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Abstract

Background—Photophobia is a debilitating feature of many headache disorders.

Overview—Clinical and preclinical research has identified several potential pathways involved 

in enhanced light sensitivity. Some of these structures include trigeminal afferents in the eye, 

second order neurons in the trigeminal nucleus caudalis, third order neurons in the posterior 

thalamus, modulatory neurons in the hypothalamus, and fourth order neurons in the visual and 

somatosensory cortices. It is unclear to what degree each site plays a role in establishing the 

different temporal patterns of photophobia across different disorders. Peptides such as calcitonin-

gene related peptide and pituitary adenylate cyclase-activating polypeptide may play a role in 

photophobia at multiple levels of the visual and trigeminal pathways.

Conclusion—While our understanding of photophobia has greatly improved in the last decade, 

there are still unanswered questions. These answers will help us develop new therapies to provide 

relief to patients with primary headache disorders.

Keywords

photophobia; light aversion; headache; migraine; cluster headache; preclinical models

Introduction

Photophobia is a common and debilitating symptom often present in headache disorders. 

Other conditions associated with photophobia include several eye pathologies (corneal 

lesions, uveitis, iritis, cone dystrophies, etc), essential blepharospasm, meningeal irritation 

(subarachnoid hemorrhage, meningitis), and traumatic brain injury, especially when 

secondary to blast injury. It is important to acknowledge that “photophobia” is sometimes 

used to describe related but distinct phenomena. Etymologically, photophobia means 

“excessive or irrational fear of light”, which does not convey the clinical definition of this 

phenomenon. Most commonly, photophobia is used to refer to discomfort or pain induced 

by light. Commonly in migraine and other primary headache disorders, light evokes or 

aggravates headache, and some patients experience ocular or periocular pain. This 

sensitivity to light is abnormal because it occurs at levels of light that most people would not 
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consider bothersome. For example, in a study by Vanagaite et al. control subjects did not 

report discomfort until light intensity reached 23,000 lux (the equivalent of a cloudless, 

sunny day), and 24% still tolerated this level perfectly well.1 In contrast, migraineurs 

reported discomfort in a range of ~500 – 1,000 lux (like an overcast day).1

Photophobia is a poorly understood phenomenon. Furthermore, it is unclear what the 

underlying mechanisms are and which are specifically relevant for headache-related 

photophobia. A better understanding of the pathogenesis of photophobia will allow us to 

develop more effective therapies and gain knowledge about several primary headache 

disorders. In this review, we will discuss recent advances in our understanding of the 

anatomical substrates of photophobia.

Photophobia in Headache Disorders

The use of experimental light stimulation has provided us with important insight regarding 

photophobia in headache disorders. Most migraine patients describe low intensity light as 

“glaring” or “painful” during a migraine attack, making photophobia one of the cardinal 

diagnostic criteria.1, 2 However, similar findings have been observed in patients with 

tension-type2 and cluster3 headache. Furthermore, experimental evidence suggests that 

photophobia is bilateral, even when headache is unilateral in either migraine 1 or cluster 

headache.3

Some differences in the features of photophobia also exist across headache disorders. For 

tension-type headache, light-induced ratings fell between those of interictal migraineurs and 

control subjects.2 The intermediate severity of light sensitivity in tension type headache may 

indicate that it may be present, but not noticeable to every patient. Cluster headache patients 

report photophobia ictally and interictally, but only during their cluster period.3 This 

suggests that cluster patients experience reversible changes in the neural substrates involved, 

whereas migraineurs, and perhaps patients with tension type headache, have persistent 

changes. While light-evoked activation in the brains of migraineurs has been examined 

using PET4, 5, the study of light-modulated activity in other headache conditions has lagged 

behind. Further neuroimaging studies are needed to determine whether the neural substrates 

involved are the same or different across all of these conditions. This may be challenging for 

the less prevalent trigeminal autonomic cephalalgias (TACs), but should be feasible for 

tension-type headache. Given the prevalence and significant burden of tension type 

headache6, studies exploring light sensitivity and neural activity in this disorder are 

warranted.

The trigeminal system has been broadly implicated in generating pain in different headache 

disorders6-8, but the causative factors that may sensitize and/or disinhibit the trigeminal 

pathway may differ across conditions. Several studies have demonstrated that there is an 

interaction between pain mediated by the trigeminal system and photophobia. In control 

subjects, painful stimulation of the ophthalmic branch of the trigeminal nerve by 

intramuscular injection of sodium chloride induced sensitivity to light.9 Similarly, pain 

induced by applying ice to the forehead enhanced the degree of photophobia in 

migraineurs.10 Conversely, light stimulation significantly reduced trigeminal pressure 

thresholds in migraine patients, but not in healthy controls.11 Thus, there seems to be a 
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bidirectional relationship between trigeminal pain modulating systems and light sensitivity. 

Such a relationship is supported by recent studies in both humans and animals. Evidence 

indicates that the light and pain modulating systems can interact at multiple anatomical 

levels from the eye to the cortex.12-17 Each of these points of interaction could play a role in 

photophobia associated with primary headache disorders.

