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Purrose. Mutations in the RGS9 gene cause the visual disorder bradyopsia, which includes
difficulty adapting to changes in light and photophobia. The purpose of this study was to
determine whether lack of Rgs9 also caused photophobia-like behavior in Rgs9 knockout
(Rgs9~/7) mice and to identify useful diagnostic measures of Rgs9 dysfunction.

MerHoDS. We measured two behavioral responses to light and the pupillary light reflex to
determine the form and basis of photophobia in Rgs9~~ mice.

Resuwrs. Rgs9~/~ mice spent less time than wild-type mice in both dim and bright light. The
mice also showed increased sensitivity to light in negative masking behavior, with a half
maximal response at 0.08 lux (0.01 pW - cm~2) in Rgs9~~ mice compared to 5.0 lux (0.85
pW - cm~?) in wild-type mice. These behaviors were not due to increased anxiety or
increased pupil size causing more light to enter the eye. Rather, constriction of the pupil
showed that Rgs9~~ mice had an abnormally sustained response to light across multiple
irradiance measurement pathways.

Concrusions. Rgs9~/~ mice recapitulate a photophobia phenotype of bradyopsia, and the
pupil light reflex identifies a simple means to screen for irradiance measurement
abnormalities in bradyopsia and potentially other genetic disorders involving photophobia.

Keywords: bradyopsia, ipRGC, irradiance measurement, light aversion, pupil light reflex,
RGS9

hotophobia is an abnormal sensitivity to light that can be

caused by multiple pathologies, including eye disease and
migraine.!~3 Ocular photophobia is typical in patients with loss of
cone photoreceptor function (achromatopsia) or prolonged rod/
cone photoreceptor function (bradyopsia). In both ocular and
migraine-associated photophobia, increased sensitivity to light
could presumably arise from abnormal responses at the level of
the retina or downstream pathways in the brain.> Presently, the
mechanisms of photophobia are still largely unexplored.

Recognizing that there are many types of photophobia, we
focused on a single gene model of ocular photophobia. Patients
with the inherited retinal disease bradyopsia present with mild
ocular photophobia, delayed adaptation to changes in light, and
reduced ability to detect moving objects.#® Bradyopsia is
caused by loss of function mutations in the regulator of G
protein signaling 9 (RGS9) or the RGS9 anchor protein (R9AP)
genes.7 RGS proteins normally facilitate inactivation of G

illuminated area of a light-dark box.!3-1> The second test was a
negative masking assay in which voluntary nocturnal wheel
running is suppressed by light if escape from light is not
possible.'® Negative masking is known to be dependent on a
combined input from rod/cone photoreceptors transmitted via
intrinsically photosensitive retinal ganglion cells (ipRGC).17-18
To date, neither light aversion nor negative masking has been
assessed in a retinal disease model with a delayed inactivation of
rod/cone responses to light. Because a caveat of the Rgs9 "~
mouse model is that the Rgs9 gene is also expressed in the
brain,'® we included control tests for anxiety. Finally, we
hypothesized that the abnormally prolonged rod and cone
activation in bradyopsia would increase irradiance measurement
responses to light. To test this hypothesis, we compared
pupillary light reflex and behavioral responses to light in
Rgs9~~ mice to those of wild-type mice.

proteins to quickly terminate signal transduction.8-!'! This

means that the rod/cone response to light is prolonged when

MATERIALS AND METHODS

RGS9 function is lost.!? It seems likely that photophobia in

bradyopsia is caused by this prolonged activation of rods and

Animals

cones, but an effect of prolonged rod/cone activation on

irradiance measurement circuits underlying photophobia has

not been demonstrated.

