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Abstract

The majority of patients with traumatic brain injury (TBI) are classified as having a mild TBL
Despite being categorized as mild, these individuals report ongoing and complex symptoms,
which negatively affect their ability to complete activities of daily living and overall quality of life.
Some of the major symptoms include anxiety, depression, sleep problems, headaches, light
sensitivity, and difficulty reading. The root cause for these symptoms is under investigation by
many in the field. Of interest, several of these symptoms such as headaches, ocular pain, light
sensitivity, and sleep disturbances may overlap and share underlying circuitry influenced by the
intrinsically photosensitive retinal ganglion cells (ipRGCs). These cells are light sensing, but
non-image forming, and they influence corneal function, pupillary constriction, and circadian
rhythm. In this review, we discuss these symptoms and propose a role of the ipRGCs as at least
one underlying and unifying cause for such symptoms.
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Glossary

DES = dry eye syndrome; Fos-LI = Fos-like immunoreactivity; ipRGC = intrinsically photosensitive retinal ganglion cell;
NOP = neuropathic ocular pain; OPN = olivary pretectal nucleus; PTH = posttraumatic headache; RNFL = retinal nerve fiber
layer; SCN = suprachiasmatic nucleus; SSN = superior salivatory nucleus; TBI = traumatic brain injury; mTBI = mild TBI.

Traumatic brain injury (TBI) is a significant health issue; it
was reported that in 2013, 2.8 million people had a TBI that
lead to an emergency department visit, hospitalization, and/
or death.! TBIs are classified as mild, moderate, or severe
based on factors assessed at the time of injury using the
Glasgow Coma Scale (GCS) and/or the Full Scale of Un-
responsiveness (FOUR) score, in combination with findings
or the lack thereof on neuroimaging, within the cases of mild
TBI (mTBI).>”* TBI symptoms are widespread and can last
only a few days (acute) or cause disabilities that affect sur-
vivors for months to years (chronic). Reported TBI symp-
toms include headache, nausea/vomiting, convulsions,
inability to awaken, dilation of one or both pupils, slurred
speech, aphasia, dysarthria, weakness/numbness of limbs,
loss of coordination, restlessness, and agitation.5 Patients
with mTBI exhibit many of the same symptoms but may
differ in severity. Regardless of the magnitude of injury,
those who have chronic TBI can develop endocrine dys-
function and behavioral/emotional disorders, along with
other cognitive and sensory conditions, which negatively
affect the everyday lives of such individuals.®

Mild TBI accounts for 80% of all TBI cases in the United
States, and as of 2018, it is reported that it represents 86% of
all US military TBIs.”® We, therefore, focus on adult mTBI in
this review. Despite the lack of detection of neuronal and
physical damage on clinical MRI in patients with mTBI, re-
search studies have demonstrated changes in glucose metab-
olism, cognition, and cerebral blood flow in this
population.4‘9713 In mTBI, axonal damage is often diffuse,
likely explaining the wide range of symptoms.'* According to
a CDC report from 2019, effects of mTBI include headache,
sensitivity to noise or light, sleeping more or less than usual,

difficulty falling asleep, and other emotional and physical
syrnptorns.15

Visual dysfunctions, which refer to functional deficits in vi-
sion, and in the absence of detectable degeneration, also occur
at a particularly high rate in patients with mTBI. An estimated
80% of patients with mTBI have normal best-corrected visual
acuity, and yet 75% of those individuals self-report visual
complaints."® Furthermore, 85% of patients with mTBI ex-
perience the same degree of photosensitivity chronically after
TBL'” Insufficiencies in convergence or accommodation are
detected in 48.4% of patients with mTBI, indicating that at
least some vision deficits originate in the oculomotor sys-
tem.'® Patients with TBI with visual dysfunction are often
impeded from pursuing educational goals and work
opportunities.19
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In this review, we examine 3 commonly reported mTBI
symptoms: sleep disturbance, posttraumatic headache
(PTH)/migraine, and dry eye syndrome (DES). On the
surface, these conditions may appear to be unrelated to the
visual system and its functions, but we hypothesize that at
least a portion of these symptoms are derived from a dis-
ruption in retinal-brain circuitry involving a subset of retinal
ganglion cells that are light responsive and non-image
forming, that is, the intrinsically photosensitive retinal gan-
glion cells (ipRGCs). Developing a better understanding of
the physiologic basis for TBI symptoms and possible com-
monalities between them, such as the ipRGCs, will lead to
effective diagnosis and treatment of these conditions in pa-
tients with TBL

