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Abstract

Background—Photophobia is a potentially debilitating symptom often found in dry eye disease 

(DE), migraine and traumatic brain injury (TBI).

Methods—We conducted a review of the literature via a PubMed search of English language 

articles with a focus on how photophobia may relate to a shared pathophysiology across DE, 

migraine and TBI.

Results—DE, migraine and TBI are common conditions in the general population, are often 

comorbid, and share photophobia as a symptom. Across the three conditions, neural dysregulation 

of peripheral and central nervous system components is implicated in photophobia in various 

animal models and in humans. Enhanced activity of the neuropeptide calcitonin gene-related 

peptide (CGRP) is closely linked to photophobia. Current therapies for photophobia include 

glasses which shield the eyes from specific wavelengths, botulinum toxin, and inhibition of CGRP 

and its receptor. Many individuals have persistent photophobia despite the use of these therapies, 

and thus, development of new therapies is needed.
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Conclusions—The presence of photophobia in DE, migraine and TBI suggests shared 

trigeminothalamic pathophysiologic mechanisms, as explained by central neuroplasticity and 

hypersensitivity mediated by neuropeptide CGRP. Treatment strategies which target neural 

pathways (ie, oral neuromodulators, transcutaneous nerve stimulation) should be considered in 

patients with persistent photophobia, specifically in individuals with DE whose symptoms are not 

controlled with traditional therapies.

INTRODUCTION

Clinicians have long considered dry eye disease (DE), migraine and traumatic brain injury 

(TBI) to be independent conditions with distinct clinical manifestations that are treated 

symptomatically in isolation. Classically, DE is considered an ocular surface disease, 

migraine a neurologic disease and TBI a neurologic injury. However, DE symptoms, 

especially sensitivity to light or photophobia, often coexist with migraine and TBI, 

implicating a shared underlying pathophysiology. Literature suggests that neuroplasticity 

within peripheral and central trigeminal neural pathways underlies photophobia and links the 

three diseases. This concept has both diagnostic and therapeutic implications, mostly in the 

management of DE. In this review, we outline the connections between DE, migraine and 

TBI and discuss pathophysiologic mechanisms that underlie the shared symptom of 

photophobia. We propose that symptoms common to DE, migraine and TBI are 

manifestations of overlapping pathophysiological processes which may respond to the same 

treatments.

Dry eye disease

DE represents a spectrum of clinical manifestations including symptoms such as dryness, 

discomfort, and pain sensations and ocular surface disturbances such as increased tear 

evaporation or decreased production. Ocular pain sensations may occur spontaneously, or be 

evoked by a stimulus, such as wind or light. The latter represents the ocular equivalent of 

hyperalgesia (eg, increased pain from a stimulus that normally provokes pain) and allodynia 

(eg, pain due to a stimulus that does not normally provoke pain), respectively.1 Several 

clinical signs are associated with DE, such as unstable osmolarity, ocular surface 

inflammation, rapid tear film breakup time, corneal staining and low tear production.2 A 

known reality in DE is that symptoms of disease correlate poorly with ocular surface signs.3 

This disconnect suggests that factors beyond tear film and ocular health drive ocular pain 

symptoms such as trigeminal nerve dysfunction in peripheral and central nerves connecting 

the cornea to the brain.2

Migraine

Migraine is diagnosed clinically in the setting of recurrent attacks of unilateral or bilateral 

pulsatile or throbbing headaches that may last hours to days, with about 25% of patients 

experiencing aura or sensory symptoms experienced before or during the migraine episode. 

Migraines can present with a variable constellation of motor (ie, speech disturbance) and 

sensory (ie, auditory or visual changes) symptoms and are frequently associated with nausea 

or vomiting, phonophobia and photophobia.4
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Genetic, environmental, dietary and metabolic factors are thought to incite pathologic 

activation of areas of the hypothalamus and neurologic circuits between the thalamus and 

cortex. Excitation may continue to parts of the cortex, brainstem and cervical nerves. Diffuse 

activation is hypothesised to manifest as a concentric wave of neuronal and glial 

depolarisation through the majority of one cortical hemisphere (known as cortical spreading 

depolarisation). This phenomenon is suspected to be the physiologic manifestation of 

migraine aura.5 Associated excitation of trigeminal sensory nerves, which innervate the dura 

as well as cerebral and meningeal arteries, and release of neuropeptides may play a role in 

the onset of headache.6

Traumatic brain injury

TBI is a major cause of disability, morbidity and mortality among civilians and military 

personnel. TBI may be grouped into closed head TBI (ie, blunt trauma), penetrating TBI (ie, 

foreign body penetration, such as by gunshot) and explosive blast TBI (ie, wartime 

explosives causing rapid pressure shock waves in the parenchyma) subtypes. Closed head 

TBI is the most common and frequently results from motor vehicle accidents, sports injuries 

and falls. Clinical features are variable and may include headache, nausea, seizures, speech 

disturbances, amnesia, behavioural changes, visual disturbances including photophobia7 and 

coma; these generally manifest within seconds or minutes of the inciting incident but may 

persist for months and years.8 Headache developing within seven days after a head injury or 

after regaining consciousness from a head injury, not better defined by another headache 

condition, can be classified as an acute headache attributable to TBI, often referred to as 

post-traumatic headache (PTH).9

Pathophysiological mechanisms of TBI are twofold—damage from direct mechanical forces 

during the incident (primary) and the ensuing tissue and cellular reactions (secondary). 

