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RESEARCH ARTICLE

Physical Activity and the Brain
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Abstract

Exercise facilitates cerebral lactate uptake, likely by increasing arterial lactate concentration and hence the diffusion gradient
across the blood-brain barrier. However, nonspecific b-adrenergic blockade by propranolol has previously reduced the arterio-
jugular venous lactate difference (AVLac) during exercise, suggesting b-adrenergic control of cerebral lactate uptake.
Alternatively, we hypothesized that propranolol reduces cerebral lactate uptake by decreasing arterial lactate concentration. To
test that hypothesis, we evaluated cerebral lactate uptake taking changes in arterial concentration into account. Nine healthy
males performed incremental cycling exercises to exhaustion with and without intravenous propranolol (18.7 ± 1.9 mg). Lactate
concentration was determined in arterial and internal jugular venous blood at the end of each workload. To take changes in ar-
terial lactate into account, we calculated the fractional extraction (FELac) defined as AVLac divided by the arterial lactate concen-
tration. Arterial lactate concentration was reduced by propranolol at any workload (P < 0.05), reaching 14 ± 3 and 11 ± 3 mmol·l�1

during maximal exercise without and with propranolol, respectively. Although AVLac and FELac increased during exercise (both
P < 0.05), they were both unaffected by propranolol at any workload (P = 0.68 and P = 0.26) or for any given arterial lactate
concentration (P = 0.78 and P = 0.22). These findings support that while propranolol may reduce cerebral lactate uptake, this
effect reflects the propranolol-induced reduction in arterial lactate concentration and not inhibition of a b-adrenergic mechanism
within the brain. We hence conclude that cerebral lactate uptake during exercise is directly driven by the increasing arterial con-
centration with work rate.

NEW & NOTEWORTHY During exercise the brain consumes lactate as a substitute for glucose. Propranolol has previously atte-
nuated this cerebral lactate uptake, suggesting a b-adrenergic transport mechanism. However, in the present study, we demon-
strate that the fractional extraction of arterial lactate by the brain is unaffected by propranolol throughout incremental exercise
to exhaustion. We conclude that cerebral lactate uptake during exercise is passively driven by the increasing arterial concentra-
tion, rather than by a b-adrenergic mechanism within the brain.

anerobic; brain; metabolism; perfusion; propranolol

INTRODUCTION

At rest, cerebral metabolism is almost exclusively fueled
by oxidation of glucose (1). However, during exercise, where
increases in arterial lactate concentration and blood flow
enhance cerebral lactate supply, the brain takes up lactate
predominately produced by the muscles as a substitute for

glucose (2). This organ-organ lactate shuttling provides not
only a carbon source for cerebral energymetabolism but also
a vehicle for cell signaling via redox changes (3). During
heavy exercise, cerebral lactate uptake may even exceed that
of glucose (4) and reach levels that cannot be accounted for
by the concomitant rise in cerebral oxygen consumption (5).
The mechanism regulating this lactate uptake is poorly
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understood but it could be triggered by the exercise-induced
increase in sympathetic nervous activity since, at least in
rodents, b-adrenergic blockade modifies cerebral carbohy-
drate metabolism (6). In exercising humans, the arterio-jugu-
lar venous lactate difference (AVLac) is indeed attenuated by
nonspecific (7), but not by b1-adrenergic blockade (8), sup-
porting that cerebral lactate uptake is controlled by a b2-adre-
nergic mechanism. This notion is also in line with another
study reporting that controlled epinephrine infusion increases
AVLac in resting subjects (9). On the other hand, as the exer-
cise-induced cerebral lactate uptake occurs in proportion to
the concomitant increase in arterial lactate (2, 5), it could also
be passively driven by the lactate diffusion gradient across the
blood-brain barrier, and this explanation is supported by a
meta-analysis of studies measuring AVLac during exercise (10).
From this perspective, b-adrenergic blockademay reduce cere-
bral lactate uptake by suppressing glycolysis in the exercising
muscles (11) and hence the exercise-induced increase in arte-
rial lactate (12, 13). In contrast to AVLac, fractional extraction of
arterial lactate by the brain (FELac, AVLac � arterial concentra-
tion) takes changes in arterial lactate into account. As such,
FELac is expected to decrease if the effect of b-adrenergic
blockade reflects inhibition of an active lactate transporter
within the brain, but to remain unchanged if b-adrenergic
blockade reduces cerebral lactate uptake by decreasing arterial
lactate. Accordingly, the aim of this study was to test the hy-
pothesis that FELac during exercise is unaffected by b-adrener-
gic blockade.

