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ARTICLE INFO ABSTRACT

Keywords: Post-traumatic headache (PTH) is a debilitating condition that affects individuals with different levels of trau-
Traumatic brain injury matic brain injury (TBI) severity. The difficulties in developing an effective treatment are related to a lack of
Headache understanding the complicated mechanisms and neurobiological changes in brain function after a brain injury.
i?;lgesia Preclinical studies have indicated that peripheral and central sensitization of the trigeminal nociceptive path-

ways contributes to PTH. While recent brain imaging studies have uncovered widespread changes in brain
functional connectivity following trauma, understanding exactly how these networks contribute to PTH after
injury remains unknown. Stimulation of peripheral (trigeminal or vagus) nerves show promising efficacies in
PTH experimental animals, likely mediated by influencing TBI-induced pathological plasticity by decreasing
neuroinflammation and neuronal apoptosis. Non-invasive brain stimulations, such as transcranial magnetic or
direct current stimulations, show analgesia for multiple chronic pain conditions, including PTH. Better mecha-
nistic understanding of analgesia achieved by neuromodulations can define peripheral and central mechanisms
involved in the development, the resolution, and the management of PTH.

Inflammatory cells

1. Introduction Conference on Concussion is “a complex pathophysiological
process affecting the brain, induced by traumatic biomechanical
Traumatic brain injury (TBI) is a clinical condition caused by the forces” (McCrory et al., 2009). Among the main causes are con-

action of an external mechanical force on the brain that alters the tact sports (Laker, 2011).
pattern of brain functioning and the involved structures. This type of (ID) Mild TBI is “a traumatically induced physiologic disruption of
injury is considered a global health problem, as it is the main cause of brain function” by the Head Injury Interdisciplinary Special In-
mortality in young adults and a major cause of death and disability at all terest Group of the American Congress of Rehabilitation Medicine
ages (Maas et al., 2017). The severity of TBI is generally classified ac- (Silverberg et al., 2023). Mild TBI leads to a brief loss of con-
cording to clinical indicators (Frey, 2003), and different changes in sciousness (<30 min), a Glasgow Coma Scale (GCS) of 13-15, and
brain function depend on the severity of the trauma. The four levels of post-traumatic amnesia (PTA) lasting <24 h (“Global, regional,
severity include: and national burden of traumatic brain injury and spinal cord
injury, 1990-2016: a systematic analysis for the Global Burden of
(I) Concussion is a mild impact of the head causing less than 10% Disease Study, 2016.,” 2019; Laker, 2011; Taylor et al., 2017).
loss of consciousness (Laker, 2011), which is often The occurrence is often underestimated (Laker, 2011), and a
under-reported and undermanaged (Baldwin et al., 2018; Reid population study has shown that mild TBI occurs in 95% of cases

et al.,, 2022). A definition of concussion by the International (Feigin et al., 2013).
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(III) Moderate TBI is characterized by a loss of consciousness and PTA
>30 min, GCS 9-12, and includes patients with skull fractures
(Frey, 2003; “Global, regional, and national burden of traumatic
brain injury and spinal cord injury, 1990-2016: a systematic
analysis for the Global Burden of Disease Study, 2016.,” 2019;
Taylor et al., 2017).

(IV) Severe TBI is characterized by a loss of consciousness and PTA
>24 h, GCS <8, and includes patients with a brain contusion and
intracerebral hematoma (ICH) (Frey, 2003; “Global, regional,
and national burden of traumatic brain injury and spinal cord
injury, 1990-2016: a systematic analysis for the Global Burden of
Disease Study, 2016.,” 2019; Taylor et al., 2017).

Epidemiological studies have indicated that approximately 2.8
million people experienced a TBI in the United States of America (USA)
in 2013 (Taylor et al., 2017). One study found that over seven years in
Washington state, there were 928 TBI cases, with a lifetime claim cost of
$159 million (Wrona, 2006). These injuries often result from rotational
or angular accelerations and shear forces acting on the brain. Several
comorbidities resulting from a TBI can lead to the incapacity of injured
individuals, which may persist for years after damage. One such inca-
pacitating comorbidity is post-traumatic headache (PTH), considered a
secondary headache with acute and chronic phases (Ashina et al., 2019;
“Headache Classification Committee of the International Headache So-
ciety (IHS) The International Classification of Headache Disorders, 3rd
edition.,” 2018). Headaches are pain in the head region with distinct
types, subtypes, and subforms, with PTH being a type of headache
attributed to TBI or neck trauma. Thus, patients can receive different
diagnoses and treatments.

The pathophysiological mechanisms of PTH remain unclear, which
has led to poor patient recovery and an indistinct disease classification
(Capi et al., 2020; Leung, 2020). One recent challenge within the
research community has been to understand how the brain communi-
cates both naturally and after brain trauma. Several current reports on
humans have pointed to the necessity of understanding functional brain
connectivity after TBI, including all severities of trauma (Roine et al.,
2022). Altered functional brain connectivity can also be one of the
factors involved in PTH (Lu et al., 2020; Ofoghi et al., 2020). Interest-
ingly, fear and pain circuits share similar brain networks and include
regions such as the anterior cingulate cortex (ACC), prefrontal cortex
(PFC), hippocampus, nucleus accumbens, and amygdala (Simons et al.,
2015). Therefore, novel, high-efficacy treatments are necessary to
reduce headaches after a TBI. This review aims to address the general
information known about clinical PTH, discuss the inflammatory
mechanisms involved in PTH animal models, and main connectivity
pathways observed in human. In addition, the present review will point
to new therapeutic approaches, such as electrical stimulation, as a novel
strategy for the treatment of PTH.

2. Clinical characteristics of PTH

It is estimated that the occurrence of PTH after damage to the brain
ranges from 30 to 90% of TBI patients (Hoffman et al., 2011; Lucas,
2011). According to the Classification by the Headache Classification
Committee of the International Headache Society (“Headache Classifi-
cation Committee of the International Headache Society (IHS) The In-
ternational Classification of Headache Disorders, 3rd edition.,” 2018),
acute PTH is characterized by the onset of pain reported seven days after
the injury or after recovery of consciousness, with the pain ending up to
the third month after the trauma. Another important criterion is the
discontinuation of analgesic drugs to evaluate the acute period. How-
ever, chronic PTH is characterized when the pain persists for more than
three months. In this sense, 18-33% of TBI patients continue to expe-
rience persistent headaches after TBI, even one year beyond post-injury
(Stacey et al., 2017). Approximately 40% of moderate to severe TBI
patients develop persistent, sometimes disabling, disorders—one of the
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most common being PTH (Anderson et al., 2015; Defrin, 2014; Stacey
etal., 2017). Moreover, the majority of PTH cases occur with a mild type
of trauma, and many go under-reported (Lucas et al., 2014; Nampia-
parampil, 2008).

