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The aim of this study was to reveal whether increased reward dependence (RD)
plays a role in the catecholamine neurotransmitter release and testosterone hormone
regulation during physical activities among healthy trained participants. Twenty-two male
participants (mean age: 40.27 ± 5.4 years) participated in this study. Two conditions
were constructed, namely, a noncompetitive and a competitive running task (RT), which
were separated by a 2-week interval. Urine and blood samples were collected prior
to and following the running tasks. Noradrenaline (NA), adrenaline (A), dopamine (D),
and their metabolites, vanillylmandelic acid (VMA) and homovanillic acid (HVA), were
measured from urine, while testosterone levels were analyzed from blood samples.
RD was assessed using the Cloninger’s Personality Inventory (PI). Mental health was
evaluated using the WHO Well-Being, Beck Depression, and Perceived Life Stress
Questionnaires. According to our findings, levels of NA, A, D, VMA, and testosterone
released underwent an increase following physical exertion, independently from the
competitive condition of the RT, while HVA levels experienced a decrease. However,
we found that testosterone levels showed a significantly lower tendency to elevate
in the competitive RT, compared with the noncompetitive condition (p = 0.02). In
contrast, HVA values were higher in the competitive compared with the noncompetitive
condition (p = 0.031), both before and after the exercise. Considering the factor
RD, in noncompetitive RT, its higher values were associated with elevated NA levels
(p = 0.007); however, this correlation could not be detected during the competitive
condition (p = 0.233). Among male runners, the NA and testosterone levels could
be predicted to the degree of RD by analyzing competitive and noncompetitive
physical exercises.

Keywords: reward dependence, temperament and character inventory - revised (TCI-R), neuroendocrinological
response, beep running test, competitive condition

Abbreviations: RD, reward dependence; CAT, catecholamine; A, adrenaline; NA, noradrenaline; D, dopamine; VMA,
vanillylmandelic acid; HVA, homovanillic acid; RT, running beep test; MHPG, 3-methoxy-4-hydroxyphenylglycol.
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INTRODUCTION

Recently, several types of research focused upon the
psychological, hormonal, and neurotransmitter interactions
elicited by physical exercise and sporting competitions.
Earlier studies have shown that physical exercise influences
neurotransmitter and hormone secretions (Kjaer, 1998; Zouhal
et al., 2008; Abderrahmane et al., 2013); however, personality,
temperamental traits, and social behavior patterns could also
have an impact on these levels (Cohen et al., 2009; Croxson et al.,
2009; Salamone and Correa, 2012; Määttänen et al., 2013; Dayan
et al., 2014; Varazzani et al., 2015; Casto and Edwards, 2016; Kruk
et al., 2020). Cloninger’s biosocial theory regarding personality
(Cloninger, 1987; Svrakic et al., 1993) introduced, among others,
a fundamental reward dependence (RD) temperament, which is
associated with different components of competitive exercises.
However, its relation with the activity of the catecholamine and
hormonal systems is debated (Cloninger et al., 1993; Cloninger
et al., 2019).

The complex molecular genetics and neurobiological basis
of temperament are relatively well understood and are known
to control the activity of catecholamine and monoaminergic
neurotransmitter systems. The RD temperament among healthy
individuals is closely related to sensitivity for social reward
and is associated with the activation of certain neuroendocrine
and endocrine systems, such as oxytocine, norepinephrine, and
testosterone (Bell et al., 2006; Garvey et al., 1996; Määttänen et al.,
2013).

Today, mental and physical health-related studies are focused
on the bio-psychological motivation roots of physical and mental
fitness and interactions between the personal motivations and the
level of the circulating reward-related catecholamines (CATs) and
hormones. Both physical and computer games, sports exercises,
or social competitive activities associated with temperamental
traits facilitate the assessment of these interactions within in vivo
situations (Hansenne et al., 2002).

The type of reward in competitive social interaction may be
material (food and/or money) or social. The social reward may
originate from positive verbal or meta-communication signals,
intimacy or public respect, official advancement, etc., which
confirm an individual’s position in a family, among peer groups,
and the capable handling in receiving support during critical
problem-solving situations. Individuals with an above than
average RD are motivated to be a winner in various situations
whose goal is to obtain social or material rewards (Cloninger,
1987; Han et al., 2006). However, the behavioral phenotype
regarding RD is determined by the interaction between
neurotransmitters, hormones, and current environmental
requirements (Cloninger, 1987; Rózsa et al., 2005).

Individuals with elevated RD seek tenable social territory
and are prepared to cooperate with the confirming group’s
members, emotionally open toward others, agreeable; however,
they are defensive in the face of the concurrent competitors
who are rivaling for the same rewards (Cloninger et al., 1993;
De Fruyt et al., 2000). Cloninger and De Furyt suggested
a behavioral phenotype that is part of the secure territory
defending behavior (fight and flight syndrome) and is dominated

by noradrenergic transmission. The link between RD and
noradrenaline has been confirmed in numerous studies which
found an association between low basal noradrenergic levels with
high RD temperament (Curtin et al., 1997; Ham et al., 2005).
However, noradrenaline activity is sensitive to social and physical
stress, and the elevation rate of the circulating noradrenaline
(NA) plays a role in the psychophysiological preparation of
coping with physical and mental stress.

The most investigated psycho-neuroendocrinological agents
during mental or physical stress are CATs (dopamine, adrenaline,
noradrenaline) and testosterone. Catecholamines influence the
secretion of testosterone and other hormones (Kumar et al.,
2013; Kolb and Whishaw, 2020). The concentration of circulating
CATs increases during exercise in both men and women
(Henderson et al., 2007; Zouhal et al., 2008; Balas et al., 2021).
Various studies have pointed out the regulatory role of CATs
during the effort of physical achievement (Zouhal et al., 2008).
For example, the multistage 20-m shuttle run test or other
standardized exercises are effective methods to measure aerobic
fitness (Leger and Lambert, 1982; Metsios et al., 2008; Paradisis
et al., 2014) and trigger a well-defined catecholamine secretion.
The concentration of CATs is a strong indicator regarding the
individual’s stress sensitivity in trained and untrained individuals
and animals as well (Ratge et al., 1986; Eto et al., 2014; Baker and
Buchan, 2017).

Studies on temperamental traits showed how to reward
dependency and how seeking social gratification play an essential
role in the success of aerobic, endurance, and combat power
sports performances (Han et al., 2006). Furthermore, the goal
of social approval-oriented athletes is to gain social respect
from others (Maehr and Nicholls, 1980; Feltz and Ewing, 1987).
Exercise can be beneficial regarding mental health; it decreases
stress hormones (Budde et al., 2015), promotes a positive mood,
improves confidence, encourages social interaction, and supports
weight control (Reblin and Uchino, 2008; Swift et al., 2014).
Additionally, social approval-oriented athletic behavior provides
a buffer against stress (Childs and de Wit, 2014).

Data from the animal and human studies demonstrated
enhanced RD following testosterone administration during
ongoing competitive tasks (van Honk et al., 2004). Testosterone
has a diurnal variation; the release is highest in the morning and
decreases over the day until the afternoon. Its level is influenced
by acute or prolonged high-intensity exercise conditions. Acute
intensive activities elevate levels of testosterone (Sutton et al.,
1973; Cumming et al., 1986), while prolonged exercises decrease
(Tanaka et al., 1986) the level of testosterone. In accounting for
diurnal rhythm, a testosterone index can be used for an individual
temperamental trait to assess RD (Määttänen et al., 2013);
social, affiliative behavior; and the involved status competition
(Daitzman et al., 1978; Dabbs, 1990; Eisenegger et al., 2011).

In the course of competitive activities, testosterone elevation
promotes the successful outcome of the task challenge
(Carre et al., 2013) and enhances motivation to win a social
and/or monetary reward (van Honk et al., 2004; Coates
and Herbert, 2008; Mehta et al., 2015; Welker et al., 2015).
The testosterone hormone is linked to the regulation of
catecholamines and advances certain behaviors, such as
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reward-seeking, status-seeking, and competitive activity
(Archer, 2006). Furthermore, testosterone influences the
competitive sports activity among humans; however, the effect
is indeed selective and dependent upon the social and physical
challenges, personal motivation factors of the individuals,
and, specifically, the characteristics of a given sports activity
(Casto and Edwards, 2016).

