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A single session of moderate
intensity exercise influences
memory, endocannabinoids
and brain derived neurotrophic
factor levels in men
Blanca Marin Bosch1, Aurélien Bringard1,2,7, Maria G. Logrieco1, Estelle Lauer3,
Nathalie Imobersteg1,2, Aurélien Thomas3,4, Guido Ferretti1,2, Sophie Schwartz1,5,6,8 &
Kinga Igloi1,5,6,8*
Regular physical exercise enhances memory functions, synaptic plasticity in the hippocampus, and
brain derived neurotrophic factor (BDNF) levels. Likewise, short periods of exercise, or acute exercise,
benefit hippocampal plasticity in rodents, via increased endocannabinoids (especially anandamide,
AEA) and BDNF release. Yet, it remains unknown whether acute exercise has similar effects on BDNF
and AEA levels in humans, with parallel influences on memory performance. Here we combined blood
biomarkers, behavioral, and fMRI measurements to assess the impact of a single session of physical
exercise on associative memory and underlying neurophysiological mechanisms in healthy male
volunteers. For each participant, memory was tested after three conditions: rest, moderate or high
intensity exercise. A long-term memory retest took place 3 months later. At both test and retest,
memory performance after moderate intensity exercise was increased compared to rest. Memory
after moderate intensity exercise correlated with exercise-induced increases in both AEA and BNDF
levels: while AEA was associated with hippocampal activity during memory recall, BDNF enhanced
hippocampal memory representations and long-term performance. These findings demonstrate that
acute moderate intensity exercise benefits consolidation of hippocampal memory representations,
and that endocannabinoids and BNDF signaling may contribute to the synergic modulation of
underlying neural plasticity mechanisms.
Regular physical exercise is a lifestyle factor, known to benefit neurocognitive functions and brain plasticity1, and
which may reduce the risk of cognitive decline associated with Alzheimer’s disease2. Animal studies support that
regular exercise fosters neurogenesis in the adult hippocampus and improves learning and m
 emory3. In adult
humans, neurogenesis in the hippocampus has been repeatedly s uggested4,5, albeit being recently questioned6.
Several lines of evidence converge to suggest that hippocampal synaptic plasticity is modulated, at least partially, by brain derived neurotrophic factor (BDNF)7. Specifically, physical exercise increases the levels of BDNF
messenger RNA and protein in the hippocampus and other brain r egions7, while blocking BDNF action in the
hippocampus hinders the beneficial effect of exercise on memory8. Yet, the kinetics of exercise-related BDNF
level changes are predominantly fast and t ransient9. In particular, BDNF levels rapidly increase in hippocampal
subfields in response to exercise10, together with enhanced long-term potentiation (LTP) and synaptic p
 lasticity11.
12
These effects may mediate memory enhancement on the timescale of a few h
 ours .
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In addition to raising BDNF levels, physical exercise yields a rapid increase in circulating endocannabinoids,
which act on cannabinoid receptors CB1 and C
 B213–15. Work in animal models have implicated endocannabinoid
signaling in exercise-induced adult hippocampal n
 eurogenesis16 and plasticity m
 echanisms17. Endocannabinoids
directly mediate forms of retrograde p
 lasticity18, and can also modulate other forms of plasticity including L
 TP19
20
and BDNF s ignaling . One recent study directly linked endocannabinoid levels to memory enhancement and
hippocampus function in mice by showing that blocking CB1 receptor in the hippocampus disrupted spatial
memory performance, whereas artificially elevating endocannabinoid concentrations in sedentary animals
increased BDNF levels and m
 emory21.
In humans, short periods of exercise, or acute exercise, were reported to have diverse effects on memory and
cognition, ranging from positive to detrimental1,22–25. These seemingly disparate findings may primarily be attributable to the use of different exercising intensities together with rather poor quantification of exercise intensities26
and between-subjects comparisons. Some of these exercising manipulations were done post-encoding as h
 ere22,24,
27,28
while others performed the cognitive tasks after the exercise intervention . A previous behavioral study showed
that one 30-min session of moderate intensity exercise performed between the encoding and test session boosted
associative memory consolidation24.
The main aims of the present study were (1) to confirm these effects using an individually-defined calibration
for moderate (and high) physical effort, derived from a maximal effort test (VO2max), and (2) to unravel the underlying blood biomarker and neuroimaging correlates. Specifically, based on previous fi
 ndings24, we hypothesized
that moderate intensity exercise would yield memory benefits as compared to rest. We also asked whether such
modulation of memory performance would be associated with exercise-related changes in BDNF and AEA levels.
Based on the data reviewed above, we hypothesized that endocannabinoids and BDNF influence hippocampal
functioning after acute physical exercise in humans, which we assessed using fMRI. Different exercising intensities have been used in previous work, but rarely compared and often poorly characterized. Grounded on previous
results24, we hypothesized that moderate intensity exercise (corresponding here to cycling during 30 min at 65%
of the maximal cardiac frequency measured during V
 O2max) would yield the largest benefits, especially at immediate test. Further, we expected that such memory benefits would be associated with exercise-related changes in
BDNF and AEA levels. We also included an exploratory high intensity exercising condition corresponding to
15 min of exercise at 75% if the maximal cardiac frequency.
We tested 18 participants using a cross-over randomized within-subjects design. We used a hippocampusdependent associative memory task 24,29 in which participants learned 8 series of 6 successive pictures. The participants first saw the eight series once during an encoding session (Fig. 1B), immediately followed by a 2-alternative
forced choice learning session with feedback during which participants successively selected the next picture in
the series among two presented pictures (Fig. 1C, right panel). To assess the influence of different intensities of
physical exercise, we tested the memory for these series following a moderate intensity exercise session, a high
intensity exercise session, and a rest period (randomized order of conditions across participants). Blood samples
were taken before and after each period of exercise or rest. After exercise or rest, participants were tested on
their memory for the associative task on pairs of pictures with different relational distances (direct, inference of
order 1 and order 2), with respect to their position in the original series of pictures encoded before the exercise
or rest period. Specifically, they were presented with one cue picture, and were then asked which among two
target pictures was part of the same series as the cue picture (while the other target picture belonged to a different
series) (Fig. 1C). Sixteen control trials were also included, in which the depicted elements were of a given color
(red, blue or green) and participants had to choose, between two pictures, the one of the same color as the cue
picture. Functional MRI (fMRI) data was acquired during all experimental sessions and analyzed using SPM12
(see “Methods”). We also tested the effects of acute physical exercise on long-term memory during a surprise
memory retest, which took place 3 months after the last experimental visit (see Fig. 1A). Our hypothesis is that
a single session of physical exercise induces plasticity mechanisms possibly linked to AEA and BDNF increases,
which are known to induce LTP or similar mechanisms in the hippocampus. Such changes may promote memory
consolidation mechanisms during the exercise session, which would yield better memory performance at test, and
possibly more stable memory traces at long-term retest. Further, we expect that, if exercise-related consolidation
mechanisms induce lasting synaptic modifications, consolidated memories should be better remembered/or less
forgotten when tested after a longer delay. As mentioned above, we hypothesized that moderate intensity exercise
would yield the largest memory benefits (especially at immediate test)24, and expected that such benefits would
be associated with exercise-related changes in BDNF and AEA levels. AEA is known to have transient effects due
to its rapid degradation by metabolic e nzymes30 and has been r eported31 to have measurable effects on BOLD
signal. On the other hand, because it has been previously suggested that BDNF is involved in pattern s eparation32,
we predicted that a decoding approach may best capture any possible effect of BDNF changes on memory representations. Finally, based on the reported long-lasting influence of BDNF on exercise-related changes in the
hippocampus4, we predicted that increases in BDNF levels may underlie long-term memory effects.

