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Acute tryptophan depletion does not improve endurance
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Abstract Newsholme’s theory of central fatigue suggests
that acute tryptophan depletion should improve endurance
exercise capacity in a warm environment by reducing
serotonergic activity in the brain. Eight males cycled to
volitional exhaustion at 55 % VO, peak in 30.1 + 0.5 °C
and 30 £ 7 % relative humidity on two separate occasions,
after consuming either an amino acid load to deplete their
circulating tryptophan concentration (TD), or a control
amino acid load (CON). Blood samples were taken before
ingesting the amino acids, before the start of exercise, every
15 min during exercise and at the point of exhaustion. Heart
rate (HR), core (Tc) and skin (Tsk) temperatures and ratings
of perceived exertion (RPE) and thermal comfort (TC) were
also monitored every 10 min during exercise. Plasma
tryptophan (P = 0.003) and free tryptophan (P < 0.001)
concentrations, and the free tryptophan to branched-chain
amino acid ratio (P = 0.004) were all lower on the TD trial
than on the CON trial. There was no difference in endurance
exercise capacity (TD 99.2 & 24.4 min as compared to
CON 108.4 + 21.6 min; P = 0.088). There was a tendency
for HR (P = 0.053) and Tc (P = 0.069) to be higher on the
TD trials. There were no differences for any of the other
parameters. Endurance cycling capacity in a warm envi-
ronment is not improved by acute tryptophan depletion,
suggesting tryptophan availability is not a significant factor
in the development of fatigue in such situations.
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Introduction

The cause of fatigue during exercise in a temperate envi-
ronment can be attributed to depletion of the muscle gly-
cogen content (Ahlborg et al. 1967), but the underlying
limitations to performance in a warm environment appear
to be more complex. It has been suggested that the central
nervous system may play an important role in the fatigue
process when body temperature is significantly elevated
(Nielsen 1992; Nybo and Nielsen 2001). Prolonged stren-
uous exercise increases serotonin synthesis and release,
leading to suggestions that elevated serotonin concentra-
tions may lead to fatigue and an impaired exercise capacity
(Newsholme et al. 1987).

Changes in central serotonergic neurotransmission have
been implicated in the development of fatigue due to the
involvement of serotonin (5-hydroxytryptamine, 5-HT) in
the control of arousal, sleepiness and mood (Jacobs and
Azimita 1992). Support for this hypothesis was provided
by Wilson and Maughan (1992), who demonstrated that
when Paroxetine (a serotonin reuptake inhibitor) was
administered before prolonged exhaustive cycling, exercise
capacity was significantly impaired relative to a placebo
condition. These findings were supported by Struder et al.
(1998) providing further evidence for a role of serotonin in
the development of fatigue.

Serotonin is synthesised in the body from the essential
amino acid precursor tryptophan (Trp). A large proportion
of the tryptophan in the circulation is bound to albumin,
and only the unbound, or free, fraction is available for
uptake into tissues. Once free tryptophan is transported
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across the blood brain barrier, it is converted to serotonin
through two enzymatic reactions. The first of these
enzymes, tryptophan hydroxylase, is only around 50 %
saturated in normal circumstances, meaning that the
availability of the substrate, i.e. free tryptophan, is a pri-
mary determinant of serotonin formation (Cooper et al.
2003). An elevated plasma Trp concentration has been
shown to increase brain concentrations of 5-HT and
5-hydroxyindoleacetic acid (5-HIAA), the principal 5-HT
metabolite, in rats (Chaouloff 1989). Brain 5-HT concen-
tration in turn regulates the rate of neurotransmitter release
(Schaechter and Wurtman 1990). In accordance with
Newsholme’s theory of central fatigue, supplementing
tryptophan should elicit a reduction in exercise capacity by
increasing Trp uptake into serotonergic neurones and hence
increasing 5-HT synthesis. This response has been dem-
onstrated in horses (Farris et al. 1998) and rats (Soares
et al. 2007), but mixed results have been reported in human
studies (Alves et al. 1995; Stensrud et al. 1992; Van Hall
et al. 1995).

Although evidence suggests that 5-HT probably does
not play a significant role in the fatigue process in humans,
this has mostly been investigated through the supplemen-
tation of branched-chain amino acids (BCAA) to change
the Trp/BCAA ratio. The present study employs a protocol
to manipulate this ratio through the reduction in Trp con-
centration, as well as an elevation in the circulating con-
centration of the competing large neutral amino acids
(LNAA). This dual approach should further reduce cerebral
Trp availability and limit the production of serotonin dur-
ing exercise.