PTH is commonly associated with sleep disturbances and cognitive
and psychiatric consequences (Lemme et al., 2021; Minen et al., 2016),
which makes the condition more aggravating for patients. Although pain
after TBI can occur in different parts of the body, such as the neck, back,
and limbs, PTH is the most common chronic pain (Linder, 2007; Nam-
piaparampil, 2008). Regarding its etiology, PTH can be induced by re-
petitive concussions or a single TBI event (“Headache Classification
Committee of the International Headache Society (IHS) The Interna-
tional Classification of Headache Disorders, 3rd edition.,” 2018; Seifert
et al., 2017). However, some reports have shown that genetic mutations
can facilitate the condition of preexisting headaches to trauma (Barros
et al., 2013; Tottene et al., 2005).

PTH may result from direct injuries to the skull, the brain, the
meninges, the cerebral vasculature, or the neck (“Headache Classifica-
tion Committee of the International Headache Society (IHS) The Inter-
national Classification of Headache Disorders, 3rd edition.,” 2018),
leading to maladaptive plasticity of the trigeminal system. Furthermore,
it can manifest a phenotype similar to primary headaches, such as mi-
graines or tension-type headaches (Baandrup and Jensen, 2005;
“Headache Classification Committee of the International Headache So-
ciety (IHS) The International Classification of Headache Disorders, 3rd
edition.,” 2018; Zasler, 2011). It is well known that the symptoms of
PTH resemble migraines and can produce between 15 and 30 headache
days per month after a mild TBI (Kothari et al., 2022). However, despite
its high prevalence and persistence, the mechanisms underlying PTH in
TBI patients remain poorly understood.

3. Pathophysiology of PTH and associated mechanisms after TBI
3.1. Neuroanatomy related to PTH

PTH is a neurological disorder characterized by an enduring pre-
disposition to generate pain symptoms in the head. Pain is defined as “an
unpleasant sensory and emotional experience associated with, or
resembling that associated with, actual or potential tissue damage”
(Raja et al., 2020). Nociception is, however, “the neural process of
encoding noxious stimuli” and can be observed in several animal models
and humans (Prescott et al., 2014; St John Smith, 2018). Pain is an
important physiological system alerting the body to disturbances,
including endogenous/exogenous irritations, which allow us to avoid
harmful stimuli. However, acute pain from tissue damage or injury de-
bilitates an individual and restricts their ability to perform daily activ-
ities. Chronic pain can induce suffering and reduce life quality.
Moreover, personal experiences of pain depend not only on sensory
discrimination but on emotional, psychological, and social factors.

A subpopulation of primary sensory neurons transduces noxious
stimuli through multiple sensory receptors from organs throughout the
body. C and A$ fibers are primarily responsible for transmitting noci-
ceptive signals to the brain via action potentials. Tissue damage or long-
term noxious stimuli induce a prolonged barrage of nociceptive inputs
from primary afferents to the brain, which can sensitize second-order
neurons in the dorsal horn of the spinal cord or trigeminal sensory nu-
cleus (i.e., central sensitization). Central sensitization of central noci-
ceptive neurons of the brainstem, thalamus, and cortical and subcortical
structures contributes to maintaining chronic pain, even in the absence
of apparent peripheral lesions. While the somatosensory cortex is an
important cortical structure involved in pain sensation, the activation of
the insular cortex has been implicated in pain mediated by trigeminal
stimulus. For example, following a nasal nociceptive stimulus, in-
dividuals exhibited more activation in two regions of the brain that
contain the primary and secondary somatosensory areas and the insular
cortices, which are similar to the operculo-insular cortex (Lotsch et al.,
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2012). Patients with trigeminal neuralgia disorder also present with a
reduced cortical convolution magnitude, predominantly in the left
insular cortex, as shown by local gyrification index analysis (Wang et al.,
2018).

Anatomically, the trigeminal nerve is the fifth pair of cranial nerves
and is responsible for responses arising from innocuous and noxious
stimuli to the face and part of the head. Activation of the trigeminal
nerves leads to activation of the trigeminal nociceptive system,
including the trigeminal ganglia (TG) and the trigeminal nucleus com-
plex, which includes the trigeminal nucleus caudalis (Vc), thalamic
nuclei, and the insular and somatosensory cortices. Therefore, lesions
occurring on the face or skull as a result of a TBI can induce nociception
and pain through the trigeminal nociceptive system, leading to PTH
(Fig. 1).

3.2. Neuroinflammation and sensitization of trigeminal nociceptive
pathways

While the pathophysiological mechanisms of PTH remain unclear,
studies using TBI animal models have pointed to inflammation as the
cellular and molecular basis. Headaches after trauma can occur alone or
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Fig. 1. Anatomic pathway of the trigeminal system. 1) Primary afferent
terminals are located at the skull, meninges, and blood vessels; 2) Trigeminal
ganglia contain the cell bodies of pseudounipolar neurons with peripheral
branches going toward peripheral tissues in three branches (V1, V2, and V3)
and central branches going toward the brainstem; 3) The trigeminal nucleus
caudalis is the site of termination of the central branches of the trigeminal af-
ferents, and the secondary neurons send axonal projections in the direction of
the thalamus; 4) Tertiary neurons in the thalamus send axonal projections to
the somatosensory cortex; 5) The somatosensory and insular cortices are the
main locations of pain perception. V, fifth; V1, ophthalmic (periorbital)
innervation of the fifth cranial nerve; V2, maxillary innervation of the fifth
cranial nerve; V3, mandibular innervation of the fifth cranial nerve.
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together with several other symptoms that occur in migraine attacks
(“Headache Classification Committee of the International Headache
Society (IHS) The International Classification of Headache Disorders,
3rd edition.,” 2018). Therefore, the pathogenesis of PTH might overlap
with migraines, with inflammation and cerebral metabolism involve-
ment. Although different TBI animal models present distinct charac-
teristics of pathology, similar symptoms like PTH have been observed
after injury in some of these models. In this review, we focus on the
symptoms of PTH in animal models related to TBI and concussion,
whose clinical condition is similar to humans. This is important because
the pathology, complications, and therapeutic approaches in the trauma
models can be better translated into civil and military injuries. We focus
on peripheral and central sensitizations along trigeminal nociceptive
pathways. We also review the plasticity of brain activity over regions
associated with sensory and affective pain. The effects of neuro-
modulation on brain plasticity are reviewed to understand the brain
mechanisms involved in the development and resolution of PTH.