Methods

Sample size. Because our first aim was to obtain exercise-induced memory improvement (for the moderate exercising condition), we estimated the required sample size based on the results from a previous study, in
which the same associative memory task with a similar within-subjects design was used and obtained an effect
of exercise on memory performance (14 participants, F(1,13) = 17.27, p = 0.001)24. Using the effect size from that
previous study (Cohen’s d = 0.53) with an alpha level at 0.05 and power (1-beta) of 0.80, we derived an overall
sample size of 15 for a two-tailed dependent-sample t test and we recruited twenty participants.
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Figure 1.  Experimental design and associative memory task. (A) Overview of the experimental protocol
composed of a VO2max visit, followed by three experimental visits, and a retest visit performed 3 months after
the last experimental visit. Individual maximal cardiac frequency (FcMax) was assessed during the VO2max
visit. All experimental visits started at 9AM and included two MRI sessions (encoding and test) separated
by a physical exercise or rest session. Physical exercise was either of moderate intensity (30 min cycling at
60% FcMax) or of high intensity (15 min cycling at 75% FcMax). Blood samples were collected twice in each
experimental visit, before and after exercise or rest. PVT and POMS questionnaire were administered after
exercise or rest. (B) Examples of series of pictures for each theme: office, shoe shop, or house. (C) Examples of
direct trials, inference of order 1, and order 2 trials. Direct trials were used during the learning, test, and retest
sessions, inferences 1 and 2 trials were used during test and retest sessions. (D) Example of control trials. All the
presented images were downloaded from the Flickr Creative Commons repository without restrictions to reuse
or modify under CC-BY open-access license (https://www.flickr.com/).

Participants. This study was approved by the Ethics Committee of the Geneva University Hospitals, all
methods were carried out in accordance with relevant guidelines and regulations (corresponding to the Declaration Of Helsinki). Twenty healthy young male volunteers gave written informed consent and received financial
compensation for their participation. Participants were all male, right-handed, without psychiatric and neurological history, and reported exercising regularly (at least twice per week). Before inclusion, all participants filled
out a sport questionnaire assessing their exercising habits, which we also further clarified during an interview.
All participants wore a Fitbit fitness tracker for 5 days before each experimental visit. Thus, physical activity
and cardiac frequency was recorded continuously throughout the 5 days. Participants were requested to carry
on with their training habits during these 5 days, and to refrain from any strenuous exercise the day before the
visit to the lab. We checked compliance with these instructions on the fitness tracker. We could thus ensure that
participants maintained their habitual training regime, and that none of them performed excessive exercise the
day prior to the experimental measurements. On each experimental day, participants came to the lab at 8 AM on
an empty stomach, using public transportation only. We checked each experimental morning that they indeed
complied with these requirements. In particular, if they would have cycled in or performed any other sport activity, this would be visible on the cardiac frequency measurement of the Fitbit fitness tracker.
We only included participants whose VO2max was above 40 ml/kg/min and below 65 ml/kg/min (Fig. S4
and Supplementary Information). Two participants had to be excluded from all the analysis for non-compliance
with experimental requirements. The remaining 18 participants were between 18 and 34 years old (mean age ±
standard error: 23.03 ± 0.92 years).

