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Post-traumatic headache is the most common symptom of postconcussion syndrome and becomes a
chronic neurological disorder in a substantial proportion of patients. This review provides a brief overview
of the epidemiology of postconcussion headache, research models used to study this disorder, as well as
the proposed mechanisms. An objective of this review is to enhance the understanding of how the endoge-
nous cannabinoid system is essential for maintaining the balance of the CNS and regulating inflammation
after injury, and in turn making the endocannabinoid system a potential modulator of the trigeminal
response to concussion. The review describes the role of endocannabinoid modulation of pain and the
potential for use of phytocannabinoids to treat pain, migraine and concussion.
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Epidemiology of post-traumatic headache disorder
Post-traumatic headache disorders commonly share features with migraine or tension-type headache disorders and
become chronic in a substantial portion of patients contributing to a poor quality of life and disability [1-5]. In the
general population, the rates for persistent post-traumatic headache lasting a year or more are also exceedingly high,
indicating a major health problem [6]. A significant subset (20%) of patients in the military with concussion have
reported chronic daily headache [7]. According to the international classification of headache disorders-3 BETA, a
diagnosis of persistent headache attributed to traumatic injury to the head is given when a headache persists for
more than 3 months [8]. Adding to its burden, persistent headache after concussion or mild traumatic brain injury
may contribute to poor sleep and psychosocial disorders, as well as complicate recovery from cognitive dysfunction
after head injury [6].

This review provides a brief overview of the research models used to study postconcussion headache disorder,
as well as the proposed mechanisms. Subsequently, the review covers the fundamentals of the endocannabinoid
system (eCB) considering its relevance to migraine and traumatic brain injury research.

Modeling post-traumatic headache

Migraine is the predominant chronic headache phenotype prevalent in 49-90% of military service members and
nonmilitary patients with concussion or traumatic brain injury [1,6,9]. Diagnostic criteria for migraine includes
sensitivity to light and sound (photophobia and phonophobia), nausea/vomiting, a unilateral headache, pulsate
quality, moderate to severe intensity and headache aggravated by routine physical activity [5]. Mechanical allodynia,
a cutaneous hypersensitivity to a mechanical stimulus, is a pain response common in patients with migraine, and
has been reported in patients with post-traumatic headache [10-12). Trigeminal or facial allodynia and photophobia
behaviors have been used in animal models of head trauma and migraine to simulate clinical symptomology for
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studies of the mechanisms of post-traumatic headache [12-16]. Models of post-traumatic headache established by our
laboratory show altered nociceptive signaling in the trigeminal pain pathway (increases in calcitonin gene-related
peptide [CGRP] and nitric oxide synthase) in association with headache behaviors (facial allodynia and light
sensitivity) [13-14,16]. In a more recent study by our lab, a model of postconcussion headache was used to assess
parameters that have a significant impact on patient outcomes: the effects of head injury frequency and recovery
time between injuries on the trigeminal pain system [17). Other laboratories have used models of single mild head
injury to study mechanisms of altered trigeminal pain signaling in the acute injury phase further expanding on the
research and knowledge of this underserved problem [18-22]. There are differences in the methodologies among the
laboratories to study post-traumatic headache using either a closed-head injury or fluid-percussion injury models
to induce mild traumatic brain injury [(17,18,21,22]. The current concussion models were derived from models dating
back to the late eighties and modified to induce milder injuries which more accurately simulate the clinical features
of the mild traumatic brain injury since mild traumatic brain injury accounts for the majority of traumatic brain
injury [23-26].