3.3. Peripheral sensitization

Primary afferents’ peripheral terminals projected to the meningeal
layers, blood vessels, and skull respond to diverse inflammatory medi-
ators released after a traumatic injury, leading to initial inflammatory
pain (Fig. 2). The skull bone contains a considerable number of blood
vessels and efferent nerves (Kosaras et al., 2009) that are likely to be
damaged after contact trauma. A skull fracture can potentially increase
the TG response, causing peripheral sensitization. TBI induces the
recruitment of leukocytes, particularly neutrophils and monocytes, to
the injury site and increases the inflammatory process during the acute
phase (Liu et al., 2018; Shi et al., 2019) via pro-inflammatory toll-like
receptor 4 and nuclear factor kB (NFxB) signaling (Liu et al., 2021). TBIL
induces the early release of cytokines and chemokines in the brain
(Dalgard et al., 2012; Di Battista et al., 2016), and both molecules
perform important actions at the damage site, leading to cellular ne-
crosis or apoptosis. Pro-inflammatory molecules also influence the sur-
vival of cells proximal and adjacent to the damaged site.
Pro-inflammatory cytokines cause the activation and sensitization of
nociceptive C and AS fibers in the meninges, skull, and blood vessels
(Fontaine et al., 2018; Hanko et al., 1985; Kosaras et al., 2009; Melo--
Carrillo et al., 2017), leading to the peripheral sensitization of trigemi-
nal primary afferent neurons. Molecularly, neutrophils express the C-X-C
motif chemokine receptor 2 and are directed to the damage site by
chemical endogenous ligands, such as CXC-chemokine ligand 1 (Liang
etal., 2017), leading to an increase in the early release of tumor necrosis
factor (TNF) (Dalgard et al., 2012). TNF promotes immune cell in-
filtrations into the brain, further amplifying inflammatory activation,
aggravating the compromised blood-brain barrier integrity, and
inducing extravasation of blood products such as damage-associated
molecular patterns (DAMPs) (Sayed et al., 2010). Moreover, increased
pathogen-associated molecular patterns (PAMPs) enhance the activation
of toll-like receptors (TLRs) and lead to the activation of resident cells,
aggravating the pro-inflammatory process (Olson and Miller, 2004; Rosa
et al., 2021). For example, macrophages can induce the expression of
inducible nitric oxide synthase (iNOS), causing a release of nitric oxide
(NO) and vasodilation of the blood vessels.

Several studies using different experimental models have demon-
strated the effects of TBI and concussions on PTH (Bree and Levy, 2018;
da Silva Fiorin et al., 2018; Daiutolo et al., 2016; Elliott et al., 2012;
Macolino et al., 2014; Meidahl et al., 2018; Studlack et al., 2018;
Tyburski et al., 2017). These investigations have demonstrated the
involvement of neuropeptides, mainly calcitonin gene-related peptide
(CGRP), associated with PTH in several regions of the trigeminal noci-
ceptive system (Bree and Levy, 2018; Daiutolo et al., 2016; Elliott et al.,
2012; Wang et al., 2017). CGRP is upregulated in meningeal afferent
terminals after a controlled cortical impact (CCI) (Daiutolo et al., 2016).
Consistent with this, the administration of a CGRP antagonist (MK8825)



F. da Silva Fiorin et al.

NO

IL-6

Macrophages

s\

Classic

TNF-a

Brain, Behavior, & Immunity - Health 35 (2024) 100723

Brain connectivity

c =
(¥ N

) )
R ::,i{/

Satellite glial cells DAI

- Corticotrigeminal

Trigeminal ganglia \' | p /
¥ /
PNS Neurogenic Astrocyte {%k% ‘ i
\ Ve
CGRP Microglia— %‘ |

sP \ “\‘
e s

Fig. 2. The proposed molecular pathways and mechanisms involved in headache and brain connectivity after traumatic brain injury (TBI). A) TBI leads to
meningeal damage, intracerebral hematoma, and diffuse axonal injury (DAI) in cortical neurons, and it targets neutrophils to the site of damage. Neutrophils release
NO, leading to vasodilatation together with blood leakage and the release of inflammatory mediators due to physical damage. Nociceptors present in the skull,
meninges, and blood vessels are activated and sensitized, increasing the influx of Ca?" and Na * to the cells. Glutamate can be released due to a Ca®>* and Na * influx,
causing more excitatory activation in the nociceptors. B) Excitatory activation sends action potentials through trigeminal ganglia (TG) neurons. Excitation of TG
neurons increases the release of classic inflammatory and neurogenic mediators from the soma, which activates satellite glial cells and resident macrophages to
release more inflammatory mediators to further enhance the sensitivity and action potentials. C) Peripheral sensitization in afferent terminals and the TG can lead to
an increased release of classic inflammatory mediators, neurotransmitters, and neurogenic mediators in the brainstem. In response, increased astrocytes and
microglia release more inflammatory mediators, leading to increased sensitivity of second-order neurons (central sensitization). Corticotrigeminal projections can
suffer DAI due to cortical damage (intracerebral hematoma, as indicated in panel A) and/or the inflammatory process in the Vc. NO, nitric oxide; TNF-a, tumor
necrosis factor-o; IL-6, interleukin-6; CGRP, calcitonin gene-related peptide; SP, substance P; iNOS, inducible nitric oxide synthase; Vc, subnucleus of the caudal

spinal tract; PNS, peripheral nervous system; CNS, central nervous system.

