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Abstract

The consequences of extremely intense long-term exercise for brain health remain

unknown.Westudied the effects of strenuous exercise onbrain structure and function,

its dose‒response relationship, and mechanisms in a rat model of endurance training.

Five-week-old male Wistar rats were assigned to moderate (MOD) or intense (INT)

exercise or a sedentary (SED) group for 16 weeks. MOD rats showed the highest

motivation and learning capacity in operant conditioning experiments; SED and INT

presented similar results. In vivoMRI demonstrated enhanced global and regional con-

nectivity efficiency and clustering aswell as a higher cerebral blood flow (CBF) inMOD

but not INT rats compared with SED. In the cortex, downregulation of oxidative phos-

phorylation complex IV and AMPK activation denoted mitochondrial dysfunction in

INT rats. An imbalance in cortical antioxidant capacity was found between MOD and

INT rats. TheMODgroup showed the lowest hippocampal brain-derived neurotrophic

factor levels. The mRNA and protein levels of inflammatory markers were similar in

all groups. In conclusion, strenuous long-term exercise yields a lesser improvement in
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learning ability than moderate exercise. Blunting of MOD-induced improvements in

CBF and connectivity efficiency, accompanied by impaired mitochondrial energetics

and, possibly, transient local oxidative stress, may underlie the findings in intensively

trained rats.
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INTRODUCTION

Empirical data have provided compelling evidence that physical exer-

cise has positive effects on brain health. Human and animal stud-

ies have demonstrated that moderate exercise improves cognitive

function, enhances synaptic plasticity and neurogenesis, and induces

changes in brain volumes and connectivity.1 Recently, the Physical

Activity Guidelines for Americans2 emphasized emerging evidence

supporting the brain health benefits of being physically active and

suggested that additional benefits would occur with more physical

activity. The promotion of an active lifestyle has been accompanied by

a societal trend toward strenuous exercise. In recent years, the num-

ber of young and middle-aged individuals undertaking very high loads

of physical activity, such as those required for marathon or triathlon

training, has risen exponentially.3 The consequences of such exercise

loads have only recently been addressed. Preclinical4,5 and clinical6,7

studies have suggested that intense physical activity (e.g., regular

marathon running6 or “daily exercise causing sweating and a rapid

heartbeat”7) increases the incidence of atrial and ventricular arrhyth-

mias, ischemic heart disease, and stroke. A U-shaped dose‒response
relationship between physical activity load and cardiovascular risk is

increasingly being recognized.3

It remains unexplored whether a nonlinear pattern also holds true

for the relationship between exercise load and cognitive function.

Recent reports have proposed that chronic8 strenuous exercise and

single high-intensity exercise bouts10 might have detrimental cognitive

effects in athletes, but the interpretation of these results is com-

plicated by the presence of unobserved and potentially confounding

variables, the lack (and, indeed, the unfeasibility) of long-term causal

analyses, and the observational nature of some of this work.

Research in animal models limits the effects of the confounding

factors inherent to human retrospective cohort studies and enables

a comprehensive analysis at the molecular and cellular levels, par-

ticularly focusing on signaling, neurogenesis, and synaptic plasticity

processes involved in behavior. Rodent models have confirmed the

beneficial effects exerted on learning and memory by several forms

of physical activity, including chronic voluntary or forced exercise of

a light11 or moderate12,13 intensity, high-intensity interval training,14

and single acute high-intensity training bouts.15 However, the con-

sequences of long-term strenuous exercise mimicking some current

formsof humanexercise, comparedwithmoderate exercisemirroring a

healthy human lifestyle, have not been addressed. Hence, we aimed to

study the effects of a long-term, sustained strenuous exercise load on

brain structure and function; compare them to those ofmoderate exer-

cise; and assess the potential contributing mechanisms in a clinically

relevant rodent model of long-term treadmill training.

MATERIALS AND METHODS

Animals

MaleWistar rats (100–150g, approximately 5weeksold;CharlesRiver

Laboratories, Germany) were housed at the University of Barcelona

animal facility in a controlled environment with 12/12-h light/dark

cycles and provided with food and water ad libitum. All the exper-

imental procedures followed the European Community Directive

(2010/63/UE) and Spanish guidelines (RD 53/2013) for the use of

experimental animals and were approved by the Ethical Commit-

tee of Animal Experimentation of the University of Barcelona and

the Generalitat of Catalunya (protocol number 9451). The experi-

mental reporting adheres to the ARRIVE guidelines (Supplementary

Appendix). Raw data from the western blot experiments are shown

in Figures S1–S3; further data are available from the corresponding

author upon reasonable request.

Exercise training protocol

Sixty ratswere randomly assigned tooneof three experimental groups:

a forced moderate exercise (MOD) group (35 cm/s for 45 min), a

forced intense exercise (INT) group (60 cm/s for 60 min), or a control

group consisting of age-matched sedentary (SED) animals. Treadmill

speeds were selected to impose different exercise intensities based

on estimated VO2max; the training speed in the MOD group roughly

corresponds to 60% VO2max, while the INT group trained at 85–90%

VO2max.
5,16 Exercised rats were conditioned to run on a five-lane

treadmill 5 days/week for 16 weeks. A 16-week training program

has been shown to promote deleterious vascular remodeling involv-

ing aortic stiffening17 and is roughly equivalent to a 10-year period in

humans; shorter periods of time (8-week training programs) did not

elicit such deleterious effects.4,5 Overall, we aimed to mimic humans

with a healthy lifestyle (MOD group) and heavily trained athletes (INT

group) by adapting the exercise intensity and duration.

The treadmill speed and exercise duration were progressively

increased during an initial 2-week adaptation period to familiarize the

animalswith the training setup.Ratswere supervisedduringall training
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sessions to ensure proper running; animals that did not properly adapt

to the exercise routine or showed signs of pain, suffering, or distress

were excluded from the study.