Pathophysiology of post-traumatic headache

A migraine attack involves the activation of the trigeminal pain pathway, in which the sensitization of either
the peripheral pain neurons, central pain neurons or both has occurred (peripheral or central sensitization) [27].
Post-traumatic headache is believed to be due to inflammation-induced sensitization of trigeminal pain neurons
located peripherally in the trigeminal ganglia and/or centrally in the caudal brain stem trigeminal nucleus caudalis,
thalamic relay ventral posterior medialis nucleus or sensory cortex [13-14,18-19]. Concussions, as with other types of
traumatic brain injuries, are heterogeneous injuries in that the injury location, impact force, history of concussion,
age, gender and genetic factors will ultimately contribute to the effects on the central pain nuclei in the trigeminal
system. Extracranial structures such as those in the meninges, periosteum, cranium and neck are innervated by the
trigeminal ganglia or have ganglia that converge in the trigeminal pathway; these structures are a potential source
of inflammation after concussion in addition to the intracranial structures of the trigeminal pathway. Immediately
after concussion, inflammation of the meninges, particularly the dura, triggers activation and sensitization of
the meningeal nociceptors [28-31]. Periosteal inflammation has also been shown to contribute to activation of the
trigeminal ganglia neurons after head injury [19,32].

Initially, the release of inflammatory mediators such as cytokines, prostaglandins, nitric oxide (NO), bradykinins
and histamine sensitize nociceptors and central trigeminal pain neurons leading to the development of chronic
headache after head trauma [13,14,18,19,27,33]. Localized release of inflammatory mediators or sensitizers lower the
threshold for the activation of meningeal nociceptors, and consequently increases the release of neuropeptides
in response to an even smaller degree of vessel dilation or other stimulus (33,34. CGRP and NO/nitric oxide
synthase (NOS) are key pain signaling molecules that play an important role in the development of post-traumatic
headache pathophysiology, as has been found for migraine [13,35-37]. Increases in CGRP and inducible NOS in
the trigeminal pain pathway correlated with trigeminal allodynia [13,14,38] after cortical contusion and in a model
of postconcussion headache [17]. Findings indicate either meningeal and/or periosteal inflammation sensitized the
trigeminal nociceptors after head injury.

Several potential triggers have been noted to cause the release of CGRP that may play a role in post-traumatic
headache; anandamide, an endogenous cannabinoid (CB) and ligand of the transient receptor potential channel,
TRPV1 receptor, is released on demand after injury and triggers the release of CGRP [39]. TRPV1 receptors may be
activated after head injury by way of cortical spreading depression (CSD), the spreading depolarization of cortical
neurons, which is an accepted pathophysiological mechanism underlying the migraine aura [40). Furthermore,
serotonergic (5-HT) neurotransmission is another well-known mechanism in migraine pathophysiology in which
triptans and some serotonin 5-HT uptake inhibitors are effective migraine treatments for many patients. Although
it is typically thought that migraine involves a 5-HT deficiency, evidence also supports the hypothesis of 5-HT
facilitated CSD in which increased cortical excitability may enhance trigeminal nociception [41].

Microglia have been implicated in the pathophysiological mechanisms of both migraine and chronic pain condi-
tions [42,43]. Inhibition of microglia by minocycline reduces hyperalgesia induced by orofacial inflammation [44,45).
Our laboratory and others have shown that the transition of microglial cells to a pro-inflammatory M1 phenotype,
is a predominant source of prolonged inflammation persisting after traumatic brain injury near the site of injury, the
primary somatosensory cortex [13,46]. M1 microglia cells release pro-inflammatory and pro-nociceptive mediators
(e.g., cytokines, chemokines, NO, prostaglandins and glutamate), and also upregulate CB receptors in response to
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injury (47,48] that may contribute to neuronal sensitization and chronic pain conditions including persistent post-
traumatic headache [43,49-51. Interestingly, the proliferation of microglia was associated with trigeminal sensitivity
following repetitive mild head injury [17). Findings of microglial proliferation and phenotype changes in the central
trigeminal pain regions in areas remote from mechanical injury, such as the caudal brain stem, that lack evidence
of axonal injury or signs of cell death may suggest that they may be serving a different function in pain processing
than the classical M1 microglial function [13,16,17].

