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ABSTRACT

The need for effective clinical interventions in chronic neurological diseases such as TBI and
other variants of chronic neurological conditions have been called for in the literature. The cellular
and neurochemical mechanisms addressed in recent literature have focused around three common
themes that traverse all of these condition classes: immune and autoimmune mechanisms,
inflammatory pathways and oxidative phosphorylation or other energy production damage. Limits
to the effectiveness of pharmaceutical and surgical approaches are apparent, and complicated by
the physiological interconnectedness of such pathways. A growing call for non-drug, non-surgical
options has evolved due to the dangers of poly-pharmacy, the lifestyle illnesses, and emerging
evidence pointing to functional measures and methods. This paper surveys and links selected
studies of specific, measurable effects of brain injury on several body systems, and it indicates an
emerging path toward outcome-based multifactorial functional neurological assessment and
treatment of some of the sequelae of chronic TBI and mTBI) (mild traumatic brain injury).

* Correspondence: Dr. J. Brandon Brock, 105 Decker Court, Suite 120 Irving, TX 75062 E-mail: drjbbrock@gmail.com.
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INTRODUCTION

While many people recover from common brain injuries during the first year of recovery, those
who are left with chronic problems have been told to accept their fate according to the dogma of
permanence. Brain plasticity research has brought this notion under scrutiny. Studies on the
neurochemistry and sensorimotor consequences of chronic brain injury have revealed wide ranging
and cross-disciplinary mechanisms.

These measurable phenomena have increased the understanding of both pathological and
dysfunctional syndromes within this category of illness. An increasing need for strong generalist
thinking is therefore demanded in order to comprehend and utilize this bounty, and to avoid the traps
of heuristic decision making and specialist-dumping in a clinical setting. Careful examination of many
wide-ranging patient measures must be integrated in order to progress, such as reflexive eye
movements, hormone panels, sensorimotor changes, immune and inflammatory markers, and mental
and emotional states. History taking will need to expand to include lifestyle factors previously thought
unrelated.

The compartmentalization of diagnosis and treatment and the wanton medication of these
populations of chronic brain injury may not be their only fate.

Part I of this paper will survey mechanisms that span much of the above chronic neurological
illness spectrum; first, through intracellular, and then, endocrine and tissue effects. This includes the
underlying milieu prior to the injury, neurochemistry and receptors, fuel, immunity and inflammation,
barriers, and endocrine effects. The CDC defines concussion as a subset within TBI and many sources
consider it a form of mTBI (mild traumatic brain injury).

There are several criteria for mTBI and concussion, so the reader is warned that each reference
may define these with slightly different symptoms. Part II includes trauma effects, clinical
neurological rehabilitation applications and mental health related to persistent post-concussion
syndrome (PPCS).

PART I: MOLECULAR, RECEPTOR, SECRETORY
AND CELLULAR DYNAMICS

Adding Insult to Injury: Non-Traumatic Brain Insults in the Total Picture of TBI
and mTBI

Accumulated neuroinflammation and neurodegeneration from multiple concussions cause
deleterious effects that are well established. The fact that non-traumatic mechanisms can create pro-
inflammatory influences on the brain that influence the same cellular signaling mechanisms to those
seen with trauma suggests that, in order to understand the total burden of brain pathology in a given
patient, both traumatic (injury) and non-traumatic (insult) sources, and their interactions, must be
considered. Non-traumatic sources of brain insult may be instigators of microglial priming in advance
of TBI or mTBI, therefore worsening TBI or mTBI outcome.
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Figure 1. Chronic TBI sequelae © Samuel Yanuck 2013.

Neuron-Microglial Interactions in the Healthy Brain

In the adult brain, there is a decline in gray matter density over time. For example, Sowell et al
found a loss of gray matter density of approximately 32% between ages 7 and 60, and a 5% loss
between 40 and 87 [186].. Thus neurons die every day. They need to be cleared, or they will drive
damage associated molecular pattern (DAMP) mediated immune system activation, instigating a pro-
inflammatory response in the brain [3,187].

Microglia are the predominant immune cells in the healthy brain [1]. In the normal, resting state,
it is the job of ramified microglia to phagocytize the dead neurons, much like macrophages
phagocytize apoptotic cells and tissue debris in peripheral tissues. In both cases, this housekeeping
level of phagocytic activity drives the creation of anti-inflammatory mediators like IL-10 and TGFp.
Phagocytosis of apoptotic cells provides immune regulation through anti-inflammatory cytokines and
regulatory T cells [2]

However, since there is no appreciable drainage of lymph from the brain, except minimally at the
cribriform plate, the option of clearing phagocytized debris from tissue via the lymph system, as
occurs in the periphery, is not available in the brain. Therefore, microglia must fully degrade dead
neurons and recycle them as building blocks and fuel. Given billions of neurons and an estimated ten
microglia per neuron, and given a motif of continuous surveillance, the number of instantaneous
events of microglial cells being activated or inhibited in the decision flow to instigate phagocytosis of
a neuron is very large indeed. How do the microglia decide which neurons are dead?

How is this process between microglia and neurons regulated in non-neutral circumstances like
trauma, infection, inflammation, or neurodegeneration?

Neurons control microglial activity [3]. ‘Off” signals from neurons keep microglia in their resting
state and reduce pro-inflammatory activity, while ‘On’ signals from neurons are inducible, including
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purines, chemokines, and glutamate. Thus, neurons should be envisaged as key immune modulators in
the brain [3]

Table 1. Inhibition of Glial Phagocytosis of Neurons (“OFF” Signals) [3]

OFF Signals | Signal Effect
Released TGFpB Inhibition of effector T cells; Promotion of immune tolerance
& inflammatory resolution; loss of anti-pathogenic vigilance
CD22 Inhibition of B cell activity
CX3CL1 Inhibition of microglial neurotoxicity
Neurotransmitters | Multiple functions
NGF Nerve growth factor
BDNF Brain derived neurotrophic factor
NT-3 Neurotrophin-3
Membrane CD200 Inhibition of glial inflammation
Bound CD22 Inhibition of B cell activity
CDh47 Inhibition of glial inflammation
CX3CL1 Inhibition of microglial neurotoxicity

Table 2. Activation of Glial Phagocytosis of Neurons (“ON” Signals) [3]

ON Signals Signal Effect
Released CCL21 Glial chemoattraction
CXCL10 Glial chemoattraction
ATP & UTP Glial chemoattraction & IL-1beta release
Glutamate TNF-alpha release & neuroexcitotoxicity
MMP3 Induces glial release of TNF-alpha, IL-1beta, IL-6
(inflammatory)
Membrane TREM2 ligand Promotes glial phagocytosis of neurons
Bound

In a healthy brain, the interplay of neurons and microglia is balanced. Healthy, viable neurons
produce adequate OFF signals to repel microglial phagocytic interest. In addition, healthy neurons
produce abundant electrical activity. The electrical activity of neurons is itself a potent inhibitor of
microglial activation [4].

In the healthy, non-inflamed brain, ramified microglia secrete TGFbeta, which promotes a
tolerogenic and anti-inflammatory tissue environment [5]. In addition, in a healthy brain, microglia
and astrocytes express FasL, which induces apoptosis in T cells that migrate from the periphery into
the brain [6]. Neurons and glia express cellular death signals, including CD95Fas/CD95L, FasL,
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and TNF receptor (TNFR), through
which they can trigger apoptosis in T cells and other infiltrating cells [2].

Factors Affecting Neuronal-Microglial ‘On’ or ‘Off’ Signaling

The capacity of neurons to maintain robust frequency of firing (FOF) is essential for sustained
electrical activity and neurotransmitter (NT) output, two essential ‘OFF’ signals. The central
integrative state (CIS) of the neuron depends on presynaptic stimulation, neuronal oxygen and
neuronal glucose. Physiological factors that have the capacity to impair these three factors can
contribute to changes in neuronal FOF, thereby changing the neuron-microglial ON/OFF equation.
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The capacity of neurons to maintain robust FOF also depends on the metabolic integrity of the
neurons themselves. A host of factors contribute to neuronal metabolic integrity. Among the variables
that can perturb function and lead to diminished FOF are a lack of exercise, excessive accumulation of
mitochondrial ROS, diminished thyroid hormone signaling, and CoQ10 deficiency (statin-induced or
other). The accumulation of ROS in mitochondria depends on the balance between electron
accumulation from excessive caloric consumption versus the utilization of electrons via exercise. Too
much caloric intake combined with a lack of exercise yields an overabundance of electrons (general
biology). They react with oxygen, creating superoxide. If this occurs in amount in excess of what can
be cleared by mitochondrial antioxidant mechanisms, the mitochondria are damaged. Mitochondrial
damage from ROS may be more common in patients with single nucleotide polymorphisms (snips) for
glutathione or SOD. Approximately half the population has a snip for GSTM-1, the primary gene for
the production of glutathione s-transferase) [188].

Sensory stimulation factors like lack of exercise, destruction of joint mechanoreceptors in arthritic
conditions, poor muscular tone, diminished rib movement with respiratory disorders and other such
changes can alter the neurosensory environment.

Glycemic dysregulation in diabetes, hypoglycemia, insulin resistance and other such conditions
can impair systemic and consequently CNS glucose levels. Many of these patients have
microcirculatory problems exacerbating inadequate blood glucose levels with poor delivery to brain.
Likewise, CNS oxygen levels can be impaired by respiratory disorders, disorders of microcirculation
and other such problems.
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Figure 2. Factors Potentially Affecting the Neuron-Microglial ON/OFF Equation © Samuel Yanuck 2013.
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Clearance and Inflammation in Injury

When the brain is injured, however, the resulting inflammatory chemistry can change the
equation. With inflammation, neurons and microglia both change in ways that promote microglial
phagocytosis of neurons. As with any cell, inflammation compromises metabolic integrity. In neurons,
this yields diminished production of neurotransmitters and reduced electrical activity. Thus, two
potent “Off” signals are lost. Meanwhile, inflamed microglia change their morphology. Brain
inflammation differs from inflammation in the periphery by the relative absence of leukocytes and
antibodies. There is a limited traffic across this barrier and this traffic can be increased by
inflammation which can recruit leukocytes into the brain [1].

However, in the inflamed brain, microglia (which are after all a specialized form of macrophage)
acquire antigen presenting cell capacity [4]. Instead of inducing apoptosis in invading T cells,
inflamed microglia present antigen to invading T cells. Antigenic material can be fragments of
processed pathogens. This is a useful antimicrobial effect, favoring clearance of pathogen. However,
microglia can also present fragments of neuronal tissue debris as antigen, promoting a self-antigenic
response in the T cells to which the antigen is presented. A mild and transient form of this T cell self-
antigenic activation appears to be reparative. However, prolonged or overly exuberant self-antigenic T
cell activation can cause irreversible damage to brain [4]. It is noteworthy that some of the research in
this field occurred before there was a full appreciation of the role of Tyl7 polarization in T
cell/microglial interactions.