PTH and photosensitivity in subjects
with mTBI

PTH is reported in 60% of patients with TBI regardless of the
severity level or phase (acute vs chronic), making it the most
commonly reported TBI symptom.”® Although the majority
of PTH resolve on their own within 6 months, symptoms
persist on 400,000 people in the United States annually.”
Most PTH resemble tension or migraine headaches or a
mixture of the 2; the exact distribution varies, but it is esti-
mated that approximately 49% of PTH have migraine features
and about 40% have characteristics of tension-type
headaches.”"

One known cause of headaches in general is photosensitivity,
which is broadly defined as a visual symptom of mild-to-
extreme discomfort that is experienced by an individual in the
presence of normal light levels (e.g., light levels that would not
cause visual discomfort in normal population).'” Photosen-
sitivity is a common symptom for patients with mTBI, and
based on self-report, the incidence of photosensitivity in the
TBI population is 50% compared with an incidence of 10% in
healthy controls.'”?* Even with these data, there is still a
shortage of literature on the quantification of photosensitivity
in the mTBI diagnostic group due to the lack of objective
diagnostic assessments.

Although occasionally reported in isolation, photosensitivity
is commonly seen in patients with PTH and is frequently
associated with migraine-type headaches.”® The primary dif-
ference between PTH and migraine is that the PTH is initi-
ated from an mTBI, whereas the migraine is possibly initiated
by chemical imbalances, nerve communication errors, and
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blood vessel damage and can be triggered by hormonal,
emotional, or physical causes.** Similarities, however, be-
tween the classic migraine and PTH include headache, nau-
sea, dizziness, insomnia, and many more diverse symptoms.25
Along the lines of classic migraines having several common-
alities to PTH, they are also similar in terms of their reported
sensitivity to light. Independent of TBI, 80% of patients with
migraine are photosensitive, both during and between mi-
graine occurrences.”*™® This high prevalence of photosensi-
tivity can lead one to presume that such mechanisms of
migraines and other headache conditions use the same retinal
pathways by way of the ipRGC:s. This is supported by a study
from Noseda et al.”” in 2018. These researchers were able to
show that photosensitivity in subjects with migraine does in
fact align with the pathway of ipRGCs as a primary source for
the complex and recurrent issues of light sensitivity. In addi-
tion, in these patients, light can act as the sole trigger for
migraine attacks.’® Individuals who have tension-type head-
aches also report more sensitivity to light compared with
controls."” We postulate an underlying common pathophys-
iologic explanation for the prevalence and association of PTH
and photosensitivity.

ipRGC systems are also likely involved in other headache
conditions with significant and ongoing photosensitivity
complaints from military and sports-related concussions.
These issues are especially prevalent in military members with
up to 22% of surviving soldiers treated in hospitals being
diagnosed with a TBL>' Likewise, photosensitivity is recorded
as a symptom for 59% of this military TBI population,
whereas sleep problems account for 36%.**%* In terms of
sports-related concussions, such injury accounts for 5%-9% of
all sports-related injuries, with the highest reports coming
from football, wrestling, boys’ and girls’ soccer, and girls’
basketball.>*~* With this, 90% of sports-related concussions
will incorporate symptoms that last 7-10 days, whereas the
other 10% can incorporate several chronic ailments as pre-
viously discussed.”” In an effort to better understand this 10%
and establish more solidified answers to the chronic effects,
such issues have been well documented in recent years re-
garding retired professional athletes who encounter mTBI
onset throughout their careers. In terms of extreme cases of
mTBI in professional athletes who were diagnosed with
chronic traumatic encephalopathy on death, 90% demon-
strated risk factors that include insomnia, headaches, and
general pain, as well as other symptoms such as depression,
violence, and drug abuse.>®* Overall, such information sug-
gests that similar characteristics are present in various causes
of mTBI and analogous ipRGC impact that is likely associated
with the complex symptoms.