Acute removal of dietary Trp intake reduces plasma Trp
concentration by only about 20 %, and thus has few
behavioural consequences (Bell et al. 2001). By combining
a low Trp diet with the acute ingestion of a Trp-free amino
acid load, it is possible to further reduce plasma free and
total Trp concentrations by up to 80 % within 5-7 h
(Delgardo et al. 1990). The ingestion of an amino acid load
during acute Trp depletion stimulates protein synthesis in
the liver (Harper et al. 1970). This process requires Trp
which, due to its omission from the ingested amino acid
load, is drawn from the circulation. The amino acid load
also increases the circulating large neutral amino acid
concentration and, due to the increased competition for the
same active transport mechanism, a further reduction in the
amount of tryptophan passing across the blood-brain bar-
rier occurs (Pardridge 1983).

A reduction in Trp concentration should therefore
reduce the synthesis and release of serotonin in the CNS.
Williams et al. (1999) showed that acute Trp depletion
results in reductions in cerebrospinal fluid Trp and 5-HIAA
concentrations. Furthermore, using positron emission
tomography (PET), Williams et al. (2002) have shown that
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acute Trp depletion leads to regional decreases in 5-HT;5
receptor occupancy. Indeed, acute Trp depletion has been
used extensively in clinical studies into disorders thought
to be related to altered serotonergic activity, such as
depression, anxiety, aggression, sleep patterns, memory,
eating disorders (Bell et al. 2001) as well as cognitive
function (Gallagher et al. 2003). Several such investiga-
tions have shown alterations in behavioural outcomes
following acute Trp depletion, including relapse in recov-
ering major depressive disorder patients (Neumeister et al.
2004) impaired long-term memory formation (Schmitt
et al. 2000) and increased levels of aggression (McCloskey
et al. 2009).

Based on the available evidence, acute Trp depletion,
resulting in a significant reduction in brain serotonin con-
centration, might be expected to improve endurance exer-
cise capacity. There is not much information on the effect
of Trp depletion on the performance of endurance exercise,
and, despite the evidence rejecting Newsholme’s theory of
central fatigue, Stepto et al. (2011) recently showed that
administration of a high dose of LNAA 3 h prior to
intermittent high-intensity exercise improved motor skill
and agility performance in football players. Therefore, the
aim of this investigation was to examine the effects of an
amino acid load intended to deplete Trp on the response to
endurance exercise in a warm environment.

Methods
Participants and ethical approval

Eight healthy, non-acclimated, recreationally active males
(mean £ SD: age 24 + 3 years; height 1.84 £ 0.07 m;
mass 84.4 + 9.9 kg; VO, peak 52.8 + 7.1 ml/kg/min)
were recruited to participate in this study. The protocol
received approval from the Loughborough University
Ethical Advisory Committee and participants gave written
informed consent before participation.

Protocol

Participants completed a preliminary discontinuous,
incremental cycle ergometer (Gould Corival 300, Holland)
test to volitional exhaustion to determine VO, peak and the
power output required to elicit 55 % VO, peak. All sub-
sequent trials were separated by at least 1 week and
occurred at the same time of day. The first two trials were
for familiarisation purposes, to ensure the subjects were
accustomed to the procedures employed and to minimise
any potential learning effect. The third and fourth trials
were the main experimental trials. All of these trials
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followed the same protocol, with only the amino acid
content of the drink varying. The study was conducted
using a randomised, double-blinded, cross-over design.

In the 48 h prior to the first familiarisation trial, par-
ticipants were asked to record their dietary intake and
physical activity patterns. During the 24 h prior to the first
familiarisation trial, participants were asked to consume a
low tryptophan diet (a list of suitable foods was provided),
and to avoid alcohol and strenuous exercise. This diet and
activity pattern was then replicated before each of the
subsequent trials.