METHODS

This study was approved by the Ethical Board of
Copenhagen (Ref. H-3–2011-101) and conducted in accordance
with the Declaration of Helsinki. Nine healthy males (26±5
yr, 1.80±0.07m, 80±7 kg), who were recruited by publicly ac-
cessible online advertisement, gave informed written and oral
consent to participate. Inclusion criteria were normal health,
weight, and age between 18 and 35 yr but did not include
a specific training status. Exclusion criteria were chronic
diseases, need for daily medication, and a body mass
index outside the range of 18–25 kg·m�2. As detailed in
the next paragraph, some aspects of this study have been
published previously (14).

Protocol

The experiments reported here were conducted during
the course of a larger study investigating autonomic regula-
tion of exercise heart rate in normoxia and hypoxia and the
overall protocol is described in the paper reporting those
findings (14). Here, we only report the experiments that are
relevant in the context of the current study: subjects per-
formed an incremental cycle ergometer test to exhaustion
for familiarization. The test was performed on the same er-
gometer (Monark, Varberg, Sweden), and subjects wore the
same face mask for breath collection that was subsequently
used during the study. They then reported to the laboratory
for 2 testing days, separated by at least 1 wk, always arriving
in the early morning after a light breakfast and after refrain-
ing from caffeine for >12 h and from hard physical exercise
the preceding day. On testing days, subjects received either

no drug (control) or propranolol. Subjects then performed
two incremental cycling tests to exhaustion, one in normoxia
and one in hypoxia (12% O2 in N2). Note that the test in hy-
poxia was performed for study purposes reported elsewhere
(14) and that the results of those tests are not included in the
current manuscript. The order between the drug interven-
tions (control/propranolol), and between normoxia and hy-
poxia, was randomized, but neither subjects nor investigators,
were blinded.

After subjects’ arrival to the laboratory, a catheter was
inserted into a brachial or radial artery. A second catheter
was introduced retrograde into the right internal jugular
vein using the Seldinger technique and advanced to the bulb
of the vein. Proper positioning of the catheter was assumed if
the participants reported a mild pain behind the ear during
insertion of the guidewire (15) and could hear a rapid saline
infusion into the catheter (16). A third catheter was inserted
into the median cubital vein and advanced into the right
atrium. This catheter was used for administration of propran-
olol and for purposes reported elsewhere (14). After 30
min of rest, propranolol was administered (if applicable).
Resting measurements were then performed with subjects
semirecumbent. Following the resting measurements, a se-
ries of supra-systolic thigh-cuff inflations and deflations were
performed for other study purposes. The first bout of exercise
was started after these tests (�1 h after propranolol adminis-
tration) and the second after 2 h of supine recovery, during
which subjects were provided with a sandwich and could
drink ad libitum.

