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Acute dopamine/noradrenaline reuptake inhibition
enhances human exercise performance in warm, but not
temperate conditions

Phillip Watson1, Hiroshi Hasegawa2, Bart Roelands2, Maria Francesca Piacentini2,3, Roel Looverie2

and Romain Meeusen3

1School of Sport and Exercise Sciences, Loughborough University, Leicestershire LE11 3TU, UK
2Vrije Universiteit Brussel, Department of Human Physiology and Sportsmedicine, Pleinlaan 2, B-1050 Brussels, Belgium
3Department of Human Movement and Sports Sciences, Istituto Universitario di Scienze Motorie, Roma, Italy

Nine healthy endurance-trained males were recruited to examine the effect of a dual
dopamine/noradrenaline reuptake inhibitor on performance, thermoregulation and the
hormonal responses to exercise. Subjects performed four trials, ingesting either a placebo
(pla) or 2 × 300 mg bupropion (bup), prior to exercise in temperate (18◦C) or warm (30◦C)
conditions. Trials consisted of 60 min cycle exercise at 55% W max immediately followed by a
time trial (TT). TT performance in the heat was significantly improved by bupropion (pla:
39.8 ± 3.9 min, bup: 36.4 ± 5.7 min; P = 0.046), but no difference between treatments was
apparent in temperate conditions (pla: 30.6 ± 2.2 min, bup: 30.6 ± 1.9 min; P = 0.954). While
TT power output was consistently lower in the heat when compared to temperate conditions,
this decrement was attenuated by bupropion. At the end of the TT in the heat, both core
temperature (pla 39.7 ± 0.3◦C, bup 40.0 ± 0.3◦C; P = 0.017) and HR (pla 178 ± 7 beats min−1,
bup 183 ± 12 beats min−1; P = 0.039), were higher in the bupropion trial than in the placebo.
Circulating pituitary and adrenal hormone concentrations increased throughout exercise in all
trials. Circulating serum prolactin was elevated above temperate levels during exercise in a warm
environment (P < 0.001). These data indicate that performance in warm conditions is enhanced
by acute administration of a dual dopamine/noradrenaline reuptake inhibitor. No such effect was
apparent under temperate conditions. It appears that bupropion enabled subjects to maintain
a greater TT power output in the heat with the same perception of effort and thermal stress
reported during the placebo trial, despite the attainment of a higher core temperature.
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Capacity to perform prolonged exercise is clearly impaired
in high ambient temperatures (Galloway & Maughan,
1997; Parkin et al. 1999; Tatterson et al. 2000). While
fatigue during prolonged exercise in temperate conditions
is typically associated with the depletion of muscle
glycogen, accumulation of metabolites, inadequate oxygen
delivery and the development of hypohydration, factors
contributing to fatigue when exercising in a warm
environment are not clear at present. While exercise
capacity is thought to be primarily limited by thermo-
regulatory and fluid balance factors (Hargreaves &
Febbraio, 1998), it has been suggested that the central
nervous system (CNS) may become important in the
development of fatigue when body temperature is
significantly elevated (Bruck & Olschewski, 1987; Nielsen,

1992). During prolonged exercise in the heat, exhaustion
appears to coincide with the attainment of an internal
body temperature of around 40.0◦C (Nielsen et al. 1993;
Gonzalez-Alonso et al. 1999). Hyperthermia has been
proposed to accelerate the development of central fatigue
during exercise, resulting in a reduction in maximal muscle
activation (Nybo & Nielsen, 2001a), altered EEG brain
activity (Nielsen et al. 2001) and increased perceived
exertion (Nybo & Nielsen, 2001b), but the neurobiological
mechanisms for these responses are not clear. Recently
it has been suggested that exercise performance in
the heat is governed through an anticipatory response
that reduces skeletal muscle recruitment, thus limiting
the rate of heat production (Marino, 2004; Marino et al.
2004; Tucker et al. 2004). A feed-forward regulation of
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power output may insure that the rate of body heat
accumulation is restricted to prevent the development of
heat illness.

