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Abstract

Previous research indicates that different exercise modes might create different effects on
cognition and peripheral protein signals. This study aimed to compare the effects of long-
term participation in an open and closed-skill exercise on cognitive functions and Brain-
derived neurotrophic factor and Cathepsin B levels. 18 fencers, 18 swimmers, 18 sedentary
controls between 18-25 years old participated in the study. Participants performed visuo-
spatial working memory, verbal fluency and selective attention tasks. Blood samples were
tested for Brain-derived neurotrophic factor and Cathepsin B using ELISA. The results
showed that fencers performed superiorly on some part of visuospatial working memory,
verbal fluency, and selective attention tasks than swimmers and sedentary controls. Athlete
groups showed higher scores on some subtests of visuospatial working memory and selec-
tive attention tasks than sedentary controls. The basal serum Brain-derived neurotrophic
factor level was not significant between the groups, but Cathepsin B was higher in fencers
than swimmers and sedentary controls. The peripheric protein signal response to acute
exercise was significantly higher in athletes, particularly in the open-skill group for Cathepsin
B. Our research provided noteworthy results that more cognitively challenging exercise may
provide more benefits for some aspects of cognition. Since our findings suggest that open-
skill exercise improves specific types of executive-control functioning, this exercise mode
might be included in training programs to support cognition and prevent cognitive
impairment.

Introduction

In recent years, the literature has been increasing, highlighting the beneficial effects of regular
exercise on cognitive functions [1]. Cognitive functions refer to mental processes of obtaining
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and understanding knowledge, including memory, attention, visual and spatial processing,
language, executive functions [2].

Executive function refers to higher-order cognitive processes that aid in the monitoring
and controlling thought and action and plays a crucial role in daily life. It contains working
memory, cognitive flexibility, reasoning, planning, problem-solving, and inhibitory control
[3]. Many cognitive functions, such as processing speed, visuospatial function, and control
processes (e.g., inhibition, planning, scheduling, and working memory) are reported to
improve via physical exercise, especially in older adults [1, 4].

However, there is an increasing literature that seems to support the view that different types
of physical exercise can affect the brain in different ways. Continuous observations showed
that exercise mode is an important factor that affects exercise’s impact on cognition. Different
physical exercise modes with different cognitive loads and motor-coordination skills have
been related to neurocognitive improvement levels [5].

Open-skill exercise and closed-skill exercise classification is based on the performance’s
consistency and predictability [6]. The open-skill exercise (e.g., volleyball, badminton, and
fencing) requires behavioral and motor adaptation to respond to external-paced, unpredict-
able stimuli and needs more cognitive resources than closed-skill exercise (e.g., swimming and
walking). Closed-skill exercise is performed in a relatively stable environment and tends to be
self-paced. The present study aimed to distinguish the relationship between exercise mode and
cognitive improvement based on open and closed-skill exercise classification.

Some studies demonstrate open-skill exercise showed better visuospatial attention [7],
inhibitory control [8], problem-solving [9], cognitive flexibility [10], and lower switch cost of
reaction time scores [11] than closed-skill exercise.

A cross-sectional study showed that regular open-skill exercise promotes executive func-
tions, likely due to various sport training characteristics that involve more complex cognitive
processes [12]. Similarly, open-skill exercise had been demonstrated to improve executive net-
work efficiency compared to closed-skill exercise [13]. This improvement in the attentional
system component has been interpreted as a result of the open skill exercise combining physi-
cal exercise and cognitive training at the same time [14]. A systematic review has reported that
open-skill exercise seems more effective for improving some aspects of cognitive function than
closed-skill exercise [4]. However, there is also a study that open-skill exercise shows no supe-
riority over closed-skill exercise to improve cognitive skills [15].

It has been reported that different kinds of exercise seem to have specific effects on neuro-
cognitive performance due to the differences in the secretion of some biomarkers in the neuro-
chemical system [16]. Brain-Derived Neurotrophic Factor (BDNF) and Cathepsin B (CTSB)
are peripheral factors considered modulators of physical exercise and cognition relation.
BDNF is a key protein that regulates neuronal development, survival, and plasticity in mam-
mals [17]. It is expressed in neuronal and non-neuronal tissues and stored peripherally in
platelets [18, 19]. Although the brain contributes to 75% of BDNF synthesis under normal con-
ditions, it is also synthesized in skeletal muscle. BDNF is found throughout the nervous system
but is primarily concentrated in the cortex and hippocampus. BDNF has been hypothesized to
be a potential underlying mechanism for the effects of exercise on cognition [17-19].

However, CTSB is relatively less studied compared to BDNF in exercise literature. CTSB is
a papain superfamily member and is considered vital in neuroprotective lysosomal activation,
neuronal survival [20]. It has significant anti-amyloidogenic activity [21]. In response to exer-
cise, muscles release CTSB into the circulation [22]. CTSB is shown as a muscle secretory fac-
tor that is important for the cognitive and neurogenic benefits of exercise and, it has been
suggested that recombinant CTSB application enhanced expression of BDNF in adult hippo-
campal progenitor cells [20]. Both BDNF and CTSB are myokines capable of crossing the
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blood-brain barrier [20, 23]. Because the skeletal muscle plays a critical role in exercise, these
myokines may affect neural plasticity.

The current study hypothesizes that regular open-skill exercise would elicit better cognitive
functions and higher basal serum BDNF and CTSB levels than closed-skill exercise and inac-
tivity. Further, compared with the closed-skill exercise and inactivity, the regular open-skill
exercise would elicit stronger BDNF and CTSB response after an acute bout of aerobic exercise
including a cognitive task.

Material-method

The ethics committee of Ankara University Faculty of Medicine approved this study with
number 36 at 25.10.2017. The experiments were conducted with the understanding and the
written consent of each volunteer.

Participants

Fifty-four healthy subjects between 18 and 25 years were recruited in this study. Participants
were required to meet the following criteria: right-handed, normal or corrected-to-normal
vision, the body mass index (BMI) less than 25. Smoking habits, a history of severe disease, cra-
nioencephalic trauma, cognitive deficiencies, taking psychoactive drugs were exclusion crite-
ria. Five applicants were excluded from participation in this step.

According to their exercise modes, eligible participants were assigned to three groups
(open-skill = fencing, closed-skill = swimming, control = sedentary). The sedentary control
group who had not been involved in regular physical training of any sport was recruited
through community announcements from universities in Ankara. Athletes were recruited
from national fencing and swimming clubs. They were required to perform the same sport for
at least five years. Athletes must have participated in at least one national competition over the
last year.

Before the experiment, participants were required to fill in the demographic questionnaire,
exercise history questionnaire, Turkish Version of Chapman and Chapman’s hand preference
questionnaire [24], and The Turkish Version of the International Physical Activity Question-
naire (IPAQ) [25]. The years of education, daily habits (e.g., listening to music, reading books,
playing computer games) were recorded to control bias between sedentary and exercise
groups. The sport practice years average, the frequency, duration, and intensity of their exer-
cise practice were recorded for athletes. Athletes reported participating in training five times
per week for at least 1 hour. The sedentary control group reported inactivity or low activity lev-
els in IPAQ and no regular exercise. Women were recruited during the luteal phase of the
menstrual cycle. An outline of the participants’ demographics and physical characteristics are
summarized in Table 1.

Participants were instructed to avoid strenuous exercise for 24 h before the experiment,
while food, caffeine, and alcohol intake were also prohibited for eight hours before each
session.

All subjects were informed verbally and in writing about the study’s nature, including all
potential risks, and all signed the informed consent forms before the experiment. The experi-
ment was compliant with the ethical principles of the Declaration of Helsinki. The ethics com-
mittee of approved this study.

The diagram of the experimental procedure is given in Fig 1.
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Table 1. Participant characteristics and physical fitness indices across the three groups (mean + standard deviation).