Rats were trained from adolescence (5 weeks old) until adult-

hood (22–23 weeks old), recapitulating common training practices in

humans. At the end of the training protocol, 8–10 rats per group

underwent brain magnetic resonance imaging (MRI) and learning and

motivation tests. Upon completion, rats were sacrificed with an over-

dose of 4% to 5% inhaled isoflurane. The brains were perfused with

formaldehyde and used for immunohistochemical studies. An addi-

tional group of rats (n = 7–12 per group) was euthanized at the end of

the exercise protocol (>48 h after the last training session), and brain

samples were collected and immediately frozen in liquid nitrogen for

molecular biology experiments. All data acquisition and analyses were

performed blind to the group assignments.

Magnetic resonance imaging

MRI was conducted on a 7.0-T BioSpec 70/30 horizontal animal scan-

ner (Bruker BioSpin, Ettlingen, Germany) equipped with an actively

shielded gradient system (400 mT/m, 12-cm inner diameter). The

receiver coil was a four-channel phased-array surface coil for the

rat brain. Animals were placed in the supine position in a Plexiglas

holder with a nose cone for the administration of anesthetic gas (1.5%

isoflurane in amixture of 30%O2 and 70%N2).

Localizer scans were used to ensure accurate positioning of the

head in the magnetic isocenter. T2-weighted images were acquired by

a rapid acquisition with a relaxation enhancement (RARE) sequence

with an effective echo time (TE) of 35.3 ms, a repetition time (TR) of

6000 ms, and a RARE factor of 8. The matrix size was 256 × 256 with

an in-plane voxel size of 0.12 × 0.12 mm2, 40 slices, and a slice thick-

ness of 0.8 mm, resulting in a field of view (FOV) of 30 × 30 × 32 mm3.

T1-weighted images were acquired using a modified-driven equi-

librium Fourier transform protocol with the following parameters:

TE, 2 ms; TR, 4000 ms; matrix size, 256 × 256 × 36; voxel size,

0.14× 0.14× 0.5mm3; and FOV, 35× 35× 18mm3.

Diffusion-weighted images were acquired using a spin-echo echo-

planar imaging sequence (TE, 24.86 ms; TR, 15,000 ms; and four seg-

ments) using 60 gradient directions with a b-value of 1000 s/mm2 and

five volumes without diffusion weight (b-value= 0 s/mm2). Sixty slices

were acquiredwith a 72× 72matrix size and a 0.31× 0.31× 0.31mm3

isometric voxel size, resulting in an FOVof 22.23× 22.23× 18.54mm3.

Cerebral blood flow (CBF) was measured with a pulsed arterial

spin labeling (ASL) method using a flow-sensitive alternating inversion

recovery echo-planar imaging sequence and the following parameters:

FOV, 30 × 30 mm2; matrix size, 80 × 80; one slice with a thickness of

1 mm; axial orientation; TE, 18 ms; TR, 12,000 ms; flip angle, 90◦;

25 inversion times (i.e., 15, 75, 150, 225, 300, 375, 450, 525, 600, 675,

750, 825, 900, 1000, 1200, 1400, 1600, 1800, 2000, 2500, 3500, 5000,

7000, 9000, and 10,000 ms). Fully automated in-house software writ-

ten in MATLAB was used to obtain T1 maps from the ASL data and to

compute CBFmaps.18

Connectomics—Brain network analyses

The MRI data were processed to obtain the structural brain net-

work of each rat, and the network organization was evaluated by

graph metrics. T1-weighted and T2-weighted images were used for

tissue segmentation and brain region parcellation, respectively, and

the connections between brain regions were estimated based on the

diffusion-weighted images.

Brain parcellation and segmentation were performed on the

basis of a rat brain atlas as described elsewhere,19 and the results

obtained from T1- and T2-weighted volumes were registered to the

diffusion images. Parcellation resulted in 76 brain regions (first col-

umn in Table S1), which were considered the nodes of the brain

network.

To characterize the connections between nodes, diffusion-weighted

volumes were preprocessed; the preprocessing steps included eddy

current correction using FSL,20 denoising,21 and bias correction.22 The

baseline images were averaged and registered to the T2-weighted

images to correct for echo-planar imaging distortions. Diffusion tensor

images were estimated, and fractional anisotropy (FA) was computed

using Dipy.23 Tractography was performed using a deterministic algo-

rithm based on a constrained spherical deconvolution model.24 The

voxels in the white matter mask obtained from anatomical segmenta-

tion were considered seed points for streamlines, and an FA < 0.1 was

considered the stopping criterion for tractography reconstruction of

white matter tracts.

Subsequently, the FA-normalized connectome was estimated. A

connection between two regions (e.g., A and B) was plotted if

there was at least one streamline starting in region A and end-

ing in region B. The average FA in all the streamlines connecting

each pair of regions was computed to obtain the FA-weighted con-

nectome for each rat. Afterward, each FA-weighted connectome

was normalized by its strength (i.e., the sum of all the connection

weights in the network), resulting in the FA-normalized connec-

tome. This enabled FA-strength-independent quantification of brain

organization.25

Network organization was described by graph metrics. Global

and local efficiency and average clustering coefficients were used

to describe whole-brain network organization, whereas the nodal

strength, efficiency, and clustering coefficient of each of the 76 brain

regions were computed to evaluate regional connectivity. Local effi-

ciency and clustering coefficients were used to evaluate the seg-

regation of the brain network. Local efficiency was defined as the

whole-brain average of nodal efficiency, which estimates how informa-

tion canbeexchanged in the subnetwork associatedwith a given region

and, therefore, how effectively the network would resist if this node

failed. The clustering coefficient quantifies how many neighbors of a

node are also neighbors to each other, and its average value over the

whole network was calculated to obtain the average clustering coef-

ficient. Global efficiency describes network integration and estimates

how information can be transferred between regions in the whole net-

work. Finally, nodal strength is defined as the total weight of all the

connections of a region.
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Learning and motivation tests

Learning was studied in all groups with operant conditioning experi-

ments. Operant conditioning maintained by food was first described

by Skinner and is widely used to assess reward learning, which models

human decision-making.26 Operant conditioning experiments involve

associative causal relationship learning27 and, implicitly, memory.28

We used rat operant chambers (Med Associates, Georgia, VT, USA)

equipped with two levers, each of which was selected as either an

active or inactive lever. Pressing the active lever resulted in a reinforcer

(food pellet delivery), while pressing the inactive lever had no conse-

quences. The chambers were housed in sound- and light-attenuated

boxes equipped with fans to provide ventilation and ambient noise.