attenuates periorbital allodynia after CCI in mice (Daiutolo et al., 2016).
A variety of other molecules involved with pain sensations, such as NO
and substance P (SP), are also upregulated in trigeminal signaling
pathways immediately after an injury (Daiutolo et al., 2016; Elliott
et al., 2012). Peripheral sensitization of nociceptors in the dura can
further aggravate ongoing inflammation. The transient receptor poten-
tial vanilloid subtype 1 (TRPV1) channel is highly colocalized with
CGRP and SP in the TG (Chung et al., 2020), and its activation induces
the release of CGRP and SP (Markowitz et al., 1987; Tognetto et al.,
2001), leading to vasodilation in the dura (Dux et al., 2003). TRPV1 and
the transient receptor potential ankyrin subtype 1 channel can be
involved in neurogenic inflammatory responses following TBI through
A and C-fibers (Corrigan et al., 2016; da Silva Fiorin et al., 2020; X.-J.
Yang et al., 2022). A subset of A8 nociceptors can also be directly acti-
vated or sensitized by irritant chemical stimuli such as protons, pros-
taglandins, or bradykinin (Lang et al., 1990; Martin et al., 1987; Steen
et al., 1992). The mechanical impact of a TBI leads to the acute acti-
vation of resident cells and inflammatory mediator release (Rosa et al.,
2021), which may activate A8 nociceptors. However, the time course of
the changes in the expression of cytokines and chemokines in the lesion
is too transient to fully account for persistent hyperalgesia.

In the TG, sensory neurons are closely enveloped by satellite glial
cells (SGCs), and the mechanisms involved in neuron-glia crosstalk in
the TG have been widely studied in the context of craniofacial pain
(Chung et al., 2020; Iwata et al., 2017). A recent study of experimental
fluid percussion injury (FPI) in rats found that glial fibrillary acidic
protein (GFAP), a peripheral marker of satellite glia, and ionized
calcium-binding adapter molecule 1 (IBA-1), a marker of macrophages,
were upregulated in the TG, ipsilateral to the injury (da Silva Fiorin
et al.,, 2020). Moreover, the chemical depletion of most peptidergic
primary afferents expressing TRPV1 channels reduced glial cell activa-
tion and painful responses in rats after TBI (da Silva Fiorin et al., 2020).
These findings strongly suggest the involvement of neuron-glia in-
teractions within the TG in PTH. SGCs express a diversity of receptors
that respond to inflammatory molecules. The release of CGRP from
peptidergic afferents followed by its binding to receptors in SGCs in-
creases iNOS expression and NO release (Li et al., 2008). iNOS was
increased in the TG two weeks after an experimental CCI injury in mice

(Daiutolo et al., 2016). The iNOS increase was colocalized with GFAP
and IBA-1 (Daiutolo et al., 2016). Interestingly, iNOS was localized both
in neuronal and non-neuronal cells following a TBI, suggesting that the
release of NO is involved in pro-inflammatory pathways after injury
(Daiutolo et al., 2016). Therefore, interactions of SGCs and trigeminal
nociceptors within the TG may contribute to the aggravation and
maintenance of persistent PTH.

3.4. Central sensitization

The sensitization of central neurons in TBI patients is an important
mechanism of chronic pain (Jang et al., 2016), and the pathways of the
maladaptive modulation of neurons and glia in the central nervous
system (CNS) can be important in headaches after a TBL. Several brain
areas of TBI animals have shown increased neuroinflammation, mark-
edly by tumor necrosis factor-alpha (TNF-a) and interleukin-1 beta
(Clausen et al., 2011; Mota et al., 2012; Niesman et al., 2014; Singh
et al., 2016). Reports using several rodent TBI models have demon-
strated increased levels of SP, CGRP, TNF-q, interleukin-6 (IL-6), and
iNOS together with elevated expressions of GFAP and IBA-1 (markers of
astrocytes and microglia, respectively) in the CNS, including the Vc area
(da Silva Fiorin et al., 2020; Daiutolo et al., 2016; Elliott et al., 2012;
Tyburski et al., 2017; Wang et al., 2017). The inflammatory process can
directly sensitize second-order nociceptive neurons in the Vc that send
axonal projections to the thalamic nuclei, which could sensitize
third-order neurons in the thalamus and cortex, as indicated in other
headache conditions (Akerman et al., 2011; Hryciw et al., 2023). In fact,
astrogliosis and microgliosis have been observed in the thalamus after
experimental TBI (Onyszchuk et al., 2009).

The roles of astrocytes and microglia in TBI pathobiology are well-
established (Mira et al., 2021). Although cytokines and chemokines in
the brains of injured rats peak 4 h after TBI, with a gradual decrease in
12 h, 24 h, 3 days, and 7 days (Dalgard et al., 2012), inflammatory re-
sponses are dependent on other factors, such as the TBI severity and
model used. Moreover, persistent inflammatory processes driven by glial
cells after experimental TBI are common (Elliott et al., 2012). Reactive
astrogliosis after TBI is both a gradual response and heterogeneous,
which may reflect the severity of CNS tissue damage (Burda et al., 2016;
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Burda and Sofroniew, 2014). This damage can be varied, e.g., local
degeneration, the disruption of the blood-brain barrier with subsequent
extravasation of inflammatory cells, the degeneration of synapses due to
distal axonal injury, and exposure to PAMPs. These damages can influ-
ence the function of astrocytes and result in astrogliosis (Lee et al.,
2022). Experimental periorbital allodynia is accompanied by transient
increases in SP, CGRP, and GFAP in the brainstem after TBI, together
with increased astrocytes in the somatosensory cortex (Elliott et al.,
2012). Hypertrophic reactive astrogliosis occurs in the Vc after mild TBI
in rats and is concomitant to the inflammatory process in the somato-
sensory cortex (da Silva Fiorin et al., 2020). These hypertrophic reactive
astrocytes are interposed between neurons surviving the injury and
being found viable in the area of injured neural tissue (Brandebura et al.,
2023; Burda and Sofroniew, 2014). Thus, the reactivity of astrocytes in
the periphery of the damaged area may influence neurons and glia in
healthy tissue distal to the lesion, leading to aberrant excitatory synaptic
activities. Astrocytes can respond by producing immunomodulatory
molecules, including cytokines, in addition to DAMPs-type inflamma-
tory mediators. This is due to the presence of TLR receptors and
advanced glycation end products in the astrocytic membrane (Fu et al.,
2016; Kumar, 2019). The activation of astrocytes can trigger NFkB
activation and increase the production and release of pro-inflammatory
cytokines such as TNF-a, IL-6, and the inflammatory mediator
cyclooxygenase-2 (COX2) (Font-Nieves et al., 2012; Gorina et al., 2011;
Ponath et al., 2007). COX2 participates in various types of migraines (Li
etal., 2017), and the increased activity of COX2 could be involved in the
molecular mechanisms of hyperalgesia induced by glial cells in PTH.
Moreover, NFkB signaling activated by astrocytes results in swelling
cellular and cytotoxic edema after TBI (Jayakumar et al., 2014).