Demographics

Female/Male (n)

Age (years)

Education (years)*

Training history (years)
Hand preference score
Reading book (unit/year)*
Listening to music (hour/day)
Using internet (hour/day)
Physical fitness

BMI (kg/m’)

VOsmax (ml-kg'1~min'1)**
Muscle mass (kg)*

Fat mass (%)*

Basal metabolism (kcal)**
IPAQ score (met)**

Sedentary

11/7
22.33 (1.94)
14.89 (1.32)F
14.06 (1.19)
28.00 (19)*
1.76 (1.30)
4.61 (2.06)

23.36 (3.52)
4536 (6.57)
46.33 (9.05)
22.60 (6.38)

2517.38(853.32)

429.17(122.3)

Fencing

9/9

20.44 (1.85)
13.89 (1.07)
8.27 (2.13)
13.44 (1.65)
13.88 (16.33)
1.94 (1.78)
430 (2.21)

23.90 (1.02)

57.05 (7.86)€
57.61 (13.49)€
17.12 (3.93)¢
3801.94(1019.65)°
7526.91(6252.00)¢

Swimming

9/9
21(1.97)
14.06 (1.16)
8.22 (2.66)
13.11 (1.77)
13.55 (7.52)
2.50 (2.17)
3.66 (1.32)

24.23 (0.97)

54.60 (7.67)¢
54.77 (11.99)€
16.58 (7.58)¢
3355.77(673.03)€
7317.14(4352.00)¢

Note. F, S, C, indicate the denoted value is significantly different from that of the fencing, swimming, or control group in the same row. Asterisks indicate significance
[**p < 0.001; *p < 0.05]. Data are presented as mean + SD.

https://doi.org/10.1371/journal.pone.0251907.t001

VO,max assessment

Cardiorespiratory fitness assessment was measured by the Bruce Protocol, which is a maximal
graded exercise test on a motorized treadmill [26]. During this test, both the speed and slope
increased every 3 minutes until participants were exhausted and/or reached age-predicted
maximum heart rate (220-age).
The formula for calculating VO,pax (ml~kg'1~min'1) was as follows:

For Men VO

2max

For Women VO

2max

=14.8 — (1.379x T) + (0.451 x T?) — (0.012x T*)

=438xT -39

T = Total time on the treadmill measured as a fraction of a minute.

Phone call
to inform

participant

First meeting

K Meeting at 09:00 a.m.

- Taking blood sample [for
platelet and basal serum levels
of peripheric proteins]

- Anthropometric measurement
- Application of questionnaires
- Standardized breakfast

- Cognitive tests (VFT, CBTT,
Cueing test)

Finger tapping test

-VOoax test

~

/

Fig 1. The diagram of the experiment procedure.

https://doi.org/10.1371/journal.pone.0251907.g001
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Acute exercise protocol

In the acute exercise sessions, participants completed 40 minutes of running on a treadmill.
The exercise intensity was planned on the heart rate reserve (HRR) [27]. The target HR was
calculated as follows:

Target HR = (HRR X percentage intensity desired) + Resting HR.

The desired exercise intensity range was 50%-60% of HRR. HR was monitored by a chest
strap heart rate monitor (Polar H10 Heart Rate Sensor).

Cognitive assessment

All computerized cognitive tests were developed under the MATLAB (Mathworks™. Version
R2017a) computer programming language.

Corsi’s Block Tapping Test. The modified Corsi’s Block Tapping Test (CBTT) is a com-
puterized version of the block tapping test that measures visuospatial short-term memory [28].
Participants were seated in front of a monitor at a distance of 70 cm. There was a familiariza-
tion test. For each trial, the cubes appeared on the computer screen in a varying sequence.
After four seconds of the presentation, the screen changed, and the participants were asked to
place the correct position of the cubes by clicking appropriate places on the empty grid with a
mouse.

The task began with a three-box sequence and continued until a maximum of nine-box.
The test terminated when the participant cannot remember the sequence for two consecutive
trials at any one level. The test was randomly practiced with right and left hands for each par-
ticipant. On 17 trials, a total of 112 objects (42 in the right hemispace, 42 in the left hemispace,
and 18 in the middle) were presented. Accuracy (percent of correct responses) and neglect
scores were calculated for each hemispace separately. The neglect score was calculated by sub-
tracting the number of placed cubes by the participant (regardless of correctness) from the
number of cubes presented.

Spatial cueing test. We used a spatial orienting task with an endogenous (an arrow) and
exogenous visual cue (brightness) that directs the attention to one of two locations within the
visual field to explore selective attention [29]. All stimuli were presented on a computer screen
viewed from a distance of 57 cm. Participants were instructed to press the right or left arrow
button on the keyboard as soon as they detected using their preferred hand. Participants were
presented with a fixation point and two boxes located to the fixation’s left and right. The cue
was presented centrally for the endogen task and peripherally for the exogenous task. The tar-
get was presented in the left or right boxes. For cueing, an endogenous cue consisting of an
arrow pointing in one of the two directions was presented at fixation. A total of 120 trials were
presented for each task with a valid cue (%60), invalid cue (%30), and no cue (%10). Accuracy
(number of correct responses) and reaction time (RT) (ms) were recorded to analyze.

Verbal fluency test. Verbal Fluency Test (VFT) was assessed in two subheads: Letter flu-
ency and category fluency [30]. Participants were asked to name as many words as possible in
1 minute with specified letters (A-S-K) and categories (animal-fruit-supermarket products).
Total accuracy and error score were calculated for letter and category tasks. Accuracy score is
the number of words counted following the specified rules. Words that did not comply with
the specified rules or duplications were recorded as error score.
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Biochemical analysis

Sampling. Venous blood samples were collected from the antecubital vein in tubes con-
taining EDTA as an anticoagulant to obtain serum between 9:00 and 10:00 a.m. after overnight
fasting. For platelet analysis, blood samples were assessed in between 2 and 6 hours.

Peripheral protein analysis was performed at both the basal level and after acute exercise.
For post-exercise measurements, blood samples were collected 3 minutes after the exercise ses-
sion ended. The blood was allowed to coagulate for 120 minutes at room temperature. The
serum was centrifuged at 1.000 x g. 20 minutes, and stored at —80°C until analyses.

Peripheric protein analysis. Venous blood samples were obtained two times: The first
day of the experiment for the basal level and the second day of the experiment 3 minutes after
the acute moderate exercise.

Serum Cathepsin B and BDNF levels were measured using an ELISA Kit (MyBioSource
Cathepsin B. Catalog no: MBS9305224; MyBioSource BDNF. Catalog no: MBS2515054) fol-
lowing the manufacturer’s instructions.

Statistical analysis

Statistical analysis was performed using SPSS 20.0 for Windows. Descriptive statistics are
given as "mean + standard deviation" for variables with normal distribution and as "median
(min; max)" for variables with non-normal distribution. ANOVA for mean values and Kruskal
Wallis test for median values evaluated the significance of the difference between groups. Post-
hoc comparisons were performed by Tukey and Dunn-Bonferroni analyses. The significance
level was set at p < 0.05. We interpreted the magnitude of the effect size as (>0.20 small;
>0.50 moderate; >0.80 large) [31]. Tables 2 and 3 reported results of all measures.

Results
Demographic and physical characteristics of participants

Demographic variables including age, hand preference score, listening to music/using inter-
net span did not differ between the groups. Education year was significantly different
between the groups, F(2,51) = 3.634, p = 0.033, sedentary controls had longer education years
than fencers (p = 0.039). The number of books read annually was significantly different
between the groups, H(2) = 6.816, p = 0.033; sedentary controls read more books than fencers
(p =0.021).

As to physical characteristics, BMI did not differ between the groups. F(2,51) = 0.274,

p =0.761. VO,,.x was significantly different among the groups, F(2,51) = 12.520, p < 0.001.
Fencers (p < 0.001) and swimmers (p = 0.001) had higher VO,,,,.« levels than sedentary con-
trols. Muscle mass was significantly different among the groups, F(2,51) = 4.556, p = 0.015.
Fencers (p = 0.016) and swimmers (p = 0.050) had more muscle mass than sedentary controls.
Fat mass was significantly different among the groups, F(2,51) = 5.265, p = 0.008. Fencers

(p =0.030) and swimmers (p = 0.015) had lower fat mass than sedentary controls.

Basal metabolism was significantly different among the groups, F(2,51) = 10.342, p < 0.001.
Fencers (p < 0.001) and swimmers (p = 0.015) had higher basal metabolism than sedentary
controls. IPAQ score was significantly different among the groups, F(2,51) = 4.792, p < 0.012.
Fencers (p < 0.001) and swimmers (p < 0.001) had higher IPAQ scores than sedentary
controls.

There was no significant difference between athlete groups, including VO .y, muscle
mass, fat mass, basal metabolism, and IPAQ score.
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Table 2. Results of cognitive tests by group.

