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Abstract
Bright light can cause ocular discomfort and/or pain; however, the mechanism linking luminance
to trigeminal nerve activity is not known. In this study we identify a novel reflex circuit necessary
for bright light to excite nociceptive neurons in superficial laminae of trigeminal subnucleus
caudalis (Vc/C1). Vc/C1 neurons encoded light intensity and displayed a long delay (>10 s) for
activation. Microinjection of lidocaine into the eye or trigeminal root ganglion (TRG) inhibited
light responses completely, whereas topical application onto the ocular surface had no effect.
These findings indicated that light-evoked Vc/C1 activity was mediated by an intraocular
mechanism and transmission through the TRG. Disrupting local vasomotor activity by intraocular
microinjection of the vasoconstrictive agents, norepinephrine or phenylephrine, blocked light-
evoked neural activity, whereas ocular surface or intra-TRG microinjection of norepinephrine had
no effect. Pupillary muscle activity did not contribute since light-evoked responses were not
altered by atropine. Microinjection of lidocaine into the superior salivatory nucleus diminished
light-evoked Vc/C1 activity and lacrimation suggesting that increased parasympathetic outflow
was critical for light-evoked responses. The reflex circuit also required input through accessory
visual pathways since both Vc/C1 activity and lacrimation were prevented by local blockade of the
olivary pretectal nucleus. These findings support the hypothesis that bright light activates
trigeminal nerve activity through an intraocular mechanism driven by a luminance-responsive
circuit and increased parasympathetic outflow to the eye.
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1. Introduction
Acute exposure to bright sunlight or artificial light is a common environmental stimulus that
can cause ocular discomfort and pain [12,48]. Intolerance to bright light, commonly termed
photophobia, is often associated with eye injury [9,35] or inflammation [8,41]. Photophobia
also presents with several classes of headache [11,21,24] and in subjects with no apparent
link to headache or eye injury such as trigeminal neuralgia [14] and blepharospasm [15].
Although it has long been held that an intact trigeminal nerve is necessary for photophobia,
the mechanisms that link luminosity to activation of a somatic sensory nerve pathway have
remained elusive. Early studies emphasized the importance of peripheral mechanisms and
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proposed that excessive eye blink or pupillary constriction due to bright light sensitized
trigeminal nerves [27]. Central mechanisms also must play a role since spatial summation of
the light stimulus increases the discomfort rating in control subjects [48], while unilateral
pain lowers light-induced discomfort thresholds bilaterally in migraine patients [54]. Visual
pattern perception is not necessary to experience photophobia [1]; however, some input
through the optic nerve is required since intolerance to light due to eye injury is eliminated
by enucleation of the eye [9].

The interior structures of the eye including the uveal tract, retina, and associated blood
vessels receive a rich innervation from trigeminal sensory [4,51,52], sympathetic [50] and
parasympathetic postganglionic efferent fibers [10,30]. Sensory, sympathetic and
parasympathetic nerves form a close association with blood vessels of the head, an
arrangement not commonly seen in other body regions [42], and may underlie the tight
control of blood flow to craniofacial structures [23]. Although many intraocular trigeminal
nerve fibers contain calcitonin gene-related peptide, a neuropeptide associated with
peripheral nociceptors [44,52] and light sensitivity in animals [40], their function remains
uncertain. Intraocular trigeminal nerves encode changes in ocular perfusion pressure,
temperature and intraocular pressure [33,57] and are thought to serve mainly ocular
homeostatic functions [47,53]. The notion that intraocular sensory nerves also mediate non-
visual sensations has not been adequately tested.