Animal studies have provided insight into 3 pathways that
affect PTH and photosensitivity and involve the ipRGCs
(figure, A-C). The first pathway begins with a subset of
ipRGCs that project via the optic nerve to the olivary pretectal
nucleus (OPN) and the superior salivatory nucleus (SSN)
(figure, A).>****!' This pathway neuronal activity was
November 3, 2020
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demonstrated in a rat model using exposure to different light
intensities and detection of Fos-like immunoreactivity (Fos-LI)
in the caudal brainstem. Fos-LI production was detected in the
nucleus tractus solitarius, the trigeminal interpolaris/caudalis
transition (Vi/Vc,,), trigeminal caudalis/cervical cord junction
region (Vc/C1), and the dorsal paratrigeminal (dPa$) regions,
which are all related to nociception.*® In addition, numbing of
ocular surface neurons by lidocaine had no effect of the Fos-LI
levels, suggesting that ocular surface neurons did not contribute
to the light-dependent activation of this central pain re-
sponse.”® A recent clinical study has specifically investigated
changes in brain areas involved in photosensitivity—namely,
the trigeminal ganglion and trigeminal nucleus caudalis in the
TBI population, which is represented by the first photosensi-
tivity pathway (figure, A). Tensor-based morphometry of the
brainstem was measured in patients with TBI who had mild or
severe photosensitivity, and the results were compared with
healthy controls.*” The authors detected differences in the
morphology of the brainstem that varied depending on if the
subjects’ report of photosensitivity. *

The second pathway involves the ophthalmic branch of the
trigeminal nerve, which is responsible for pain sensation in the
eye (figure, B). Noseda et al.* used a rat model and found that
the activity of dura-sensitive neurons in the posterior thala-
mus was modulated by the presence of light and that their
axons projected to the I-V layers of the somatosensory, visual,
and associative cortices. Specifically, their axons made syn-
aptic connections in the insular (Ins) and primary somato-
sensory (S1) cortices, which project to laminae I-II and III-V
of the brainstem trigeminocervical complex (SpSC), another
area known to function in nociception.*

Opverall, the 2 main pathways of photosensitivity have been well
documented and elicit clarity in terms of the mechanisms and
subsequent functionality that the ipRGCs obtain. The third
pathway, however, has continued to be debated throughout the
field in recent years. This third pathway of photosensitivity is
still active even if the optic nerve is lesioned (figure, C).** The
results of this mouse study demonstrated that the magnitude of
trigeminal reflex blinks continued to increase in response to
amplified light levels even when the optic nerve was lesioned.**
There is logical reason to conclude that on an optic nerve
lesion, a system of photosensitivity is still intact due to the
sustainment of light aversion when a stimulus is present. For
this reason, the debate begins as to whether such systems are
still incorporating ipRGCs and bypassing the optic nerve al-
together or if an alternative pathway is aiding in the PTH and
photosensitivity symptoms.