Primary damage includes focal injuries, such as localised necrosis and inflammation 

following a gunshot wound, and diffuse axonal injury (DAI), such as ischemia and oedema 

from shearing forces during rapid acceleration/deceleration that compromise axons and 

cerebral vasculature. DAI occurs in approximately 70% of moderate-to-severe TBI cases.10 

Secondary brain injuries can last from hours to years, representing a spectrum of 

inflammation and dysfunctional healing that occurs in cerebral tissues and cells. These 

mechanisms include breakdown of the blood–brain barrier, excessive glutamate release, 

mitochondrial dysfunction, lipid peroxidation, neuroinflammation, axonal degeneration, 

neuronal excitotoxicity and apoptosis.811 Evidence suggests that TBI-induced 

hypersensitivity of the trigeminal sensory system (trigeminal nucleus, thalamus and sensory 

cortex) plays a significant role in chronic TBI pain disability.12

Epidemiology of DE, migraine and TBI

DE, migraine and TBI are highly prevalent. The Tear Film & Ocular Surface Society 

reported that the global prevalence of DE varied from 5% to 50% depending on the 

population studied and the definition of disease.13 The frequency of DE increases with age 

and is more common in women.14 Migraine is also a common condition with an estimated 

global prevalence of 1.04 billion individuals, as of 2016.15 The US prevalence of migraine 

was from 11.7% to 16.2%.16 Migraine is also more prevalent in women with a lifetime 
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cumulative incidence of 43% in women compared to 18% in men.17 The prevalence of TBI 

is lower than that of DE and migraine; yet, an estimated 69 million individuals globally 

sustain a TBI from any cause each year, with a nearly three times greater prevalence in low-

income and middle-income countries compared to high-income nations.18 In the US, 5.3 

million Americans live with a TBI-related disability (1.7% of all Americans) and 1.7 million 

individuals experience a TBI each year.19 Among veterans, the prevalence of TBI is even 

higher. In a study of 3,265,894 veterans seen over a 5-year period, 4% carried a diagnosis of 

TBI.20

Photophobia and neural networks

As noted above, DE, migraine and TBI have photophobia as a shared feature. Other studies 

have reviewed neural pathways implicated in photophobia.21–23 As such, we will concisely 

summarise several candidate pathways that have been identified (figure 1).

A special population of retinal ganglion cells termed intrinsically sensitive retinal ganglion 

cells (ipRGCs), also known as melanopsin-containing retinal ganglion cells, lie at the centre 

of photophobia models. ipRGCs respond best to blue light with a peak wavelength 

sensitivity at 479 nm in humans and 484 nm in mice.24 In mice, when light strikes the retina, 

light-evoked potentials, mostly from ipRGCs,25 are transmitted to the olivary pretectal 

nucleus and then the superior salivatory nucleus, which in turn exerts a parasympathetic-

mediated vasodilatory response on ocular blood vessels.26 Vasodilation of blood vessels then 

sends nociceptive signals through the trigeminothalamic pathway via the trigeminal nerve 

afferents to the trigeminal nucleus caudalis (TNC), posterior thalamus (the pain relay centre 

of the body) and higher cortical centres. Evidence for the existence of this circuit comes 

from a study that found blue light, which activates ipRGCs, but not yellow light, induced 

inflammation in the trigeminal ganglia.27

Another pathway directly connects ipRGCs to the pulvinar nuclei of the posterior 

thalamus2829 and from there to somatosensory and visual cortices.30 In rats, histopathologic 

studies demonstrated close apposition of dura-sensitive neurons and light-sensitive neurons, 

specifically ipRGCs, which projected directly to the posterior thalamus.2829 In mice, 

anterograde labelling of intravitreal injections demonstrated labelled axons in the ventral and 

dorsal posterior thalamus. Similarly, retrograde labelling of individual axons of the posterior 

thalamus was traced to cell bodies in the TNC and ipRGCs. Using the same model, cortical 

mapping demonstrated termination of axons within the somatosensory cortex.29 Activation 

of this pathway has been demonstrated in humans, specifically in a patient with long-

standing idiopathic photophobia using functional MRI (fMRI).31 Taken together, these data 

provide good evidence of connections between ipRGC and the thalamus, both in animal 

models and in humans.

Another postulated pathway connects melanopsin-containing cells in the iris and/or cornea 

to trigeminal nerve afferents.32–34 In fact, trigeminal neurons in humans have been found to 

contain melanopsin, and isolated trigeminal ganglion cell neurons have been found to be 

responsive to light via melanopsin pigment.33 This pathway may function independently, but 

less data is available on its role in pain transmission. Other players may also be involved in 
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photophobia, including retinal cone cells35 and the hypothalamus, with secondary 

sympathetic and parasympathetic responses to light.36

METHODS

Given the overlapping symptom of photophobia in the three conditions, the aim of this 

review was to evaluate the literature and summarise overlapping pathologic mechanisms that 

may explain the shared feature, with the goal of guiding therapy in appropriate individuals. 

As such, a PubMed search was conducted using the terms ‘photophobia’ AND either ‘dry 

eye’, ‘migraine’, ‘traumatic brain injury’, ‘sensitisation’, ‘allodynia’, ‘hyperalgesia’ and 

‘CGRP’. All published scientific articles were considered including original research, meta-

analyses and systematic reviews. All searches were limited to the English language. Articles 

were excluded if they studied ocular pain associated with trigeminal neuralgia and 

postherpetic neuralgia. Eligible articles were reviewed and summarised.