Recently we reported that acute exposure to bright light increased the number of Fos-like
immunoreactive neurons in superficial laminae of trigeminal subnucleus caudalis (Vc/C1)
[39]. The Vc/C1 region shares many features with the spinal dorsal horn and is the main
zone of termination for small diameter sensory nerves that supply craniofacial tissues
including the eye [3]. The present study addressed three issues: what are the receptive field
properties of light-responsive neurons in the Vc/C1 region; is light-induced activity linked to
vasomotor mechanisms in the eye; and is parasympathetic outflow necessary to observe
light-induced Vc/C1 neural activity? The data indicated that bright light activation of Vc/C1
neurons required input through the trigeminal ganglion, was prevented by intraocular
microinjection of vasoconstrictive agents and markedly reduced by inhibition of the superior
salivatory nucleus. Blockade of a major retinorecipient target, the olivary pretectal nucleus,
prevented light-induced responses. These data support the hypothesis that intense light
activates a trigeminal nociceptive pathway through an intraocular mechanism dependent on
increased parasympathetic outflow to the eye.

2. Methods
The animal protocols were approved by the Institutional Animal Care and Use Committee of
the University of Minnesota and conformed to the established guidelines set by The National
Institutes of Health guide for the care the use of laboratory animals (PHS Law 99–158,
revised 2002).

Animals and electrophysiology procedures
Male Sprague-Dawley rats (270–350 g, Harlan, Indianapolis, IN) were anesthetized initially
with pentobarbital sodium (70 mg/kg ip). Catheters were positioned in the right femoral
artery and jugular vein for monitoring blood pressure and drug infusion (gallamine
triethiodide, 20 mg/kg/h, only during the recording session). After tracheotomy animals
were respired artificially with oxygen-enriched room air and anesthesia was maintained with
isoflurane (1.2–2.0%). Expiratory end-tidal CO2 (3.5–4.5%), mean arterial pressure (MAP,
100–120 mmHg) and body temperature (38°C) were monitored continuously and kept
within normal range. Animals were placed in a stereotaxic frame and portions of the C1
vertebra were removed to expose the lower brainstem and upper cervical dorsal horn. The
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exposed surface was bathed in warm mineral oil. The spinomedullary junction region (Vc/
C1), approximately 3–5 mm caudal to obex and ipsilateral to the stimulated eye, was
explored with tungsten microelectrodes (5–9 Mohm, FHC, Bowdoinham, ME). Unit activity
was collected through a DAQ interface board and LabVIEW software (National
Instruments, Austen, TX), discriminated, stored and analyzed offline.

Characterization of light-responsive neurons
The search stimulus consisted of gently swiping a fine camelhair brush across the ocular
surface (e.g., cornea surface and conjunctiva). Units were classified as cornea/conjunctiva
(CC) units, activated by mechanical stimulation of the palpebral conjunctiva of the lower
eyelid and cornea or conjunctiva only (CJ) units. All units received convergent cutaneous
input from periorbital skin and were further classified as nociceptive specific (NS, pinch
only) or wide dynamic range (WDR, pinch plus touch) as determined by use of calibrated
von Frey filaments (1.2 g) and blunt forceps. The ocular surface was kept moist with
artificial tears throughout the experiment.

Light stimulation and experimental design
One neuron was recorded from each preparation and only neurons that displayed an increase
in firing rate to light stimulation (Rmag value > 10, see below in Data Analysis) were
included in experiments that involved drug application. Light stimulation was delivered
from a thermal-neutral fiber optic halogen source (150W, Cole Parmer, Vernon Hills, IL)
positioned 5 cm from the left ocular surface under dim ambient lighting conditions. Light
intensity was measured at the ocular surface with a light meter (Control Co., Friendswood,
TX). Light stimuli (30 s duration) were presented in a cumulative design at three intensities
at 20 min interstimulus intervals: low (0.5 × 104), moderate (1 × 104) and high (2 × 104 lux).

