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Lower and higher volumes of physical exercise build up brain
reserves against memory deficits triggered by a head injury in
mice
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Abstract

Decreasing neurotrophic support and impaired mitochondrial bioenergetics are key mechanisms
for long-term neurodegeneration and cognitive decline after traumatic brain injury (TBI). We
hypothesize that preconditioning with lower and higher volumes of physical exercise upregulates
the CREB-BDNF axis and bioenergetic capability, which might serve as neural reserves against
cognitive impairment after severe TBI. Using a running wheel mounted in the home cage, mice
were engaged in lower (LV, 48h free access, and 48h locked) and higher (HV, daily free access)
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exercise volumes for thirty days. Subsequently, LV and HV mice remained for additional thirty
days in the home cage with the running wheel locked and were euthanized. The sedentary

group had the running wheel always locked. For the same type of exercise stimulus in a given
time, daily workout presents higher volume than alternate days workout. The total distance ran

in the wheel was the reference parameter to confirm distinct exercise volumes. On average,

LV exercise ran 27.522 m and HV exercise ran 52.076 m. Primarily, we investigate whether

LV and HV protocols increase neurotrophic and bioenergetic support in the hippocampus thirty
days after exercise ceased. Regardless of volume, exercise increased hippocampal pCREBSer133.
CREB-proBDNF-BDNF signaling and mitochondrial coupling efficiency, excess capacity, and
leak control, that may compose the neurobiological basis for neural reserves. Further, we challenge
these neural reserves against secondary memory deficits triggered by a severe TBI. After thirty
days of exercise LV and HV, and sedentary (SED) mice were submitted to the CCI model. Mice
remained for additional thirty days in the home cage with the running wheel locked. The mortality
after severe TBI was approximately 20% in LV and HV, while in the SED was 40%. Also,

LV and HV exercise sustained hippocampal pCREBS¢"133.CREB-proBDNF-BDNF signaling,
mitochondrial coupling efficiency, excess capacity, and leak control for thirty days after severe
TBI. Corroborating these benefits, the mitochondrial H,O, production linked to complexes | and |1
was attenuated by exercise regardless of the volume. These adaptations attenuated spatial learning
and memory deficits caused by TBI. In summary, preconditioning with LV and HV exercise builds
up long-lasting CREB-BDNF and bioenergetic neural reserves that preserve memory fitness after
severe TBI.

Table of contents title:

Prior exercise training promotes brain resilience after TBI.

Keywords

Volume of exercise; preconditioning; exercise-induced brain reserves; BDNF; mitochondrial
bioenergetics; traumatic brain injury; memory deficits

Introduction

Traumatic brain injury (TBI) is responsible for a high incidence of death worldwide. The
forces associated with TBI inflict mechanical damage to brain tissue leading to secondary
biochemical cascades that ultimately cause death, and long-term neurodegeneration
associated with depression, suicide ideation, and persisting cognitive deficits (Blennow et
al., 2012; Brown et al., 2011; Jorge et al., 2004; Mckee and Daneshvar, 2015; Meaney et

al., 2014; Meaney and Smith, 2011). Although the mechanisms underlying secondary injury
remain not fully understood, excitotoxicity, mitochondrial dysfunction, oxidative stress, and
hypometabolism appear to play a collective role in worsening outcomes (Carteri et al., 2019;
McGinn and Povlishock, 2015; Shiga et al., 2006; Stefani et al., 2017; Yasmin et al., 2022).

Remarkably, many of those secondary injury mechanisms may reflect a loss of interactions
with regulatory molecules in the brain such as the brain-derived neurotrophic factor
(BDNF). This neurotrophin is synthesized as proBDNF, which is then cleaved to active
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BDNF (Je et al., 2012). The extracellular cleavage of proBDNF is an important step

for inducing long-term potentiation; an electrophysiological correlate of memory function
(Pang et al., 2004; Patterson et al., 1996). After being secreted, BDNF binds to membrane
TRKB receptors and mediates the activation of cAMP-response element-binding protein
(CREB) by phosphorylation at Serine 133. This results in the upregulation of BDNF levels
that provide enhanced protection of neuronal signaling through a range of interactions in
the synapse (Finkbeiner et al., 1997). For example, maintenance of synaptic firing, ionic
homeostasis, neurotransmitter levels, and reactive oxygen species (ROS) balance rely on
appropriated mitochondrial bioenergetic function, which is under the modulation of the
CREB-proBDNF-BDNF pathway. Since this neurotrophic-bioenergetic interplay is impaired
by TBI it serves as a potential target candidate for therapies (Cheng et al., 2010; Correia et
al., 2010b, 2010a; Zhao et al., 2021).

Nonetheless, despite the therapeutic potential of other neurotrophins, exogenous
administration of BDNF after TBI does not translate into prolonged neuronal survival and
cognitive benefits (Blaha et al., 2000; Conte et al., 2008). While no current pharmacological
treatment modifies long-term TBI-related outcomes, studies suggest that endogenous
upregulation in the CREB-BDNF pathway through lifestyle interventions like physical
exercise could provide disease-modifying mechanisms to counteract secondary injury
cascades after TBI (Fogelman and Zafonte, 2012; Griesbach et al., 2007; Vaynman et al.,
2004). Regular physical exercise increases the expression of BDNF in the brain in a time-
dependent manner, which provides neuroprotection that could benefit individuals later in life
(Berchtold et al., 2005). Indeed, emerging data highlight that exercise preconditioning can
protect neurons against the dysfunction and degeneration encountered in TBI (Raefsky and
Mattson, 2017). The mechanisms by which prior physical exercise promotes neuroprotection
after TBI are poorly understood, but many concepts that arose from longitudinal studies
with Alzheimer’s disease patients seem to be suitable to TBI settings. Accordingly, it is
proposed that early active lifestyle engagement leads to the formation of “neural reserves”,

a term that defines the gain of plastic properties allowing to sustain cognitive function in

the face of brain pathology (Cheng, 2016; McQuail et al., 2021; Stern, 2002). Evidences
suggest the increase in neurotrophic factors, cerebral perfusion and metabolism, gains in
white matter and gray matter volume, and decreased oxidative stress, as proxy biomarkers of
exercise-induced neural reserves (Cheng, 2016). Further, the overlapping pathophysiological
molecular signatures of TBI and Alzheimer’s disease such as tau hyperphosphorylation,

AP protein accumulation, axonal pathology, and hypometabolism can be antagonized by

the aforementioned factors mediated by physical exercise engagement (Gozt et al., 2021;
Hermanides et al., 2021; Johnson et al., 2013, 2012, 2010; Lien et al., 2022; Yasmin et al.,
2022). However, it is currently unclear how much physical activity or exercise volume is
needed for neuroprotection. In the field of sports training, volume refers to the total amount
of exercise performed in a given period. For example, for the same type of exercise stimulus,
different volumes can be achieved by submitting individuals to daily workout or alternate
days workout (Weineck, 2019).