Each trial involved two visits to the laboratory. Partic-
ipants were asked to attend the laboratory between 5 and
7 p.m. the day before the exercise trial, having consumed
nothing but plain water for the previous 4 h. A resting
blood sample (7 ml) was taken and participants were then
given an amino acid load to take away and consume at
11.30 p.m. that night. The amino acid load consisted of
either 104.4 g of amino acids (SHS International 1td, UK)
including tryptophan [CON: alanine (5.5 g), arginine
(4.9 g), cysteine (2.7 g), glycine (3.2 g), histidine (3.2 g),
isoleucine (8 g), leucine (13.5 g), lysine monohydrochlo-
ride (11 g), methionine (3 g), phenylalanine (5.7 g), pro-
line (12.2 g), serine (6.9 g), threonine (6.5 g), tyrosine
(6.9 g), valine (8.9 g) and tryptophan (2.3 g)], or the same
amino acid load excluding tryptophan (TD). To facilitate
ingestion of the amino acids, they were divided into a drink
and capsules. The gelatine capsules (TAAB, UK) contained
isoleucine, tyrosine and methionine, while the drink con-
tained the remaining amino acids along with 8.25 g of
intense pineapple flavouring (SHS International 1td, UK) in
350 ml of tap water. This protocol has been previously
demonstrated to reduce circulating TRP concentrations
(Gallagher et al. 2003) and lower cerebrospinal fluid tryp-
tophan and 5-HIAA concentrations (Williams et al. 1999).

Participants then reported to the laboratory at 5 a.m. the
following morning after an overnight fast other than the
ingestion of 500 ml of water at 4.30 a.m. Upon arrival,
participants emptied their bladder and a sample of the urine
was retained and analysed for osmolality by freezing point
depression (Osmomat 030 cryoscopic osmometer, Gono-
tec, Berlin, Germany). Post-void, nude body mass was
noted and they then positioned a rectal thermometer 10 cm
beyond the anal sphincter to allow the measurement of core
body temperature (YSI 400 series, OH, USA). Skin
thermistors were positioned on the chest, triceps, thigh and
calf (YSI UK Ltd, Hampshire, UK) to enable the calcula-
tion of weighted mean skin temperature (Ramanathan
1964). Body heat content was calculated as previously
described by Burton (1935) and the rate of rise in core
temperature was calculated as the difference between core
temperature pre-exercise and at exhaustion, divided by the

exercise time to exhaustion. A heart rate telemetry band
(Polar Electro Oy, Kempele, Finland) was also worn.

Participants were then seated in a comfortable envi-
ronment for 15 min and one arm was immersed in warm
(41 °C) water before an indwelling cannula was inserted
into a superficial forearm vein and an arterialised baseline
blood sample (7 ml) was drawn. The cannula was kept
patent between samples by flushing with a small volume of
heparinised saline. Baseline measures of heart rate and core
and skin temperatures were taken before participants
moved to a warm environment (30.1 £ 0.5 °C, 30+ 7 %
relative humidity) and exercised on a cycle ergometer at a
workload corresponding to 55 % VO, peak until volitional
exhaustion, defined as an inability to maintain a pedal
cadence >50 rpm despite verbal encouragement.

Blood samples (7 ml) were taken at 15 min intervals
during exercise and participants consumed 100 ml of plain
water immediately after each sample. Heart rate, core
temperature, skin temperature and ratings of perceived
exertion (Borg 1982) and thermal comfort (21-point scale
ranging from ‘unbearable cold’ to ‘unbearable heat’) were
recorded every 10 min during exercise; expired gas sam-
ples were collected every 30 min. A final blood sample and
further temperature readings were taken at the point of
exhaustion. Participants then moved back into a comfort-
able environment and their recovery was monitored. Final
recordings of heart rate, core temperature and skin tem-
perature were made 15 min after exercise before the
removal of all instruments and the cannula. Participants
were reweighed before showering and being provided with
food and drinks.