Local drug microinjection into the eye (intravitreal, ivt) or trigeminal ganglion (TRG)
Light stimulation was presented before and 5 min after ivt lidocaine (2%), norepinephrine (1
or 10 mM, pH 7.4) or the selective alpha adrenergic receptor agonist, phenylephrine (1 or 10
mM, pH 7.4). Ivt injections were delivered from a 33 gauge needle inserted into the globe
through the sclera posterior to the limbus. Intra-TRG injections of lidocaine (2%) or
norepinephrine (10 mM) were delivered from a 33 gauge needle through a 26 gauge guide
cannula positioned vertically above the ganglion: 3.1–3.3 mm caudal to bregma, 2.8–3.1 mm
lateral and 9–10 mm ventral to the brain surface. All drugs were injected in a volume of 1 μl.
Volume controls for ivt or TRG administration received an equivalent injection of artificial
cerebral spinal fluid (aCSF, 1 μl, pH 7.4). To test the effect of ocular cholinergic activity
atropine sulfate (10 mM, 20μl, pH 7.3) was applied to the ocular surface 10 min prior to
light stimulation.

Superior salivatory nucleus (SSN) blockade
Lidocaine (2%, 100 nl) was microinjected ipsilateral to the stimulated eye via a glass
micropipette positioned 10.4–10.6 mm posterior to bregma, 2.0–2.2 mm off the midline and
8.4–8.6 mm ventral to the cortical surface 10 min prior to light stimulation. Lidocaine was
injected 10 min prior to light stimulation. Off-target control injections of lidocaine were
placed 0.5 mm medial to SSN.

Superior salivatory nucleus (SSN) stimulation
To determine if direct activation of parasympathetic outflow affected light-responsive Vc/
C1 neurons, the excitant DL-homocysteine (DLH, 50 mM, 100 nl, Sigma) [32] injected into
the SSN ipsilateral to the stimulated eye via a glass micropipette at the same coordinates as
noted above.
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Olivary pretectal nucleus (OPN) blockade
Lidocaine (2%, 100 nl) was injected bilaterally in the OPN region from a dual glass
micropipette assembly10 min prior to light stimulation. The pipette was positioned 4.8–5.2
mm posterior to bregma, 1.3–1.5 mm off the midline and 4.0–4.5 mm ventral to the cortical
surface. Off-target control injections of lidocaine were placed 0.5 mm lateral to OPN.

Tear volume
Tear volume was measured after unilateral light stimulation (30 s duration) in a separate
group of rats under isoflurane anesthesia (1.2–2.0%) and low ambient light conditions (< 1
lux). Tear volume samples were collected over 2 min and measured by the change in weight
of a small filter paper strip (~5×8 mm) in contact with the cornea/conjunctiva [18]. In initial
experiments ocular surface temperature was monitored during light stimulation by a needle
thermistor placed laterally at the lower cornea/conjunctiva interface.

Data analysis
Neural recording data were acquired and displayed as peristimulus time histograms (PSTH)
of spikes per 1 s bins, exported to a spreadsheet and analyzed off-line. Neural responses
were analyzed as a response magnitude (Rmag) for each stimulus period defined as the
cumulative sum of spikes for contiguous bins in which the spike count exceeded the mean
+2SD of the background activity [17]. A total Rmag was calculated for each stimulus period
and can be thought of as the “area under the curve”. Neurons were defined as light
responsive if the total Rmag exceeded a value of 10 independent of light intensity. The high-
threshold convergent cutaneous RF area of light-responsive units was mapped onto
standardized drawings of the rat face with a small blunt forceps, digitized and quantified by
a planimetric method using NIH software (ImageJ). Chi-square analysis determined if the
light intensity threshold and proportion of CC and CJ units classified as NS and WDR were
similar. Neural activity, tear volume, ocular surface temperature and MAP were assessed by
ANOVA corrected for repeated measures. Significant treatment effects were further
assessed by Newman-Keuls after ANOVA. The data were presented as mean ± SEM and
significance set at P = 0.05.

Histology
At the end of the experiment, rats were given a bolus of barbiturate and perfused through the
heart with saline followed by 10% formalin and the brain processed to recover the recording
sites at the Vc/C1 region and injection sites in the SSN and OPN.

