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Introduction: Concussion diagnosis and rehabilitation management has become a prevalent area of
research, and yet much is still unknown about these complex injuries. Historically, exercise prescrip-
tion post-concussion was conservatively used for rehabilitation due to the suspected harmful effects that
exercise can have on damaged neurons, and increase in symptoms. However, there has been a shift to
implement exercise earlier into recovery as several studies have demonstrated positive outcomes.
Objective: The objective of this literature review is to update the reader about new advances in concussion
research related to the beneficial effects of physical activity from both a neurometabolic and a broader
physiological perspective, using gene expression as a vehicle to demonstrate why and how physical activ-
ity has the capacity to optimize recovery from a cellular perspective. To further this clinical guideline, the
evidence must continue to support these positive outcomes from an inductive and deductive physiologic
approach (i.e., the clinical evidence aligned from a micro- to macroscopic approach and vice versa).
Design: Narrative review.

Methods: Pubmed and Medline were used with the following key words: concussion and, physical activ-
ity, neurometabolic, gene regulation, trauma, nervous system, mild head injury, acute exercise, cellular
physiology and pathophysiology.

Conclusion: It is our contention that understanding the cellular perspective will help guide clinical man-
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agement, and promote research into post-concussion exercise.
© 2019 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.

1. Practical implications

- Exercise can be beneficial for recovering from sport concussion
as exercise can amplify cellular healing.

- Exercise can be harmful for recovering from sport concussion if
exercise is too intense.

- Understanding the physiology of concussion recovery and why
exercise can be both “good” or “bad” may lead to improvements
in recovery protocols.

2. Introduction

As per the most recent consensus statement on concussion in
sport, the use of exercise as a potential rehabilitation tool is under-
scored following concussive injury.! Furthermore, classifying sport
concussion is an unresolved issue as it can be viewed as part of a
traumatic brain injury spectrum or as a physiologically reversible
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injury.! Nonetheless, sport-related-concussion (SRC) is typically
defined within the following parameters: (1) an injury that is sus-
tained by a direct blow or impulsive force that is transmitted to
the head, (2) symptom onset and impairment that is short lived
and resolves spontaneously, (3) functional changes (but not struc-
tural changes) are typically observed, and (4) a range of signs and
symptoms that typically resolves in a sequential course and may
involve loss of consciousness.! Unfortunately, less emphasis has
been placed using physically active recovery as part of the rehabil-
itation process primary related to limited knowledge in this area
as it pertains to the intensity, duration, frequency and volume of
exercise that is safe to perform, and the unknown consequences (if
any) of exercise on the recovering brain. Furthermore, the litera-
ture is limited related to the cellular processes involved in exercise
rehabilitation following concussion.

Concussion management differences can also stem from inter-
patient variation that may be influenced by several factors
including: age, gender, fitness, time since last exercise bout, phar-
maceutical agents taken, lifestyle choices prior to a diagnostic
assessment (e.g. caffeine, alcohol, and tobacco intake), anxiety,
and even time of day.>~* Ironically, most of these variables can
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also influence the response to exercise. Thus, managing and/or
controlling these factors is critical for both developing a true
understanding of severity and treatment, as well as for avoid-
ing environmental and psychologic factors that confound clinical
and physiologic assessments. These potential confounds require
nuanced interpretation of the data, such that the modality of exer-
cise and the expected physiologic response can be known (and
includes considering the above patient variation factors). Only after
this degree of nuanced interpretation is mastered, can one finally
consider the differences in how the injured brain is responding or
how it might respond during recovery when an exercise interven-
tion is applied.

Furthermore, the above factors make it difficult to set a recov-
ery timeline trajectory, and predict how exercise will impact this
timeline.”~” Generally, health practitioners have acted conserva-
tively for safety’s sake as one patient may be capable of much more
stimulation, physical activity, and cognitive loading than another
for a given set of presenting symptoms.?”-8 Additionally, symp-
toms are very difficult to compare between individuals because of
their relative nature. Thus, an individualized exercise rehabilitation
program is paramount to ensure safe recovery.” 10