Blood handling and analysis

All 7 ml blood samples were collected into dry syringes.
Of this, 5 ml was dispensed into a heparinised tube which
was centrifuged for 15 min at 3,000 rpm. A 500 pl aliquot
of the heparinised plasma was further centrifuged at
1,500 rpm for 120 min in an ultra-filtrate tube with a
cellulose tri-acetate membrane to retain the molecules with
a molecular weight of >12,000 (VectaSpin 12K, Whatman
International Ltd, Kent, UK). The resulting ultra-filtrate
and the remaining heparinised plasma were stored at
—80 °C for the analysis of free Trp and large neutral amino
acid concentrations (Henderson et al. 2000) by high-
performance liquid chromatography (Shimadzu, Kyoto,
Japan) using a 4.6 x 75 mm and 3.5 pm column with pre-
column derivatisation by ortho phthalaldehyde (Agilent
Technologies, Cheshire, UK). A 1 ml aliquot of blood was
dispensed into an EDTA tube which was centrifuged for
15 min at 3,000 rpm and the resulting plasma was frozen
at —80 °C to be used in the analysis of free-fatty acid
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concentration (Roche Diagnostics, Mannheim, Germany).
The final 1 ml of blood was dispensed into an EDTA tube
from which two 100 pl aliquots were removed and dis-
pensed into two 1 ml aliquots of icecold 0.3 N PCA. These
were then centrifuged for 1 min and the resulting super-
natant was used for the analysis of blood glucose concen-
tration (GOD/PAP method, Randox, UK). The remaining
EDTA-treated blood was used for the determination of
haemoglobin concentration (cyanmethemoglobin method)
and haematocrit values (microcentrifugation method):
these values were used to calculate changes in plasma
volume over time, using the pre-exercise sample as a
baseline (Dill and Costill 1974). All analyses were
completed in duplicate, with the exception of haematocrit
which was measured in triplicate, and amino acids which
were measured singularly.

Statistical analysis

Data are presented as mean + standard deviation unless
otherwise stated. With a sample size of n = 8§ and o value
of 10 %, power was calculated to be 80 % using G¥*Power
v3.1.5 (Heinrich Heine University, Diisseldorf, Germany).
Data were tested for normality of distribution using the
Shapiro—Wilk test and were then investigated for skewness
and kurtosis. Where appropriate, statistical analysis was
done by either a two-way repeated measures ANOVA with
a Bonferroni’s correction or a paired sample ¢ test. Statis-
tical analysis was carried out using SPSS v14.0, and a
significance was set at P < 0.05.

Results
Plasma amino acid concentrations

Figure 1a shows plasma Trp and free Trp concentrations at
the time points sampled. Trp (P = 0.003) and free Trp
(P < 0.001) concentrations are lower on the TD trials than
on the CON trials. Figure 1b shows that the ratio of free
Trp to BCAA was lower on the TD trials than on the CON
trials (P = 0.004). There was also a significant effect of
time on the ratio (P = 0.048), which decreased after con-
sumption of the amino acid load and then increased during
the exercise phase.

Plasma concentrations of the BCAA and other LNAA
are shown in Table 1. No participant reported problems
with the ingestion of the amino acid load, and the plasma
amino acid data suggest all participants were compliant.
Other than leucine, all demonstrated significant changes
over time (P < 0.05), with the majority rising either after
drinking or during the exercise; none was different between
the trials.
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Fig. 1 a Plasma tryptophan (TRP) and plasma-free tryptophan
(fTRP) concentrations over the TD and CON trials. b The ratio of
free tryptophan (fTRP) to branched-chain amino acids (BCAA) over
the TD and CON trials

Time to exhaustion

There was no effect of trial order on time to exhaustion
(trial 1: 102.0 & 23.4 min, trial 2: 105.6 £+ 23.6 min;
P = 0.540). The coefficient of variation between the
second familiarisation and the CON trial was 8.5 %. There
was no effect of acute Trp depletion on exercise capacity
(TD 99.2 £ 244 min and CON 108.4 £ 21.6 min;
P = 0.088). When the data are expressed as a percentage
change from the second familiarisation trial, there was still
no significant effect of acute Trp depletion (TD 95.5 +
7.4 % and CON 105.5 £ 10.7 %; P = 0.066).