In highly trained athletes, an increased volume of physical activity over time is essential for
better performance, and thus it could be expected that more volume of activity leads to the
formation of higher neurotrophic and neuroenergetic reserves in the brain. However, it is
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unknown whether subjects that are engaged in a lower volume of physical exercise might
achieve comparable brain adaptations over time. Hence, volume is an important component
of exercise prescription and may affect adherence to an active lifestyle; thus, it is critical

to determine whether the manipulation of this variable before TBI might hamper secondary
neurobiochemical mechanisms associated with unfavorable neurological outcomes (Garber
et al., 2011; Weineck, 2019). In this context, it is challenging to understand from the
neurotrophic, neuroenergetic, and cognitive point of view, if a higher volume of physical
exercise promotes more effective brain reserves for neuroprotection than a lower volume
of physical exercise. From a translational perspective, the outstanding question is whether
an individual who exercises daily and suffers severe TBI would have better neurofunctional
outcomes than an individual who exercises eventually (i.e. three times a week).

Therefore, here, we investigate the effects of lower- and higher volumes of physical exercise
in building up neurotrophic and neuroenergetic reserves in relation to cognitive dysfunction
after severe TBI in the mouse.

2. Material and methods

2.1. Animals and Treatment Protocols

Two-month-old CF1 male mice (n=84) were obtained from Centro de Reproducéo e
Experimentacao de Animais de Laboratorio (CREAL, UFRGS, Porto Alegre, Brazil). Mice
were housed in large plexiglass cages (38 cm x 32 cm x 16 ¢cm) in which a transparent
acrylic running wheel (16 cm diameter, 8 cm wide) was attached to the stainless-steel
coverage. To avoid detrimental changes associated with social isolation, we maintained n=4
mice/per cage (Muller et al., 2011). The housing temperature was kept at 22 °C under a
12-h light/12-h dark cycle (lights on at 7 a.m.) with water and food provided ad /ibitum.
The daily and total distance running was measured through an automatic counter system,
that measures each complete revolution of the running wheel using a sensor and calculates
the distance using MS excel®. The information was stored in an internal micro SD card

and then extracted in a computer for quantitative analysis. The running wheel and electronic
system were developed by our laboratory and described elsewhere (de Carvalho et al., 2017;
Dietrich et al., 2005; Muller et al., 2011; Portela et al., 2017).

Our study design comprised two settings of experiments; the first one was carried out with
healthy mice exposed or not to the voluntary running wheel. The second was performed with
healthy mice exposed or not to the voluntary running wheel, and subsequently submitted to
TBI. To submit mice to different volumes of exercise, the rotation of the voluntary running
wheel was controlled using metal clamps, that locked the wheel in position. It should be
reinforced that for the same type of exercise stimulus daily workout presents comparatively
higher volume than alternate days workout (Weineck, 2019). Hence, mice were randomly
assigned to the following groups: sedentary (SED; running wheel constantly locked); lower-
volume exercise (LV; alternating 48 h with the voluntary running wheel locked and 48 h
with free access to the running wheel); and higher-volume exercise (HV, free running wheel
access daily).

Exp Neurol. Author manuscript; available in PMC 2024 May 01.
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In the first experimental setting, we sought for specific signatures in locomotor activity,
neurotrophic signaling, and mitochondrial neuroenergetic induced by preconditioning with
different volumes of physical exercise (LV and HV). The protocol consisted of 15 days

of free access to the exercise running wheel (habituation) followed by intermittent (48 h
locked/unlocked cycle) or free unrestricted voluntary access to the running wheel for 15
additional days (manipulation of physical exercise volume; LV, and HV, respectively). This
exercise regimen was adopted according to reports by Berchtold et al. which indicate that
BDNF protein levels increase progressively with increasing days of running; however daily
exercised mice reached difference from sedentary on day 14 meanwhile alternating days
exercised mice reach difference from sedentary on day 215t (Berchtold et al., 2005). Given
this, the fifteen-day habituation phase serves as an adaptation to a novel environment and
provides similar baseline hippocampal BDNF levels before starting the protocol of LV and
HV exercise manipulation. After thirty days, the running wheels of LV and HV exercise
groups were locked, and mice spent the next thirty days without physical exercise. The sum
of distance in meters (habituation plus training) ran by mice was the reference parameter to
confirm LV and HV exercise. Within this time frame, mice were challenged in the open field
arena and Morris water maze task and then were euthanized. The brain was dissected for
analysis of neurotrophic and mitochondrial bioenergetic endpoints in the hippocampus. See
experimental timeline Figure 1A.

In the second experimental setting, we interrogated whether behavioral (locomotor

activity and spatial memory) and neurochemical signatures (bioenergetic and neurotrophic)
associated with TBI are modulated by LV and HV exercise and if these modulations

differ according to exercise volume. Initially, mice were submitted to LV, or HV exercise
preconditioning protocols as above mentioned (habituation plus training). Sedentary mice
have the running wheel locked during the entire protocol. After thirty days of exercise,
sedentary and exercised mice were submitted to TBI, as follows: SEDTBI, LVTBI, and
HVTBI (all groups submitted to craniotomy and TBI) followed by thirty-days detraining.
See the experimental timeline in Figure 4A.

Thirty-days detraining period was an exploratory approach to sought for sustained BDNF
increments beyond the already reported after 15 days of exercise (Fiorin et al., 2016). Also,
within thirty days after TBI, rodents, and patients already present detectable neurological
deficits. Hence, interactions between early neurobiochemical adaptations and long-term
neurofunctional abnormalities are, in our experience, more predictable within thirty days
post-TBI.

All experiments were conducted according to the NIH Guide for Care and Use of Laboratory
Animals, the National Research Council’s Guide for the Care and Use of Laboratory
Animals, the Brazilian Society for Neuroscience and Behavior (SBNeC), and the official
governmental guidelines in compliance with the Federation of Brazilian Societies for
Experimental Biology. The experiments were approved by the Ethical Committee of the
Federal University of Rio Grande do Sul, Brazil (#22436).

Exp Neurol. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kopczynski et al.

Page 7

2.2. Controlled Cortical Impact Protocol (CClI)

A severe TBI was performed by placing mice in a heated stereotaxic bed (Kopf Instruments,
Tujunga, CA, USA) (37 £ 1°C). Inhalation anesthesia was provided (2.5% isoflurane) in

a mixture of N, and O, (2:1). The anesthesia maintenance during surgical procedure was
confirmed through testing withdrawal reflex of feet. An eye lubricant was applied to protect
corneal membranes during the surgical procedure. Initially, a 4-mm diameter craniotomy
was performed in the central part of the left parietal bone, without damaging the dura matter.
Mice were subsequently submitted to a controlled cortical impact (CCI injury) induced by
the Benchmark stereotaxic impactor (myNeuroLab®, Leica, St. Louis, MO, USA). The head
injury was performed with a 3.0-mm diameter piston adjusted to an impact velocity of 5.7
m/s; impact duration was 100 ms and 2 mm of depth penetration on the exposed surface of
the dura mater (Smith et al., 1995). After the injury, the craniotomy area was isolated using
a concave lamella bonded with dental cement and the scalp was sutured (Smith et al., 1995).
Lidocaine was applied locally to alleviate pain and discomfort. All surgeries were performed
by the same model expert with a duration ranging from 4-7 min to avoid experimental
variation, in a random order of control and treated animals.