The underlying exercise-induced physiologic mechanisms were
not detailed in the new consensus guidelines, as these documents
were systematic reviews that were intended to be used for guid-
ing concussion management and future research.’”'-15 Hence,
more physiologically-focused studies on the impact of exercise
during the early stages of concussion recovery are warranted, as
this will help build future consensus statements that may be more
tailored to the pathophysiological changes that occur throughout
concussion recovery'617.18 To better tailor exercise prescription
post-concussion, it will be critical to demonstrate at a cellular level
how exercise-induced changes in key cellular pathways enhance
the recovery process.!"!°

Therefore, the purpose of this paper is to review how exer-
cise (when introduced early post-injury) may be beneficial for
concussion management. The focus herein will largely be on cel-
lular physiology, and will include the following topics: concussion
pathophysiology and healthy gene and second messenger systems,
and their relation to exercise and brain injury.

3. Overview of concussion pathophysiology

Forces applied to the head or body can cause shearing and
stretching of neuronal cell bodies and axons, which alter the mem-
brane and receptor structure at the site of injury.2® A compromised
membrane promotes the ability of ions to move down their concen-
tration gradients more freely (e.g., potassium (K*) efflux and both
sodium (Na*) and calcium (Ca%*) influx). This change in ion flow
and regulation results in both altered neuronal metabolism at the
site of injury, and at secondary neurons. Moreover, mitochondrial
dysfunction at the site of injury and at secondary neurons leads
to immediate and delayed glucose metabolism processes.2!?2 The
above changes to mitochondria and glucose metabolism can also
influence cerebral blood flow processes at the site of injury and at
secondary neuroanatomical locations.!621.23 The reader is encour-
aged to review Figs. 1 and 2 to further understand the processes
associated with concussion pathophysiology.

Ion dysregulation. One of the mechanisms which connects the
site of injury to secondary neurons is the indiscriminate release
of glutamate, a neurotransmitter that results in increased N-
methyl-D-aspartate (NMDA) receptor activity. These receptors
allow calcium to move into the intracellular side of a neuron.
The en masse rise of intracellular calcium as a result of NMDA
receptor activity uncouples glucose metabolism and neurovascu-
lar coupling (discussed below).2:24 Furthermore, the binding of
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Fig. 1. Changes in ionic, metabolic, and cerebral blood flow changes that occur post-
concussion.

Adapted from Reference 21.
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Fig. 2. Model of the cellular processes that affect primary and secondary injury sites
following concussion.

Adapted from Reference 21.

glutamate to NMDA receptors results in the opening of potassium
and intracellular voltage-gated channels found on the sarcoplas-
mic reticulum. Both of these actions only further compromise the
regulation of intracellular ion concentrations.?! Again, this indis-
criminate release of glutamate at secondary injury sites is mirrored
at the primary site of injury by increased membrane permeability
to all ions.?!

Energy dysregulation. Decreased intracellular ion regulation at
primary and secondary neuronal sites can also affect a mito-
chondria’s ability to maintain the proton gradient required for
adenosine triphosphate (ATP) synthesis. This may shift glucose
metabolism towards anaerobic glycolysis, and further strains the
energy requirements needed to restore these large ionic shifts.2>
When mitochondria can no longer function as intended, the exci-
totoxic effect of the ions can lead to cellular apoptosis.2! Moreover,
the ability to restore ion balances across the neuronal membrane
(and reverse the excitotoxic status of the neuron) may be a key fac-
tor for stratifying the brain injury into either a TBI (non-reversible
cytotoxic damage and neuronal cell death), or a concussion.!%24
While the mechanism ultimately has a large impact on outcome
(concussion vs. TBI), the above-discussed physiology regarding the
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neurometabolic changes suggests that there may be a cellular “tip-
ping point”. This reduced oxidative capacity can also be reflected
through changes in gene expression and transcription, (discussed
in a later section).??

Structural dysregulation. At the site of injury, microtubules and
membrane receptors are being recycled and reorganized with the
intent to restore function, and thus promote ion regulation.!*26
This is crucial as active transport proteins in the plasma mem-
brane such as CaZ*-ATP pump, and the Na*/K* ionic pump, will
be saturated, and their efficacy will be limited by: (1) membrane
integrity, and (2) the amount of ATP energy stores available. More-
over, assuming that the level of excitotoxicity is reversible (i.e.
concussion rather than TBI), the recovering neuron (be it at the site
of injury or at a secondary location) is also exposed to decreased
regulation of neurovascular coupling, which can also hinder ATP
synthesis through decreased nutrient delivery.?’