Previous research has ushered in supportive evidence
regarding forms of both noradrenaline and adrenaline,
influencing the emotional element of social behavior (Åstrand
and Rodahl, 1986). However, other CATs, including dopamine,
also participate in the regulation of social behavior and RD (Kim
et al., 2006; Skuse and Gallagher, 2009; Lombardo et al., 2012).
Thus, the NA action for RD cannot effectively be viewed in
isolation since it is linked to dopamine functions.

The primary role of this study was to reveal associations
between the psychometrically defined RD and the physical
and mental stress-related testosterone and CATs responses in
a group of physically trained healthy athletes. Physical and
mental stress was triggered by a well-defined standard task, the
intermittent running exercise, performed in both noncompetitive
and competitive conditions. Blood and urinary samples for CATs,
CAT’s metabolites, and testosterone were obtained immediately
before and after the training.

Based on the suggestions of Zouhal et al. (2008) and Kruk
et al. (2020), we examined a group of middle-aged, healthy,
nonprofessionally trained male athletes actively participating
in both noncompetitive and competitive running conditions.
We hypothesized that the RD temperament as a biological-
based heritable response pattern to physical and social stress is
associated with the CATs and their metabolite levels in urine.

Additionally, we believe that the induced
psychoneuroendocrinological responses are transmitted by
the modulation effect of RD both in noncompetitive and
competitive activities, albeit, in various CATs patterns. We
hypothesized that the competition triggers CATs or testosterone
response regarding participants who are sensitive to the social
and peer reward. This psychoneuroendocrinological effect is
manifested in higher concentrations of testosterone. However,
during noncompetitive activities, lower-level CATs response
patterns may be expected. Considering the noradrenaline and
testosterone interactions, other CATs, adrenaline, and dopamine
levels will be monitored and explored shortly.

MATERIALS AND METHODS

Subjects and Experimental Design
All subjects were informed regarding the procedures including
the potential risks of the experiments prior to obtaining written
informed consent. All procedures were approved by the Regional
Committee for Research Ethics of the Locale State University
(ref. No.: 7162/2018). Twenty-two male participants (mean age:
40.27 years; SD: 5.4; range: 31–49 years) were recruited for the
study, who were selected by the following criteria: a history of
regular training (running, cycling, and swimming) at least three
times a week for a minimum of 45 min/occasion, participation

in competitions at least once a year, no known acute or chronic
disease present, no regular use of prescription medication,
and no obesity. All participants were examined by a Doctor
of Medicine, and ECG, including monitoring blood pressure,
heart rate, and a general health questionnaire regarding sports
medicine were all performed and duly noted. Subjects were asked
to respond to questionnaires (included the Temperament and
Character Inventory – R version) online before the time of the
physical activities.

The experimental setup was designed to feature two phases:
In the first phase, volunteers were assessed individually by a
running beep test in a noncompetitive activity, while in the
second phase, subjects participated in a running beep test (RT)
competition in which they were split into 2–4 individuals per
team. In the second phase, other participants were invited
and encouraged to support their fellow athletes. The phases
were separated into 2-week periods. The main reason for
the order of the tests was practical feasibility. We had to
assess the physical performance/capacity in the noncompetitive
condition in order to form competitive groups. Once we had
the data, individuals with comparable physical performance
levels were enrolled in subgroups to create a competitive
situation (in which every participant had a reasonable chance to
win his/her group).

During the physical phases, volunteers were asked to avoid
hormone-containing menu items (e.g., soya, legumes, and milk),
not to consume alcohol or use recreational drugs before the day
of the experiment, and to fast for a minimum of 2 h as required
before the survey.

Only water consumption was allowed. All participants were
asked to restrain from exercising during the day before their
assessment. All RTs were executed during the evening hours.
Blood and urine samples were collected immediately before and
following the tests. Questionnaires were also completed within
15 min before and immediately following the RT.

Questionnaires
Before the RT, a personality test questionnaire pocket
was administered. The RD is an essential factor regarding
temperament traits and is measured using the Temperament
and Character Inventory – R version (TCI-R, with 240 items,
response range 0–4), which contains novelty seeking, harm
avoidance, RD, and persistence factors (Cloninger et al., 1999;
Rózsa et al., 2005).

Considering the aim of this study during our investigation,
only the RD factor served as the object of the next analysis.
Furthermore, the current health status of participants screened by
the Perceived Stress Questionnaire, with fourteen items (response
range 0–4; Cohen et al., 1983; Stauder and Konkolÿ-Thege,
2006), WHO Well-Being Questionnaire short version with five
items (response range 1–5; Susánszky et al., 2006; Topp et al.,
2015), and Beck’s Depression Scale short version with ten items
(response range 1–4; Beck et al., 1961; Rózsa et al., 2001). All
participants’ health-related questionnaire data were conferred
with the national-based mean and standard deviation scores, and
each subject was to be found within the healthy range of the
normative sample.
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Blood Samples
Before and immediately following, the RT venous blood
collections were performed in suitable vacutainers; tubes
containing potassium ethylenediaminetetraacetic acid (K-EDTA)
were used for testing cellular blood parameters. Tubes containing
sodium-fluoride (NaF) were used for plasma glucose and lactate
analysis, while native tubes were used to obtain serum in support
of the routine laboratory blood tests.

All samples were transferred to the laboratory within
2 h, in which both plasma and serum were separated using
centrifugation (15 min, room temperature, 1,500 g). Blood cell
parameters were quantified in a multi-parameter automatic
hematology analyzer, Sysmex XN-Series 9000 (Sysmex
Corporation, Kobe, Japan). Plasma and serum parameters
were measured using the Cobas 8000 Modular Analyzer
(Roche Diagnostics, GmbH, Mannheim, Germany), while
testosterone levels were measured using the ARCHITECT
i2000SR Analyzer (Abbott Diagnostics, Abbott Park, IL,
United States) in strict accordance with the manufacturer’s
recommended guidelines.

Urine Samples
Middle stream urine was collected before and immediately
following RT and stored in native bottles. All samples were
checked by a rapid test (Cybow 10). At the laboratory, urine
samples were aliquoted and frozen at −80◦C until further
use. Following the thaw, dopamine (D), adrenaline (A), and
noradrenaline (NA) levels were detected using the Shimadzu
Prominence High-Performance Liquid Chromatography
(HPLC) system with Antec Decade SDCTM electrochemical
detector including the Chromsystems R© kit [Chromsystems R©

from ABL&E-JASCO Hungary, Budapest, Catecholamines in
urine – HPLC kit (ref. No.: 6000)] and reverse phase column
(Chromsystems R© from ABL&E-JASCO Hungary, Budapest,
ref. No.: 5100) in strict accordance with the manufacturer’s
recommended guidelines. The flow rate was 1.3 ml/min at room
temperature. Vanillylmandelic acid (VMA) and homovanillic
acid (HVA) levels were detected using the same system such
as the Chromsystems R© kit [Chromsystems R© from ABL&E-
JASCO Hungary, Budapest, VMA, HVA, 5-OHIAA in urine –
HPLC kit (ref. No.: 1000/B)] and reverse phase column (ref.
No.: 1100/B) in strict accordance with the manufacturer’s
recommended guidelines. The flow rate was 0.8 ml/min
at room temperature. All data were evaluated using the
LabSolution program.

Procedure
The laboratory indicators were measured using a standard
clinical method regarding the participants’ blood and urinary
samples, before and immediately following the noncompetitive
and competitive RT. According to the health state-related
anamnesis, the laboratory evidence including the physical
examination substantiated and validated, all participants were
indeed declared healthy. Recorded biomarkers can be found in
Supplementary Figure 1, which supported the healthy stage
and/or the executed RT.

