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Light-Induced Trigeminal Sensitization without Central
Visual Pathways: Another Mechanism for Photophobia

Sarah Dolgonos," Haripriya Ayyala,”® and Craig Evinger®>>

Purroste. The authors investigated whether trigeminal sensiti-
zation occurs in response to bright light with the retina dis-
connected from the rest of the central nervous system by optic
nerve section.

MerHoDs. In urethane-anesthetized rats, trigeminal reflex
blinks were evoked with air puff stimuli directed at the cornea
in darkness and at three different light intensities. After nor-
mative data were collected, the optic nerve was lesioned and
the rats were retested. In an alert rat, reflex blinks were evoked
by stimulation of the supraorbital branch of the trigeminal
nerve in the dark and in the light.

Resurts. A 9.1 X 10° pW/cm? and a 15.1 X 10° pW/cm? light
significantly enhanced the magnitude of reflex blinks relative
to blinks evoked by the same trigeminal stimulus when the rats
were in the dark. In addition, rats exhibited a significant in-
crease in spontaneous blinking in the light relative to the blink
rate in darkness. After lesioning of the optic nerve, the 15.1 X
10° uW/cm? light still significantly increased the magnitude of
trigeminal reflex blinks.

Concrusions. Bright lights increase trigeminal reflex blink am-
plitude and the rate of spontaneous blinking in rodents. Light
can modify trigeminal activity without involving the central visual
system. (Invest Opbthalmol Vis Sci. 2011;52:7852-7858) DOL
10.1167/i0vs.11-7604

L ight can initiate a continuum of negative sensations in the
orbit. People can experience disability glare in which light
scattering reduces visual contrast and produces a sensation of
asthenopia (eyestrain).' ™ An example of this is the effect of
facing oncoming headlights when driving at night. Humans
typically compensate for glare by squinting and increasing the
rate of spontaneous blinking.>* Bright lights can also produce
ocular discomfort that varies from mild to intolerable pain.’
Persons with diseases involving the anterior portion of the eye
(e.g., uveitis or conjunctivitis) that sensitize trigeminal nocice-
ptors report increased sensitivity to light stimuli.®™® Central
trigeminal sensitization such as occurs with migraine and
blepharospasm also reduce tolerance to bright light.'®~'” Con-
versely, bright light can exacerbate the effect of trigeminal
stimuli.'® Although these data reveal a clear link between light
and the trigeminal system in ocular discomfort, the pathophys-
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iology of ocular discomfort is uncertain and probably involves
several processes.

One group of explanations of the neural bases of photopho-
bia focuses on central visual structures. Noseda et al.'® show
that afferents from melanopsin-containing retinal ganglion cells
innervating the posterior thalamus could be responsible for
the ability of light to exacerbate migraine discomfort. Other
investigators'>?° propose that photophobia also results
from modifications in the visual cortex. Another group of
investigator®'*? identify a role for the sympathetic system in
photophobia. Okamoto et al.?>? provide evidence that the
activation of spinal trigeminal nociceptive neurons by visual
stimuli results from trigeminal nociceptors responding to cho-
roidal blood vessel dilation. Their study indicated that pretectal
olivary neurons that are known to receive input from melanop-
sin-containing retinal ganglion cells regulate the sympathetic
nervous system’s control of choroidal blood flow.?* Although
these explanations can explain the majority of photophobia
characteristics, they have difficulty accounting for photopho-
bia experienced by persons without light perception.

Two studies describe patients without light perception who
experience pronounced photophobia.?*** One possible expla-
nation is that these patients maintained visual input to mid-
brain regions but were unconscious of this visual sensitivity.'®
Some of the patients, however, did not exhibit a pupillary light
reflex*® that would be expected to be present if the midbrain
inputs were intact. Another possibility, however, is that in-
traretinal processes independent of central visual centers can
produce an enhanced trigeminal response to light. To deter-
mine whether an intraretinal mechanism acts in concert with
other processes to produce photophobia, we characterized the
effects of bright light on reflex and spontaneous blinking be-
fore and after lesioning the optic nerve in rats.