Scientific Reports |

(2021) 11:14371 |

https://doi.org/10.1038/s41598-021-93813-5

3
Vol.:(0123456789)

www.nature.com/scientificreports/
Experimental procedure. We assessed the influence of different intensities of physical exercise on memory, by comparing performance during three separate visits including a period of moderate intensity exercise,
high intensity exercise, and rest (cross-over randomized within-subjects design). Effort load was calibrated individually, based on the VO2max measure (Fig. 1A). We used a hippocampus-dependent associative memory task,
in which participants learned 8 series of 6 successive pictures24,29. To avoid interference across experimental
visits for this within-subjects design, participants learned series of pictures belonging to different themes at each
of the three visits: “office”, “shoe shop” or “house” (one theme per visit). The pictures from the 8 series presented
belonged to the same category. For example, each the “office” theme series was composed of a pen, a chair, a desk,
an office space, a meeting room, and a building, with 8 different exemplars of those pictures for the 8 series. The
pictures in each theme for the experimental visits were matched in difficulty and counterbalanced across Exercising conditions and visits (Fig. 1B). Over the 5 days prior to each experimental visit, participants wore a Fitbit
fitness tracker (Fitbit Charge 3HR) to monitor their exercising habits and to ensure that they did not engage in
intense workouts during the day preceding the experiment. On each experimental day, participants came to the
lab in the morning on an empty stomach and had breakfast with us (Supplementary Information for details).
They entered the MRI scanner at 9AM, they saw all 8 series once during an encoding session (Fig. 1B), followed
by a 2-alternative forced choice (2AFC) learning session with feedback (Fig. 1C). At 09:50 AM a qualified medical doctor took a first blood sample. At 10:00 AM participants were equipped with a Polar RS800CX N device
to measure heart rate and asked to rest or exercise. For moderate intensity exercise, each participant pedaled for
30 min at a cardiac frequency of 65% of their FcMax. For high intensity, participants warmed up for 2 min at 50%
FcMax then the load was progressively increased over 1 min to reach 75% FcMax. Participants pedaled at this
intensity for 15 min then they pedaled at 50% FcMax for 3 min to cool down. For the rest condition, participants
sat on a chair and were allowed to quietly look at magazines for 30 min. At 10:30 AM, the medical doctor took
a second blood sample and 15 min later, participants performed a Psychomotor Vigilance Task (PVT) followed
by the Profile of Mood States (POMS) questionnaire. At 11:30 AM, participants underwent a second fMRI session during which memory for the associative task was tested using a 2AFC on pairs of pictures with different
relational distances (direct, inference of order 1 and order 2; Fig. 1C). Sixteen control trials (used in the decoding analysis, see below) were also included, in which the depicted elements were of a given color (red, blue or
green) and participants had to choose among two pictures which one was of the same color as the target picture.
A surprise retest fMRI session took place 3 months later where participant’s memory was tested again; no blood
samples were taken at this time point (Fig. 1A). See Supplementary Information for VO2max procedure and
further details on the experimental procedure.
Behavioral analysis. We analyzed memory accuracy measures (% of correct responses). Moreover, because the
existing literature suggests that physical exercise may influence discrimination times as in the Stroop task33, we
also analyzed efficiency measures (i.e. accuracy measures divided by reaction times) to minimize any potential
speed-accuracy trade-off effects. We used repeated-measures ANOVAs and Newman–Keuls post-hoc comparisons. Correlation analyses were performed using Spearman’s Rho. All behavioral analyses were conducted using
Statistica12 (StatSoft, Inc. TULSA, OK, USA).
Functional MRI (fMRI) data acquisition. MRI data were acquired on a 3 Tesla MRI scanner (SIEMENS T
 rio®
System, Siemens, Erlangen, Germany) with a 32-channel head coil, see Supplementary Information for details.
fMRI analysis. Functional images were analyzed using SPM12 (Wellcome Department of Imaging Neuroscience, London, UK) using standard preprocessing procedures. A general linear model (GLM) approach was
then used to compare conditions of interest at the individual level. Each individual GLM included correct trials
separated according to Relational distance (direct, inference 1, inference 2), control trials and incorrect trials
(pooled across Relational distance). Additionally, 6 movement regressors, 5 heart rate regressors and 1 breathing
regressor (to correct for potential heart- and breathing-related artifacts34,35, see Supplementary Information)
were added as regressors of non-interest. Then, contrasts between conditions of interest from each participant
were entered a second-level random-effects analysis. We report activations at 0.001 uncorrected, with a minimal cluster size of 10 contiguous voxels that survive small volume correction for hippocampal activations. We
also applied a decoding approach to further characterize how exercise modulated the strength of hippocampal
memory representations as expressed by voxel-based activation patterns (see Supplementary Information).

Results

Learning. Hit rate and efficiency (i.e. hit rate divided by reaction time) were analyzed using repeated measure

ANOVAs with Learning blocks (block 1, block 2, block 3) and Visit theme (office, shoe shop, house) as withinsubjects factors. Both analyses revealed a main effect of Learning block (hit rate: F(2, 34) = 23.16, p < 0.001;
efficiency: F(2, 34) = 17.64, p < 0.001), consistent with a progressive learning of the associations, but no effect of
Visit theme (hit rate: F(2, 34) = 1.92, p = 0.16; efficiency: F(2, 34) = 0.16, p = 0.85) and no interaction (hit rate: F(4,
68) = 0.56, p = 0.69; efficiency: F(4, 68) = 0.41, p = 0.80). Importantly, there was no main effect and no interaction
with subsequent physical exercise neither for hit rate nor for efficiency (all p > 0.05) when this factor was added
as repeated measure to the previous ANOVAs. Overall, during block 3, participants reached a high level of performance (hit rate ± standard error: 86.94 ± 1.63%), suggesting a good encoding of the series, well above chance
level. All statistical results are reported in Table 1. Although brain imaging data were acquired during learning,
we do not report them here as this session simply constitutes a baseline before our physical exercising sessions.
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ANOVAS

Result

Neuman–Keuls post-hoc tests

Learning: accuracy (% correct)

Block: F(2, 34) = 23.16, p < 0.00001
Visit theme: F(2, 34) = 1.92, p = 0.16
Interaction: F(4, 68) = 0.56; p = 0.69

Block 1–2 p = 0.008
Block 1- p = 0.0001
Block 2–3: p = 0.0005

Learning: efficiency (accuracy/reaction time (s))

Block: F(2, 34) = 17.64, p = 0.00001
Visit theme: F(2, 34) = 0.16, p = 0.85
Interaction: F(4, 68) = 0.41, p = 0.80

Block1-2 p = 0.002
Block 1–3 p = 0.0001
Block 2–3 p = 0.016

Heart rate

Exercising condition: F(2, 34) = 1672.9, p < 0.00001

Mod-rest p = 0.0001
High-rest p = 0.0001
Mod-high p = 0.0001

Test: accuracy
For visit theme and relational distance

Visit theme: F(2,102) = 1.40, p = 0.25
Relational distance: F(2,51) = 0.09, p = 0.90
Interaction: F(4,102) = 0.28, p = 0.89

Test: accuracy

Exercising condition: F(2, 102) = 4.01, p = 0.02
Relational distance: F(2,51) = 0.14, p = 0.98
Interaction: F(4,102) = 0.45, p = 0.77

Mod-rest p = 0.02
High-rest p = 0.33
Mod-high p = 0.07 (trend)

Test: efficiency

Exercising condition: F(1, 102) = 6.03, p = 0.003
Relational distance: F(2,51) = 0.30, p = 0.74
Interaction: F(4,102) = 0.043, p = 0.99

Mod-rest p = 0.016
High-rest p = 0.37
Mod-high p = 0.0032

AEA

Exercising condition: F(2, 34) = 39.27, p < 0.00001

Mod-rest p = 0.0001
High-rest p = 0.0001
Mod-high p = 0.12

BDNF

Exercising condition: F(2, 34) = 4.78, p = 0.01

Mod-rest p = 0.045
High-rest p = 0.01
Mod-high p = 0.17

PVT

Mean, median reaction times, nb lapses, nb false alarms: all p > 0.05 for Exercising
condition

POMS

Exercising condition: all p > 0.05

Decoding

Trial Type: F(2, 34) = 33.77, p < 0.00001
Exercising condition: F(2,35) = 2.03, p = 0.15
Interaction: F(4, 68) = 2.58, p = 0.04