In consideration of physical exertion, the multistage 20-m
shuttle run test was used. The noncompetitive activity involved
running a distance of 20 m, synchronized to audio sounds, which
progressively increase in tempo each minute, in which time was
gradually reduced. The RT lasted until total exhaustion (Leger
and Lambert, 1982; Leger and Gadoury, 1989). The competitive
task contains the same exercise; however, the RT was relocated to
a competitive environment in which the running was performed
in front of a rewarding social context. Heart rate was registered
as formerly measured, during exercise, and following the activity,
using the Polar Team Pro System. Volunteers were asked to don
transmitters to the middle of their chest under the tip of the
xiphoid process. Blood and urinary sample were immediately
taken prior to and following completing noncompetitive and
competitive activities.

Data Analyses
Statistical analyses were run using IBM SPSS Statistics (version
22.0). Means and standard deviations were calculated. To test the
main effects of sampling time (pre- vs. post-physical exercise)
and competition condition (noncompetitive vs. competitive
condition), we used repeated measures ANOVAs. Both sampling
time and competition are within-subject effects. No within-
subject effects were tested in the repeated measures ANOVAs.
Because we had only two levels in the analyses and no
between-subjects effects were tested, homogeneity of variances
and the assumption of sphericity are both met by default.
Evidence (Stiger et al., 1998; Schmider et al., 2010) shows that
ANOVAs are robust to violations of normality, and therefore,
normality was not tested. The required sample size for repeated
measures ANOVAs was calculated using G∗Power 3.1 (Faul et al.,
2009). Setting the threshold for rejecting the null hypothesis
to α = 0.05, a sample size of at least 27 participants was
calculated to detect medium-size effects (partial η2 = 0.06) with
an adequate power of 0.80. For detecting small effects (partial
η2 = 0.01), a sample size of at least 164 participants would
have been required to reach a power of 0.80. Therefore, our
study can be considered as underpowered in detecting small and
medium effects.

Data analyses were divided into two sections. The first section
controlling the validity of the measuring paradigms focused
on the analyses of the effect regarding the condition and the
pre- and post-measured scores on selected neurotransmitters,
metabolites, and testosterone. The second part focused on the
role of the RD temperament effects on detected transmitter
reactivity in competitive or noncompetitive activities. The
dynamical changes of the circulated neurotransmitters, their
metabolites, and testosterone levels were analyzed using a
stepwise regression analysis separately in noncompetitive and
competitive conditions. The dependent variables were defined as
the total score of the RD factor, and the pre- and post-ratios of
neurotransmitters in noncompetitive and competitive conditions
were included as predictors. Indeed, 22 men volunteered for
the study, but only 18 individuals finished the tests completely.
Four persons had to be excluded either because they missed
some of the RT sessions or the blood or urine samples could
not be collected.
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TABLE 1 | Participant’s health-related variables.

n mean (SD)

Participants’ health-related variables

Health-related scores and
temperamental trait

Age
Perceived stress

22
22

40.27 (5.4)
21.0 (5.2)

WHO well-being 22 11.5 (3.0)

Beck depression 22 11.3 (2.4)

TCI reward dependence 22 96.5 (15.2)

Physical and physiological
performance scores following
non-competitive and competitive
activities

Non-competitive RT (in meter) 21 2514.8 (569.9)

Competitive RT (in meter) 18 2915.7 (524.4)

Non-competitive RT max pulse (bit/min) 21 182.1 (14.8)

Competitive RT max pulse (bit/min) 18 187.0 (14.5)

Non-competitive relative VO2 maximum
(mL/kg/min)

21 43.5 (5.4)

Competitive relative VO2 maximum
(mL/kg/min)

18 46.2 (4.8)

Non-competitive plasma lactate (in
mmol/L) Competitive plasma lactate (in
mmol/L) Non-competitive glucose (in
mmol/L) Competitive glucose (in mmol/L)

21
18
21
18

11.4 (2.5)
10.9 (3.6)
7.9 (1.1)
7.7 (1.3)

Descriptive characteristics represent the sample for health-related indexes, reward
dependence score, physical performance, and physiological data.

RESULTS

Participants’ health-related variables are in Table 1. The runners
were asked to perform noncompetitive and competitive running
activities in which the same neurotransmitters were analyzed
in the pre-phase and post-phase regarding the RT. In all cases,
in the noncompetitive condition, the within-subject analysis
showed elevation between pre-phase and post-phase of the
exercise-triggered neurotransmitter concentrations (the effect
sizes are medium or large), except for HVA. In the case of
the HVA, the concentration to the end of the RT is decreased.
In the competitive condition in all cases, the level of the

CATs concentration is elevated except the HVA where the
concentration of the D metabolite is decreased. However, in this
competitive condition, the change of the testosterone and VMA
concentrations is not significant (Supplementary Figure 3).

Results of repeated measures ANOVAs are presented in
Table 2. In addition to the significant main effect regarding the
pre-RT and post-RT levels of NA, a significant interaction with
large effect size (partial η2

= 0.318) was found between the pre-
phase and post-phase biomarker levels and the condition of the
task. This implies that the level of NA increased from pre-task to
post-task; however, the increase was significantly higher during
the competitive condition. Concerning A and D, the RT had
a significant effect only upon their levels; both increased from
pre-task to post-task.

In reviewing the levels of testosterone, beyond the significant
main effect of the RT, a significant interaction with large effect
size (Partial η2

= 0.278) was found between pre-task and post-
task value and condition. This infers that the level of testosterone
increased from pre-task to post-task; however, the increase
was significantly higher in the noncompetitive condition. In
consideration of VMA and HVA, both the main effect of the RT
and the main effect of the conditions were significant. However,
no significant interaction was found. In the case of VMA, this
suggests that its levels were higher in the competitive condition
when compared with the noncompetitive condition, and its
levels showed a significant increase from pre-task to post-task.
Levels of HVA were also higher in the competitive condition,
as compared with the noncompetitive condition; yet, its levels
showed a significant decrease from pre-task to post-task. Results
are depicted in Figure 1.

In the second step of the data analysis, the association
of the RD, the examined biomarkers were accomplished.
Considering the present data depicted in Table 3, the degree
of the RD in men can be predicted by the catecholamine and
testosterone concentration while an individual is completing
various physical activities, yet differ in some respects, e.g.,
its circumstances.

In noncompetitive RT, the elevation of the pre-ratio and post-
ratio of NA is associated with a high score in RD. In contrast, a
similar association was not detected in competitive conditions.
In competitive conditions, a testosterone response and RD
associations were found which indicated that the testosterone

TABLE 2 | The effect of conditioning, RT (biomarker level from pre-RT to post-RT), and their interaction (RT × condition) on neurotransmitters.

CATs hormone Condition (non-comp and comp) RT (levels from pre to post task) RT × Condition

F p Partial η2 F p Partial η2 F p Partial η2

NA 1.211 0.286 0.067 33.615 <0.001 0.664 7.934 0.012 0.318

A 0.638 0.436 0.036 14.944 0.001 0.468 2.924 0.757 0.006

D 4.198 0.056 0.198 21.947 <0.001 0.564 2.155 0.160 0.113

Testo 1.069 0.316 0.059 20.618 <0.001 0.548 6.554 0.020 0.278

VMA 4.769 0.043 0.219 7.272 0.015 0.300 0.001 0.973 0.000

HVA 5.535 0.031 0.246 19.149 <0.001 0.530 1.698 0.210 0.091

Results of repeated measures ANOVAs (n = 18).
Significant effects are highlighted in bold.
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FIGURE 1 | Changes in CATs, their metabolites and testosterone levels measured prior to and immediately following the RT in noncompetitive and competitive
conditions. SD levels are marked, p levels are numbered above the bar diagrams. NA in nmol/L, A in nmol/L, D in nmol/L, testosterone in nmol/L, VMA in µmol/L,
HVA in µmol/L.

pre-ratio and post-ratio are lower in an individual with a high rate
of RD. In summary, among individuals with a high degree of RD
and actively engaged in a competitive situation, the testosterone

TABLE 3 | NA and testosterone concentrations may likely be predictors for RD.