Inflammation is known to induce mitochondrial uncoupling, diminishing mitochondrial integrity
in all cells. Inflammation is therefore also a driver of diminished mitochondrial integrity and FOF of
neurons. In a variety of inflammatory and neurodegenerative diseases, glial cells such as microglia
gain antigen-presenting capacity through the expression of MHC molecules. The pro-inflammatory
cytokines stimulate microglial MHC expression in the lesioned CNS areas only [4].

Neuronal signaling, a strong “Off” signal, works to suppress the immune system’s inflammatory
activation in the brain so that induction of brain immunity is strongly counterregulated in intact CNS
areas. The signaling activity of neurons also constitutes an inhibitory signal. The control of MHC
expression by neurons is dependent on their electrical activity. Immunity in the CNS is inhibited by
the local microenvironment, in particular by physiologically active neurons, to prevent unwanted
immune mediated damage of neurons [4] (emphasis not original).

Research on the role of T cells and peripheral innate immune cells in the brain is evolving. Most
authors suggest that maintenance of the non-inflamed CNS environment depends on the ability of
microglial cells to induce apoptosis in peripheral T cells that gain access to the brain. However, the
failure of systemic anti-inflammatory medications to yield improvement in neuroinflammatory
disorders has led some authors to a view that CNS-infiltrating T cells provide crucial anti-
inflammatory cytokine signals that are essential for the resolution of neuroinflammation [7].

It is noteworthy that non-steroidal, anti-inflammatory medications have been described in the
literature as “resolution toxic” because they inhibit signaling mechanisms involved in the resolution of
inflammation [8]. This insight may prove useful in understanding the failure of anti-inflammatories as
a viable therapy to address chronic neuroinflammation.

In the presence of systemic inflammation, T cells invading the CNS are likely to be influenced by
pro-inflammatory cytokines and other factors into a pro-inflammatory morphology, as they are in the
periphery. Once so influenced, they are likely to produce pro-inflammatory cytokines, further
promoting the pro-inflammatory CNS environment.

Pathogens in tissue create pathogen associated molecular patterns (PAMPs). Damaged tissue
creates damage associated molecular patterns (DAMPs). Microglial pattern recognition receptors
(PRRs) sense PAMPs and DAMPs, triggering phagocyte NADPH oxidase (PHOX), which turns



The Potential Impact of Various Physiological Mechanisms ... 221

molecular oxygen into reactive oxygen species (ROS). This conversion depletes the tissue of
molecular oxygen, yielding hypoxia, driving hypoxia inducible factor 1o, (HIF-1a), driving NF-kB,
driving IL-1beta and TNF-alpha, which increase gene expression of NF-kB. NF-xB drives iNOS
(inducible nitric oxide synthase) expression. Though nitric oxide (NO) is cytoprotective, the
combination of NO and hypoxia impair cellular respiration, yielding excitotoxicity. Though balanced
amounts of ROS are normal to microglial function, ROS in combination with NO yields peroxynitrite,
driving neuronal apoptosis. In patients with antioxidant depletion, from glutathione (gsh) snips or
other factors, the likelihood of microglia producing neurotoxic amounts of ROS is increased.
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Figure 3. Factors Contributing to Perpetuation or Resolution of Neuroinflammation [11] © Samuel Yanuck
2013.

Microglial Priming and the Contribution of Non-Traumatic Influences
to Neuroinflammation

Microglial priming is a condition in which microglia move from the ramified state in which they
perform housekeeping functions and reduce neuro-inflammation to a state in which they swell and fill
with pro-inflammatory cytokines [9,10,11,12] Priming can be induced by aging, trauma, infection, or
other stimuli. Microglia can remain in this state for long periods of time, without returning to the
ramified state, but without releasing their bolus of cytokines. However, further insult to the brain will
cause a flooding release of pro-inflammatory cytokines that can be damaging to the brain
[9,10,11,12]. It has been established that increases in pro-inflammatory cytokines in the periphery
yield upregulation of brain inflammation and potentiate neuronal death [13,14] It has also been shown
that increasing the peripheral LPS (lipopolysaccharide) level can induce the activation of central pro-
inflammatory mechanisms, even when the amount of LPS used for stimulation is minimal or when the
peripheral inflammatory cytokine levels are suppressed artificially. Both central and peripheral
inflammation can exacerbate local brain inflammation and neuronal death [15]. Once
neuroinflammation occurs, the key question is whether it will resolve quickly or yield a chronically
activated state, in which greater neuronal loss occurs.

Microglia alter their morphology and activate in response to pathophysiological brain insults.
Microglial phenotype is also modified by systemic infection or inflammation. Chronic systemic
inflammatory components are risk factors for Alzheimer disease. This implies that crosstalk occurs
between systemic inflammation and microglia in the CNS [16]. Pathogens, protein aggregates, or
damaged neurons may inflammatorily activate glia, which may then kill neurons. IL-1b has been
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shown to be the main activator of microglia during brain disturbances. Systemic IL-1b can cause CNS
inflammation once it enters the brain, thus linking systemic inflammation and immune activation [12].

Microglia can become over-activated through two mechanisms. First, microglia can initiate
neuron damage by recognizing pro-inflammatory stimuli, such as lipopolysaccharide (LPS)). Second,
microglia can become overactivated in response to neuronal damage [11]. LPS can directly activate
the brain endothelium even at relatively low doses, obviating the need for systemic cytokine
stimulation [9,10]. Many of the pathological events described in traumatic brain injuries can also be
seen with excitotoxicity [12].

Receptor stimulation by pathogens or neuron damage contributes to nuclear factor-kappaB (NF-
kB) activation. Simultaneous activation of PHOX (Phagocyte NADPH oxidase) and iNOS (inducible
nitric oxide synthase) in microglia resulted in the disappearance of NO, appearance of peroxynitrite
and apoptosis. However, the chronic state of activation may progress to “resolution phase” where
microglia are amoeboid, highly phagocytic, and produce anti-inflammatory cytokines (including IL-
10 and TGFDb) in order to resolve the inflammation and clear up the mess [1]

With successful, non-phlogistic microglial phagocytosis of apoptotic neurons, the neuron is
engulfed and digested without release of additional damage associated molecular patterns (DAMPs)
into the tissue environment. This favors the production of anti-inflammatory cytokines and a
movement toward resolution of tissue inflammation in the brain parenchyma. If instead the neuron
dies by necrosis through direct or indirect trauma, or is triggered into necrosis by a pathogen or toxin,
its death releases cell fragments and cytosolic contents into the tissue environment, triggering a pro-
inflammatory response in surrounding microglia. Neuroinflammation favors a more aggressive
microglial cell phenotype and a more exuberant phagocytosis of neurons, yielding neuronal loss in
excess of that necessary to bring about resolution of the initial condition.

SIDS, SIRS and CARS

Acute neuroimmunological syndromes such as central nervous system injury-induced immune
deficiency syndrome (SIDS), systemic inflammatory response syndrome (SIRS) and compensatory
anti-inflammatory response syndrome (CARS) have been reviewed elsewhere [17]. It is unclear in the
literature, however, whether a gradient of severity exists in these syndromes. For example, it is
unclear whether a patient with mTBI (mild traumatic brain injury) might be expected to manifest a
modest version of the apoptosis of innate immune cells and Tyl cells seen in SIDS. If this were the
case, the patient might be incrementally more susceptible to chronic infection, promoting systemic
and therefore neuroinflammatory mechanisms.

From a clinical perspective, whether or not mild forms of these syndromes pertain, the clinician
faced with a patient with a TBI or mTBI should be alert for indications of suppressed immune
vigilance against pathogens. Such a circumstance would have the potential to yield chronic infection,
a known driver of microglial priming and neuroinflammation.

The Injured Neuron

In the realm of traumatic brain injury, the neuron is the center point of the physiological story
[18]. Factors including the preexisting central integrated state of various neuronal pools, the integrity
of existing neuronal circuitry, peripheral receptor integrity, level of circulating cytokine populations,
polarization status of a dynamic immune system, level of glial priming and function, balance and
integrity of the endocrine system, various underlying infectious organisms, genetic predisposition,
associated comorbidities and the extent of damage sustained as well as related biomechanics of a
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given injury all determine neuronal integrity and probability of recovery post-injury [19]. Other
factors that can impact the neuron are the nutritional and digestive status of the patient as well as
vascular perfusion and autonomic integrity. The neuron’s ability to survive and maintain optimum
functional capacity and appropriate cellular plasticity is vital to recovery and sustaining humanism
and vitality post-neurological insult. Understanding and evaluating all converging physiological
scenarios that can impact the health of the neuron and how it relates to head injury and damage to the
CNS is vital when determining the extent of injury, creating appropriate treatment plans and care of
patients suffering from traumatic brain injury or neurodegeneration [20].

The intracellular cascade after head injury is complex and involves organelle function, metabolic
and ionic fluctuations and surface receptor interplay. This gross level interplay impacts cellular
plasticity, immunoexcitotoxicty, intracellular calcium and binding proteins, caspase cascades,
apoptosis, cerebral blood flow, glucose metabolism, phospholipase and free radical production,
protease and cytoskeleton breakdown, endonuclease and DNA damage, nitric oxide isomers and
superoxide anions [12]. On a smaller intracellular scale, organelle involvement includes changes in
mitochondrial function, neurofilaments and microtubules, lysosomes, epigenetic function, protein
replication, secretory vesicle production and synaptic capacity. The eventual consequence of
intracellular and organelle variations will impact cellular energy, axonal and myelin integrity, cellular
swelling, synaptic transmission, lipid membrane stability, synaptic transmission, and cellular
summation capabilities. When damage occurs in the CNS, neurons are impacted, glial cells are
altered, glutamate receptors can become sensitized, GABA receptors can become internalized, the
immunological system is impacted, vasculature is compromised and the blood-brain barrier becomes
damaged. This combination of events can lead to cellular damage, microglial priming and sustained
inflammation within the CNS, antigen presentation of neural tissues and possible autoimmunity and
compromise in the resolution process post-injury [21].

Surface receptor types, densities and their sensitivities also contribute to metabolism [22]. There
are many receptor types; however, of particular interest are the ionotropic receptors including NMDA,
AMPA, Kainate and voltage gated calcium channels. These receptors types allow a regulated influx of
calcium into the cell that impacts multiple intracellular pathways allowing for intracellular cascades,
cellular function, cellular plasticity and long term potentiation. The ultimate promotion of
NMDAr(define) (N-methyl-D-aspartate, a specific type of ionotropic glutamate receptor) promotes
the extracellular influx of calcium and calcium stores within the cell. The increase and appropriate
regulation of cytosolic calcium leads to the proper activation of kinase dependent signaling cascades
leading to cAMP (cyclic adenosine monophosphate) element binding protein activation. The
activation of CREB (cAMP Response Element-Binding protein) ultimately generates the
phosphorylation at SER 133 (serine 133) leading the generation of protein synthesis within the
nucleus. This generates the ability for the cell to innately generate more surface receptors, intracellular
structures, cytokines, neurotrophic factors, cellular efficiency, dendritic development and repair cycles
vital for cell survival. The ultimate outcome of this process is synaptic plasticity and long term
potentiation. This process is a large part of learning and memory and is a major mechanism of repair
after damaged neural circuitry is created after head injury or in a neurodegenerative process [23].