Fencing Swimming Control

Corsi’s Block Tapping Test Right hand

Right hemispace accuracy 77 (53;94) 78 (61;94) 76 (53;94)

Left hemispace accuracy™* 94 (73;100)5°¢ 84 (56;100) 78 (48;100)

Total accuracy 85 (67;97) 82 (61;97) 78 (49;95)

Neglect 13 (3;25) 17 (3;39) 22 (5;54)

Left hand

Right hemispace accuracy 67 (41;89) 67 (58;74) 62 (48;74)

Left hemispace accuracy* 91 (43;100)€ 93 (78;97)¢ 85 (65;97)

Total accuracy 87 (67;97) 88 (71;95) 82 (64;95)

Neglect* 12(3;33) € 11 (5;29)€ 18 (5;36)
Spatial Cueing Test Endogenous

Valid

Accuracy (R) 33 (32;35) 33 (31;35) 33 (30;35)

Accuracy (L) 33 (32;35) 33 (31;35) 32 (30;35)

RT (R) 266 (189;310) 275 (102;328) 296 (265;320)

RT (L) 280 (195;317) 276 (157;318) 293 (319;269)

Invalid

Accuracy (R)** 15 (14;18)€ 15 (14;17)€ 14 (13;16)

Accuracy (L)** 15 (14;17)° 15 (14;17)° 14 (12;16)

RT (R)* 282 (205;316)C 291 (253;329)C 306 (283;325)

RT (L) 290 (205;321) 289 (173;450) 298 (279;317)

Exogenous Yiizme Sedanter p degeri

Valid

Accuracy (R) 33 (31;36) 32 (31;35) 32 (30;34)

Accuracy (L) 33 (32;35) 32 (30;34) 32 (31;34)

RT (R)* 254 (187;289)5¢ 275 (213;307) 282 (245;302)

RT (L)* 263 (198;291)C 274 (223;297) 283 (250;305)

Invalid

Accuracy (R) 14 (14;17) 14 (13;17) 14 (12;16)

Accuracy (L) 14 (12;16) 14 (13;16) 14 (12;16)

RT (R) 279 (200;300) 287 (233;317) 290 (255;319)

RT (L) 283 (228;301) 294 (253;319) 293 (258;317)
Verbal Fluency Test Letter Fluency

Accuracy 48.63 (28;67) 40.33 (19;54) 40.11 (31;60)

Error** 0.11 (0;1)€ 0.39(0;1) € 1.89 (0;4)

Category Fluency

Accuracy 61.67 (48;81) 56.72 (41;66) 60.50 (46;86)

Error* 0.06 (0;1) €S 0.50 (0;3) 0.83 (0;2)

Note. F, S, C, indicate the denoted value is significantly different from that of the fencing, swimming, or control group in the same row. Asterisks indicate significance

(**p < 0.001; *p < 0.05). Data are presented as the median (minimum and maximum values). R: Right. L: Left. RT: reaction time. F: Fencing. S: Swimming. C: Control.

Accuracy score is presented as the number of correct responses for Spatial Cueing Test and VFT. The error score is presented as the number of incorrect responses.

Accuracy and neglect scores are presented as the percent for CBTT. RT is presented as ms.

https://doi.org/10.1371/journal.pone.0251907.t002

Corsi’s Block Tapping Test

In the right-handed test, left hemispace accuracy was significantly different among the groups,
H(2) = 15.336, p < 0.001, 17° = 0.28. Fencers showed higher scores than swimmers (p = 0.034,
r=-0.41) and sedentary controls (p < 0.001, r = -0.65).
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Table 3. Results of peripheral proteins by group.

Basal-BDNF Fencing Swimming Control

23.37 (8.13) 21.25 (3.45) 19.35(4.70)
Post-BDNE ** 28.62 (13.95;43.45) 26.92 (18.32;39.33) © 18.03 (12.71;23.92)
ABDNE (%)** 22.50 (3.62)¢ 26.58 (4.40) © 6.82 (5.07)
Basal-CTSB** 11.32 (6.28;25.61)°° 6.13 (1.00;19.76) 6.02 (2.57;13.10)
Post-CTSB ** 18.16 (4.91;85;39) €S 7.64 (2.79;22.36) 7.09 (3.10;11.64)
ACTSB (%)* 53.58 (4.07) S 24.63 (3.37) 17.77 (3.38)

Note. F. S. C. indicate the denoted value is significantly different from that of the fencing, swimming, or control group in the same row. Asterisks indicate significance
(**p < 0.001; *p < 0.05). Normally distributed data are presented as mean + SD. Non-parametric data are presented as the median (minimum and maximum values).
BDNF and CTSB levels are presented as ng/ml. Basal-Post BDNF, Basal-Post CTSB differences are presented as A (%).

https://doi.org/10.1371/journal.pone.0251907.t1003

In the left-handed test, the left hemispace accuracy score was significantly different among
the groups, H(2) = 12.318, p = 0.002, i7° = 0.23. Both fencers (p = 0.017, r = -0.46) and swim-
mers (p = 0.003, r = -0.53) showed higher accuracy scores than the sedentary control group in
the left hemispace. The neglect score was significantly different among the groups, H(2) =
6.707, p < 0.035, ° = 0.13. Sedentary control group had higher neglect scores than fencers
(p =0.049, r = -0.4) and swimmers (p = 0.049, r = -0.4).

Spatial cueing test

In the endogenous cueing test invalid condition, when the target was on the right, RT was sig-
nificantly different among the groups, H(2) = 11.687, p = 0.003, ° = 0.22. Fencers (p = 0.005,
r=-0.53) and swimmers (p = 0.021, r = -0.43) had significantly shorter RT's than sedentary
control group.

In the invalid condition, when the target was in the right, accuracy score was different
among the groups, H(2) = 19.563, p < 0.001, ° = 0.36. Fencers (p < 0.001, r = -0.65) and
swimmers (p = 0.005, r = -0.58) were more accurate than sedentary control group. When the
target was in the left, accuracy score was different among the groups, H(2) = 20.304, p < 0.001,
n° = 0.38. Fencers (p < 0.001, r = -0.64) and swimmers (p < 0.001, r = -0.64) were more accu-
rate than sedentary controls.

In the exogenous cueing test valid condition when the target was on the right, RT was sig-
nificantly different among the groups, H(2) = 10.118, p = 0.006, n° = 0.19. Fencers had shorter
RTs than swimmers (p = 0.022, r = -0.38) and the sedentary controls (p = 0.006, r = -0.46).

When the target was on the left, RT was significantly different among the groups, H(2) =
7.776, p = 0.020, n° = 0.14. Fencers had shorter RTs than the sedentary controls (p = 0.017, r =
-0.43).

Verbal fluency test

Letter error score was significantly different among the groups, H(2) = 19.296, p < 0.001, ° =
0.36. Fencers (p < 0.001, r = -0.64) and swimmers (p = 0.002, r = -0.51) made less errors than

sedentary controls. Category error score was significantly different among the groups, H(2) =
9.195, p = 0.010, i7° = 0.17. Fencers made less errors than swimmers (p = 0.035, r = -0.35) and

sedentary controls (p = 0.003, = -0.50).

Brain-derived neurotrophic factor

Basal serum BDNEF levels did not show a significant difference between the groups. After acute
exercise, BDNF level was significantly different among the groups, H(2) = 18.601, p < 0.001,
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n° = 0.35. Fencers (p=0.001, r = -0.53) and swimmers (p < 0.001, r = -0.70) had higher BDNF
levels compared to sedentary controls. ABDNF showed difference among the groups, F(2,

51) = 15.491, p < 0.001, ° = 0.38. Fencers (p < 0.001) and swimmers (p < 0.001) showed
higher change compared to sedentary controls. BDNF increased in athlete groups after exer-
cise, although decreased in sedentary controls.

Cathepsin B

Basal serum CTSB level was significantly different between the groups, H(2) = 18.271,
p = 0.000, 77° = 0.34. Fencers had higher levels than swimmers (p = 0.003, r = -0.48) and seden-
tary controls (p < 0.001, r = -0.72).

After acute exercise, CTSB level was significantly different among the groups, H(2) =
16.566, p < 0.001, 172 = 0.31. Fencers had higher levels than swimmers (p = 0.001, r = -0.53)
and sedentary controls (p < 0.001, r = -0.61). ACTSB showed difference among the groups, F
(2,51) =5.908, p = 0.005, 7’ = 0.19. Fencers showed higher change compared to swimmers
(p = 0.043) and sedentary controls (p = 0.027).