The primary objective of our study was to determine
whether Rgs9~~ mice exhibit light-sensitive behavior. The first
test was a light aversion assay in which mice seek to escape the

Animal care and procedures were approved by the University of
Iowa Animal Care and Use Committee and performed in
accordance with National Institutes of Health standards and the
Association for Research in Vision and Ophthalmology State-
ment for the Use of Animals in Ophthalmic and Vision
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Research. C57BL/6J;Rgs9™ !¢ (Rgs9~7) mice were provided
by Ching-Kang Chen, PhD (Virginia Commonwealth Universi-
ty),'? and were further back-crossed (3-5 generations) to a
C57BL/6] background at the University of lowa. C57BL/6J wild-
type mice (Jackson Laboratory, Bar Harbor, ME, USA) were
used for breeding and as controls. As an additional control,
heterozygous Rgs9™~ mice were also tested. Because there
were no behavioral differences between wild-type and Rgs9"™~
mice, the Rgs9 "~ mice were carried as a homozygous line, and
age- and sex-matched C57BL/6) wild-type mice were used to
minimize mouse breeding and genotyping. Genotyping was
carried out by PCR; wild-type allele primers spanned part of
the deletion in Rgs9”~ (5'-TTGTGCATAAGGCTGCACAGGTCT-
'3 and 5-AAGCAAGGATTTGTGGGTTCAGCC-'3); primers to
the Rgs9 knockout were designed to confirm the presence of
the Neo cassette used in generating the knockout (5’
TTGCTCCTGCCGAGAAAGTATCCA-'3 and 5'-CCATGATATTCG
GCAAGCAGGCAT-'3).

Light Aversion Assay

C57BL/6] wild-type, Rgs9™~, and Rgs9~”~ mice were tested
with a light aversion assay. Male and female mice were tested at
between 10 and 36 weeks of age. Numbers of animals in each
experiment ranged between 11 and 12 per genotype (n is
indicated in figure legends).

The light aversion assay was performed using light-dark
boxes, as previously described,?’ except without drug
treatments. Briefly, mice were tested in poly(methyl methac-
rylate) (Plexiglas) chambers equipped with infrared rays.
Chambers were divided into equally sized zones by a dark
Plexiglas insert (Med Associates, St. Albans, VT, USA), creating
a light and a dark zone. Light was provided by light-emitting
diode (LED) panels located above each chamber, containing 36
collimated 5500 K daylight white 1-W LEDs (LED Wholesalers,
Hayward, CA, USA), with all intensities reported as photopic
lux. These LEDs have peak outputs at 450, 525, and 570 nm,
which would effectively activate rod and medium wavelength
cone photoreceptors, as well as melanopsin in the intrinsically
photosensitive retinal ganglion cells. Light intensity was
controlled by a dimmable LED driver (LINEARdrive; eldoLED
America, Conyers, GA, USA).

Light intensity was measured with a traceable dual-display
light meter (Control Company, Friendswood, TX, USA) placed
on the floor of the testing chamber. Four different intensities
were used for testing the animals, 27,000, 1000, 55, and 0.05
lux. It should be noted that the 0.05-lux condition was
originally designed as a dark control because the light meter
indicated 0 lux. However, using a more sensitive instrument
(Spectra Pritchard model 1980APL photometer; Photo Re-
search, Inc., Chatsworth, CA, USA), we measured illumination
in the middle of each of the 6 testing chambers that ranged
between 0.01 and 0.05 lux (0.001-0.007 pW - cm™2). Thus, this
condition was subsequently referred to simply as <0.05 lux.
Due to the size of the equipment, the amount of light in the
dark chamber could not be measured.

Prior to the experiment, mice were acclimated to the
testing room for at least one hour with room light on. Mice
tested in dark (0.05 lux) were acclimated to the testing room
with all lights off. Mice were then placed in the light zone of
the light-dark box and tested for 20 minutes. Two different
testing protocols were used. In the first protocol, naive mice
with no previous exposure to the light-dark box were tested
under highest light condition (27,000 lux, 4000 pW - cm™2).
The second protocol was used to allow testing mice with
previous exposure to the testing chamber. In that protocol, a
new group of naive mice with no previous exposure to the
light-dark box was tested with lights off (0.05 lux, 0.007 pW -
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cm2), then tested again up to 3 additional times under
different light conditions (55, 1000, 27,000 lux, corresponding
to 8.1, 148, and 4000 uW - cm 2, respectively), with at least 3
days recovery in their home cages.