The dysregulation of intracellular calcium, however, can lead to degenerative and excitotoxic
mechanisms that are damaging. Under certain circumstance, cell surface receptors become more
permeable to calcium while intracellular calcium-buffering proteins become aberrant thus causing the
intracellular calcium levels to become dysregulated. Multiple neurodegenerative conditions,
inflammatory scenarios and disease processes as well as excitotoxin loads and glutamate levels have
the ability to alter NMDA receptors activation and skew AMPA:NMDA receptor ratios allowing a
greater influx of extracellular calcium into the cell [18]. The resultant intracellular calcium
dysregulation triggers pathology. The triggering of intracellular lipases causes cell membrane damage.
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Triggered nucleases destroy DNA. Calcium induced phospholipase activation promotes
prostaglandins, arachidonic acid and leukotrienes which generate inflammation, vascular dysfunction,
white matter disease, myelin damage, axonal damage and further free radical generation [24]. Energy
uncoupling allows for protein phosphorylation, which alters gene expression and ion channel activity
and changes the central integrated state and firing capacity of the neuron. Calcium induced proteolysis
occurs which breaks down the cytoskeletal structure of the neuron thus altering transporting
mechanisms and supportive structures of the cell body and axonal projections. This has the potential
to alter antero- and retrograde function, which can alter the transportation of synaptic vesicles thus
reducing synaptic activity. Activation of reactive oxygen and nitrogen species generates mitochondrial
damage, NFxB activation and ultimately cellular apoptosis if persistent. A continuation of
inflammation, oxidative damage and excitotoxicity can generate a situation where glial cells remain
primed, neurons fail to function, plasticity is diminished and the neurochemical environment is
altered. This continued process can lead to post concussive syndromes, second impact syndromes and
repeat concussive symptoms despite not having another physical injury.
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Figure 4. The balance of life and death receptors is epigenetically primed much like the muscle spindle system ©
Joel Brandon Brock 2013.

During times of oxidative stress, inflammation or neurodegeneration, energetic failure emerges
among normal mitochondrial function and overall energy production of the cell [25]. This can lead to
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a breakdown in the electron transport chain and decrease mitochondrial calcium loading capacity
through an activated mitochondrial permeability exchanger. The exchanger opens mitochondrial pores
and allows the deposition of calcium within the mitochondria into the cellular cytosol disrupting
intracellular calcium regulation. Respiratory chain uncoupling and the release of intermembrane space
proteins as a result of MPT (membrane permeability transition) activation causes multiple cascades to
occur [26]. These include the release of intracellular caspases, caspase independent cell death
effectors, NLRP3 inflammasomes, NFkB and interferon regulatory factors. The release of cytochrome
C from the mitochondria activates caspase three which programs cell death and apoptosis. These
cascades collectively lead to the development of inflammation, loss of cellular energy production and
perpetuate further mitochondrial and cellular dysfunction. Thus the milieu of the cell primes the
receptor sensitivity even before death or life receptors are triggered. This phenomenon of “setting
receptor tone” is conceptually similar to how the tympanum tension is preset to perceive or protect
from sound prior to the event, and the muscle spindle tone is preset before a perturbation. The
implications of this for clinical prognosis and cellular apoptosis indicate some potential for leverage
through clinical cell mediator manipulation. Such manipulation could be through substances
administered as well as evoked potentials.

In a normal cell, when there is abnormal stress, organelle damage, accumulation of misfolded
proteins or damaged mitochondria, the cell removes the damaged organelles or unwanted proteins
[27]. These processes include autophagy and mitophagy. Under periods of aging, inflammation,
oxidative stress, mitochondrial damage, intracellular calcium dysregulation or a decrease in cellular
activation, appropriate autophagy and mitophagy is impaired. When these cellular processes are
impaired after head injury, various diseases can manifest, the health of the neuron can fail and
ultimately lead to cellular death and premature neurodegeneration.
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Figure 5. How physical forces transmute into cellular changes and clinical conditions © Joel Brandon Brock
2013.

Head injury or uncontrolled inflammation or imbalanced immunological responses can trigger
abnormal neuronal surface receptor activation. This can lead to dysregulated intracellular calcium,
which can cause oxidative stress, cell structure breakdown, energy production loss and activation of
inflammatory cytokines. Inflammation and cellular apoptosis can ultimately lead to the released of
glutamate and proinflammatory cytokines that generate more surrounding excitotoxicity to nearby
cells. This can create plasticity related to abnormal circuitry activation and lead to seizure,
hyperkinetic function, ischemia and GABA receptor internalization. This mechanism is the
cornerstone to the onset and perpetuation of many neurodegenerative diseases that might arise or be
triggered post TBIL.

Neuronal Energetics and TBI

Traumatic brain injury alters neuronal membrane potentials amking them more sensitive thus
placing greater energy demand on a compromised system. Glucose is the obligate fuel source of the
mammalian brain. While the brain can use alternate fuels, such as lactate and ketones, the efficiency
with which the brain can do so varies with development stage/age as well as whether or not the brain
is operating under normal physiological conditions [28]. While the brain accounts for only 2% of a
human’s entire biomass it is responsible for 50% of total glucose utilization [29]. Under normal
physiological conditions approximately 85% of brain glucose utilization is directed toward fueling the
Na/K pumps that restore resting membrane potentials in active neurons [30]. Like the periphery,
cellular uptake of glucose in the brain can be accomplished through both insulin-independent and
insulin-dependent mechanisms. And while central neurons can synthesize their own insulin the
majority of brain-based insulin is derived from peripheral supply [31].

The brain environment is sequestered and barriers exist to free flow of nutrients and glucose from
the periphery. The two main obstacles to delivering nutrients and glucose to active neural tissue in the
CNS are the blood-brain barrier (BBB) and the lack of local carbohydrate storage in neurons
themselves [31]. Under conditions of concussion and traumatic brain injury, energy demands increase
while glucose utilization decreasesresulting in a significant neuroenergetic mismatch [32].

Glucose Transport Across the Blood-Brain Barrier

The neuronal cell membrane is an impermeable barrier that requires insulin for transport across
the cell membrane. Neurons express high amounts of insulin receptors, however the majority of brain
insulin is derived from peripheral production, although some evidence does exist that neurons can
produce small amounts of insulin themselves [33]. Beyond the cell membrane the neurovascular unit
functions not only as a static barrier but can adapt to physiological changes by altering transport
systems in order to modify and facilitate ion and nutrient flux. There are two primary classes of active
glucose transporters that can express on both luminal (blood facing) and abluminal (brain facing)
surfaces of the neurovascular unit. These two mechanisms are dedicated glucose transporters
(GLUT1) and sodium-glucose co-transporters (SGLT).

GLUT]1 is a member of the glucose transport molecule family, is highly expressed in the brain,
and can upregulate or down-regulate nutrient transport depending on the pathophysiological state of
the system [33] [33]. It is a facilitated transport system that moves glucose along a gradient and is
both Na" and insulin independent. SGLT, on the other hand, is a Na-dependent symporter (integral
membrane protein involved in transport of molecules across phospholipid membrane), moving one
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glucose molecule along with two Na'™ molecules in the same direction across the cell membrane in a
co-transport relationship, against the glucose gradient [31]. SGLT is a secondary active transport
mechanism that uses ATP generated from ion gradients. SGLT can also function in reverse, moving
accumulated Na® out of the cell into the extracellular space [34]. While GLUT1 is considered the
primary glucose transport system studies have shown upregulation of the sodium-dependent glucose
transporter SGLT1 in conditions of ischemia-hypoxia [33].

Because of these limitations (cellular and tissue level barriers coupled with a lack of passive
diffusion and local neuronal glucose storage) the brain relies heavily on the expression of glucose
transporters on the blood-brain barrier as well as the storage capacity of astrocytes. Both of these
glucose transporters can be insulin sensitive or insensitive, hormonally regulated or driven by glucose
concentrations [31]

Other GLUT and SGLT isoforms (GLUT3, GLUT4, SGLT1, SGLT2) exist in the brain, but in
lower concentrations and contribute to a lesser degree to neuroenergetics [5].

Energy Compartmentalization

In the brain, energy metabolism is highly compartmentalized [35]. While neurons have both
aerobic and anaerobic pathways they have little capacity to store energy. As such neurons rely heavily
on glucose delivery from the periphery as well as the participation of astroglial cells, which function
as the brain’s glycogen repository. This presents several problems since there are significant barriers
to consistent and stable glucose supply to the brain. Furthermore astrocytic glycogenesis and
glycogenolysis as well as neuronal mitochondrial function can be influenced by TBI.

Since neurons do not store glycogen, neuronal glucose utilization is intimately yoked to astroglial
compartmentalization of glycogen. In the absence of its own localized glycogen neurons must
communicate energetically with astrocytes in order to replenish energy substrates. This allows for
resetting of membrane potentials and continued neuronal viability and functionality. Astrocytes
support neuronal energetics via multiple pathways, the most notable and well-studied being the
Glutamine-Glutamate Cycle and the Astrocyte Neuron Lactate Shuttle (ANLS).

In the former, glutamate produced by neuronal Citric Acid Cycle (TCA) mechanics passes into
the extracellular space and is taken up by astroglial cells where it is converted to glutamine [36].
Astroglial glutamine then exits the astrocyte and can be taken up again by a nearby neuron where it
can resupply the neurotransmitter pool or reenter the TCA cycle by being converted into either alpha-
ketoglutarate or succinate [37].

The Astrocyte Neuron Lactate Shuttle provides substrate for neurons to engage the glycolytic
pathway. Extracellular glutamate, from active neuronal signaling, increases astroglial uptake of
glucose by upregulating GLUT1 [38]. Astroglial cells then drive the glycolytic process creating
lactate as a metabolic byproduct. This lactate is transported out of the astroglia into neurons by a
monocarboxylate transporters, MCT1 and MCT 2 respectively. Neurons express several isoforms of
lactate dehydrogenase (LDH) causing the conversion of lactate to pyruvate and the initiation of
neuronal glycolysis, which eventually yields more glutamate to continue the ANLS. These two
systems, Glutamine-Glutamate Cycling and the Lactate Shuttle, bind astroglial cells and central
neurons in a symbiotic relationship that ultimately determines the ATP potential of both functional
and injured brains.
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TBI Alters Brain Energy Metabolism

In 2001, Giza and Hovda outlined the neurometabolic cascade of concussion. The injured brain
shifts into “hypermetabolism”, which increases the demand for ATP. At the same time energy
production pathways shift away from the highly efficient oxidative phosphorylation to the much less
efficient glycolysis. The net effect is neuronal acidosis, membrane dysfunction and BBB permeability.
In addition evidence suggests that in the context of TBI lactate-consuming pathways that would
otherwise drive ATP production via the ANLS are compromised [32].