Discussion
Corsi’s Block Tapping Test

CBTT is an executive function test that evaluates spatial perception associated with working
memory and requires visual-spatial storage and active processing. A study examining the
effects of open and closed-skill exercises on visual-spatial working memory scores reported
that open-skill exercise athletes achieved higher scores than closed-skill exercise athletes and
sedentary and did not find a difference between closed-skill exercise athletes and sedentary
ones [32]. In line with the literature, we found that fencers performed higher accuracy scores
in the left hemispace than swimmers and the control group in the right-handed task. Fencers’
higher left hemispace accuracy scores may suggest that open-skill exercise increases the asym-
metry of functions, lateralization of visuospatial working memory.

We found higher left hemispace accuracy and lower neglect scores in the left-handed task
in exercise groups indicating the overall enhancing effect of the exercise on visual-spatial
working memory, and no significant difference was observed between the two exercise groups.
However, a study comparing the open and closed-skill exercises found a significant difference
in working memory tasks only for closed-skill exercise [33]. On the other hand, a study that
assesses visuospatial working memory with CBTT pointed out that athletes who play basketball
for ten years did not differ from inactive people [34].

Spatial cueing test

It has been demonstrated that shorter RT's for fencing and water polo athletes than swimmers
and sedentary controls in the exogenous cueing test [35]. In line with the literature, we demon-
strated that RT was shorter in fencers than swimmers and sedentary controls when the target
was in the right in valid exogenous cueing test trial. It may be related that the exogenously
directed attention can be sustained for a shorter time. On the contrary, an EEG study compar-
ing open and closed-skill exercises have not significantly differed in visuospatial attention data
between the groups [15]. This contradiction might be originated fencing demands more alert-
ness, fast response, and precision due to the recurrent reduction of distance between the oppo-
nents than the open-skill sport type the above-mentioned study chose.

Due to spatial attention is oriented faster when directed exogenously, endogenous attention
can be sustained for longer periods than exogenous attention. Our non-significant results
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between fencer and swimmer groups, especially in RTs in endogenous attention test that may
be related to this situation. The shorter reaction time in the exercise groups while the target
was on the right in the invalid endogenous cueing test can be interpreted as the right hemi-
sphere is more sensitive to the distracting cue. Because the right hemisphere specializes in
attention-related functions, exercise groups were better at inhibiting the distracting cue. Elite
athletes are more successful in visuospatial attention tasks than sedentary controls [36]. It was
showed that three times a week for three years, Tai-Chi exercise improved attention and vol-
leyball players have a shorter reaction time in attention tasks than sedentary controls [37]. Our
results aligned with the literature above and indicated that the exercise groups were more suc-
cessful than the sedentary controls for accuracy and reaction time.

Verbal fluency test

The verbal fluency tests rely on both intact memory stores and simple access to the informa-
tion. In addition to assessing memory and knowledge, verbal fluency may also link other cog-
nitive processes, including reasoning to generate category examples, searching subcategories
while maintaining a cognitive set of the overarching category, working memory to inhibit pre-
vious responses, and inhibition of non-category items.

This study observed no significant difference between the groups in terms of accuracy
scores of letter and category tasks. However, fencers made fewer mistakes than swimmers and
sedentary controls in category tasks. This finding indicates that working memory and inhibi-
tory control [for remembering counted words previously and avoid repeating them] are more
developed in open-skill exercise. Additionally, fewer error scores of exercise groups in letter
fluency can be explained by the overall improving effect of the exercise on working memory
and inhibition.

In previous studies, VFT has been used to evaluate the effects of exercise on neurodegenera-
tion, psychiatric diseases, and aging; therefore, the findings emerged stronger [38, 39]. The age
range of the participants in this study may be related to the slighter outcomes. More challeng-
ing test alternatives may be needed to assess verbal skills in young adults.

Brain-derived neurotrophic factor

We did not find a significant difference of basal BDNF levels between the groups. As has been
already stated by previous writers, chronic exercise and BDNF relationship is contradictory
[40]. There is convincing evidence that chronic exercise training increases BDNF levels and
improves memory performance among animal models; however, the findings within human
studies are less clear [41]. A small cross-sectional study of 44 subjects reported an inverse cor-
relation between BDNF and physical activity [42]. The heterogeneous findings have been
explained by methodological approaches and differences in study populations like age or gen-
der [43].

It was demonstrated that peripheral BDNF increase is transient after acute exercise [44]
and returns the baseline level in 10-60 minutes [45]. Two different systematic reviews have
pointed out that most of the studies prefer "immediately after" measurements as a methodolog-
ical approach [43, 45]. Because the literature emphasized the importance of blood collection
time in BDNF measurement after acute exercise, we standardized the blood drawing time as 3
minutes.

Moreover, there are no age or gender matches in the studies cited above, but our study
matched the groups based on age, and gender is slightly different only in the sedentary control
group. BDNF plasma levels are more stable in women, whereas it peaks in the morning and
decreases throughout the day [46]. For this reason, we drew the first blood samples at 09:00 in
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the morning from all of the participants. It is widely known that serum BDNF level increases
in the luteal phase in women [47]. Hence, female participants were included in the study when
they’re in the luteal phase, based on the pre-experiment phone call. It has also been suggested
that higher platelet counts will decrease BDNF levels in the serum, as platelets store BDNF
[48]. There was no significant difference in platelet counts between the groups in our study.

Recent studies have shown that environmental enrichment promotes BDNF gene expres-
sion [49], and an acute bout of open-skill exercise increases the BDNF secretion compared to
closed-skill exercise [50]. Unlike the literature reports, we observed no significant difference in
BDNEF response to exercise between sports groups. However, the acute exercise session that we
used in this study was a closed-skill running protocol. Therefore, the fact that the BDNF
response to acute exercise did not differ between athlete groups may be related to the protocol
we have chosen.

It has been reported that BDNF response to exercise is related to exercise volume [intensity,
duration, frequency] and individual’s exercise capacity [51]. As stated literature above, our
data revealed that sports groups showed a stronger reaction to exercise. Cortisol increases in
response to stressors have a negative effect on BDNF levels [52]. Considering exercise is a
potent physiological stressor for sedentary individuals, decreased BDNF level after acute exer-
cise in sedentary controls may be related to this.

Cathepsin B

There are conflicting results regarding exercise and CTSB relationship in the literature. One
study that has a small sample size indicated no change in CTSB after eight weeks of exercise
[53], another study stated a decrease in the basal plasma CTSB levels after long-term exercise
in men [54], and lastly, a study showed there was an increase in CTSB levels after four months
exercise intervention [20]. In this study, fencers had higher basal/post-exercise serum levels
and ACTSB than swimmers and sedentary controls. Both long-term participation and acute
exercise effect on basal CTSB level were only limited to the open-skill exercise group. This
result suggests that CTSB may be a more responsive peripheral protein to exercise than BDNF.

General discussion

Research comparing the effects of open vs. closed-skill exercises on cognition is quite limited.
Observational studies have supported that open-skill exercise issues better cognitive perfor-
mance [8, 55].

Participants need to adapt to a constantly changing environment during open-skill exercise
compared to closed-skill exercise. More cognitively challenging sport features, including pro-
cessing speed, cognitive flexibility, and inhibitory control task, may be effective in further
developing these aspects of cognitive function in open-skill exercise. The social interaction
during open-skill exercise may also have a more beneficial effect on cognition. In fencing, the
requirement for close monitoring of the opponent’s movements may be considered examples
of this interaction.

A study comparing children’s flanker task performance based on VO,,.x levels showed
that those with higher VO,,,.« levels had higher accuracy scores and shorter RT's [56]. In line
with the literature, considering the athlete groups’ high VO, levels in our study, it is reason-
able to say that physical fitness may affect cognition. On the other hand, there was no differ-
ence between athlete groups in terms of VO,,,,« levels. Our results showed a difference in
cognitive functions, including visuospatial working memory and attention functions between
athletes with similar VO,,,,x and physical activity levels from different sport categories. These
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findings may suggest that even when physical fitness levels are similar, differences may develop
in cognition depending on exercise type.

The transfer of learning defines previous experiences’ effect on learning a new skill in a new
context. Components of the skills such as their kinematics characteristics and/or the cognitive
demands in which the skills are performed are similar; learning transfer may occur. It was
demonstrated that interactive sport types had broader effects on processing speed and atten-
tion scores than self-paced sports [57]. Adults who juggle have shown a temporary and selec-
tive structural change in brain areas that are associated with the processing and storage of
complex visual motion [58]. Our findings demonstrating superiority in visuospatial working
memory, attention, and verbal fluency in the fencer group may be related more complex
motor repertoire of fencing and transfer of such skills to cognitive tasks.