Exercise

Subjects exercised for 5 min at 20%, 30%, and 40% of the
maximal workload achieved in the familiarization trial,
whereafter the workload was increased by 10% every 90 s
until exhaustion. Ventilatory variables weremeasured breath-
by-breath (Innocor M400, Innovision, Odense, Denmark) and
the medians over the last 20 breaths within each workload
used for analysis. Cardiac output was measured by inert gas
rebreathing (Innocor) at rest, at the end of the three initial
workloads, and thereafter at the end of every second work-
load. Mean blood flow velocity in the middle cerebral ar-
tery (MCAvmean) was continuously measured throughout
the exercise tests by transcranial Doppler sonography (2-
MHz probe, Multi-Box, DWL, Singen, Germany; ST3
Digital, Spencer Technologies, Northbrough) and the av-
erage over the last 30 s of each workload were included in
the analysis. After each workload, arterial and jugular ve-
nous blood was collected in heparinized syringes (Pico
50, Radiometer, Copenhagen, Denmark) and analyzed in
a hemoximeter (ABL 800, Radiometer). Intra-arterial
pressure was monitored by a transducer (Edwards Life
Sciences, Irvine, CA) connected to the arterial catheter and
placed at the level of the heart. Heart rate was derived from
that signal by peak detection (LabChart, ADInstruments,
Dunedin, New Zealand).

Propranolol Administration

Propranolol was administered in 2 mg boluses. Once a
bolus induced no further reduction in heart rate, one addi-
tional bolus was administered. A further 2 mg bolus was
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injected immediately before each exercise trial. The final
dose of propranolol was 18.7 ± 1.9 mg.

Data and Statistical Analysis

The oxygen-glucose (OGI) and oxygen-carbohydrate indexes
(OCI) were computed as described previously (10). Data were
analyzed by mixed model for repeated measures (MMRM)
with fixed factors workload (absolute or relative), arterial lac-
tate concentration, and treatment (control vs. propranolol).
Under the assumption of normality, Pearson correlation analy-
sis and MMRM were used to test the linear relationship
between jugular venous and arterial lactate concentration.
Pairwise comparison was adjusted for by Tukey’s method. The
statistical significance level was set to P < 0.05. Based on the
guidance by Button et al. (17) all significant P values are dis-
played as P < 0.05, whereas P values above the 5% threshold
are given exactly. The analysis was performed using SAS 9.4
(SAS Institute, Inc., Cary, NC).

RESULTS

Missing Data

Some of the intended blood samples could not be obtained,
typically due to a temporarily clogged jugular venous cathe-
ter. Most of these missing samples were restricted to two sub-
jects, where only a minority of the intended samples could be
collected. In addition, in one subject we observed arterial lac-
tate of 17 mmol·l�1 coupled with jugular venous lactate of 21
mmol·l�1 during maximal exercise. As such a large cerebral
lactate release (AVLac of �4 mmol·l�1) was deemed unphysio-
logical, this value was considered an outlier and not included
in the analysis and the results. For transparency regarding
missing data points, we have included the number of observa-
tions in all figures presentingmean values.

Cardiorespiratory Variables

Cardiorespiratory variables at rest and during exercise
have been reported in detail previously (14). In summary,
propranolol reduced heart rate at rest from 71±9 to 55± 14
beats/min and during maximal exercise from 183± 10 to
140± 11 beats/min. Maximal workload (320±77 and 292±65
W) and maximal O2 uptake (3.8 ±0.7 and 3.4±0.6 L·min�1)
were similar during control and with propranolol, respec-
tively. Respiratory exchange ratio increased to 1.4±0.1 both
during control and with propranolol, supporting a maximal
effort. Finally, all indices of arterial oxygenation were unaf-
fected by propranolol.

Arterial CO2 tension (PaCO2 ) and pH, which have not previ-
ously been reported, are presented in Table 1. PaCO2

decreased progressively with workload (P < 0.05) and was

unaffected by propranolol (P = 0.33). Arterial pH decreased
with exercise (P < 0.05) and was generally slightly higher
with propranolol (P< 0.05).

Arterial Lactate and Cerebral Lactate Uptake

Arterial lactate increased (P < 0.05) from rest to maximal
exercise from 1.9±1.1 to 14.0±2.7 mmol·l�1 during control and
from 1.2±0.4 to 10.8±3.3 mmol·l�1 with propranolol and pro-
pranolol reduced arterial lactate for any workload (P < 0.05,
Fig. 1A).