METHODS

The effects of light on spontaneous and reflex blinks were measured in
six male Sprague-Dawley rats. All experiments were carried out in
adherence to the ARVO Statement for the Use of Animals in Ophthal-
mic and Visual research and received institutional review board ap-
proval. For acute experiments, five rats were anesthetized with 1.5
g/kg urethane and were placed in a stereotactic device. Orbicularis
oculi electromyelography (OOemg) recordings were performed with a
pair of fluoropolymer (Teflon; DuPont, Wilmington, DE)- coated stain-
less steel wires (0.003 inch diameter bare, 0.0055 inch coated; A-M
Systems, Everett, WA) implanted into the orbicularis oculi muscle near
the lateral canthus.?® Under general anesthesia (ketamine 90 mg/kg,
xylazine 10 mg/kg), one rat was prepared for chronic recording of the
OOemg and stimulation of the supraorbital branch of the trigeminal
nerve.?° This rat received analgesics (ketorolac, 7 mg/kg) for 24 hours
after surgery. The rat was alert and eating within the first day after
surgery, but at least 1 week passed before the experiments began. Data
were collected during the rat’s subjective night.
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Procedures

Blinking was measured under dark and light conditions. To evoke
trigeminal reflex blinks in urethane anesthetized rats, a 50- to 150-ms
air puff (20 psi at the source) was delivered through a pipette placed
3 to 4 cm in front of the cornea. The air puff stimulus directed at the
cornea elicited a single burst of OOemg activity (Fig. 1A).>” To evoke
trigeminal reflex blinks in the alert rat, we delivered a 100-us electrical
stimulus to the supraorbital nerve at twice the threshold current
required to evoke a reliable blink. Electrical stimulation of the supraor-
bital nerve evoked two bursts of OOemg activity, R1 and R2 (see Fig.
6A).%° The difference in the pattern of OOemg activity evoked by
corneal and supraorbital nerve stimulation reflected the activation of
different trigeminal blink circuits.*®*>° For both anesthetized and alert
rats, reflex-evoking stimuli were presented every 40 seconds during
data collection.

To present light to the anesthetized rats, a light pipe was placed 5
cm directly in front of the eye. Three light stimuli were used (1.28 X
10> uW/cm?, 9.1 X 10° pW/cm? and 15.1 X 10° uW/cm?). To
minimize corneal heating, an infrared cutoff filter (Edmund Optics,
Barrington, NJ) was attached at the base of the light pipe to block
infrared waves. To determine whether the light heated the cornea
significantly, we placed a thermometer at the same place as the cornea
in front of the IR-Afiltered light pipe. A 4-minute presentation of the
maximal light stimulus produced less than a 0.5°C increase in temper-
ature. With the light on, the temperature at the cornea was always
below 35°C. This temperature was not reported to activate corneal
heat receptive nociceptors.>’ In humans, it is necessary to increase
corneal temperature 1.2°C £ 0.2°C to produce a sensation of heat-
ing.52

For the anesthetized rats, a cycle of data was collected continuously
over a 30-minute period. After 2 minutes in darkness in which baseline
data were collected, the light was turned on for 4 minutes, followed by
6 minutes of darkness. This light-dark pattern was repeated three
times. Only one light intensity was presented during each data cycle
collection. Each rat went through three cycles of data collection to

A

1.28 X 10% pW/cm?
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determine the effects of the three different light intensities. The order
of light intensity presentation was 9.1 X 10° uW/cm? 1.28 X 10°
wW/cm?, and 15.1 X 10° pW/cm?. After three cycles of data collec-
tion, we lesioned the optic nerve in each rat. The skull was removed
around bregma, and all brain tissue overlying the optic chiasm was
aspirated to expose the optic nerves. After visualizing the nerves with
an operating microscope, we severed the nerves taking care not to
disrupt the blood supply to the eyeball. The brain defect was packed
with cotton. The pupil was checked to see that it was dilated and
unreactive to light. Approximately 1 hour after the lesion, we repeated
the three cycles of light stimulation. At the conclusion of the experi-
ment, we killed each rat and confirmed complete sectioning of the
optic nerve. Four of the five rats had complete optic nerve sections.

For the alert rat, the light-dark pattern was 6 minutes of darkness
followed by 3 minutes of light. This 9-minute pattern was repeated
three times. Each day, the rat received two of these 27-minute light-
dark cycles. For the alert rat, light was delivered through two light
pipes placed at either end of the rat’s home cage. During the experi-
ment, the rat moved freely about its cage. Infrared filters were not used
on these light pipes because they were not close to the rat’s cornea.
Although the light intensity for the alert rat was 15.1 X 10° uW/cm? 1
cm from the light pipe, the rat did not experience the full light
intensity because it moved freely about its cage. At the center of the
cage, light intensity was 75% of the intensity at either end of the cage.
Data were collected for 2 weeks.