RESULTS

Comorbidity of DE, migraine and TBI

DE, migraine and TBI are comorbid. First, patients with migraine are more likely to have 

DE symptoms and signs when compared to controls,37–40 which significantly impact visual 

quality of life.41 In two studies, patients with migraine had significantly higher Ocular 

Surface Disease Index (OSDI) scores, lower Schirmer scores and lower tear break-up times 

compared to individuals without migraine.3738 Likewise, headache and migraine are among 

the most common sequela of TBI.20 Many patients with TBI progress to having chronic 

headaches persisting months to years following initial insult.8 In one systematic review of 23 

independent studies, the prevalence of headache after TBI was 57.8% [95% CI 55.5% to 

60.2%].42 In a prospective study of over 200 TBI subjects, nearly 50% of PTH were 

classified as migraine or probable migraine, and of those reporting several headaches/week, 

62% were classified as having migraine.43 Veterans with TBI were also more likely to have 

a diagnosis of DE compared with their counterparts without TBI (37% vs 29%, p<0.0005).20 

The prevalence of migraine and TBI in patients with DE has not been systematically 

evaluated, and the literature does not suggest a causative relationship between DE, migraine 

and TBI. However, the shared symptoms between them suggest a common underlying 

pathophysiology. Among these symptoms is photophobia.

Photophobia is common to DE, migraine and TBI

Photophobia is a symptom of many ocular, neurological and psychiatric conditions and is 

also associated with certain medications.22 It is often debilitating and difficult to manage.2 

In this review, we focused on photophobia in DE, migraine and TBI because the conditions 

are common, are often comorbid and may have similar underlying neural pathophysiology.

In a retrospective review of 124 patients with photophobia presenting to a major academic 

centre, over one-third of cases were attributed to DE and 12.9% attributed to other ocular 

causes, including blepharitis (4.8%).44 We have also demonstrated that men with persistent 

DE symptoms (Dry Eye Questionnaire (DEQ)-5 scores ≥6 over a 2-year period) were more 

likely to report photophobia than those without persistent DE symptoms (OR=5.6; 95% CI 
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2.0 to 123, p=0.009).45 In fact, the first question on the OSDI, the most commonly used DE 

symptom questionnaire, asks about light sensitivity,46 further demonstrating the importance 

of photophobia as a component of DE symptoms.

Photophobia is also a defining characteristic of migraine, both during and between attacks.
4748 In fact, photophobia was found to be the ‘most bothersome symptom’ of migraine in 

6,045 respondents from the Migraine in America: Symptoms and Treatment study.49 Our 

group demonstrated that of 117 patients with chronic migraine, greater than 80% rated their 

photophobia as severe (score ≥7 out of 10).48 In another study, 99 individuals tested during a 

migraine-free interval reported higher levels of photophobia and were less tolerant to visual 

stress with black/white contrast compared to 101 healthy controls.50

TBI is also associated with a myriad of visual complaints including photophobia. A 50%–

74% of people with TBI endorse visual complaints, of which approximately 55% report 

photophobia.51–53 In a case–control comparison study of US military personnel with and 

without blast-induced mild TBI, photophobia was significantly greater among those with 

TBI.53 In another study of 40 individuals, the prevalence of photophobia was 4.5 times 

higher in those with TBI as compared to controls.54 In a retrospective review of 62 patients 

with TBI and photophobia, 26% were sensitive to fluorescent lights and 21% reported 

sensitivity to all light sources.55 Taken together, these data show that photophobia is 

common in DE, migraine and following TBI. Recent advances have found that central 

neurologic abnormalities that underlie photophobia physiologically link these three 

conditions together.

Photophobia in humans correlates with central neuroplasticity

Photophobia has been linked to central nervous system (CNS) abnormalities in humans. In 

one study, 18% of individuals (41 of 224) with DE symptoms were found to have persistent 

ocular pain after placement of topical anaesthesia.56 This implies an abnormality within 

central neurons, as peripheral corneal afferents should be completely quieted by sodium 

channel inhibition. Individuals with persistent pain after topical anaesthesia also reported 

higher intensities of pain to wind and light compared to their counterparts with DE 

symptoms but without persistent pain, thus linking photophobia to central neuron changes.56 

We also found that individuals with wind hyperalgesia and photophobia had increased pain 

sensitivity at the forearm,57 suggesting system-wide increased sensitivity to pain. Individuals 

with photophobia also exhibited other signs suggestive of CNS dysfunction, including 

aftersensations and increased ‘wind up’ with recurrent pain.57

Furthermore, two case studies described fMRI activation of the trigeminothalamic pathway 

including central changes in two individuals, one with photophobia in the setting of a 

corneal injury58 and another with congenital photophobia.31 Specifically, in the individual 

with a hard contact lens-induced corneal injury, bright light induced pain and activated 

neurons at the level of the trigeminal ganglia, TNC and ventroposteromedial thalamus,58 

areas participating in the photophobia pathways described above. After the injury healed, the 

same light stimulus no longer produced pain and these areas were not activated. Together, 

these studies suggest a relationship between corneal nociception, RGCs and ipRGCs. Taken 
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together, these data suggest that pathways for photophobia involve central nerve dysfunction 

and activation of the trigeminothalamic pathway.