In injury processes such as TBI, microglia become highly activated
resulting in changes in cell morphology and activity. These changes are
due, in part, to microglia expressing pathogen recognition receptors
similar to those found in peripheral immune cells. Among these re-
ceptors are the TLRs that respond to PAMPs and ‘NOD-like receptors’
that respond to DAMPs secreted after mechanical impact (Hanisch and
Kettenmann, 2007). These glial cells also exhibit other types of receptors
for different factors released by damage, including ATP, glutamate,
growth factors, and cytokines (Kumar and Loane, 2012). Thus, chronic
activation of the microglia after a TBI can lead to a persistent inflam-
matory process and make cell survival or maintaining its normal phys-
iological state difficult. In mice, increased microglia in the
somatosensory cortex persist nearly one month after experimental TBI
and do so concomitantly with periorbital allodynia (Elliott et al., 2012).

Pro-inflammatory processes occurring at a brain site adjacent to an
injury could cause retrograde axonal degeneration of corticotrigeminal
neurons, leading to failure of excitatory and inhibitory communication
between the brainstem and the cortex, as corticotrigeminal axons
densely innervate the Vc area (Castro et al., 2017). It was also demon-
strated, in both mice and rats, that stimulating axons from the somato-
sensory cortex induced suppression of nociceptive responses in the Vc
area and produced behavioral hypoalgesia (Castro et al., 2017). Thus,
altered connectivity after TBI may be a consequence of primary damage
directly to brain structures, as well as secondary diffuse axonal injury
caused by inflammation (Fig. 2). Therefore, a connectivity evaluation
after TBI in headache patients must be clarified to determine the altered
neural activities of the brain areas involved in PTH.

3.5. Changes in functional brain connectivity

The brain is a complex structure comprising numerous and wide-
spread connections between different regions. Subsets of neurons from
different areas of the brain can fire in synchrony, generating activity
patterns that can be evaluated to identify the network and its functional
connectivity. Electrical cerebral signals of higher and lower frequencies
can have relationships between brain areas over time, and these in-
teractions can be defined through statistical analysis, leading to an
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understanding of functional connectivity (Gaudet et al., 2020). Struc-
tural connectivity has relationships with the physical connections
among brain areas through fiber tracts, while functional connectivity
shows correlated activity through similar frequency, phase, and/or
amplitude. There are techniques to perform brain connectivity analysis,
such as functional magnetic resonance imaging (fMRI), which relies on
the coupling between underlying neuronal activation and cerebral blood
flow and can show high spatial resolution in millimeters (Gaudet et al.,
2020). Electroencephalography can collect neuronal electric activity
with a resolution of less than 1 ms and promote direct temporal infor-
mation through electrodes, with data analyzed via the frequency domain
(Cacioppo et al., 2007; Del Rocio Hernandez-Castanon et al., 2021).
Magnetoencephalography can measure magnetic fields and neuronal
activity in milliseconds, including the cortical sulci with high temporal
resolution (Kida et al., 2015). Thus, the brain communicates with itself
through connectivity networks, and several MRI studies have allowed
for the incipient comprehension of whole-brain networks and the
characterization of functional and structural changes associated with
TBI and PTH symptoms (Tables 1 and 2, respectively).

A recent study (Lemme et al., 2021) evaluated the extent to which
PTH and resting-state functional connectivity (RS-Fc) were altered in a
cohort of young patients with acutely resolved (PTH-R) and those with
persistent (PTH-P) headaches. Although both cohorts exhibited alter-
ations in functional connectivity in several brain areas, individuals with
PTH-P displayed decreased connectivity between the amygdala and the
ACC while simultaneously increasing connectivity between the PFC and
the ACC. These results suggest the persistence of PTH modulates the
affective component of pain. In addition, the decreased connectivity
between the amygdala and the ACC was associated with reductions in
the effect of sadness on pain (Yoshino et al., 2010). In contrast, the high
PFC-ACC connectivity partially explains the painful sensation induced
by PTH after mild TBI (Ofoghi et al., 2021). The activation of the ACC
during PTH has been shown using neuroimaging (Leung et al., 2016b),
indicating that headaches are mediated by affective responses.

In patients with acute symptoms of PTH, studies have shown
decreased connectivity between the cerebellum and temporal lobe (for
PTH-R) (Lemme et al., 2021) and among periaqueductal gray, the
inferior parietal lobule, and the angular gyrus (for PTH evaluated within
seven days post-TBI) (Niu et al., 2020). The cerebellum is a structure

Table 1
Functional changes in PTH after TBI.
Stage of Comparison Brain areas/networks Reference
PTH
Acute Control |Cerebellum/temporal lobe Lemme et al.
group 1Amygdala/ACC (2021)
Chronic Control tPFC/ACC and cerebellum
group
Chronic sFNC 1DNM/VN Li et al. (2021)
analysis
dFNC 1DNM/SMN
analysis
Unknown Control 1PFC/ACC Ofoghi et al.
group (2021)
Chronic No-PTH |Hypothalamus/MFG and mSFG Lu et al. (2020)
Acute Control IPAG/IPF, AG and precuneus Niu et al.
group tPAG/MTG (2019)
Chronic sFNC 1Left middle cingulate/right Dumkrieger
analysis pulvinar TRight posterior insula/ et al. (2019)