Dopamine (DA) and noradrenaline (NA) have been
implicated in arousal, motivation, reinforcement and
reward, the control of motor behaviour and mechanisms
of addiction (Nestler et al. 2001). The depletion of
central catecholamines has been linked to CNS fatigue
by a number of research groups (Owasoyo et al. 1992;
Chaouloff, 1989; Davis, 2000). A series of animal studies
conducted by Bailey and coworkers (Davis & Bailey,
1997) demonstrated that brain serotonin (5-HT) and DA
activity were elevated during exercise, but at the point
of exhaustion a marked fall in tissue DA content was
apparent. This observation resulted in the suggestion that
the ratio of 5-HT to DA activity may be important for
the development of central fatigue, with a high ratio of
5-HT to DA associated with feelings of tiredness and
reduced motivation (Davis & Bailey, 1997). Additionally,
intracranial stimulation of the ventral tegmental area, an
origin of the dopaminergic projections within the CNS,
motivated rats to run without the need for aversive electric
shocks (Burgess et al. 1991).

While there is good evidence that amphetamine,
a potent DA releaser, reuptake inhibitor, and mono-
amine oxidase inhibitor, can enhance capacity to perform
exercise (Borg et al. 1972; Gerald, 1978; Chandler
& Blair, 1980), little evidence from other strategies
to manipulate catecholaminergic neurotransmission
supports a performance benefit (Meeusen et al. 1997;
Struder et al. 1998; Chinevere et al. 2002; Piacentini
et al. 2004). In particular, Piacentini et al. (2004) recently
examined the effects of bupropion, a dual DA/NA reuptake
inhibitor, on performance and hormonal responses to
exercise in temperate conditions. Although bupropion
failed to alter exercise performance when compared to a
placebo treatment, a marked difference in the hormonal
response to exercise was reported. As pituitary hormone
release is largely governed through changes in hypo-
thalamic neurotransmitter release (Checkley, 1980), this
suggests that the treatment altered neurotransmission,
but that this change was not sufficient to influence the
development of fatigue under these conditions.

As the reduction in the capacity to perform prolonged
exercise in a warm environment is thought to be mediated,
in part, by a reduction in drive and motivation to continue
exercise resulting from the development of whole-body
hyperthermia (Bruck & Olschewski, 1987; Nielsen, 1992),
the maintenance of central catecholaminergic neuro-
transmission may attenuate the loss of performance
apparent when exercise is undertaken under conditions
of heat stress. Additionally, dopamine has also been
implicated in the control of body temperature (Hasegawa
et al. 2000) and tolerance to exercise in the heat
(Bridge et al. 2003). The aim of the present study

was to investigate the influence of an acute dose of
bupropion, a dual dopaminergic and noradrenergic
reuptake inhibitor, on performance, thermoregulation and
the hormonal responses to exercise in temperate and warm
environmental conditions.

Methods

Subjects

Nine healthy males (age 22.7 ± 4.3 years; height
1.83 ± 0.07 m; mass 75.2 ± 6.7 kg; maximal workload,
W max 372 ± 36 W; peak oxygen uptake, V̇O2peak

5.1 ± 0.5 l min−1) participated in this investigation.
All subjects were well-trained cyclists or triathletes, but
were not accustomed to exercise in a warm environment
at the time of the study. Prior to the start of the study
all volunteers received written information regarding
the nature and purpose of the experimental protocol.
Following an opportunity to ask any questions, a written
statement of consent was signed. The protocol employed
was approved by the Research Council of the Vrije
Universiteit Brussel, Belgium.

