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Abstract

Purpose of review—Historically, photophobia was studied in patients and attempts to explain 

mechanisms were speculative. Efforts to understand better the neural substrate of photophobia 

paved way to the development of different animal models and the publication of several articles 

(all in 2010) on the mechanism by which light exacerbates migraine headache.

Recent findings—Observations made in blind migraine patients devoid of any visual perception 

and blind migraine patients capable of detecting light have led to the discovery of a novel retino-

thalamo-cortical pathway that carries photic signal from the retina to thalamic trigeminovascular 

neurons believed to play a critical role in the perception of headache intensity during migraine. 

Evidence for modulation of the trigeminovascular pathway by light and identification of the 

pathway through which photic signal converge on the nociceptive pathway that mediate migraine 

headache provide first set of scientific data on the mechanism by which light intensifies migraine 

headache.

Summary—The findings provide a neural substrate for migraine-type photophobia. This may 

lead to identification and development of molecular targets for selective prevention of 

photophobia during migraine.
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INTRODUCTION

Photophobia is commonly associated with anterior segments disorders of the eye such as 

uvetis, cyclitis, iritis, and blepharitis [1], and intracranial pathologies such as migraine, 

meningitis, subdural hemorrhage, and intracranial tumors [2-5]. There are at least three 

distinct definitions of photophobia in the literature: (1) abnormal sensitivity to light [1]; (2) 

ocular discomfort, also termed photo-oculodynia, caused by light exposure [6]; (3) 

exacerbation of headache by light [7,8].
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Theoretically, neural pathways that meditate hypersensitivity to visual stimuli during 

migraine may differ greatly from neural pathways that mediate exacerbation of headache by 

light or from neural pathways that mediate ocular discomfort induced by exposure to light. 

To alter visual perception during migraine, it is reasonable to propose that a flow of 

nociceptive signals along the trigeminovascular pathway may converge on visual pathways 

that terminate in the visual cortex. To alter the perception of headache during exposure to 

light, it is reasonable to propose that a flow of photic signals converge on nociceptive 

trigeminovascular pathways that terminate in cortical areas involved in the processing of 

pain perception. To induce ocular discomfort or pain in the eye by light, it is reasonable to 

propose that light indirectly activates intraocular trigeminal nociceptors which in turn 

activate second-order nociceptive neurons in the spinal trigeminal nucleus.

Exacerbation of migraine headache by light (photophobia) is a neurological symptom 

experienced by eight out of ten migraineurs with normal eyesight [7,9,10]. It has been 

extensively studied in migraine patients [11-14] and the common notion is that migraine 

type photophobia is defined as exacerbation of the headache by exposure to light that is 

otherwise comfortable to the patient.

Historically, little was known about the pathophysiology of migraine-type photophobia. 

Multiple speculations on mechanisms included (a) overall enhancement of inputs from the 

visual cortex to the trigeminal system [15], (b) irritation of trigeminal nerve nociceptors that 

innervate the eye which consequently activate the spinal trigeminal nucleus, midbrain and 

thalamus [1], (c) sympathetic overdrive [16], (d) irritation of the basal meninges around the 

diaphragma sella [17], (e) hypersensitivity of the visual cortex [3] [13], and (f) abnormal 

habituation of the brainstem [18].

The past year brought into the spotlight (so-to-speak) novel scientific data which seem to 

define better possible mechanisms.

Exacerbation of headache by light

Regardless of the origin of migraine, the headache phase depends on flow of nociceptive 

signals that originate in meningeal nociceptors and conveyed to the cortex through central 

trigeminovascular neurons in the spinal trigeminal nucleus and thalamus. Intensification of 

the headache by light suggests that photic signals converge on the trigeminovascular 

pathway somewhere along its path. In a recent set of experiments, Noseda and Colleagues 

delineated a novel neural pathway that is well positioned to carry photic signals from the 

retina into trigeminovascular neurons in the thalamus [19].

The main function of the eye and the visual system is to allow the organism to form images. 

Image formation involves activation of classical photoreceptors (rods and cones), retinal 

ganglion cells (RGC) whose axons project to the lateral geniculate nucleus, lateral 

geniculate nucleus neurons that project to the visual cortex, and visual cortex neurons. A 

secondary function of the eye and the visual system is to support biological functions such 

as the entrainment of the biological clock to the dark-light cycle, adaptation of pupillary size 

to light [20], and suppression of melatonin release [21]. Such light-dependent functions (also 

called non-image forming functions) are supported by intrinsically-photosensitive retinal 
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ganglion cells (ipRGC) that contain the photoreceptor melanopsin and whose axons project 

via the optic nerve to the suprachiasmatic nucleus, intergeniculate leaflet and the olivary 

pretectal nucleus [20,22-28].

