics and aging. Sci Adv 2016; 2: €1600584.

4. Kaeberlein M, Rabinovitch PS, Martin GM. Healthy aging: the ultimate preventative medicine. Science 2015;
350:1191-1193.

5. Fiocco Alexandra J, Kristine Yaffe. Defining successful aging: the importance of including cognitive function over
time. Archives of Neurology 2010;67: 876-880.

6. Raz N, Lindenberger U, Rodrigue KM, et al. Regional brain changes in aging healthy adults: general trends,
individual differences and modifiers. Cereb Cortex 2005; 15:1676—89.

7. Winblad B, Amouyel P, Andrieu S, Ballard C, Brayne C, Brodaty H, Cedazo- MCMORRIS, Terry (ed.). Exercise-
cognition interaction: Neuroscience perspectives. Academic Press, 2015:21-3.

8. Colcombe SJ, Kramer AF, Erickson KI, Scalf P, McAuley E, CohenNJ, Webb A, Jerome GJ, Marquez DX,
Elavsky S. Cardio- vascular fitness, cortical plasticyt, and aging. Proc Natl Acad Sci USA 2004; 101:3316-21.

Eurasian Exercise and Sport Science Association

228


http://www.ijaep.com/

International Journal of Applied Exercise Physiology www.ijaep.com VOL.9 (3)

9. Burns JM, Cronk BB, Anderson HS, Donnelly JE, Thomas GP, HarshaA, Brooks WM, Swerdlow RH.
Cardiorespiratory fitness andbrain atrophy in early Alzheimer disease. Neurology 2008; 71:210-16.

10.Heyn PC, Johnson KE, Kramer AF. Endurance and strengthtraining outcomes on cognitively impaired and
cognitively intactolder adults: a meta-analysis. J Nutr Health Aging 2008; 12:401-9.

11.Lee Jae-Min, et al. Treadmill exercise improves memory function by inhibiting hippocampal apoptosis in
pilocarpine-induced epileptic rats. Journal of Exercise Rehabilitation 2018; 14:713.

12. Sawyer K, Corsentin, E, Sachs-Ericsson N, Steffens DC. Depression, hippocampal volume changes, and cognitive
decline in a clinical sample of older depressed outpatients and non-depressed controls. Aging & Amp; Mental
Health 2014; 16:753-762.

13. Topiwala A, Allan CL, Valkanova V, Zsoldos E, Filippini N, Sexton C, et al. Moderate alcohol consumption as risk
factor for adverse brain outcomes and cognitive decline: longitudinal cohort study. BMJ 2017; 35: j2353.

14. O Doherty DC, Chitty KM, Saddiqui S, Bennett MR, Lagopoulos J. A systematic review and meta-analysis of
magnetic resonance imaging measurement of structural volumes in posttraumatic stress disorder. Psychiatry Res
2015;232:1-33.

15. Friedlan RP, Fritsch T, Smyth KA, Koss E, Lerner AJ, Chen CH, et al. Patients with Alzheimer's disease have
reduced activities in midlife compared with healthy control-group members. Proceedings of the National Academy
of Sciences 2001; 98: 3440-5.

16. Voss MW, Heo S, Prakash Ruchika S, Erickson Kirk I, et al. The influence of aerobic fitness on cerebral white
matter integrity and cognitive function in older adults: Results of a one-year exercise intervention. Hum Brain
Mapp 2013;34: 297285

17. Erickson KI, Miller DL, Roecklein KA. The aging hippocampus: interactions between exercise, depression, and
BDNF. The Neuroscientist 2012; 18: 82-97.

18. Liu PZ, Nusslock R. Exercise and hippocampal neurogenesis: a dogma re-examined, and lessons learned. Neural
Regeneration Research 2018;13: 1354.

19. Wood KN, Nikolov R, Shoemaker JK. Impact of long-term endurance training vs. guideline-based physical
activity on brain structure in healthy aging. Frontiers in Aging Neuroscience 2016; 8:155.

20. Firth J, Stubbs B, Vancampfort D, et al. Effect of aerobic exercise on hippocampal volume in humans: A
systematic review and meta-analysis. Neuroimage 2018; 166:230-8.

21.Dong Z, Li Z, Liu Y, Zhang R, Mo H, Gao L, Shi Y. (2020). Physical exercise rectifies CUMS-induced aberrant
regional homogeneity in mice accompanied by the adjustment of skeletal muscle PGC-1a/IDO1 signals and
hippocampal function. Behavioural Brain Research 2020; 383: 112516.