AVLac increased (P < 0.05) from rest to maximal exercise
from �0.01±0.07 to 0.60± 1.06 mmol·l�1 during control and
from 0.01±0.06 to 0.71±0.77 mmol·l�1 with propranolol,
and was unaffected by propranolol at any workload (P =
0.68, Fig. 1B) or for any given arterial lactate concentration
(P = 0.78). Also, FELac increased with increasing workload
(P < 0.05, Fig. 1C) although the highest values were observed
before maximal workloads were reached. FELac was unaf-
fected by propranolol at any workload (P = 0.26) or for any
given arterial lactate concentration (P = 0.22).

In Fig. 2, jugular venous lactate is plotted as a function of arte-
rial lactate. The two variables were linearly correlated both dur-
ing control (r2 = 0.98, P < 0.05) and with propranolol (r2 = 0.99,
P < 0.05). If propranolol had reduced FELac, it would have
increased the jugular venous lactate associated with a given ar-
terial lactate and hence rotated the regression line counterclock-
wise, however, the slopes of the regression lines for control and
propranolol were remarkedly similar (P = 0.66). To further eval-
uate whether variations in cerebral blood flow with propranolol
changed cerebral lactate uptake in the face of an unchanged
AVLac and FELac, we performed the analysis presented in Fig. 2
after multiplying both arterial and jugular venous lactate con-
centrations with the concomitantly measured MCAvmean (see
next paragraph). This modification did not change the outcome
as the slopes of the regression lines for control (0.92±0.07) and
propranolol (0.91±0.07) remained almost identical (P = 0.63).

Oxygen-to-Carbohydrate Indexes and Cerebral Blood
Flow

Exercise did not affect the OGI (P = 0.91) but markedly
reduced the OCI (P < 0.05) (Table 2). However, propranolol
affected neither the OGI nor the OCI (P = 0.48 and P = 0.49,
respectively), even though it slightly increased the arterio-jugular
venous difference for glucose (P < 0.05). Similarly, MCAvmean,
which was used as a surrogate for cerebral blood flow, was unaf-
fected by exercise (P = 0.81) and propranolol (P = 0.32).

DISCUSSION

Our main finding is that cerebral lactate uptake, indicated
as FELac, is unaffected by propranolol across individual

Table 1. Arterial CO2 tension and pH at rest and during exercise

Rest Submaximal Exercise Maximal Exercise

Control Propranolol Control Propranolol Control Propranolol

PaCO2 , kPa 5.04 ±0.28 5.28 ±0.33 5.06 ±0.72 5.03 ±0.54 4.58 ±0.40 4.63 ±0.47
pH� 7.43 ±0.02 7.42 ±0.01 7.39 ±0.01 7.40 ±0.03 7.28 ±0.05 7.32 ±0.03

Values are represented as means ± SD. Submaximal exercise, the fourth-last workload of the respective exercise trial (187 ± 54 W during
control and 167 ±46 W with propranolol); PaCO2 , arterial CO2 tension. �P < 0.05 control vs. propranolol (mixed model for repeated meas-
ures); n = 9 subjects.
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arterial lactate from 1 to 17 mmol·l�1 and AVLac up to 2
mmol·l�1. This finding is in line with our hypothesis and
argues against a b2-adrenergic control of cerebral lactate
uptake.