Experimental protocol

All subjects completed a preliminary maximal exercise test,
a familiarization trial and four experimental trials. The
preliminary trial consisted of continuous incremental cycle
exercise to volitional exhaustion and was used to determine
peak oxygen uptake (V̇O2peak) and the power output
required to elicit 55% and 75% of maximal workload
(W max). A familiarization trial was undertaken to ensure
the subjects were accustomed to the procedures employed
during the investigation and to minimize any potential
learning or anxiety effects. This trial was performed in
temperate environmental conditions with the placebo
treatment administered in a single-blind manner, and
was identical to the experimental trials in all respects.
Experimental trials were undertaken in either temperate
(18◦C) or warm (30◦C) conditions, with relative humidity
maintained between 50 and 60% in both conditions. The
experimental trials were separated by at least 7 days to
minimize the development of heat acclimation and to
ensure drug washout. Subjects were instructed to record
dietary intake and physical activity during the two days
before the first trial, and to replicate this in the two days
prior to the subsequent experimental trials. No exercise
or alcohol consumption was permitted in the 24 h before
each trial.

Subjects entered the laboratory in the morning
approximately 90 min after consuming a standardized
breakfast that included 500 ml of plain water. Nude
post-void body mass was measured and an indwelling
venous cannula was introduced into a superficial forearm
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vein to enable repeated blood sampling at rest and during
exercise. Subjects inserted a rectal thermister (Gram
Corporation LT-8 A, Saitama, Japan) 10 cm beyond the
anal sphincter for the measurement of core temperature.
Surface skin temperature probes (Gram Corporation
LT-8 A, Saitama, Japan) were attached to four sites (chest,
upper arm, thigh and calf) to enable the determination of
weighted mean skin temperature (Ramanathan, 1964) and
a heart rate telemetry band (Polar Accurex plus, Kempele,
Finland) was positioned. Subjects were dressed in only
cycling shorts, socks and shoes for all trials.

Subjects then entered a climatic chamber maintained
at the appropriate environmental conditions and rested
in a seated position for 15 min. During this period
temperatures and heart rate were recorded at 5 min
intervals and a resting venous blood sample was drawn
immediately before the start of exercise. The exercise
protocol consisted of 60 min constant load exercise at
a workload corresponding to 55% W max, followed by
a time trial (TT) to measure performance. There was
a 1–2 min delay between the end of the constant load
exercise and the beginning of the TT, to programme the
ergometer (Lode Excalibur Sport, Groningen, Holland).
The TT required the subjects to complete a predetermined
amount of work equal to 30 min at 75% W max as quickly as
possible (Jeukendrup et al. 1996). Subjects began the TT at
a workload corresponding to 75% W max, but were free to
increase or decrease their power output as desired from the
outset. During the TT a computer program displayed a bar
indicating the percentage of total work completed to give
the subject an indication of their progress. Throughout the
protocol no feedback was provided regarding time lapsed,
power output, pedal cadence or heart rate. During exercise
subjects had ad libitum access to plain water.

Core and skin temperatures and heart rate were recorded
at 5 min intervals during exercise. Ratings of perceived
exertion (Borg, 1982) and thermal stress (assessed using a
21-point scale ranging from unbearable cold to unbearable
heat; adapted from Parsons, 2003) were assessed every
15 min during the initial 60 min and at 10 min intervals
during the TT. Venous blood samples were drawn after 30
and 60 min of constant load exercise and at the end of the
TT. Following the completion of the TT, subjects returned
to a seated position where recovery was monitored for
15 min and a further blood sample was obtained. The
probes and cannula were then removed and nude body
mass was then re-measured to allow the estimation of
sweat losses.

Drugs

Subjects ingested 600 mg bupropion (bup: ZybanTM., GSK,
Middlesex, UK) or a placebo (pla: lactose) spread over two
doses: one ingested at night immediately before sleeping,
with the other taken upon waking on the morning of the

trial (2 × 300 mg). This is equivalent to the maximum daily
therapeutic dose administered during the treatment of
depression or to assist in the cessation of cigarette smoking
(Holm & Spencer, 2000), and has been demonstrated
to alter the hormonal response to prolonged exercise
(Piacentini et al. 2004). The treatment was randomized
and administered in double-blind crossover manner. Drug
and placebo capsules were prepared by an independent
pharmacy to appear indistinguishable with regard to
dimensions, weight and colour.