Astrocytes may also play a role in mediating post-traumatic headache. Previously, we showed the presence of
delayed astrocytosis in the thalamus, an area involved in relaying pain, after a cortical injury in mice [38]. Astrocytosis
in a model of post-concussion headache may indicate hyperexcitatory mechanisms that are involved in initiating
acute post-traumatic headache [17]. Chronic pain models provide support for the role of glutamate regulation in
the dorsal horn of the ascending pain pathway, which is predominantly handled by astrocytes [52]. An investigative
team at the forefront of traumatic brain injury (TBI) research found treatment with a nonpsychotropic CB-based
NMDA receptor antagonist improved outcomes following closed-head injury [26]. This research was timely, and
although NMDA antagonist ultimately failed to show efficacy for neuroprotection, the sensory effects of head
trauma including neuropathic pain and headache were never tested. In addition, blood-brain barrier permeability
changes, which can be included along with astrocytes as part of the neurovascular unit, have also been implicated
in models of migraine and may also contribute to post-concussion headache pathophysiology [531.

Headache following concussion that persists even after inflammation has resolved indicates central sensitization
or other mechanisms may contribute to the pain [14,28]. Evidence from models of TBI show progressive neurode-
generative processes involving pain pathways, or synaptic plasticity that may account for the trigeminal-related
changes in sensory behavior after mild TBI [46,54,55]. Sensitization of thalamic neurons has also been reported to
play a role in the spread of allodynia in migraine patients and a rodent model of migraine [12]. Post-traumatic
migraine models which study the driving mechanisms for the persistence of headache behaviors remain a highly
needed area of research for this disorder.

The endocannabinoid system

The eCB is essential to CNS homeostasis and plays a significant role in the regulation of inflammation and pain;
however, the response of the endogenous cannabinoid system in post-traumatic headache is unknown, and the
mechanistic explanations by which eCBs and synthetic CBs may alter trigeminal pain neurotransmission remain
underdeveloped. Therefore, the fundamentals of the eCB system are covered subsequently, along with preclinical
research for eCBs in migraine and traumatic brain injury research.

The ¢CB is comprised endogenously produced CBs, their receptors, and the proteins contributing to their
synthesis and degradation (56,57]. The two CB receptors that have been most extensively studied are the CB1
receptor and the CB2 receptor. Recently a third receptor, GPR55, has received considerable attention, especially
regarding its role in regulating pain responses. The ¢CB ligands are derived from the enzymatic degradation of
precursors in the cell membrane and are released immediately after their synthesis, as opposed to being stored in
secretory vesicles, as is the case for the so-called classic neurotransmitters. The eCB ligands first to be identified
and most comprehensively studied are arachidonic acid (AA) metabolites N-arachidonylethanolamide, named
‘anandamide’ (AEA) from the Sanskrit word for ‘bliss’ (58], and a second metabolite 2-arachidonoylglycerol (2-
AQG) [59,60. While AEA is primarily active at the CB1 receptor, 2-AG is active at both the CB1 and CB2 receptor.
Biosynthesis of AEA is thought to be the result of enzymatic hydrolysis catalyzed by a phospholipase D of a
membrane lipid precursor, N-arachidonoyl phosphatidylethanolamide. 2-AG is generated from diacylglycerol by
diacylglycerol lipase. They are also rapidly inactivated by enzymatic degradation. The enzymes primarily responsible
for their degradation are fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL) respectively.
Cyclooxygenase-2 (COX-2) can also contribute to the degradation of both ligands. Arachidonate is a product of
metabolism of both endogenous ligands, creating potential for significant interactions between the endocannabinoid
and eicosanoid systems. Included among other endocannabinoid ligands are 2-arachidonyl glycerol ether (noladin
ether), N-arachidonoyl-dopamine, oleoethanolamide, palmitoylethanolamide and virodhamine.

A common link between migraine and postconcussion headache may be in how endocannabinoids modulate
the production of nitric oxide, CGRP and 5-HT [61]. A reduction in AEA levels was found in the cerebral
spinal fluid of patients with chronic migraine and correlated with increased C and products of nitric oxide [62].
This lead to an endocannabinoid deficiency as a proposed mechanism contributing to migraine disorders [63], and
may also apply to post-traumatic headache. In a preclinical model of migraine, both degradative enzymes (FAAH
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and MAGL) were increased in the mesencephalon, while only FAAH was increased in the medulla. Treatment
with AEA reduced nitroglycerin-induced hyperalgesia and neuronal activation in a model of migraine (64. AEA
combined with TRPV1 receptor inhibition reduced A and C fiber firing in the trigeminocervical complex induced
by electrical stimulation of the dura [65]. Migraine research has provided initial evidence of altered eCBs and ¢CB
degradation as a potential target for treatment of this disease.