Pathologic neuronal dysregulation likely underlies photophobia in DE, migraine and TBI

In DE, migraine and TBI, the common denominator linking light to pain is the 

trigeminothalamic pathway.23 When we touch a hot stove, acute nociceptive pain signals 

generate a withdrawal reflex that effectively removes our hand from the heat, although with 

accompanying pain. Under normal physiologic conditions, barring no tissue damage, 

withdrawal from the painful stimuli halts further nociceptive input and no additional pain is 

elicited. However, synapses are subject to use-dependent plasticity.5960 A sudden disruption 

to neurons (as is seen in TBI) or chronic activation of neurons (as is seen in DE and 

migraine) can lead to permanent morphological and molecular changes in neurons (further 

discussed below).

Neuroplasticity of primary afferent sensory neurons (eg, corneal nerves) and central neurons 

in second-order and third-order trigeminal neuron projections can underlie abnormal pain 

responses.6162 With peripheral neuroplasticity, the threshold of peripheral nociceptive 

activation is lowered and hyperalgesia is generally restricted to the site of tissue injury. With 

central neuroplasticity, there is increased membrane excitability, facilitated synaptic 

transmission, reduced inhibition and enlargement of receptive fields.5960 The resulting 

phenotype is that normally innocuous stimuli may generate pain (allodynia), painful stimuli 

may be exaggerated (hyperalgesia) and/or pain may extend beyond the site of initial insult 

(secondary hyperalgesia). In fact, allodynia is a hallmark of central neuroplasticity or 

sensitisation.5963 Studies have found that specific neuropeptides are involved in the 

manifestations described above.

Biological role of calcitonin gene-related peptide (CGRP) in mediating central 
neuroplasticity and linking DE, migraine and TBI

CGRP is a multifunctional neuropeptide identified in distinct regions of the peripheral 

nervous system and CNS. CGRP has been implicated in cardiovascular, gastrointestinal, 

endocrine and neurologic activities and was one of the earliest examples of cellular 

alternative splicing in the literature. Recognised members of the CGRP neuropeptide include 

calcitonin, α-CGRP and β-CGRP, amylin, adrenomedullin and intermedin (or 

adrenomedullin 2). The CGRP receptor is a G protein-coupled receptor with three subunits: 

calcitonin-like receptor, receptor component protein and receptor activity-modifying protein 

1 (RAMP1). This receptor primarily activates a cyclic AMP-signalling pathway to regulate 

gene expression and cellular activity. Human α-CGRP is encoded by the CALCA gene and 

is the predominant form expressed in trigeminal ganglia. Trigeminal CGRP is a mediating 

factor in vasodilation and neurogenic inflammation.6465 There has been a significant 

exploration into CGRP as a common culprit in photophobia in the setting of DE, migraine 

and TBI.66–68

While the development of central neuroplasticity is complex, involving a variety of different 

receptors affecting downstream cellular mechanisms which alter gene expression and 

receptor activation, CGRP is highly implicated in this process.64 Specifically, within the 
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trigeminal system at the level of the trigeminal ganglia, CGRP acts via autocrine69 and 

paracrine7071 mechanisms to activate mitogen-activated protein kinases which induce 

transcription factors involved in the inflammatory cascade (cytokines and interleukins).71 

This in turn stimulates surrounding glial cells to release nitric oxide, further potentiating an 

inflammatory state.70 Over-stimulation of peripheral nociceptors and neuroplasticity in 

recipient central neurons, whether it be from chronic ocular surface disruption, chronic 

migraine or TBI, can sensitise neurons which can cause spontaneous72 unpleasant sensations 

from normally innocuous inputs, including photophobia.6373

CGRP is a key mediator of photophobia

In mice, CGRP administration alone leads to photophobia. First, genetically modified mice 

with upregulated RAMP1, a required subunit of the CGRP receptor, were more photophobic 

than controls, as measured by light aversion behaviour. Specifically, light aversion behaviour 

was measured as reduced time spent in a light chamber, number of transitions between dark 

and light chambers and time latencies from entry to second entry into a light compartment.74 

Second, wild-type mice were more photophobic than controls when CGRP was administered 

centrally via intracerebroventricular injection.72 Third, transgenic and wild-type mice were 

more photophobic than controls when CGRP was administered peripherally via 

intraperitoneal injection.68 In both mouse models, photophobic behaviour following 

administration of CGRP, whether centrally or peripherally, was attenuated with 

coadministration of triptans (well-known abortive migraine medications).6872 In addition, 

peripheral administration of an anti-CGRP antibody attenuated the peripheral CGRP-

induced photophobic response.68

Humans who receive CGRP infusions also develop photophobia. In human volunteers, 

significant photophobia developed within 30 min of CGRP infusion, well before the median 

onset of headache which occurred at 3 hours. While this study did not have a control group, 

these results suggest that not only does CGRP trigger migraine in humans, but it may also 

trigger photophobia before the onset of migraine.75 The multifunctional nature of CGRP has 

also implicated it in several pain processes, including corneal sensation.