One study by Matynia et al. showed that on optic nerve lesion,
light-induced nociception still occurs. This pathway incor-
porates the trigeminal sensory ganglia and the interaction with
the peripheral sensing neurons to produce a direct mechanism
of photosensitivity independent of the optic nerve and most
notably ipRGC connectivity.* This is in agreement with other
studies showing that the peripheral trigeminal neurons elicit
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Figure Schematics of potentially relevant ipRGC pathways and TBI symptoms
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sociation incorporates projections from the retinal periphery of
the pars plana in the ciliary marginal zones.*® Indirect activation
of trigeminal nociceptors can be triggered by the pupillary light
reflex, which leads to modulation of uveal blood flow, igniting
photosensitivity.**>' Additional research must be conducted
to understand which mechanism is the most efficient and if the
2 interact.

nociception in response to light.

Dry eye syndrome in subjects
with mTBI

DES is clinically defined as a multifactorial disease of the tears,
lids, and ocular surface, which results in symptoms of dis-
comfort, visual disturbance, and tear film instability with the
potential for damage to the ocular surface.”>** In terms of
DES and TBI, a meta-analysis showed that US military vet-
erans with TBI were more likely to have a diagnosis of DES
(37.2%) compared with their counterparts without TBI
(29.1%).>* DES is a heterogeneous diagnosis, especially in
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patients with TBI, and as such, this umbrella term covers a
host of symptoms with many potential underlying etiolo-
gies.> First, DES may be primarily symptomatic but without
obvious signs of disease on the ocular surface.’>**°
ample, many patients with TBI describe ocular irritation and
nonspecific ocular pain without corresponding clinically de-
scribed signs. Typically, the initial approach to management
of DES is lubrication of the ocular surface. However, it is well
documented that symptom severity correlates poorly with
ocular surface signs and tear film parameters, and current
treatments focused on tear replacement do not adequately
control symptoms in many patients.ss’57

For ex-

There is a growing body of literature suggesting that DES
symptoms in these affected individuals may be better con-
ceptualized as neuropathic ocular pain (NOP). NOP may be
the expression of a central pain processing disorder, where eye
pain is just one of multiple overlapping peripheral manifes-
tations. To test this, a cross-sectional analysis was performed
to assess the symptoms of NOP and to what degree it asso-
ciates with the sensitivity levels of DES through the use of a
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questionnaire and ocular surface and corneal sensitivity ex-
aminations in the presence or absence of the corneal numbing
agent, proparacaine.58 Subjects classified as having DES
continued to report ocular pain even when the ocular surface
was numbed, suggesting that that the pain sensation was
centralized.*® In addition, there was significant overlap in
corneal pathway sensitivity and overall sensitivity to light in
these patient populations.

Lee et al.>* investigated the relationship between DES and
general pain diagnoses in US veterans with and without TBL
The authors concluded that the association was stronger be-
tween TBI and NOP with an odds ratio of 3.08 at a 95% CI
compared with TBI and tear film dysfunction with an odds
ratio of 1.09 at a 95% CL>* On further analysis of TBI, it was
characterized that DES and pain diagnoses of interest revealed
that central pain syndrome, cluster headache, sicca syndrome,
keratoconjunctivitis sicca, and late effect of injury to the
nervous system that can be seen after TBI were all closely
clustered together.54 Of interest, certain features are shared
between TBI and DES, including predilection to light
sensitivity.17’23”54’59 Therefore, when patients with TBI pre-
sent with eye pain in the absence of ocular surface damage or
tear film disruption, clinicians should consider the possibility

of NOP.

There are several ipRGC axons that afferently project to
various components that are responsible for proper func-
tioning pupillary reflex and pain responses that can been seen
in DES/NOP (pathway 4; figure, D). Such ipRGC axons
project to the OPN, which then lead downstream to the SSN
causing ocular vasodilation and activation of ocular trigeminal
afferents, which are heavily expressed in blood vessels (figure,
D).%*¢" These afferents further project to the trigeminal nu-
cleus and function in the relaying of sensory information to
the face that in response to light and pain stimuli.”**°

Sleep disturbance in subjects
with mTBI

The incidence of sleep disorders is greater in patients with
mTBI than in the general population.”*> A recent meta-
analysis of patients with mTBI revealed that 50% of patients
with mTBI reported sleep complaints and approximately 30%
were diagnosed with a clinical sleep disorder.**® These in-
clude insomnia (29%), hypersomnia (28%), and sleep apnea
(25%).*%* Other mTBI symptoms, such as anxiety, head-
aches, fatigue, and irritability, can result from as well as ex-
acerbate sleep disturbances in a vicious cycle.” For individuals
with mTBI, problems with sleep can compromise the re-
covery process and impede social reintegration.