Muscle spindles carry signals for limb position sense. Because of fencing is a sport that
involves complex movements and needs agility, it requires changes in temporal sequencing of
muscle activation for more efficient movement, strategies of change in motor unit involve-
ment, increased velocity of neural conduction, changes in frequency and degree of muscle
innervation, and the ability to maintain rapid motor unit firing. The role of muscle spindles
should be considered in fencing, where knowledge of the limb position during rapid move-
ments is essential and scored by touching spesific areas of the opponent. Exercise-induced
neuronal activation occurs via cerebral afferent stimulation through muscle spindle receptors
[59]. No training mode can enhance the sensory receptor density, but it may increase the fusi-
motor drive to the muscle spindles in such challenging tasks and broaden the somatosensory
area for proprioception in the sensory cortex. This mechanism may include learning to pay
attention to a cue if it is important for performance. Increased selective attention to a cue cre-
ates changes in the primary sensory cortex [60], in summary, individuals become more skilled
in processing sensory cues. Regarding that fencing is a sport performed with standing leaps
and more position change in space, the sensory cortex area’s organization may become more
dynamic due to the frequent stimulation of proprioceptive mechanoreceptors. This mecha-
nism may explain the shorter reaction times for selective attention tasks in fencers in this
study.

Environmental enrichment is one of the factor involved in the effect of exercise on cogni-
tion; a more challenging environment promotes more sensory, cognitive, and motor experi-
ences. In fencing, the opponent’s unpredictable behavior and continuously shifting positions
can be considered within the context of environmental enrichment. Fencers are exposed to
more stimuli than swimmers. Therefore, the environmental enrichment factor in open-skill
exercise may strengthen the exercise effect on cognition.

According to the broad transfer hypothesis, the long-term practice of specific skills can
improve cognition for circumstances outside the specific sport context [61]. For example, fenc-
ing requires the inhibition of planned actions against the opponent’s tactical deceptions. Fenc-
ers have been shown to make fewer errors in tasks requiring inhibition than non-fencers. In
this study, superior inhibitory control in visuospatial attention and verbal fluency tasks of fenc-
ers may provide evidence for the broad transfer hypothesis. It seems like sport expertise may
be transferred from sports-specific contexts to general cognitive contexts.

Exercise activates signaling pathways at the cellular and molecular level to support brain
plasticity [62]. Central myelination is a large part of plasticity, and different exercise modes
stimulate different changes in motor circuits [63]. Cognitively demanding exercise provides
neuronal survival in the hippocampus, strengthened connections in critical white matter path-
ways, and myelination in associated cortical brain regions [64]. Since fencing requires more
cognitive demand, it may increase central myelination and this may have provided in shorter
RTs in the attention test.
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The cerebellum is well-established as an important subcortical brain region that plays a crit-
ical role in cognition and learning. It participates in voluntary shift of selective attention
between sensory modalities and goal-directed cognitive functions [65, 66]. Complex motor
skill training induces strengthening of a subset of parallel fiber synapses onto Purkinje cells
and accompanies neuroplasticity [67]. Lunge and fleche are fast attacking techniques that need
balance in fencing. Considering the role of the cerebellum in performing quick and precise
movements. fencing may be a sport requiring more cerebellum involvement than swimming.
Therefore, myelination may be observed more in fencers at the cerebellar level. Due to the cer-
ebellum/lateral cerebellar nucleus’s dentate nucleus are crucial structures responsible for com-
plex cognitive processing such as spatial navigation and working memory [68], fencers’ higher
scores in attention and working memory tasks may be understood on the basis of cerebellar
myelination.

In terms of human social cognition, the mirror neuron system has been reported to control
the ability to understand others’ actions, communicate, imitate, and act in cooperation with
others [69]. Because fencing is a more "social” sport than swimming with its direct contact
with the opponent, understanding and making quick decisions about the opponent’s intention
may activate the mirror neuron system. Higher scores of fencers in attention, working mem-
ory, and inhibition tasks may be linked to the mirror neuron system’s activation.

Limitations

The present study had some limitations that need to be considered. The cross-sectional design
simply reveals a possible relationship regarding how exercise type affects cognitive functions
and peripheral proteins. Therefore, longitudinal studies are needed to show the causal relation-
ship in the future.

Unequal branch variance in athlete groups was the other limitation. Although the fencing
group included all branches of epee, sabre, and foil, the numbers were not equal, and in the
swimming group, all were mid-distance swimmers except 2 short-distance participants. Also,
we could not reach the number of participants we determined by assuming the type of study
design and this limitation decreased relatively the effect sizes. In future studies, more partici-
pants in the same branches and expanded sample size will provide more reliable results. Lastly,
the closed-skill sport we used in the study is performed in water. It would be more accurate to
compare sports done on similar ground.

Conclusion

The current study pointed out that different exercise-mode has different effects on cognition
and proteins associated with cognition.

Because our data indicate that open-skill exercise stimulates and improves specific types of
executive-control functioning, this exercise mode can be included in planning preventive and
therapeutic exercises for cognitive loss.

Additionally, due to our results based on young adults, we anticipate that open-skill exercise
might be improving not only elderly but also younger population. For instance, open-skill
exercise in closed-skill athletes’ training programs may enhance their sports performance by
adding cognitively demanding tasks.

To the best of our knowledge, this is the first study to assess serum CTSB level after an acute
bout of exercise. The present findings clearly suggest that further research and evidence are
required to understand the relationship between exercise, peripheral proteins and cognition.

PLOS ONE | https://doi.org/10.1371/journal.pone.0251907  June 4, 2021 13/17


https://doi.org/10.1371/journal.pone.0251907

PLOS ONE

Effects of exercise mode on cognition and peripheral proteins

Supporting information

S1 Dataset. Demographic and physical fitness data.
(XLSX)

$2 Dataset. Behavioral and blood parameters data.
(XLSX)

Author Contributions

Conceptualization: Evrim Gokge, Emel Giines, Erhan Nalgaci.
Data curation: Evrim Gokge, Serhat Hayme, Erhan Nalgaci.
Formal analysis: Evrim Gokge, Fikret Ari, Serhat Hayme.
Funding acquisition: Evrim Gokge, Erhan Nalcaci.
Investigation: Evrim Gokge, Emel Giines.

Methodology: Evrim G6kee, Emel Giines, Erhan Nalcaci.
Project administration: Evrim Gokge, Erhan Nal¢aci.
Resources: Evrim Gokge.

Software: Fikret Ar1.

Supervision: Evrim Gokge, Erhan Nalgact.

Validation: Evrim Gokee, Erhan Nalgaci.

Visualization: Evrim Gokge, Emel Giines, Erhan Nalcaci.
Writing - original draft: Evrim Gokge, Emel Giines, Erhan Nalgaci.

Writing - review & editing: Evrim Gokge, Emel Giines, Fikret Ari, Serhat Hayme, Erhan
Nalgac1.

References

1. Pedersen BK. Physical activity and muscle-brain crosstalk. Nat. Rev. Endocrinol. 2019; 15: 383-392.
https://doi.org/10.1038/s41574-019-0174-x PMID: 30837717

2. Lezak MD, Howieson DB, Bigler ED, Tranel D. Neuropsychological Assessment. 5th Edn. Oxford:
Oxford University Press; 2012.

Diamond A. Executive functions. Ann. Rev. Psychol. 2013; 64: 135-168.

4. GuQ, Zoul, Loprinzi PD, Quan M and Huang T. Effects of Open Versus Closed Skill Exercise on Cog-
nitive Function: A Systematic Review. Front. Psychol. 2019; 10: 1707. https://doi.org/10.3389/fpsyg.
2019.01707 PMID: 31507472

5. Voelcker-Rehage C, Godde B, Staudinger UM. Cardiovascular and coordination training differentially
improve cognitive performance and neural processing in older adults. Front Hum Neurosci. 2011; 5: 26.
https://doi.org/10.3389/fnhum.2011.00026 PMID: 21441997

6. Galligan FEA. “Acquiring skill,” in Advanced PE for Edexcel. Bath: Bath Press. 2000. pp.102—108.

Taddei F, Bultrini A, Spinelli D, Di Russo F. Neural Correlates of Attentional and Executive Processing
in Middle-Aged Fencers. Medicine & Science in Sports & Exercise. 2012; 44: 1057—-1066. https://doi.
0rg/10.1249/MSS.0b013e31824529c2 PMID: 22157879

8. Schmidt M, Jager K, Egger F, Roebers CM, Conzelmann A. Cognitively engaging chronic physical
activity, but not aerobic exercise, affects executive functions in primary school children: a group-ran-
domized controlled trial. J. Sport Exerc. Psychol. 2015; 37: 575-591. https://doi.org/10.1123/jsep.2015-
0069 PMID: 26866766

9. Jacobson J, Matthaeus L. Athletics and executive functioning: how athletic participation and sport type
correlate with cognitive performance. Psychol. Sport Exerc. 2014; 15: 521-527.