Time spent in each chamber was analyzed using Prism
software (GraphPad Software, San Diego, CA, USA) and
reported as mean * standard error of the mean (SEM).
Comparison was by two-way repeated measures ANOVA, with
Bonferroni multiple comparison test for post hoc analysis.

Motility Measurements

Motility in the light-dark box was measured at the same time as
light aversion. Transitions are presented as the total number of
times the animal transitioned between the two zones. Resting
time was calculated as the percentage of time spent not breaking
any new beams. Ambulatory distance (centimeters) is presented
as total distance traveled during ambulatory movement. Both
parameters were normalized to the time spent in each zone. Data
were analyzed using Prism software (GraphPad Software) and
reported as mean * standard error of the mean (SEM). Two-way
repeated measures ANOVA was used for comparisons, with
Bonferroni multiple comparison test for post hoc analysis.

Negative Masking

Mice are nocturnal animals that avoid bright light. When they
cannot escape a brightly lit area, activity is suppressed in a
response termed negative masking. In the laboratory, negative
masking can be measured as reduction in voluntary wheel
running activity in response to light applied during the active
phase of the day. The response amplitude is irradiance-
dependent. To determine the photosensitivity of negative
masking, a dose-response function for the effect of light on
wheel running was completed as previously described.?!

Male Rgs9 7~ and wild-type mice between 16 and 30 weeks
of age were tested. Number of animals per genotype ranged
between 12 and 15 (indicated in figure legends). Mice were
maintained in a 12-hour light, 12-hour dark cycle with
fluorescent white light (4100 K, at ~19 pW cm™2 s~). Eight
light levels between 0.00002 and 105 lux (3.0 X 10~° and 15.4
UW - cm~2 fluorescent white light, 4100 K) were applied in a
sequence that distributed bright and dim pulses over the
course of testing. Light timing was controlled using a
programmable digital timer (Westek, Watsonville, CA, USA),
and irradiance was controlled using neutral density gel filters
(Rosco, Stamford, CT, USA). Animals were singly housed in
customized wheel cages (Thoren Caging Inc., Hazelton, PA,
USA). Cages were mounted in customized environment control
cabinets (University of Iowa Medical Instruments, Iowa City,
IA, USA), and wheel running was continuously recorded using
ClockLab (Actimetrics, Inc., Evanston, IL, USA).

Changes in activity over the 1-hour light treatment were
calculated as percentage of baseline activity at the correspond-
ing time on the preceding day for each animal. Variable slope
sigmoidal dose-response curves were fitted to data in Prism
with a fixed constant for the minimum set at 0% and no
weighting. The 4-parameter logistic equation was Y =Bottom +
[(Top — Bottom)/1 + 10(ogEC50 — x) — hill-slope]. The
irradiance producing a half maximal response (half maximal
effective concentration [EC50]) and hill-slope were calculated
in Prism from fitted curves. Features of fitted curves were then
compared by using an F-test of a two-fit comparison in Prism.
Curves were fitted for two genotypes independently and then
to the combined data set for both genotypes; the effect of
combining data sets on the quality of fit was then used to
calculate whether there was a difference between genotypes
for the EC50 response.
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Open Field Test

Open field assay was used to measure anxiety and to determine
its contribution to the light aversion assay. The assay was
conducted as previously described,?® using both naive mice
and mice previously tested in the light-dark assay, as indicated.
Testing was performed in the same chambers as light aversion
assay but without the dark insert. Mice were acclimated to the
testing room for at least 1 hour with room light on. Mice were
placed in the center of the open field and tested for 20 minutes
at 55 and 27,000 lux (8.1 and 4000 uW - cm™2). The periphery
was defined as a 4.22-cm border along the inside wall with a
center area of 18.56 cm X 18.56 cm. Number of animals per
group ranged between 11 and 12 (indicated in figure legends).
Time spent in the center area was analyzed using Kruskal-
Wallis test with Dunn’s multiple-comparison test.