left hypothalamus

Legend: PAG: periaqueductal gray; IPF: inferior parietal lobule; AG: angular
gyrus; MTG: middle temporal gyrus; ACC: anterior cingulate cortex; PFC: pre-
frontal cortex; sFNC: static functional network connectivity; dFNC: dynamic
functional network connectivity; DMN: default mode network; VN: visual
network; SMN: sensorimotor network; MFG: middle frontal gyrus; mSFG: medial
superior frontal gyrus; Control group: non-disabled individuals; No-PTH: people
with TBI; Acute: 7 days to 1 month; Chronic: after 1 month; t = represents in-
creases of connectivity; | = represents decreases of connectivity.
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Table 2
Structural changes in PTH after TBIL.
Stage PTH Comparison Volume Gray matter” White matter” References
Acute Control CT: |left caudal ACC, |left insula, CSA: |SFG - - Xu et al.
group (2023)
Chronic No-PTH GM: |left and right MTG, STG, parietal - - Burrowes et al.
operculum, right ITG, angular gyrus, (2020)
supramarginal gyrus, S1 and M1
Acute and - GM: |ACC, M1 and cerebellum - - Niu et al.
chronic (2020)
Chronic Control - (v): | middle/superior frontal gyrus, precentral gyrus, - Chong et al.
group right supramarginal, superior and inferior parietal (2018)
and precuneus regions
Acute No-PTH - - (s): | fornix- Alhilali et al.
septohippo- campal (2017)
circuit
Chronic No-PTH - - (s): | splenium of the Ghodadra

corpus callosum et al. (2016)
(s): 1 genu of the

corpus callosum

a

refers to thickness (t), surface (s) or folding (f) of gray and white matter. Legend: CSA: cortical surface area; CT: cortical thickness; GM: gray matter; MTG: middle

temporal gyrus; SFG: superior frontal gyrus; STG: superior temporal gyrus; ITG: inferior temporal gyrus; S1: primary somatosensory cortex; M1: primary motor cortex;
ACC: anterior cingulate cortex; Control group: non-disabled individuals; No-PTH: people with TBI; Acute: 7 days to 1 month; Chronic: after 1 month.

consisting of several interaction networks (Legrain et al., 2011), but its
role in pain needs to be better clarified. The increased functional con-
nectivity observed before a potentially painful stimulus indicates that
the cerebellum is important for managing emotional expectations.
However, in migraines (a probable symptom of PTH) the same
anatomical sub-region exhibits limited connectivity with the default
mode network (DMN) (Ke et al., 2020), an intrinsic brain network also
altered in PTH patients post-TBI (Li et al., 2021).

The DMN, comprising the prefrontal regions, precuneus bilateral
lateral parietal cortices, and the dorsal posterior cingulate cortex, is
considered a common network path for encoding pain and cognitive
processing (Baliki et al., 2014; Bonnelle et al., 2011). After TBI, the
presence of a headache decreases activity in the dorsolateral prefrontal
cortex (DLPFC) (Vaninetti et al., 2021) and modulates the DMN network
under stationary and dynamic connectivity functional conditions. (Li
et al., 2021) found an increase in the stationarity of the connections
between the DMN and sensorimotor network, and a reduction between
the DMN and visual network (Li et al., 2021)—a scenario that may
prevent the desirable and healthy integration of cognitive and sensory
information during pain processing (Zou et al., 2021). An aberrant flow
of information transfer in regions within the DMN was found during the
measurement of dynamic connectivity function (Li et al., 2021). This
alteration in connectivity has been identified as a predictor of limited
resilience (i.e., limited adaptive responses) to pain in chronic pain
conditions (Hemington et al., 2018).

A recent study has found that the hypothalamus, another region
involved in pain processing, could mediate PTH symptoms following a
TBI. (Lu et al., 2020) showed decreased functional connectivity between
the hypothalamus and the middle and medial superior frontal gyrus
after mild TBI. This decreased connectivity was statistically correlated
with increased headache frequency and intensity (Lu et al., 2020).
Although the involvement of the hypothalamus may be incipient after
traumatic PTH, some studies have provided evidence of its role in other
headache disorders. Recently, (Messina et al., 2022) showed that during
the interictal phase of episodic migraine, the RS-Fc connectivity among
the hypothalamus and parahippocampal gyrus, orbitofrontal gyrus,
cerebellar lobule VI, lingual gyrus, and inferior temporal gyrus were
decreased when compared to a control group. The same authors also
showed that the reduced network (reduced connectivity) between the
hypothalamus and frontal region (orbitofrontal gyrus) was positively
correlated with the effect of headaches on the social life of people with
migraines over the long term (Messina et al., 2022). Together, these
findings suggest that changes in hypothalamus connectivity interfere
with the frequency and intensity of headaches and the welfare of

individuals with PTH or TBI (Fig. 3).
3.6. Structure of brain areas involved in PTH

In addition to functional connectivity findings, previous literature
has also shown structural changes in brain regions and associations with
PTH, summarized as a reduction of cortical thickness (gray matter
[GM]) and parenchymal volume in individuals with PTH (Ofoghi et al.,
2020). It is impossible to assume an order (i.e., cause—consequence), but
concomitant changes in function (connectivity) and structure likely
occur in PTH. For example, in adults with PTH-P, the cortical surface is
reduced in the inferior parietal and precuneus (Chong et al., 2018), and
there is reduced parenchymal volume in the DLPFC, angular gyrus, and
somatosensory cortex (Burrowes et al., 2020; Niu et al., 2020), regions
that match with impaired connectivity. However, an increase in GM
volume was found after PTH-P and acute PTH in the ACC, primary motor
cortex, and cerebellum (Niu et al., 2020), indicating that the structural
changes induced by PTH are dependent on the brain area and the onset
of headache.

PTH may also induce changes in white matter (WM) microstructure,
observed in the corpus callosum and fornix-septohippocampal circuit
(Ofoghi et al., 2021). The deterioration of WM in the splenium and the
simultaneous high proportion of myelin in the genu of the corpus cal-
losum are linked to PTH risk factors after TBI (Ghodadra et al., 2016).
The loss of myelin has also been observed in the
fornix-septohippocampal circuit after injury (Alhilali et al., 2017), an
important pathway for learning, memory, and locomotion (Khakpai
et al., 2013; Miiller and Remy, 2018). Therefore, it is plausible that
altered brain connectivity is associated with maladaptive cellular
changes leading to decreased or increased activity of pain-related brain
regions, and novel approaches capable of modulating brain function
might contribute to the treatment of PTH.