Blood collection and analysis

Venous blood samples were drawn directly into
precooled vacutainer tubes (BD Vacutainer, Plymouth,
UK). Samples of 10 ml were collected into a plain
tubes and left to clot for 1 h at room temperature
before centrifugation. The resulting serum was stored
at −20◦C for the determination of prolactin (Roche
Diagnostics, Mannheim, Germany), cortisol (Diasorin,
Stillwater, USA) and growth hormone (Pharmacia
and Upjohn Diagnostics, Uppsala, Sweden). Samples
for plasma adrenocorticotropic hormone (ACTH) and
beta-endorphin (Nichols Institute Diagnostics, CA, USA)
were collected into 4.5 ml tubes containing K3EDTA.
An additional 7.5 ml was added to lithium heparin. A
0.5 ml aliquot of whole blood was extracted and used
for the determination of haemoglobin and haematocrit;
these were used to estimate percentage changes in plasma
volume relative to the pre-exercise sample (Dill & Costill,
1974). Sodium metabisulphate (5 mg) was then added
to the remaining whole blood prior to centrifugation.
Plasma samples were stored frozen at −20◦C ready for the
determination of catecholamines by HPLC with electrical
detection (Bio-Rad, Nazareth, Belgium).

Statistical analysis

Data are presented as means ± standard deviation
(s.d.), unless otherwise stated. To evaluate differences
in TT performance, two-factor (temperature × drug)
repeated measures ANOVA was employed. Data
collected over time were analysed using three-factor
(temperature × drug × time) ANOVA with repeated
measures. Pairwise differences were identified using
Tukey’s post hoc test as appropriate. Statistical significance
was accepted at P < 0.05. To improve the clarity of figures,
differences present between environmental conditions are
described in the text.

Results

All subjects completed all trials. Some minor side-effects
were reported (e.g. mild insomnia, headaches), but these
were not consistent with bupropion and did not appear to
influence performance in the exercise bout. Throughout
the text the trials are referred to as: placebo trial at 18◦C
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(pla18), bupropion trial at 18◦C (bup18), placebo trial at
30◦C (pla30) and the bupropion trial at 30◦C (bup30).

Exercise performance was significantly influenced by
the ambient temperature, with subjects taking longer
to complete the target amount of work in the warm
than in the temperate trials (P < 0.001; Fig. 1). No
difference in TT performance was apparent between
treatments in the temperate condition, with times
of 30.6 ± 2.2 min and 30.6 ± 1.9 min recorded in the
placebo and bupropion trials, respectively (P = 0.954).
When exercise was performed in a warm environment,
subjects completed the TT 9% faster in the bupropion
trial (36.4 ± 5.7 min) than in the placebo (39.8 ± 3.9 min;
P = 0.046).

As the TT required the completion of a predetermined
amount of work, the time taken to complete the protocol
was directly related to the power output maintained
throughout this period. TT power output was significantly
higher during the temperate trials (P = 0.001; Fig. 2), with
a similar workload maintained throughout the duration
of the trial. Mean power output in temperate conditions
was 275 ± 36 W and 279 ± 35 W in the placebo and
bupropion trials, respectively (P = 0.531). Mean power
output was greater throughout the bupropion trial in
the warm (234 ± 35 W) than during the placebo trial
in the same environmental conditions (211 ± 23 W). From
the start of the TT in the heat, power output was reduced
below the predetermined starting value, but the reduction
was not as pronounced in the bupropion trial.

Core temperature (T core) at rest was not different
between trials (P = 0.107; Fig. 3). Exercise produced
a progressive increase in core temperature in all
trials (P < 0.001). Ambient temperature influenced
T core (P = 0.003), with values significantly elevated in
the warm trials above those recorded in temperate
conditions after 50 min of constant load exercise, with
this difference maintained throughout the TT and

Figure 1. Time trial performance in the four experimental trials
a, b, c, d denote a significant difference from corresponding values in
pla18, bup18, pla30 and bup30 trials, respectively (P < 0.05). Values
are mean ± SD.