What follows is diminished cerebral blood flow, which may be reduced by as much as 50%. This
cellular energy crisis predisposes the injured brain to second injury and prolongs functional deficits
associated with the injury [39]. Beyond the direct effects upon ATP producing pathways, post-injury
depolarization and K efflux opens NMDA receptors. Calcium influx further impairs neuronal ATP
production by impairing both oxidative phosphorylation and glycolysis. This promotes activation of
apoptotic pathways, neurofilament compaction, microtubule disassembly, axonotomy and increases
the production of inducible nitric oxide synthase [39].

Due to its high lipid content, the brain is highly susceptible to oxidative damage. TBI leads to a
significant decrease in glutathione and ascorbic acid, the two primary intracellular antioxidants. Rat
brains subjected to TBI showed a three-fold reduction in the reduced-to-oxidized glutathione ratio.
Concomitant reductions in cerebral NAD™ promote mitochondrial dysfunction [32]. Reduced
glutathione has been shown to impair astroglial glucose metabolism and glycogen utilization [40].

Hypoxia

Epidemiological studies reveal that up to 44% of severe TBI patients experience brain hypoxia
that is a direct consequence of hypoperfusion. Proinflammatory cytokine upregulation induces BBB
dysfunction via IL-6 and IL-1b and an overall significant hypoglycemia, with brain glucose levels
dropping by 50% in injury-induced hypoxia [41].

Peripheral Metabolic Impacts on Injured Brain Fuel Status

Ives et al explored evidence of hypopituitarism following multiple concussions. Growth hormone
was the most vulnerable to successive brain injury followed by gonadotropins, TSH and finally
ACTH. Furthermore these hormonal imbalances may not be evident until well after the initiating
injury [42]. Agha et al explored Glucagon Stimulation and Insulin Tolerance tests in a population of
brain injured patients with a median interval of 7 months post-injury. Approximately 28% of patients
exhibited at least one anterior pituitary hormone deficiency, 22% showed isolated deficiencies
involving either GH, LH/FSH (follicle-stimulating hormone) or ACTH (adrenocorticotropic hormone)
and 6% showed evidence of multiple deficiencies [43]. Both GH and ACTH exert significant
influence over the action of both glucagon and insulin, and GH deficiency can impair glucose
tolerance by decreasing beta cell mass and insulin production [44]. These conditions can have impacts
on the injured brain primarily due to the brain’s reliance on peripherally derived insulin for glucose
uptake.
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Post-Synaptic Contributions in TBI

TBI and Central Processing of Viscera

Traumatic brain injury can lead to various mechanisms of gastrointestinal dysfunction. These
mechanisms include: impairment of digestive enzyme production, impairment of intestinal motility,
disruption intestinal autonomics related to circulation, promotion of intestinal permeability, and
altered interoceptive processing. Disruption of the brain-gut axis involving the cortico-pontine circuit
has been demonstrated with brain imaging studies as a central mechanism of irritable bowel syndrome
[45]. Central integration of cortico-pontine circuit is critical for proper vagal temporal summation and
autonomic regulation necessary for regulating proper intestinal afferent and efferent communication.
Additionally, traumatic brain injury can lead to significant changes of brain-gut peptides in both
plasma and small intestine, which may be involved in the pathogenesis of complicated gastrointestinal
dysfunction [46]. These cortico-pontine and pontine-cortical central integrations may be altered in
TBI. Cortical integration is critical for proper bowel function and bowel disorders associated with lack
of cortical level integration of visceral inputs have been demonstrated with percept-related fMRI [47].
Therefore it appears that TBI may potentially lead to altered gastrointestinal function from loss of
cortico-pontine central processing.

TBI and Intestinal Permeability

One of the major consequences of TBI is lack of cortical activation of the pontine vagal system
leading to altered postsynaptic autonomic changes that promote decreased intestinal autonomics and
inflammatory reactions leading to intestinal permeability. Intestinal permeability induced from TBI
may be a consequence of lack of post-syanaptic activation of the vagal nuclei. In a mouse model of
TBI, vagal stimulation prevented TBI-induced intestinal permeability and also increased enteric glial
activity [48]. This study supported the notion that the vagal nuclei disruption from TBI was the central
mechanism for intestinal permeability development and that vagal activation has modulating activity
on the enteric glia neuroinflammatory responses. Additionally, TBI can induce an increase in
intestinal permeability, which may lead to bacterial translocation, sepsis, and system inflammation
[49,50]. TBI induced intestinal permeability thus has the potential to promote a vicious inflammatory
cascade involving the brain to gut axis and the gut to brain axis. Intestinal permeability has been
found to increase proinflammatory cytokines at the intestinal mucosal level and cause
lipopolysaccharide translocation that can disrupt brain function [51,52]. Therefore, the alteration of
cortico-pontine integration from TBI can lead to gastrointestinal inflammatory consequences from
intestinal permeability that then potentially further suppress brain function leading to chronic
inflammatory vicious cycles between the brain and the gastrointestinal system. Traumatic brain injury
can also lead to pro-inflammatory immune activation in the peripheral blood stream leading to
systemic inflammatory response syndrome [53]

TBI and Intestinal Mucosa Compromise

At the intestinal level many changes take place in the intestinal mucosa directly after brain injury
including mucosal ischemia, mucosal atrophy, and activation of intestinal inflammatory cascades.
These reactions occur rapidly as early as 3 hours following brain injury and last for more than 7 days
with marked mucosal atrophy [54]. Additionally, TBI induces profound effects including
gastrointestinal mucosa ischemia and motility dysfunction [55]. The inflammatory reactions that occur
in the intestinal mucosa following traumatic brain injury appear to increase the expression of intestinal
nuclear factor kappa B and intercellular adhesion molecule-1 in the intestine leading to acute gut
mucosal injury following TBI [56,57]. There is also rapid and persistent up-regulation of myeloid
differentiation primary response protein 88 (Myd88) in combination with systemic inflammatory
cytokine activation [58]. These inflammatory changes that occur after TBI are immediate and
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illustrate how cortical injury can lead to inflammatory consequences in the peripheral gastrointestinal
mucosa lining.

TBI and Breakdown of the Blood-Brain Barrier

The blood-brain barrier plays a critical role in protecting the brain from immune activating
substances. However, widespread breakdown of the blood-brain barrier occurs immediately after brain
trauma leading to susceptibility of circulating proteins and the promotion of inflammatory sequelae
[59]. It appears the blood-brain barrier breakdown occurs rapidly within hours. TBI disruption of the
blood-brain barrier occurs and cerebral vascular permeability can increase fourfold within six hours of
the initiating trauma. It was also found that vagal nerve stimulation attenuated cerebral vascular
permeability and decreased up-regulation of perivascular aquaporin 4 after TBI [60]. Therefore TBI
loss of cortico-pontine dysregulation of the vagal nuclei appears to be a central mechanism for both
intestinal and blood-brain permeability. Specifically TBI induces profound breakdown of the blood-
brain and blood cerebrospinal fluid barriers (BCSFB) and release into the CSF a major
chemoattractant for monocytes, CCL2, by the choroid plexus epithelium at the side of the BCSFB
(blood cerebrospinal fluid barriers) leading to post-traumatic invasion of monocytes promoting the
recruitment of inflammatory cells to the injured brain [61]. These inflammatory changes in the blood-
brain barrier neurovascular network have been found to ultimately lead to delayed neuronal
dysfunction and degeneration [62]. In summary, in TBI loss of cortico-pontine processing disrupts
vagal network integration and inflammatory sequelea that promotes breakdown of the neurovascular
blood-brain barrier network leading to loss of brain barrier protection and susceptibility to further
neuroinflammation.
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TBI Dysautonomia

Various autonomic imbalances may occur after brain injury impaired cortico-pontine integration
called dysautonomia [63] It is a common consequence of TBI and has been found in 8 to 33% of TBI
individuals [64]. Dysautonomia after brain injury is characterized by episodes of increased heart rate,
temperature, blood pressure, muscle tone, posturing, and profuse sweating [65]. A common
presentation of dysautonomia is persistent sympathetic overactivity in response to nociceptive stimuli
and development of chronic pain after TBI [66,67]. In addition to chronic pain, many individuals that
suffer from TBI also demonstrate prolonged uncoupling of heart rate and heart rate variability
postulated to occur from cortical-pontine disconnection [68]. These outcomes have also found to be
worse with those that suffer from post-traumatic hypertonia and have been linked to poor long-term
outcome [69]. It appears that TBI leads may lead to altered cortico-pontine integrations leading to
various types of autonomic consequences such as chronic pain, hear rate variability, abnormal
sweating, and various types of imbalanced sympathetic and parasympathetic responses.

TBI and Systemic Immune Dysregulation

Immune system dysregulation may occur from traumatic brain injury, specifically TBI can lead to
immunodeficiency and vulnerability to infections [70,71]. It appears brain injury leads to systemic
immune responses from which chemokine signals from the central nervous system activate the
production of hepatic immune responses and changes in systemic immunity [72]. TBI can alter
immune homeostastis contributing to immunosuppression from decreased phagocytic functions of
neutrophils and macrophages as well as monocyte deactivation resulting in decreased capacity of
antigen presentation to lymphocytes [73]. These immune suppressive reactions may have long-term
expressions. It was found that brain injury leads to immunodepression for months and to chronic
central nervous system and systemic immune activation for years after the initial injury [74]. Animal
lesion studies have been able to demonstrate the pre and post immunological changes that occur after
brain injury. Animal induced lesion studies of the cerebellum with localized kainic acid
microinjections resulted in reduction of lymphocyte percentage in peripheral white blood cells and an
inhibition on the number and functions of T-cells, B-cells, and natural killer cells suggesting a role the
cerebellum may play in neuroimmunomodulation [75,76]. These immune compromise changes
secondary to brain lesions were also evaluated with kainate lesions of the vestibulocerebellum. The
chemical lesion induced depressed secretion of hematopoietic cytokines in tissue cultures of bone
marrow and thymus [77]. It appears that the brain and immune system are intimately connected and
neuroimmunomodulation may be impaired after TBI leading to immunological compromise and
susceptibility to infection.

The Blood-Brain Barrier

Blood—Brain Barrier Role in TBI

The term “leaky brain” is the jargon used to describe the increased permeability across the
astrocytes that make up the blood-brain barrier. This is described as the increased passage of
molecules through pericellular and transcellular permeability [78]. Shrinkage of endothelial cells
causes a mechanical disarray of the tight junctional complex. This is due to drastic yet reversible
changes in cell morphology leading to spatial reorganization of the junctions [78].

Brain infiltration of cells, ions, or molecules may initiate, amplify, procrastinate, repair or disrupt
a CNS response [78]. It is also well understood that a fundamental principle of a mTBI is a breach in
the BBB. The severity or ability to recover from a TBI may be intimately related to the pre-existing
state or the severity of the breach of the BBB. Glial cell types are all capable of producing typical
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proinflammatory molecules [78]. Inflammatory cytokines have been implicated as modulators of BBB
function [79].