All OOemg data were sampled at 2 kHz per channel (Data Trans-
lation, Marlboro, MA; 12-bit analog-to-digital resolution) and were
stored for later analysis using laboratory-developed software. We cal-
culated the following: OOemg amplitude, integration of the OOemg
activity for the entire blink; OOemg duration, blink duration in ms; and
OOemg amplitude/ms, OOemg amplitude divided by OOemg duration.
OOemg amplitude/ms revealed increases in OOemg magnitude inde-
pendent of blink duration. Results are presented as mean *= SEM.
Statistical analyses were performed with a commercial software pack-
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age (SPSS; IBM, Somers, NY). Post hoc testing of ANOVA was per-
formed with the Tukey HSD.

RESULTS

Effect of Light in Normal Rats

In urethane-anesthetized rats, the same air puff stimulus
evoked a larger blink in the light than in the dark (Fig. 1A).
OOemg activity increased in a light intensity- dependent man-
ner. ANOVA (F 34, = 21.9; P < 0.001) demonstrated that
OOemg amplitude increased significantly at the 9.1 X 10°
uW/cm? (P < 0.05) and 15.1 X 10° wW/cm? (P < 0.001) light
intensities relative to OOemg amplitude in the dark before the
first light presentation (Fig. 2A). OOemg duration, however,
increased significantly only at the highest light intensity
F3 341 6.2; P < 0.005; Fig. 2E). ANOVA (Fg 141,
15.75, P < 0.001) demonstrated a significant increase in OO-
emg amplitude per millisecond at all light intensities relative to
OOemg amplitude per millisecond in the dark before the first
light presentation (Fig. 2C). Thus, bright lights exaggerated the
response to trigeminal stimuli in anesthetized rats, as occurs in
humans experiencing photophobia.®?

Blink amplitude facilitation was not uniform across all three
of the 15.1 X 10®> wW/cm? light presentations in a cycle of data
collection (Fig. 3A). Although there was a trend for the first
light presentation to produce the largest reflex blink potenti-
ation when averaged across all rats, this effect was not signif-
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icant (Figg, = 0.67; P > 0.05). In individual rats, however, 2 of
the 4 rats with a complete lesion exhibited a significantly larger
blink potentiation with the first light presentation than with
the second or third presentation (F,5, = 15.04, P < 0.001;
Fs, = 7.9, P < 0.01). Because the air puff stimulus occurred
at fixed intervals, it was not possible to determine how long
the light had to be on for blink potentiation to develop. Nev-
ertheless, potentiation had to develop in <37 seconds when
the first air puff stimulus was delivered after light onset
(Fig. 3B).

The presence of the brightest light, 15.1 X 10° wW/cm?,
significantly decreased the latency of air puff-evoked blinks
relative to blinks evoked in the dark (Figs. 1A, 4). Among
individual animals, the average blink latency in the dark ranged
from 55.1 ms to 85.3 ms. To enable comparisons between
animals, blink latency was normalized to the average blink
latency in the first period of darkness for each animal. In all
animals, the brightest light significantly decreased blink latency
by 10% relative to blinks evoked in the dark (Fig. 4A; t,-5, =
—3.71; P < 0.001). The amount of latency shortening, how-
ever, depended on blink amplitude (Fig. 4B). Plotting the blink
latency relative to the average blink latency during the first
period of darkness for each animal as a function of the blink
amplitude relative to average blink amplitude during the first
period of darkness demonstrated that blink latency decreased
with increasing blink amplitude. Consistent with the enhance-
ment of blink amplitude by the light, most of the light-evoked
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FIGURE 2. Effect of light on reflex
blinks before (A, C, E) and after (B,
D, F) optic nerve section. (A) OO-
emg amplitude relative to the aver-
age OOemg amplitude of the first
five dark trials at the three different
*kk light intensities. (C) OOemg ampli-
tude divided by OOemg duration rel-
ative to the average OOemg ampli-
tude per millisecond of the first five
dark trials at the three different light
intensities. (E) OOemg duration rela-
tive to the average OOemg duration
of the first five dark trials at the three
different light intensities. (B) OOemg
amplitude relative to the average OO-
emg amplitude of the first five dark
trials at the three different light inten-
sities. (D) OOemg amplitude divided
by OOemg duration relative to the
*kk average OOemg amplitude per milli-
second of the first five dark trials at
the three different light intensities.
(F) OOemg duration relative to the
average blink duration of the first
five dark trials at three different
light intensities. (filled bars) Data
collected in the dark. (open bars)
Data collected in the light. *P <
0.05; **P < 0.005; **P < 0.001.
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FIGURE 3. (A) Relative OOemg amplitude for the four rats with com-
plete optic nerve sections before (M) and after ((]) optic nerve section
as a function of time. Each point is the average relative OOemg
amplitude for all the reflex blinks evoked during that light or dark time
interval. (B) The relative blink amplitude of blinks made during the first
light presentation averaged across all four rats. Dasbed lines: onset and
offset of 15.1 X 10° uW/cm? light.

blinks had relative latency values <1, indicating shortened
blink latencies (Fig. 4B), whereas most blinks elicited in the
dark had values >1 (Fig. 4B). Thus, the reduced latency asso-
ciated with the brightest light appeared to result from light’s
potentiation of blink amplitude.