3. Results
Light intensity coding by trigeminal subnucleus caudalis (Vc/C1) neurons

In the initial series of experiments, 58 of 78 (74.4%) units recorded from superficial laminae
at the spinomedullary junction region (Vc/C1) were excited by brief exposure to bright light.
All recording sites were located within 200 μm of the dorsal brainstem surface in superficial
laminae similar to our previous studies [17]. Light-responsive units had an ocular surface
receptive field (RF) located on the cornea and conjunctiva (CC units, n = 46) or conjunctiva
alone (CJ units, n = 12). Light-responsive units also received excitatory input from the
adjacent periorbital skin and were further classified either as nociceptive specific (NS, n =
36) or wide dynamic range (WDR, n = 22). The mean cutaneous RF area of light-responsive
and non-responsive neurons was similar (1.22 ± 0.11 versus 1.42 ± 0.14 cm2, respectively)
and presentation of the light stimulation protocol did not affect the RF area (data not
shown). Light-responsive and non-responsive units also displayed similar levels of
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background activity (1.91 ± 0.32 versus 1.97 ± 0.28 spikes/s) prior to presentation of the
light stimulation protocol.

A similar percentage of CC (73%) and CJ units (80%) were light responsive (Fig 1a);
however, the total response magnitude (Rmag) to increasing light intensity was greater for
CC units (Fig 1b, F1,56 = 10.19, P < 0.005). CC units had lower thresholds for light
activation than CJ units (X2

df2 = 9.92, P < 0.007) as 30% of CC but only 17% of CJ units
were excited by the lowest intensity. CC units also displayed longer response durations than
CJ units (Fig 1c, F1.56 = 12.45, P < 0.001), while response latencies were similar (Fig 1d,
F1,56 = 0.45, P > 0.10). The resting ocular surface temperature averaged 31.8 ± 0.25 °C (n =
8). Although high intensity light caused a small increase (33.7 ± 0.35 °C, F2,19 = 51.54, P <
0.001), this was well below the threshold temperature reported to activate corneal
nociceptors or increase intraocular blood flow [2,38]. Together with the finding that
application of lidocaine to the ocular surface did not affect light-evoked Vc/C1 neural
activity (see below), it was not likely that thermal activation of nerve endings at the ocular
surface caused this response.

Spontaneous tear volume was low and similar in both eyes (ipsilateral, 0.19 ± 0.04 mg/2
min; contralateral, 0.18 ± 0.04 mg/2 min, n = 8) prior to light stimulation. High intensity
light increased tear volume more than 3-fold ipsilateral (0.70 ± 0.06 mg/2 min, P < 0.01) and
2-fold contralateral to the stimulus (0.36 ± 0.05 mg/2 min, P < 0.05). Low (~53% increase)
and moderate light intensities (~40% increase) did not significantly alter tear volume
ipsilateral to stimulation. Resting mean arterial pressure (MAP) averaged 113.4 ± 1.5 mmHg
(n = 78) and did not change significantly (peak change = −1.8 ± 0.9 mmHg) after high
intensity light stimulation.

Evidence for an intraocular origin of light-evoked Vc/C1 neural activity
Lidocaine injection into the trigeminal ganglion (TRG) or into the eye (ivt), ipsilateral to
high intensity light stimulation, blocked completely the evoked neural response (~99%
inhibition, Fig 2, F2,9 = 29.1, P < 0.001), while application on the ocular surface had little
effect (~12% inhibition, n = 4). Light-evoked responses after intra-TRG (n = 4) or ivt (n = 4)
injection recovered by 45 min after lidocaine in all cases (>70% of pre-lidocaine value).
Intra-TRG lidocaine also eliminated completely the convergent input from periorbital skin
for all units, whereas ivt or ocular surface lidocaine had little effect (<10% change in RF
area). The decrease in light-evoked activity after intra-TRG or ivt lidocaine was not due to
non-specific effects of volume injection, since in a separate group of rats (n = 10) an equal
volume (1 μl) of aCSF had no effect (F1,10 = 0.18, P > 0.1). During light stimulation, prompt
pupil constriction was seen, indicating that intra-TRG lidocaine did not compromise optic
nerve function. These results indicated that input through the TRG was necessary for light-
evoked Vc/C1 neural activity and the origin of this activity was sensory nerve terminals
within the eye and not on the ocular surface.