TBI induced breaches in the BBB cause an extravasation or movement of albumin from the
capillaries to the surrounding tissue in brain, changing the ion channels. This may be an independent
activator of astrocytes and result in long-term neocortical abnormalities and functional decline [80].

The brain has a highly specialized glioneuronal system to buffer extracellular potassium [81].
Increased levels of potassium will cause massive reduction in blood flow. This reduction will shift the
brain toward hypoxia and loss of metabolic support.
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Figure 7. Cellular and barrier changes from TBI © Joel Brandon Brock 2013.

Glutamate is more concentrated in the blood. A breach in the BBB will lead to increased
glutamate in brain causing an excitotoxic response and an increase in firing. Adenosine helps to
maintain neurovascular control. When the BBB is breached, a complex synergy of adenosine and
glutamate transporters and catalytic enzymes is altered, leading to an overall drop in adenosine
availability to curb neuronal firing and increased glutamate [78]. In these examples it is reasonable to
understand how a breach in the BBB, from multiple mechanisms, can lead to chronic states of
neuronal compromise and predispose the brain to TBI and inhibit the recovery of a TBI.

Vagal nerve stimulation attenuates the effects of TBI by protecting hippocampal neurons. Vagal
nerve stimulation also attenuates the breakdown of the BBB post TBI. The attenuation of the BBB
breakdown may be the mechanism of hippocampal protection [60]. This mechanism may be further
described as vagal nerve stimulation induction of the cholinergic anti-inflammatory pathway,
effectively inhibiting pro-inflammatory cytokines. This has been partially confirmed by vagal nerve
stimulation decreasing systemic tumor necrosis factor alpha hours after TBI [82]. Some disagree and
state it is due to a more localized central nervous system-specific effects of vagal nerve stimulation
[83]. What is agreed on is the fact that vagal nerve stimulation attenuates post TBI BBB breakdown
[82]. Not only is this a potential therapy, but also further implicates the importance of BBB integrity
as an independent risk factor with regard to TBI.

In adult brains, oligodendrocyte precursor cells (OPCs) are thought to maintain homeostasis and
mediate long term repair in white matter after disease [79]. The activation of OPCs is supposed to
represent a protective response in the damaged or diseased brain. Recently, however, reactive glia are
now recognized to mediate complex mechanisms, including both beneficial and deleterious effects
after brain injury and neurodegeneration [84,85]. For example, depending on context, astrocytes can
either promote neuroplasticity or secrete inhibitory matrix molecules that inhibit axons [86,87].
Similarly, microglia are now known to release both pro-recovery and neurotoxic factors [88,89,90].
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OPCs can also release multiple factors to modulate neighboring cells and the microenvironment [91]
These intercellular signals may be especially important, since perturbations in the blood-brain barrier
(BBB) are known to be a critical part of white matter pathology in a wide range of CNS disorders
[92,93]. OPCs in adult brain are precursor cells for white matter remodeling, and repair injury and
demyelination. They can play a surprisingly deleterious role in cerebrovascular injury and
demyelination in white matter [79].

With TBI or other mechanisms causing inflammatory changes in brain, even before
demyelination occurs, BBB leakage and neutrophil infiltration can be observed [79]. MMP2 (matrix
metalloproteinase-2) and -9, are known to mediate BBB injury [94,95]. In studies after an initiating
trauma or event causing a BBB breach, the early phase of BBB leakage at 3 days, white matter MMP9
expression is increased, mostly in OPCs and at 7 or 14 days, a secondary expression of MMP9 occurs
in cerebral endothelial cells [79]. No other glial cell types (mature oligodendrocytes, astrocytes,
microglia) appear to produce MMP9 in the model of cerebral hypoperfusion and chronic hypoxic
stress [82]. No significant MMP9 increases occur in blood neutrophils nor plasma at day 3.
Importantly, MMP9 expressing OPCs were located close to cerebral endothelial cells and OPCs
existed near the BBB leakage areas at the acute phase of white matter injury [79].

After brain injury and disease, progenitor/precursor cells in the adult brain are believed to help
compensate for lost brain function [96,97]. OPCs can be triggered to become mature oligodendrocytes
or cortical projection neurons after white matter injury [98]. OPCs can rapidly respond to white matter
injury and produce MMP9 that appears to open the BBB and trigger secondary cascades of
cerebrovascular injury and demyelination [79]. This could serve as a model to explain a more severe
consequence of a “seemingly” mild injury/event causing severe effects on brain function.

Inhibition of the early MMP9 phase in OPCs also prevented the secondary expression of MMP9
in cerebral endothelium on day 7 and subsequently the development of white matter injury and
demyelination as well as cognitive deficits in cerebral hypoperfusion. OPC-derived MMP9 in the
acute phase may trigger further secondary cascades of cerebrovascular damage in white matter [79].
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Figure 8. Oligodendrocyte cascade [79].

OPCs do not produce MMP9 under normal conditions, but after treatment with nonlethal levels of
the inflammatory cytokine IL-1beta (similar to that in a TBI), MMP9 secretion is markedly increased.
IL-1beta—treated OPCs degrade the tight-junction protein ZO-1 in cerebral endothelial cells without
affecting cell survival. Consistent with this effect on tight junctions, conditioned medium from IL-
1beta—stimulated OPCs significantly increased endothelial permeability and neutrophil transmigration
[79]. This effect is dependent on MMP. This suggests that stimulated OPCs (potentially from TBI)
release MMP9, which degrades the BBB in white matter. This represents a mechanism for white
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matter disease at an early stage, and creates further damage and downstream inflammation and
demyelination. The state of the BBB both prior to and immediately after injury plays a major role in
the probability of, the severity, and the long-term consequences a TBI.

TBI and Its Effect on the Adrenals and Hormones

Deficiencies in circulating hormones may not be apparent immediately after injury but can be
demonstrated days to weeks thereafter. Aimaretti et al. reported an incidence of pituitary dysfunction
in 33% of TBI patients 3 months after injury, complete panhypopituitarism in 5.7%, multiple defects
in another 5.7% and a single hormone deficit in 21%. Secondary hypoadrenalism was found in 8.5%
but considering those with panhypopituitarism or multiple hormone abnormalities that might include
the adrenal hormones, this incidence may be as high as 20% [99].

In a prospective comparison of 80 TBI patients to 41 trauma patients without TBI, measuring
cortisol and ACTH levels twice daily for 9 days after injury, adrenal failure, which was defined as two
consecutive cortisols of < 15ug/dL or one cortisol of < Spg/dL, occurred in 53% of the TBI patients at
a mean time of 2.4 days and suggested a secondary cause. Patients with adrenal failure were more
severely injured, demonstrated more episodes of hypotension and more often required vasoactive drug
support [100]. From such data, it would appear that the risk of secondary hypoadrenalism after TBI is
somewhat higher than 25%.

Recently published guidelines recommend acute endocrine evaluation only for patients with
documented fractures in the sella turcica or diabetes insipidus. Other authors, however, suggest early
endocrine assessment for all patients with moderate-to-severe TBI and routine endocrine testing for all
TBI patients at 3 and 12 months. It is also suggested that evaluation be performed for primary and
secondary adrenal failure in patients that demonstrate continuing hyponatremia or hypoglycemia or
require persistent vasoactive drug treatment during acute care [99].

Endocrine evaluation should include a baseline blood cortisol concentration, a serum ACTH
measurement and thyroid studies before the administration of any preparation containing steroids.
Although some authors recommend a morning cortisol blood test, stress decreases the normal diurnal
variation in cortisol release, making random values acceptable. In both primary and secondary adrenal
failure this measurement should be low. The actual concentration that defines a low value is
somewhat controversial because of the expected increase in cortisol during ‘stress’ caused by TBI.
Therefore, values between 200 and 700 nmol/l or over 15mgm/dl are suggested as minimal basal
concentrations expected after trauma [100].

HPA (hypothalamic-pituitary-adrenal) injury may also produce underproduction of thyroid
stimulating hormone (TSH) as ‘central’ hypothyroidism, indicated by low TSH and tetraiodothyronine
(T4) blood concentrations. The ‘euthyroid sick syndrome’ is expected in such critically injured
patients, but in that condition the TSH remains normal. Growth hormone and the several gonadal
hormones produced by the pituitary gland may also be low but do not require acute replacement,
although treatment during later recovery will be important [100].

Utilization of the traditional ‘high-dose’ (250 mg) versus ‘low-dose’ (1 mg) ACTH stimulation
test remains controversial. The higher pharmacological amount may allow a partially dysfunctional
gland to release a sufficient amount of hormone to appear falsely normal, while the lower dose is
perhaps more difficult to accurately administer. Similarly, criteria regarding the magnitude of
response that confirms a responsive adrenal gland have been controversial. Criteria include either a
specific post-stimulation (usually 60 min) cortisol concentration (e.g., above 500 nmol/l, or 25 mg/dl)
or a specified incremental increase from basal levels (e.g., >250 nmol/l or >9 mg/dl). Bernard et al.
found 78% of their TBI patients had a basal cortisol value of under 414 nmol/l, but after a 250 mg
ACTH stimulation, only 13% failed to increase the serum cortisol concentration by less than 250
nmol/l [101]. These data again emphasize that the diagnosis of hypoadrenalism often depends upon
the criteria selected [100].



The Potential Impact of Various Physiological Mechanisms ... 235

Cortisol is measured in the blood as both an unbound (‘free’) form, which is the biologically
active hormone, and as cortisol bound with cortisol-binding globulin (CBG). CBG is commonly low
in critical illness/injury, especially when the serum albumin is less than 2.5 gm/dl and may be one
cause of an apparent low cortisol serum concentration. Measurement of free-cortisol, therefore, has
been suggested as the more accurate assessment of adrenal output. Testing methods for CBG and free
cortisol, however, are rarely available [99].

Acute hypoadrenalism after TBI may contribute to hypotension, hyponatremia or hypoglycemia
during patient care. Its incidence remains unclear due to variable definitions and testing methods, but
appears to be approximately 25%, including both secondary causes related to injury to the central
hypothalamic-pituitary axis and primary adrenal failure. We recommend serum testing of basal
cortisol, ACTH, and post-ACTH stimulation cortisol at 60 min when hypoadrenalism is suspected.
Basal cortisol below 15 mg/dl suggests either primary or secondary adrenal failure and may warrant
treatment. Failure of the cortisol concentration to increase by at least 9 mg/dl after stimulation
suggests primary adrenal gland hypoadrenalism. Treatment with intravenous hydrocortisone during
acute care should be initiated if clinical circumstances warrant. Thyroid function should also be
evaluated and, if needed, hormone replacement should be provided if adrenal insufficiency is treated.
It is generally recommended that even if acute treatment is not given, all patients should be evaluated
for adrenal, thyroid and growth hormone deficiency 3 months after severe TBI [99].

It has been previously reported that experimental mild traumatic brain injury results in increased
sensitivity to stressful events during the first post-injury weeks, as determined by analyzing the
hypothalamic-pituitary-adrenal (HPA) axis regulation following restraint-induced stress. This is the
same time period when rehabilitative exercise has proven to be ineffective after a mild fluid-
percussion injury (FPI) [100]. These findings suggest that the increased sensitivity to stressful events
during the first post-injury weeks, after a mild FPI, has an impact on hippocampal neuroplasticity
[100].