PLOS ONE | https://doi.org/10.1371/journal.pone.0251907  June 4, 2021 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251907.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251907.s002
https://doi.org/10.1038/s41574-019-0174-x
http://www.ncbi.nlm.nih.gov/pubmed/30837717
https://doi.org/10.3389/fpsyg.2019.01707
https://doi.org/10.3389/fpsyg.2019.01707
http://www.ncbi.nlm.nih.gov/pubmed/31507472
https://doi.org/10.3389/fnhum.2011.00026
http://www.ncbi.nlm.nih.gov/pubmed/21441997
https://doi.org/10.1249/MSS.0b013e31824529c2
https://doi.org/10.1249/MSS.0b013e31824529c2
http://www.ncbi.nlm.nih.gov/pubmed/22157879
https://doi.org/10.1123/jsep.2015-0069
https://doi.org/10.1123/jsep.2015-0069
http://www.ncbi.nlm.nih.gov/pubmed/26866766
https://doi.org/10.1371/journal.pone.0251907

PLOS ONE

Effects of exercise mode on cognition and peripheral proteins

10.

1.

12

13.

14.
15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

O’Brien J, Ottoboni G, Tessari A, Setti A. One bout of open-skill exercise improves cross-modal percep-
tion and immediate memory in healthy older adults who habitually exercise. PLoS One. 2017; 12:
€0178739. https://doi.org/10.1371/journal.pone.0178739 PMID: 28570704

Yu Q, Chan CCH, Chau B, Fu ASN. Motor skill experience modulates executive control for task switch-
ing. Acta Psychol. 2017; 180: 88-97. https://doi.org/10.1016/j.actpsy.2017.08.013 PMID: 28923518

Zhou F. Xi X and Qin C. Regular Open-Skill Exercise Generally Enhances Attentional Resources
Related to Perceptual Processing in Young Males. Front. Psychol. 2020; 11:941. https://doi.org/10.
3389/fpsyg.2020.00941 PMID: 32508721

Wang B. Guo W. Exercise mode and attentional networks in older adults: a cross-sectional study.
Peerd. 2020 Jan 7; 8:e8364. https://doi.org/10.7717/peer|.8364 PMID: 31938580

McMorris T. Acquisition and performance of sports skills. 2" ed. New York: John Wiley & Sons; 2014.

Chueh TY. Huang CJ. Hsieh SS. Chen KF. Chang YK. Hung TM. Sports training enhances visuo-spatial
cognition regardless of open-closed typology. Peerd. 2017; 5:e3336. https://doi.org/10.7717/peer|.3336
PMID: 28560098

Tsai CL, Pan CY, Chen FC, Tseng YT. Open- and Closed-Skill Exercise Interventions Produce Different
Neurocognitive Effects on Executive Functions in the Elderly: A 6-Month Randomized, Controlled Trial.
Front. Aging Neurosci. 2017; 9: 294. https://doi.org/10.3389/fnagi.2017.00294 PMID: 28959200

Knaepen K, Goekint M, Heyman EM, Meeusen R. Neuro- plasticity—Exercise-induced response of
peripheral brain-derived neu- rotrophic factor: A systematic review of experimental studies in human
subjects. Sports Medicine. 2010; 40:765-801. https://doi.org/10.2165/11534530-000000000-00000
PMID: 20726622

Fukuchi M, Izumi H, Mori H, Kiyama M, Otsuka S, Maki S, et al. Visualizing changes in brain-derived
neurotrophic factor [BDNF] expression using bioluminescence imaging in living mice. Scientific reports.
2017; 7: 4949. https://doi.org/10.1038/s41598-017-05297-x PMID: 28694523

Yamamoto H, Gurney ME. Human platelets contain brain-derived neurotrophic factor. Journal of Neuro-
science. 1990; 10: 3469-3478. https://doi.org/10.1523/JNEUROSCI.10-11-03469.1990 PMID:
2230938

Moon HY, Becke A, Berron D, Becker B, Sah N, Benoni G. Running-Induced Systemic Cathepsin B
Secretion Is Associated with Memory Function. Cell Metab. 2016; 24: 332—340. https://doi.org/10.1016/
j.cmet.2016.05.025 PMID: 27345423

Hook V, Toneff T, Bogyo M, Greenbaum D, Medzihradszky KF, Neveu J, et al. Inhibition of cathepsin B
reduces beta-amyloid production in regulated secretory vesicles of neuronal chromaffin cells: evidence
for cathepsin B as a candidate beta-secretase of Alzheimer’s disease. Biol Chem. 2015; 386: 931-940.

Kim S, Choi JY, Moon S, Park DH, Kwak HB, Kang JH. Roles of myokines in exercise-induced improve-
ment of neuropsychiatric function. Pflugers Arch. 2019 Mar; 471[3]:491-505. https://doi.org/10.1007/
s00424-019-02253-8 PMID: 30627775

Pan W, Banks WA, Fasold MB. Transport of brain-derived neurotrophic factor across the blood-brain
barrier. Neuropharmacol. 1998; 37: 1553—-61. https://doi.org/10.1016/s0028-3908(98)00141-5 PMID:
9886678

Nalcaci E, Kalaycioglu C, Gunes E, Cigek M. El tercihinin gegerlik ve glvenilirligi. Turk Psikiyatri Der-
gisi. 2002; 13: 99-106.

Saglam M, Arikan H, Savci S, Inal-Ince D, Bosnak-Guclu M, Karabulut E, et al. International physical
activity questionnaire: reliability and validity of the Turkish version. Percept Motor Skills. 2010; 111:
278-84. https://doi.org/10.2466/06.08.PMS.111.4.278-284 PMID: 21058606

Khurana E, Oommen ER. Determination of cardiovascular fitness in young healthy medical students.
IAIM. 2016; 3: 74-78.

Karvonen MJ, Kentala E, Mustala O. The effects of training heart rate: A longitudinal study. Ann. Med.
Exp. Biol. Fenn. 1957; 35: 307-315. PMID: 13470504

Milner B. Interhemispheric differences in the localization of psychological processes in man. British
Medical Bulletin. 1971; 27: 272-277. https://doi.org/10.1093/oxfordjournals.bmb.a070866 PMID:
4937273

Posner MI. Orienting of attention. Quarterly Journal of Experimental Psychology. 1980; 32: 3-25.
https://doi.org/10.1080/00335558008248231 PMID: 7367577

Tumag A. Normal deneklerde frontal hasarlara duyarli bazi testlerde performansa yas ve egitimin etkisi.
istanbul Universitesi Sosyal Bilimler Enstitiisti Psikoloji Bélimdi, Yayinlanmamis Yiksek Lisans Tezi;
1997. https://tez.yok.gov.tr/UlusalTezMerkezi/tezDetay.jsp?id=Jik27JpLJ7CizFWIjMAt9Q&no=
XjHJy7gKOPU7vbLStuxk4A.

Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed. Hillsdale, N. J.: L. Erlbaum
Associates; 1988.