RD and CATs and testosterone R F β t sig.

NA noncompetitive post/pre ratio 0.586 9.39 0.586 3.06 0.007

Testosteron competitive post/pre
ratio

0.519 5.53 −0.519 −2.35 0.033

The analyzed data originate from the former scheduled testosterone levels from
blood and neurotransmitters and their metabolites from urine samples before
and following noncompetitive and competitive RT. The D, A, NA, testosterone,
VMA, HVA, and noncompetitive and competitive pre-ratio and post-ratio were the
objects of the analysis. Significant values are highlighted in bold. The nonsignificant
associations are not presented here.

level in the final phase of the RT when compared with the
starting phase, the level of free concentration shows a significantly
attenuating tendency. Results are illustrated in Figure 2, and the
nonsignificant associations are presented in Table 4.

DISCUSSION

Our study was based on the main hypothesis in which
an individual with high RD during different exercise-
triggered situations responds with different CATs and
hormone (testosterone) patterns. Our results indicated the
elevation levels of the analyzed CATs and their metabolites
(except HVA), and testosterone is relatively independent
of the applied noncompetitive or competitive condition.
Notably, these different response tendencies to physical
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FIGURE 2 | Up: NA post/pre exercise ratio (y-axis) results in noncompetitive condition as a function of RD scores (x-axis), p = 0.007. Down: Testosterone post/pre
ratio (y-axis) results in competitive condition. It is negatively associated with the RD scores (x-axis), p = 0.033.

stress have been confirmed by previous studies as well
(Sutton et al., 1973; Wheeler et al., 1994; Määttänen et al., 2013;
Casto and Edwards, 2016; McMorris, 2016; Kruk et al., 2020).
However, we found that a tendency regarding testosterone is
lower in the case of the competitive condition. VMA levels in the
within-subject analysis showed a post-task enhancement. HVA
levels following RT in both noncompetitive and competitive
conditions when compared with the pre-task levels were
decreased. A previous study showed that the concentration
of HVA is strongly associated with dopamine levels in the
brain and, in a majority of the cases, specifically in the brain
stem and hypothalamus (Hasegawa et al., 2000); however,

caution is recommended in this regard (Kopin et al., 1988).
Therefore, this HVA level reduction deserves thoughtfulness in
the interpretation of the obtained results. HVA elevated levels
are frequently detected during increased stress responsiveness,
as depicted in anxiety, depression, and schizophrenic cases
(Breier et al., 1993; Marcelis et al., 2006; Kurita et al., 2015).
In our study, HVA showed that during the noncompetitive
physical activity, the stress reactivity at the end of the RT is
decreased. Based on our present data, it can be stated that
the RTs with the applied parameters can affect the D/NA
stress reaction system among psychopathology-free healthy
individuals. NA is one of the main messengers that regulates
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TABLE 4 | Nonsignificant associations of measured biomarkers with RD scores.

R square Sig.

NA_com_post/pre 0.088 0.233

Testo_no_com_post/pre 0.012 0.65

A_no_com_post/pre 0.084 0.203

A_com_post/pre 0.009 0.702

D_no_com_post/pre 0.098 0.167

D_com_post/pre 0.08 0.27

VMA_no_comp_post/pre 0.044 0.36

VMA_comp_post/pre 0.006 0.751

HVA_no_com_post/pre 0.001 0.874

HVA_comp_post/pre 0.015 0.633

n = 18

Noncompetitive and competitive pre-ratio and post-ratio were the objects of the
analysis. Dot plot diagrams are found in Supplementary Figure 2.

arousal, attention, emotional state, learning, memory, and
stress response (Aston-Jones and Cohen, 2005). Considering
the role of NA in the neurocognitive mechanism of the
salience expectancy processing, previous data (Li et al., 2017)
suggest that RD can be considered as a sensitivity index to the
reward-based salience when an individual approaches a goal
or completes a task in which the significance of the reward
may be augmented. The reward processing can be accounted
as a state-dependent complex neural system that engages
with the trial, trial learning in skills training and shaping of
social behavior, and is controlled by the physiological state
and many situational factors (Schonberg et al., 2007; Cohen
et al., 2009; Dayan et al., 2014). The reward is a continuum
and is processed in several phases in which the upcoming event
is evaluated by cost and effort balance. The undertaking for
action and the execution of the goal-directed behavior involve
a dual mechanism. The first is a decisive phase in which the
individual evaluates the rate of the expected reward. This phase
is dominated by dopaminergic reward evaluated functions. The
second phase focuses on the execution of the action, controlled
by the noradrenergic system in which the upcoming effort
decreases the value of the expected rewards. This reward/effort
trade of model (Croxson et al., 2009; Salamone and Correa,
2012; Varazzani et al., 2015) may be adapted to understand
the biological and motivational bases of sports activities. The
noradrenergic transmission is a dominant agent in the regulation
of social behavior frequently linked to RD. However, the
tendency and intensity of the association of the psychometrically
defined RD and NA concentration are controversial. In an earlier
study, urinary MHPG (3-methoxy-4-hydroxyphenylglycol, a
NA metabolite concentration) was measured, and a strong
positive relationship between RD and a basic level of MHPG
(Curtin et al., 1997) was found. In another study, healthy
volunteers were assessed using Cloningers’ PD scales and
MHPG, and over 24 h, urine was collected and assessed. This
study reported a reverse association between RD and MHPG
concentration (Garvey et al., 1996). In our experiments, the
volunteers consisted of middle-aged, moderately physically
trained men. The analysis of urine and serum samples indicated
the current state-dependent amount of CATs and testosterone.

Our data support the hypothesis in a relationship that exists
between the RD and the NA neurotransmitter and is manifested
during intensified forms of activity. However, this association
diminished when the effort is larger, and the competition is
facing an audience while competing with other participating
members. Our data support Cloningers’ suggestion, that is,
temperament is a catecholamine system-related behavioral and
emotional disposition of how an individual learns, copes, and
adapts to various changes in his/her environment. Additionally,
we analyzed the association between RD and the pre-/post-ratios
regarding the dynamic changes of the CATs and testosterone.
In a stepwise regression analysis, two condition-dependent
associations were revealed. In the noncompetitive condition,
the rate of NA concentration change was found to be associated
with RD. Additionally, the pre-test and post-test ratios of NA
were indeed predictive regarding the high score of RD. In the
competitive condition, we found no association between CAT’s
pre- and post-ratios and RD. However, an inverse correlation
was found between the dynamical changes of testosterone
and RD scores. The within-subject analysis demonstrated that
the testosterone concentration is strongly increased following
noncompetitive conditions, and a small increase was found
in competitive RT conditions. This finding is aligned with
earlier results which suggest challenges that increase the level
of motivation and elevate the concentration of testosterone,
primarily among men (Archer, 2006; Carre et al., 2010; Wood
and Stanton, 2012). However, other factors including fitness,
motivation, and personality can influence the concentration of
testosterone during competitive RT completion (Schultheiss,
2007; Maner et al., 2008; van der Meij et al., 2010). Despite
this data, in our findings, the dynamical index (pre-ratio/post-
ratio) regarding the testosterone concentration showed an
attenuation tendency among those who had high RD scores.
Competitive, elite sports activity is a major interest referencing
stress-related neuroscientific research. Studies investigate the
cost–benefit balance of competitive physical activity and explore
advantageous and disadvantageous consequences. According
to the current view of the psychophysiological allostasis, the
competition-associated anxiety inhibits catecholamine release;
the hormonal system interaction increases the perception of
negative emotions and disturbs the skill automatism and the
attention concentration in rivaling situations (Wheeler et al.,
1994; Ong and Chua, 2020). Our present results show how
testosterone concentration is increased in noncompetitive and
competitive RT conditions following exercise. However, the
ratio of change is dependent upon an individual temperament
bias, specifically with regard to the RD. The presented data
showed that high RD is associated with a low concentration of
testosterone following a competitive task. The reason for this
association has not yet been clarified. Suitable interpretation
may be found within the neuroendocrinology of reward and
behavioral dysregulation. Welker et al. (2015) suggested in
a hypothesis that stress hormones and the lactate level bear
a crucial role in the regulation of the interaction of reward
and testosterone. According to these researchers, analysis
of the cortisol and lactate levels may be an adequate means
to understand the mechanism regarding the high RD and
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testosterone attenuation during the completion of the activity.
High RD may be associated with the hemodynamical changes
during physical stress which is affected by the metabolization
of cortisol and lactate levels and the rate of the subject
cardiovascular effort. In summary, we found evidence of how the
central emotional arousal is elevated when a subject performs
an activity involving physical stress. Following noncompetitive
physical stress, NA levels significantly increased. However, in
competitive conditions, the RD temperament is associated with
the concentration of testosterone after RT. In this condition, the
elevated RD is associated with a low level of serum testosterone
when a runner has finished his race. Contrary, sportsmen with
lower RD scores have a higher and maintained concentration
testosterone after finishing their race.