In preclinical models of concussion, AEA increases in the injured cortex without changes in 2-AG in two different
models of TBI, a neonatal rat model of weight drop closed-head injury and mouse model of moderate focal-cortical
injury (66,671. On the other hand, increases in 2-AG were reported for a mouse model of weight drop closed-head
injury [68]. Rodent species or analysis methods for eCB differences may account for the differences reported for 2-AG
after injury at the 24 h time points. The TBI models showing changes in ¢CBs were primarily induced by moderate
injury as compared with the mild concussion injury models that have been developed more recently. For example,
the models of weight drop closed-head injury may result in focal ischemic injury, immediate neuronal cell death
and brain swelling, which would be present on neuroimaging [68]. An early study using the weight drop closed-head
injury model reported a high early mortality rate due to apnea or secondary brain injury [69]. Concussion models
would be expected to lack notable findings on neuroimaging, and although diffuse axonal injury and mild swelling
may occur, focal damage is not typical of a mild concussion unless more severe or complicated. To date, there are
no reports to our knowledge showing direct changes in the endocannabinoid system for the trigeminal pathway
after mild concussion. One study by Zhang e# al. reported MAGL inhibition was neuroprotective after repetitive
mild closed-head injury [70). Whether either AEA or 2-AG are increased acutely following concussion remains to
be shown, however, if so, eCBs may serve to protect from inflammation, axonal injury/degenerative processes or
secondary effects of altered glutamatergic excitatory transmission. Whether concussion affects the triggered release
of eCBs later after injury demonstrated as a deficiency as proposed for migraine remains to be seen; further, when
whether added triggers such as occurs during times of stress are areas needing to be addressed particularly when
considering common comorbidities such as post-traumatic stress.

CB1, CB2 and GPR55 all appear to play an important role in the modulation of pain. The importance of
the eCB for homeostasis is reflected by the fact that the CB1 receptor is the most abundant GPCR in the CNS.
The CB1 CB receptor was discovered [71] and subsequently cloned (72 on the basis of its responsiveness to (-
)-A9-tetrahydrocannabinol (A’-THC). A’ THCA9-THC). A9-THC is the primary psychoactive constituent
in Cannabis (a.k.a. marijuana), hence the name ‘cannabinoid’ receptor. While there are constituently high levels
of CB1 receptor expression in the CNS, the expression of the CB2 receptor is limited, but rapidly upregulates
following trauma or inflammatory responses [73-77]. In the CNS, the CB1 receptor is found primarily on the
presynaptic membrane of neurons, where it functions as the receptor for retrograde transmission of endogenous
CBs released at the synapse, serving as a negative feedback modulator of synaptic transmission. It is primarily
coupled to Gj/, proteins, causing inhibition of adenylyl cyclase, and influences numerous transcription factors
and potassium channels. Retrograde signaling through the CB1 receptor modulates activity of both glutamatergic
and GABA ergic neurons. There are also reports of modulation of other neurotransmitters. In this way, endoCB
signaling can play an important role in both short- and long-term plasticity at both excitatory and inhibitory
synapses. By modulating synaptic strength in these ways, the endoCB system can regulate a wide range of neuronal
function including cognition, motor control, feeding behaviors and pain.

A second CB receptor (CB2), isolated by a PCR-based strategy designed to isolate GPCRs in differentiated
myeloid cells, is often incorrectly stated to not be found within the brain or spinal cord (7). Although their
distribution on neurons is limited to a few selected sites, CB2 receptors are found on microglia, astrocytes and
endothelial cells within the CNS. CB2 receptor agonist administration inhibits pain behaviors in models of
peripheral inflammatory and neuropathic pain [79-81]. Our laboratory found the CB2 receptor agonist, JWH-133,
abolished trigeminal allodynia and peptidergic signaling in the trigeminal pathway after cortical contusion in
mice [82]. In a model of migraine, CB2 receptor stimulation resulted in short-term analgesia [831. CB2 receptor
activation has a well-documented role on immunomodulation and anti-inflammatory pathways [84,85]. In a series
of studies, our laboratory showed that CB2 receptor stimulation resulted in robust effects on microglial activity,
inducible NOS, TNF-a and intracellular adhesion molecule expression after cortical injury [29-30,86-87). This
evidence suggests that the CB2 receptor plays a role in inflammatory pain responses and that endogenous or
synthetic CBs targeting this receptor would be expected to provide therapeutic benefit.