Thermoregulatory measures

Core temperature increased during the exercise trial
(P <0.001) from resting values of 37.0+ 0.1 to
38.3 & 0.3 °C at the point of exhaustion on the TD trial
and from 36.9 £ 0.2 to 38.2 4+ 0.2 °C on the CON trial
(Fig. 2). There was no statistical difference in core tem-
perature between trials (P = 0.069), and there was no
difference in the rate of rise of core temperature
(P = 0.464).
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Table 1 Branched-chain and other large neutral amino acid plasma concentrations over the duration of the trials
Amino acid Trial Pre PreEx 15 min 30 min 45 min 60 min Exh
Valine TD 240.8 £ 44.1 4783 £99.2 4537 £ 1029 480.6 & 114.1 433.3 + 89.1 437.4 £ 1099 4355+ 1794
CON 279.1 &£ 519 498.2 £ 129.2 5264 4+ 81.6  484.5 + 120.1 468.6 = 98.7 472.8 £ 97.8 386.2 £ 93.5
Isoleucine TD 74.8 £ 15.6 1669 £ 87.6 218.0 &+ 138.2 208.7 £ 126.7 1833 £ 107.3 177.1 &£ 107.7 121.7 + 48.8
CON 85.5 £21.3 2232+ 117.1 1955 £ 124.8 173.1 £109.6 158.5 £ 91.3 176.2 £ 87.8 121.7 £ 49.8
Leucine TD 1255 £ 219 161.8 +44.2 162.6 £ 30.0 158.2 £ 31.6 155.7 £ 19.8 1479 £ 25.6 136.5 £ 10.2
CON 1319 +16.5 169.1 &+ 57.8 165.7 £+ 44.1 159.6 £ 37.5 1489 £ 269 1484 +£26.6  125.0 +27.0
Tyrosine TD 71.1 £ 94 190.2 £ 44.6 189.7 £ 45.4 188.1 £ 38.8 181.7 £ 34.8 180.0 £+ 36.4 1915 £ 754
CON 714 4123 180.8 £ 58.7 181.2 + 53.5 176.8 £ 62.7 173.6 £ 54.4 173.3 £ 495 157.2 £ 26.3
Methionine TD 482 +399 746 £ 274 73.4 £ 323 70.5 £+ 24.6 70.2 £ 22.7 71.8 £ 27.0 74.0 £ 40.1
CON 423 £ 8.6 85.2 £ 34.1 96.1 £+ 40.7 96.8 &+ 39.2 90.2 £+ 21.1 73.4 £ 24.1 82.8 £ 444
Phenylalanine TD 814 £ 16.0 852 + 23.7 943 + 16.4 89.4 £ 36.0 97.1 £ 23.3 102.1 £ 22.8 108.2 £ 27.7
CON 83.1 £22.6 782+ 259 84.0 £ 279 90.1 £+ 25.0 874 £ 22.1 101.2 £ 253 112.2 £ 27.7
38.6 trials (P = 0.960), but a significant increase during the
5 2:: exercise bout to the point of exhaustion (P < 0.001).
%«g’ 3.0
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Fig. 2 Core temperature over the duration of the TD and CON trials.
There was a tendency for a core temperature to be higher on the TD
trials than the CON trials (P = 0.069)

As with core temperature, skin temperature increased
during the exercise test (P < 0.001), but there was no
difference between trials (P = 0.597). Skin temperature
increased from resting values of 32.5 = 0.9 to 35.0 £
0.8 °C at the point of exhaustion on the TD trial, and from
32.3 £ 0.7 to 35.2 £ 0.9 °C on the CON trial. Estimated
body heat content also followed a similar pattern to both
core and skin temperatures, with no difference between the

(P =0.172, P = 0.622) or trial (P = 0.881, P = 0.264)
on estimated energy expenditure or the respiratory
exchange ratio. There was no effect of time (P = 0.840,
P =0.471) or trial (P = 0.636, P = 0.667) on the con-
tributions of either carbohydrate or fat to oxidative
metabolism during exercise.

Rating of perceived exertion increased during exercise
(P < 0.001) as did rating of thermal comfort (P < 0.001),
but neither were affected by the different trials (P = 0.195;
P = 0.422; Table 2). Heart rate was not different between
trials (P = 0.053), and increased over the duration of the
exercise (P < 0.001) to peak at the point of exhaustion
(165 £ 11 and 161 *+ 14 beats/min on the TD and the
CON trials, respectively, Fig. 3).