A food receptacle equidistant between the two levers permitted the

delivery of food pellets when appropriate.

The rats had their food intake partially restricted for 4 days to

reduce their body weight to 95% of its previous value. The same food

restriction regime was maintained throughout the whole evaluation of

food-maintained operant behavior.Water was available ad libitum dur-

ing this experimental phase. On day 4 of food restriction, rats were

trained in operant chambers to lever-press for food pellets (45 mg,

Dustless Precision Pellets, PHYMEP, France). Self-administration ses-

sions (1 h daily) were conducted 5 days per week. A light was turned

on for 3 s at the beginning of the session and then turned off for the

remainder of the session.

First, ratswere trained on a fixed ratio 1 (FR1) reinforcement sched-

ule. A 10-s time-out period was established after each reinforcement.

During this 10-s period, the cue light was off, and no reward was pro-

vided for responses on the active lever. Responses on the active and

inactive levers during the trials and during the 10-s time-out peri-

ods were recorded. The session was terminated after 100 reinforcers

were delivered or after 1 h, whichever occurred first. The criteria for

successful acquisition were achieved when rats maintained a stable

response rate with less than 20% deviation from the mean of the total

number of reinforcers earned in three consecutive sessions (i.e., 80%

stability), made at least 75% of their responses on the active lever,

and earned 100 reinforcers per session. Once the acquisition criteria

were met, the reinforcement schedule was changed to a fixed ratio 3

(FR3), in which rats were required to press the active lever three con-

secutive times to obtain a reinforcer. As with the FR1 schedule, rats

were required to meet the criteria of 80% stability, 75% active lever

responses, and 100 reinforcers per session in order to move from the

FR3 schedule to the progressive ratio (PR) test.

PR tasks are used to analyzemotivation for various reinforcers, that

is, the willingness of the organism to exert effort in order to obtain

a reward.29 In our work, the number of responses required to earn

a food pellet in the PR experiments escalated as follows: 1-2-3-5-

12-18-27-40-60-90-135-200-300-450-675-1000. ThePR sessionwas

performed only once and lasted for 2 h or until rats failed to complete

the response requirement for delivery of a reinforcer within 1 h. The

breakpoint for the extinction of food-maintained operant behaviorwas

determined for each animal. After each session, the rats were returned

to their cages.

Immunohistochemistry

After euthanasia, rats (n = 8–10/group) were transcardially perfused

with 60 ml of 0.9% saline at a flow rate of 26 ml/min followed by

250 ml of 4% paraformaldehyde at a flow rate of 15.3 ml/min with

a syringe pump system (NE-1600, New Era Instruments, Tampa, FL,

USA). Brains were cut into three coronal sections of a similar size.

The sections were postfixed in the perfusion solution for 24 h and

later embedded in paraffin. Four-micrometer-thick coronal sections

were cut on amicrotome (RM2125RT, Leica Biosystems, Germany) and

placed on slides. For each rat, three to five consecutive coronal sec-

tions at a similar, comparable histological site (3–3.75 mm anterior

to bregma) were selected. The slides were stained with hematoxylin

and incubated with primary antibodies against the glial fibrillary acidic

protein (GFAP) (1:2000; Z0334, Agilent Dako, Santa Clara, CA, USA)

and ionized calcium-binding adaptor molecule 1 (IBA1) (1:400; 019–

19741, FujifilmWako, Richmond, VA, USA). Images were taken of each

samplewith anOlympusBX41TFmicroscope andDP73camera (Olym-

pus Life Science, Japan). Among all sections from every animal, at least

three images from the right and left dentate gyrus of the hippocam-

pus and from the frontal cortex were analyzed. Positive cells (GFAP+

or IBA+) were counted in the total area analyzed (1.4 mm2 for frontal

cortex areas and 0.4 mm2 for hippocampus areas). Positive cells were

analyzed using ImageJ v1.49 software (National Institutes of Health,

Bethesda, MD, USA).

Preparation of plasma and brain samples

In separate groups of rats (n = 7–12 rats/group), blood samples were

collected in EDTA tubes by inferior cava puncture during the sacrifice.

Plasma was obtained by centrifugation (2000 × g at 4◦C for 10 min),

and the supernatant was collected and aliquoted. Whole brains were

obtained, and the hippocampus (left and right) and frontal cortex (left

and right) were dissected, separated, and immediately frozen in liquid

nitrogen. The hippocampus plays a crucial role in the encoding of new

information and, through its interaction with the frontal pole, is impor-

tant for memory consolidation and retrieval,30 as well as learning31

processes. Samples were micronized in a nitrogen atmosphere. Similar

amounts from the left and right areasweremixed and homogenized for

different analyses. All samples were kept at−80◦C until analyzed.

RNA isolation and real-time PCR assays

Total RNA was isolated from the frontal cortex and hippocampus

samples with TRIzol Reagent (Thermo Fisher Scientific, Waltham,

MA, USA) followed by a column-based isolation method (mirVana

miRNA Isolation Kit protocol, Thermo Fisher Scientific). The RNA

concentration was measured with a Qubit Fluorometer (Thermo

Fisher Scientific). Total RNA was reverse transcribed with a High-

Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific).

Specific mRNA levels were assessed by real-time reverse transcription
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polymerase chain reaction (RT-PCR) using Power up SYBRGreenMas-

ter Mix and ViiA7 (Applied Biosystems, Thermo Fisher Scientific). The

results were normalized to the cyclophilin B (Ppib) housekeeping gene

and are shown with the 2−ΔΔCt method. Primer sequences and PCR

product lengths are listed in Table S2.