CONCLUSION

We focused on the individual variability regarding dynamic
changes between the pre-exercise and post-exercise CATs and
testosterone in competitive and noncompetitive conditions. We
found that RD scores were associated with NA and testosterone
levels which could be indicated in that this temperamental
trait affects the noradrenergic system stress response including
testosterone release in the case of physical exertion in different
psychical circumstances.

Study Limitations
In this study, only male participants were enrolled. The
interpretation of the results concerned with the psychological
functions and their associations with testosterone and the main
catecholamines; however, the complex biochemical interaction
between several catecholamines and other temperament factors
has not been evaluated. The interaction between temperament
and character factors was not the objective of this study. The
role of the found association in the participants’ sociobiological
adaptation has not been tested. The limited number of
participants did not allow to reveal the interaction and
the role of the dopaminergic transmission in RD. Due to
the rigorous selection criteria, despite the relatively small
number of persons available, the reported conclusions are
tenable based on the found partial η2 large effect sizes.
However, further examinations are recommended to confirm
the results.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and

accession number(s) can be found in the article/Supplementary
Material.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Regional Committee for Research Ethics
of the Locale State University (ref. No.: 7162/2018). The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

ZN was involved in conceptualization, methodology,
investigation, resources, project administration, writing the
original draft, editing and supervision. IK was involved in
conceptualization, methodology, funding acquisition, writing
and supervision. TN, AM, and GF were involved in writing and
supervision. EK was involved in investigation and supervision.
AL and FK were involved in the statistical analysis. JK was
involved in the conceptualization, statistical analysis, funding
acquisition, writing the original draft, editing and supervision.
All authors contributed to the article and approved the
submitted version.

FUNDING

This study was supported by NKFI K-120334 and GINOP-2.3.2-
15-2016-00047 grants.

ACKNOWLEDGMENTS

We wish to thank all of the athletes for willfully participating
in the research. Furthermore, we wish to mention the
colleagues, namely, Laura Takács, Ildikó Bock-Marquette, MD
& Ph.D., István Német, Anikó Lajtai, Ph.D., Heléna Halász, Jon
Eugene Marquette, and assistants aligned to the Department
of Laboratory Medicine of the University of Pécs for their
selfless contribution.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnbeh.
2022.763220/full#supplementary-material

REFERENCES
Abderrahmane, A. B., Prioux, J., Mrizek, I., Chamari, K., Tabka, Z., Bouslama, A.,

et al. (2013). Recovery (passive vs. active) during interval training and plasma
catecholamine responses. Int. J. Sports Med. 34, 742–747. doi: 10.1055/s-0032-
1327697

Archer, J. (2006). Testosterone and human aggression: an evaluation of the
challenge hypothesis. Neurosci. Biobehav. Rev. 30, 319–345. doi: 10.1016/j.
neubiorev.2004.12.007

Aston-Jones, G., and Cohen, J. D. (2005). An integrative theory of locus coeruleus-
norepinephrine function: adaptive gain and optimal performance. Annu. Rev.
Neurosci. 28, 403–450. doi: 10.1146/annurev.neuro.28.061604.135709

Frontiers in Behavioral Neuroscience | www.frontiersin.org 9 April 2022 | Volume 16 | Article 763220

https://www.frontiersin.org/articles/10.3389/fnbeh.2022.763220/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnbeh.2022.763220/full#supplementary-material
https://doi.org/10.1055/s-0032-1327697
https://doi.org/10.1055/s-0032-1327697
https://doi.org/10.1016/j.neubiorev.2004.12.007
https://doi.org/10.1016/j.neubiorev.2004.12.007
https://doi.org/10.1146/annurev.neuro.28.061604.135709
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-16-763220 April 19, 2022 Time: 14:43 # 10

Nagy et al. Reward Dependence Moderated Neuroendocrinological Response

Åstrand, P. O., and Rodahl, K. (1986). Textbook Of Work Physiology: Physiological
Bases Of Exercise. New York, NY: McGraw-Hill.

Baker, J. S., and Buchan, D. (2017). Metabolic stress and high-intensity exercise.
Phys. Med. Rehabil. Res. 2, 1–2. doi: 10.15761/PMRR.1000136

Balas, J., Gajdosik, J., Krupkova, D., Chrastinova, L., Hlavackova, A., Bacakova,
R., et al. (2021). Psychophysiological responses to treadwall and indoor wall
climbing in adult female climbers. Sci. Rep. 11:2639. doi: 10.1038/s41598-021-
82184-6

Beck, A. T., Ward, C. H., Mendelson, M., Mock, J., and Erbaugh, J. (1961). An
inventory for measuring depression. Arch. Gen. Psychiatry 4, 561–571. doi:
10.1001/archpsyc.1961.01710120031004

Bell, C. J., Nicholson, H., Mulder, R. T., Luty, S. E., and Joyce, P. R. (2006). Plasma
oxytocin levels in depression and their correlation with the temperament
dimension of reward dependence. J. Psychopharmacol. 20, 656–660. doi: 10.
1177/0269881106060512

Breier, A., Davis, O. R., Buchanan, R. W., Moricle, L. A., and Munson, R. C. (1993).
Effects of metabolic perturbation on plasma homovanillic acid in schizophrenia.
relationship to prefrontal cortex volume. Arch. Gen. Psychiatry 50, 541–550.
doi: 10.1001/archpsyc.1993.01820190043005

Budde, H., Machado, S., Ribeiro, P., and Wegner, M. (2015). The cortisol response
to exercise in young adults. Front. Behav. Neurosci. 9:13. doi: 10.3389/fnbeh.
2015.00013

Carre, J. M., Campbell, J. A., Lozoya, E., Goetz, S. M., and Welker, K. M. (2013).
Changes in testosterone mediate the effect of winning on subsequent aggressive
behaviour. Psychoneuroendocrinology 38, 2034–2041. doi: 10.1016/j.psyneuen.
2013.03.008

Carre, J. M., Gilchrist, J. D., Morrissey, M. D., and McCormick, C. M. (2010).
Motivational and situational factors and the relationship between testosterone
dynamics and human aggression during competition. Biol. Psychol. 84, 346–
353. doi: 10.1016/j.biopsycho.2010.04.001

Casto, K. V., and Edwards, D. A. (2016). Testosterone, cortisol, and human
competition. Horm. Behav. 82, 21–37. doi: 10.1016/j.yhbeh.2016.04.004

Childs, E., and de Wit, H. (2014). Regular exercise is associated with emotional
resilience to acute stress in healthy adults. Front. Physiol. 5:161. doi: 10.3389/
fphys.2014.00161

Cloninger, C. R. (1987). A systematic method for clinical description and
classification of personality variants. A proposal. Arch. Gen. Psychiatry 44,
573–588. doi: 10.1001/archpsyc.1987.01800180093014

Cloninger, C. R., Cloninger, K. M., Zwir, I., and Keltikangas-Jarvinen, L. (2019).
The complex genetics and biology of human temperament: a review of
traditional concepts in relation to new molecular findings. Transl. Psychiatry
9:290. doi: 10.1038/s41398-019-0621-4

Cloninger, C. R., Przybeck, T. R., and Svrakic, D. M. (1999). The Temperament and
Character Inventory-Revised. St. Louis, MO: Washington University School of
Medicine, Department of Psychiatry.