Eye Afferents and Second Order Trigeminal Neurons

An intact visual system is not required for the development of photophobia, as indicated by 

its occurrence in blind individuals.12, 16, 18 However, it is unclear how many and which light 

detecting structures are necessary to produce migrainous photophobia. Although 

intrinsically photosensitive retinal ganglion cells (ipRGCs) have been implicated16, light 

transduction through remaining rods and cones could still contribute to their perception of 

photophobia in some blind individuals and in fully sighted migraineurs. Several recent 

studies have demonstrated a direct relationship between light stimulation and trigeminal 

activity.13, 17, 19 Importantly, Dolgonos et al. showed that light modulates the blink reflex in 

rats, even after complete transection of the optic nerves.13 Their findings suggest that the 

optic nerve may not be required for photophobia to occur, although it may play a role or 

represent a parallel pathway. Furthermore, the authors propose that associational ganglion 

cells, which do not send projections through the optic nerve20, could be interacting with 

trigeminal nociceptors in the eye to produce the light evoked increase blink responses.13 In 

humans, the blink reflex has been used to demonstrate impaired habituation in migraine and 

cluster21, and could represent a useful approach to study sensitivity to light in animal 

models.

Okamoto and colleagues identified two populations of light-responsive neurons within 

trigeminal nucleus, one at the interpolaris/caudalis border and another within the trigeminal 

nucleus caudalis/cervical spinal cord transition (TNc/C1), using both immunohistochemical 

and electrophysiologic techniques.17, 19, 22 The former population is thought to be 

implicated in light-evoked lacrimation22, while the latter is thought to be involved in light-

exacerbated pain.17 They used an elegant design to demonstrate that light-evoked activity in 

TNc/C1 neurons is dependent on trigeminal afferent drive and activity from the superior 

salivatory and olivary pretectal nuclei, and could be blocked by intravitreal 

norepinephrine.17 Based on these findings, these authors posit that light activates a 

parasympathetic reflex arch, which increases blood flow in the eye. Trigeminal afferents are 

then activated either mechanically, by dilated choroid vessels, by neurotransmitters released 

by postganglionic autonomic nerve terminals, or both.17, 19 These afferents, in turn activate 

second order neurons within the TNc/C1, which also receive convergent input from dural 

afferents23, 24.

Thalamic Gating

In a landmark study, Burstein's group identified the convergence of dural nociceptive and 

photic retinal information in the posterior thalamus, revealing another area of interaction 

between visual and pain pathways that likely contributes to photophobia.16 Noseda et al. 

demonstrated that third order neurons within the posterior thalamic nuclei were responsive 

to both light stimulation of the eye and mechanical stimulation of the dura. These third order 
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neurons may receive direct inputs from retinal ganglion cells16, and send projections to a 

wide variety of cortical regions, including, but not limited to, visual cortex, substrates in the 

“pain matrix”, and areas involved in modulating attention15, 16. These anatomical 

connections could explain both the sensitivity to light and the exacerbation of headache by 

light in migraine and other headache disorders.14 However, the intraocular mechanisms 

proposed by Dolgonos et al.13 and Okamoto et al.17 may also contribute to the same 

phenomena. It is important to note that all of the above studies were performed in healthy 

rats; additional work with models of trigeminal pain may help clarify the relative 

contribution of these mechanisms to headache-associated photophobia.

Neuroimaging studies in human subjects also support a role for thalamic gating in 

photophobia. Maleki et al. demonstrated direct input from the optic nerve to the pulvinar 

using diffusion weighted imaging and probabilistic tractography25, validating the clinical 

relevance of similar finding in the posterior thalamus of rodents16. A PET study examined 

thalamic activity in patients with essential blepharospasm and compared patients with or 

without photophobia to healthy subjects.26 They found that only the blepharospasm patients 

with photophobia exhibited hyperactivity in the thalamus, when compared to either the non-

photophobic patients or to controls.26 These results support a role for enhanced thalamic 

activity in photophobia in humans, although additional imaging of headache patients would 

more specifically implicate thalamic involvement in headache-associated photophobia.

Hypothalamic Modulation

The hypothalamus has been implicated in the pathophysiology of both migraine and cluster 

headache. It has been suggested that hypothalamic involvement may explain premonitory 

symptoms of migraine27 and could be involved in the onset of migraine following imbalance 

in homeostatic triggers28, 29. Cells in the medial hypothalamus are responsive to light30, 

which could have direct implications for photophobia. Recent work has demonstrated that 

the hypothalamic neurons from the dopaminergic A11/13 group, the ventromedial and 

tuberomammillary nuclei make direct connections to the posterior thalamic nuclei.29 The 

authors propose that such connections could play some role in attacks triggered by 

homeostatic imbalance. In parallel, Katagiri et al. recently demonstrated that disinhibition of 

the posterior hypothalamus suppresses light-evoked activity of second order trigeminal 

neurons, suggesting that this region may play some role in negative regulation of light 

sensitivity and autonomic response to light.31 The hypothalamic contribution to photophobia 

provides an intriguing pathway to study the interaction between headache pathophysiology 

and homeostatic dysfunction, such as that related to obesity or sleep dysregulation.