Protein extraction and western blots

Frontal cortex and hippocampus samples were homogenized with

an Omni TH homogenizer (Omni International Inc., Kennesaw, GA,

USA) in a lysis solution containing RIPA buffer (R0278, Sigma-Aldrich,

Merck, Saint Louis, MO, USA), Halt Protease Inhibitor Cocktail 100x

(Thermo Fisher Scientific), and Halt Phosphatase Inhibitor Cocktail

100x (Thermo Fisher Scientific). After 1 h of rotation at 4◦C, the

samples were centrifuged (10,000 × g at 4◦C for 30 min), and

the supernatant was collected. The total protein concentration was

quantified with a Pierce BCA protein assay (23227, Thermo Fisher

Scientific).

Protein extracts (20–30 μg) from the frontal cortex and hippocam-

pus were subjected to electrophoresis on NuPAGE 4–12% Bis-Tris

Gels (NP0336, Life Technologies, Thermo Fisher Scientific) and trans-

ferred to nitrocellulose membranes using the iBlot Dry Blotting Sys-

tem (Life Technologies). Membranes were blocked for 1 h with 5%

milk/BSA in Tris-buffered saline with 0.1% Tween 20 (TBST) and

incubated overnight at 4◦Cwith primary antibodies against the follow-

ing: OXPHOS (1:500; ab110413, Abcam, UK), p-AMPK (1:500; 2535,

Cell Signaling Technology, Danvers, MA, USA), and AMPK (1:1000;

5831, Cell Signaling Technology). After being washed with TBST, the

membranes were incubated for 1 h at room temperature with HRP-

conjugated goat anti-rabbit (1:3000; 7074, Cell Signaling Technology)

or HRP-conjugated goat anti-mouse secondary antibodies (1:3000;

A9044, Sigma-Aldrich). Chemiluminescence signals were visualized by

a LAS4000 imaging system (GE Healthcare, Aurora, OH, USA) using

the ECL kit Supersignal West Pico PLUS Chemiluminescent Substrate

(34577, Life Technologies, Thermo Fisher Scientific). Quantification of

band density was performed using Image Lab™ v 6.0 Software (Bio-

Rad, Hercules, CA, USA). Samples were normalized to the full protein

load assessed by Ponceau S staining. Original western blot figures are

provided in Figures S1–S3.

Protein oxidation detection

An OxyBlot™ Protein Oxidation Detection Kit (S7150, Millipore,

Burlington, MA, USA) was used for immunoblotting to detect carbonyl

groups introduced into proteins by oxidative reactions. In accordance

with the manufacturer’s instructions, protein samples were denatured

with one volume of 12% SDS and derivatized with two volumes of

1X DNPH (dinitrophenylhydrazine) solution for 15 min. Twenty micro-

grams of the frontal cortex and hippocampal protein extracts were

used for each derivatization reaction. Then, derivatized proteins were

subjected to SDS–PAGE and transferred to nitrocellulose membranes

as described in the previous section. Immunodetection was performed

using the antibodies supplied within the kit: rabbit anti-DNP (1:150) as

the primary antibody and goat anti-rabbit IgG (1:300) as the secondary

antibody.

Total antioxidant capacity assay

An Oxiselect total antioxidant capacity kit (STA-360, Cell Biolabs,

San Diego, CA, USA) was used to measure antioxidant capacity in

frontal cortex and hippocampus samples according to the manufac-

turer’s instructions. Ten to 15 mg of tissue were homogenized in cold

PBS following centrifugation at 10,000 × g for 10 min at 4◦C, and

the supernatant was collected. Absorbances were read by spectropho-

tometry, and values were correlated with uric acid standards. The

results are expressed relative to the protein concentration quantified

by the Pierce BCA protein assay method (23227, Thermo Fisher Sci-

entific). The intra-assay coefficient of variance for the total antioxidant

capacity ELISAwas 1.91%.

Brain-derived neurotrophic factor measurement

Levels of the brain-derived neurotrophic factor (BDNF) protein were

quantified in plasma samples and protein extracts from the frontal

cortex and hippocampus with a commercially available ELISA kit

(CYT306, Millipore) according to the manufacturer’s instructions. The

intra-assay coefficient of variance was 4.65%.

Statistical analyses

Continuous variables are summarized or represented as the

mean ± standard error of the mean or boxplots. The normality of the

residuals was assessed by visual inspection of the Q–Q plots. Compar-

isons between groups were performed by one-way ANOVA followed

by Fisher’s least significant differences (LSD) test in the case of a signif-

icant omnibus test. Because of the large number of post hoc compar-

isons, the analysis of regional network metrics was corrected for mul-

tiple comparisons using the false discovery rate.When normality could

not be demonstrated, the nonparametric Kruskal‒Wallis testwas used.

The statistical test used in every analysis and, in the case of ANOVA,

the number of degrees of freedom, and the F-statistic are shown in

Table S3. A two-tailed p-value < 0.05 was considered statistically

significant. Analyses were carried out with GraphPad Prism v6.0

(GraphPad Software, San Diego, CA, USA) and R v3.5.2 (R Foundation

for Statistical Computing, Vienna, Austria).