Evidence for an intraocular adrenergic mechanism in light-evoked Vc/C1 unit activity
To determine if an adrenergic mechanism, such as vasomotor activity, within the eye
influenced light-evoked Vc/C1 neural activity, norepinephrine or phenylephrine, potent
vasoconstrictor agents, were given by ivt microinjection. The example seen in Fig 3a
demonstrated that norepinephrine inhibited light-evoked activity by 10 min and lasted for at
least 40 min. As summarized in Fig 3b, ivt injection of high dose (10 mM, 1 μl)
norepinephrine (F2,40 = 22.9, P < 0.001, n = 7) and phenylephrine (F2,28 = 19.2, P < 0.001, n
= 5) had similar inhibitory effects on light-evoked activity, whereas low dose (1 mM, 1 μl)
norepinephrine (n = 5) or phenylephrine (n = 4), had no significant effect. The inhibitory
effect of ivt norepinephrine was not likely due to a direct action on sensory neurons, since
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intra-TRG microinjection (pre-drug = 322 ± 142 versus post-drug = 483 ± 227 spikes per
stimulus, n = 4) or ocular surface application of norepinephrine (pre-drug = 355 ± 94 versus
post-drug = 377 ± 61 spikes per stimulus, n = 4) did not reduce light-evoked activity (P >
0.1). Ocular cholinergic or muscle activity also did not affect this response, since atropine
(10 mM, 20 μl) applied to the ocular surface caused an immediate and persistent pupil
dilatation, but did not reduce light-evoked neural activity (F2,36 = 16.3, P < 0.001, n = 10).
The convergent cutaneous RF area of light-responsive neurons was not altered by
norepinephrine regardless of the site of microinjection (data not shown). These results
indicated that intraocular adrenergic mechanisms such as altered vasomotor function
contributed to light-evoked activation of Vc/C1 neurons, whereas muscarinic cholinergic
activity and iris muscle activity had no influence.

Evidence for superior salivatory nucleus (SSN) involvement in light-evoked responses
The SSN is the major source of parasympathetic preganglionic neurons to the blood vessels
of the eye [10,30]. Lidocaine (2%, 100 nl, n = 8) injection into the SSN significantly
inhibited light-evoked neural activity (Figs 4a, 4b) compared to vehicle (n = 5) injections
(F1,11 = 7.3, P < 0.01). Off-target injections of lidocaine 0.5 mm medial to the SSN had no
effect (< 10% change, n = 3). In a separate group of rats (n = 5) SSN lidocaine injection also
prevented light-evoked increases in tear volume (Figs 4c, 4d; F1,4 = 8.9, P < 0.05). To
determine if direct SSN activation influenced the activity of light-responsive Vc/C1 neurons,
microinjection of the general excitant D,L-homocysteine (DLH, 50 mM, 100 nl) increased
the firing rate of Vc/C1 neurons (Figs 4e, 4f; F10,90 = 6.75, P < 0.001, n = 6). Note that
DLH-evoked increase in neural activity occurred after a delay of 5–8 min and was
maintained for 3–5 min. The cutaneous RF area of light-responsive Vc/C1 neurons was not
affected by SSN blockade or activation suggesting that the effect of SSN manipulation was
selective for intraocular input. These data strongly suggested that the SSN played a key role
in mediating light-evoked Vc/C1 neural activity.