After being removed from the stereotaxic frame, mice were left to recover from surgery

in a heated chamber to maintain a body core temperature of 37°C, and were monitored

up to 4 h post-injury, in which they usually recover spontaneous locomotion. Mice were
then returned to the home cage and inspections were performed daily by the researches and
animal care staff to check for signals of distress, discomfort and pain including bleeding and
inflammation at the surgical site, piloerection, lack of spontaneous activity, changes in body
temperature, decreased drinking water or food pellet consumption, and hunched position.
Mice were removed from the study and humanely euthanized if they presented at least one
of these phenotypes (Andersen et al., 2016; National Research Council, 2008).

Importantly, our early experience indicates that these CCI parameters translate some of the
brain tissue alterations and neurological impairment found in severe TBI patients (Carteri
et al., 2019; Smith et al., 1995). Particularly, severe TBI affects many young individuals
worldwide, and in the region of this study there is a high incidence in young adult males
relative to females (3:1). Furthermore, mortality rates are high, and secondary sequelae are
very frequent in this specific population of TBI patients (Béhmer et al., 2011; de Almeida
et al., 2016; Stefani et al., 2017; Strogulski et al., 2022), reinforcing the requirement of
modeling severe TBI outcomes to address unsolved pertinent clinical questions.

2.3. Open Field Test

Open field (OF) was used to access spontaneous locomotion and exploratory activity 72

h after exercise as well as exercise + CCI protocols (see Figure 1A and Figure 4A,
respectively). The experiments were conducted in a sound-attenuated room under low-
intensity light (12 Ix) using a homemade apparatus that consisted of a black-painted box
measuring 50 cm x 50 cm surrounded by 50 cm-high walls. The mouse was placed in

the right corner of the arena, and locomotor activity was recorded with a video camera

for 10 min (Rodolphi et al., 2021). The analysis was performed using a computer-operated
tracking system (Any-maze, Stoelting, Woods Dale, IL). The apparatus was cleaned with

Exp Neurol. Author manuscript; available in PMC 2024 May 01.
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70% alcohol between each test. The total distance traveled, distance traveled per minute,
maximum speed, mean speed, total mobile time, total immobile time, and time spent in
peripheral and central zones were recorded and used as indicators of locomotor activity and
exploratory behavior.

2.4. Preparation of Ipsilateral Hippocampal Homogenates

Whole ipsilateral hippocampal tissue was collected thirty days after the sedentary, exercise,
and exercise + CCI protocols. The hippocampus was homogenized in a buffer (320

mM sucrose, 1 mM EDTA, pH 7.4) using a pre-cooled glass potter with 10 to 15

strokes (Gnaiger, 2014). After centrifugation (1350xg for 3 min at 4 °C), we obtained
mitochondria-enriched homogenates that were aliquoted for high-resolution respirometry
linked to complexes, membrane potential, and hydrogen peroxide analysis. These analyses
were performed simultaneously by blinded researchers within 10 min of euthanasia to the
start of the analysis. Aliquots were also used for protein quantification (Pierce™ BCA
Protein Assay Kit Catalog number: 23225) and immunoblotting.

2.5. Western Blotting

The ipsilateral hippocampi samples (20 pg of protein) were used to perform electrophoresis
using polyacrylamide gel and P\VDF membranes (Amersham, GE Healthcare, Little
Chalfont, UK) (Muller et al., 2011). The following primary antibodies were used against
CREB (Cell Signaling, USA ref. 9104; 1:1000), pCREBS"133(Cell Signaling, USA, ref.
9191; 1:1000), pro-BDNF (Millipore, USA, ref. ab5613; 1:1000), and BDNF (Millipore,
USA, ref ab1513; 1:1000). Antibodies were incubated overnight followed by 2 h incubation
with horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG (1:5000) (GE, Little
Chalfont, UK) secondary antibodies. Membranes were incubated with Amersham ECL
Western Blotting Detection Reagent (GE Healthcare Life Sciences, Little Chalfont, UK)
for 5 min, and immunodetection used chemiluminescence via Image Quant LAS 4000

(GE, Little Chalfont, UK). The protein expression was quantified using Image J® software
(Rockville, USA). The values for the optical density were expressed as a percentage of the
control (Rodolphi et al., 2021).

2.6. Mitochondrial Respiratory Protocol

Oxygen consumption rates (OCR) were obtained at 37°C using a high-resolution
170xygraphy-2k system and recorded in real-time using DatLab software (Oroboros,
Innsbruck, Austria) in respiration buffer (100 mM KCI, 75 mM mannitol, 25 mM sucrose,
5 mM phosphate, 0.05 mM EDTA, and 10 mM Tris-HC1, pH 7.4). After five minutes

to establish routine OCR, a multi-substrate titration protocol was initiated with pyruvate,
malate, glutamate, and succinate (PMGS; 10, 10, 20, and 10 mM, respectively) to obtain a
functional system that stimulated the formation of an electrochemical gradient. Adenosine
diphosphate (ADP, 2.5 mM) was then titrated to obtain maximal OXPHOS capacity (P).
The oligomycin was then titrated to obtain Lomy OCR, and the maximal electron transport
capacity (ETS) was obtained following titration of the proton ionophore carbonyl cyanide
4-trifluoromethoxy-phenylhydrazone (FCCP 1 uM). Non-mitochondrial respiration (ROX)
was calculated after the inhibition of complex I, 111, and IV with rotenone, antimycin-A,
and cyanide (ROT, AA and KCN, 2, 2.5 and 5 mM, respectively) (Gnaiger, 2014). The
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following parameters were calculated based on the OCR: biochemical coupling efficiency
((P-Lomy)/P), OXPHOS phosphorylation capacity ((E-P)/E), ETS (E-ROX), and leak control
ratio (Lomy/E) (Carteri et al., 2019; Gnaiger, 2014).

2.7. Mitochondrial Membrane Potential (AY )

The A¥Ym was obtained via the fluorescence signal (excitation wavelength of 495 nm and
emission wavelength of 586 nm) of the ipsilateral hippocampal homogenates incubated
in respiration buffer supplemented with 10 uM safranin- O (Spectra Max M5, Molecular
Devices). The increased fluorescence units mirror the decreased AY ,,, whereas decreased
fluorescence units indicate increased AY

Incubation without substrates represents the baseline AY ,,. Substrates for complex I, 11
(PMGS), and V (ADP) as well as uncoupling with FCCP (1 uM) was used to modulate

the A¥m dynamic responses. Moreover, the fluorescence units of each coupling state were
used to calculate the relative percentage of change in 4Y ., Data are expressed as arbitrary
fluorescence units (AFUs) and were normalized to protein content (Portela et al., 2017).