Hit-error p = 0.0001
Hit-control p = 0.02
Error-control p = 0.0001

Decoding of hits

Exercising condition: F(2, 34) = 9.43, p = 0.0006

Mod-rest p = 0.0001
High-rest p = 0.66
Mod-high p = 0.0001

Decoding of errors

Exercising condition: F(2,34) = 0.24, p = 0.78

Decoding of control trials

Exercising condition: F(2,34) = 2.28, p = 0.12

Retest: accuracy

Exercising condition: F(2,34) = 3.46, p = 0.042

Retest: efficiency

Exercising condition: F(2,34) = 2.93, p = 0.07

Mod-rest p = 0.03
High-rest p = 0.18
Mod-high p = 0.21

T-TESTS

Result

Retest Moderate vs chance level

t(17) = 2.81, p = 0.01

Retest Rest vs chance level

t(17) = − 1.28, p = 0.21

Retest High vs chance level

t(17) = 0.51, p = 0.62

CORRELATIONS
VO2max vs. hit rate, efficiency, AEA, BDNF

All p > 0.05

ΔBDNF mod-rest vs decoding moderate
ΔAEA mod-rest vs decoding moderate

R = 0.53, p = 0.02, pcorrected = 0.04
R = − 0.03, p = 0.889

ΔBDNF high-rest vs decoding high
ΔAEA high-rest vs decoding high

R = 0.21, p = 0.13, pcorrected = 0.26
R = − 0.11, p = 0.66

ΔBDNF mod-rest vs performance test to retest moderate
ΔAEA mod-rest vs performance test to retest moderate

R = 0.55, p = 0.02, pcorrected = 0.04
R = 0.177, p = 0.48

ΔBDNF high-rest vs performance test to retest high
ΔAEA high-rest vs performance test to retest high

R = 0.31, p = 0.20, pcorrected = 0.40
R = 0.01, p = 0.96

Table 1.  Statistical results. Significant effects are highlighted in bold.

Heart rate and breathing analysis. Participants’ heart rate, measured by a Polar cardiofrequencemeter
(Polar RS 800 CX, Polar, Finland), during the rest period was at 33.4 ± 4.0% of their maximal heart rate as
assessed by the VO2max procedure (see “Methods”). During moderate and high intensity physical exercise,
participants pedaled at 68.7 ± 1.1% and 77.7 ± 1.9% of their maximal heart rate, respectively. A one way repeatedmeasures ANOVA revealed a significant difference in heart rate between the three Exercising conditions (rest,
moderate, high intensity exercise; F(2, 34) = 1672.9, p < 0.001). Post-hoc analyses confirmed that the three Exercising conditions differed from each other (all p < 0.001). We also recorded heart rate during the test part in fMRI
using the Biopac and found no difference in heart rate as a function of the Exercising condition (all p > 0.05),
suggesting that all participants’ heart rates were back to baseline at test (i.e., at least 45 min after the completion
of the exercise session).
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Figure 2.  Memory performance at test. (A) Accuracy: higher percentage of hits after moderate intensity
exercise than after rest. (B) Efficiency (% hits/reaction time (s)): higher efficiency after moderate intensity
exercise than after rest and high intensity exercise. Error bars represent SEM.

Psychomotor vigilance test (PVT) and Profile of Mood States questionnaire (POMS). We
administered the PVT and POMS just before the MRI test session (i.e. about 45 min after rest or exercise) to
monitor possible condition-dependent differences in vigilance and mood at the time of the test s ession36. This
was more than half-an-hour after the end of the exercising/rest period when heart rate and other physiological
measures were back to baseline. For PVT, similarly to previous findings24, we show no difference in PVT as a
function of Exercising condition (rest, moderate, high), neither in mean or median reaction times, number of
lapses, or number of false alarms (one way repeated measures ANOVAs, all p > 0.05). This suggested that participants did not significantly differ in vigilance state 45 min after rest or physical exercise. Concerning the POMS
questionnaire, we used a short version composed of 38 questions assessing tension, fatigue, vigor, confusion with
7–9 questions for each category and including an additional 7 dummy questions. Each question has 5 levels:
0 = not at all, 1 = a little, 2 = moderately, 3 = quite a lot, 4 = extremely. The POMS score for each category is the
sum of the scores for the corresponding questions. For POMS, we report no difference for any of the measured
categories (fatigue, tension, confusion, vigor) as a function of Exercising condition (all p > 0.05), suggesting that
the physical exercise sessions did not result in lasting mood changes.
Test.