Table 2 Ratings of perceived exertion and thermal comfort over the exercise test

Time (min)
10 20 30 40 50 60 70

Perceived exertion

TD 11£2 12+2 13£2 14 +2 15+2 17 £2 18 £ 2
CON 11£2 1242 13£2 14 +£2 14 +£2 16 £2 16 £ 1
Thermal comfort

TD 341 4+1 4 +1 5+ 1 6+ 1 6+£1 7T+2
CON 3+1 4+1 5+1 5+1 6+t1 6+ 1 6+ 1
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Fig. 3 Heart rate over the duration of the TD and CON trials. There
was a tendency for this to be higher on the TD trials (P = 0.053)

Plasma volume changed over time (P < 0.001), but was
not different between the trials (P = 0.211). It increased
initially between the pre-supplementation sample and
the pre-exercise sample, but it then fell during exercise
reaching a minimum at the point of exhaustion. Blood glu-
cose concentration also fluctuated over time (P = 0.007),
gradually increasing from the pre-exercise sample (TD
5.14 4+ 0.41 mmol/L; CON 5.00 £+ 0.44 mmol/L) to the
point of exhaustion (TD 5.42 £ 0.35 mmol/L; CON
5.25 £ 0.28 mmol/L), although again, there was no differ-
ence between the trials (P = 0.666). Free-fatty acid con-
centrations changed significantly over time (P < 0.001),
increasing from pre-exercise (TD 0.34 = 0.13; CON
0.37 £ 0.14) to exhaustion (TD 1.06 = 0.34 mmol/L; CON
1.04 4+ 0.32 mmol/L), but there was no effect of trial
(P = 0.695).

Discussion

The present investigation shows that acute Trp depletion
does not improve endurance exercise capacity in a warm
environment. TD resulted in a greater than twofold fall in
circulating Trp concentrations, consequently reducing the
plasma concentration ratio of f-Trp to BCAA by 79 %.
With this in mind, these data do not appear to support
Newsholme’s theory of central fatigue, and suggest that the
availability of tryptophan as a metabolic precursor for
serotonin synthesis is not a significant factor in the devel-
opment of fatigue during prolonged exercise. This finding
is further supported by the data of other studies that have
attempted to manipulate Trp availability to the brain during
exercise, albeit through the provision of BCAA supple-
ments (Watson 2008) rather than through Trp depletion.
Indeed, rather than showing an improvement in exercise
capacity, our data show a tendency towards an impairment
in endurance exercise capacity in the heat with TD as
compared to CON (99.2 £ 24.4 and 108.4 £ 21.6 min).
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We also show a trend for elevated HR (P = 0.053) and Tc
(P = 0.069) on the TD trial. Serotonin is known to be
involved in the regulation of heart rate (Jordan 2005) and
core temperature (Cooper et al. 2003) suggesting that acute
Trp depletion may have had some influence on serotonin
availability, but it may be that some other effect influenced
these parameters.

Ramage and Fozard (1987) administered a serotonin
receptor (5-HT 5) agonist to anaesthetised cats and showed
that this evoked a vagally mediated fall in the heart rate. In
a more recent study, Van der Veen et al. (2008) found that,
in a response test designed by Miltner et al. (1997) which
provides almost instantaneous positive or negative feed-
back to participants on their ability to estimate a 1s
interval, heart rate slowed when participants received
negative feedback. However, when participants had
undergone acute Trp depletion that response was reduced.
Furthermore, baroreflex gain was attenuated in rats that had
undergone 5-HT depletion through the administration of
para-chlorophenylalanine, as compared to untreated con-
trols (Kellett et al. 2005). These results imply that phasic
heart rate responses are sensitive to lowered 5-HT. It is
possible, therefore, that the administration of an amino acid
load designed to deplete the 5-HT precursor Trp, may lead
to a relative increase in heart rate, as shown in the present
study. It should also be considered that 5-HT is known to
have vasoactive properties (Yildiz et al. 1998) and there-
fore, if a reduction in 5-HT synthesis and release led to
vasodilation, heart rate would increase to maintain cardiac
output. However, other studies that have used nutritional
(Mittleman et al. 1998; Van Hall et al. 1995; Watson et al.
2004) and pharmacological (Wilson and Maughan 1992)
interventions in an attempt to manipulate serotonergic
function did not see alterations in heart rate.

Because serotonergic and catecholaminergic projections
innervate areas of the hypothalamus, changes in the activity
of these neurons have been implicated in the control of body
temperature during exercise (Hasegawa et al. 2008). If acute
Trp depletion causes a reduction in 5-HT production, then
this may lead to an increased rectal temperature. Adminis-
tration of a 5-HT receptor (5-HT,c) antagonist (Pizotifen)
to resting, healthy, human participants caused an increase in
core temperature (Strachan et al. 2005) a finding that sup-
ports the proposed theory that reducing 5-HT concentration
through acute Trp depletion could result in an elevated core
temperature. However, as with heart rate, BCAA studies
have not shown alterations in core temperature (Mittleman
et al. 1998; Watson et al. 2004).