In the light, but rarely in the dark, 4 of the 5 anesthetized
rats exhibited spontaneous blinks (Figs. 1B, 5A). The shortest
latency from light onset for these blinks, 7.2 seconds, was at
least 70-fold longer than the shortest latency of blinks evoked
by the onset of bright light (40 -100 ms).>*~37 In addition, the
blinks occurred periodically rather than being linked to light
onset. These data indicate that these were spontaneous blinks
rather than light-evoked reflex blinks. As with the potentiation
of blink amplitude by the 15.1 X 10®> uW/cm? light, there was
a trend for spontaneous blinks to be more frequent in the first
light presentation (F,, = 3.84; P = 0.06). Thus, light potenti-
ated trigeminal reflex blinks (Figs. 1-3) and initiated spontane-
ous blinks (Figs. 1B, 5A) in anesthetized rats.

Intense light produced similar changes in the blinking of the
alert rat, as occurred with anesthetized rats (Fig. 6). In the
presence of the 15.1 X 10°> uwW/cm? light, there was an
insignificant increase in the R1 component of the SO-evoked
blink reflex (ts4 = —0.83, P > 0.05; Figs. 6A, 6B) but a
significant increase in the amplitude of the R2 component
(tis4y = —4.45, P < 0.001; Figs. 6A, GB) relative to the blinks
evoked in the dark before the first light presentation. The light
also increased the rate of spontaneous blinking (Fig. 6C). In the
dark, the average blink rate was 2.2 = 0.23, whereas in the
light, the average blink rate significantly increased to 6.6 =
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0.46 (to5, = —8.04; P < 0.001). Thus, as with humans expe-
riencing photophobia, a bright light enhanced trigeminal reflex
blink amplitude and increased the rate of spontaneous blinking
in urethane-anesthetized and alert rats. Given that the trigem-
inal reflex circuits involved in producing corneal and supraor-
bital reflex blinks are different,*®*~3° light produced a general
rather than a localized increase in trigeminal excitability.

Effect of Light in Rats with Optic Nerve Lesions

The 15.1 X 10®> wW/cm? light intensity, but not the interme-
diate intensity, continued to modify trigeminal reflex blinks
after the optic nerve was cut (Figs. 2, 3). Five rats were tested
before and after lesioning. Complete sectioning of the optic
nerve was verified in 4 of the 5 rats. These four rats were the
source of the data reported after lesioning for before and after
comparisons. The surgery to lesion the optic nerve reduced
blink amplitude an average of 37% relative to blink amplitude
before surgery. After the optic nerve lesion, however, the
brightest light still significantly increased OOemg amplitude
(P < 0.001; Figs. 2B, 3A), OOemg amplitude/ms (P < 0.001;
Fig. 2D), and OOemg duration (P < 0.001; Fig. 2F). The
relative increase in OOemg amplitude and duration produced
by this light intensity was not significantly different before and
after optic nerve lesioning (OOemg amplitude, 7,4, = 1.24,
P > 0.05; OOemg duration, t;s,, = —1.6, P > 0.05). The
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FIGURE 4. (A) Latency of air puff-evoked blinks relative to blink
latency during the first period of darkness in 15.1 X 10° uW/cm? light
(open bars) and in the dark (solid bars) before (Pre) and after (Post)
optic nerve lesion. (B) Latency of air puff-evoked blinks relative to
blink latency during the first period of darkness in 15.1 X 10® wW/cm?
light (O, A) and in the dark (@, A) as a function of blink potentiation
before (Pre) and after (Post) optic nerve lesion. *P < 0.05; **P <
0.001.



7856 Dolgonos et al.

Before

15, A

104

After Optic Nerve Section

Blink Rate (blinks/min)
o

1.5

0.5+

500 1000 1500
Time (s)

FIGURE 5. (A) Spontaneous blink rate during 240 seconds of 15.1 X
10° wW/cm? light presentation (Light) and periods of darkness aver-
aged across four anesthetized rats before optic nerve lesion. (B) Spon-
taneous blink rate during 240-second 15.1 X 10°> uW/cm? light pre-
sentations (Light) and periods of darkness averaged across the two rats
exhibiting spontaneous blinks after the optic nerve lesion.

relative increase in OOemg amplitude per millisecond pro-
duced by the light, however, was significantly lower after the
optic nerve lesion than before it (¢4, = 2.85; P < 0.005).
Averaging relative OOemg amplitude for each blink across all
15.1 X 10®> wW/cm? light presentations showed a trend toward
a slower development of blink potentiation after the lesion, but
the differences did not reach statistical significance because of
the small number of animals (Fig. 3B).