Predator Odor-Evoked Fear Test

Predator odor fear test was conducted as previously de-
scribed.?? Mice that were previously tested with the light
aversion assay were used after a 1-week recovery. Each mouse
was placed in an acrylic glass chamber (18 cm wide X 18 cm
long X 18 cm high) with a beaker containing tissue wipes with
or without 30 pL of trimethylthiazoline (TMT; ConTech, Delta,
British Columbia, Canada) and videotaped for 10 minutes.
Freezing behavior, defined as the absence of movement except
for respiration, was recorded for each minute by a blinded
experienced observer. Number of animals per group ranged
between 11 and 12 (indicated in figure legends). Data were
analyzed using a two-way repeated measures ANOVA, with
Bonferroni multiple comparison test for post hoc analysis.

Pupillary Light Reflex

Pupillary responses were recorded from both eyes using an
A2000 pupillometer (Neuroptics, Irvine, CA, USA). C57BL/6J,
Rgs9"~, and Rgs9~~ mice were dark-adapted for 2 hours and
then lightly sedated with a ketamine-xylazine combination (at a
ratio of 50:10 mg/kg). Animals were positioned on a platform,
and responses to stimuli were recorded. To determine whether
Rgs9”~ mice sustained pupil constriction under prolonged
exposure to light that mice experienced in behavioral tests, a
20-minute bright blue stimulus protocol was used (1000 pW -
cm 2 at 480 * 3 nm, ~615 lux; n = 3). The light source of the
pupillometer is dispersed, with a relatively large aperture (2
cm) placed a short distance from the cornea (1.2 cm) and was
deliberately oriented on the axis of pupil center to optic nerve.
Therefore, the angle of illumination should have exceeded 100°
and be similarly centered in animals. When real-time, ellipse
fitting of the pupil in video frames was unreliable, the
recording was discarded. When both eyes were successfully
recorded, the mean of the two eyes was used. For comparison
of redilation kinetics, data were inverted, with dark-adapted
baseline at O for each animal. A one-phase exponential decay
curve was then fitted in Prism by using least squares to the
pupil response from 30 seconds post-stimulus to test end at 20
minutes. The equation for the regression was: ¥ = (YO —
Plateau) X exp (—k X X) + Plateau. Curves were compared for
differences in the kinetics of redilation (K) by exact sum of
squares F-test. To investigate how Rgs9~~ was affecting rod,
cone, and melanopsin contributions to the pupil response,
single 1-second flashes of light were applied to dark-adapted
mice. A dim blue stimulus (1.0 pW - cm~2 at 480 * 3 nm, ~0.6
lux) exploited the low photon threshold for rod photoreceptor
activation to selectively measure rod-driven responses. A bright
red stimulus (10,000 uW - cm~2 at 622 = 3 nm, ~25,610 lux)
exploited differences in spectral sensitivity of rod, cone, and
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melanopsin to activate rod and cone photoreceptors while
minimizing activation of melanopsin (melanopsin-relative
sensitivity is <0.001% at 622 nm). The maximal constriction
within 2 seconds of stimulus onset was designated as the initial
response. The mean constriction at 30 seconds post-stimulus
(average of 1 second) was designated as the post-stimulus
residual constriction. Number of animals per group ranged
between 7 and 10 (indicated in figure legend). Statistical
analysis between genotypes was by two-tailed #test.

RESULTS

Rgs9 7~ Mice Spend Less Time in Light Than Wild-
Type Mice

To test whether Rgs9~~ mice have an aversion to light, we
compared their behavior with that of mice heterozygous for
the Rgs9 knockout (Rgs9™ ") and wild-type C57BL/6]J mice in a
light-dark exploration assay.

In the first protocol, naive Rgs9 ", Rgs9"”~, and wild-type
mice were exposed to a very bright light of 27,000 lux,
equivalent to bright daylight.>> Following the first interval,
Rgs9~ mice spent significantly less time in the light than
either Rgs9"™~ or wild-type mice (Fig. 1A). Because Rgs9"~
mice behaved the same as wild-type mice, we used wild-type
mice as controls in subsequent experiments.