We will focus on circadian rhythm, which is altered in patients
with mTBI and animal models of TBI, is centrally controlled by
input from ipRGCs (pathway S; figure, E), and disruption of it
can lead to sleep disorders detected in patients with TBLS*S
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Posttraumatic hypersomnia is clinically derived from damage to
the brainstem reticular formation, posterior hypothalamus, and
an area near the third ventricle.** Posttraumatic insomnia is
clinically derived from damage to the interior frontal and an-
terior temporal regions of the brain, as well as the basal fore-
brain.%* In an animal model of TBI, increased expression of the
circadian clock genes, Cryl and Bmal were detected in neu-
rons of the suprachiasmatic nucleus (SCN).%* The SCN has
been linked to hypersomnia and insomnia in both mice and
humans.**®° In addition, both clock genes had decreased ex-
pression in the hippocampus.”® The changes in expression
patterns between the hippocampus and SCN may lead to
dysregulation of the sleep cycle and cognitive function.

The ipRGC axons of the retina exit the eye via the optic nerve
and project to the SCN, which is located in the hypothalamus
and is responsible for the circadian timing system, core body
temperature, and other behavioral and physiologic processes
(table).® One such afferent projection of the pathway circa-
dian rhythm pathway leads to the subparaventricular zone
(SPZ), which acts as a sleep and wake regulator (table;
pathway §; figure, E).” Another connection downstream of
the SCN in the circadian rhythm pathway is the ventrolateral
preoptic, which is in the hypothalamic region and contains
neurons that preferentially fire during natural sleep cycles
(figure, E).° An additional ipRGC projection that is afferent to
the SCN includes the intergeniculate leaflet (IGL) of the
lateral geniculate nucleus (LGN, which is responsible for the
regulation of circadian function through its projection to the
circadian pacemaker (table and figure, E).® Several ipRGC
projections are involved in circadian regulation, with their
primary functionality being depicted in terms of the major
symptom of sleep cycle disturbances.”>*°

Discussion

The purpose of this review was to bring together current
knowledge on the potential overlap in a subset of symptoms
observed in patients with mTBI and correlate with the func-
tional roles of the ipRGCs and their downstream pathways.
Most studies to date report on each symptom independently,
but do not provide data on the coincidence of symptoms
within subjects. We posit that in particular, the coincidence of
symptoms stated in this review should be reported, as this
would provide important data to prove or disprove a role for
ipRGCs circuits and guide treatment strategies.

We present data linking ipRGC circuits to pain, including NOP
and PTH, and to sleep disturbances. Identification of these
pathways are significant advances in the field, but more in-
vestigation is needed into how they are affected in patients with
TBI. For example, how are pain regions such as the trigeminal
pathway and the corresponding structures in the brainstem
nuclei affected as a result of mTBI? We would argue that the TBI
literature suggests that DES in these patients has more to do
with NOP than ocular surface diseases. More research on
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Table Description of the ipRGC neuronal network with the function and Symptoms of their downstream projections

Projection Function Symptoms

SCN Circadian timing system, core body temperature, and behavioral and physiologic Altered sleep patterns and body temperature
processes instability

SPZ Sleep and wake regulator Hypersomnia and insomnia

OPN Relay of the pupillary light reflex DES and NOP

IGL Regulation of circadian function through its projection to the circadian pacemaker Hypersomnia and insomnia