Neuroplasticity and CGRP are involved in corneal nociception and DE

Lacrimal gland excision is one method used to induce aqueous tear deficiency (ATD) in 

animal models.76 Studies have found that corneal nerve structure and function are altered 

after lacrimal gland excision.77 These changes were accompanied by increased corneal 

sensitivity, demonstrated by increased eye-wiping behaviour following administration of 

hypertonic saline as compared to control mice.78 Central changes were also noted in the 

form of periorbital receptor field expansion, as measured by neuronal electrophysiologic 

recordings at the trigeminal subnucleus interpolaris/subnucleus caudalis transition (Vi/Vc) 

and trigeminal caudalis/cervical transition (Vc/C1) transition regions of the trigeminal 

nucleus. This effect was abolished after administration of a synaptic blocking agent (CoCl2) 

administered into the Vi/Vc transition region.79 Taken together, these findings demonstrate 

long-term changes in nerve structure and function after induction of ATD in both peripheral 

and central nerves.
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Photophobia and corneal nociception are connected via the Vi/Vc and Vc/C1 transition 

regions of the trigeminal nucleus. Bright light activation of ipRGCs stimulates neurons in 

the Vi/Vc and the Vc/C1,26 areas that also receive information from corneal nociception.8081 

In mouse models, benzalkonium chloride-induced corneal surface damage increased corneal 

mechanosensitivity and induced light aversive behaviour when compared to control mice, 

effects that were not seen in mice lacking ipRGCs.82 These data suggest that via ipRGCs, 

mechanical injury to the cornea induced photophobia and initiated activation of the 

trigeminothalamic pathway. As such, persistent and inappropriate activation of these 

networks may produce a clinical picture of chronic DE symptoms and photophobia, even 

without overt clinical signs.

CGRP is likely involved in the above processes. The cornea is innervated by three broad 

classes of neurons: polymodal nociceptors, cold thermoreceptors and mechano-nociceptors. 

Polymodal nociceptors are characterised by the transient receptor potential vanilloid type 1 

(TRPV1) channel, which becomes sensitised when stimulated by repeated noxious stimuli.83 

CGRP (and other inflammatory molecules) result in upregulation of TRPV1 in the 

trigeminal ganglia,84 and CGRP has been shown to colocalise with TRPV1.85 Additionally, 

activated corneal nerves release CGRP.86 This neuropeptide also enhances activity of N-

methyl-D-aspartate receptors,87 a key player in the central neuroplasticity of trigeminal 

subnuclei.7988 Though studies have shown decreased levels of CGRP within the tear film of 

individuals with DE (defined as a Dry Eye Workshop DE severity grading score ≥189),90 

there may be CGRP-mediated increases in neural responsiveness at the level of the 

trigeminal ganglion and more centrally. CGRP-induced changes also play a role in other 

neurologic disease states, like migraine.

Neuroplasticity and CGRP are involved in migraine

Activation and sensitisation of the trigeminovascular system, including the TNC and 

thalamus, are involved in the pathophysiology of migraine (figure 2).739192 First, in mouse 

models, chemical stimulation of the dural meninges increased neuronal firing rates in 

trigeminal neurons in response to innocuous mechanical stimulation of the face (brush and 

pressure).93 Second, in rats, an inflammatory ‘soup’ (histamine, serotonin, bradykinin and 

prostaglandin E2) was placed on the dural meninges, resulting in hypersensitivities to light 

touch, pinch and heat noted outside the trigeminal distribution (contralateral paw). The 

thalamus also exhibited increased firing rates and magnitude.63 Together, these studies 

demonstrate that neuroplasticity in migraine occurs at multiple sites.6391

Not surprisingly, human migraineurs also experience cutaneous allodynia of the scalp, and 

self-reported photophobia is a prominent accompanying symptom.9495 In a cross-sectional 

questionnaire-based study of 456 consecutive patients with migraine, 248 (54%) reported 

allodynia of the scalp (with touching/brushing hair, wearing glasses or lying with head 

resting on the affected side) and 385 (84%) reported photophobia. Among patients with 

chronic migraine (n=126), allodynia prevalence was greater in photophobic compared to 

non-photophobic individuals (67% vs 40%, p=0.029).95 These anatomical relationships are 

also supported clinically in humans, as even blind individuals (visual acuity <20/200) 

continue to experience migraine-associated photophobia, in the setting of extensive rod/cone 
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dysfunction but intact inner retinal ipRGCs.29 The association between allodynia and 

photophobia in chronic migraine and the presence of persistent photophobia in blind patients 

suggest that the above neuronal networks are chronically altered such that normally 

innocuous light may be perceived as painful.

CGRP is highly implicated in migraine.6696 In cats, stimulation of the trigeminal nucleus 

resulted in increased cerebral blood flow and CGRP in the ipsilateral external jugular vein.97 

In humans, individuals with migraine have significantly higher levels of CGRP within the 

external jugular vein when compared to controls,98 and human volunteers develop migraine 

after receiving intravenous infusions of CGRP.99 In summary, these above studies 

demonstrate that central neural changes and CGRP are involved in migraine. Similar data 

has been found in TBI.

Neuroplasticity and CGRP are involved in TBI

The symptoms associated with TBI are complex and various mechanisms have been 

proposed. An array of inflammatory processes and neural dysfunctions ultimately results in 

an increase in neuronal activation, which may be mediated, in part, by CGRP.