Evidence for olivary pretectal nucleus (OPN) involvement in light-evoked responses
The OPN receives dense input from retinal ganglion neurons compared to surrounding
pretectal regions [16,34] and is critical for the pupillary light reflex [56]. Lidocaine (2%, 100
nl, n = 5) microinjection into the OPN significantly inhibited light-evoked neural activity
(Fig 5a,c) compared to vehicle (n = 3) injections (F1,11 = 6.79, P < 0.025). Off-target
injections of lidocaine 0.5 mm lateral to the OPN had no effect (< 10% change, n = 3, Fig
5c). In a separate group of rats (n = 5) lidocaine blockade of OPN also prevented light-
evoked increases in tear volume (Fig 5b, c; F1,5 = 8.91, P < 0.01). These data indicated that
blockade of the OPN, a key retinoreceipient target, markedly reduced light-evoked Vc/C1
neural activity and tear formation.

4. Discussion
These data provided for the first time strong evidence for a population of nociceptive
neurons in the superficial laminae at the spinomedullary (Vc/C1) junction region that
encoded the intensity of bright light. Remarkably, nearly 75% of Vc/C1 neurons identified
by mechanical stimulation of the ocular surface also displayed increased firing rates to
bright light suggesting this may be a common feature of trigeminal brainstem neurons that
integrate sensory input from the eye. The threshold light intensity for activation of Vc/C1
neurons (~5000 lux) in the anesthetized rat was similar to the discomfort threshold in
humans (~2900–6500 lux) [26,55] suggesting this preparation is a valid animal model to
explore neural mechanisms for light intolerance in humans. It is not certain why further
increases in luminance produced progressive increases in Vc/C1 activity; however, it is
possible that additional neural circuits were recruited at high light intensities. The key
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features of the model included an intraocular transduction mechanism in the eye driven by
increased parasympathetic outflow from the SSN resulting in excitation of TRG neurons.
Activation of Vc/C1 neurons also required a relay of luminance information through
accessory visual pathways since inhibition of the OPN completely blocked light-evoked Vc/
C1 neural activity and lacrimation (Fig 6). Indeed, a wide spectrum of environmental stimuli
reported to trigger migraine headache may involve increased parasympathetic nerve activity
[5]. Conversely, acute exposure to intense light may have a general sensitizing influence
since it may lower pain thresholds in headache patients [26] and evokes protective reflexes
unrelated to visual sensation in healthy subjects [20].

Several features of the light-evoked neural response were consistent with an indirect
intraocular mechanism linking luminosity with Vc/C1 activity. First, the onset of activity
displayed a long delay (> 10 s) that far exceeded the latency expected for a photic-induced
reflex such as eye blink [28] and could not be explained simply on the basis of calculated
axonal conduction times and synaptic delay. Second, intra-TRG or ivt microinjection of
lidocaine completely blocked light-evoked Vc/C1 neural activity confirming the importance
of trigeminal sensory nerves and reduced the likelihood that such activity could derive from
pathways that bypass the TRG. A recent imaging study revealed that bright light increased
TRG activity in a photophobic patient [35]. Third, ivt microinjection of norepinephrine or
phenylephrine prevented light-evoked Vc/C1 neural activation in a dose-related manner.
This finding underscored the importance of an intraocular mechanism light-induced Vc/C1
activity. The exact mechanism for the norepinephrine effect was not determined; however,
inhibition due to hypoxia seemed unlikely since corneal afferent nerves were markedly
excited rather than inhibited by hypoxia [31]. However, since reduced retinal oxygen tension
could have occurred after norepinephrine injection [29], it is possible that direct effects on
retinal transduction could have contributed to the inhibition after injection of these
vasoconstrictive agents. It was not likely that norepinephrine acted directly on TRG neurons
[49], since injection into the TRG had no effect. Fourth, ocular surface application of
atropine caused persistent pupillary dilatation but did not reduce light-evoked neural
activity. Early studies on the nature of photophobia proposed that intense light enhanced iris
or ciliary muscle contractions that sensitized trigeminal nerves and caused discomfort [27].
The present findings did not support this notion.