3.7. Mechanistic insights into PTH from drugs and neuromodulation

3.7.1. Pharmacological approaches

Pharmacological therapies are used for tension- and migraine-like
headaches in PTH patients, including analgesics and non-steroidal
anti-inflammatory agents (Heyer and Idris, 2014; Mavroudis et al.,
2023). Interestingly, although analgesics and non-steroidal anti-in-
flammatories can be prescribed for the acute phase of PTH, one study
showed that acute administration of ibuprofen, acetaminophen, or both
did not decrease the incidence of headaches seven days after injury in
children and youth (aged 5-18 years) (Ledoux et al., 2022). Moreover,
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Fig. 3. Functional changes in brain connectivity after traumatic brain injury (TBI) in patients with post-traumatic headache (PTH). Decreased connectivity
between the cerebellum and temporal lobe mediates acute symptoms, while decreased connectivity between the amygdala and the anterior cingulate cortex (ACC)
and concomitant increased connectivity between the prefrontal cortex (PFC) and the ACC is presented in persistent PTH. Decreased functional connectivity between
the hypothalamus and middle and medial superior frontal gyrus after mild TBI mediate PTH symptoms. Decreased connectivity between the hypothalamus and
parahippocampal gyrus, orbitofrontal gyrus, cerebellar lobule VI, lingual gyrus, and inferior temporal gyrus occurs during the interictal phase of episodic migraines.

the excessive use of analgesics can lead to chronic headaches in some
adolescents with PTH (Heyer and Idris, 2014).

Pharmacological treatments for migraines, such as triptans, decrease
painful sensations of chronic PTH. Although CGRP in plasma is lower in
individuals with chronic PTH (Ashina et al., 2020a), its administration
causes the exacerbation of headaches in people with migraines and PTH
(Ashina et al., 2020b; Hansen et al., 2010). In contrast, anti-CGRP
monoclonal antibodies prevent migraine attacks (Goadsby et al., 2017;
Silberstein et al., 2017) and reduce the frequency of moderate to severe
headaches in chronic PTH patients (Ashina et al., 2020c). Botulinum
toxin type A, another medication for the treatment of chronic migraines,
decreased the frequency and pain severity of headaches in military
veterans with PTH (Zirovich et al., 2021). However, to date, the phar-
macological treatment for PTH is based on medical opinion, given the
various headache features and a scarcity of data from controlled trials
(Ashina et al., 2021; Larsen et al., 2019). Other classes of drugs tested on
PTH, such as anti-epileptics and anti-depressants, have provided im-
provements in the short term but without long-term significance
compared to non-treated individuals (Cushman et al., 2019). Currently,
opioids are not recommended for chronic use (Ashina et al., 2021;
Pinchefsky et al., 2015).

3.7.2. Neuromodulation approaches

Electrical stimulation is a useful and promising neuromodulation
technique applied directly to the skull and peripheral nerves, including
the TG and vagus nerve, or to the CNS, such as the spinal cord and brain.
In recent years, neuromodulation through electrical stimulation has
been tested in individuals with chronic headaches. However, these
techniques need to be improved, as invasive methods such as deep brain
stimulation entail higher risks, while semi-invasive and non-invasive
methods only partially reduce headaches and chronic migraines (Cop-
pola et al., 2022).

Recent evidence points to functional improvement in patients after
TBI using neuromodulation (Tiefenbach et al., 2022). Improvements in
motor function after TBI using functional electrical stimulation have
been demonstrated through the reorganization of cortical areas (Milo-
sevic et al., 2021). Although the functional recoveries demonstrated in
recent reports do not include PTH evaluations, a case series reported

that repetitive transcranial magnetic stimulation (rTMS) reduced the
intensity of pain and frequency of headache episodes in individuals with
mild TBI who had developed recurrent headaches (Leung et al., 2016a).
In that report, rTMS was shown to have beneficial effects on men of
different ages and with different prior histories of headache and medi-
cation use (Leung et al., 2016a). Currently, few studies using rTMS have
demonstrated the amelioration of headaches in TBI individuals.
Studies using animal models of TBI and electrical stimulation can
help in understanding cellular mechanisms and lead to new approaches
to decrease PTH. For example, bilateral trigeminal nerve stimulation
(TNS) (the infraorbital branch of the maxillary nerve (V2); a current
intensity of 0.1 mA; pulse width of 200 ps; frequency of 10 Hz for 30 s/
min) for 60 min one day after TBI in mice markedly reduced neuro-
inflammation by TNF-a and IL-6 (Q. Yang et al, 2022).
Pro-inflammatory mediators were concomitantly downregulated in the
caspase-3 signaling pathway, while brain edema was reduced, and the
blood-brain barrier was protected (Q. Yang et al., 2022). TNS has been
associated with a protective effect against brain injuries such as epilepsy
and is associated with reduced inflammation and apoptosis (da Silva
Fiorin et al.,, 2021; Wang et al., 2016). It is plausible that the
anti-apoptotic effects of TNS occur via inhibition of NF-«kB (Inohara and
Nunez, 2003). fMRI has shown that increased and decreased activation
depends on the brain areas after electrical trigeminal stimulation. For
example, 30 min after TNS induction, BOLD activation is increased in
the olfactory bulb, most areas of the motor cortex, the prelimbic area,
and the hippocampus of mice (Q. Yang et al., 2022). Another study
showed the efficacy of 60 min of cortical electrical stimulation (fre-
quency of 20 Hz; 2 ms biphasic bipolar pulse; a current intensity of 100
pA) during the first seven days after TBI in rats (Wang et al., 2022).
Electrical stimulation reduces apoptosis and astrogliosis in the perile-
sional cortex and increases hippocampal neurogenesis via upregulation
of phosphatidylinositol 3-kinases/protein kinase B (PI3k/Akt),
mitogen-activated protein kinases/extracellular signal-regulated ki-
nases, and Wnt/pcatenin signaling pathways (Wang et al., 2022).
Another study that used different parameters of spinal cord electrical
stimulation (seven consecutive days of 30 min of stimulation once a day
at 50 Hz, pulse width of 100 ps, current of 0.4-0.6 mA) found that
brain-derived neurotrophic factor and vascular endothelial growth
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factor increased in the injured brains of rats in a TBI model (Zhao et al.,
2022). Electrical stimulation-induced upregulation in the PI3k/Akt
pathway and anti-apoptotic B-cell lymphoma (Bcl-2) protein while
reducing the expression of pro-apoptotic Bcl-2-like protein and
caspase-3 in the brain tissue of the injured area (Zhao et al., 2022). These
studies, using peripheral and central electrical stimulations, uncovered
decreased neuronal apoptosis (Wang et al., 2022; Q. Yang et al., 2022;
Zhao et al., 2022), suggesting electrical stimulation of pain pathways
affects the modulation of TBI by influencing the maintenance and sur-
vival of neurons. Previous studies have demonstrated the protection of
neurons through vagus nerve stimulation (VNS) after experimental TBI.
For instance, VNS applied 24 h post-injury every 30 min for 14 days at
20 Hz, a biphasic pulse of 0.5 ms, and a current of 0.5 mA, in trains of 30
s showed a protective effect on GABAergic neurons in the cortex of rats
with injuries using an FPI model (Neese et al., 2007). Moreover, the
acute, beneficial effects of VNS (every 30 min to the left vagus nerve 48 h
post-injury) were evidenced in the reduction of edema in the cortex after
FPI in rats (with frequency of 20 Hz, a biphasic pulse of 0.5 ms, and
current of 0.5 mA, with trains of 30 s) (Clough et al., 2007). Continuous
stimulation for 20 min (frequency 5 Hz; pulse width of 5 V; current of 10
mA) 1 h after an explosive injury model in rabbits decreased brain
edema (Zhou et al., 2014), while VNS in continuous stimulation (fre-
quency 30 Hz; pulse width of 0.5 mA; current of 1.0 mA) attenuated
cortical edema and the necrosis area (Tang et al., 2020). A recent review
has also shown the potential effects of VNS after TBI from in vivo and
clinical studies (Srihagulang et al., 2022).