Cortical Activity: Insights from Neuroimaging of Human Subjects

A number of studies have implicated the visual cortex in the regulation of light sensitivity 

and photophobia. Bilateral lesions of the ventral occipital cortex abolish protective light 

avoidance.32 These patients report complete insensitivity to light (1592 lux), a sense of 

dimness to their vision, and have difficulty distinguishing night from day. This suggests that 

the ventral occipital cortex may be particularly relevant for photophobia.32 Both fMRI33 and 

PET4 studies demonstrated a correlation between the intensity of light stimulus and visual 

cortex activation in migraine patients interictally and control subjects, with greater cortical 
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activation in migraineurs. Additionally, Boulloche et al. demonstrated that trigeminal pain 

could enhance this light-evoked activity in migraineurs and reduce the threshold of light 

intensity necessary to produce significant activity in control subjects.4 In the absence of 

concomitant pain stimulation, control subjects only exhibited significantly enhanced activity 

at the higher light intensity (1800 Cd/m2), but with pain stimulation they also exhibited 

significant activity at 600 Cd/m2. These studies suggest that cortical hyperexcitability, lack 

of habituation, or both could contribute to photophobia. Although Martin et al. argued 

against habituation deficits as an explanation for their findings, they acknowledged that their 

stimulation protocol may have been too brief to really evaluate the contribution of 

habituation.33 They used a flickering light stimulus, in an on/off design, for a total of 30s of 

stimulation. Boulloche et al. used a continuous stimulus that also lasted 30s and were also 

not able to rule out a possible contribution of habituation deficits in the migraineurs’ 

response pattern.4 Boulloche et al. also observed significant activity in the posterior parietal 

cortex, which is associated with attentional modulation and receives input from the locus 

coeruleus, a pain-modulating nucleus in the brainstem. They hypothesized that pain 

impaired habituation in control subjects as a result of attentional processing, and that this 

phenomenon could be involved in migrainous photophobia as well.4

PET imaging has also demonstrated changes in visual cortex activity that correlate with 

migrainous state.5 Denuelle et al. used a low intensity of light to compare light-evoked 

visual cortex activity in migraineurs during an attack, after headache resolution with 

sumatriptan, and interictally. This low intensity light evoked cortical activity during the 

migraine attack phase, but not interictally. After triptan treatment, the level of cortical 

activation was intermediate. The authors proposed that the trigeminal interaction with visual 

pathways may explain ictal photophobia, while other brainstem nuclei, such as the locus 

coeruleus and raphe dorsal nuclei, may be involved in interictal photophobia.5 The locus 

coeruleus and raphe dorsal nuclei have been linked to activity within the visual cortex.34 

They are also involved in descending pain modulation, and may contribute to migraine 

pathophysiology.35 Additional work will help clarify the role of brainstem modulation in 

headache-related photophobia.

Contribution of Neuropeptides CGRP and PACAP to Photophobia

While we have recently advanced our understanding of the anatomical substrates that may 

be involved in headache-related photophobia, the role of molecular signaling pathways 

within these substrates remains unclear. Neuropeptides that enhance synaptic transmission 

may play a role in photophobia. Two particular candidates are the calcitonin gene-related 

peptide (CGRP) and pituitary adenylate cyclase-activating polypeptide (PACAP), both of 

which induce migraine attacks in migraineurs.36-38 These multifunctional peptides are 

widely distributed in the nervous system and in addition to their vascular actions; they are 

both implicated in modulating nociception.39-41 Preclinical studies have linked both of these 

neuropeptides to photophobia. Intracerebroventricular administration of CGRP in mice 

elicits light aversive behavior analogous to photophobia.42-44 Mice lacking PACAP do not 

develop nitroglycerin-induced light aversion.45 Both peptides are found in many of the 

neural substrates discussed above. There are CGRP receptors throughout the brain46, 

including neurons in the ventroposteromedial thalamus47, which contains dural and light 
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sensitive neurons16. PACAP is expressed in the ipRGCs of rats48, within the trigemino-

cervical complex of humans49, as well as the ventromedial hypothalamus50. Future studies 

using animal models should help clarify the role of these neuropeptides in the generation of 

headache and photophobia, as well as their most relevant sites of action.

Conclusion

The study of photophobia associated with headache disorders has advanced our 

understanding of their unique pathophysiology. Preclinical research using a variety of 

techniques has provided clues as to potential mechanisms involved, although their relative 

contribution to distinct disorders is not clear. Additional work evaluating light sensitivity 

and neuronal activity in under studied conditions like tension-type headache, cluster 

headache and TCAs will provide a frame work for preclinical models. Finally, preclinical 

models can be used to probe novel therapeutic targets and improve future treatment of 

headache disorders.
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