The present results indicated that increased parasympathetic outflow to the eye was required
to activate Vc/C1 neurons by bright light. The SSN is a major source of parasympathetic
preganglionic neurons to the eye, especially the choroid blood vessels [10,30]. Ocular blood
flow to the eye is greater than other tissues of the body and the choroid receives more than
80% of that flow [7]. In the rat, inhibition of the SSN prevented increases in choroidal blood
flow following noxious cutaneous stimulation [45], whereas direct activation of the SSN
increased blood flow to the anterior choroid more than 3-fold [46]. Although we did not
measure ocular blood flow, inhibition of SSN prevented light-evoked increases in tear
volume, confirming an increase in parasympathetic activity. Conversely, stimulation of SSN
by microinjection of DLH caused a progressive increase in the firing rate of light-responsive
Vc/C1 neurons that peaked after 5–8 min at nearly 4-fold the resting discharge rate. These
data indicated that the SSN was necessary for light-evoked neural activity and tear
formation.

The OPN receives a dense direct input from retinal ganglion cells compared to adjacent
pretectal regions [16,34] and is necessary for several photic-induced responses such as the
pupillary light reflex, eye blink and circadian rhythms [13]. The OPN has extensive efferent
projections to hypothalamic and brainstem regions associated with autonomic control
[19,25]. We found that bilateral inhibition of the OPN blocked completely light-evoked Vc/
C1 neural activity and tear formation. The magnitude of inhibition of light-evoked responses
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after OPN blockade was essentially 100%, whereas a small level of Vc/C1 neural activity
remained after SSN blockade suggesting that the integration of luminance information by
the OPN must be upstream of the parasympathetic outflow from the SSN.

This study identified a novel reflex circuit that may explain how intense light activates a
somatic sensory nerve pathway resulting in discomfort or pain (Fig 6). Sensory convergence
resulting in parasympathetic outflow is a key feature of some classes of headache [5].
Accordingly, SSN neurons were excited by stimulation of multiple branches of the
trigeminal nerve [37], other cranial nerves [36] and cerebral cortex [22]. Light-responsive
Vc/C1 neurons displayed a high degree of convergence as each was activated by low
threshold mechanical stimulation of the ocular surface and pinch of periorbital skin. Since a
high percentage of dura-responsive neurons in the Vc/C1 region are activated by periocular
cutaneous stimulation [6,43], it will be important to determine if these neurons also are
activated by bright light. A critical function for the trigeminal nerve is to maintain
homeostasis for craniofacial tissues through the induction of protective reflexes [3]. The
present data provide a mechanism whereby one such reflex, light-aversive behavior, is
elicited to guard against retinal damage.