Two of the four rats that exhibited spontaneous blinks in
the light continued to generate spontaneous blinks after the
optic nerve lesion. The rate of spontaneous blinking in these
two rats, however, was only approximately 10% of their rate of
blinking before lesioning (Fig. 5B).

DISCUSSION

In the presence of bright light, anesthetized and alert rats
exhibit blink modifications like those of people experiencing
ocular discomfort and photophobia. Bright light significantly
increases the sensitivity of people to trigeminal stimuli, %1513
and rats respond more strongly to trigeminal stimuli presented
in bright light than in darkness (Figs. 1-4, 6). Bright light
significantly increases squinting and the spontaneous blink rate
in people,??>?%3 and rats generate more spontaneous blinks
in the presence of bright lights than in darkness (Figs. 1, 5, 6).
Although these parallel behaviors indicate neural mechanisms
for photophobia shared by humans and rodents, an alternative
explanation for the effect of light is acute stress or fear created
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by the aversion of rats to bright light. Although stress or fear
can increase the spontaneous blink rate of alert humans, *©
these emotions cannot explain the increased blink rate of
anesthetized rats in bright light. Fear can increase the ampli-
tude of trigeminal reflex blinks in alert animals,” whereas
stress can have no effect*? or can depress reflex blink magni-
tude.®® Fear, however, does not account for the increased
reflex blink amplitude in anesthetized rats (Figs. 1-3, 6). More-

over, the decreased blink amplitude produced by stress***> is
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FIGURE 6. Effects of light on alert rat. (A) Blink evoked by stimulation
of the supraorbital nerve (SO) in the dark and in a 15.1 X 10° pW/cm?
light. R1 and R2 identify the two components of the trigeminal-evoked
blink. (B) Relative OOemg amplitudes of the R1 and R2 components
over all days and trials in the dark (solid bars) and light (open bars).
(O) Average spontaneous blink rate in the light and dark trials across all
days. **P < 0.001.
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in contrast to the increased reflex blink amplitude produced by
light. The simplest explanation for the effects of bright light on
reflex and spontaneous blinking shared by humans and rodents
is that bright light activates similar neural circuits in the two
species.

There is abundant evidence that photophobia involves in-
teractions between the trigeminal system and portions of the
central visual system that receive inputs from melanopsin-
containing retinal ganglion cells such as the pretectal olivary
nucleus.'”?? One circuit involved in photophobia is a projec-
tion of melanopsin-containing retinal ganglion cells to tha-
lamic nuclei that receive nociceptive inputs from the spinal
trigeminal system.'® This mechanism can account for the
ability of light to exacerbate the pain experienced by mi-
graineurs.'”'®444> Through a mechanism involving the pre-
tectal olivary nucleus, bright light increases choroidal blood
flow.*>*” Another circuit supporting photophobia is the acti-
vation of spinal trigeminal nociceptive neurons by choroidal
vessel dilation. Thus, a bright light indirectly activates spinal
trigeminal nociceptors.>>*® This mechanism can explain why
trigeminal nociceptor sensitization increases the painful quality
of bright light.'*!#49:59 1 addition to these processes involv-
ing central nervous system visual centers, our data reveal an
intraretinal process modulating the trigeminal system to pro-
duce the ocular discomfort associated with bright light.

Although we have not identified this intraretinal mecha-
nism, associational ganglion cells are a candidate for affecting
trigeminal activity independent of central visual pathways. The
axons of associational ganglion cells do not enter the optic
nerve. Instead they extend into the retinal periphery near the
pars plana of the ciliary body.>" This region is richly innervated
with trigeminal nociceptors.’>~>7 Associational ganglion cells
may directly activate trigeminal nociceptors to sensitize spinal
trigeminal nucleus neurons. An indirect activation of trigeminal
nociceptors could occur if associational ganglion cell activity
modulates uveal blood flow, which in turn activates trigeminal
nociceptors associated with these blood vessels.>>>>¢ In pri-
mates and cats, associational ganglion cells terminate on peri-
cytes surrounding retinal blood vessels.’' Regardless of the
mechanism, the data demonstrate that trigeminal blink en-
hancement by light can occur after optic nerve lesion and is an
additional pathway through which light and the trigeminal
system interact to create photophobia. Thus, blind persons
may experience photophobia independently of central visual
pathways.
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