The second protocol was designed to test light aversive
behavior at lower light levels, as commonly reported by
photophobic patients. The strategy was to use sequential
testing that involved previous exposures to the chamber. This
approach would potentially reduce anxiety, and we previously
found it reduces exploratory drive, which helped unmask
calcitonin gene related peptide (CGRP)-induced light aversive
behavior in wild-type mice.?° The rationale for this strategy was
further supported by the progressively greater light aversion
seen with naive mice over time in the chamber (Fig. 1A).

To avoid the possibility of a learned behavior due to
exposure to bright light, the mice were first exposed to the
chamber with lights off (<0.05 lux), followed by sequential
exposure to brighter lights (55, 1000 and 27,000 lux) (Fig. 1B).
As predicted, the time in light for both genotypes was
significantly lower following previous experience in the
chamber (Fig. 1B, 27,000 lux), compared to naive mice at
27,000 lux (Fig. 1A) (P < 0.001 for Rgs9~~ mice, P < 0.05 for
wild-type). In the first exposure, Rgs9~~ mice still had a
preference for the dark zone even though the light was very
dim (<0.05 lux) (Fig. 1B). Note that under these conditions,
wild-type mice actually preferred the lit zone, which is
consistent with our previous studies,'32° and with the point
of entry as a reference for exploration.?* The preference of
Rgs9”~ mice for the dark zone even under very low light
conditions suggests that the mice are remarkably sensitive to
light. Furthermore, Rgs9~ mice spent more time in the dark
zone compared to wild-type at all light intensities, with equal
light aversion observed at 55, 1000, and 27,000 lux (Fig. 1B).

In addition to time spent in the light, the number of
transitions between the light and dark zones was a secondary
measure of light aversion,?> as observed in our previous studies
with CGRP-induced light aversion.'>2° In this study, Rgs9 "~
mice showed fewer transitions than wild-type mice, but this
difference was only significant at the brighter light levels of
1000 and 27,000 lux (Table).

Differences in motility between the light and dark zones
were also consistent with aversion to light. Resting time of
Rgs9~”~ mice was significantly reduced at lower light levels and
greater in the dark at higher light levels compared to that of
wild-type mice (Table). Likewise, the ambulatory distance of
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Ficure 1. Light aversion behavior in Rgs9 "~ mice. (A) Time spent in
the light by naive mice upon exposure to 27,000 lux. The time was
calculated over 5-minute intervals following placement of the mouse in
the light-dark box. The mean = SEM of each 5-minute interval is shown
for wild-type (C57BL/GJ; n = 12; circles), Rgs9"~ (n = 11; triangles),
and Rgs97~ (n = 11; squares). Overall effect of genotype (Fz 124, =
20.27; P < 0.0001); Rgs9~~ versus wild-type, **P < 0.01, **P <
0.0001; Rgs9~~ versus Rgs9™~, ##P < 0.01. (B) Effect of previous
exposure on time spent in the light by mice sequentially exposed to the
indicated light levels of <0.05, 55, 1000, and 27,000 lux. Each exposure
was separated by at least 3 days. Mean = SEM of each 5-minute interval
is shown for wild-type (n = 11; circles) and Rgs9™~ 7~ (n = 12; squares).
Overall effects of genotype F(y 21y, = 9.21; P = 0.0063 at <0.05 lux;
Fa 21, = 11.04; P=0.0032 at 55 lux; F(; 51, = 8.84; P = 0.0073 at 1000
lux; and Fg 21y = 13.38; P =0.0015 at 27,000 lux. Rgs9 7~ versus wild-
type: *P < 0.05; **P < 0.01; **P < 0.001. Brackets marked with
symbols indicate significant differences between light intensities. For
both panels, a dashed line indicates 50% time in the light.

Rgs9~~ mice was significantly greater in light and reduced in
dark compared to that of wild-type at all light intensities. Both
of these measures demonstrated that Rgs9~~ mice preferred to
keep moving in the brighter light and rest once they were in
the dark.