Summary (24 words)
Bright light activates neurons at the superficial laminae of trigeminal subnucleus caudalis
through intraocular mechanisms driven by a luminance-responsive circuit and increased
parasympathetic outflow.
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Figure 1.
Trigeminal neurons in superficial laminae at the Vc/C1 region encode luminosity. Light
stimuli were presented for 30 s duration at 20 min intervals at low, moderate and high
intensity (0.5×104, 1×104, 2×104 lux, respectively). a. Light-evoked peristimulus time
histograms for neurons classified as cornea/conjunctiva (CC, upper panel) or conjunctiva
only (CJ, lower panel) units. b. Summary of the response magnitude (Rmag) for CC and CJ
units. c. Summary of the response duration to light. Note the greater Rmag and response
duration to light for CC compared to CJ units. d. Response latency decreases similarly with
increasing light intensity for CC and CJ units. *P < 0.05, **P < 0.01 versus response to low
intensity light; b = P < 0.01 versus CJ units.
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Figure 2.
Light-evoked Vc/C1 activity requires input through the trigeminal ganglion. Intra-TRG
(open circles) or intravitreal (ivt, solid squares) injection of lidocaine (2%, 1 μl) blocks
completely the responses to high intensity light, whereas application to the ocular surface
(open triangles) has no effect. **P < 0.01 versus pre-lidocaine value. b = P < 0.01 versus
other groups.
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Figure 3.
An intraocular adrenergic mechanism contributes to light-evoked Vc/C1 activity.
a. Peristimulus time histograms before (upper panel) and after (lower panel) ivt injection of
norepinephrine (NE, 10 mM, 1 μl) on the responses to light of a CC neuron. b. Ivt injection
of adrenergic agents inhibits light-evoked responses. High dose norepinephrine (upper
panel, 10mM, 1 μl) or phenylephrine (lower panel, 10 mM, 1 μl) markedly inhibits the
responses to moderate and high intensity light. *P < 0.05, **P < 0.01 versus response to low
intensity light; b = P < 0.01 versus pre-drug value.
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Figure 4.
The superior salivatory nucleus (SSN) is critical for light-evoked responses by Vc/C1
neurons. a. Ipsilateral SSN injection of lidocaine (2%, 100 nl) blocks the Rmag to high
intensity light stimulation. **P < 0.01 versus 0 min; b = P < 0.01 versus artificial CSF
(aCSF) injected group. b. Lidocaine (solid circles) and vehicle (open circles) injection sites
in SSN. Off-target injections of lidocaine are represented by open triangles. c. Light-evoked
increase in tear volume is prevented by lidocaine blockade of the ipsilateral SSN. **P < 0.01
versus spontaneous tear value; b = P < 0.01 versus contralateral side; ††P < 0.01 versus light
evoked tears at 0 min. d. Lidocaine injection sites in SSN ipsilateral to light stimulus and
tear sample. e. Ipsilateral SSN injection of DL-homocysteine (DLH, 50 mM, 100 nl)
increases the activity of light-responsive Vc/C1 neurons. **P < 0.01 versus 0 min; a = P <
0.05, b = P < 0.01 versus vehicle (aCSF) injected group. f. DLH injection sites in SSN.
Abbreviations: SPVO, spinal trigeminal nucleus oralis; SSN, superior salivatory nucleus;
VII, facial nucleus.
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Figure 5.
Inhibition of the olivary pretectal nucleus (OPN) prevents light-evoked Vc/C1 neural
activity. a. Bilateral injection of lidocaine (2%, 100 nl) into the OPN blocks completely the
Rmag to high intensity light stimulation. *P < 0.05, **P < 0.01 versus 0 min; a = P < 0.05, b
= P < 0.01 versus vehicle (aCSF) group. b. Light-induced tear formation is prevented by
OPN blockade. **P < 0.01 versus spontaneous tear value; a = P < 0.05, b = P < 0.01 versus
contralateral side; † P< 0.05, ††P < 0.01 versus evoked tears at 0 min. c. Injection sites in
OPN: solid circles = units, lidocaine injection; open circles = units, vehicle injection; solid
triangles = tear volume, lidocaine injection. Off-target injections of lidocaine are represented
by open triangles. d. An example of a OPN lidocaine injection site (asterisk). Abbreviations:
APN, anterior pretectal nucleus; NOT, nucleus optic tract; OPN, olivary pretectal nucleus;
PPN, posterior pretectal nucleus.
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Figure 6.
The proposed model for light-induced activation of trigeminal neurons involves transduction
of luminance in the eye and a relay of this information to the OPN. OPN activation results in
increased parasympathetic outflow to the eye through the SSN. TRG neurons could be
activated by transmitters released from parasympathetic postganglionic neurons or, for those
fibers apposed to blood vessels, by mechanical deformation of ocular blood vessels due to
changes in blood flow. Abbreviations. OPN, Olivary pretectal nucleus; SSN, Superior
salivatory nucleus; PPG, Pterygopalatine ganglion; TRG, Trigeminal root ganglion.
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