Synthesizing existing knowledge on the function of the trigeminovascular pathway and the 

anatomy of non-image forming retinal pathways Noseda and colleagues reasoned that since 

the exacerbation of headache by light is independent of the ability to form images, non-

image forming pathways are likely to be found at the origin of visual pathways that convey 

photic signals to the trigeminovascular system [19]. Using sophisticated anatomical, 

electrophysiological and immunohistological techniques, this study revealed a mechanism 

for the exacerbation of migraine headache by light, whereby neuronal activity of a 

nociceptive pathway that underlies migraine pain is modulated at the level of the posterior 

thalamus by a direct input they receive from the retina (Figure 1). This revelation stemmed 

from the following observations: (a) light enhances the activity of thalamic 

trigeminovascular neurons in a manner that resembles the way light activates 

melanopsinergic RGC, (b) a subset of dura-sensitive thalamic neurons located mainly in the 

posterior most area of the thalamus receive monosynaptic input from RGC, and (c) the 

axons of dura-sensitive thalamic neurons whose activity was enhanced by light, project to 

multiple cortical areas including primary and secondary somatosensory, motor, retrosplenial 

and parietal association cortices.

The critical contribution of the optic nerve to migraine-type photophobia is best illustrated in 

migraine patients lacking any kind of visual perception due to completely damaged optic 

nerves. Such patients cannot detect light, suffer irregular or fragmented sleep pattern, 

exhibited deficient pupillary light response and testify to having no signs of photophobia.

More specifically, the importance of melanopsin-positive ipRGC in mediating migraine-type 

photophobia is evident in blind migraine patients who, in spite of their blindness, are 

capable of detecting light. Common to such patients is a significant loss of classical 

photoreceptors (rods and cones) due to inherited retinal degenerative diseases such as 

Leber's congenital amaurosis or retinitis pigmentosa. Reliable evidence for intact non-image 

forming visual pathways in this group of patients includes normal pupillary light response 

and regular sleep pattern.

The findings in the blind migraineurs, however, cannot rule out the possibility that all retinal 

photoreceptors contribute to migraine-type photophobia in migraineurs with normal 

eyesight. Since activation of rods and cones can trigger action potentials in RGC and 

ipRGC, one may conclude that all photoreceptors are in a position to drive migraine-type 

photophobia even if the input to the dura-sensitive thalamic neurons originates exclusively 

in ipRGC and non-image forming pathways.

Further rational for the observation that some RGC axons in the optic nerve terminate on 

dura-sensitive neurons in the posterior and lateral posterior thalamic nuclei was provided in 

a recent study on the role of the thalamus in whole-body allodynia [29]. That study 

described a large concentration of trigeminovascular neurons in the posterior and lateral 

posterior thalamic nuclei of the rat, and a large BOLD responses in the pulvinar (located in 
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the posterior thalamus) of subjects undergoing a migraine attack with extracephalic 

allodynia. In an effort to determine whether humans have similar retinal projections to the 

posterior thalamus (i.e., the pulvinar), we also employed diffusion weighted imaging and 

probabilistic tractography to map connectivity of direct pathways from the optic nerve to the 

pulvinar [30]. These findings support the existence of such pathway in humans.

Abnormal sensitivity to light

Although not documented carefully, a certain proportion of migraine patients describe their 

sensitivity to light during migraine in terms of perceiving otherwise comfortable light as 

being too bright. Such description suggests that continuous activation of the 

trigeminovascular pathway may alter the normal functioning of the visual cortex. 

Anatomical support to such hypothesis may be found in evidence that some dura-sensitive 

thalamic neurons, especially those located in the posterior and lateral posterior thalamic 

nuclei, project directly to the primary and secondary visual cortex [19] (Figure 2).

CGRP and photophobia

Recent studies in a genetic mouse model of migraine (nestin/hRAMP1) engineered to 

express elevated number of a subunit of the CGRP receptor (receptor activity-modifying 

protein 1) which increases the animal sensitivity to CGRP, reported behavioral evidence of 

mechanical allodynia and aversion to light following intracerebroventricular injection of 

CGRP [31,32]. Blockade of allodynia and photophobia by administration of a CGRP 

receptor antagonist have led the authors to suggest that a single gene can modify 

photophobia. Since administration of CGRP in already CGRP-sensitized mice induced 

allodynia and photophobia, it is logical that administration of CGRP antagonist reversed 

these behaviors. Being careful with interpretation, these mice provide a novel, legitimate, 

reliable and well-worthy animal model for studying the neurobiology of migraine and 

photophobia. If interpreted not careful enough, however, this model may suggest that 

migraine is a CGRP disorder and that as such, many of the migraine-associated symptoms 

are solely CGRP-mediated, an unlikely scenario.