Although studies using electrical stimulation in animal models and
patients with TBI have increased, it is necessary to advance our under-
standing of the clinical evidence and its mechanisms of action to treat
PTH.

3.7.3. Brain stimulation to modulate pain and TBI-related symptoms

When the brain is injured by trauma or other insults, the resulting
deficits appear to be compensated by newly forming cortical and
subcortical connections and by reorganizing neural networks (Zaninotto
et al., 2019). However, these compensatory mechanisms are often sub-
optimal, unable to fully restore function, and may lead to maladaptive
effects, lower functionality, and a poor quality of life.

Non-invasive brain stimulation techniques, such as transcranial
direct current stimulation (tDCS), may provide an excellent alternative
in both restoring supraspinal functional deficits and providing headache
relief, thereby improving clinical outcomes and quality of life (Zaninotto
et al., 2019). tDCS is a safe and non-invasive form of neuromodulation,
where a constant, low-amperage (usually 1-2 mA) electric current is
applied to the skull through anodal and cathodal stimulation, reaching
the cortical areas and modulating the resting membrane potential of
individual neurons (Nitsche et al., 2003, 2008; Zaninotto et al., 2019).
Since the introduction of this technology in its current form, positive
results have been reported in psychiatry (Blumberger et al., 2012;
Demirtas-Tatlidede et al., 2013; Martin et al., 2011) and neuro-
rehabilitation (Hernandez-Pavon and Harvey, 2019; Lindenberg et al.,
2012). tDCS has also been suggested as a promising therapy for patients
with several chronic pain conditions, including fibromyalgia (Villamar
et al., 2013), pain due to traumatic spinal cord injury (Fregni et al.,
2006; Soler et al., 2010), chronic pelvic pain (Divandari et al., 2019;
Fenton et al., 2009), refractory orofacial pain (Antal and Paulus, 2011),
postherpetic neuralgia (DosSantos et al., 2012), painful diabetic poly-
neuropathy (Kim et al., 2013), chronic neuropathic pain following a
burn injury (Portilla et al., 2013), trigeminal neuralgia (Hagenacker
et al., 2014), lower back pain (Schabrun et al., 2014), and migraines
(Antal et al., 2011; de Brito Aranha et al., 2022; Vigano et al., 2013). The
modulatory effects of tDCS are reversible and painless, and its porta-
bility represents the possibility of home-based pain treatment (Nitsche
et al., 2008; Pacheco-Barrios et al., 2020). Anodal tDCS is typically used
to increase excitability and, depending on the parameters, can target
different cerebral networks, including those involved in cognition and
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pain processing (Pacheco-Barrios et al., 2020; Seminowicz and Moayedi,
2017; Zaninotto et al., 2019). According to a meta-analysis, there is
scientific evidence that anodal tDCS decreases pain levels in patients and
increases sensory/pain thresholds in healthy individuals (Vaseghi et al.,
2014). For example, a study investigating patients with chronic pelvic
pain showed that a single session of anodal tDCS applied to two brain
regions, the DLPFC and primary motor cortex, reduced pain and
improved quality of life and disability measures (Divandari et al., 2019).
tDCS has also been shown to improve TBI-related symptoms (Kang et al.,
2012; O’Neil-Pirozzi et al., 2017; Shirvani et al., 2021). Anodal tDCS
applied to the PFC is effective in reducing mental fatigue, increasing the
quality of life of mild TBI patients, and improving the working memory
of severe TBI patients (Kang et al., 2012; O’Neil-Pirozzi et al., 2017;
Shirvani et al., 2021). Furthermore, a single session of anodal tDCS
applied to the DLPFC improved attention compared to sham stimulation,
suggesting its potential role in improving attention in TBI patients (Kang
et al., 2012).

4. Conclusion

PTH is a condition induced by injury of the head or neck and can
become intractable. Although several reports have put forth possible
treatments, PTH often remains resistant to current therapies. PTH is
mediated by complicated peripheral and central mechanisms along tri-
geminal pain pathways with comprehensive anatomical and functional
alterations in the brain. Although these mechanisms are not clearly
defined, neuromodulation through electrical stimulation can potentially
provide substantial alleviation of PTH. Importantly, understanding the
brain plasticity involved in PTH and its neuromodulatory effects is
important to better define the critical brain activities involved in the
development and resolution of chronic pain. Not all patients develop
chronic PTH following trauma, nor do all patients respond to pharma-
cological treatments and neuromodulation. Therefore, determining the
detailed phenotypes of large patient cohorts with a variety of PTH
subtypes before and after treatment should help improve our under-
standing of the intricate neurobiology of PTH. Brain plasticity after
neuromodulation can also be tested in animal models to decipher critical
biological processes. Such a reverse translational approach for the
mechanistic study of the underlying progress, resolution, and treatment
of PTH should lead to the development of novel strategies for the
management of patients with PTH.
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