2.8. Mitochondrial H>O, Production

Mitochondrial hydrogen peroxide (H205) production in the ipsilateral hippocampi was
assessed in different mitochondrial coupling states, using samples incubated in the
respiration buffer supplemented with 10 pM Amplex Red and 2 units/mL horseradish
peroxidase. Baseline state H,O» levels were measured without the presence of exogenous
substrates in the incubation medium. The L (PMGS) P, and Loy coupling states were
induced to assess H,O, production using the same substrates and inhibitors indicated in
respirometry. Fluorescence was monitored at excitation (563 nm) and emission (587 nm)
wavelengths with a Spectra Max M5 microplate reader (Molecular Devices, USA) (Muller et
al., 2013; Portela et al., 2017).

2.9. Morris Water Maze Task

The spatial learning and memory after CCI were assessed by the Morris Water Maze adapted
from Smith et. Al., 1995, (see experimental timeline Figure 4A). The animals (n = 10 per
group) were submitted to a flag test (experimental day 54), and 24 h after they were trained
daily in a four-trial MWM to find a hidden platform (experimental days 55 to 58). This was
followed by a one-day probe test on day 59 without the platform (Figure 4A). The time
spent in the target quadrant was measured as an indicator of memory retention. The analysis
was performed using Any-maze software (Stoelting, Woods Dale, IL) (Muller et al., 2011).

2.10. Variable Interaction Mapping

We performed pairwise Pearson correlations for each continuous variable studied for each
experimental group. We then estimated the association between paired variables using the
Pearson’s product moment correlation coefficient (r/0) testing a null hypothesis of 740 being
zero. The test statistics follow a t distribution and confidence intervals are given based on
Fisher’s Z transform. These analyses and associated visualizations were obtained using the
corrplot (version 0.9) and the stats (version 4.1.2) packages in R statistical environment by
applying the corand cor.mtest functions.

Exp Neurol. Author manuscript; available in PMC 2024 May 01.
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2.11. Statistical Analysis

To calculate survival proportions, we used the product limit (Kaplan-Meier) method (Machin
et al., 2006). The results were calculated and expressed as the mean + S.E.M. To analyze

the differences between groups, we used a two-way analysis of variance (ANOVA) followed
by a post-hoc Tukey test. Further, a two-way repeated measures ANOVA was used to assess
statistical significance relative to minute-to-minute differences in distance travelled during
the open field test. All procedures were performed using GraphPad Prism 7.0 software. The
differences were considered statistically significant at p < 0.05.

3. Results

3.1. Experimental design timeline and volume of physical exercise

3.2. Lower
signaling

The experimental design is shown in Figure 1A. Sedentary mice (SED) had access to

a locked running wheel assembled in the home cage. Mice in the exercise groups were
submitted to 15 days of habituation in the running wheel followed by full (HV) or
intermittent (LV) availability for additional 15 days. Day-by-day distance ran in the running
wheel by LV and HV groups during thirty-days protocol (Figure 1B). Particularly, in the
habituation phase, both groups ran a similar distance (LV, 35.416 + 1105.89 m vsHV,
35.982 £ 652.94 m; p < 0.9687; Figure 1C). In the exercise training phase, mice allocated
to HV ran significantly longer distances than LV (52.076 + 823.31 m v527.522 + 248.82 m,
p < 0.0001; Figure 1D). The distance ran in the exercise habituation plus exercise training
phases was greater for HV relative to LV (88.058 + 284.47 m v562.938 + 756.38 m; p <
0.0001; Figure 1E) (Results represents mean + S.D., 4 mice per cage; n=12 per group). The
cumulative distance run by mice confirmed two different volumes of training (Figures 1B
and 1E).

The evaluation of the locomotor profile post-exercise protocol using an open field (OF)

test showed that neither SED, LV, or HV groups showed significant differences in distance
traveled per minute (A), total distance traveled (B), total mobile time (C), total immobile
time (D), and clockwise and anticlockwise rotations (CW and ACW, respectively). Also,
exploratory profiles in the center and periphery zones of the OF arena were not significantly
different between SED, LV, and HV groups (E) (Supplementary Figure 1) (One-way
ANOVA, or two-way ANOVA with repeated measures, p > 0.05).

and higher volumes of physical exercise increased hippocampal neurotrophic

We next analyzed the protein content in the hippocampal tissue to characterize the concept
of exercise-induced neurotrophic brain reserves. LV and HV exercise significantly increased
the hippocampal phosphorylation of CREB at Ser133 (pCREBSEr133/CREB) and pro-BDNF/
BDNF levels relative to sedentary mice (p < 0.001; Figure 2A and B, respectively). It could
be expected that a positive modulation on pCREBSer133/CREB and pro-BDNF/BDNF axis
mediated by physical exercise may also benefit mitochondrial bioenergetic function.

Exp Neurol. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kopczynski et al.

Page 11

3.3. Mitochondrial bioenergetic responses to lower and higher volumes of physical

exercise

The OCR by mitochondria from the ipsilateral hippocampus is shown in Figure 3A. The
maximal electron transport capacity (ETS) was significantly increased in LV and HV
groups, thus suggesting that physical exercise—regardless of volume—favors an effective
flux of electrons through the mitochondrial oxidative complexes (SED vsLV p <0.013
and SED vsHV p < 0.001; Figure 3B). Leak respiration was characterized by the addition
of metabolic substrates (PMGS) but not ADP. There was decreased O, consumption in
exercised mice (SED vsLV, p<0.0175; SED vsHYV, p <0.00788; HV vsLV, p <0.0365;
Figure 3C). The OxPhos capacity increased in the exercised groups (SED vsLV, and SED vs
HV, p < 0.01; Figure 3D). The biochemical coupling efficiency was significantly increased
in LV and HV groups versus SED (SED vsLV p < 0.0269, SED vsHV p < 0.001). It was
also higher in HV vsLV (p < 0.0112) (Figure 3E). There were no significant differences
between groups in the capacity of mitochondrial membranes to generate and dissipate the
electrochemical potential (Figure 3F). The mitochondrial H,O, production was stimulated
by metabolic substrates and ADP; complex V inhibitor (oligomycin) similarly decreases in
the exercised groups regardless of preconditioning volume (p < 0.01; Figure 3G).