Watson et al. (2005) demonstrated that a dopamine/
noradrenaline reuptake inhibitor improved exercise time
trial performance in the heat compared to a placebo. In the
same way that acute Trp depletion can be used to reduce
the brain concentration of Trp, acute depletion of tyrosine
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and phenylalanine has been shown to reduce the brain
concentration of dopamine and noradrenaline (McTavish
et al. 1999; Palmour et al. 1998) influencing participants’
mood (Leyton et al. 2000). These data, taken in combina-
tion, suggest that exercise performance may be impaired by
the reduction in brain dopamine/noradrenaline through
acute tyrosine and phenylalanine depletion. However,
caution should be used when attempting to prove the
metabolic mechanisms behind alterations in performance
using methodologies designed to impair performance,
rather than improve it.

It is important to note that the core temperatures seen at
the point of exhaustion in these trials (TD: 38.3 &+ 0.3 °C;
CON: 38.2 + 0.2 °C) were low in comparison to those
reported in the wider literature on prolonged exercise in the
heat. A critical core temperature of 39.7 °C has been pro-
posed, above which exercise cannot be sustained (Nielsen
et al. 1993). Although this hypothesis is attractive, many
individuals have been reported to maintain performance at
core temperatures beyond 40 °C. In addition, there are
many reports of exhaustion during prolonged exercise in
the heat occurring at core temperatures lower than this
proposed ‘critical’ level [38.8 £ 0.1 °C Bridge et al.
(2003); 38.8 £ 0.3 °C Cheung and McLellan (1998);
38.7 &£ 0.9 °C Hobson et al. (2009); 38.9 4+ 0.5 °C Wat-
son et al. (2004)]. Exercise in the heat results in a narrow
skin temperature to core temperature gradient, producing a
high skin blood flow requirement in an effort to maximise
evaporative heat losses. High skin temperatures (>35 °C),
and not high core temperature, has been proposed as a
primary factor impairing aerobic exercise performance
under these conditions (Cheuvront et al. 2010). Although
the significance of core temperature for performance dur-
ing prolonged dynamic exercise has been questioned in
recent years, several studies do report a progressive inhi-
bition of motor activation when temperature is elevated
above normothermic levels (Morrison et al. 2004; Nybo
and Nielsen 2001). Taken together, it appears that interplay
between core, brain and skin temperature most likely reg-
ulates fatigue during prolonged, dynamic exercise in hot
conditions, as highlighted by recent studies (Cheuvront
et al. 2010; Maughan et al. 2012).

An increase in brain Trp uptake during prolonged
exercise is suggested to contribute to an elevation in central
5-HT activity (Blomstrand et al. 1989); thus, increasing the
perception of effort during exercise (Blomstrand et al.
1997). In the present study, acute Trp depletion did not
cause a concurrent lowering of perceived exertion during
the exercise (TD 18 & 2, CON 16 & 1; P = 0.195). Acute
Trp depletion has, however, been shown to increase
aggression in animals (Bell et al. 2001) and in humans
(Bjork et al. 1999) and, therefore, may be more likely to
improve exercise test results in directly competitive

environments, where aggression is more likely to play a
role in overall performance.

In humans, the response to Trp depletion in the cere-
brospinal fluid is delayed, with peak depletion occurring
7-10 h after consuming an amino acid load (Williams et al.
1999) as compared to the maximum level of plasma Trp
depletion, which occurs 5-7 h after ingestion of an amino
acid load (Delgardo et al. 1990). In the present study,
participants started exercise approximately 6 h after con-
suming the amino acid load, which should have corre-
sponded with the peak time for the depletion of plasma
tryptophan (Fig. la). For all participants, the point of
exhaustion was reached 7-9 h after consuming the amino
acid load, which should have corresponded with the peak
time of tryptophan depletion in the cerebrospinal fluid.

Conclusion

Contradictory to the hypothesis that Trp depletion would
improve endurance exercise capacity, this study has shown
that there was no difference in exercise capacity between
Trp depletion and a control trial. This finding adds further
weight to the theory that the availability of Trp as a pre-
cursor to 5-HT production is not a significant factor in the
development of fatigue during prolonged exercise in a
warm environment.
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