Although a meta-analysis supports that exercise-induced
cerebral lactate uptake is passively driven by the increase in
arterial lactate (10), Larsen et al. (7) observed propranolol to
reduce AVLac during incremental exercise, suggesting that
cerebral lactate uptake is actively regulated by a b-adrenergic
mechanism. This putative mechanism was not investigated
but the authors speculated that b-adrenergic activation by
norepinephrine could increase the expression of monocar-
boxylate transporter (MCT) 2 in brain cells (18) and thereby
accelerate the uptake of intercellular lactate, although this
was not supported by their follow-up study, where norepi-
nephrine infusion did not affect AVLac (9). Nevertheless, the
results of Larsen et al. (7) also align with a cerebral lactate
uptake that is driven by the arterial lactate concentration,
since AVLac was only reduced at the highest workload of the
propranolol trial, where arterial lactate was �2 mmol·l�1

lower than in the control trial, but not during submaximal
workloads, where arterial lactate was similar between trials.
The lower arterial lactate during maximal exercise was prob-
ably, in part, a pharmacological effect of propranolol (11) that
may also explain the somewhat lower arterial lactate during
the propranolol trial in the current study. More importantly,
however, the lower arterial lactate may have been a conse-
quence of the nonrandomized test order, where the propran-
olol trial was always conducted 1 h after the control trial (19).
That such a nonrandomized test order can affect not only ar-
terial lactate but also cerebral lactate metabolism is evident
in a study incorporating two exercise trials separated by 1 h
of rest: Even though no pharmacological intervention was
applied, markedly reduced arterial lactate and AVLac were
observed in the second trial (20). To account for any differen-
ces in arterial lactate between trials we evaluated cerebral
lactate uptake by FELac, which was unaffected by proprano-
lol. We also did not detect the reduction in AVLac that Larsen
et al. (7) observed in their propranolol trial. The most likely
explanation is that in the current study the reduction in arte-
rial lactate during the propranolol trial was smaller, probably
as the test order was randomized and counterbalanced. Our
results thus support that cerebral lactate uptake during exer-
cise is driven by the increasing arterial lactate rather than by a
b-adrenergic mechanism within the brain. The linear relation-
ship between arterial and jugular venous lactate concentration
presented in Fig. 2 furthermore indicates that the driving force
of increases in arterial lactate remains unabated even at high
concentrations. This is in line with the notion that MCT1,
which constitutes the principal gateway for lactate across the
blood-brain barrier (21), remains unsaturated throughout the
physiological range of lactate concentrations (22).

A b-adrenergic control of cerebral lactate uptake was also
supported by experiments in resting subjects, where adrena-
lin infusion shifted the cerebral release of lactate into an
uptake (9). However, also in that study, the uptake may have
been passively driven as the epinephrine infusion doubled
arterial lactate. Conversely, administration of norepineph-
rine affected neither arterial lactate nor AVLac. Although the
authors explained the absence of an effect of norepinephrine
on AVLac by the low affinity of b2-adrenergic receptors for

norepinephrine (9), it also aligns with a passively driven cer-
ebral lactate uptake. That the increase in cerebral lactate
uptake with epinephrine is driven by an increase in arterial
lactate, rather than by a b2-adrenergic mechanismwithin the
brain, could be verified in a future study investigating the
effects of epinephrine on FELac, rather than on AVLac.

As arterial lactate was slightly reduced during the pro-
pranolol trial, a given arterial lactate was reached at a
higher workload than during the control trial (Fig. 1A). The
larger mental effort associated with the higher workload
could have increased the brain’s substrate demand, thus
counteracting an inhibitory effect of propranolol on cere-
bral lactate uptake. Indeed, in subjects performing sub-
maximal exercise at a constant (absolute) workload AVLac

increased when the mental effort was increased by partial
neuromuscular blockade (23). Nevertheless, neuromuscular
blockade also increased arterial lactate, which could have
increased AVLac independently of mental effort (10). Studies
where, in the absence of apparent changes in mental effort,
AVLac followed increases (24, 25) or decreases (20) in arterial
lactate further support that cerebral lactate uptake is driven
by arterial supply, rather than by demand, and that FELac

remains relatively constant.
As expected (26, 27), we observed a small lactate release by

the brain at rest that reverted into an increasing uptake dur-
ing incremental exercise. During maximal exercise average
AVLac was 0.6 mmol·l�1, whereas it can reach 1–1.5 mmol·l�1