Rgs9 7~ Mice Showed Suppression of Wheel
Running at Dimmer Light Levels Than Wild-Type
Mice

Mice also showed sensitivity to light that could be measured by
suppression of wheel-running activity.!® Both wild-type and
Rgs9~~ mice showed suppression of wheel running by bright
light (negative masking) in a dose dependent manner (Fig. 2).
However, Rgs9~~ mice showed negative masking responses at
much lower irradiance levels than wild-type mice (EC50 for
Rgs97~=0.071 lux or 0.01 pW - cm2; and 5.8 lux or 0.85 pW
- cm 2 for wild-type mice; P < 0.0001). This shows that the
threshold for suppression of activity (negative masking of
activity and increased sleep propensity) in Rgs9~~ mice occurs
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TaBLE. Motility Measurements During the Light Aversion Assay

Light, lux Genotype n Mean = SEM P
Total no. of transitions
1000 wT 11 78.7 £ 6.7 0.0149
RGS9~~ 12 56.8 = 8.1
27,000 WT 11 77.5 = 6.1 0.0015
RGS9~/~ 12 382 = 8.0
% of resting time in light
0.05 wT 11 55.7 £ 09 0.0002
RGS9~— 12 486 + 1.2
55 wT 11 559 = 1.1 0.0171
RGS9~/~ 12 52.1 = 1.3
% of resting time in dark
1000 WT 11 64.5 = 2.6 0.0144
RGS9~/~ 12 73.4 £ 24
27,000 WT 11 659 = 2.6 0.0044
RGS9~/~ 12 77.1 £25

at a very low light level, similar to the very dim light conditions
that induced light aversion in the light-dark exploration assay.

Differences in Light Aversion and Negative
Masking Are Not Caused by Underlying Changes in
Anxiety

A potential complication of the light aversion and negative
masking assays is that an alternatively spliced form of Rgs9 in
the striatum has been implicated in reward behavior.20-28
Although Rgs9”~ mice were previously reported to have
normal open field behavior,?® it was important to rule out an
anxiogenic phenotype in our colony of Rgs9~~ mice, under
both low and bright light intensities. To do this, we measured
open field center avoidance and predator odor-evoked freezing
behavior. Two naive groups of mice were tested in the open
field at 55 and 27,000 lux (Fig. 3A). For both groups, Rgs9 "~
mice spent approximately the same time in the center as the
wild-type mice did. To test whether repeated exposure to the
light-dark box had an effect on the time spent in center, we
tested two groups of Rgs9~~ and wild-type mice that had
previously been tested in the light-dark assay, one at 55 lux and
one at 27,000 lux. There were no differences in time spent in
center at either light level (Fig. 3B). Likewise, there were no
significant difference in predator odor-evoked freezing behav-
ior between Rgs9~~ and wild-type mice (Figs. 3C, 3D). As a
control, neither genotype showed any freezing behavior in the
absence of odorant. Taken together, these results indicate that
a general increase in anxiety is not likely to account for the
increased sensitivity to light by Rgs9~~ mice.

Pupillary Constriction in Light Is More Sustained
in Rgs9 /"~ Mice

We used pupillometry to more effectively record the time
course of rod-cone-generated responses to light in an
irradiance measurement pathway with rod/cone input to
ipRGCs.>9-33 At baseline, the dark-adapted pupil size was not
significantly different between genotypes (mean * SEM of the
10 seconds preceding the dim blue and bright red tests for
wildtype = 1.75 mm = 0.21; Rgs9"%~ 1.73 mm =* 0.23;
Rgs97/~=1.85 mm = 0.33; 1 way ANOVA P = 0.37). Further,
responses to a 20-minute stimulus showed that Rgs9 " mice
retained the ability to sustain pupil constriction for the
duration of the light-aversion tests (Fig. 4A). Individual traces
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Figure 2. Wheel-running activity in Rgs9~~ mice. Mice will

voluntarily use a running wheel in their home cage during the night
when they are active (dark phase of the day). Bright light acutely
suppresses wheel running in a dose-dependent manner. Wheel running
activity was quantified against time for singly housed mice maintained
under a 12-hour light:12-hour dark cycle. On test days, lights were
turned on during the active or dark phase of the day, and change in
wheel running activity was calculated against a preceding baseline day
for individual animals for a given treatment. (A) Illustration of the light
cycle protocol and corresponding recorded activity are shown for a
baseline (Day 1) and test day (Day 2). (B) The effect of light on activity
is calculated as a percentage of baseline and plotted against irradiance.
The mean * SEM change in activity is shown for wild-type (n = 15;
circles) and Rgs9~~ (n = 12; squares) mice at 8 light levels.