RESULTS

Long-term moderate, but not intense, exercise
improves learning

Reward learning and motivation were assessed in all groups after

the 16-week training protocol. Learning ability was studied in the
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6 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 1 Learning andmotivation assessment. The results of the fixed ratio 1 (FR1) learning test (A), fixed ratio 3 (FR3) learning test (B), and
progressive ratio (PR) motivation test (C) in sedentary (SED, n= 7), moderate (MOD, n= 7), and intense (INT, n= 8) exercise-trained rats. The
omnibus test for FR1 and PR showed p< 0.05; *p< 0.05.

food-maintained operant response experiments, and the results are

summarized in Figure 1. Compared with SED rats, MOD but not

INT rats reached the FR1 criteria in a significantly reduced time

(Figure 1A), demonstrating enhanced learning capacity. No significant

differences were found among the groups in latency to meet the FR3

criteria (Figure 1B). The motivation was analyzed after the learning

tests in a PR test. MOD rats showed a higher breakpoint than INT

rats (Figure 1C). Overall, our data showed enhanced learning abil-

ity as a result of moderate- but not intense-load exercise compared

with sedentarism; strenuous exercise decreased the enhancement of

motivation caused bymoderate exercise.

Brain connectome efficiency increases after
moderate exercise only

To study whether structural remodeling underlies exercise-induced

changes in reward learning and motivation function, brain MRI data

were obtained. The main results of the connectome analyses are

plotted in Figure 2. Compared with the sedentary group, the mod-

erate exercise group showed increased global (Figure 2A) and local

(Figure 2B) efficiency of the FA-normalized connectome. Similarly, the

MODgroup showed a higher average clustering coefficient (Figure 2C)

than the SED group. Regarding global and local efficiency and the aver-

age clustering coefficient, INT rats showed values comparable to those

of the SED group, suggesting that moderate exercise resulted in the

most efficient network organization.

We subsequently analyzed the clustering coefficient of each of the

76 regions identified as network nodes. All results are provided in

Table S1, and those regions with significant changes after multiple

comparison adjustments are shown in Figure 2D. Most changes were

promoted by moderate exercise; these changes were located in the

right hemisphere (i.e., the right caudate–putamen, visual cortex, ven-

tral hippocampus and hypothalamus, periaqueductal gray, pons, and

substantia nigra) andonly one regionof the left hemisphere (the insular

cortex). Intense exercise resulted in an enhanced clustering coefficient

only in the right pons region.

Cerebral perfusion differs between long-term
moderate and intense exercise

Long-termmoderate exercise trainingwas associatedwith a significant

increase in whole-brain CBF (Figure 3A), but rats that had performed

intense exercise showed whole-brain CBF that was not significantly

different from that of SED rats. Improved perfusion in MOD rats was

evident in the right and left cortex and left hippocampus, while the INT

group presented higher blood flow than the SED group only in the left

cortex (Figure 3B).

Adaptation of neurotrophic factors to long-term
exercise

Protein levels of the neurotrophic factor BDNF were quantified in

plasma and brain homogenates. BDNF concentrations in plasma were

similar across groups (Figure4A). BDNF levels in frontal cortex samples

were not modified by either moderate or intense exercise (Figure 4B).

However, in the hippocampus, a significant decrease in BDNF pro-

tein levels was induced in the moderate long-term exercise group

compared with both the SED and INT groups (Figure 4C). Similar

mRNA levels of Bdnf in all groups (Figure 4D,E) suggested posttran-

scriptional modifications as the origin of the total protein changes

among the three groups.Moreover, themRNA levels of BDNF receptor

tyrosine receptor kinase B (Trkb), vascular endothelial growth fac-

tor (Vegf), and insulin-like growth factor-1 (Igf1) (Figure 4D,E) were

comparable in the cortex and hippocampus of SED, MOD, and INT

rats.
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 7

F IGURE 2 Global and regional networkmetrics of the FA-normalized structural connectome. Global (A) and local (B) efficiency and average
clustering coefficient (C) in sedentary (SED, n= 10), moderate (MOD, n= 8), and intense (INT, n= 8) exercise-trained rats. Regions with statistically
significant differences in clustering coefficients between the experimental groups are plotted (D) and include the right caudate–putamen (R-CPU),
right visual cortex (R-VCTX), right ventral hippocampus and hypothalamus (R-HCV-HT), right periaqueductal gray (R-PAG), right pons (R-P), right
substantia nigra (R-SN), and left insular cortex (L-ICTX). The omnibus test for global and local efficiency, R-CPU, R-VCTX, R-HCV-HT, R-PAG, R-P,
R-SN, and L-ICTX showed p< 0.05; *p< 0.05; **p< 0.01.

F IGURE 3 Cerebral blood flow. Global FAIR-PASL (A) and regional FAIR-PASL (B) in sedentary (SED, n= 7), moderate (MOD, n= 7), and
intense (INT, n= 8) exercise-trained rats. Data are shown for the right (R-CTX) and left (L-CTX) cortices and the right (R-HC) and left (L-HC)
hippocampi. The omnibus test for global and regional FAIR-PASL showed p< 0.05; *p< 0.05; **p< 0.01.

 17496632, 0, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.14912 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [19/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 4 Neurotrophic factor analysis. Quantification of BDNF levels in the plasma (A), cortex (B), and hippocampus (C) of sedentary (SED),
moderate (MOD), and intense (INT) exercise-trained rats (n= 6–8/group). Bdnf, Trkb, Vegf, and Igf1mRNA levels in the frontal cortex (D) and
hippocampus (E) of the same experimental groups (n= 7–12/group). A comprehensive description of sample sizes is provided in Table S4. The
omnibus test for hippocampal BDNF levels showed p< 0.05; *p< 0.05. Abbreviations: AMPK, AMP-activated protein kinase; Bdnf, brain-derived
neurotrophic factor; Igf1, insulin-like growth factor-1; OXPHOS, oxidative phosphorylation proteins; p-AMPK, phosphorylated AMP-activated
protein kinase; Trkb, tyrosine receptor kinase B; Vegf, vascular endothelial growth factor.