Cloninger, C. R., Svrakic, D. M., and Przybeck, T. R. (1993). A psychobiological
model of temperament and character. Arch. Gen. Psychiatry 50, 975–990. doi:
10.1001/archpsyc.1993.01820240059008

Coates, J. M., and Herbert, J. (2008). Endogenous steroids and financial risk-
taking on a London trading floor. Proc. Natl. Acad. Sci. U.S.A. 105, 6167–6172.
doi: 10.1073/pnas.0704025105

Cohen, M. X., Schoene-Bake, J. C., Elger, C. E., and Weber, B. (2009). Connectivity-
based segregation of the human striatum predicts personality characteristics.
Nat. Neurosci. 12, 32–34. doi: 10.1038/nn.2228

Cohen, S., Kamarck, T., and Mermelstein, R. (1983). A global measure of perceived
stress. J. Health Soc. Behav. 24, 385–396. doi: 10.2307/2136404

Croxson, P. L., Walton, M. E., O’Reilly, J. X., Behrens, T. E., and Rushworth, M. F.
(2009). Effort-based cost-benefit valuation and the human brain. J. Neurosci. 29,
4531–4541. doi: 10.1523/JNEUROSCI.4515-08.2009

Cumming, D. C., Brunsting, L. A. III, Strich, G., Ries, A. L., and Rebar, R. W. (1986).
Reproductive hormone increases in response to acute exercise in men. Med. Sci.
Sports Exerc. 18, 369–373.

Curtin, F., Walker, J. P., Peyrin, L., Soulier, V., Badan, M., and Schulz, P. (1997).
Reward dependence is positively related to urinary monoamines in normal
men. Biol. Psychiatry 42, 275–281. doi: 10.1016/S0006-3223(96)00364-2

Dabbs, J. M. Jr. (1990). Salivary testosterone measurements: reliability across hours,
days, and weeks. Physiol Behav 48, 83–86. doi: 10.1016/0031-9384(90)90265-6

Daitzman, R. J., Zuckerman, M., Sammelwitz, P., and Ganjam, V. (1978). Sensation
seeking and gonadal hormones. J. Biosoc. Sci. 10, 401–408. doi: 10.1017/
s0021932000011895

Dayan, E., Hamann, J. M., Averbeck, B. B., and Cohen, L. G. (2014). Brain structural
substrates of reward dependence during behavioral performance. J. Neurosci.
34, 16433–16441. doi: 10.1523/JNEUROSCI.3141-14.2014

De Fruyt, F., Van De Wiele, L., and Van Heeringenb, C. (2000). Cloninger’s
psychobiological model of temperament and character and the five-factor
model of personality. Pers. Individ. Diff. 29, 441–452. doi: 10.1016/S0191-
8869(99)00204-4

Eisenegger, C., Haushofer, J., and Fehr, E. (2011). The role of testosterone in social
interaction. Trends Cogn. Sci. 15, 263–271. doi: 10.1016/j.tics.2011.04.008

Eto, K., Mazilu-Brown, J. K., Henderson-MacLennan, N., Dipple, K. M., and
McCabe, E. R. (2014). Development of catecholamine and cortisol stress
responses in zebrafish. Mol. Genet. Metab. Rep. 1, 373–377. doi: 10.1016/j.
ymgmr.2014.08.003

Faul, F., Erdfelder, E., Buchner, A., and Lang, A. G. (2009). Statistical power
analyses using G∗Power 3.1: tests for correlation and regression analyses. Behav.
Res. Methods 41, 1149–1160. doi: 10.3758/BRM.41.4.1149

Feltz, D. L., and Ewing, M. E. (1987). Psychological characteristics of elite young
athletes. Med. Sci. Sports Exerc. 19 (5 Suppl), S98–S105.

Garvey, M. J., Noyes, R. , Jr., Cook, B., and Blum, N. (1996). Preliminary
confirmation of the proposed link between reward-dependence traits
and norepinephrine. Psychiatry Res. 65, 61–64. doi: 10.1016/0165-1781(96)
02954-x

Ham, B. J., Choi, M. J., Lee, H. J., Kang, R. H., and Lee, M. S. (2005).
Reward dependence is related to norepinephrine transporter T-182C gene
polymorphism in a Korean population. Psychiatr. Genet. 15, 145–147. doi:
10.1097/00041444-200506000-00012

Han, D. H., Kim, J. H., Lee, Y. S., Bae, S. J., Bae, S. J., Kim, H. J., et al. (2006).
Influence of temperament and anxiety on athletic performance. J. Sports Sci.
Med. 5, 381–389.

Hansenne, M., Pinto, E., Pitchot, W., Reggers, J., Scantumburlo, G., Moor, M.,
et al. (2002). Further evidence on the relationship between dopamine and
novelty seeking: a neuroendocrine study. Pers. Individ. Diff. 33, 967–977. doi:
10.1016/s0306-4530(98)00021-3

Hasegawa, H., Yazawa, T., Yasumatsu, M., Otokawa, M., and Aihara, Y.
(2000). Alteration in dopamine metabolism in the thermoregulatory center
of exercising rats. Neurosci. Lett. 289, 161–164. doi: 10.1016/s0304-3940(00)
01276-3

Henderson, G. C., Fattor, J. A., Horning, M. A., Faghihnia, N., Johnson, M. L.,
Mau, T. L., et al. (2007). Lipolysis and fatty acid metabolism in men and
women during the postexercise recovery period. J. Physiol. 584(Pt 3), 963–981.
doi: 10.1113/jphysiol.2007.137331

Kim, S. J., Kim, Y. S., Lee, H. S., Kim, S. Y., and Kim, C. H. (2006). An interaction
between the serotonin transporter promoter region and dopamine transporter
polymorphisms contributes to harm avoidance and reward dependence traits
in normal healthy subjects. J. Neural Transm. (Vienna) 113, 877–886. doi: 10.
1007/s00702-006-0444-3

Kjaer, M. (1998). Adrenal medulla and exercise training. Eur. J. Appl. Physiol.
Occup. Physiol. 77, 195–199. doi: 10.1007/s004210050321

Kolb, B., and Whishaw, I. Q. (2020). An Introduction To Brain and Behavior, 4th
Edn. New York, NY: Worth Publishers.

Kopin, I. J., White, J. H., and Bankiewicz, K. (1988). A new approach to biochemical
evaluation of brain dopamine metabolism. Cell Mol. Neurobiol. 8, 171–179.
doi: 10.1007/BF00711243

Kruk, J., Kotarska, K., and Aboul-Enein, B. H. (2020). Physical exercise and
catecholamines response: benefits and health risk: possible mechanisms. Free
Radic. Res. 54, 105–125. doi: 10.1080/10715762.2020.1726343

Kumar, A., Rinwa, P., Kaur, G., and Machawal, L. (2013). Stress: neurobiology,
consequences and management. J. Pharm. Bioallied Sci. 5, 91–97. doi: 10.4103/
0975-7406.111818

Kurita, M., Nishino, S., Numata, Y., Okubo, Y., and Sato, T. (2015). The
noradrenaline metabolite MHPG is a candidate biomarker between the
depressive, remission, and manic states in bipolar disorder I: two long-term
naturalistic case reports. Neuropsychiatr. Dis. Treat. 11, 353–358. doi: 10.2147/
NDT.S74550