Behavior. To test our main prediction about the effect of physical exercise on memory and provide a
replication of previous behavioral fi
 ndings24, accuracy and efficiency data from the test session were analyzed
using repeated-measures ANOVAs with Exercising condition (rest, moderate intensity exercise, high intensity exercise) and Relational distance (direct, inference 1, inference 2) as within-subjects factors. We report a
main effect of Exercising condition for both accuracy (F(2, 102) = 4.01, p = 0.02) and efficiency (F(1, 102) = 6.03,
p = 0.003), but no effect of Relational distance (p = 0.74) and no interaction (p = 0.99; see Fig. 2; Table 1). Posthoc analyses revealed higher accuracy and efficiency after the moderate compared the rest Exercising condition
(pmod-rest acc = 0.02 and pmod-rest eff = 0.016, respectively), while efficiency was also higher after moderate intensity
exercise compared to high intensity exercise (pmod-high eff = 0.0032).
Reaction times. Although we did not ask participants to answer as quickly as possible, the reaction times
clearly varied as a function of the Response-type (hits, misses; see figure below). A repeated-measure ANOVA
Response-type by Exercising condition showed a main effect of Response-type with faster responses for hits than
for misses (F(1, 17) = 41.118, p < 0.001, 1432 ms ± 627 ms for correct hits; 2124 ms ± 676 ms for errors), but no
effect of Exercising condition, and no interaction (all p < 0.05).
Correlation with general fitness level. To investigate whether individual fitness level may have had a modulatory
effect on performance, we first performed exploratory correlations between behavioral measures (hit rate and
efficiency for each Exercising condition) and VO2max measures, but found no correlation (hit rate: prest = 0.304,
pmod = 0.835, phigh = 0.090; efficiency: prest = 0.639, pmod = 0.615, phigh = 0.275). Then, to test whether individual
VO2max may have affected the relationship between exercise and memory performance, we performed correlation analyses between VO2max and memory benefits (from rest to moderate or high exercise). We did not find
any significant correlation, although there was a non-significant trend for a correlation between hit rate improveScientific Reports |
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Figure 3.  Increased biomarker levels correlate with hippocampal brain signals after moderate intensity exercise.
(A) Increased Anandamide level (AEA) after moderate and high physical exercise compared to rest. For all
Exercising Conditions Δ AEA corresponds to the difference in AEA between the second blood sample (after
exercise or rest) and first blood sample (before exercise or rest). (B) Increased right hippocampal activity for
hits after moderate exercise compared to hits after rest correlated with the increase in AEA level after moderate
exercise [z score = 3.72 (38, − 14, − 20), p < 0.05 SVC corrected for multiple comparisons]. (C) Correlation
between the beta values from the right hippocampal activation described in (B) and AEA, shown here for
illustrative purposes only. (D) Increased BDNF levels after moderate and high intensity exercise compared to
after rest. For all Exercising conditions, Δ BDNF corresponds to the difference in BDNF between the second
blood sample and the first blood sample. (E) Higher decoding accuracy for hits in the bilateral hippocampus
after moderate exercise than after rest and high intensity exercise. (F) Significant positive correlation between
decoding accuracy in the hippocampus and increase in BDNF level after moderate intensity exercise (R = 0.53,
p = 0.04, corrected for multiple comparisons). Activation map displayed on the mean T1 anatomical scan of the
studied population.
ment after moderate intensity exercise (vs. rest) and VO2max (hit rate: pmod-rest = 0.085 and phigh-rest = 0.595; efficiency: pmod-rest = 0.329 and phigh-rest = 0.701).
Visit theme. Additionally, we tested for possible effects of Visit theme (see “Methods”). We therefore performed
a repeated-measures ANOVA with Visit theme (office, shoe shop, house) and Relational distance (direct, inference 1, inference 2) as within-subjects factors. We report no effect of Visit theme (F(2, 102) = 1.40, p = 0.25) and
no effect of Relational distance and no interaction effect (both p > 0.05).
Blood samples. For each visit, we measured changes (i.e. differences) in endocannabinoids and BDNF levels from the blood samples collected before (baseline value) and after the rest or exercise sessions. Repeatedmeasures ANOVAs were performed for each biomarker with Exercising condition (rest, moderate, high) as a
within-subjects factor. For AEA, a main effect of Exercising condition (F(2, 34) = 39.25, p < 0.00001; Fig. 3A)
was found. Post-hoc analyses revealed that AEA levels were lower after rest than after physical exercise
(prest-mod = 0.0001, prest-high = 0.00001), with no difference in AEA levels between moderate and high intensity
exercise (pmod-high = 0.12). For BDNF, we report a main effect of Exercising condition (F(2, 34) = 4.78, p = 0.01;
Fig. 3D). As for AEA above, post-hoc analyses revealed that, BDNF levels after moderate and high intensity exercise differed from after rest (prest-mod = 0.045, prest-high = 0.01). For the endocannabinoid 2-arachidonoylglycerol
Scientific Reports |

(2021) 11:14371 |

https://doi.org/10.1038/s41598-021-93813-5

7
Vol.:(0123456789)

www.nature.com/scientificreports/

Brain region

Lat

Cluster size

Unc. p value

SVC p value

Peak T

Peak Z

X

Y

Z

Increasing relational distance (inference 2 hits > direct hits)
Precuneus

Right

579

7.9E−07

7.16

4.80

16

− 46

14

Precuneus

Left

366

8.4E−06

5.92

4.30

− 18

− 54

− 10

Hippocampus

Right

190

4.2E−06¤

0.02

6.27

4.35

18

− 38

−8

Subiculum

Right

15

3.7E−04¤

0.01

4.10

3.37

26

− 28

− 20

Lingual gyrus

Right

50

3.6E−05

5.20

3.97

16

− 82

−6

Occipital gyrus

Right

13

4.9E−04

3.97

3.29

− 12

− 92

0

Right

13

1E−04¤

5.11

3.72

38

− 14

− 20

Parahippocampus

Left

35

9.4E−6

6.54

4.28

− 30

− 28

− 18

Parahippocampus

Right

29

2.7E−5

5.99

4.08

34

− 24

− 22

Hippocampus (extending from parahippocampus above) Right

29

2.7E−5¤

32

− 24

− 18

Middle occipital gyrus

21

6.5E−05

42

− 78

36

Moderate intensity exercise > rest corr. with changes in AEA
Hippocampus

0.03 (corrected for multiple testing)

High intensity exercise > rest corr. with changes in AEA

Right

0.014 (corrected for multiple testing)

4.95
5.36

3.83

Table 2.  Activated brain regions at test. Activations in the hippocampal formation corrected using an
anatomical mask from Anatomy toolbox (see “Methods”).