The GPR55 is found throughout the brain on various cells including neurons and microglia, and was initially
classified as a CB receptor due to its activation by CB1/CB2 receptor ligands; although, non-CB ligands such as
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L-a-lysophosphatidylinositol (LPI), a lysophospholipid, also activate this receptor [88]. The broad CNS distribution
of GPR55 suggests its involvement in central physiology and pathology (891; iz sizu hybridization studies in rats
indicated expression in hippocampus, thalamus and regions of the midbrain [90]. LPI-induced stimulation of sensory
afferents correlated with dose-dependent development of mechanical hypersensitivity, allodynia and hyperalgesia,
which were partially mediated by GPR55 o1]. Studies from our laboratory found that GPR55 activation at central
levels is pronociceptive [92], suggesting that interfering with GPR55 signaling in the periaqueductal (PAG) may
promote analgesia. Upon intra-PAG microinjection, LPI reduces (by half) the nociceptive threshold in the hot
plate test in the rat [92). These effects are dependent on GPR55 activation, since they are abolished by pretreatment
with ML-193, a selective GPR55 antagonist [921. GPR55 is another candidate CB receptor with the potential to be
involved in modulating the trigeminal response to concussion, however, studies in this area to date are limited.

The three CB receptors, CB1, CB2 and GPR55 differ from one another in their potential for exerting psychotropic
effects and immunomodulatory actions; however, it should be emphasized that all three receptors contribute to
nociceptive signaling and pain (57,75,79-81,92-97]. Therefore, all three receptors may play an important role in
modulating post-traumatic headache, and in turn make them therapeutic targets of interest. Whether one CB
receptor bears greater weight in tipping the balance of chronic pain for certain injuries or diseases may be identified
using selective agonists/antagonists. On the other hand, studies of mixed CB ligands such as those found in
medicinal marijuana plant extracts or other CB compounds without known CB receptor effects (e.g., cannabidiol
[CBD]) may provide insights into how the endogenous system works cohesively to balance the effects of injury.

Interest continues in the inhibition of the enzymatic degradation of eCBs. Some proof of concept studies in animal
models of chronic and inflammatory pain show efficacy for selective inhibitors of FAAH-1 and MAGL, responsible
for most of AEA and 2-AG enzymatic hydrolysis, respectively (98,99]. There is evidence for the effectiveness of FAAH
inhibitors when used acutely in models of migraine resulting from injection of a nitric oxide donor to activate
the trigeminal pain system [100,101] However, controversy exists regarding adverse effects of enzyme inhibition
since compensatory inactivation of the ligands by other enzymatic degradations are proposed to occur in studies
of FAAH and MAGL inhibitors for pain [1021. MAGL participates in the generation of AA as the precursor for
eicosanoids (such as PGE2 and F2a), and although some products can be proinflammatory and pronociceptive,
others, such as prostacyclin 12, play important physiological functions where inhibition may produce adverse
events [103). Moreover, chronic administration of MAGL inhibitors has been reported to desensitize CB1 receptors,
and result in tolerance [104].

Phytocannabinoids

Along with the heightened awareness among Americans of the legalization of medical marijuana and use across
the USA to treat a variety of diseases and conditions including chronic and severe pain, there has come the rapid
growth of the medical marijuana industry. To date, the medical and scientific communities face the challenge
of keeping pace with the demands of addressing unanswered questions regarding the optimal formulations and
treatment strategies for specific diseases such as post-traumatic migraine or primary migraine disorders. The range
of phytocannabinoids, or those CBs naturally occurring in the whole cannabis plant, provide a vast therapeutic
potential, especially once our understanding of which CBs are best for specific diseases becomes more developed.
Although preclinical scientific evidence exists for certain diseases and conditions to warrant the use of medical
marijuana or its various constituents, studies for migraine and post-traumatic migraine are as limited as the clinical
research in this area.