3.4. Lower and higher volumes of exercise decrease mortality after severe traumatic
brain injury and does not affect the locomotor and exploratory activity

Mice were submitted to TBI after thirty days of preconditioning with lower and higher
volumes of exercise (see experimental timeline Figure 4A). We increased the sample size to
17 animals per group because the head injury CCIl model has 40 to 50% mortality in our
experience. We found a high mortality rate in the SEDTBI group (41.18%) compared to
LVTBI (16.67%) and HVTBI (23.08%) groups (Figure 4B). The number of deaths between
LVTBI and HVTBI groups was not different (p < 0.486). Based on this mortality rate, the
sample size remained as follows: SEDTBI (h=10), LV TBI (n=14), and HVTBI (n=13).

Considering that after thirty days voluntary running wheel exercise did not alter the
locomotor and exploratory activity of LV and HV groups, in this setting of experiment we
next sought to investigate whether a severe TBI inflicted soon after the thirty-day exercise
protocol (Figure 4A) might change this behavioral phenotype. Three days after TBI there
were no significant differences in the distance traveled (m) between groups across 10 min
evaluation in the open field test (OF) (Figure 4C) implying no detectable locomotor deficits.
Additional locomotor parameters like total distance traveled (A), total mobile time (B), total
immobile time (C), clockwise and anticlockwise rotations (E), and the exploratory profile
in the center and periphery of OF arena (D) did not show significant differences between
SEDTBI, LVTBI and HVTBI groups (Supplementary Figure 2).

3.5. Preconditioning with lower- and higher volumes of physical exercise preserves
neurotrophic and neuroenergetic support up to thirty days after severe TBI

After TBI, the mice remained for thirty days without access to the running wheel. The
brain was then dissected, and hippocampal tissue was collected for analysis. We found a
significant increase in hippocampal levels of pPCREBSe™133/CREB and pro-BDNF/BDNF in
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exercised TBI groups (LVTBI and HVTBI) relative to SEDTBI (n=7 per group, p < 0.01 and
p < 0.001; Figure 5A and B, respectively).

The oxygen consumption linked to maximal ETS capacity was increased in LVTBI and
HVTBI groups relative to SEDTBI (p < 0.001, Figure 5C). In the leak respiration, both
exercised TBI groups had decreased oxygen consumption versus the SEDTBI group (p <
0.01; Figure 5D). The OxPhos capacity was significantly increased in exercised TBI groups
compared to SEDTBI (SEDTBI vsLVTBI p < 0.0251 and SEDTBI vs HVTBI p < 0.0133;
Figure 5E). Similarly, the biochemical coupling efficiency was significantly different in
exercised TBI groups relative to SED TBI (SEDTBI vsLVTBI and SEDTBI vsHVTBI,
both comparisons p < 0.01; Figure 5F).

While the SEDTBI group showed altered formation and dissipation of mitochondrial
membrane potential, LVTBI and HVTBI groups sustained this membrane-linked function

at the level of the uninjured SED group. There were no significant differences in the capacity
of the mitochondrial membrane in generating and dissipating the electrochemical potential
(ADP state p < 0.0149, oligomycin state p < 0.0274, and FCCP state p < 0.0312, n=7 per
group; Figure 5G).

The mitochondrial H,O, production stimulated by metabolic substrates (PMGS), ADP, and
by complex V inhibitor (oligomycin) increased in the SED TBI group relative to LVTBI
and HVTBI groups (PMGS state p < 0.01, ADP state p < 0.0475, and oligomycin state p

< 0.001; Figure 5H). The LVTBI and HVTBI groups had H,0, production similar to SED
uninjured mice (n=7 per group; Figure 5H).

3.6. Lower- and higher exercise volumes strengthen the functional associations between
neurotrophic and neuroenergetic variables

The correlogram shows the magnitude of associations between molecular and metabolic
endpoints modulated by the effect of exercise and TBI (Figure 6). Mice submitted to lower-
and higher volumes of exercise increased the magnitude of positive (+1) and negative (1)
associations between variables compared with sedentary mice (Figure 6A, B, and C).

The associations between variables present in sedentary mice were disrupted in SED TBI
(SED vs SEDTBI; Figure 6A vsFigure 6D). Mice submitted to LVTBI and HVTBI
sustained the magnitude of correlations in a profile similar to exercise alone (LVTBI vs

LV; Figure 6E vsFigure 6B) and (HVTBI vsHV; Figure 6F vsFigure 6C). Also, the
correlation profile in SEDTBI is different from LVTBI and HVTBI (Figure 6D vs6E and
6F, respectively). In general, these findings demonstrate that exercise improves neurotrophic
and bioenergetic functional connections, as well as exercise, attenuates the loss of these
connections after TBI.

3.7. Exercise preconditioning attenuates long-term spatial memory deficits after TBI

All groups equally performed the flag test in the Morris water maze indicating no apparent
visual deficits induced by a TBI (Figure 7A). In the training days of the Morris water maze,
as an indicator of memory acquisition, the TBI groups spent more time searching the hidden
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platform, particularly throughout training days 1 and 4. In contrast, mice preconditioned
with LV and HV exercise showed no significant learning deficits (Figure 7B).

In the probe trial, as an indicator of memory retention, mice engaged in HV of exercise
remained in the target zone longer to SED and LV groups (SED, p < 0.0001; LV, p =
0.0139). LV also showed increased time in the target zone relative to SED (SED vsLV; p <
0.005) (Figure 7C).

We also showed that the SEDTBI group spent less time in the target quadrant relative to
LVTBI and HVTBI groups (p < 0.0001 for both). LVTBI and HVTBI groups showed no
significant differences relative to SED, LV, and HV groups (Figure 7C). No differences in
average speed were observed between groups (Figure 7D). Taken together, these results
confirm the beneficial effects of exercise on the spatial learning and memory fitness and
highlight its prophylactic importance against neurofunctional deficits after severe TBI.

4. Discussion

Here, we found that preconditioning with lower and higher volumes of voluntary physical
exercise increases neurotrophic and bioenergetic brain reserves, which were associated with
lower mortality acutely after injury, and attenuation of long-term memory deficits after
severe TBI.

The pathophysiological mechanisms of TBI involve the upregulation of neurodegenerative
pathways and the downregulation of neuroprotective and adaptive responses. This balance
can be influenced by both innate, and acquired processes mediated by factors like active
lifestyle (Raefsky and Mattson, 2017). Indeed, exercise intervention promotes cellular and
molecular adaptive responses that are often proposed as therapy after TBI (Archer et al.,
2012; Cunnane et al., 2020; Fogelman and Zafonte, 2012; Itoh et al., 2011a, 2011b). The
present results further demonstrate the prophylactic potential of exercise-induced brain
adaptations for increased neuronal resiliency to acute damage (Fiorin et al., 2016; Zhao

et al., 2015). This resiliency likely contributes to reducing mortality in the first hour after
severe TBI, in which the primary damage mechanisms like the rupture of cell membranes,
axonal damage, and glutamate-induced excitotoxicity are more prominent (Corrigan et

al., 2017). Actually, in a clinical study, we demonstrated that higher cerebrospinal fluid
glutamate levels at ICU admission predicted brain death within 3 days after severe TBI,
whereas patients with lower glutamate levels survived (Stefani et al., 2017). It is known that
exercise-mediated synaptic adaptations, and increased astrocyte proliferation and glutamate-
uptake, which could remove extracellular glutamate excess and counteracts the primary
excitotoxic mechanisms, ultimately decreasing acute mortality (Dietrich et al., 2005; Li et
al., 2021, 2005). However, this assumption was not addressed in this study and is currently
speculative.