Mitochondrial energetics and oxidative stress are
impaired in the frontal cortex after intense exercise

Mitochondria are key players in cellular bioenergetics, and their dys-

regulation is an early marker of cognitive impairment. In our study,

the expression of mitochondrial oxidative phosphorylation proteins

(OXPHOS) was determined by western blot (results and representa-

tive blots in Figure 5A–D). Figure 5A shows the reduced expression of

OXPHOS complex IV in the frontal cortex of the INT group compared

with the SED group, while no differences were found in the hippocam-

pus (Figure 5C), suggesting that long-term intense exercise results in

diminished ATP synthesis in the frontal cortex. To further test this

hypothesis, activation of AMP-activated protein kinase (AMPK) pro-

tein was assessed (Figure 5E–J). Phosphorylated AMPK protein levels

were elevated in the frontal cortex (Figure 5E) but not in the hippocam-

pus (Figure 5H) of intensively trained rats. Total AMPK levels were

similar in all groups and regions.

We next analyzed protein carbonylation to estimate oxida-

tive stress. Exercise training did not alter protein carbonylation

(Figure 6A–D) or the mRNA levels of the antioxidant enzymes cata-

lase (Cat), glutathione peroxidase (Gpx1), and superoxide dismutase

(Sod2) in the frontal cortex or hippocampus (Figure 6E,F). The total

antioxidant capacity was similar among the groups in the hippocampus

(Figure 6H). Conversely, in the frontal cortex, the MOD group showed

a reduction in total antioxidant capacity compared with both the SED

and INT groups, while the INT group demonstrated the highest total

antioxidant capacity (Figure 6G).

Prolonged exercise training does not enhance
neuroinflammation

The immunohistochemical expression of GFAP and IBA1, reflect-

ing astroglial and microglial activation, respectively, was deter-

mined to assess neuroinflammation. No expression changes were

detected among the groups in the frontal cortex or hippocampus

(Figure 7A–F). Similarly, no significant exercise-induced differences

were found in the mRNA levels of proinflammatory tumor necrosis

factor α (Tnfa) and adhesion G protein-coupled receptor E1 (Adgre1)

(Figure 7G,H).

DISCUSSION

The present study showed that long-term moderate- but not intense-

load exercise induced beneficial effects on reward-related learning
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 9

F IGURE 5 Mitochondrial bioenergetics. Relative protein levels of OXPHOS subunits in the frontal cortex (A) and hippocampus (C) in
sedentary (SED, n= 4), moderate (MOD, n= 5), and intense (INT, n= 5) exercise-trained rats. Relative phosphorylated and total AMPK protein
levels in the frontal cortex (E, F) and hippocampus (H, I) of the same experimental groups. Cropped representative bands and red Ponceau staining
corresponding to each experimental group are shown (B, D, G, J). Different exposure times were used for different complexes to optimize the
quantifiability of the results. The omnibus test for OXPHOS complex IV and p-AMPK protein levels showed p< 0.05; *p< 0.05; **p< 0.01.
Abbreviations: AMPK, AMP-activated protein kinase; C-I, complex I; C-II, complex II; C-III, complex III, C-IV, complex IV; C-V, complex V;
OXPHOS, oxidative phosphorylation proteins; p-AMPK, phosphorylated AMP-activated protein kinase.
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10 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 6 Oxidative stress and antioxidant response analysis. Relative carbonylated protein levels in the frontal cortex (A) and hippocampus
(C) in sedentary (SED), moderate (MOD), and intense (INT) exercise-trained rats (n= 4–6/group). Representative bands and Ponceau staining
correspond to each experimental group (B, D). mRNA levels of antioxidant enzymes in the frontal cortex (E) and hippocampus (F) of the
experimental groups (n= 7–12/group). Total antioxidant capacity was assessed in the frontal cortex (G) and hippocampus (H) (n= 7–10/group).
A comprehensive description of sample sizes is provided in Table S4. The omnibus test for total antioxidant capacity in frontal cortex samples
showed p< 0.05; *p< 0.05; **p< 0.01. Abbreviations: Cat, catalase; Gpx1, glutathione peroxidase; Sod2, superoxide dismutase.
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 11

F IGURE 7 Neuroinflammation analysis. Quantification of GFAP- and IBA1-immunopositive cells in the frontal cortex (A, C) and dentate gyrus
of the hippocampus (B, D) in sedentary (SED), moderate (MOD), and intense (INT) exercise-trained rats (n= 7–8/group). Representative images of
GFAP (E) and IBA1 (F) immunostaining are shown. Tumor necrosis factor α (Tnfa) and adhesion G protein-coupled receptor E1 (Adgre1) mRNA
levels in the frontal cortex (G) and hippocampus (H) of the same experimental groups (n= 7–12/group). A comprehensive description of sample
sizes is provided in Table S4. Abbreviations: GFAP, glial fibrillary acidic protein; IBA1, ionized calcium-binding adaptor molecule 1.

(and, implicitly, memory), as well as structural adaptation in juvenile

to adult rats, resulting in an inverted U-shaped relationship between

physical exercise and brain health. Our main findings were as fol-

lows: (1) moderate but not intense exercise training increased learning

capacity, while motivation was decreased in the intense exercise

group compared with moderately trained rats; (2) moderate exercise

increased global and regional brain network efficiency and clustering

and promoted an increase in CBF, while these effects were not evi-

dent with intense exercise; (3) intense exercise impairedmitochondrial

bioenergetics, particularly in the cortex; and (4)moderate exercisewas
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12 ANNALSOF THENEWYORKACADEMYOF SCIENCES

associated with reduced hippocampal BDNF levels and frontal cortex

antioxidant capacity.

Effects of high-intensity exercise on brain health

The evidence to date has substantiated the concept that moderate

physical activity promotes cognitive improvements, but the conse-

quences of very high exercise loads are still under debate. Some studies

performed in active middle-aged32 and older33 master athletes with

a long history of sport participation showed improved neurocogni-

tive performance in comparison with nonathletes, but conflicting data

have been recently reported. For example, neurodegenerative dis-

eases at death are more prevalent in professional soccer players than

among matched controls.8 Although repetitive concussion has been

claimed to underlie these findings, no differences were found between

strikers and goalkeepers, the latter of whom are presumed to be

relatively protected from repetitive head trauma.