The whole cannabis plant has over 150 different varieties of CBs reported to date [105] including the two most
well-known CBs, A9-tetrayhydrocannabinol (THC) and CBD. There are a multitude of plant varieties of Cannabis
sativa plant species being cultivated with adjustable ratios of THC and CBD yielding proposed therapeutic effects. In
addition to CBs found in the Cannabis plant, roughly 140 terpenoids have been identified with proposed synergistic
interactions with CBs, as well as independent therapeutic potential [105]. THC, the constituent responsible for the
mind-altering and intoxicating effects of Cannabis Sativa was isolated in 1964 [106], and subsequently found to
exert effects at the CB1 and CB2 receptors. Thereafter, the eCB system characterization began to develop [s8].
More recent attention has been given to the multifactorial and complex interactions between THC and eCBs (see
review by Lu and Mackie) [107]. A9-THC stimulates the release of endogenous opioids and AEA [108]. On the
other hand, THC is reported to antagonize CB1 receptor signaling when stimulated by 2-AG as observed in several
systems under low receptor density conditions [107). The CB1 receptor antagonist, rimonabant, did not exert an
effect on withdrawal syndrome in humans taking moderate doses of THC. In contrast, rimonabant elicited a robust
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withdrawal syndrome after long-term administration of high-dose THC in rodents [107). These studies suggest the
efficacy and interactions of cannabis or THC with the ¢CB may be dependent on usage, as well as final potency of
the CBs. A recent retrospective study found medical marijuana to effectively reduce the frequency of headaches in
patients, however, various side-effects were reported depending on the type of marijuana [109]. In regard to migraine
pain, THC stimulates 5-HT synthesis [110], is a SHT 1A agonist, and SHT3 antagonist implicating its role in the
treatment of migraine and pain with several other potential mechanisms of action [111].

CBD is a nonpsychoactive phytocannabinoid which binds to sites other than CB1 or CB2 receptors. CBD is
the most abundant Cannabis-derived non-CB1/CB2 receptor ligand [112]. CBD has been demonstrated to lack the
euphoric, cognitive impairing [113] and appetite stimulating [114] effects of THC in rodents. CBD as a monotherapy
is currently in clinical trials for a range of indications from seizure disorders to substance abuse, graft rejection and
generalized anxiety disorder. There are no direct clinical or animal studies to date that we are aware of addressing
the effects of CBD on concussion, but several animal studies demonstrate that CBD decreases brain injury
following stroke [115-118]. There is one published case study for trigeminal neuralgia describing a patient’s excellent
response to Sativex [119]. Sativex, a buccal spray therapeutic with a well-documented safety profile in humans,
is approved in the EU and Canada for chronic pain associated with multiple sclerosis and cancer and contains
equal doses of CBD and THC, as well as a range of terpenes and flavonoids contained in Cannabis. The work
of our group and others has demonstrated in rodent models that CBD attenuates inflammatory and neuropathic
pain [113,120-123]. There is supporting evidence for several mechanisms underlying these neuroprotective effects,
including actions on 5-HT1A receptors, TRPV1 channels and a3 glycine receptors. CBD alone has not been
directly tested in humans for the treatment of pain, but Sativex has produced significant pain-relieving effects in
several clinical studies [124,125]. There are striking similarities and differences between CBD and direct CB receptor
agonists. Like some other CBs, CBD suppresses the release of cytokines and chemokines, decreases production of
reactive oxygen species, and attenuates immune cell proliferation, activation, maturation, migration and antigen
presentation [126,127]. Dysregulation of these factors is thought to contribute to both acute dysfunction and to long
term consequences of head injury including chronic pain and headache. Specifically, recent studies demonstrate
that CBD attenuates microglial activation, immune cell migration and reactive oxygen species following a range
of pro-inflammatory insults [127-129]. Importantly, the attenuation of lymphocyte activation by CBD was recently
shown to be specific to B, T and Th lymphocytes, while CBD administration actually increased total numbers
of natural killer cells (130, demonstrating that CBD is not panimmunosuppressive. CBD has also been shown to
attenuate endothelial inflammation and blood-brain barrier disruption [131]. CBD reduced iNos expression in a
mouse model of tauopathy with implications for concussions and chronic traumatic encephalopathy [132]. In fact,
all aforementioned mechanisms of action for CBD have been proposed mechanisms for post-traumatic headache
as reviewed, concussion or migraine pathophysiology. Taken together, this wide range of immunomodulatory and
neurobehavioral effects points to CBD as an exciting potential pharmacotherapy in the treatment of concussion