Reversal of photophobia is reported in a large number of clinical studies on efficacy of 

migraine drugs. Drugs that abort migraine headache, usually abort the photophobia (as well 

as nausea, phonophobia, osmophobia, throbbing, etc.) as it depends on the ongoing 

activation of the trigeminovascular system. This observation may not be interpreted as 

suggesting that photophobia is mediated by 5HT1B/1D receptors, μ-opioid receptors, CGRP 

receptors, or cyclooxygenase level. Effort to identify neuropeptides used for communication 

between visual pathway and the trigeminovascular system should provide more specific 

molecular targets for selectively terminating photophobia.

Ocular pain induced by light

The interior structures of the eye are richly innervated by sensory [33,34], sympathetic [35] 

and parasympathetic [36] fibers. Sensory fibers in the eye originate in the trigeminal 

ganglion, contain calcitonin gene-related peptide (CGRP) and as such are thought to 

represent a population of nociceptors. This arrangement have led Bereiter and colleagues to 

suggest that exposure to light may trigger intraocular vasodilatation and neurogenic 
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inflammation which in turn can lead to activation of the trigeminal nociceptors. In an elegant 

series of studies [37,38], Bereiter and colleagues showed that acute exposure to light 

activated cornea-sensitive neurons in the spinal trigeminal nucleus, and that such activation 

was reduced by selective blockade of the trigeminal ganglion, superior salivatory nucleus or 

the olivary pretectal nucleus. Based on these findings, they proposed that photic signals 

activate neurons in the olivary pretectal nucleus that project to the superior salivatory 

nucleus and through the sphenopalatine ganglion trigger the release of parasympathetic 

neuropeptides that cause vasodilatation, mechanical deformation of ocular blood vessels and 

activation of trigeminal nociceptors (Figure 3). Evidence for induction of vasodilatation, 

neurogenic inflammation or plasma protein extravasation by light in the human retina will 

strongly support such hypothesis.

CONCLUSIONS

Exacerbation of migraine headache by light is mediated by photic signals that converge on 

the thalamic trigeminovascular neurons that project to the somatosensory cortices. In 

contrast, heightened sensitivity to light during migraine may be mediated by convergence of 

nociceptive signals on visual pathways. Migraine-associated nociceptive signals could be 

conveyed to the visual cortex directly through relay trigeminovascular neurons in the 

posterior thalamus. Induction of ocular pain by light is proposed to involve activation of 

ocular nociceptors and reach the spinal trigeminal nucleus through the trigeminal nerve. To 

date, it is unclear whether or not such ocular nociceptors contribute to the exacerbation of 

migraine headache by light.
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KEY POINTS

1. Photophobia is mediated by the optic nerve.

2. Melanopsin photoreceptors, intrinsically-photosensitive retinal ganglion cells 

and non-image forming pathways play an important role in exacerbation of 

headache by light.

3. Light modulates the activity of trigeminovascular neurons in the posterior 

thalamus.

4. Enhanced activity in thalamic trigeminovascular neurons reaches cortical areas 

involved in sensory, visual and auditory perception as well as motor and 

memory functions.

Noseda and Burstein Page 8

Curr Opin Neurol. Author manuscript; available in PMC 2015 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Proposed mechanism for exacerbation of migraine headache by light through the 

convergence of the photic signals from the retina and nociceptive signals from the meninges 

on the same thalamic neurons that project to the somatosensory cortices. Red depicts the 

trigeminovascular pathway. Blue depicts visual pathway from the retina to the posterior 

thalamus. Abbreviations: RGC, retinal ganglion cells; ipRGC, intrinsically-photosensitive 

retinal ganglion cells; TG, trigeminal ganglion; Sp5, spinal trigeminal nucleus; LP, lateral 

posterior nucleus; Pul, pulvinar; S1, primary somatosensory cortex; S2 secondary 

somatosensory cortex.
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Figure 2. 
Proposed mechanism for enhanced sensitivity to light during migraine through the 

convergence of nociceptive signals from the meninges on thalamic neurons that project to 

the visual cortices. Red depicts the trigeminovascular pathway. Blue depicts visual pathway 

from the retina to the visual cortex. Abbreviations: V1, primary visual cortex; V2 secondary 

visual cortex. For other abbreviations see Fig. 1.
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Figure 3. 
Proposed mechanism for induction of ocular pain by light involving amplification of 

parasympathetic outflow to the eye and initiation of intraocular vasodilatation and 

neurogenic inflammation which in turn lead to activation of the trigeminal nociceptors. 

Orange depicts nociceptive pathway for ocular pain. Blue depicts visual pathway and green 

parasympathetic outflow. Abbreviations: RGC, retinal ganglion cells; TG, trigeminal 

ganglion; Sp5, spinal trigeminal nucleus; OPT, olivary pretectal nucleus; SSN, superior 

salivatory nucleus; SPG, sphenopalatine ganglion.
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