Frontiers in Behavioral Neuroscience | www.frontiersin.org 10 April 2022 | Volume 16 | Article 763220

https://doi.org/10.15761/PMRR.1000136
https://doi.org/10.1038/s41598-021-82184-6
https://doi.org/10.1038/s41598-021-82184-6
https://doi.org/10.1001/archpsyc.1961.01710120031004
https://doi.org/10.1001/archpsyc.1961.01710120031004
https://doi.org/10.1177/0269881106060512
https://doi.org/10.1177/0269881106060512
https://doi.org/10.1001/archpsyc.1993.01820190043005
https://doi.org/10.3389/fnbeh.2015.00013
https://doi.org/10.3389/fnbeh.2015.00013
https://doi.org/10.1016/j.psyneuen.2013.03.008
https://doi.org/10.1016/j.psyneuen.2013.03.008
https://doi.org/10.1016/j.biopsycho.2010.04.001
https://doi.org/10.1016/j.yhbeh.2016.04.004
https://doi.org/10.3389/fphys.2014.00161
https://doi.org/10.3389/fphys.2014.00161
https://doi.org/10.1001/archpsyc.1987.01800180093014
https://doi.org/10.1038/s41398-019-0621-4
https://doi.org/10.1001/archpsyc.1993.01820240059008
https://doi.org/10.1001/archpsyc.1993.01820240059008
https://doi.org/10.1073/pnas.0704025105
https://doi.org/10.1038/nn.2228
https://doi.org/10.2307/2136404
https://doi.org/10.1523/JNEUROSCI.4515-08.2009
https://doi.org/10.1016/S0006-3223(96)00364-2
https://doi.org/10.1016/0031-9384(90)90265-6
https://doi.org/10.1017/s0021932000011895
https://doi.org/10.1017/s0021932000011895
https://doi.org/10.1523/JNEUROSCI.3141-14.2014
https://doi.org/10.1016/S0191-8869(99)00204-4
https://doi.org/10.1016/S0191-8869(99)00204-4
https://doi.org/10.1016/j.tics.2011.04.008
https://doi.org/10.1016/j.ymgmr.2014.08.003
https://doi.org/10.1016/j.ymgmr.2014.08.003
https://doi.org/10.3758/BRM.41.4.1149
https://doi.org/10.1016/0165-1781(96)02954-x
https://doi.org/10.1016/0165-1781(96)02954-x
https://doi.org/10.1097/00041444-200506000-00012
https://doi.org/10.1097/00041444-200506000-00012
https://doi.org/10.1016/s0306-4530(98)00021-3
https://doi.org/10.1016/s0306-4530(98)00021-3
https://doi.org/10.1016/s0304-3940(00)01276-3
https://doi.org/10.1016/s0304-3940(00)01276-3
https://doi.org/10.1113/jphysiol.2007.137331
https://doi.org/10.1007/s00702-006-0444-3
https://doi.org/10.1007/s00702-006-0444-3
https://doi.org/10.1007/s004210050321
https://doi.org/10.1007/BF00711243
https://doi.org/10.1080/10715762.2020.1726343
https://doi.org/10.4103/0975-7406.111818
https://doi.org/10.4103/0975-7406.111818
https://doi.org/10.2147/NDT.S74550
https://doi.org/10.2147/NDT.S74550
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-16-763220 April 19, 2022 Time: 14:43 # 11

Nagy et al. Reward Dependence Moderated Neuroendocrinological Response

Leger, L. A., and Lambert, J. (1982). A maximal multistage 20-m shuttle run
test to predict VO2 max. Eur. J. Appl. Physiol. Occup. Physiol. 49, 1–12. doi:
10.1007/BF00428958

Leger, L., and Gadoury, C. (1989). Validity of the 20 m shuttle run test with 1 min
stages to predict VO2max in adults. Can. J. Sport Sci. 14, 21–26.

Li, S., Demenescu, L. R., Sweeney-Reed, C. M., Krause, A. L., Metzger, C. D., and
Walter, M. (2017). Novelty seeking and reward dependence-related large-scale
brain networks functional connectivity variation during salience expectancy.
Hum. Brain Mapp. 38, 4064–4077. doi: 10.1002/hbm.23648

Lombardo, M. V., Ashwin, E., Auyeung, B., Chakrabarti, B., Lai, M. C., Taylor, K.,
et al. (2012). Fetal programming effects of testosterone on the reward system
and behavioral approach tendencies in humans. Biol. Psychiatry 72, 839–847.
doi: 10.1016/j.biopsych.2012.05.027

Määttänen, I., Jokela, M., Hintsa, T., Firtser, S., Känene, M., Jula, A., et al.
(2013). Testosterone and temperament traits in men: longitudinal analysis.
Psychoneuroendocrinology 38, 2243–2248. doi: 10.1016/j.psyneuen.2013.04.009

Maehr, M. L., and Nicholls, J. G. (1980). “Culture and achievement motivation:
a second look,” in Studies in Cross-Cultural Psychology, Vol. 2, ed. N. Warren
(London: Academic Press), 221–267.

Maner, J. K., Miller, S. L., Schmidt, N. B., and Eckel, L. A. (2008). Submitting
to defeat: social anxiety, dominance threat, and decrements in testosterone.
Psychol. Sci. 19, 764–768. doi: 10.1111/j.1467-9280.2008.02154.x

Marcelis, M., Suckling, J., Hofman, P., Woodruff, P., Bullmore, E., and van Os, J.
(2006). Evidence that brain tissue volumes are associated with HVA reactivity
to metabolic stress in schizophrenia. Schizophr. Res. 86, 45–53. doi: 10.1016/j.
schres.2006.05.001

McMorris, T. (2016). Developing the catecholamines hypothesis for the acute
exercise-cognition interaction in humans: lessons from animal studies. Physiol.
Behav. 165, 291–299. doi: 10.1016/j.physbeh.2016.08.011

Mehta, P. H., Snyder, N. A., Knight, E. L., and Lassetter, B. (2015). Close versus
decisive victory moderates the effect of testosterone change on competitive
decisions and task enjoyment. Adapt. Hum. Behav. Physiol. 1, 291–311. doi:
10.1007/s40750-014-0014-0

Metsios, G. S., Flouris, A. D., Koutedakis, Y., and Nevill, A. (2008). Criterion-
related validity and test-retest reliability of the 20m square shuttle test. J. Sci.
Med. Sport 11, 214–217. doi: 10.1016/j.jsams.2006.12.120

Ong, N. C. H., and Chua, J. (2020). Effects of psychological interventions on
competitive anxiety in sport: a meta-analysis. Psychol. Sport Exerc. 52:101836.
doi: 10.1016/j.psychsport.2020.101836

Paradisis, G. P., Zacharogiannis, E., Mandila, D., Smirtiotou, A., Argeitaki, P.,
and Cooke, C. B. (2014). Multi-stage 20-m shuttle run fitness test, maximal
oxygen uptake and velocity at maximal oxygen uptake. J. Hum. Kinet. 41, 81–87.
doi: 10.2478/hukin-2014-0035

Ratge, D., Gehrke, A., Melzner, I., and Wisser, H. (1986). Free and conjugated
catecholamines in human plasma during physical exercise. Clin. Exp.
Pharmacol. Physiol. 13, 543–553. doi: 10.1111/j.1440-1681.1986.tb
00937.x

Reblin, M., and Uchino, B. N. (2008). Social and emotional support and its
implication for health. Curr. Opin. Psychiatry 21, 201–205. doi: 10.1097/YCO.
0b013e3282f3ad89

Rózsa, S., Kállai, J., Osváth, A., and Bánki, M. C. S. (2005). Temperament and
Character: Cloninger’s Psychobiological Model. Budapest: Medicina KRT.

Rózsa, S., Szádóczky, E., and Füredi, J. (2001). Beck depression questionnaire: a
national adaptation. Psychiatr. Hung. 16, 384–402.