Blood flow dysregulation. Neurovascular coupling (NVC) matches
oxygen delivery to active tissues from a cellular to regional level
via adjustments to capillary bed and pial artery smooth muscle
tone.?82° NVC is driven by fine-tuned regulation of numerous

ions and molecules, including: calcium, potassium, ATP, guano-
sine triphosphate (GTP — similar to ATP), and nitric oxide (NO).21:30
Some of these molecules and ions have been discussed above, and
the reader should now be familiar with how the post-concussion
ion dysregulation can conceivably influence blood flow at primary
and secondary locations.!”

4. Gene expression & metabolism in concussion:
“downstream downregulation”

The concussion-induced ionic dysregulation, energy crisis,
and impaired neurovascular coupling, have been discussed
above. These previously discussed topics can potentially affect
several proteins and second messenger pathways, which can
also influence genetic expression. Of significant importance
are brain-derived neurotrophic factor (BDNF), cyclic adeno-
sine monophosphate (cAMP) response binding protein (CREB),
peroxisome proliferator-activated receptor gamma co-activator 1-
alpha (PGC-1a), mammalian target of rapamyicin (mTOR), and
more.2!31-35 These factors are all essential in facilitating neuropro-
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Fig. 3. Key transcription factors which are enhanced with exercise and aide in concussion recovery.
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tection and synaptic plasticity in the brain, as well as overall cell
efficiency and neuronal homeostasis.!!12:35-37 The below subsec-
tions will focus on the following: the cellular physiology of exercise
and neuroplasticity (broadly), how concussion results in changes
to select proteins (BDNF, PGC-1a, and mTOR), and how exercise
can theoretically reverse concussion pathophysiology. The reader
is encouraged to view Fig. 3 below to get an overview of some of
the above proteins.

Exercise-induced neuronal changes — ion regulation. An acute
bout of aerobic exercise will challenge the regulatory capacity for
intracellular ion concentrations, as numerous post-synaptic NMDA
receptors will be stimulated at an increased frequency and inten-
sity. The exercise-induced increase in flow of extracellular calcium
across the neuronal membrane (into the cytosol) will be met with
increased intracellular fluxes of calcium from the endoplasmic
reticulum.!31426.38 A simplified model which explains this from an
exercise perspective is the concomitant presence of norepinephrine
and glutamate. More specifically, the binding of norepinephrine
to an adrenergic receptor activates membrane-bound G-proteins,
which in turn activates phospholipase-C (PLC), and creates diacyl
glycerol and inositol triphosphate (IP3).33-40 The influx of extracel-
lular calcium from the NMDA receptor, in conjunction with inositol
triphosphate generated from the adrenergic receptor, will enhance
the release of calcium from the endoplasmic reticulum through
both endoplasmic reticulum-bound voltage-gated calcium recep-
tors, and the endoplasmic reticulum-bound inositol triphosphate
receptors. This regional enhancement of calcium influx from the
endoplasmic reticulum will stimulate other nearby endoplasmic
reticulum-bound voltage gated calcium receptors and create a ret-
rograde calcium wave back to the soma where calcium-dependent
transcription factors and second messengers can be activated (e.g.
calmodulin, mitogen associated protein kinase (MAPK), etc.).>8
Many of these transcription factors reinforce the capacity for ion
regulation through enhanced genetic expression, which is what is
impaired when a concussion is sustained.>?%-21

Exercise-induced neuronal changes — energy regulation. The
enhancement in postsynaptic NMDA, adrenergic, and endoplas-
mic reticulum receptor stimulation, will require enhanced glucose
metabolism and ATP utilization. Once again, norepinephrine can
be used as a simplified model for demonstrating energy regula-
tion during exercise. The G-proteins activated when an adrenergic
receptor is stimulated will then activate trans-membranous adeny-
lyl cyclase.?® The trans-membranous adenylyl cyclase would also
be enhanced by soluble adenylyl cyclase enzymes, both of which
generate cCAMP (an influential second messenger system molecule).
The changing levels of cytosolic cAMP influence the activity protein
kinase A, which is well known to augment glycolysis and promote
micro-domain neurovascular coupling (amongst other second mes-
senger pathways).>%4! Moreover, cAMP can act through several
transcription factors (such as CREB) to enhance the genetic expres-
sion of those proteins associated with the regulation of glycolysis.