Mice develop cutaneous allodynia and photophobia after head injury. First, in a mouse 

model of controlled-cortical impact (CCI), test mice were subjected to a stereotaxic impactor 

applied directly to the somatosensory cortex unilaterally, while control mice experienced an 

incision only. Mechanical allodynia was measured in the periorbital region (V1) using 

predefined allodynia thresholds defined as the smallest force needed to elicit a limb 

withdrawal reaction. Following CCI insult, control mice demonstrated no significant 

differences in mechanical sensitivity when compared to baseline. Mice exposed to CCI 

developed significant allodynic responses—mechanical thresholds were reduced nearly 10-

fold when compared to control mice, an effect that persisted for up to 28 days at locations 

ipsilateral and contralateral to the impact site.67 Second, other mouse models involving blunt 

closed head injury (weight drop) demonstrated similar findings of increased periorbital 

tactile sensitivity when compared to controls.9 Third, in addition to periorbital allodynia, 

mice subjected to direct somatosensory cortical impact also developed significant light 

aversive behaviours to bright light (4000 lux) when compared to controls.100 Contralateral 

involvement and the persistence of symptoms beyond initial insult support the hypothesis of 

underlying central neuroplasticity after TBI.

Humans also develop cutaneous hyperalgesia and photophobia following TBI. In humans 

with PTH, the three most frequently reported areas of headache pain are within the 

trigeminal distribution: the temple (82%), the forehead (76.5%) and the periorbital region 

(49%). Individuals with TBI demonstrated higher thermal pain thresholds but lower pressure 

pain thresholds on the head and dorsal hand compared to controls, suggesting neural 

dysregulation of different pain pathways following TBI. Furthermore, bright light 

exacerbated headache symptoms in 65% of subjects with PTH.101 While photophobia 

severity scores in patients with TBI declined over time, 42% of individuals experienced 

persistent photophobia extending beyond a year after inciting injury.55 As above, this 

persistence suggests that photophobia is a manifestation of permanent, rather than transient, 

changes in the CNS.
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CGRP likely plays a key role in mediating peripheral and central neuroplasticity and thus 

photophobia in TBI. In mouse models, CCI resulted in increased levels of CGRP and 

substance P within the TNC and significantly reduced periorbital mechanical thresholds (a 

marker of allodynia). Moreover, reduced mechanical thresholds of the periorbital region 

correlated with elevated CGRP (r = −0.65, p < 0.0001).67 In similar animal models, 

allodynia was abolished in 57% and 75% of mice following administration of triptans and 

CGRP monoclonal antibodies (mAb), respectively. Photophobic behaviour, as measured by 

percentage of time spent in a bright light chamber (4000 lux) compared to an ambient light 

chamber (400 lux), was also reduced by administration of a monoclonal CGRP antibody.100 

Finally, long-term CGRP mAb treatment given at the time of injury was effective in 

preventing allodynia.9

Taken together, these studies implicate increased inflammatory mediators, notably CGRP, 

acting at various levels in the afferent trigeminal system to produce allodynia and 

photosensitivity following TBI. This pathophysiological mechanism has prompted CGRP to 

become one of several targets in the treatment of photophobia associated with DE, migraine 

and TBI. Assessing for the presence and severity of photophobia is an important first step in 

guiding treatment in these conditions.

Clinical assessment of photophobia

It is important to evaluate photophobia in a standardised way. This can easily be done in the 

clinical setting using any of a number of questionnaires. Specifically, the presence and 

intensity of photophobia can be assessed by looking at answers to specific questions within 

DE (Question 1 of the OSDI46) and migraine (Question 2 of ID Migraine102) questionnaires. 

Alternatively, questionnaires have been validated specifically for photophobia such as the 

Visual Light Sensitivity Questionnaire-8 (VLSQ-8),103 the Utah Photophobia Symptom 

Impact Scale 17104 and the Korean Photophobia Questionnaire.105 These questionnaires use 

a series of questions using a Likert scale to assess the severity of a wide variety of 

photophobia complaints. A Likert scale (5-point or 7-point scale) grades how much an 

individual agrees or disagrees with a statement, assuming that the intensity of a sensation 

such as light sensitivity is linear and assumes that sensitivity can be subjectively and 

accurately assessed by the subject.

In the research arena, groups are studying other approaches to quantifying photophobia. One 

group developed and validated an ocular photosensitivity system which uses precisely 

controlled light stimuli ranging from 0.1 to 32 000 lux to determine at which light intensity 

the subject feels pain. The light intensity starts at a low level and is increased gradually. 

Individuals are instructed to press a button when the light stimulus becomes painful. This 

machine has demonstrated that individuals with light sensitivity from achromatopsia or TBI 

are more photophobic than healthy controls.106

Another objective approach for assessing light sensitivity is recording pupil and facial 

electromyogram (EMG) responses to increasing light stimuli using a Ganzfeld dome. In one 

study, subjects with a history of migraine not currently experiencing a headache were found 

to have a normal pupil response to red and blue light, but an exaggerated EMG response 

from the procerus and orbicularis regions compared to normal age-matched subjects.107 
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Concomitant measurement of heart rate variability demonstrated increased parasympathetic 

and reduced sympathetic nerve activity at baseline in individuals with photophobia. These 

findings may be explained by the postulated role of the hypothalamus in photophobia 

pathways, as described above. Identifying the presence of photophobia in DE, migraine and 

TBI can help improve treatments of these conditions.