recovery. There was no apparent effect of bupropion
on T core during exercise at 55% W max, but core
temperature was significantly higher on bupropion during
the TT in both temperate and warm conditions. At
the end of the performance test core temperature
was elevated in bupropion trials in both temperate
(pla18, 39.2 ± 0.2◦C; bup18, 39.4 ± 0.3◦C; P = 0.010)
and warm (pla30, 39.7 ± 0.3◦C; bup30, 40.0 ± 0.3◦C;
P = 0.017) environmental conditions. Weighted mean
skin temperature increased rapidly from the onset of
exercise, reaching a plateau after 20 min exercise in all
trials. Skin temperature was higher throughout both trials
at 30◦C than during exercise in 18◦C (P < 0.001), but was
not influenced by bupropion (P = 0.386).

Heart rate was higher in the warm when compared
to values recorded during the corresponding trial in
temperate conditions (P < 0.001). During the initial
60 min of exercise, heart rate was not affected by the

Figure 2. Time trial power output in temperate (A) and warm
(B) conditions
∗Significant difference between the placebo trial and the
corresponding time point on the bupropion trial (P < 0.05). Values are
mean ± SD.
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drug treatment, but values were higher throughout the
performance test with bupropion in the warm (bup30)
compared to the same period in the placebo trial (pla30;
P < 0.05). The change in body mass experienced during
exercise, corrected for fluid intake, was significantly
greater during trials in the warm (pla30: 3.03 ± 0.56 kg,
bup30: 3.02 ± 0.54 kg) when compared to the temperate
conditions (pla18: 2.10 ± 0.32 kg, bup18: 2.02 ± 0.43 kg;
P < 0.001).

Ambient temperature did not influence subjects’ rating
of perceived exertion (RPE) during exercise, although there
was a tendency for perceived exertion to be higher towards
the end of the fixed-intensity exercise in 30◦C (P = 0.072;
Fig. 4). Bupropion had no effect on perceived exertion
(P = 1.000). The subjects’ rating of perceived thermal
stress is shown in Fig. 5. Compared to the temperate trials,
perceived thermal stress was significantly higher when
exercise was performed in warm conditions (P < 0.001),
but during the TT neither RPE nor perceived thermal
stress was different between environmental conditions.
No difference in the subjects’ thermal stress was apparent
between drug treatments in either temperate or warm
conditions (P = 0.785).

Circulating concentrations of pituitary and adrenal
hormones are presented in Fig. 6. Ambient temperature
altered the prolactin response to the experimental protocol
(P < 0.001), with higher circulating concentrations
observed at the end of the constant-load exercise and upon
completion of the target amount of work in the heat. Serum
prolactin was not influenced by bupropion at rest or during
exercise (P = 0.173). Plasma ACTH concentrations at rest
were increased by bupropion (P = 0.038). Beta-endorphin
levels progressively increased throughout exercise under
all conditions (P < 0.001), with bupropion producing
a greater change (P = 0.049). ACTH increased during
exercise in all trials (P = 0.005), with levels significantly
higher during exercise in the heat at the end of the initial
60 min. At the end of the performance test plasma ACTH
was higher in the bup18 trial (215 ± 81 ng l−1) than in the
pla18 trial (155 ± 61 ng l−1; P = 0.028). Circulating serum
cortisol increased progressively throughout exercise in all
trials (P < 0.001). Ambient temperature did not appear to
influence circulating cortisol concentrations (P = 0.191).
While serum growth hormone was elevated 7–20-fold
by the exercise protocol (P < 0.001), the environmental
conditions (P = 0.131) and drug treatment (P = 0.223)
did not influence the growth hormone response. Both
plasma noradrenaline and dopamine concentrations
increased throughout exercise (P < 0.001), with a return
to near baseline levels following the 15-min recovery
period.

Compared to resting values, both blood (P < 0.001) and
plasma (P < 0.001) volumes were significantly reduced
during exercise and after a 15-min recovery period. There

was a difference in blood and plasma (P = 0.005) volume
changes between environmental conditions (P = 0.003),
with post hoc analysis identifying differences at the end
of the constant-load exercise and following the recovery.
Bupropion did not influence blood (P = 0.132), plasma
(P = 0.080) or red cell (P = 0.897) responses to the
experimental protocol.