Exercise can also induce mitochondrial biosynthesis via
increases in the protein PGC-1a, which is also associated with CREB,
and can play a large role in energy regulation.*> Hence, exercise can
help restore the capacity to monitor metabolism and ATP synthesis
post-concussion.

Exercise-induced neuronal changes — structural regulation. The
exercise-induced regulation of intracellular ions will also create
structural changes at the synapse. Indeed, the increase in intracellu-
lar calcium is paired with the activation of cAMP-associated protein
kinases and transcription factors, so that cytoarchitecture and
organelle distribution is reinforced. More specifically, calcium and
calcium-calmodulin dependent proteins (e.g. type Il microtubule
associated proteins and tau protein) reinforce the localization and
structure of the postsynapse.*3#4 This calcium-dependent regula-
tion of post-synapse structure occurs in conjunction with other

molecules such as brain derived neurotrophic factor (BDNF; a cAMP
product via CREB), which also enhances microtubule recycling.!!12
The mechanism by which BDNF best enhances cytoarchitecture
postsynaptically is still debated. From one perspective, BDNF
can bind to its membrane bound receptor, and as the recep-
tor undergoes endocytosis, an increase in tau protein expression
can occur via second-messenger systems (i.e. activation of MAPK,
phospholipase-C, phosphatidyl inositol triphosphate binding to its
cytosolic receptor, and the activation of CREB).!"'2 From another
perspective, the same molecule of BDNF can undergo exocytosis
back across the synapse, and enhance the pre-synaptic release of
glutamate-containing vesicles. The ability of BDNF to modify pre-
synaptic release of glutamate, will increase both the rate of NMDA
receptor stimulation and amount of calcium influx from the extra-
cellular space; which, will reinforce the relationship between tau
protein and calcium.!!.1245:46

Another aspect of exercise and structural regulation is organelle
redistribution, although the mechanisms are also not fully under-
stood. What is known is that ATP and calcium can influence
mitochondrial and endoplasmic reticulum density to areas of acti-
vation (which facilitates regional glucose metabolism); and thus
includes golgi body arboring (which facilitates regional receptor
recycling and peroxisome availability).!3-15:26

Exercise-induced neuronal changes — other important proteins. As
noted above, BDNF is critically important for neuronal function as
it helps to mediate ionic, metabolic, and structural processes.'? The
reader is reminded that the above subsections were simplified, and
that a more thorough review of the literature can be found with
these references.!!12:44:47

Another important metabolic pathway stream that is targeted
by exercise is the mammalian target of rapamyacin (mTOR). The
mTOR pathway is heavily involved in cell growth, synaptic plas-
ticity, and is connected to higher order brain function.*3->9 Several
second messengers discussed above interact with mTOR, including:
phospholipase-C, phosphatidyl inositol triphosphate, and CREB.
Furthermore, mTOR has interactions with elF-4E binding protein
(4E-BP1) and p70 ribosomal S6 protein kinase (p70s6k) where it
phosphorylates these protein translation regulators.”! Ergo, mTOR
(in conjunction with BDNF activity) plays a central role in merg-
ing extracellular signals such as NMDA receptor activity*® with
metabolic resources for catabolic and anabolic processes, and also
facilitates gene transcription and protein translation.>?

It is also important to note that the PGCla and mTOR path-
ways compete for control during exercise and are dependent on
the type of stress. When one of these pathways is activated, the
other pathway becomes blunted. To simplify, the inverse relation-
ship between mTOR and PGCla can somewhat be explained as
resistance-exercise pathway activation (mTOR — protein synthesis)
and aerobic exercise pathway activation (PGCla — mitochondrial
biogenesis). However, though mTOR and PGC1a are in competition
it is clear that they both have strong connections to healthy gene
expression in neurons.

It should now be clear that both mTOR and BDNF can contribute
to ionic, metabolic, and structural regulation through protein syn-
thesis (mTOR) or through other second messenger systems (BDNF).
Moreover, the mechanisms by which exercise enhances these
processes should now be clear, and thus how exercise can help
concussion recovery.