Although countless numbers of pre-clinical TBI models have allowed to recognize
pathophysiological mechanisms and identify potential therapeutic targets, no therapies
demonstrating high efficacy in pre-clinical models have advanced toward clinical treatments
that improve the survival rates and long-term neurological deficits due to TBI (Smith et al.,
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2021). Accordingly, a clinical review about the protocols for management of severe TBI and
its supporting body of evidence over the past 20 years, pointed out for only three positive
recommendations (classes 1 and 2), which actually indicates a limited therapeutic arsenal to
treat patients underwent this life-threatening pathology (Volovici et al., 2019). The intrinsic
limitations of preclinical studies and poor translatable evidences provided by randomized
clinical trials performed with small sample size and single-center contribute to the persisting
high rates of mortality and lifelong unfavorable outcome after severe TBI (Bragge et

al., 2016) but also highlights the importance of building bridges between preclinical and
clinical studies to avoid conceptual mismatches, and thus translate findings into benefits for
patients (Smith et al., 2021). In the context of this work, we showed an elevated mortality
(40%) acutely after CCI in non-exercised mice, which seems to replicate the unfavorable
neurological outcome found in severe TBI patients (Glasgow coma scale < 8) in the first
hours of hospital admission (Strogulski et al., 2022). Further, routine assessments of righting
reflex time acutely post-surgery (Kline et al., 2010), and modified neurological severity
score 24h post-injury (6-point scale, assessing reflexes and motor function) (Carteri et

al., 2019) confirmed the severity of neurological deficits of TBI groups (data not shown).
Though most CCI models use parameters that induce relatively low mortality, the animals
typically are awake and ambulating shortly after injury and display relatively minor motor
dysfunction. These outcomes do not reflect the circumstances in severe TBI in humans —

a disconnect of modeling that has been highlighted in a recent consensus publication on
shortcomings of current TBI models (Smith et al., 2021). Accordingly, we adapted the CCl
model to mimic severe TBI in humans, who display pronounced neurological dysfunction
after the injury with a very high mortality. Notably, mortality rates above our study was
already reported using CCI parameters of 4.5 m/s with a deformation 1.5 mm below the
dura (Miao et al., 2015). The other most common rodent TBI model, fluid percussion, also
presents relatively high mortality (over 20%) even at levels where the surviving animals do
not display severe symptoms. While the increased mortality reported here is a consequence
of approximating our preclinical model with acute clinical settings, it is important to state
that mortality reduction is often not accompanied by more patients experiencing favorable
functional outcomes, but rather by an increased number of survivors in a vegetative or
severely disabled state (Menon and Maas, 2015; Nichol et al., 2015). Despite the high
mortality, our study tries to overcome preclinical limitations and bring into the light this
dichotomy, and additionally offers a platform for studying mechanisms and therapeutic
targets linked to survival and favorable functional outcomes after severe TBI. Moreover,
rather than treatment we highlighted how preventive physical exercise, as proposed by many
vascular, cardiac and metabolic disorders, could shield against mechanisms leading to death
and long-term consequences of severe TBI.

Given this, we next explored whether lower and higher exercise volumes (LV and HV)
modulate the classical components behind synaptic plasticity and adaptive responses to
challenges, i.e., neurotrophic and bioenergetic support. We found that the pCREBSer133.
proBDNF-BDNF axis in the hippocampus was upregulated regardless of the volume of
exercise. Remarkably, such adaptations were detected thirty days after the interruption of
exercise, which highlights volume (total running distance in a voluntary running wheel) as a
target variable that promotes and sustains neurotrophic support over the long-term.
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Previous work showed that BDNF levels correlate with running distance in the voluntary
running wheel and mediate the benefits of brain exercise to the brain (Cotman and
Berchtold, 2002). Accordingly, the inhibition of the TRKB receptor blocked the benefits of
voluntary exercise on CREB levels, neuroplasticity, and cognitive function thus confirming
such functional interplay (Vaynman et al., 2004, 2003). Although exercise-induced benefits
for the brain are associated with BDNF levels/signaling, there remains debate in the

field regarding which exercise protocol is most effective. A previous study showed that

a low-intensity exercise using a treadmill increased TRkB-BDNF-CREB and improved
spatial memory, whereas high-intensity exercise suppressed neurotrophic benefits and
impaired spatial memory (Wu et al., 2020). Sedentary overweight men submitted to
moderate-intensity continuous training and high-intensity interval training displayed similar
improvements in blood BDNF levels and cognitive performance (de Lima et al., 2022).
Another study showed that high-intensity exercise increased blood BDNF levels and
improved the locomotor capabilities of neurologically healthy subjects depending on the
Val66Met polymorphism (Helm et al., 2017).

Here, we additionally found that both volumes of exercise avoided the deterioration of
pCREBSe133_pro-BDNF-BDNF signaling in the brain after a severe TBI. Of note, a similar
4 weeks running wheel exercise protocol led to an acute (24 h) activation of the BDNF-
CREB expression in the cortex after TBI, and a concomitant attenuation of apoptotic
markers linked to mitochondrial cytochrome c release and consequent caspase activation
(Zhao et al., 2015). While these authors did not investigate increments in BNDF-CREB
beyond 24 h, they reported long-term (between 14 to 28 days post-injury) neuroprotective
effects over classic secondary alterations linked to TBI, including impaired in the spatial
and recognition memory processing, cytoskeleton destabilization, and non-trophic microglial
phenotypes (Zhao et al., 2015). Also, a prolonged (6 weeks) swim training period before
TBI led to an increase in the hippocampal BDNF levels at 24 h and 15 days post-injury, and
preserved recognition memory (Fiorin et al., 2016). On the 15! day after exercise and TBI,
the BDNF level was approximately 100% above exercised sham group and approximately
150% above the sedentary TBI group. Moreover, hippocampal BDNF level in the exercise
and TBI group was higher at the 15t day relative to 24 h post-injury, ultimately suggesting
potentiating effect over time. The findings of the present study further indicate that our
exercise preconditioning protocol may sustain hippocampal neurotrophic reserves for up

to thirty days, as revealed by the increased pPCREBSe133-CREB-proBDNF-BDNF level.
Although, clinical and preclinical studies have demonstrated that BDNF remains upregulated
throughout several weeks of exercise engagement (Berchtold et al., 2005; Russo-Neustadt
et al., 1999; Szuhany and Otto, 2020) doubts remains regarding the kinetics of this
neurotrophin level/expression after an exercise training protocol cease. Particularly, our
study design does not allow us to further elucidate this relevant concern, which can be stated
here as a limitation. Nevertheless, a study with healthy adults showed a positive correlation
between increased hippocampal volume and serum BDNF level after one-year of moderate
aerobic exercise training, but only hippocampal volume correlated with improved memory
function. The authors suggest that morphological adaptations including cell proliferation or
increased dendritic branching and vascularization might explain the benefits on memory
performance parameters (de la Rosa et al., 2019; Erickson et al., 2011; Levine et al., 1995;
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von Bohlen und Halbach and von Bohlen und Halbach, 2018). Further, five-week moderate
aerobic exercise training caused sustained elevation of serum BDNF levels at rest (basal
10.3 vsrest 16.8 pg/mL) in healthy men (Zoladz et al., 2008). These results emphasize

that physical exercise actually mounts and subsequently sustains BDNF-induced adaptations
through a vast array of components (Berchtold et al., 2005, 2002; Liu and Nusslock, 2018).