Discussion

The present study investigated the effect of acute
administration of a dual dopamine/noradrenaline
reuptake inhibitor on performance, thermoregulation
and hormonal responses to exercise in temperate and
warm environments. While a number of studies have
attempted to enhance exercise performance through
the manipulation of central catecholaminergic neuro-
transmission in temperate conditions (Meeusen et al.
1997; Struder et al. 1998; Chinevere et al. 2002; Piacentini
et al. 2004), this is the first study to evaluate the effect
of a dual DA/NA reuptake inhibitor in warm ambient
temperatures. Evidence suggests that exercise-induced
hyperthermia may reduce motivation and drive to

Figure 3. Core temperature responses to the experimental
protocol in temperate (A) and warm (B) conditions
∗P < 0.05 and ∗∗P < 0.01, significant differences between the
placebo trial and the corresponding time point on the bupropion trial.
Values are mean ± SD.
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continue exercise, potentially contributing to the reduced
capacity to perform prolonged exercise when ambient
temperatures are elevated.

The results of the present study demonstrate that
performance of a relatively short, preloaded TT was
improved by bupropion when exercise was performed in
warm ambient conditions, but no ergogenic benefit was
apparent in a temperate environment. The 9% increase in
performance observed in the warm was accompanied by
higher TT heart rate and the attainment of a significantly
higher core temperature at the completion of the TT
compared to values measured during the placebo trial
under the same environmental conditions. Interestingly,
bupropion appeared to enable the maintenance of an
elevated power output and the attainment of higher core
body temperatures, with the same perception of effort and
thermal discomfort reported during the placebo trial.

While there is good evidence that amphetamine, a
potent DA agonist, can enhance exercise capacity in
both rodents and humans (Borg et al. 1972; Gerald,

Figure 4. Rating of perceived exertion during exercise in
temperate (A) and warm (B) conditions
Values are mean ± SD.

1978; Chandler & Blair, 1980), the failure to observe
a performance effect at 18◦C in the present study
supports the findings of recent investigations of nutritional
and pharmacological manipulation of catecholaminergic
neurotransmission (Meeusen et al. 1997; Struder et al.
1998; Chinevere et al. 2002; Piacentini et al. 2004). Recently
the influence of bupropion on exercise performance
and the hormonal response to a 90 min TT has been
investigated (Piacentini et al. 2004). While there were
slight differences in the exercise protocol, the drug
administration protocol in the present study was identical
to that employed by Piacentini et al. (2004). The
authors also reported no effect of bupropion on exercise
performance in temperate environmental conditions
(18◦C).

Bupropion is a relatively weak, but selective, DA
and NA reuptake inhibitor, with potency twice as
great for DA as for NA, while showing little affinity
for the 5-HT system (Holm & Spencer, 2000). Peak
plasma concentrations are reached 3 h after ingestion,

Figure 5. Perceived thermal stress during exercise in temperate
(A) and warm (B) conditions
Values are mean ± SD.
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with the concentration of hydroxybupropion and
threohydrobupropion, bupropion’s major metabolites,
reaching peak concentrations 6 h post-ingestion. While
animal studies suggest that bupropion acts primarily

Figure 6. Circulating concentrations of pituitary and adrenal hormones at rest and during exercise
a, b, c, d denote a significant difference from corresponding values in pla18, bup18, pla30 and bup30 trials,
respectively (P < 0.05). Values are mean ± SD.

through its effect on DA reuptake (Nomikos et al. 1989),
the hormonal responses observed by Piacentini et al.
(2004) led the authors to suggest that the central action
of bupropion in humans was mediated largely through
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the noradrenergic system. This suggestion is supported by
clinical studies (Cooper et al. 1994), and the observation
that drugs acting exclusively on DA appear not to produce
an appreciable antidepressant effect (Nestler et al. 2001).
The discrepancy between human and animal data appears
to result from differences in drug metabolism, with the
metabolite hydroxybupropion not produced in rodents.
This metabolite acts primarily on the NA transporter
(Piacentini et al. 2003).