An earlier paper described an increased sensitivity to restraint-induced stress during the first two
post-injury weeks as indicated by increases in corticosterone (CORT) and ACTH compared to
uninjured rats [100]. The stress response involves the activation of the HPA axis resulting in the
release of ACTH from pituitary cells. ACTH stimulates the adrenal gland to release glucocorticoids,
such as CORT, which in turn results in the inhibition of ACTH secretion [102].

It has been well characterized that stress decreases neuronal plasticity and favors
neurodegeneration [103]. The effects of stress on the central nervous system are most notable within
the hippocampus where it substantially influences neuronal excitability and long-term potentiation
(LTP). The hippocampus has a high density of glucocorticoid receptors [104]. These receptors exert a
variety of effects besides the autoregulation of the stress response, such as influencing mood, learning
and memory [105]. Moreover, stress-related increases in glucocorticoids have been associated with
cell death and cognitive impairments [106]. Among the effects of stress is the inhibition of
hippocampal brain-derived neurotrophic factor (BDNF) [107]. The anatomical and wvascular
characteristics of the hypothalamic-pituitary complex increase its vulnerability during TBI.
Particularly, diffuse TBI, where metabolism and neural connectivity are compromised [108].

Given the above-mentioned effects of glucocorticoids on hippocampal synaptic plasticity and
BDNF expression, it is feasible that impaired neuroendocrine function interferes with BDNF-
mediated restorative processes after TBI. For example, a hyper-response to stress following TBI may
play a role in the inability to increase BDNF during the subacute period, as seen in rats with a mild
injury [109].

Affective disorders and cognitive impairments after TBI play a substantial part in decreasing
quality of life. A dysregulation of the stress response has been linked to affective disorders in TBI
patients. In effect, alterations in the regulation of the HPA axis contribute to negative mood states
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associated with depression [110]. In addition to showing a hyper-responsiveness to stress after TBI,
we now provide evidence that post-injury stress has an effect on BDNF regulation within the
hippocampus. The effects of stress on cognitive abilities also need to be considered, particularly given
BDNF’s effects on plasticity. An increase in glucocorticoids, in human subjects, is associated with
impaired memory and hippocampal deterioration [111]. These data add some pieces to the puzzle in
understanding the hyper-response and the delay of exercise-induced increases in BDNF during the
subacute period. However, they also emphasize the need for more studies regarding HPA
dysregulation after a mild TBI. Understanding some of the molecular mechanisms influencing the
response to stress will allow us to better address posttraumatic affective and behavioral disorders as
well as enhancing rehabilitative therapies.

There were 113 charts that were retrospectively reviewed of traumatic brain injury patients within
10 days of their injury. They all had a high-dose corticotropin stimulation test performed because of
haemodynamic instability. Blood cortisol concentrations were measured at baseline, 30 and 60
minutes after the administration of high-dose corticotropin. The incidence of adrenal insufficiency
was determined according to various definitions used in the literature [101].

Primary adrenal insufficiency defined by an abnormal baseline cortisol concentration and an
abnormal response to the high-dose corticotropin stimulation test was present in 13—28% of patients
according to the cut-off values used. The incidence of adrenal insufficiency varies from 25 to 100% in
the first 10 days after traumatic brain injury when the charts of 113 traumatic brain injury patients
were reviewed [101].

Adrenal insufficiency has emerged in recent years to be a crucial and prevalent problem in
intensive care. Hypopituitarism has recently been reported to occur in 35-80% of patients in
rehabilitation following head injury. Adrenal insufficiency accounts for 30-50% of these cases [101].
Underestimation of the true incidence of adrenal insufficiency and potentially under-treated patients
may be occurring by using only the low-dose stimulation test to define adrenal insufficiency [101].

A concentration of 414 nmol/l is considered to be the normal minimum value in response to
severe stress, particularly hypotension. Hence, it is viewed as the minimal appropriate concentration
for intensive care patients. A concentration below 690 nmol/l has been suggested instead since
patients undergoing surgery or sustaining trauma almost invariably have cortisol concentrations above
this value. The intensive care literature tends to support this view. Response to high-dose corticotropin
stimulation test, in a study by Annane and colleagues, suggested a rise in plasma cortisol
concentration by >250 nmol/l was the appropriate response of the adrenal glands in intensive care
patients with sepsis [112]. This definition is probably the most widely used cut-off to interpret a
stimulation test in intensive care. Classically, a rise above 500 or 550 nmol/l is considered normal
based on the response of non-critically ill patients to insulin-induced hypoglycaemia [101].

Primary adrenal insufficiency defined by an abnormal baseline and abnormal post high-dose
corticotropin stimulation test cortisol concentration was present in 13-28% of patients depending on
whether a 60 or 30 min sampling time after high-dose corticotropin was used, respectively. Whichever
definition was used, the incidence of primary adrenal insufficiency is markedly reduced if the 60 min
(rather than the 30 min) cortisol values were used to define adrenal insufficiency [101].This study
showed that the incidence of adrenal insufficiency in severe traumatic brain injury varies enormously
depending on the definition used. The incidence of adrenal insufficiency defined by baseline cortisol
concentrations may be as high as 100%. Primary adrenal insufficiency accounts for 13-25% of the
cases. It also demonstrated that sampling for cortisol at 60 min after a high-dose corticotropin
stimulation test is more appropriate than doing so at 30 min. 414 mmol/I is probably a more useful cut
off in a traumatic brain injury population [103].

Although fatigue is a common experience in the general population it is particularly bothersome
to those with TBI [113]. Depending on the scales used to measure fatigue and time since injury, its



The Potential Impact of Various Physiological Mechanisms ... 237

prevalence has been reported in 16-80% of individuals after injury. Associated symptoms include
depression, sleep disturbance, pain, cognitive and motor disturbances [113].

Neuroendocrine abnormalities as manifested by pituitary dysfunction can occur after TBI. One-
to-several hypothalamic-pituitary axes may be affected; posterior pituitary dysfunction typically
resolves during the first several months post-injury, whereas anterior pituitary problems are more
likely to persist [113].

Although several lines of evidence indicate that TBI may predispose the pituitary to injury,
neuroendocrine dysfunction is rarely considered in current TBI management. Autopsy studies of fatal
head-injury victims confirm that up to one third sustain anterior pituitary gland necrosis. Moreover,
numerous case reports, retrospective reviews, and recent prospective cohort studies have documented
acute and chronic posttraumatic hypopituitarism [100].

Activation of the HPA axis is an important protective response during critical illness. Untreated
adrenal insufficiency (AI) may lead to hemodynamic instability and poor outcome. [100] The
molecular mechanism of the effects of glucocorticoids on chronic inflammation is not well
understood, but there is increasing evidence that they inhibit the action of transcription factors such as
AP-1 and NF-kappaB [114]. Glucocorticoids are potent inhibitors of the activation of NF-kappaB,
which may account for most of their anti-inflammatory actions [115]. Glucocorticoids are effective
inhibitors of NF-kappaB, but they have endocrine and metabolic side effects when given systemically
[115].

Activation of NF-kappaB, for example by cytokines, is blocked by glucocorticoids.
Glucocorticoid-receptor complexes bind to the p65 subunit of NF-kappaB, and this prevents NF-
kappaB activation of the inflammatory genes. Synthesis of nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, alpha (IkBa) is stimulated by the binding of glucocorticoid-
glucocorticoid-receptor complexes to a glucocorticoid response element in the promoter region of the
IkBa gene [115]. It may be unwise to block the activation of NF-kappaB for prolonged periods,
because the factor plays such a critical part in the immune response and other defensive responses
[115].

Part I revealed a wide range and number of cellular and tissue/hormone processes that can be
measured and manipulated. Part II describes clinical level measures and interventions.

PART I1: CLINICAL CONSEQUENCES AFFECTING SPECIFIC
BRAIN SYSTEMS

Neuroanatomical Considerations

Evidence of anatomical brain damage has long been a hallmark in diagnosis of brain injury. For
the chronic post-concussion patient this has historically been elusive. Researchers consider concussion
to be the result of mechanical trauma to the head or neck that leads to functional impairment without
overt structural damage [115]. This results in no gross changes or brain abnormalities seen on imaging
[116,117]. A traumatic head injury mechanism combined with a lack of positive findings on imaging
is the primary diagnostic scenario. This, the symptom checklists, the opinion of a physician familiar
with the patient and ongoing observation by family, coaches or the patient themselves, are standard
diagnostic tools. These are commonly used strategies in identifying the presence of concussion and
are relied upon for clinical, return to activity and legal purposes in most settings [118,119,120,121].

Current neuroscience has reached a point where evidence of the neuroanatomical consequences of
concussion can be identified. The initiating structural damage appears to result from stretching and
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disruption of neuronal, glial and axonal cell membranes; while cell bodies and myelin sheaths are less
affected [122,123]. These injuries are microscopic, involving cellular structures, as well as
microvasculature and the blood-brain barrier. Although techniques to identify microscopic structural
damage are not readily available to clinicians, the pursuit of this information is clinically relevant.
Investigators looking at extent of tissue damage using advance imaging techniques have been able to
use the data in predicting individuals who will likely have an uncomplicated recovery from
concussion versus those who progress to chronic post-concussion syndrome [124]

Postmortem studies of individuals who survived concussion and later died due to apparently
unrelated circumstances have provided early evidence of microscopic brain damage in concussion.
These types of studies, performed as early as the 1950’s and 1960’s, continue to provide evidence of
damage post-concussion. Historically, the overall impression has been that post-concussion brain
damage occurs diffusely in the white matter [155,126] More recently diffusion tensor imaging,
tractography, perfusion studies and functional neuroimaging have been utilized in identifying areas of
damage in individuals with mild traumatic brain injury. These advanced neuroimaging techniques
support the notion of axonal and vascular lesions [128,129,130, 131]. Additionally, a mouse model of
concussion has provided evidence that degeneration in the gray matter, involving extensive dendrite
degeneration and synapse reduction with very minimal cell death, may be a major neuropathological
feature in mTBI [132]. Chronic head injury at the concussive or subconcussive level has been
associated with morphological change in the brain that is similar to those seen in Alzheimer’s disease
and other neurodegenerative disorders. Cortical degeneration with neurofibrillary tangles, neurite
heads, neuronal dropout and accumulation of Tau and transactive response DNA-binding protein 43
(TDP-34) proteins are found the human brain chronically after repetitive concussion and
subconcussion trauma [133,134,135,136]
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Figure 9. Neuroanatomical damage at the cellular level © Joel Brandon Brock 2013.