VLPO Contains neurons that preferentially fire during natural sleep cycles Insufficiencies maintaining sleep

Trigeminal Relays sensory modalities (touch, pain, and temperature) to the face Heightened pain response (DES)

nucleus

SSN Causes ocular vasodilation and activation of ocular trigeminal afferents expressedin ~ Heightened pain response (PTH/DES)
blood vessels

Ve/C1 Nociception PTH

NTS Visceral information and autonomic reflexes PTH

Vi/Vcyq Nociception PTH

dPa5 Visceral pain PTH

Ins Cognitive function and homeostasis PTH

S1 Somatic sensation PTH

Sp5C Nociception PTH

Abbreviations: DES = dry eye syndrome; IGL = intergeniculate leaflet; ipRGC = intrinsically photosensitive retinal ganglion cell; NTS = nucleus tractus solitarius;
NOP = neuropathic ocular pain; OPN = olivary pretectal nucleus; PTH = posttraumatic headache; SCN = suprachiasmatic nucleus; SPZ = subparaventricular

zone; SSN = superior salivatory nucleus; VLPO = ventrolateral preoptic.

ipRGC dysfunction and other mechanisms as potential expla-
nations for TBl-associated eye pain is needed. Furthermore,
does TBI cause damage to downstream projections of ipRGCs,
such as the SCN, which is the brain region that controls circa-
dian rhythm? Ultimately, it will be of great interest to directly
determine whether ipRGCs themselves are damaged in patients
with TBI. Although only 5% of all RGCs are ipRGCs, there is a
possibility that they could all be degenerated or lost, and the
effect would be subclinical (e.g., the optic nerve and retinal nerve
fiber layer [RNFL] could potentially appear unchanged). Of
interest, a recent case report on a patient with an isolated oc-
cipital lesion and a history of headaches with visual acuity of 20/
20 reported thinning of the RNFL in both eyes by optical co-
herence tomography, suggesting retrograde degeneration.68
This could be a potential mechanism in patients with TBIL

Furthermore, there are data showing that damage to the
ipRGCs results in symptoms such as those reported in pa-
tients with TBIL. For example, a recent study showed that
patients with advanced glaucoma have higher daytime sleep-
iness as well as postillumination pupil response.”>”® And a
correlation between the mean RNFL thickness and the overall
pupillary light response was detected in patients with glau-
coma, suggesting that the ipRGCs were affected.”’ Finally,
patients with advanced age-related macular degeneration have
a decreased pupil response and poorer sleep efficiency,
demonstrating a role for the ipRGCs.”> Along these lines, with
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the main pathways of the ipRGCs going through the optic
nerve, a few pathologic conditions that have the ability to
destroy such systems as mentioned above in glaucoma and
other optic neuropathies.””> These ailments are associated
with degeneration of the optic tract and therefore limited the
projections from the retina to the associated regions of the
brain that generate mTBI symptoms. Additional pathologies
that do not incorporate the optic nerve, and therefore elicit
connection for the 3rd pathway of photosensitivity, are not
well known due to the limited research established with these
alternative ipRGC collaterals. Thus, future studies should
more closely seek to understand ipRGCs and their potential
role in the pathophysiology of mTBL

Assessing coincidence of symptoms would help the field to
discern if there is a common link between them, such as
ipRGC dysfunction. An increased understanding of the un-
derlying etiology of these TBI-associated symptoms will im-
prove efforts to properly diagnose and treat these patients.
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Patterns and prognostic markers for treatment
response in generalized epilepsies (see p. 816)

In the first segment, Dr. Derek Bauer talks with Dr. Christoph Beier about his
paper on predicting treatment response in generalized epilepsy. Then, Dr. David
Lapides speaks with Dr. Diego Kaski about his Brain article on dissociated motor
learning in functional gait disorders. Read the article here: https://bitly/36JjFOP.
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