Core temperature was not influenced by the
drug treatment during the initial 60 min period of
fixed-intensity exercise, but marked differences were
evident during the TT under both temperate and warm
conditions. It appears that the elevated core temperature
towards the end of the TT in the bup30 trial can be
explained by an increased metabolic heat production,
occurring as a result of the maintenance of a higher power
output throughout the TT. It is interesting to note that only
two (of nine) subjects attained a temperature of 40.0◦C or
greater during the pla30 trial, whereas seven breached this
value when bupropion was administered (bup30 trial). It is
not completely clear why a difference in core temperature
was apparent between drug and placebo trials under
temperate conditions, as power output was similar in these
trials. Bupropion has been reported to possess thermo-
genic properties (Liu et al. 2002), possibility relating
to its amphetamine-like structure (Nestler et al. 2001),
and catecholaminergic neurotransmission may influence
thermoregulation during exercise (Hasegawa et al. 2000).
This may account for the different core temperature
response during the TT in temperate conditions, but
does not explain why no change in core temperature was
measured during the fixed-intensity exercise and in the
warm trials.

There is some limited evidence that higher
dopaminergic activity increases tolerance to exercise in the
heat (Bridge et al. 2003) and that the maintenance of a low
central ratio of serotonergic to catecholaminergic activity
is associated with feelings of arousal and motivation,
consequently favouring increased performance (Davis
& Bailey, 1997). It is possible to suggest that bupropion
administration in the heat acted on central DA and NA
neurotransmission to maintain motivation and arousal,
enabling the subjects to continue to sustain a high power
output despite approaching, and in some cases breaching,
the ‘critical’ core temperature proposed by Nielsen et al.
(1993). Attainment of a core temperature of 40.0◦C has
been suggested to result in a loss of drive to continue
exercise (Nielsen, 1992), and has been associated with
increased perception of effort (Nybo & Nielsen, 2001b),
altered brain activity (Nielsen et al. 2001) and reduced
voluntary activation during sustained contractions (Nybo
& Nielsen, 2001a), all of which have been suggested to
contribute to the development of fatigue and may serve as
a protective mechanism limiting further heat production

(Nielsen, 1992). This could indicate that subjects taking
bupropion before exercise in a warm environment were
capable of pushing into a potential ‘danger zone’ close to
critical core temperature without, or with significantly
dampened, negative feedback from the CNS. As evidence
for a role of 5-HT during exercise in the heat is limited
(Cheuvront et al. 2004; Strachan et al. 2004; Watson
et al. 2004), these data suggest that catecholaminergic
neurotransmission may act as an important neuro-
biological mediator of fatigue under conditions of heat
stress.

Recent work has led to the observation that exercise
performance in a warm environment may be in some way
governed by a feed-forward mechanism that limits motor
recruitment, consequently attenuating heat production
(Marino, 2004; Marino et al. 2004; Tucker et al. 2004).
Marino (2004) proposed that this ensures that the rate of
heat accumulation by the body is restricted to allow the
bout of exercise to be completed before the development
of heat illness. The fall in power output observed from
the outset of the time trial in the heat when compared
to the temperate condition appears to lend support for
this hypothesis, but the difference in core and skin
temperatures at the end of the constant-load exercise may
also be important factors in this response. An underlying
physiological mechanism for the anticipatory regulation
of power output has yet to be identified, but it seems likely
that this is primarily a learned response developed through
past experiences to enable the completion of a task before
catastrophe (Ulmer, 1996; Marino, 2004). It is possible
that acute manipulation of catecholaminergic neuro-
transmission with bupropion altered this feed-forward
response in some way, allowing individuals to maintain
a greater rate of heat production than was possible under
placebo conditions. This model is relatively new, and future
studies will help determine the importance of anticipatory
regulation during prolonged exercise in the heat.