(2-AG), there was no effect of Exercising condition (F(2, 34) = 2.90, p > 0.05), consistent with previous descriptions in the literature14.
fMRI. Based on the observation that AEA has a rapid effect on synaptic plasticity in the hippocampus, we
expected that changes in AEA levels across Exercising conditions might exert a modulatory influence on brain
activity. We therefore included AEA change as a cofactor in the second-level analyses comparing Exercising
conditions. We specifically tested for AEA because of its fast synthesis and metabolism rates which, at the timescale of a few hours, are highly compatible with rapid plasticity changes. Yet, because BDNF might also have a
modulatory effect on hippocampal activity, we also performed the same analysis with BDNF, and consequently
corrected our results for multiple testing using Bonferroni methods. We found that activity in the right hippocampus for hits correlated with the increase in AEA after moderate intensity exercise (vs. rest) [z score = 3.72
(38, − 14, − 20), p < 0.05 SVC, corrected for multiple testing] (Fig. 3B,C and Table 2), and after high intensity
exercise (vs. rest) [z score = 4.08 (32, − 24, − 18), p < 0.05 SVC] (Fig. S2). To assess whether a similar relationship
may also be present for BDNF, we first performed a correlation analysis between the extracted hippocampal beta
values and the changes in BDNF, and found no significant correlation (R = 0.21, p = 0.40).We then compared
the strength of the correlation between hippocampal univariate activity and AEA and BDNF, respectively, and
found that the correlation with AEA was significantly stronger than the correlation with BDNF (Fisher’s R to
Z = 1.743, p = 0.04), confirming that univariate hippocampal activity has a strong and selective linear relationship
with AEA.
When comparing high Relational distance to low Relational distance (inference 2 > direct trials) across all
sessions, we found increased activity in the right hippocampus [z score = 4.35 (18, − 38, − 8), p < 0.05 SVC, see
“Methods”], bilateral parahippocampal gyrus and precuneus; see Fig. S1 and Table 2 for an exhaustive list of
activated regions. These regions overall correspond to previous fi
 ndings29,37. No region was activated (at a threshold of 0.001 unc.) when comparing inference 1 to direct trials, and inference 2 to inference 1 trials. To assess for
the main effects of exercising condition, we conducted a standard general linear model analysis with the data
collected during the memory test after rest, moderate intensity exercise, and high intensity exercise modelled as
separate sessions. Within each session, we considered hits according to Relational distance (direct, inference 1,
inference 2) and control trials as four separate regressors of interest, and included missed trials as an additional
regressor (Fig. 1). Comparisons between Exercising conditions and interactions between Relational distance and
Exercising conditions did not yield any significant activation either.
Next, we applied a decoding approach to test whether exercise would affect the coherence of the fine-grained
neural representation of hits, errors and control trials within the bilateral hippocampus. Using a similar procedure
as in Van Dongen et al.22, we classified voxelwise hippocampal activity patterns from each trial, as belonging to
one of three possible outcomes (hits, errors or control trials), with a chance level at 33.33%. We performed an
ANOVA on classification accuracy with Trial Type (hits, errors, or control trials) and Exercising condition (rest,
moderate, high) as factors. We observed an effect of Trial Type (F(2, 34) = 33.77, p < 0.001) and an interaction
between Exercising condition and Trial Type (F(4, 68) = 2.58, p = 0.04). Separate analyses for each trial type
showed that hits were better classified in the moderate condition (F(2, 34) = 9.43, p < 0.001), while there was no
effect of Exercising condition for the control trials and errors (p = 0.12 and p = 0.78 respectively). We performed
an ANOVA on classification accuracy with Trial Type (hits, errors, or control trials) and Exercising condition
(rest, moderate, high) as factors. We observed an effect of Trial Type (F(2, 34) = 33.77, p < 0.001) and an interaction between Exercising condition and Trial Type (F(4, 68) = 2.58, p = 0.04). Separate analyses for each trial
type showed that hits were better classified in the moderate condition (F(2, 34) = 9.43, p < 0.001), while there
was no effect of Exercising condition for the control trials and errors (p = 0.12 and p = 0.78, respectively). Therefore, we focused on hits only for the next analyses, we report that decoding accuracy for hits was above chance
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Figure 4.  Better 3-month long-term memory for associations learned after moderate physical exercise and link
with BDNF. (A) Better performance for pictures learned during the moderate intensity visit than for pictures
learned during the resting visit. Performance after moderate exercise was significantly above chance level. (B)
Retention scores from test to retest for moderate exercise compared to rest significantly correlated with BDNF
enhancement from moderate exercise to rest (R = 0.55, p = 0.04, corrected for multiple comparisons).

level after moderate intensity exercise (t(17) = 2.81, p = 0.01), but at chance level after rest and high intensity
exercise ((trest(17) = -1.28, p = 0.21, thigh(17) = 0.51, p = 0.62, Fig. 3E). Post-hoc analyses showed that decoding
after moderate intensity exercise was higher than after both rest and high intensity exercise (F(2,34) = 9.43,
p = 0.0006, pmod-rest = 0.0001, pmod-high = 0.0001, whereas phigh-rest = 0.66 Fig. 3E). We obtained similar results when
we performed the classification on activity from the left or the right hippocampus separately (Fig. S3). Our
results show that, after moderate intensity exercise, the percentage of correctly classified trials for hits was above
chance, whereas after rest and high intensity exercise this percentage was at chance level. Percentages of correctly
classified errors and control trials did not differ from chance for any exercise condition. These results may suggest that moderate intensity exercise benefited memory consolidation processes by promoting the emergence
of stable hippocampal activation patterns. Increased decoding accuracy in the hippocampus and the medial
temporal lobe for memory tasks has previously been proposed to predict source memory p
 erformance38,39. This
mechanism could also underlie some confidence effects since better remembered information in a similar task
has been shown to be associated with higher confidence29.
Because BDNF is known to specifically enhance synaptic plasticity mechanisms in the hippocampus, we
tested whether BDNF levels affected hippocampal neural representations as estimated by the decoding results.
As AEA could also contribute to neural plasticity, we performed the same analysis with this molecule, and corrected both analyses for multiple testing using Bonferroni correction. We report a positive correlation between
BDNF enhancement during moderate intensity exercise (calculated as the difference between moderate and
rest BDNF changes) with decoding accuracy after moderate intensity exercise (R = 0.53, p = 0.04, corrected for
multiple testing, Fig. 3F). No such correlation was found with AEA (R = − 0.03, p = 0.889, see also Table 1). To
assess the selectivity of the relationship between decoding and BDNF, we compared the strength of the correlations between decoding accuracy and AEA and BDNF, respectively, and obtained a significant difference in
correlation (Fisher’s R to Z = 1.853, p = 0.032).

Retest.

All participants came back for a long-term memory retest session 3 months later. Retest was similar
to the test sessions but it comprised five trials for each of the eight sequences of pictures of all three themes (24
sequences) amounting to 120 trials. For each sequence, two direct trials, two inference order 1 trials and one
inference order 2 trial were included to equalize difficulty from all visits. For the analysis of the retest session,
trials were not separated according to Relational distance as no behavioral effect related to this was previously
found. A repeated-measure ANOVA conducted on accuracy and efficiency measures with Exercising condition
(rest, moderate, high) as within-subjects factor revealed a main effect of Exercising condition for accuracy (F(2,
34) = 3.46, p = 0.042) and a tendency for efficiency (F(2, 34) = 2.93, p = 0.07). For accuracy, post-hoc analyses
showed that participants performed better for associations learned during the moderate condition as compared
to those learned during rest condition (pmod-rest = 0.03; Fig. 4A). Furthermore, only the trials from the moderate
exercise session were remembered above chance (t(17) = 2.81, p = 0.01).
Because BDNF contributes to neurogenesis and synaptic p
 lasticity4,7,8, we hypothesized that changes in BDNF
levels during the moderate intensity exercise condition may potentially promote long-term memory retention.
We therefore correlated individual changes in BDNF levels for moderate intensity (vs. rest) to delayed memory
retention (from test to retest) for items initially learned during the moderate (vs. rest) condition. As AEA might
also have a plasticity effect, we subsequently performed the same analysis with AEA, and corrected both results
for multiple testing using Bonferroni correction. We report a significant positive correlation between BDNF
and delayed memory retention (R = 0.55, p = 0.04, corrected for multiple testing; Fig. 4B), and no effect for AEA
(R = 0.177, p = 0.48). Yet, a direct comparison of the strength of these correlations did not yield a significant
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difference (Fisher’s R to Z = 1.20, p = 0.11), thus suggesting that we cannot conclude that correlation between
BDNF and delayed memory retention was stronger than between AEA and delayed memory retention. Please
note that the same correlation for changes in BDNF after high intensity exercise was not significant (R = 0.31,
p = 0.20).