Treatment of photophobia in DE, migraine and TBI

First, therapies have been studied specifically for photophobia. For example, tinted lenses 

reduce the severity of photophobia and can be used as an adjuvant treatment in DE, migraine 

and TBI. Specifically, the tinted lens FL-41 minimises transmittance of blue wavelengths 

around 480 nm, which corresponds to the spectral sensitivity of melanopsin, the 

photopigment contained within ipRGCs that activates trigeminothalamic pathways. FL-41 

lenses reduced the frequency of migraine attacks in schoolchildren following 4 months of 

daily wear (frequency was reduced from 6.2/month to 1.6/month), but did not improve attack 

intensity or duration.108 FL-41 tinted lenses have also shown therapeutic benefit for 

photophobia in patients with benign essential blepharospasm109 and idiopathic photophobia.
31 While FL-41 lenses have not been systematically evaluated for photophobia related to DE 

or TBI, a variety of coloured lens tints have been found to reduce photophobia symptoms in 

patients with TBI.110

Given CGRP’s relevance in migraine pathogenesis, mAbs that block CGRP were approved 

by the US Food and Drug Administration including eptinezumab (intravenous infusion once 

every 3 months), fremanezumab (monthly or quarterly subcutaneous injection) and 

galcanezumab (monthly subcutaneous injection). Erenumab (monthly subcutaneous 

injection) is an antibody that blocks the CGRP receptor.111 Prophylactic CGRP antagonists 

have similar individual efficacy to other preventative agents (ie, topiramate, propranolol) and 

may be used in combination in episodic and chronic migraine.111 Another category of oral 

medications (eg, rimegepant and ubrogepant) was recently approved as abortive agents that 

also block the CGRP receptor. In the ACHIEVE I clinical trial, 1672 patients with migraine 

were randomised to ubrogepant 100 mg (n=557), to ubrogepant 50 mg (n=556) and to 

placebo (n=559) for acute treatment. At 2 hours postdose, higher proportions of ubrogepant-

treated individuals reported normal functioning as compared to placebo (ubrogepant 100 mg, 

43% vs 30%, p<0.0001; ubrogepant 50 mg, 41% vs 30%, p=0.0012).112 These data support 

the adjunctive use of anti-CGRP agents in select patients. To date, these treatments have not 

been investigated in DE or TBI.

However, lessons learnt from treating migraine and TBI can be applied to individuals with 

DE symptoms that persist despite traditional therapies, specifically to consider treatments 

that modulate peripheral and central nerve function. For individuals with photophobia in the 

setting of ocular surface pathology, autologous blood products including serum tears (ASTs) 

and platelet-rich plasma are good options. The effects of blood products are thought to be 

partially mediated by growth factors (nerve growth factor and platelet-derived growth factor) 

that have been found to improve corneal nerve density and function after injury.113 In fact, 

ASTs are often used to treat persistent corneal epithelial defects in the setting of 

neurotrophic keratitis.114 One small retrospective series of 16 individuals with photophobia 
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from diverse aetiologies, including DE, found that ASTs reduced light sensitivity and 

improved corneal nerve anatomy in a majority of individuals.115

However, given that central nerve abnormalities accompany photophobia, agents that 

modulate central nerve function should be considered. Gabapentin (600–900 mg three times 

daily) and pregabalin (150 mg two times per day) are first-line options for suspected 

neuropathic DE symptoms, acting as α2γ ligands that modulate central voltage-dependent 

calcium channels. In a case series of seven individuals with severe chronic ocular pain 

presumed to be neuropathic in origin (ie, symptoms of photophobia and burning, ineffective 

treatment with therapies targeting the ocular surface and tears, persistent pain with topical 

anaesthetic), oral gabapentin and pregabalin regimens were associated with pain 

improvements in the majority of patients after being titrated to relatively high doses (600–

900 mg three times per day for gabapentin, 150 mg two times per day for pregabalin). Two 

patients noted complete ocular pain resolution (Numerical Rating Scale (NRS) score of 0 out 

of 10), two noted significant improvements (NRS≤2), one noted slight but noticeable 

improvement (NRS of 10 at baseline, 7 at follow-up) and two noted no improvement.116 

This data supports the efficacy of α2γ ligands in targeting photophobia and other 

neuropathic ocular pain (NOP) symptoms. Tricyclic antidepressant, such as nortriptyline 

(10–100 mg daily), is another therapeutic option in individuals with chronic NOP, alone or 

in conjunction with α2γ ligands.117118 Additional support for the hypothesis that similar 

mechanisms underlie symptoms of migraine and DE comes from data that migraine-

approved medications may have a beneficial effect on DE symptoms. For example, we found 

that botulinum toxin not only reduced the severity of migraine pain, but also had a positive 

effect on photophobia and a marginal effect on symptoms of dryness.48 These positive 

effects were found to be independent of tear volume.119

In addition to quantifying pain and photophobia, physicians should evaluate for the 

symptoms of depression and anxiety in individuals with DE, migraine and TBI. Animal and 

human studies have discovered links between photophobia and the limbic system.120 In a 

study of neonatal rats (which have undeveloped rod and cone photoreceptors but intact 

ipRGCs), LED lights evoked aversive behaviour (vigorous reorientation away from the light 

source) in all wild-type rats (n=22). Light exposure was also found to increase 

phosphorylation of ERK, a marker of neuronal activation, in the amygdala compared to 

controls.121 These data tie photophobia to activation of the amygdala, a component of the 

limbic system pivotal to the pathogenesis of several anxiety disorders.122123 In humans, 

individuals with migraine and interictal photophobia (n=16) had higher depression and 

anxiety scores than individuals with migraine without photophobia (n=16) (depression 

13±10 vs 6±4.7, p=0.021; anxiety 16±9.8 vs 4±3.4, p<0.001), as well as healthy controls 