PLOS ONE | https://doi.org/10.1371/journal.pone.0251907  June 4, 2021 15/17


https://doi.org/10.1371/journal.pone.0178739
http://www.ncbi.nlm.nih.gov/pubmed/28570704
https://doi.org/10.1016/j.actpsy.2017.08.013
http://www.ncbi.nlm.nih.gov/pubmed/28923518
https://doi.org/10.3389/fpsyg.2020.00941
https://doi.org/10.3389/fpsyg.2020.00941
http://www.ncbi.nlm.nih.gov/pubmed/32508721
https://doi.org/10.7717/peerj.8364
http://www.ncbi.nlm.nih.gov/pubmed/31938580
https://doi.org/10.7717/peerj.3336
http://www.ncbi.nlm.nih.gov/pubmed/28560098
https://doi.org/10.3389/fnagi.2017.00294
http://www.ncbi.nlm.nih.gov/pubmed/28959200
https://doi.org/10.2165/11534530-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/20726622
https://doi.org/10.1038/s41598-017-05297-x
http://www.ncbi.nlm.nih.gov/pubmed/28694523
https://doi.org/10.1523/JNEUROSCI.10-11-03469.1990
http://www.ncbi.nlm.nih.gov/pubmed/2230938
https://doi.org/10.1016/j.cmet.2016.05.025
https://doi.org/10.1016/j.cmet.2016.05.025
http://www.ncbi.nlm.nih.gov/pubmed/27345423
https://doi.org/10.1007/s00424-019-02253-8
https://doi.org/10.1007/s00424-019-02253-8
http://www.ncbi.nlm.nih.gov/pubmed/30627775
https://doi.org/10.1016/s0028-3908%2898%2900141-5
http://www.ncbi.nlm.nih.gov/pubmed/9886678
https://doi.org/10.2466/06.08.PMS.111.4.278-284
http://www.ncbi.nlm.nih.gov/pubmed/21058606
http://www.ncbi.nlm.nih.gov/pubmed/13470504
https://doi.org/10.1093/oxfordjournals.bmb.a070866
http://www.ncbi.nlm.nih.gov/pubmed/4937273
https://doi.org/10.1080/00335558008248231
http://www.ncbi.nlm.nih.gov/pubmed/7367577
https://tez.yok.gov.tr/UlusalTezMerkezi/tezDetay.jsp?id=Jik27JpLJ7CizFWIjMAt9Q&no=XjHJy7gK0PU7vbLStuxk4A
https://tez.yok.gov.tr/UlusalTezMerkezi/tezDetay.jsp?id=Jik27JpLJ7CizFWIjMAt9Q&no=XjHJy7gK0PU7vbLStuxk4A
https://doi.org/10.1371/journal.pone.0251907

PLOS ONE

Effects of exercise mode on cognition and peripheral proteins

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Guo W, Wang B, Lu Y, Zhu Q, Shi Z, Ren J. The relationship between different exercise modes and
visuospatial working memory in older adults: A cross-sectional study. Peerd. 2016; 4: e2254. https://doi.
org/10.7717/peerj.2254 PMID: 27547560

Tsai CL, Wang WL. Exercise-mode-related changes in task-switching performance in the elderly. Front.
Behav. Neurosci. 2015; 9: 56. https://doi.org/10.3389/fnbeh.2015.00056 PMID: 25798097

Furley P, Memmert D. Differences in spatial working memory as a function of team sports expertise:
The Corsi Block-Tapping Task in sport psychological assessment. Perceptual & Motor Skills. 2010;
110: 801-808. https://doi.org/10.2466/PMS.110.3.801-808 PMID: 20681333

Kioumourtzoglou E, Kourtessis T, Michalopoulou M. Difference in several perceptual abilities between
experts and novices in basketball, volleyball and water polo. Percept Motor Skill. 1998; 86: 899-912.

Alves H, Voss MW, Boot WR, Deslandes A, Cossich V, Salles JI. Perceptual-cognitive expertise in elite
volleyball players. Front. Psychol. 2013; 4: 36. https://doi.org/10.3389/fpsyg.2013.00036 PMID:
23471100

Man DW, Tsang WW, Hui-Chan CW. Do older t’ai chi practitioners have better attention and memory
function? J Altern Complement Med. 2010; 16: 1259—64. https://doi.org/10.1089/acm.2009.0462 PMID:
21138387

Kim SH, Kim M, Ahn YB, et al. Effect of dance exercise on cognitive function in elderly patients with met-
abolic syndrome: a pilot study. J Sports Sci Med. 2011; 10: 671-678. PMID: 24149557

Séez de Asteasu ML, Martinez-Velilla N, Zambom-Ferraresi F, Casas-Herrero A, Cadore EL, Galbete
A. Assessing the impact of physical exercise on cognitive function in older medical patients during acute
hospitalization: Secondary analysis of a randomized trial. PLoS Med. 2019; 16[7]: €1002852. https://
doi.org/10.1371/journal.pmed.1002852 PMID: 31276501

Heisz JJ, Clark IB, Bonin K, Paolucci EM, Michalski B, Becker S, et al. The effects of physical exercise
and cognitive training on memory and neurotrophic factors. Journal of Cognitive Neuroscience. 2017;
29:1-13.

Loprinzi PD, Frith E. A brief primer on the mediational role of BDNF in the exercise-memory link. Clinical
Physiology and Functional Imaging. 2019; 39: 9-14. https://doi.org/10.1111/cpf.12522 PMID:
29719116

Currie J, Ramsbottom R, Ludlow H, Nevill A, Gilder M. Cardio-respiratory fitness, habitual physical
activity and serum brain derived neurotrophic factor [BDNF] in men and women. Neurosci. Lett. 2009;
451:152—-155. https://doi.org/10.1016/j.neulet.2008.12.043 PMID: 19133315

Szuhany KL, Bugatti M, Otto MW. A meta-analytic review of the effects of exercise on brain-derived
neurotrophic factor. J Psychiatr Res. 2015; 60: 56—64. https://doi.org/10.1016/j.jpsychires.2014.10.003
PMID: 25455510

Dinoff A, Herrmann N, Swardfager W, Lanctot KL. The effect of acute exercise on blood concentrations
of brain-derived neurotrophic factor in healthy adults: a meta-analysis. Eur J Neurosci. 2017 Jul; 46
[1]:1635-1646. https://doi.org/10.1111/ejn.13603 PMID: 28493624

Knaepen K, Goekint M, Heyman EM, Meeusen R. Neuroplasticity—exercise-induced response of
peripheral brain-derived neurotrophic factor: a systematic review of experimental studies in human sub-
jects. Sports Med. 2010 Sep 1; 40[9]:765-801. https://doi.org/10.2165/11534530-000000000-00000
PMID: 20726622

Choi SW, Bhang S, Ahn JH. Diurnal variation and gender differences of plasma brain-derived neuro-
trophic factor in healthy human subjects. Psychiatry Research. 2011; 186: 427—430. https://doi.org/10.
1016/j.psychres.2010.07.028 PMID: 20826006

Piccinni A, Marazziti D, Del Debbio A, Bianchi C, Roncaglia I, Mannari C, et al. Diurnal variation of
plasma brain- derived neurotrophic factor [BDNF] in humans: An analysis of sex differences. Chronobi-
ology International. 2008; 25: 819-826. https://doi.org/10.1080/07420520802387773 PMID: 18780207

Walsh JJ, Tschakovsky ME. Exercise and circulating BDNF: Mechanisms of release and implications
for the design of exercise interventions. Applied Physiology, Nutrition, and Metabolism. 2018; 43: 1095—
1104.

Cao L, Liu X, Lin Ej, Wang C, Choi Ey, Riban V, et al. Environmental and genetic activation of a brain-
adipocyte BDNF/leptin axis causes cancer remission and inhibition. Cell. 2010; 142: 52—64. https://doi.
org/10.1016/j.cell.2010.05.029 PMID: 20603014

Hung CL, Tseng JW, Chao HH, Hung TM, Wang HS. Effect of acute exercise mode on serum brain-
derived neurotrophic factor [BDNF] and task switching performance. J Clin Med. 2018; 7: 301.

Nofuiji Y, Suwa M, Sasaki H, Ichimiya A, Nishichi R, Kumagai S. Different circulating brain-derived neu-
rotrophic factor responses to acute exercise between physically active and sedentary subjects. J.
Sports Sci. Med. 2010; 11: 83-88.