Salamone, J. D., and Correa, M. (2012). The mysterious motivational functions of
mesolimbic dopamine. Neuron 76, 470–485. doi: 10.1016/j.neuron.2012.10.021

Schmider, E., Ziegler, M., Danay, E., Beyer, L., and Bühner, M. (2010). Is it really
robust? Reinvestigating the robustness of ANOVA against violations of the
normal distribution assumption. Methodology 6, 147–151. doi: 10.1027/1614-
2241/a000016

Schonberg, T., Daw, N. D., Joel, D., and O’Doherty, J. P. (2007). Reinforcement
learning signals in the human striatum distinguish learners from nonlearners
during reward-based decision making. J. Neurosci. 27, 12860–12867. doi: 10.
1523/JNEUROSCI.2496-07.2007

Schultheiss, O. C. (2007). “A biobehavioral model of implicit power motivation
arousal, reward, and frustration,” in Social Neuroscience: Integrating Biological
And Psychological Explanations Of Social Behavior, eds P. Winkielman and E.
Harmon-Jones (New York, NY: Guilford), 176–196.

Skuse, D. H., and Gallagher, L. (2009). Dopaminergic-neuropeptide interactions in
the social brain. Trends Cogn. Sci. 13, 27–35. doi: 10.1016/j.tics.2008.09.007

Stauder, A., and Konkolÿ-Thege, B. (2006). Characteristics of the hungarian version
of the perceived stress scale (PSS). Mentálhigiéné Pszichoszomatika 7, 203–216.

Stiger, T. R., Kosinski, A. S., Barnhart, H. X., and Kleinbaum, D. G. (1998). Anova
for repeated ordinal data with small sample size? a comparison of anova,
manova, wls and gee methods by simulation. Commun. Statist. Simul. Comput.
27, 357–375. doi: 10.1080/03610919808813485

Susánszky, É, Konkolÿ-Thege, B., Stauder, A., and Kopp, M. (2006). Validation
of the short (5-item) version of the WHO well-being scale based on a
Hungarian representative health survey, (Hungarostudy 2002). Mentálhigiéné
Pszichoszomatika 7, 247–255.

Sutton, J. R., Coleman, M. J., Casey, J., and Lazarus, L. (1973). Androgen responses
during physical exercise. Br. Med. J. 1, 520–522. doi: 10.1136/bmj.1.5852.520

Svrakic, D. M., Whitehead, C., Przybeck, T. R., and Cloninger, C. R. (1993).
Differential diagnosis of personality disorders by the seven-factor model of
temperament and character. Arch. Gen. Psychiatry 50, 991–999. doi: 10.1001/
archpsyc.1993.01820240075009

Swift, D. L., Johannsen, N. M., Lavie, C. J., Earnest, C. P., and Church, T. S. (2014).
The role of exercise and physical activity in weight loss and maintenance. Prog.
Cardiovasc. Dis. 56, 441–447. doi: 10.1016/j.pcad.2013.09.012

Tanaka, H., Cleroux, J., de Champlain, J., Ducharme, J. R., and Collu, R.
(1986). Persistent effects of a marathon run on the pituitary-testicular axis.
J. Endocrinol. Invest. 9, 97–101. doi: 10.1007/BF03348075

Topp, C. W., Ostergaard, S. D., Sondergaard, S., and Bech, P. (2015). The WHO-5
Well-being index: a systematic review of the literature. Psychother. Psychosom.
84, 167–176. doi: 10.1159/000376585

van der Meij, L., Buunk, A. P., Almela, M., and Salvador, A. (2010). Testosterone
responses to competition: the opponent’s psychological state makes it
challenging. Biol. Psychol. 84, 330–335. doi: 10.1016/j.biopsycho.2010.03.017

van Honk, J., Schutter, D. J., Hermans, E. J., Putman, P., Tuiten, A., and
Koppeschaar, H. (2004). Testosterone shifts the balance between sensitivity for
punishment and reward in healthy young women. Psychoneuroendocrinology
29, 937–943. doi: 10.1016/j.psyneuen.2003.08.007

Varazzani, C., San-Galli, A., Gilardeau, S., and Bouret, S. (2015). Noradrenaline and
dopamine neurons in the reward/effort trade-off: a direct electrophysiological
comparison in behaving monkeys. J. Neurosci. 35, 7866–7877. doi: 10.1523/
JNEUROSCI.0454-15.2015

Welker, K. M., Gruber, J., and Mehta, P. H. (2015). A positive affective
neuroendocrinology approach to reward and behavioral dysregulation. Front.
Psychiatry 6:93. doi: 10.3389/fpsyt.2015.00093

Wheeler, G., Cumming, D., Burnham, R., Maclean, I., Sloley, B. D., Bhambhani,
Y., et al. (1994). Testosterone, cortisol and catecholamine responses to exercise
stress and autonomic dysreflexia in elite quadriplegic athletes. Paraplegia 32,
292–299. doi: 10.1038/sc.1994.51

Wood, R. I., and Stanton, S. J. (2012). Testosterone and sport: current perspectives.
Horm. Behav. 61, 147–155. doi: 10.1016/j.yhbeh.2011.09.010

Zouhal, H., Jacob, C., Delamarche, P., and Gratas-Delamarche, A. (2008).
Catecholamines and the effects of exercise, training and gender. Sports Med.
38, 401–423. doi: 10.2165/00007256-200838050-00004

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Nagy, Karsai, Nagy, Kátai, Miseta, Fazekas, Láng, Kocsor and
Kállai. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 11 April 2022 | Volume 16 | Article 763220

https://doi.org/10.1007/BF00428958
https://doi.org/10.1007/BF00428958
https://doi.org/10.1002/hbm.23648
https://doi.org/10.1016/j.biopsych.2012.05.027
https://doi.org/10.1016/j.psyneuen.2013.04.009
https://doi.org/10.1111/j.1467-9280.2008.02154.x
https://doi.org/10.1016/j.schres.2006.05.001
https://doi.org/10.1016/j.schres.2006.05.001
https://doi.org/10.1016/j.physbeh.2016.08.011
https://doi.org/10.1007/s40750-014-0014-0
https://doi.org/10.1007/s40750-014-0014-0
https://doi.org/10.1016/j.jsams.2006.12.120
https://doi.org/10.1016/j.psychsport.2020.101836
https://doi.org/10.2478/hukin-2014-0035
https://doi.org/10.1111/j.1440-1681.1986.tb00937.x
https://doi.org/10.1111/j.1440-1681.1986.tb00937.x
https://doi.org/10.1097/YCO.0b013e3282f3ad89
https://doi.org/10.1097/YCO.0b013e3282f3ad89
https://doi.org/10.1016/j.neuron.2012.10.021
https://doi.org/10.1027/1614-2241/a000016
https://doi.org/10.1027/1614-2241/a000016
https://doi.org/10.1523/JNEUROSCI.2496-07.2007
https://doi.org/10.1523/JNEUROSCI.2496-07.2007
https://doi.org/10.1016/j.tics.2008.09.007
https://doi.org/10.1080/03610919808813485
https://doi.org/10.1136/bmj.1.5852.520
https://doi.org/10.1001/archpsyc.1993.01820240075009
https://doi.org/10.1001/archpsyc.1993.01820240075009
https://doi.org/10.1016/j.pcad.2013.09.012
https://doi.org/10.1007/BF03348075
https://doi.org/10.1159/000376585
https://doi.org/10.1016/j.biopsycho.2010.03.017
https://doi.org/10.1016/j.psyneuen.2003.08.007
https://doi.org/10.1523/JNEUROSCI.0454-15.2015
https://doi.org/10.1523/JNEUROSCI.0454-15.2015
https://doi.org/10.3389/fpsyt.2015.00093
https://doi.org/10.1038/sc.1994.51
https://doi.org/10.1016/j.yhbeh.2011.09.010
https://doi.org/10.2165/00007256-200838050-00004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

	Reward Dependence-Moderated Noradrenergic and Hormonal Responses During Noncompetitive and Competitive Physical Activities
	Introduction
	Materials and Methods
	Subjects and Experimental Design
	Questionnaires
	Blood Samples
	Urine Samples
	Procedure
	Data Analyses

	Results
	Discussion
	Conclusion
	Study Limitations

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