Establishing a causal link between strenuous training in humans

and its effects on the brain is hindered, at least partially, by con-

founding variables and biases that are seldom considered or cannot be

adjusted for. Conversely, while caution is still needed, animal models

enable researchers to assess the effects of exercise while minimizing

the impact of some of these biases and confounding factors.34 In our

model, chronic moderate exercise increased the learning capacity of

animals compared with sedentary controls, but this was not evident

in intensively trained animals. Our results are consistent with previ-

ous work suggesting that exercise duration and intensity might drive

the brain health benefits of exercise in a nonlinear, inverted U-shaped

relationship.12,35

Animal models also allow exploration of pathophysiological insights

and have shown that exercise might promote cognitive improvements

through a complex interplay of improved CBF,36 neuroplasticity,13 and

oxidative stress protection,37 among others.1

Exercise load determines neuroplasticity

Regular moderate exercise is a potent trigger for structural and func-

tional brain remodeling. Short-term exercise has been associated with

enlargement of the hippocampus38 and areas controlling exercise-

specific tasks.39 Enhanced structural connectivity among neurons may

improve the efficiency of brain functioning. Moderate aerobic exer-

cise, defined by an intensity of 60% of VOmax or a score of 11–16 on

the Borg scale, improved structural neuronal connectivity in patients

with multiple sclerosis40 and mild traumatic brain injury.41 Our results

are consistent with these reports and demonstrated improved connec-

tivity efficiency and an increase in the average and regional cluster-

ing coefficients in moderately trained rats compared with sedentary

healthy rats. These results indicated increased integration and segre-

gation in the organization of the brain network as a result of moderate

exercise, which may boost the information flow and thus enhance

reward-related learning performance and, possibly, memory.

Conversely, the long-term effects of very high-intensity endurance

exercise on brain structure have seldom been studied, and, to our

knowledge, no data are available on the effects of long-term, very

high-intensity endurance exercise on structural brain connectivity. In

the present study, we showed that, unlike moderate exercise, high-

intensity exercise did not enhance structural brain connectivity, which

might explain the lack of learning improvement in heavily trained

healthy rats.

Preclinical research supports that theneurotrophic factorsBDNF,42

VEGF,36 IGF1,43 and growth hormone12 are critical for improved

cognitive performance after exercise. In contrast to some previous

findings, we observed reduced frontal cortex BDNF levels along with

improved brain function in our model after long-term moderate exer-

cise. Our results are in line with previous human observational work

associating long periods (7 years on average) of regular, chronic exer-

cise with enhanced memory function despite reduced BDNF serum

levels.44,45 The reasons for such a decrease in BDNF levels remain elu-

sive, but it is likely that decreased BDNF levels result from long-term

adaptation to chronic physical activity in contrast to the increased lev-

els occurring after single bouts of exercise or short- to medium-term

moderate exercise programs.12,45 This is supported by data showing

that BDNF plasma levels peaked early (35-day training) in a mouse

model of long-term voluntary exercise and subsequently (42- and

49-day training) dropped.12 Exercise duration is not the only variable

that can modulate BDNF levels: strenuous exercise, such as run-

ning a marathon, has been recently shown to transiently decrease

plasma BDNF levels;46 whether this mirrors changes in brain synthe-

sis remains unknown. Altogether, it has been suggested that the effects

of exercise on neurotrophic factors might be fast and transient com-

pared to long-lasting structural vascular and neuronal remodeling.47,48

Indeed, the absence of long-term exercise-induced changes in Bdnf,

Igf1, andVegfmRNA levels in any region serves as further evidence that

chronic adaptation to neurotrophic factors may not replicate acute or

short-term changes and emphasizes the complex interaction among

exercise load, training duration, and neurotrophic factors. Notably,

in our work, hippocampal BDNF levels were similar in sedentary

and intensively trained rats, further demonstrating clear differences

between long-termmoderate and intense exercise.

Role of vascular remodeling and CBF in cognitive
performance

Improved CBF has been reported to mediate the beneficial effects

of exercise on cognitive function.49 Voluntary physical exercise of

a moderate intensity improves angiogenesis and increases CBF in

animal models.50 Our results corroborate previous data by show-

ing that moderate exercise training increases global CBF as well

as cortical and left hippocampal blood flow in healthy rats. How-

ever, compared with sedentary animals, animals experiencing high

exercise loads failed to show significantly increased global CBF,

thereby indicating that chronic high-intensity exercise blunts the

increased CBF perfusion quantified in moderately trained rats. The
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 13

physiopathology behind the reduced benefit of very intense exer-

cise in terms of CBF was not addressed in this study. However, our

previous work found that while moderate exercise improved endothe-

lial function, intense training promoted deleterious aortic and carotid

remodeling involving tunicamedia fibrosis and stiffening,17 potentially

inducing neurovascular uncoupling and brain dysfunction.51 Further

supporting the link between deleterious vascular remodeling and the

cognitive effects of strenuous exercise, emerging clinical and experi-

mental data have demonstrated that arterial stiffness may impact cog-

nitive performance.52,53 Overall, vascular dysfunction and subsequent

changes in CBF may contribute to the blunting of exercise-induced

learning benefits with increased loads of physical activity.

Mitochondrial function and oxidative stress as early
markers of neuronal function

Owing to the highmetabolic and energetic demands of the brain, mito-

chondrial function plays an especially important role in maintaining

brain homeostasis and neuronal function. Given the brain’s high energy

consumption and narrow reserve, a continuous and stable energy sup-

ply is critical. Neurons are extremely dependent on OXPHOS to fulfill

their energetic requirements, and reduced levels of mitochondrial IV

complex (cytochromecoxidase) are common innumerousneurodegen-

erative disorders; compromised mitochondrial ATP synthesis occurs

early in brain aging54 and cognitive impairment,55 and ATP levels

are reduced in the brain and peripheral cells of Alzheimer’s disease

patients.56 In animal models, moderate exercise increases OXPHOS

complex synthesis,37 enhances mitochondrial energetic efficiency,58

and improves brain mitochondrial bioenergetic function throughmito-

chondrial enzyme induction.57 Our experiments showed a significant

reduction inOXPHOScomplex IV in the frontal cortexof the INTgroup.