and other TBIs.

Conclusion

Headache after concussion persists in a substantial portion of patients. Early inflammatory sources activate trigeminal
ganglia neurons to release excitatory neuropeptides and neurotransmitters. Centralized sources of inflammation
after concussion may sensitize neurons at several regions along the trigeminal nuclei. Sensitized trigeminal neurons
lead to a lowered threshold of activation, which more readily triggers a headache. The ¢CB system is believed to
contribute to the homeostatic basis by which both the CNS and immune system respond to injury, while also being
a main modulator of the pain system. Whether there is a deficiency in the eCB after concussion as proposed for
migraine has yet to be evidenced. Exogenous modulators of the eCB, whether derived from the plant or synthetics,
have been shown to alter pain in acute, chronic and neuropathic conditions, including migraine and are expected
to play a large role in the headache and other pain conditions resulting from concussion.

Future perspective

Currently there are no US-FDA approved treatments for concussion and therapies used for post-traumatic headache
are implemented based on primary headache disorders such as migraine or tension type headache. Increased
research into the study of the eCB system and its modulators, particularly for underrepresented disorders such as
post-traumatic headache and migraine, will facilitate making medical advances toward the development of more
efficacious therapeutics for these disorders. Progress towards understanding the mechanisms of post-traumatic
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headache, although slow, is heading in the right direction as more researchers study the problem along with support
through incremental increases in funding opportunities via multiple sources (i.e., DoD, NIH, foundations). Over
the next five to ten years, once the barriers to research that impact the progress in the study of the endocannabinoid
system and particularly phytocannabinoids for the treatment of headache and related symptoms (i.e., vertigo,
fatigue, sleep dysfunction, cognitive and attentional deficits, depression and anxiety) following concussion be
addressed will progress be made; challenges impacting research include limited federal funding allocated for this
research area, tight federal regulations and the supply of phytocannabinoids.

Executive summary

Epidemiology of post-traumatic headache disorder

* Persistent post-traumatic headache lasting a year or more are also exceedingly high, indicating a major health
problem.

* Headache induced by concussion predominantly share features with migraine, followed by tension-type
headache.

Modeling post-traumatic headache

* Models of mild closed-head injury or mild fluid-percussion injury have been used to demonstrate changes in the
trigeminal pain sytem to study post-traumatic or post-concussion headache.

Pathophysiology of post-traumatic headache

* Evidence from animals models to date indicate acute inflammation stemming from the meninges, periosteal mast
cells following concussion injury sensitizes the meningeal nociceptors facilitating head pain and cutanous
sensitivity.

* Additional evidence suggests altered signaling in central pain regions that are not well characterized in current
concussionmodelsmay also contribute to pain facilitation, ongoing headache and abnormal sensitivity.

* Microglia and astrocytes provide different cellular mechanisms of post-concussion headache including
inflammation and excitatory processes; the persistence of headache after concussion beyond the acute period
when inflammation has resolved points toward other mechanisms for the maintenance of pain.

The endocannabinoid system

* The eCB is essential to central nervous system homeostasis as well as the regulation of the immune and pain
systems.

* Post-concussion headache and migraine may be linked in how eCBs modulation the production of certain
neurotransmitters and second messangers.

* Expanding on the current data showing changes in the eCB system in models of concussion and TBI to include
the pain pathway is warranted.

Phytocannabinoids

* Phytocannabinoids derived from the whole plant, each with distinct chemical properties, have a unique
therapeutic potential that may ultimately be identified as disease specific.
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