(n=16) (depression 13±10 vs 6±8.8, p=0.0245; anxiety 16 ±9.8 vs 5±6.9, p<0.001).120

Similar findings have been found in individuals with DE symptoms and photophobia.124125 

In a study of 181 patients with DE, individuals were classified into ‘low NOP’ (n=130) and 

‘high NOP’ (n=51) groups based on the presence and severity (NRS scale 0–10) of 

spontaneous burning ocular pain and pain evoked by wind, light and temperature (air 

conditioning air or warm weather). The high NOP group demonstrated significantly greater 

light sensitivity (NRS; 7.6±2.2 vs 2.0±2.2, p<0.0001) and greater depression scores via 
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patient health questionnaire 9 compared to the low NOP group (13.5±8.1 vs 7.6±7.2, 

p<0.0005).124 These findings suggest a relationship between pain severity, photophobia and 

depression. Individuals with DE symptoms and ocular pain also have dysfunctional 

psychological coping mechanisms, specifically catastrophising, as seen by correlations 

between the Pain Catastrophising Scale and DEQ-5 scores (r=0.41, p<0.0005), and 

Neuropathic Pain Symptom Inventory-Eye scores (r=0.48, p<0.0005).126 The link between 

emotion and light sensitivity highlights the importance of screening individuals for 

depression and anxiety and referring appropriate individuals to mental health providers.

CONCLUSION

To conclude, our review highlights that DE, migraine and TBI are often comorbid with 

photophobia being a shared feature. As such, the presence of migraine, TBI and other pain 

complaints should be identified in individuals with DE. Validated questionnaires (ie, OSDI, 

VLSQ-8) can easily be incorporated into the assessment of patients in the eye clinic to 

quantify the severity of photophobia. In individuals with DE symptoms, the presence of 

photophobia, migraine or TBI should alert the eye care provider to the possibility that 

central nerve abnormalities in trigeminothalamic pathways are involved in the disease 

process. This can then help guide therapy, especially in individuals who fail traditional 

therapies such as artificial tears and topical anti-inflammatory therapies. In these individuals, 

therapies that modulate peripheral and central nerves can be considered, such as ASTs or 

gabapentin. In addition, treatments specific to photophobia (such as tinted lenses) can help 

decrease disease morbidity in all three conditions. Given the role of CGRP in modulating 

photophobia and pain, medications that target CGRP, such as botulinum toxin or the newer 

CGRP antagonists, may be considered, although there is a paucity of evidence on their 

effects in DE and TBI. As such, future studies are needed to investigate which approaches 

that address pain and photophobia in migraine can improve disease morbidity in DE and 

TBI. In addition, investigations into new treatment modalities that target photophobia are 

needed. Overall, as with any chronic pain condition, an interdisciplinary approach is often 

needed that includes a patient’s primary care physician, neurologist, mental health provider 

and ophthalmologist.127
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Figure 1. 
Photophobia is a manifestation of dry eye, migraine and traumatic brain injury. Melanopsin-

containing intrinsically photosensitive retinal ganglion cells (ipRGCs) transmit light-evoked 

signals (green pathway) to the olivary pretectal nucleus (OPN) and posterior thalamus. A 

parasympathetic-mediated vasodilatory response (gold pathway) is transmitted via the 

superior salivatory nucleus (SSN) and sphenopalatine ganglia (SPG) to ocular blood vessels. 

Nociceptive signals from ocular blood vessels, corneal surface and dural meninges are all 

transmitted via the ophthalmic branch (V1) of the trigeminal nerve (orange pathway) before 

converging at the trigeminal ganglia (TG), trigeminal nucleus caudalis (TNC) and posterior 

thalamus. Dry eye, migraine and traumatic brain injury all represent inputs which may act to 

sensitise the aforementioned underlying neuronal networks via calcitonin gene-related 

peptide (purple molecules). The TG, TNC and posterior thalamus are potential areas of 

neuroplasticity/sensitisation governing the sensations finally culminating as dryness, 

migraine pain, allodynia and photophobia (blue pathway). Direct activation of trigeminal 

afferents by an independent melanopsinmediated pathway originating from the iris and/or 

cornea is not shown. Light-sensing pathways mediating systemic hypothalamic-sympathetic 

and hypothalamic-parasympathetic pathways are also not shown. Illustration by Ryan J. 
Diel, MD.
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Figure 2. 
The trigeminovascular system in migraine. The dysfunctions of several brainstem pathways 

have been implicated in the pathogenesis of migraine. Trigeminovascular input from 

meningeal vessels passes through the ophthalmic branch of the trigeminal nerve and 

trigeminal ganglion before synapsing at the trigeminal nucleus caudalis (TNC). These 

neurons decussate in the brainstem and synapse at the thalamus. Brain imaging studies have 

revealed nociceptive modulatory activity involving the magnus raphe nucleus (MRN), locus 

ceruleus (LC) and dorsal raphe nucleus (DRN). A reflex neural connection from the pons, 

originating at the superior salivatory nucleus (SSN), is responsible for cranial 

parasympathetic output to dural vessels, as mediated by the pterygopalatine, or 

sphenopalatine, ganglion; this trigemino-autonomic pathway may play a role in migraine. 

Genetic, environmental, dietary and metabolic factors in migraine are thought to ultimately 
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incite pathologic activation of areas of the hypothalamus, limbic system and cortex. 

Illustration by Divy Mehra.
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