This decrease resulted in reduced mitochondrial oxidative phosphory-

lation, decreased ATP production, and AMPK upregulation (also in the

frontal cortex; Figure 5); this energy sensor is upregulated when the

AMP/ATP ratio is heightened.

Mitochondrial respiratory inefficiency in the cortex and an imbal-

ancebetweenoxygen supply anddemandmay result in reactive oxygen

species (ROS) generation and oxidative stress. Although our findings

reflect a complex interplay of potentially involved factors, three impor-

tant facts should be considered in the interpretation of our results.

First, our data point to a decreased oxidative phosphorylation capacity

and blunted ATP production in the INT group, posing a risk of oxida-

tive phosphorylation uncoupling and ROS formation in highly sensitive

neuronal cells. Reduced mitochondrial function after strenuous exer-

cise is not found exclusively in the brain; in themuscle, low tomoderate

levels of exercise improve mitochondrial function, while high-intensity

exercise decreases its functioning.59 Second, no changes in protein

carbonylation were observed despite the unequal total antioxidant

capacity among the groups. Third, our samples were collected far away

from the acute exercise period (>48 h after the last training bout)

and, therefore, may have failed to capture acute changes induced by

exercise.

Altogether, we hypothesize that very intense exercise bouts pro-

mote transient systemic and local oxidative stress, which may produce

acute deleterious neuronal effects. Indeed, ROS are often involved in

neurodegeneration.60 Repetitive transient oxidative stress in the INT

groupmay, in the long term, induce the synthesis of antioxidant agents.

Conversely,moderate exercise haswell-known systemic,muscular, and

cardiovascular antioxidant effects in the absence of an overt postex-

ercise pro-oxidant cascade, which may decrease the need for local

antioxidant synthesis. Dedicated studies are warranted to test these

specific hypotheses.

The hippocampus and frontal cortex are the main cognition-related

brain areas.30 Notably, we observed the greatest structural remod-

eling in the frontal cortex rather than in the hippocampus. Inherent

regional differences in mitochondrial bioenergetics61 and cerebrovas-

cular response to hypoxia62 could underlie selective regional suscepti-

bility to brain impairments, as occurs in accelerated brain senescence

processes.63

Moderate and intense exercise bouts elicit different
hemodynamic and systemic responses: Basis for
chronic remodeling

The divergent consequences of moderate and very intense exercise

in terms of brain structure, blood flow, and energetics may have

resulted from the different physiological responses to exercise bouts

as their intensity increased. Indeed, strenuous exercise has been asso-

ciated with characteristic hemodynamic, metabolic, and inflammatory

patterns.

Cardiovascular hemodynamic load dramatically increases with

strenuous exercise bouts, challenging CBF regulation. CBF usually

increases after short-term and moderate exercise but decreases as

exercise time and intensity increase, thereby attenuating dynamic

cerebral autoregulation.64 Whether a decrease in CBF due to stren-

uous exercise results in brain oxygenation abnormalities remains

disputed,65 with some reports indicating that oxygen delivery to

the mitochondria might be compromised.66 These acute effects on

CBF may be augmented by the stiffening of large arteries67 that is

suggested to occur after long-term strenuous training.17

Strenuous exercise bouts are associated with a plethora of

metabolic changes, including ionic and hormonal abnormalities, dehy-

dration, renal failure, and energy depletion, which may locally impact

the brain. Triathlon participants suffer from a large but transient

reduction in brain volume averaging 6%, which might reflect pro-

found disturbances in neuronal metabolism.68 Overall, both CBF and

metabolic abnormalitiesmayunderlie thewell-demonstrateddecrease

in cognitive performance and increase in mental fatigue after intense

exercise,9,69 potentially mediated by reduced activation of the pre-

frontal cortex.9

Finally, exercise bouts promote an inflammatory cascade whose

intensity depends on the training load. Previous work suggested

acute exercise-induced brain inflammation,70 but we could not con-

firm the occurrence of chronic neuroinflammation as a consequence of

high-intensity exercise.
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Limitations

Some limitations of our work should be acknowledged. First, although

animal models are an invaluable tool for translational research, cau-

tion is neededwhen extending the results of animal studies to humans.

Our training protocol for the rat model began during adolescence and

continued into adulthood; adolescence is a highly sensitive stage of

development for neuronal and behavioral changes, and exercise has

been demonstrated to have the greatest beneficial effects if initiated

during adolescence.71 Accordingly, regular training initiated during

adulthood may yield different conclusions. Second, our study was per-

formed on healthy young male rats subjected to treadmill endurance

training. Further studies are needed to clarify the potential contri-

bution of sex, comorbidity burden, and response to other types of

exercise. Finally, the results may have been confounded by stress or

the development of overtraining. Maximum efforts were made to min-

imize stress responses due to treadmill exercise, and training was

under continuous surveillance by a researcher. Indeed, we have previ-

ously reported no significant stress-related effects in this rat model of

intense exercise.4 On the other hand, overtraining is characterized by

fatigue and a decrease in physical performance andmight be accompa-

nied byworsened executive function,72,73 which could partially explain

our findings.However,we foundnoevidenceofdecreasedphysical per-

formance, reward learning, ormotivation in our intensively trained rats

compared to healthy sedentary rats.

CONCLUSIONS

In conclusion, the present study demonstrates that long-term mod-

erate exercise induces improvements in brain structure and learn-

ing, while very high-intensity exercise does not. Improved CBF and

enhanced structural connectivity in moderately trained rats under-

lie improvements in reward learning. There were no improvements in

learning ability, global connectivity efficiency, or CBF after intensive

training, which was associated with impaired mitochondrial energetics

in the frontal cortex. Our results support the existence of an inverted

U-shaped relationship between exercise load and brain health.
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