In fact, exercise-induced activation of the pCREBSe133-pro-BDNF-BDNF pathway
mediates adaptive mitochondrial responses that may improve bioenergetic function
(Mattson, 2012; Raefsky and Mattson, 2017). These adaptations likely reflect the

clearance of dysfunctional mitochondria, increased metabolic enzyme activity, and protein
composition of complexes (Huang et al., 2019; Kinni et al., 2011). Of note, the PGCla
levels (effector of biogenesis and mitochondrial efficiency) seen here were not modified by
exercise or TBI after thirty days of intervention (data not shown) (Mattson, 2012; Raefsky
and Mattson, 2017). Nonetheless, we found that improved mitochondrial bioenergetic
function induced by LV and HV exercises reflect an increased capacity of electron
transference, respiratory capacity coupled with ATP synthesis (see Figure 3 B, C, D, E),
and decreased H,0O, production stimulated or not by metabolic substrates (Figure 3G). Our
real-time respirometry approach confirms a previous report showing that exercise induced

a simultaneous up-regulation of proteins involved in energy metabolism and neuroplasticity
(Ding et al., 2006). In contrast to our results, prior work with treadmill training did not affect
mitochondrial respiration linked to complex I, complex Il, and FoF1 ATP synthase in the
brain of adult mice implying no gain in bioenergetic capacity (Gusdon et al., 2017). Despite
controversies regarding exercise protocols, most studies show that exercise improves brain
mitochondrial complex function, increases FoF1 ATP-synthase activity, increases control

of reactive oxygen species production, and provides neuroprotection and health benefits.
These data suggest that exercise exerts an integral regulation on bioenergetic machinery
ultimately leading to the synchronic activity of oxidative metabolism, which may counteract
the mechanism of neurodegeneration (Cheng et al., 2010; Mattson, 2012; Mattson and
Arumugam, 2018; Raefsky and Mattson, 2017).

It is widely recognized that TBI also exacerbates ROS production, which implies
mitochondrial dysfunction at the level of AY , electron transference, and respiratory
complexes (Yonutas et al., 2016). We found that both volumes of exercise preconditioning
sustained the BCE score relative to sedentary TBI animals, thus implying a high efficiency
of mitochondrial metabolic machinery toward ATP synthesis (Nedel et al., 2021). Both
exercise volumes attenuated mitochondrial proton leak and H,O, production after TBI.
Prior work showed increased antioxidant defenses (Nrf2, SOD) induced by exercise
preconditioning, thus corroborating a prophylactic role against TBI-induced oxidative
damage (Fiorin et al., 2016; Hill et al., 2017; Ji et al., 2012b, 2012a). Further, voluntary
exercise preconditioning attenuated the upregulation of Bid and Puma, proteolytic proteins
involved in the permeabilization of the mitochondrial membrane after TBI (Zhao et al.,
2015). In agreement with this published data, we found that prior exercise engagement
avoided the disruption of AY ,, (formation and dissipation) caused by TBI, thus providing
a functional indication of preserved mitochondrial membrane integrity—this is also
corroborated by a decrease in H,O» production and sustained BCE. Values of mitochondrial-
derived respiratory endpoints including leak, OxPhos, and electron transference capacity
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uphold the benefits of both volumes of exercise in sustained various components of
mitochondrial bioenergetic function after TBI.

Although both volumes of exercise enhance neurotrophic and bioenergetic brain reserves,
these adaptations underscore the importance of avoiding unfavorable neurological outcomes
associated with TBI, i.e., memory impairment (Brown et al., 2011). A significant number of
TBI patients may experience persistent neuropsychiatric symptoms. Based on a translational
perspective, our protocol focuses on how preventive physical exercise engagement interplays
with long-term memory deficits associated with TBI. Particularly, impaired memory
processing after TBI is attributed to a combination of selective hippocampal and axonal
injury associated with deleterious secondary biochemical cascades (Thompson et al., 2005).
Remarkably, a TBI in previously exercised mice did not impair the daily performance

in the learning phase of the Morris water maze. Specifically, exercised mice spent more
time in the target quadrant looking for the removed platform, which indicates memory
consolidation of the previous training. This suggests that LV and HV mediate cognitive
reserves likely through the pPCREBSe133-pro-BDNF-BDNF pathway and mitochondrial
bioenergetic efficiency. While these findings may encompass translational relevance to TBI
it should be noticed that only male animals were used, and, therefore, any conclusions in
females require further experimental confirmation. Also, due to technological limitations,
we were not able to phenotype the individual activity of each 4 mice in the running wheel,
and this may also be stated as a limitation of this study. Nevertheless, relative to our previous
experience and internal controls using the same system, we found a similar distance ran
during thirty-days of voluntary exercise in the running wheel (de Carvalho et al., 2017;
Dietrich et al., 2005; Muller et al., 2012, 2011; Portela et al., 2017).

5. Conclusion

In summary, preconditioning with lower and higher exercise volumes similarly promotes
long-lasting BDNF and mitochondrial bioenergetic reserves that appear associated with
preserved memory function after a severe TBI. These results highlight a link between
lifestyle and brain reserves against TBI.
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Highlights
Lower and higher volume of exercise built up hippocampal brain reserves

pCREBSer133-CREB-proBDNF-BDNF and bioenergetics increased
regardless volume of exercise

TBI impaired neurotrophic and neuroenergetic support and induced cognitive
deficits

Neurotrophic and neuroenergetic brain reserves attenuated spatial memory
deficits
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Experimental design (A). Initial 15 days of free voluntary exercise habituation in the running
wheel assembled in the home cage. Additional 15 days of free voluntary exercise in the
running wheel (HV, higher volume; running wheel unlocked) or intermittent access to the

exercise running wheel (LV, lower volume; alternating two days with wheel locked or

unlocked). Sedentary mice had the running wheel always locked. Profile of the distance ran
by mice during thirty-days habituation and training exercise (B). Distance ran by mice only
in the habituation phase (C). Distance ran by mice from LV- and HV groups only in the
training phase (D); and the cumulative distance ran (habituation plus training) by LV and
HV groups after thirty-days exercise (E). The values represent mean + S.D. (4 mouse/per
cage; n=12 per group). For the same type of exercise stimulus, more frequent engagement
presents comparatively higher volume of training compared to less frequent engagement *

Indicates statistical differences between HV and LV groups (p < 0.05).
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Figure 2. Preconditioning with lower and higher volumes of physical exercise increases
neurotrophic signaling.