Discussion

Here we show that a single session of moderate intensity physical exercise compared to a period of rest enhanced
associative memory, both at immediate test (2 h after encoding) and at long-term retest (3 months later). These
effects may be linked to the endocannabinoid AEA and the growth-factor BDNF, whose respective concentrations
increased after acute exercise. Accordingly, during the short-term test, the increase in plasma AEA concentration
correlated with hippocampal activity when associative memories were recalled, and BDNF increase correlated
with decoding measures within the hippocampus. Moreover, BDNF increase during moderate intensity physical
exercise correlated with better performance at long-term retest. We did not observe such memory benefits for
a session of high intensity physical exercise, i.e. when effort levels surpassed the ventilatory threshold. Overall,
we show that acute physical exercise at moderate intensity has long-lasting positive effects on the consolidation
of associative memories in healthy young human adults. Below, we discuss the neurophysiological mechanisms
that could explain these findings.

Neuromodulatory mechanisms underlying the effects of acute exercise on hippocampal plasticity. A recent study in r odents40 demonstrated that acute physical exercise induces a transient increase of

AEA measured in the plasma, with direct effects on CB1 receptors in the brain. Note that in the same study
cerebro-spinal fluid measures did not capture increases in AEA, consistent with AEA being very rapidly metabolized in the brain30. These results support the fact that plasma measures of AEA, as we performed here, offer a
reliable index of AEA activity in the central nervous system. Interesting animal data further hints that activating
CB1 receptors can be measured in univariate BOLD activity31 which is similar to the correlational measure we
observe here.
Another rodent study directly linked endocannabinoid signaling to hippocampal memory function by showing that selectively blocking CB1 receptors in the hippocampus abolished exercise-induced memory e ffects21.
Based on these rodent studies, we suggest that similar neurophysiological mechanisms may account for our
novel finding that exercise-induced AEA increase in human plasma related to brain activity, especially in the
hippocampus, during successful memory recall.
Consistent with our findings, the existing literature on AEA suggests that AEA levels are highest for exercise levels around 72% of maximal age-adjusted theoretical heart rate, and drop at 83% and 92% of maximal
heart rate15. In our study, the moderate intensity would correspond to 66.77 ± 2.23% and the high intensity to
75.48 ± 2.79% of maximal age-adjusted theoretical heart rate, thus both corresponding to the exercising zone
around the maximal increase in AEA, but with high intensity exercise close to the turning point after which
AEA levels drop. Because the intensity at which AEA peak is reached may vary as a function of individual fitness
level, metabolism rate, and stress levels induced by exercise41, we would expect that moderate intensity exercise
in our study may elicit a more systematic AEA increase across individual than the high intensity exercise. These
factors may have contributed to the increased inter-individual variability in biomarker levels/results after high
intensity condition. Conversely, moderate intensity exercise would thus confer an optimal and stable boost in
biomarkers, which may robustly relate to enhanced long term memory performance.
Also consistent with our results, recent findings emphasized that light to moderate intensity exercise has an
effect on memory24 and hippocampal pattern separation25, especially for one uninterrupted bout of exercise at a
given intensity as we describe here (sometimes referred to as endurance exercise as opposed to interval training
comprised of several very short epochs of exercise).
Conversely, previous results suggested that high intensity interval training may benefit memory only if exercise occurred 4 h after learning and when tested 48 h after e ncoding22. Here, using distinct levels of exercise in
the same individuals, we establish that, for endurance exercise, moderate exercise intensity represents an optimal
condition for memory performance.
Traditionally, BDNF has been linked to effects of regular physical exercise, although it is known that BDNF
gene expression is upregulated after both acute and regular physical exercise in rodents42. It is widely acknowledged that BDNF enhances synaptic plasticity, especially via L
 TP12, which can be induced in a few minutes and
critically contributes to memory consolidation43. BDNF plays a fundamental role in triggering protein synthesis
in plasticity mechanisms such as LTP m
 aintenance44, which is why it would be more likely linked to changes in
decoding rather than AEA. This increase in decoding accuracy may reflect increased coherence and efficiency
in the retrieval of these memory representations after moderate intensity Exercising condition. Here we show
that BDNF increase after one single session of moderate physical exercise may affect both short and long-term
memory retention. Specifically, acute BDNF increase correlated positively with decoding accuracy of memory
items in both hippocampi immediately after exercise (test session), while it also favored long-term memory
retention (at 3-month retest).

Acute moderate intensity exercise benefits memory consolidation. While characterizing the