22.Dahlin E, Andersson M, Thorén A, Hanse E, Seth H. Effects of physical exercise and stress on hippocampal CA1
and dentate gyrus synaptic transmission and long-term potentiation in adolescent and adult Wistar rats.
Neuroscience. 2019; 408:22-30.

23. Hajisoltani R, Rashidy-Pour A, Vafaei AA, Ghaderdoost B, Bandegi AR, Motamedi F. The glucocorticoid system
is required for the voluntary exercise-induced enhancement of learning and memory in rats. Behav Brain Res.
2011;219:75-81.

24.Den Ouden L, Kandola A, Suo C, et al. The Influence of Aerobic Exercise on Hippocampal Integrity and Function:
Preliminary Findings of a Multi-Modal Imaging Analysis. Brain Plast. 2018; 4:211-16.

Eurasian Exercise and Sport Science Association

229


http://www.ijaep.com/

International Journal of Applied Exercise Physiology www.ijaep.com VOL.9 (3)

25.Ten Brinke LF, Bolandzadeh N, Nagamatsu LS, Hsu CL, Davis JC, Miran-Khan K, Liu-Ambrose T. Aerobic
exercise increases hippocampal volume in older women with probable mild cognitive impairment: a 6-month
randomised controlled trial. Br J Sports Med 2015; 49:248-54

26. Spittler J, Oberle L. Current Trends in Ultramarathon Running. Curr Sports Med Rep. 2019;18:387-393.

27.Lohman TG, Roche AF, Martorell R. (Anthropometric standardization reference manual. Champaign, IL: 1988.
Human Kinetics Books.

28. Kulaga-Yoskovitz J, Bernhardt BC, Hong SJ, et al. Multi-contrast submillimetric 3 Tesla hippocampal subfield
segmentation protocol and dataset. Sci Data 2015; 2:150059.

29.Romero JE, Coupé P, Manjon JV. HIPS: A new hippocampus subfield segmentation method. Neurolmage 2017;
163:286-95.

30. Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A, Chaddock L, et al. Exercise training increases size of
hippocampus and improves memory. Proceedings of the National Academy of Sciences of the United States of
America 2011; 108:3017-22.

31.Zeidman P, Maguire EA. Anterior hippocampus: the anatomy of perception, imagination and episodic memory.
Nat Rev Neurosci 2016; 17:173—-182.

32.McNaughton N. The role of the subiculum within the behavioural inhibition system. Behav Brain Res. 2006;
174:232-250.

33.0’Mara SM, Commins S, Anderson M, Gigg J. The subiculum: a review of form, physiology and function. Prog
Neurobiol 2001; 64:129-155.

34. Yoder RM, Clark BJ, Taube JS. Origins of landmark encoding in the brain. Trends Neurosci 2011; 34:61-571.

35.Maguire EA, Nannery R, Spiers HJ. Navigation around London by a taxi driver with bilateral hippocampal
lesions. Brain. 2006; 129:2894-2907.

36. Quirk GJ, Muller RU, Kubie JL. The firing of hippocampal place cells in the dark depends on the rat's recent
experience. J Neurosci 1990; 10:2008-17.

37.Save E, Nerad L, Poucet B. Contribution of multiple sensory information to place field stability in hippocampal
place cells. Hippocampus 2000;10:64—76.

38.von Bohlen und Halbach O, Unsicker K. Age-related decline in the tyrosine hydroxylase-immunoreactive
innervation of the amygdala and dentate gyrus in mice. Cell Tissue Res 2003; 311:139-143.

39.von Bohlen Und Halbach O, von Bohlen Und Halbach V. BDNF effects on dendritic spine morphology and
hippocampal function. Cell Tissue Res 2018; 373:729-41.

40.Rasmussen P, et al. Evidence for a release of brain-derived neurotrophic factor from the brain during exercise. Exp
Physiol. 2009; 94:1062-69.

41.Zoladz JA, Pilc A, Majerczak J, Grandys M, Zapart-Bukowska J, Duda K. Endurance training increases plasma
brain-derived neurotrophic factor concentration in young healthy men. Journal of Physiology and Pharmacology
2008; 59:119-32.

42. Alonso PD, Milner AC, Ketcham RA, Cookson MJ, Rowe TB. The avian nature of the brain and inner ear of
Archaeopteryx. Nature 2004; 430:666-9.

43.Barzroodi Pour M, Bayat M, Golab F, et al. The effect of exercise on GABA signaling pathway in the model of
chemically induced seizures. Life Sci 2019; 232:116667.