Exercise-induced neuronal changes — neurovascular coupling. As
a last note in this section, NVC relies on potassium, calcium, GTP
and nitric oxide (NO) signalling. Exercise enhances the regulation
of these ions, and thus the regulation of NVC is also enhanced.
Nitric oxide is also influenced by cAMP, which again has impli-
cations for delivering oxygen to a neuron that will have enhanced
metabolic activity and protein synthesis. Thus, exercising for con-
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cussion recovery will also help with regulating the match between
cellular energy demands and nutrient delivery.

5. Application of exercise to neuronal damage

By this juncture, it is hoped that the reader can understand that
in order to have neuroplasticity, there must be a matching of blood
flow (i.e., nutrient delivery) to neuronal metabolism. What is criti-
cal to note is that several human studies which have demonstrated
that NVC is compromised during concussion.>”3>4 However, per-
forming exercise has been shown to promote recovery.”'”?2 Thus,
the notion that exercise may have a direct application to enhanc-
ing recovery from concussion is gaining acceptance."”’ And yet
the question remains - how can exercise promote neurovascu-
lar recoupling, and help resolve a concussion-induced metabolic
crisis? After all, it has been commonly noted throughout several
concussion consensus statements that exercise can cause symptom
exacerbation.!”

The crux of this question has been repeatedly mentioned from a
management standpoint - the use of exercise and/or physical activ-
ity that does not elicit symptoms.!” Unfortunately, the physiology
that elicits these symptoms has not been well studied from a human
“cellular mechanism” point of view. A plausible hypothesis can be
drawn by recalling that there remains a large cytosolic and mito-
chondrial concentration of calcium being sequestered that need to
be corrected.””-2! What remains elusive is how much capacity for
intracellular ion regulation is restored 72 h post-injury, as this level
of restoration can be applied to exercise, which further promotes
more ion regulation.

This margin for intracellular ion regulation (and the associated
energy reserve) will likely occur under conditions of mild exer-
cise, as recent research suggests that low intensity exercise can be
performed safely. If one exerts beyond the exacerbation-threshold,
symptoms such as headache or pressure in head (amongst other
symptoms — physiological and psychological alike) may manifest
for an undetermined period of time. At a cellular level, if exer-
cise intensity is increased beyond this exacerbation-threshold, then
there will be an increased oxidative stress within the cell, and may
ultimately lead to the activation of apoptotic pathways.>2031.55.56
Thus, mild exercise is important and that increased intensity can
be deleterious for recovery.

To further connect the above sections to exercising at inten-
sities below symptom exacerbation, recall that epinephrine is a
neurotransmitter strongly associated with exercise, and that it will
increase cAMP and CREB concentration levels via transmembrane
and soluble adenyl cyclase. cAMP will also promote the synthe-
sis of nitric oxide.!!12:353947.57 The presence of nitric oxide will
aide in delivery of nutrients so that this heightened energy need
for ionic regulation is met for the duration of the exercise bout.
Moreover, CREB will increase the expression of BDNF and PGC-1a.
Increasing the expression of these proteins will promote mitochon-
drial biosynthesis, organelle restructuring, and improve membrane
integrity via microtubule regulation.!3-15

While the above is technically a theoretical rationale, there
have been some human studies to corroborate this thinking that
mild exercise is important for recovery and management.23°6:58
Most recently, Leddy et al. used the Buffalo Concussion Tread-
mill Test in patients who were initially assessed at an average of
5 days post-injury and exercised until reaching symptom exac-
erbation. Patients were then instructed to perform home activity
at 80% of the initial assessment intensity, which was found to be
more beneficial in time to recovery as compared to a stretching
group.”® Additional research has identified that performing exer-
cise for 10-15 min at 40-50% of heart rate maximum in untrained
individuals, and 15-20 min at 60-70% of heart rate maximum in
trained individuals are good estimates for prescribing exercise

post-initial assessment. It is worth noting that maximal heart rate
was estimated using the following formula: 208 - (0.7 x age).5°
These estimates will help avoid the exercise-induced ventilation
threshold, which can result in hyperventilation, followed by cere-
bral vasoconstriction.’® Though inconclusive, there is evidence to
suggest that higher exertion (i.e., moderate and greater) can have
a detrimental effect to recovery, and so does long-duration aero-
bic activity at lower intensity levels (greater than 45 min). This is
thought to be due to increased oxidative stress, increased corti-
sol secretion, and impaired cerebral blood flow regulation, among
other cardiovascular factors.%°