impact of exercise intensity on cognitive functions is critical for health recommendations, including dementia
prevention programs and rehabilitation strategies, the reported effects remain inconsistent. Some studies suggest that high intensity training is most efficient22,23, while other studies, among which meta-analyses, indicate
that moderate or light intensity exercise might have more impact25,45. Here we aimed at clarifying this important issue by using a cross-over randomized within-subjects design according to which each participant was
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tested at a moderate and at a high intensity (plus a resting, baseline condition) across distinct sessions together
with associative memory testing. Importantly, here we determined moderate and high intensity exercise levels
with reference to each participant’s individual ventilatory threshold measured using a VO2max procedure, see
Svedahl et al. for r eview46. We found strong beneficial effects of moderate intensity exercise on memory, with
significant differences compared to rest, while the effects of high intensity exercise appeared to be less robust or
absent. Existing evidence has suggested that hippocampal functioning is enhanced by aerobic exercise training
(i.e. below ventilatory threshold) but not by high intensity t raining47. One plausible explanation is that acute high
intensity exercise may induce a physiological stress response (e.g. elevated cortisol levels), which in turn may
impair memory for previously learned s timuli48,49. Please note that we observed that both moderate and high
exercise intensity increased BDNF and AEA levels, thus further supporting that other factors may yield deleterious effects on performance during high intensity exercise. Although we did not observe that biomarker levels
were significantly higher during high compared to moderate exercise, they were numerically higher (Fig. 3A,B).
We may thus also tentatively speculate that large increases in BDNF and/or AEA concentrations might not be
as beneficial for memory performance. Consistent with this suggestion, intermediate concentrations of BDNF
have been reported to increase rodent hippocampal plasticity most50. Similarly, for AEA, highest concentrations
of AEA were shown to be less effective than intermediate concentrations51. The present study would thus offer
additional evidence supporting that submaximal concentrations of both molecules (as obtained after moderate
intensity exercise) may optimally assist neurocognitive functions, especially hippocampal-dependent memory
consolidation.
How can we explain that an acute modulation of BDNF levels affects memory? BDNF facilitates LTP by
activating signaling pathways (including MAPK and Akt)52, promoting cytoskeleton c hanges53, and enhancing
protein synthesis required for vesicle trafficking and the release of n
 eurotransmitters54. Several studies have now
confirmed that physical exercise, both per se and via BDNF signaling, boosts LTP12,55 via glutamatergic NMDA
receptor activation. Indeed, on the one hand, physical exercise increases the expression of both NR2A and
NR2B subtypes of the NMDA receptor in the h
 ippocampus11,42 while, on the other hand, BDNF modulates the
activity of NMDA receptors at hippocampal synapses56. Studies in rodents have repeatedly shown that increasing NMDA-receptor-mediated plasticity is crucial for associative memory acquisition and c onsolidation57,58.
In our experimental design, inducing LTP in the hippocampus (through exercise) after the encoding of new
associations likely strengthens memory representations and consolidation, hence affecting pattern completion
in the hippocampus for example59. Hence supporting better classification results in the Exercising condition that
promoted LTP (i.e. moderate exercise).

Long‑term consequences of acute physical exercise on memory consolidation. Lasting effects

of physical exercise are established for regular physical exercise protocols, involving several months of t raining4,60.
Yet, consistent with the present results at immediate test, acute exercise has also been reported to have positive
short-term cognitive effects22,24,61. Long-term effects of acute physical exercise (at the scale of several months,
as tested here) have to our knowledge not been investigated in humans so far. Here we found that acute physical exercise performed right after memory encoding resulted in both short- and long-lasting improvements of
memory retention. We also report long-term effects for moderate intensity exercise, which were associated with
increased BDNF levels. Although, we found a significant correlation between performance from test to retest
and changes in BDNF concentration after moderate intensity exercise (versus rest), and no such correlation
relative to AEA, we cannot conclude that long-term performance had a stronger relationship to BDNF relative
to AEA, because the strengths of these correlations did not significantly differ. Even if efficiency results for the
long-term retest were marginal, the accuracy results showed a significant lasting effect for the moderate intensity
exercise.

Possible confounding factors due to fatigue or carry‑over effects of exercise. Fatigue and

reduced vigilance are known to affect cognitive performance. We sought to minimize any potential effect of
exercise-related fatigue (1) by scheduling the test part of the protocol 1 h after the end of the physical exercise
session and performing all experimental visits at the same time of the day (always in the morning from 8 to
12 AM); (2) by including only participants who were exercising regularly and whose VO2max levels were above
40 ml/kg/min, so that exercise intensity and duration would not be exhausting for them. We also specifically
measured fatigue and vigilance levels in our participants and found that neither POMS scores for fatigue nor
PVT did differ after moderate or high intensity exercise. We also checked that heart rate and breathing rhythm of
all our participants were back to baseline levels when the test session started. Finally, to exclude any contaminations of heart rate or breathing on our fMRI data, we carefully regressed out these effects using R
 etroicor34 and
35,62
RVHcorr .

Limitations. There are several limitations in this study, among which we here list the most relevant ones.
First, we estimated the required sample size based on a previous study using the exact same associative memory
task and a similar acute physical exercise s ession24. The resulting estimated sample size was 15 participants,
which corresponds to the exact sample size of a recent study using a similar exercising and biomarker protocol
focusing on motor sequence memory63. In the present work, the data from 18 participants was used in the analyses. We agree that this may seem borderline for fMRI studies, but please note that we used a powerful withinsubjects cross-over randomized design to maximize the statistical power from our sample similar to Marin
Bosch63. Second, the fact that all included participants were regularly exercising healthy young male participants,
may have induced a selection bias and may limit the generalizability of our findings. In the present study, we
voluntarily chose to include only male participants because we wanted to test for not only moderate but also
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high intensity exercising within the same experimental design. This is mainly because 75% of maximal aerobic
power output required for the high intensity condition does not correspond to the same exertion level across the
hormonal cycle of women64,65, and for women taking contraceptive pills64. Therefore, including women would
have led to approximations on the effort level, which would in turn have required that we considerably increased
the sample size66. Additionally, blood lactate concentrations at our high intensity conditions also vary across
the hormonal c ycle65, and lactate changes have been shown to be linked to BDNF c oncentrations67 that we
measure here. Lastly, regarding glucocorticoid response after physiological stress such as that associated with
high intensity exercise, it significantly differs for men and women and, in women, depends on the phase of the
hormonal cyclesee for e xample68 and on whether women take oral c ontraceptives69. These effects may influence
fMRI responses acquired immediately after high intensity exercise, as we did in the present study70. Given the
number and spacing of scanning sessions (about 2 weeks apart), it was unfortunately not possible to ensure that
the moderate and intense exercising session were carried out at the same moment of the hormonal cycle of all
our participants.
Further, we selected regularly exercising young volunteers to control for fatigue effects and ensure that all
participants would complete the exercising protocols without exhaustion, but please note that a previous study
showed similar effects of moderate intensity exercise using a more diverse p
 opulation24. Although, high-intensity
exercise could be performed by sedentary subjects, if exercise intensity is tailored individually to their fitness
level, prolonged exercise at this intensity may cause notable discomfort, physiological stress and increased cortisol release71,72, which may overall hinder memory consolidation48,49. By applying strict inclusion criteria, we
obtained a homogeneous sample of participants, but acknowledge that this may reduce the generalizability of
our findings to the general population. Lastly, here we investigated AEA and BDNF levels in relation to associative memory, because these biomarkers are reportedly involved in hippocampal plasticity mechanisms and
modulated by exercise. However, although we observed promising links between changes in biomarker levels,
brain activations and associative memory performance, there are likely many other molecules involved in the
effect of exercise on associative memory.

Data availability

The data that supports these findings and custom MATLAB codes used in this study are available from the corresponding author upon reasonable request.
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