Work has been done to identify which regions of the brain are most often affected in concussion.
In severe and moderate brain injury the location of damage is fairly consistent with proximity to
mechanical trauma, contrecoup deformation, areas of the brain in contact with more rigid structures
and those displaced by swelling [137,138]. For the chronic post-concussion patient there is less
predictability in the specific region of damage. Medial frontal, dorsolateral frontal, occipital,
subcortical and corpus callosum have all been reported as damaged in this population [113,



The Potential Impact of Various Physiological Mechanisms ... 239

139,140,141] In a subset of chronic post-concussion patients with depression, the frontal and temporal
white matter have been identified as injured [142]. Corticocerebellar circuitry disruption has been
found as well [115,124,143] Structural involvement of the thalamus was inferred using graph theory
analysis and proposed as a useful marker in identifying mTBI [144]. Sheering stresses around the
brainstem have been investigated by recreating a series of recorded head to head collisions in football
and analyzing the threshold of force that may be necessary to produce a lasting concussion syndrome
[145]. Additionally, the tissue stressor from concussive trauma has been associated with vascular
damage to both the small vessels and integrity of the blood-brain barrier [146,147]

The immediate trauma associated concussion results in a host of other changes at the cellular and
molecular levels. They include involvement of the immune and endocrine systems. They affect the
metabolism and biochemistry of the brain, as well as distant sites in the body [148,149]. There is very
strong and growing evidence that both the immediate and ongoing “non-anatomical” consequences
are associated with the vast majority of the difficulties faced by the post-concussion patient
[150,151,152].

Visual and Vestibular Dysfunction in the mTBI Patient

Beyond neurocognitive testing, many additional methodologies have been evaluated to assess the
consequences and natural history of mTBI. These forms of functional analysis offer new windows for
the clinician to assess the severity of mTBI and monitor response to treatment and level of recovery.
Further, they imply promising new avenues of treatment for the mTBI patient.

Vestibular dysfunction in mTBI

Vestibular impairment is a common consequence of mTBI. As many as 65% of mTBI pateints
will experience some form of vestibular dysfunction during their recovery [153]. Vestibular lesions
have been shown to directly produce central inflammatory changes. Unilateral vestibular
deafferentation has been demonstrated to result in significant microglial and astroglial activation in
the vestibular nuclei [154]. Rat models of vestibular lesion via arsanilate transtympanic injection
manifest significant central vestibular inflammatory changes. Elevations in the number of tumor
necrosis factor alpha immunoreactive (TNF-alpha-Ir) cells in the bilateral medial and inferior
vestibular nuclei can be seen as early as 4 hours after vestibular lesion, with NF-kappaB upregulation
following 8 hours after the lesion, and manganese superoxide dismutase (MnSOD) elevation after 24
hours. Similar changes have been demonstrated in rat models of mechanical unilateral vestibular
deafferentation [140]. As a consequence, thorough evaluation and management of vestibular
dysfunction in mTBI patients may show promise as a means of limiting central inflammatory
processes.

Benign paroxysmal positional vertigo is the most common form of posttraumatic vertigo [139].
As this is a relatively straightforward condition to evaluate via Dix-Hallpike testing, and manage with
canalith repositioning maneuvers, Dix-Hallpike testing should be employed in all mTBI patients with
vestibular complaints [139]. Sherer et al. evaluated blast-induced mTBI patients reporting persistent
dizziness via videonystagmography (VNG), rotational chair, cervical vestibular-evoked myogenic
potentials, computerized dynamic posturography, and self-report measures [155].

Evidence of central and peripheral vestibular dysfunction was identified at a higher frequency in
symptomatic patients. Abnormal nystagmus or oculomotor findings were present in 50% of
symptomatic subjects. Rotational chair testing found evidence of peripheral vestibulopathy in 25% of
symptomatic patients, and central vestibular pathology in 17% of symptomatic subjects [141].

Computerized dynamic posturography (CDP) has been proposed as a means to monitor the status
of vestibular function. CDP testing assesses the patient’s ability to maintain postural stability against a
standardized series of balance and postural challenges. Approximate entropy (ApEn), a measurement
of how likely a postural correction is to recur within a time series, is thought to decrease with mTBI
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[156]. A person swaying in a predictable manner represents a lowered capacity to adapt to subtle
changes in environmental stability, and thus lower postural control dynamics. ApEn has been shown
to decrease with mTBI, and shifts in stabilization strategies toward greater anterior-posterior and
decreased medial-lateral control [142]. This raises the likelihood that concussed patients have a
chronic risk of falls without appropriate neurorehabilitation.

Treven et al. demonstrated the utility of CDP to assess and quantify balance deficits in
ambulatory mTBI. They revealed that standardized functional measures utilized for determining
release from acute mTBI rehabilitation settings do not consistently and specifically assess balance.
Many patients that have reached discharge level from acute rehab setting maintain a high degree of
balance deficit [157]. This persistent instability raises the risk of reinjury and further trauma.

Assessment of vestibular dysfunction has been effectively demonstrated through the use of
vestibular-visual-cognitive interaction tasks [158]. Changes in static visual acuity, perception time,
target acquisition, target following (TF), dynamic visual acuity (DVA), and gaze stabilization have
been demonstrated in blast-induced mTBI patients. Rehabilitation procedures involving the vestibulo-
ocular reflex, cervico-ocular reflex, and depth perception, as well as somatosensory balance exercises,
dynamic gait, and aerobic function exercises have been employed to effectively manage these systems
[144].

Vestibular rehabilitation therapy (VRT) has been shown to be helpful for patients with persistent
dizziness and balance dysfunction for whom gait and balance dysfunction did not resolve with rest
alone [159]. Subjective dizziness and objective measures of gait and balance have shown to be
improved after protocols of rehabilitation involving gaze stabilization exercises, standing and dynamic
balance exercises, and canalith repositioning maneuvers where indicated [145]. Similarly, target
following and dynamic visual acuity scores returned to normative levels after an 8-week vestibular
physical therapy protocol. Gaze stabilization similarly improved after 8 weeks of VRT [144].
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Figure 10. mTBI progression to visual and vestibular dysfunction © Joel Brandon Brock 2013.

Visual Dysfunction in mTBI

Visual dysfunction has been shown to be extremely prevalent in the mTBI population. Ciuffreda
et al. assessed for frequency of occurrence of oculomotor dysfunction in TBI, considering
accommodation, version, vergence, strabismus, and cranial nerve palsy. They found that oculomotor
dysfunction is the norm in TBI [160].

Convergence insufficiency (CI) has been shown to be present in roughly 9% of the visually
symptomatic TBI population without simultaneous vestibular dysfunction, saccade or pursuit
dysfunction, cranial nerve palsies, visual field deficits, visuospatial neglect, or nystagmus. In many
cases it appears that CI may occur in the absence of obvious dysfunction in visual and vestibular
systems, rendering a thorough evaluation even more necessary [161].

The neural substrates of eye movements involve diffuse networks including the frontal lobes,
parietal lobes, and cerebellar cortices. These systems also serve within networks that facilitate
executive functions and higher cognitive experience. Impairments of eye movements have thus been
demonstrated to have considerable clinical utility in both diagnosing and rehabilitating the mTBI
patient.

TBI patients demonstrate aberrancies in predictive components of smooth pursuit eye movements
[162]. These deficits in average target prediction, eye position error, and eye position variability
positively correlated with executive function and attentional measures on the California Verbal
Learning test (CVLT-II), without apparent reduction in 1Q noted on the Weschler Abbreviated Scale
of Intelligence (WASI). Impairment of predictive smooth pursuit eye movements thus may be a
sensitive indicator of impaired attention processing.

Smooth pursuit movements coupled with target blanking, wherein the target being pursued is
intermittently obscured, necessitates the generation of greater predictive eye movements [163]. This
process requires greater reliance on brain regions involved in cognitive processing. Deficits in CVLT-
II performance have been shown to more positively correlate with oculomotor variability during target
blanking than during target tracking [163].

Maruta et al. demonstrated the presence of diffuse axonal injury (DAI) within the frontal lobes in
mTBI via diffusion tensor imaging. Fractional Anisotropy indicates frequent involvement of the
anterior corona radiata, the uncinate fasciculus, the genu of the corpus callosum, and the cingulum
bundle. They compared various measures of eye movement performance to fractional anisotropy (FA)
and diffusion tensor imaging (DTI), as well as to neurocognitive tests. Variability of gaze position
errors during predictive smooth pursuit proved to be a sensitive measure that correlated with
neurocognitive testing data and DTI findings. The degree of variability correlated with the mTBI
spectrum severity [164]. They determined that performance variability during predictive visual
tracking is a valid and useful indicator of damage to frontal white matter tracts, and is similarly
indicative of impaired cognitive function [164].

Similar correlations have been shown between dysfunction in saccade eye movements and
measures of neurocognition. Mulhall indicated that bedside tests of saccades utilizing infrared
oculography (IRO) produced saccadic impairment data that positively correlated with impairments on
neurocognitive tests [165]. Recovering TBI patients were shown to have decreased rates of self-paced
saccades, impaired ability to suppress inappropriate saccades in single memory-guided and
antisaccade tests, prolonged saccadic latencies, and hypometric saccades in visually guided reflex
saccade tests. This implies that IRO testing should be part of any mTBI management protocol [165].

Increased duration of reflexive saccade latencies has also been shown to be present in mTBI
[166]. Portable saccadometry has been utilized to evaluate boxers pre- and post-bouts. Latency
distributions have been shown to be significantly altered after blows to the head, with these effects
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reversible over a short period of time. Latency requires cortical decision mechanisms, and is directly
affected by processes that affect cerebral function [166].

Drew et al. investigated the relationship between dysfunctional visuospatial orientation processes
and difficulty with orienting attention. Saccadic targets were presented with varying temporal gaps
and reaction times were assessed. They found that mTBI patients demonstrated significantly longer
saccadic reaction times than controls when the time gap between saccades was short, but not when the
temporal gap was long. Shifts in attention require disengagement from the point of fixation, both
cognitively and visually. This process appears impaired in mTBI [167].

Heitger found that eye movement function was impaired in post-concussion syndrome, with eye
movement deficits found on measures relating to motor functions executed under both conscious and
semi-conscious control, as well as on several eye movement functions that are beyond conscious
control and indicative of sub-cortical brain function [168]. They demonstrated specific deficits in
antisaccade performance, a task that in non-mTBI individuals that requires attentional focus,
inhibitory control, working memory, and the ability to generate voluntary goal-directed behavior
[169]. They recommended that eye movement testing be utilized with post-concussion syndrome
patients to evaluate for incomplete recovery of function [169].

Given the interaction between visual and vestibular function within the maintenance of balance
and gait, it is perhaps unsurprising that TBI patients demonstrate abnormal caloric irrigation and
optokinetic circularvection testing, as well as lower anterior and posterior and higher medial and
lateral center of mass displacements and velocities during gait assessment [170].

Rehabilitation of eye movement dysfunction has been shown to be effective in mTBI patients.
Ciuffreda et al. demonstrated a 90% rate of improvement from oculomotor rehabilitation, with
reduction in both symptoms and objective findings that persisted at a 2- to 3-month follow-up,
demonstrating both the efficacy of optometric rehabilitation and significant neural plasticity in mTBI
patients [171].