While Piacentini et al. (2004) failed to report a
performance effect following bupropion, a marked
difference in the hormonal response to exercise was
apparent, suggesting that the drug administration
produced an effect on central neurotransmission.
Increased dopaminergic neurotransmission is associated
with an inhibition of pituitary hormone release, with
the exception of growth hormone (Checkley, 1980).
Regulation of hormone release by NA is complicated by the
type of adrenoceptor subtype activated, with conflicting
responses produced by alpha and beta receptors. As stated
earlier, it appears that bupropion acts primarily through
changes to NA neurotransmission, making it difficult
to predict expected changes to hormone release. Acute
bupropion supplementation has been previously reported
to increase the ACTH and cortisol response to exercise,
while not influencing prolactin and growth hormone
concentrations (Piacentini et al. 2004).
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Changes in circulating prolactin concentrations have
been widely employed as a peripheral marker of
serotonergic activity (Van de Kar, 1997; Struder & Weicker,
2001), but its reliability has been questioned (Meeusen
et al. 2001). Interpreting changes in plasma prolactin as
an index of 5-HT activity may be misleading as prolactin
release from the pituitary gland is governed through
an complex interaction between a number of neuro-
transmitters rather than by serotonin alone (Meeusen
et al. 2001). In the present study, serum prolactin
concentrations were significantly elevated during exercise
in the heat, but bupropion ingestion did not alter this
response. A relationship between core temperature and
circulating prolactin has been widely reported (Melin
et al. 1988; Radomski et al. 1998; Pitsiladis et al.
2002), and it has been proposed that serotonergic
activity may be upregulated during combined exercise
and heat stress (Pitsiladis et al. 2002). As changes in
core temperature and hypothalamic–pituitary–adrenal
axis (HPA)-hormone secretion are primarily regulated
by the hypothalamus, it appears that brain temperature
during exercise may be causally related to the release of
hormones from the pituitary gland (Radomski et al. 1998).

In contrast to previous reports (Brenner et al. 1997),
serum cortisol concentrations were not influenced by the
ambient conditions. Brenner and colleagues reported a
marked elevation in circulating cortisol concentrations
when moderate-intensity exercise was performed in warm
(40◦C) compared to temperate (23◦C) conditions. A failure
to observe a difference in cortisol between environmental
conditions in the present investigation may be due
to the attainment of relatively high core temperatures
(>39◦C) in the temperate trial, with clamping of
body temperature previously demonstrated to abolish
exercise-induced cortisol secretion (Cross et al. 1996). As
previously reported (Piacentini et al. 2004), bupropion
did not significantly influence the serum cortisol or
growth hormone response, whereas plasma ACTH and
beta-endorphin concentrations were higher at the end of
the TT in temperate ambient conditions. In the present
study there was a tendency for ACTH and beta-endorphin
levels to be elevated in the heat with bupropion at this time
point, but this difference failed to reach significance. The
measurement of systemic beta-endorphin concentrations
as a peripheral index of central opiate activity, however, has
been questioned (Nybo & Secher, 2004). An acute dose of
bupropion did not appear to alter plasma noradrenaline
and dopamine concentrations under temperate or warm
conditions, suggesting that the agent may have been acting
directly on the CNS.

Two important findings arise from this study: (1)
subjects completed a preloaded time trial 9% faster
when bupropion was taken before exercise in a warm
environment compared to a placebo treatment. This
ergogenic effect was not apparent at 18◦C; (2) 7 (of 9)

subjects in the heat attained core temperatures equal to,
or greater than, 40.0◦C in the bupropion trial, compared
to only two during the placebo trial. It is possible that this
drug may dampen or override inhibitory signals arising
from the CNS to cease exercise due to hyperthermia,
and enable an individual to continue to maintain a high
power output. This response appeared to occur, with the
same perception of effort and thermal discomfort reported
during the placebo trial, and may potentially increase the
risk of developing heat illness. The present findings should
be noted as the World Anti-Doping Agency (WADA) and
International Olympic Committee (IOC), removed this
drug from the list of prohibited substances in January 2003.
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