Thirty days after finishing the exercise protocol (LV and HV) the hippocampal levels
of trophic proteins belonging to pCREBSE133/CREB and pro-BDNF/BDNF axis were
increased relative to sedentary mice (n=8 per group). # Denotes significant statistical
difference from sedentary group (SED) (p < 0.05). Abbreviations: LV, lower exercise
volume; HV, higher volume.
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Figure 3. Prior engagement in lower- and higher volumes of physical exercise increase the
mitochondrial bioenergetic capacity in hippocampus.
The oxygen consumption rate in hippocampal homogenates during the real-time

respirometry protocol (A). Higher and lower exercise volumes (HV and LV, respectively)
increased oxygen consumption rate in the maximal electron transport system (ETS)

(B). Mitochondrial OxPhos capacity (P), and biochemical coupling efficiency (C, and D
respectively) increased in the exercised groups (HV and LV). The sequential addition of
metabolic substrates (pyruvate + malate + glutamate + succinate) decreased leak respiration
(L) in exercised groups (HV and LV) (E). The formation and dissipation of mitochondrial
membrane potential (Ay) in energized states was similar between groups (F); H,0,
production decreased in HV and LV groups (G) (n=8). * Denotes significant difference
from sedentary group (SED); # indicates significant difference compared to SED and LV
groups (p < 0.05). Abbreviations: LV, lower exercise volume; HV, higher volume; SED,
sedentary; OxPhos, oxidative phosphorylation; H,O,, hydrogen peroxide.
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Figure 4. Lower and higher volumes of physical exercise preconditioning decrease mortality and
do not affect locomotor activity after severe traumatic brain injury.

Mice were submitted to thirty days LV and HV exercise protocols plus TBI shortly after
resulting in LVTBI, HVTBI and SEDTBI groups (A). The percent mortality after a head
injury was 41.18% for SEDTBI, 16.67% LVTBI, and 23.08% HVTBI (B). After TBI the
sample size was: SEDTBI (n=10), LVTBI (n=14), and HVTBI (n=13). The locomotor
activity assessed by the distance traveled per minute in the open field arena was not

different between groups (C). # Denotes statistically significant difference compared to other
groups. Abbreviations: LV, lower exercise volume; HV, higher volume; SED, sedentary;

TBI,

traumatic brain injury.
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Figure 5. Preconditioning with different volumes of exercise sustain neurotrophic and
neuroenergetic brain reserves thirty days after severe traumatic brain injury.

Engagement in lower and higher exercise volumes (LV and HV, respectively) prior to

TBI sustained the hippocampal levels of pPCREBSE33/CREB (A) and pro-BDNF/BDNF
(B). The mitochondrial bioenergetic endpoints including leak respiration (C), maximal
ETS capacity (D), biochemical coupling efficiency (E) and the OxPhos capacity (F) was
significantly improved in LVTBI and HVTBI relative to SEDTBI group. Mitochondrial
membrane potential (A'Y'm) and mitochondrial H,O, production was improved in LVTBI
and HVTBI groups (G and H, respectively). Pointed lines in A, B, C, D, and F represent
the values of SED group (n=8 per group). * Denotes difference from SEDTBI group when
p < 0.05). Abbreviations: LV, lower exercise volume; HV, higher volume; SED, sedentary;
OxPhos, oxidative phosphorylation.

Exp Neurol. Author manuscript; available in PMC 2024 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kopczynski et al.

A

Biochemical efficiency
Excess capacity

Leak control

CREB

pCREB

BDNF

ProBDNF

D

Biochemical efficiency
Excess capacity!

Leak control|

CREB

pCREB

BDNF

ProBDNF

Biochemical efficiency
Excess capacity
Leak control

CREB

Biochemical efficiency
Excess capacity
Leak control

CREB

s

"=
o

pCREB
BDNF
ProBDNF

ProBDNF

pCREB
BDNF

B

Biochemical efficiency
Excess capacity

Leak control

CREB

pCREB|

BDNF

ProBDNF|

E

Biochemical efficiency
Excess capacity

Leak control

CREB

pCREB|

BDNF

ProBDNF|

Biochemical efficiency
Excess capacity
Leak control

>
o
£
o
=
£z
=8
S a
L2 n
EU
28
g8
9 x
o W

o
=
=}
[ -
o
o
X
]
Q
ad

[ea]
w
o
O

B
g8
2 3

ProBDNF

ProBDNF

Page 31
>
v
£
2
K]
E2
wg_
Sne
2 mE
ESE L
o v =
ga?d o
o ¥ Xx o
oygy®m® o
S X @ e
oW J o

Biochemical efficiency
Excess capacity

Leak control

CREB

pCREB

BDNF

ProBDNF

F

Biochemical efficiency
Excess capacity

Leak control

CREB

pCREB

iochemical efficiency
xcess capacity
Leak control

B
E

CREB
BDNF
ProBDNF

BDNF
ProBDNF

Figure 6. Pairwise correlation of neurotrophic and mitochondrial metabolic variables.
The correlation profiles between neurotrophic and neuroenergetic variables in sedentary

mice (A) and in mice submitted to preconditioning with lower (B) and higher (C) volumes
of exercise. Traumatic brain injury induced changes in the associations between variables in
sedentary mice (D), and both lower (E) and higher (F) exercise volumes preconditioning
sustained the associations between neurotrophic and neuroenergetic variables in mice
submitted to head impact at level similar to exercise alone (B and C) (n=8 per group).
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Figure 7. Effects of lower- and higher physical exercise volumes and severe traumatic brain
injury on spatial memory.

All groups learned to find the platform in the flag test (A). In the acquisition phase of

the Morris water maze task (MWM), the SEDTBI group spent more time searching for
the hidden platform than other groups (B). In the test phase without the platform, both
exercised groups (LV and HV) spent more time in the quadrant zone than SED groups but
the memory performance of HV group was significantly more pronounced than LV. SEDTBI
displayed decrease in the time spent in the quadrant zone but mice submitted to exercise
preconditioning (LVTBI and HVTBI) showed attenuation of this memory deficit (C). The
swimming speed was similar between groups (D) (n=8 per group). # Denotes statistical
difference from SED. # Denotes statistical difference from SED and LV groups. * Denotes
significant difference from other groups. Abbreviations: LV, lower exercise volume; HV,
higher volume; SED, sedentary; OxPhos, oxidative phosphorylation; TBI, traumatic brain
injury.
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