(2). The lower maximal AVLac in our study is unlikely to
reflect a smaller supply since arterial lactate reached similar
levels as in studies where AVLac exceeded 1 mmol·l�1 (7, 28).
However, as our subjects performed two exercise trials per
day [normoxia and hypoxia, the latter for purposes reported
elsewhere (14)], lactate accumulated within the brain during
the first trial might have attenuated uptake during the sec-
ond trial by reducing the diffusion gradient across the blood-
brain barrier. Due to the counter-balanced order of the nor-
moxic and hypoxic trials, an attenuated lactate uptake in the
second trial would, on average, reduce the AVLac in both nor-
moxia and hypoxia. Whether lactate accumulates in the
brain is, however, debated: Although some tracer experi-
ments indicate that almost all the lactate taken up by the
brain during exercise is oxidized (25), others find the lactate
oxidation fraction to be lower, particularly when the uptake
was high (29). Dalsgaard et al. (28) detected no increase in
cerebral lactate following exhaustive exercise by magnetic
resonance spectrography (MRS) and also lactate concentra-
tion in the cerebrospinal fluid was unchanged, although cer-
ebrospinal fluid sampled in the lumbar region may not
represent the conditions within the brain. A more sensitive
MRS approach detected a �20% increase in brain lactate fol-
lowing submaximal exercise that persisted after 40 min of
recovery (30). In that study, exercise increased arterial lac-
tate to �7 mmol·l�1 and it is possible that the higher concen-
trations in the current study facilitated more substantial
accumulation within the brain that persisted even after 2 h
of recovery.

During inactivity, the OCI of the brain is close to 6, reflect-
ing oxidative metabolism. During exercise, the uptake of car-
bohydrates increases more than that of O2 so that the OCI
decreases (4, 5, 31). This effect is primarily driven by lactate
uptake as the OGI changes little (4, 7, 10). Hence, the

CEREBRAL LACTATE UPTAKE DURING EXERCISE

J Appl Physiol � doi:10.1152/japplphysiol.00505.2021 � www.jap.org 1827
Downloaded from journals.physiology.org/journal/jappl at Copenhagen Univ Lib (130.225.098.202) on December 13, 2021.

http://www.jap.org


reduction in AVLac that Larsen et al. (7) observed during exer-
cise with propranolol also attenuated the reduction in OCI.
Conversely, in the current study, the absence of an effect on
AVLac explains why the OCI was unaffected by propranolol.
The OCI decreased to 4.1 and 3.6 during the control and the
propranolol trial, respectively, whereas in other studies it
decreased to �3 during or following maximal effort (7, 8, 28,
31, 32). The more moderate reduction in the current study
likely reflects the discussedmodest increase in AVLac.