Novel forms of rehabilitation have been shown to have efficacy in treating the visual and
vestibular dysfunction, and may hold promise in the treatment of those same dysfunctions in mTBI
patients. Optokinetic stimulation has been shown to activate areas often involved in mTBI, including
the prefrontal cortex/frontal eye fields, areas involved in generation of saccades, and modulation of
the parieto-insular vestibular cortex, an area involved in visual-vestibular interaction [172]. Repetitive
optokinetic stimulation has been shown to be useful for rehabilitation of vestibular deficits and in
causing adaptive changes in locomotion in healthy subjects [173,174,175]. Optokinetic stimulation
has shown efficacy restoration of mobility in acute stroke patients [176,177]. Vagal nerve stimulation
has been shown to be effective in limiting the vasogenic edema that develops secondary to the
disruption of the blood-brain barrier in TBI, thus limiting central inflammation and neuronal damage
[60,178]. Within a virtual reality environment, combinations of optokinetic stimulation and
habituation, visual and physical perturbations, and postural stability exercises have been shown to
decrease visual and physical motion intolerance and impairment in static balance [179]. Further
research is needed with respect to these interventions.

Given the interaction between the visual and vestibular systems, the frequency of impairment
noted in these systems, and their potential influence on central inflammatory processes, thorough and
sensitive evaluation of these systems is a prerequisite for effective management of mTBI.

Neuropsychological Effects: Multi-Systems Approach to Persistent Post-Concussion Syndrome
(PPCS)

Neurocognitive effects of concussion/TBI are unpredictable. Research to date has given us a
wealth of information concerning the mechanism of injury, acute pathophysiology, chronic
pathophysiology, imaging, neuro-immune and HPA axis contribution. With all of this information
there are still few tools available for clinicians to diagnose the extent of cognitive impact and even
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fewer tools available for prognosis and treatment. Why is it that some who have suffered more severe
TBI have complete resolution of cognitive symptoms but those with a relatively mild history of injury
have such great difficulty with executive function, attention, anxiety, pain, fatigue, and depression?
This leaves clinicians with little choice but to react to symptoms as they occur, thus allowing the
potential harm of unrecognized, undiagnosed chronic pathophysiology and dysfunction to fester.

The treatment for persistent post-concussion syndrome (PPCS) due to mTBI does not address the
cause, and mostly consists of rest and cognitive behavioral therapy with limited results for those
suffering from PPCS [180]. Medications to treat concomitant depression, attention deficit and anxiety
are often prescribed.

There are two current sets of research criteria for the post-concussive disorder: the International
Classification of Diseases, 10th Edition (ICD-10), and the Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-IV). According to the DSM-IV the individual with post-
concussion syndrome will have trouble paying attention, concentrating, changing focus from one
activity to another, performing more than one mental activity at the same time, remembering
information, and learning new information. Three or more of the following symptoms occur after the
trauma and last at least 3 months: fatigue; insomnia; headache; vertigo or dizziness; anger that occurs
without a good reason; anxiety, depression, or mood swings; and personality changes such as
inappropriate behavior, apathy, or lack of spontaneity. The impairment represents a significant decline
from pre-trauma functioning and causes significant difficulty with school or workplace performance.

According to the ICD-10, a person must have a history of “head trauma with loss of
consciousness” preceding the onset of symptoms by a period of up to 4 weeks and at least three of six
symptom categories. These include:

e Headaches, dizziness, general malaise, excessive fatigue, or noise intolerance.
e Irritability, emotional lability, depression, or anxiety.

e Subjective complaints of concentration or memory difficulty.

e Insomnia.

e Reduced tolerance to alcohol.

e Preoccupation with these symptoms and fear of permanent brain damage.

The ICD-10 criteria do not require “objective” evidence of cognitive problems. Both models
attempt to clearly state the symptoms and parameters for diagnosis, however they do not offer much
of a direction for understanding pathophysiology once the diagnosis has been made. A clear
understanding of the pathophysiology as it relates to multiple systems and circuits will guide research
toward better models of prognosis, care and prevention.

Complete or nearly complete recovery from concussion occurs in a timely manner in the majority
of individuals, however there is a minority of those who have symptoms that persist for months to
years [181]. The research is not clear as to how to predict who will be more likely to experience
chronic symptoms. Bigler et al. described PPCS as it is related to structural damage to specific
predictable or likely brain regions impacted by brain injury using biomechanical models. Recent
advances in imaging using DTI have detected axonal damage previously undetectable. The anatomical
regions most likely to suffer structural damage with concussion include the posterior frontal lobe,
medial temporal lobe, midbrain structures, fornix, hypothalamus, pituitary, cerebral peduncle,
entorhinal cortex and hypothalamus. So, within a few centimeters are critical brain structures that, if
affected, could represent the structural basis to many symptoms associated with concussion [182].

Rao and Lyketsos indicate that the PPCS nomenclature is too vague and that the more accurate
description is ‘frontotemporal syndrome’ as this better describes the regions most affected by injury.
There is considerable evidence linking the vestibular system and objective findings utilizing digital
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posturography and videonystagmography for ocular involvement and precise evaluation of central
circuits involved [183] We recognize that the same symptoms classified as PPCS can be seen in
people without history of concussion or trauma [184]. This is possibly involving the same
pathophysiological characteristics with a different etiology. The methodological quality of
neuropsychological research for concussion, although plentiful over the past decade, has lacked
scientific rigor [185]. When looking at the confounding factors that must be considered in the design
of PPCS research, Bigler notes that the major symptoms of PPCS; fatigue, sleep disorder, headache,
dizziness/vertigo, irritability, affective lability, anxiety, apathy and personality changes, share such
great overlap that exist with other psychiatric disorders such as depression [182] [182].
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Figure 11. Development of mental health problems in the context of mTBI milieu © Joel Brandon Brock 2013.

It appears, as is noted in the research cited above, that PPCS shares a great deal of similarity with
depression, anxiety, attention deficit disorder (ADD) and OCD. The common thread that holds PPCS,
depression, anxiety, OCD and ADD may be a chronic, immune mediated, inflammatory process also
known as immuno-excitotoxicity as well as shared anatomical circuitry [12].

Research conducted which points out the effect peripheral musculoskeletal injury has on
cognition is similar to that seen with concussion, indicating that injury itself, regardless of anatomical
location can affect objective test scores previously attributed to concussion alone. Thus a narrow
assessment of pre- and post-injury neuropsychological scores should be avoided [185]. This finding
may indicate that systemic inflammation occurring outside the CNS may play a role in the function of
cognitive circuitry.

There appear to be significant shortcomings in conceiving PPCS, mTBI and chronic TBI as a
wholly neuropsychological condition requiring a neuropsychological approach to researching
treatment, diagnosis and prognosis. A comprehensive model that addresses multi-system physiology
including but not limited to sensorimotor processing and neuro-immune function is likely to emerge.
The probability of chronic immune inflammatory processes being involved and the likelihood of
compromised neural circuitry may be discovered with sensitive analysis of sensorimotor function of
neural circuitry shared by cognitive and behavioral centers. A research model can be crafted that
incorporates a multisystem approach to function as opposed to simply ameliorating symptoms. With



The Potential Impact of Various Physiological Mechanisms ... 245

this in mind the direction research can take regarding care must be tangible, quantifiable and very
different from rest and cognitive therapy. Research needs to address sensorimotor function of specific
circuits underlying cognitive and behavioral symptoms within PPCS (i.e., vestibular aspects of
posture and ocular function).

Recognizing the pathophysiology as it relates to past medical history, family history, genetics,
multiple system involvement and systemic peripheral contributions to central nervous system (CNS)
function will yield new directions in research, preventive and post-injury care. Research in several
disciplines has indicated that blending the study of the evolutionarily conserved, shared underlying
neural circuitry common to the visual, vestibular, memory, immune and autonomic regulatory nuclei
have been fruitful and are needed if we are to make progress in chronic brain injury outcomes.

There appear to be significant shortcomings in conceiving PPCS, mTBI and chronic TBI as a
wholly neuropsychological condition requiring a neuropsychological approach to researching
treatment, diagnosis and prognosis. A comprehensive model that addresses multi-system physiology
including but not limited to sensorimotor processing and neuro-immune function is likely to emerge,
which addresses compromised cognitive and behavioral neural circuits that reciprocally affect each
other’s frequency of firing. Generating productive clinical questions to investigate must be a
disciplined thinking process starting at the molecular level, progressing up through the cellular,
receptor, tissue, and sensorimotor, visual and vestibular systems. Only after this Socratic querying can
the collection of quantifiable evidence begin and have meaning. Further, both laboratory based
neurochemical-immune assessments as well as comprehensive functional neurological examination
must be collected and considered. This will necessarily lead to more precise rehab methods and
chemical management of chronic brain injuries.

Intracellular Function Extracellular function

Neurelogical Function

1g intracellular

Figure 12. Overview of clinical Socratic thinking in chronic brain injury assessment and care © Joel Brandon
Brock 2013.

CONCLUSION

Many factors in a given patient’s physiology can influence the outcome of TBI or mTBI, yielding
widely divergent potential outcomes from head trauma, including PPCS. The clinician’s ability to
understand a given patient depends upon skilled assessment and appreciation of these variables, their
potential interconnections, and their impact at cellular and systems levels.

An increasing need for strong generalist thinking is therefore required in order to comprehend and
utilize the bounty of recent research, and to avoid the traps of heuristic decision-making and over-
emphasis on specialized niches in both the research and clinical settings.



246 Joel Brandon Brock, Samuel Yanuck, Michael Pierce et al.

Recognizing pathophysiology as it relates to past medical history, family history, genetics,
multiple system involvement and systemic peripheral contributions to central nervous system (CNS)
function will yield new directions in research, preventive and post-injury clinical care. Research in
several disciplines has indicated that blending the study of the evolutionarily conserved, shared
underlying neural circuitry common to the visual, vestibular, memory, immune and autonomic
regulatory nuclei have been fruitful. Their expansion and integration are needed if we are to make
progress in improving chronic brain injury outcomes.

In both research and clinical settings, careful examination of many wide-ranging patient measures
must be integrated in order to progress, including reflexive eye movements, hormone panels,
sensorimotor changes, immune and inflammatory markers, mental and emotional states, and other
factors required to appreciate each patient’s uniqueness. History taking will need to expand to include
lifestyle factors previously thought unrelated. The health status of individuals pre-concussion will be a
significant factor in determining PPCS risk in any individual.

In the research setting, accounting for physiological variables that can impact TBI and mTBI
outcomes is essential in appreciating potential non-homogeneity of patient populations enrolled in a
given study.

In the clinical setting, accounting for the same physiological variables creates the opportunity to
identify key clinical targets that can markedly improve outcomes or, if ignored, stall progress. Once
identified, these clinical targets must be addressed with best-matched methodologies, not all of which
will be pharmacological. Understanding the post-injury, and ideally the pre-injury status of these
patients, utilizing outcome-based multifactorial neurological assessment and treatment are key in the
emerging path for effective concussion care.
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