Eurasian Exercise and Sport Science Association

230


http://www.ijaep.com/

International Journal of Applied Exercise Physiology www.ijaep.com VOL.9 (3)

44. Ang, ET, Gomez-Pinilla F.Potential Therapeutic Effects of Exercise to the Brain. Current Medicinal Chemistry,
2007; 14:2564-71.

45.Radahmadi M, Alaei H, Sharifi MR, et al. Effect of forced exercise and exercise withdrawal on memory, serum
and hippocampal corticosterone levels in rats. Exp Brain Res 2015; 233:2789-99.

46.Knaepen K, Goekin, M, Heyman EM Meeusen R. Neuroplasticity—exercise-induced response of peripheral brain-
derived neurotrophic factor. Sports Medicine 2010; 40;765-801.

47 Jiang, P, Dang R L, Li HD, Zhang LH, Zhu WY, Xue Y, Tang MM. The impacts of swimming exercise on
hippocampal expression of neurotrophic factors in rats exposed to chronic unpredictable mild stress. Evidence-
Based Complementary and Alternative Medicine 2014; 2014:729827.

48.Johnson RA, Rhodes JS, Jeffrey SL, Garland JT,Mitchell GS. Hippocampal brain-derived neurotrophic factor but
not neurotrophin-3 increases more in mice selected for increased voluntary wheel running. Neuroscience 2003;
121:1-7.

49.Cassilhas RC, Lee KS, Venancio DP, Oliveira MG, Tufik S, de Mello MT. Resistance exercise improves
hippocampus-dependent memory. Braz J Med Biol Res 2012; 45:1215-20.

50.Soya H, Mukai A, Deocaris CC, Ohiwa N, Chang H, Nishijima T, et al. Threshold-like pattern of neuronal
activation in the hypothalamus during treadmill running: establishment of a minimum running stress (MRS) rat
model. Neuroscience research 2007; 58:341-8.

51.Lan Y, Huang Z, Jiang Y, et al. Strength exercise weakens aerobic exercise-induced cognitive improvements in
rats. PLoS One 2018; 13:¢0205562.

52. Alderman BL, Olso, RL, Brush CJ, Shors TJ. MAP training: combining meditation and aerobic exercise reduces
depression and rumination while enhancing synchronized brain activity. Translational Psychiatry 2016; 6:¢726.

53. Rothman SM,Mattson MP. Activity-dependent, stress-responsive BDNF signaling and the quest for optimal brain
health and resilience throughout the lifespan. Neuroscience 2013; 239:228-40.

54.da Costa Daniel, TM, de Bruin PFC, de Matos RS, de Bruin GS, Junior CMC, de Bruin VS. (2020). Exercise
effects on brain and behavior in healthy mice, Alzheimer’s disease and Parkinson’s disease model-a systematic
review and meta-analysis. Behavioural Brain Research 2020;112488.

55.Palmer TD, Willhoite AR, Gage FH. Vascular niche for adult hippocampal neurogenesis. J Comp Neurol 2000;
425:479-494.

56. Pereira AC, Huddleston DE, Brickman AM, et al. An in vivo correlate of exercise-induced neurogenesis in the
adult dentate gyrus. Proc Natl Acad Sci USA. 2007; 104:5638—43.

57.Gould E, Beylin A, Tanapat P, Reeves A, Shors TJ. Learning enhances adult neurogenesis in the hippocampal
formation. Nat Neurosci 1999; 2:260-5.

58.Shors T J, Miesegaes G, Beylin A, Zhao M, Rydel T, Gould E. Neurogenesis in the adult is involved in the
formation of trace memories. Nature 2001; 410:372-6.

59.Sisti HM, Glass AL, Shors TJ.Neurogenesis and the spacing effect: learning over time enhances memory and the
survival of new neurons. Learning & Memory 2007; 14:368-75.

60. Al-Jarrah, M, Jamous M, Al Zailaey, K, Bweir, SO. Endurance exercise training promotes angiogenesis in the
brain of chronic/progressive mouse model of Parkinson's Disease. Neuro Rehabilitation 2010; 26;369-73.

61.Sisson SB, Katzmarzyk PT, Earnest CP, Bouchard C, Blair SN, Church TS. Volume of exercise and fitness

nonresponse in sedentary, postmenopausal women. Med Sci Sports Exerc. 2009; 41:539-45.

Eurasian Exercise and Sport Science Association

231


http://www.ijaep.com/

International Journal of Applied Exercise Physiology www.ijaep.com VOL.9 (3)

62.Bouchard C, Rankinen T. Individual differences in response to regular physical activity. Med Sci Sports Exerc
2001; 33:446-53.

Eurasian Exercise and Sport Science Association

232


http://www.ijaep.com/