Methodological Considerations and Limitations

In addition to the tests reported here, subjects per-
formed an exercise trial in hypoxia on both study days for
purposes reported elsewhere (14). Since the order between
the trials was randomized, the hypoxic trial was in some
instances performed before the trials reported here and it
should be considered whether this affected the outcome of
the current study. As indicated, a study performing two
incremental exercise trials with 1 h of recovery in between
reported an attenuated cerebral lactate uptake in the sec-
ond trial, presumably as arterial lactate was lower (20).
However, if this effect occurred in our study, we expect it
to be milder since we provided an additional hour of re-
covery and since, due to our randomized testing order,
only half the normoxic exercise trials were preceded by a
hypoxic trial. As we furthermore evaluated cerebral lactate
uptake by FELac, which takes variations in arterial lactate
into account, it seems unlikely that a reduction in arterial
lactate resulting from a preceding hypoxic trial had a nota-
ble effect on our results. A further question is whether a
preceding hypoxic trial could have affected cerebral lactate
uptake in the second trial by facilitating cerebral lactate
accumulation and thus narrowing the diffusion gradient
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Figure 2. Arterial vs. jugular venous lactate concentration. Individual data
points and regression lines for both conditions are illustrated. No difference
(P = 0.66, mixed model for repeated measures) was observed between the
regression lines for control (slope = 0.93±0.07 and intercept = 0.094±0.198)
and propranolol (slope = 0.92±0.06 and intercept = 0.077±0.083). The dot-
ted line represents the line of unity, where arterial lactate equals jugular ve-
nous lactate. Values below that line represent lactate uptake, whereas
values above represent lactate release by the brain. n = 9 subjects.
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for lactate across the blood-brain barrier. As indicated, it is
controversial whether and for how long lactate accumulates
in the brain following exercise. If cerebral lactate accumula-
tion occurred in our study, it could have masked an effect
of propranolol in subjects (n = 5) that performed the
hypoxic test before the normoxic test on the control day
(thus reducing uptake in the normoxic trial on that day). If
these subjects are excluded from the analysis presented in
Fig. 2 there is, however, still no apparent visual tendency
for an effect of propranolol. Despite this, and even though
we did not detect any effect of the test order (normoxia–
hypoxia or vice versa) on the outcome variables of our
study, a potential effect of cerebral lactate accumulation
cannot be completely ruled out. Furthermore, a preceding
exercise test could have affected cerebral lactate uptake by
increasing the MCT1 density in the endothelial cells of
brain capillaries (33). However, as lactate transport by MCT1
does not appear to reach saturation during an exercise test
(22), it seems unlikely that an increase in MCT1 notably
increased cerebral lactate uptake in the second test. This is
in line with the observation that a preceding exercise test, if
anything, reduces cerebral lactate uptake in a subsequent
test (20).

As detailed in the RESULTS section, and illustrated in the
figures, there are some values missing from our data set.
Nevertheless, as there was no apparent tendency for AVLac

and/or FELac (Fig. 1) to be reduced by propranolol, and as
no indication for an effect of propranolol was apparent in
the correlation analysis in Fig. 2, it is unlikely that these
missing data could have changed the outcome of this
study.

We applied propranolol in successive boluses and inter-
preted the absence of a bradycardic response to reflect com-
plete b-adrenergic inhibition. However, sympathetic control
of heart rate is primarily b1-adrenergic, and it hence remains
unclear to what extent b2-adrenergic receptors were blocked.
Although we administered more propranolol (0.24±0.02
mg·kg�1) than the study that reported an effect on AVLac (0.17
mg·kg�1) (7), the longer delay between application and the
onset of exercise in our study complicates the comparison.
Nevertheless, even if the dose of propranolol we applied did
not completely inhibit b2-adrenergic transmission, we would
have expected it to facilitate at least a trend for a reduced
FELac if cerebral lactate uptake was indeed under b2-

adrenergic control. As illustrated in our figures, no such trend
was evident.

It can be considered a limitation that we included no
female subjects. As previous evidence for a b-adrenergic
control of cerebral lactate uptake was found in an exclu-
sively male cohort (7, 9), we have decided to design our
study accordingly. If our results had confirmed this b-ad-
renergic control of cerebral lactate uptake, follow-up
experiments in females would have been warranted,
but given the current outcome, this does not appear
necessary.

A final limitation is related to the evaluation of cerebral
blood flow by MCAvmean, which is only valid in the absence
of changes in the insonated vessel diameter. Supporting this
assumption are experiments conducted during craniotomy,
where middle cerebral artery diameter changes in response
to variations in PaCO2 and mean arterial pressure were mini-
mal (34).

In conclusion, the absence of an effect of propranolol on
FELac in the present study supports that cerebral lactate
uptake during exercise is driven by the increased arterial
concentration rather than by a b-adrenergic transport mech-
anismwithin the brain.
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