Indeed, it has been found through several studies that concus-
sion results in a decreased oxidative capacity, which consequently
leads to a down regulation of BDNF.24 As an example, a mouse-
model study monitored exercise prescription throughout recovery,
and it was found that BDNF levels were not changed regardless of
exercise intensity in the first 72-h.32 In this study, the same mice
were examined 14-20 days post-injury, where it was found that
BDNF was increased with exercise. It is thus possible that there is a
parallel and synergistic relationship between PGC-1a and BDNF,
which may help safely promote concussion recovery. It should
also be mentioned that a similar relationship would likely exist
between mTOR and BDNF, once again suggesting that enhancing
BDNF expression is an integral component of any exercise related
recovery process.

Further still, several studies have demonstrated the effect of
exercise on CREB levels post-concussion, suggesting that mod-
ulation is inhibited in the acute phase as seen by the lack of
up-regulation with the onset of an exercise stimulus. However,
once ample recovery time has been observed (14-20 days), an up-
regulation of CREB can be seen.>*

6. Summary

This brief review discussed the changes in cellular signalling
that occur as a result of exercise, and demonstrated the importance
in regulating the neuronal environment in the days immediately
following concussion (i.e., BDNF, CREB, mTOR, and PGC-1a are sig-
nificant markers in both exercise and pathology).!1:1235.36:49.61 The
acute post-concussion phase is an important time period for rest,
but theoretically the activation of the above-discussed pathways
should provide an environment for beneficial effects related to cel-
lular regenerative processes if mild exercise or physical activity
is implemented properly. Said differently, it can be more broadly
stated that the above cellular pathways are influenced by, and regu-
lated by, both branches of the autonomic nervous system. And, with
the introduction of a mild sympathetic shift via exercise, the cellu-
lar benefits of exercise can be obtained without the risk of oxidative
and mitochondrial stress. There are several post-concussion human
physiology studies which indicate that autonomic balance is dis-
rupted, and is restored over time. Most of these studies cannot
measure human cellular physiology per se, but strive to make infer-
ences about autonomic dysfunction with proxy measures such as
cerebral blood flow, heart rate variability, among others.>1627.53

Further still, there have been human studies that have docu-
mented that absolute rest (i.e., parasympathetic dominance) has
not resulted in a positive outcome as compared to “usual care” con-
sisting of physician directed rest (24-48 h) with return-to-school
thereafter, and progressive physical activity (i.e., introduction of
sympathetic influence), as per tolerance to exertion.5%63 Early
introduction of sub-symptom activity (i.e., below a symptom exac-
erbation threshold where ion regulation can still occur) can help
cytoarchitectural stability, mitochondrial biosynthesis and neu-
rovascular recoupling. These cellular processes may act in synergy
with several others to reverse the pathophysiological processes of
a concussion.
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Additionally of note, high variability in symptom presentation
post-injury due to stimulation, in combination with behaviour
change (e.g., a high performance athlete becoming suddenly seden-
tary) can cloud clinical understanding of severity. Said differently,
reducing or limiting an active individual can prove much more
detrimental than originally thought.?? It must also be noted that
the high variability in symptom score and clinical challenges are
also resultant of a gross under-and-over self-reporting issue that
has been well documented. However, this is not to discount the
effect of rapid change from frequent exertion/activity to isolated
rest that an athlete may experience.

Ultimately, there are several factors that are associated with
neuronal health and synaptic plasticity. In the acute phases
of concussion, several pathways are blunted through sedentary
behaviour and remain in a down-regulated state while at rest.>?
Conversely, sub-symptom threshold physical activity has been
found to be associated with enhanced signalling pathways, that
mitigate the effects of a concussion and optimize recovery and
resolution.”'%12:22 What was not discussed herein, but is an area
for future discussion is how sub-symptom activity can be physio-
logically challenged by modifying different aspects of exercise (i.e.
duration, time, modality, intensity etc).
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