PLOS ONE | https://doi.org/10.1371/journal.pone.0251907  June 4, 2021 16/17


https://doi.org/10.7717/peerj.2254
https://doi.org/10.7717/peerj.2254
http://www.ncbi.nlm.nih.gov/pubmed/27547560
https://doi.org/10.3389/fnbeh.2015.00056
http://www.ncbi.nlm.nih.gov/pubmed/25798097
https://doi.org/10.2466/PMS.110.3.801-808
http://www.ncbi.nlm.nih.gov/pubmed/20681333
https://doi.org/10.3389/fpsyg.2013.00036
http://www.ncbi.nlm.nih.gov/pubmed/23471100
https://doi.org/10.1089/acm.2009.0462
http://www.ncbi.nlm.nih.gov/pubmed/21138387
http://www.ncbi.nlm.nih.gov/pubmed/24149557
https://doi.org/10.1371/journal.pmed.1002852
https://doi.org/10.1371/journal.pmed.1002852
http://www.ncbi.nlm.nih.gov/pubmed/31276501
https://doi.org/10.1111/cpf.12522
http://www.ncbi.nlm.nih.gov/pubmed/29719116
https://doi.org/10.1016/j.neulet.2008.12.043
http://www.ncbi.nlm.nih.gov/pubmed/19133315
https://doi.org/10.1016/j.jpsychires.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25455510
https://doi.org/10.1111/ejn.13603
http://www.ncbi.nlm.nih.gov/pubmed/28493624
https://doi.org/10.2165/11534530-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/20726622
https://doi.org/10.1016/j.psychres.2010.07.028
https://doi.org/10.1016/j.psychres.2010.07.028
http://www.ncbi.nlm.nih.gov/pubmed/20826006
https://doi.org/10.1080/07420520802387773
http://www.ncbi.nlm.nih.gov/pubmed/18780207
https://doi.org/10.1016/j.cell.2010.05.029
https://doi.org/10.1016/j.cell.2010.05.029
http://www.ncbi.nlm.nih.gov/pubmed/20603014
https://doi.org/10.1371/journal.pone.0251907

PLOS ONE

Effects of exercise mode on cognition and peripheral proteins

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Issa G, Wilson C, Terry Av Jr, Pillai A. An inverse relationship between cortisol and BDNF levels in
schizophrenia: data from human postmortem and animal studies. Neurobiol Dis. 2010; 39: 327-333.
https://doi.org/10.1016/j.nbd.2010.04.017 PMID: 20451611

Gourgouvelis JP, Yielder ST, Clarke HB, Murphy B. You can’t fix what isn’t broken: eight weeks of exer-
cise do not substantially change cognitive function and biochemical markers in young and healthy
adults. Peerd. 2018; 6: e4675. https://doi.org/10.7717/peerj.4675 PMID: 29686948

De La Rosa A, Solana E, Corpas R, Bartrés-Faz D, Pallas M, Vina J, et al. Long-term exercise training
improves memory in middle-aged men and modulates peripheral levels of BDNF and Cathepsin, B. Sci.
Rep. 2019; 9: 3337. https://doi.org/10.1038/s41598-019-40040-8 PMID: 30833610

Crova C, Struzzolino I, Marchetti R, Masci |, Vannozzi G, Forte R, et al. Cognitively challenging physical
activity benefits executive function in overweight children. Journal of Sports Sciences. 2014; 32: 201—
211. https://doi.org/10.1080/02640414.2013.828849 PMID: 24015968

Chaddock L, Hillman CH, Pontifex MB, Johnson CR, Raine LB, Kramer AF. Childhood aerobic fitness
predicts cognitive performance one year later. Journal of Sports Sciences. 2012; 30: 421-30. hitps://
doi.org/10.1080/02640414.2011.647706 PMID: 22260155

Voss MW, Kramer AF, Basak C, Prakash RS, Roberts B. Are expert athletes ‘expert’ in the cognitive
laboratory? A meta- analytic review of cognition and sport expertise. Applied Cognitive Psychology.
2010; 24: 812-826.

Draganski B, Gaser C, Busch V, Schuierer G, Bogdahn U, May A. Changes in grey matter induced by
training. Nature. 2014; 427: 311-2.

Lanier WL. The Afferentation Theory Of Cerebral Arousal. In: Neuroanesthesia. [eds Johnson JO,
Sperry RJ, Stanley TH]. Springer. 1997. pp. 27-38

Ashton-Miller JA, Wojtys EM, Huston LJ, Fry-Welch D. Can proprioception really be improved by exer-
cises? Knee Surgery, Sports Traumatology, Arthroscopy. 2001; 9: 128—136. https://doi.org/10.1007/
s001670100208 PMID: 11420785

Formenti D, Duca M, Trecroci A. Perceptual vision training in non-sport-specific context: effect on per-
formance skills and cognition in young females. Sci Rep. 2019; 9: 18671 https://doi.org/10.1038/
s41598-019-55252-1 PMID: 31822740

Aguiar AS JR, Castro AA, Moreira EL, Glaser V, Santos ARS, Tasca C, et al. Short bouts of mild-inten-
sity physical exercise improve spatial learning and memory in aging rats: involvement of hippocampal
plasticity via AKT, CREB and BDNF signaling. Mech Ageing Dev. 2011; 132: 560-567 https://doi.org/
10.1016/j.mad.2011.09.005 PMID: 21983475

Garcia PC, Real CC, Ferreira AF, Alouche SR, Britto LR, Pires RS. Different protocols of physical exer-
cise produce different effects on synaptic and structural proteins in motor areas of the rat brain. Brain
Research. 2012; 1456: 36—48. https://doi.org/10.1016/j.brainres.2012.03.059 PMID: 22521043

Raichlen D, Alexander GE. Adaptive Capacity:An Evolutionary Neuroscience Model Linking Exercise,
Cognition, and Brain Health. Trends Neuroscience. 2017; 1312: 1-14.

Akshoomoff NA, Courchesne E. A new role for the cerebellum in cognitive operations. Behav. Neurosci.
1992; 106: 731-738. https://doi.org/10.1037//0735-7044.106.5.731 PMID: 1445653

Schmahmann JD. Dysmetria of thought: clinical consequences of cerebellar dysfunction on cognition
and affect. Trends Cogn. Sci. 1998; 2: 362—371. https://doi.org/10.1016/s1364-6613(98)01218-2
PMID: 21227233

Anderson BJ, Alcantara AA, Greenough WT. Motor-skill learning: Changes in synaptic organization of
the rat cerebellar cortex. Neurobiology of Learning and Memory. 1996; 66: 221-229. https://doi.org/10.
1006/nime.1996.0062 PMID: 8946414

Locke TM, Soden ME, Miller SM, Hunker A, Knakal C, Licholai JA. Dopamine D1 receptor—positive neu-
rons in the lateral nucleus of the cerebellum contribute to cognitive behavior. Biol. Psychiatry. 2018; 84:
401-412. https://doi.org/10.1016/j.biopsych.2018.01.019 PMID: 29478701

Rizzolatti G, Fogassi L, Gallese V. Neurophysiological mechanisms underlying the understanding and
imitation of action. Nat. Rev. Neurosci. 2001; 2: 661-670. https://doi.org/10.1038/35090060 PMID:
11533734

PLOS ONE | https://doi.org/10.1371/journal.pone.0251907  June 4, 2021 17/17


https://doi.org/10.1016/j.nbd.2010.04.017
http://www.ncbi.nlm.nih.gov/pubmed/20451611
https://doi.org/10.7717/peerj.4675
http://www.ncbi.nlm.nih.gov/pubmed/29686948
https://doi.org/10.1038/s41598-019-40040-8
http://www.ncbi.nlm.nih.gov/pubmed/30833610
https://doi.org/10.1080/02640414.2013.828849
http://www.ncbi.nlm.nih.gov/pubmed/24015968
https://doi.org/10.1080/02640414.2011.647706
https://doi.org/10.1080/02640414.2011.647706
http://www.ncbi.nlm.nih.gov/pubmed/22260155
https://doi.org/10.1007/s001670100208
https://doi.org/10.1007/s001670100208
http://www.ncbi.nlm.nih.gov/pubmed/11420785
https://doi.org/10.1038/s41598-019-55252-1
https://doi.org/10.1038/s41598-019-55252-1
http://www.ncbi.nlm.nih.gov/pubmed/31822740
https://doi.org/10.1016/j.mad.2011.09.005
https://doi.org/10.1016/j.mad.2011.09.005
http://www.ncbi.nlm.nih.gov/pubmed/21983475
https://doi.org/10.1016/j.brainres.2012.03.059
http://www.ncbi.nlm.nih.gov/pubmed/22521043
https://doi.org/10.1037//0735-7044.106.5.731
http://www.ncbi.nlm.nih.gov/pubmed/1445653
https://doi.org/10.1016/s1364-6613%2898%2901218-2
http://www.ncbi.nlm.nih.gov/pubmed/21227233
https://doi.org/10.1006/nlme.1996.0062
https://doi.org/10.1006/nlme.1996.0062
http://www.ncbi.nlm.nih.gov/pubmed/8946414
https://doi.org/10.1016/j.biopsych.2018.01.019
http://www.ncbi.nlm.nih.gov/pubmed/29478701
https://doi.org/10.1038/35090060
http://www.ncbi.nlm.nih.gov/pubmed/11533734
https://doi.org/10.1371/journal.pone.0251907