of pupil responses are presented in supplementary material
(Supplementary Fig. S1). After an initial peak pupil constriction,
pupils partially redilated over time, but the kinetics of redilation
were significantly slower in Rgs9~~ mice (K = wild type [WT]
0.0087; Rgs9~~ 0.0025; P < 0.0001).

Brief, 1-second stimuli were then used to further examine
rod, cone, and melanopsin contribution to the pupil response,
and results confirmed the presence of a rod or rod and cone
generated abnormally sustained pupil constriction in Rgs9 "~
mice (Figs. 4B-E). Wild-type mice showed an expected short
latency of initial pupil constriction followed by a rapid post-
stimulus redilation to both a dim blue stimulus and a bright red
stimulus. There was no significant difference between wild-
type and Rgs9"~ mice to either dim blue or bright red stimuli,
which is consistent with our findings in the light aversion assay.
The initial pupil constriction in Rgs9~~ mice was slightly but
not significantly increased compared to that in controls.
However, in contrast to wild-types, Rgs9”~ mice had a
pronounced post-stimulus residual pupil constriction that was
significantly greater than that of the controls for both dim blue
and bright red stimuli. By using a dim blue stimulus that was too
dim and brief to elicit an intrinsic melanopsin-generated
response from the ipRGCs, we showed that the rod-generated
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FiGURE 3. Assessment of anxiety in Rgs9™~ 7~ mice. (A) Naive mice, not
previously used for any other assay, were tested in an open field assay at
either 55 lux or 27,000 lux. The mean time in the center (£XSEM) is
shown for wild-type (n = 12; gray bars) and Rgs9”~ (n = 12; black
bars). (A, B) P > 0.05 between genotypes. (B) Mice previously tested in
the light aversion assay were tested in an open field assay at 55 lux and
27,000 lux. The mean time (=SEM) in the center is shown for wild-type
(n = 11; gray bars) and Rgs9~~ (n = 12; black bars). (C) Time spent
freezing (seconds) during each minute following exposure of the mice
to TMT is shown. The mice had previously been tested with the light
aversion and open field assays. The mean (£SEM) is shown for wild-
type (n = 11 with TMT; open circles), (n = 6 without TMT; open
squares) and Rgs9~~ (n = 12 with TMT; closed squares; and n = 6
without TMT; closed triangles). Overall effect of genotype with TMT
F 21y=2.89, P=0.1041; without TMT F(, 10,=4.33, P=0.06. (D) Total
freezing behavior in 10 minutes. The mean (*=SEM) is shown for wild-
type (n= 11 with TMT, n =6 without TMT; gray bars) and Rgs9 "~ (n=
12 with TMT, n = 6 without TMT; black bars), P > 0.05.

input was sufficient to generate the abnormally sustained pupil
constriction.3*:32 The response to primarily rod/cone-activating
bright red light supported this finding, although this stimulus
does weakly activate melanopsin. Thus, pupillary light reflex
responses in Rgs9 "~ mice were consistent with prolonged rod/
cone activation of ipRGC circuitry.

DISCUSSION

Photophobia is a subjective experience that can be manifested
to various degrees as ocular pain, exacerbation of headache
pain, or a general level of discomfort in otherwise normal light.
This variability in experience is not surprising given that
different pathologies can underlie photophobia. With this in
mind, an experimental advantage of bradyopsia-associated
photophobia is that it can be caused by a monogenic RGS9
mutation. We have now shown that loss of the Rgs9 gene
recapitulates photophobia-like behavior in a mouse model of
bradyopsia and increases the response to light in multiple
irradiance measurement pathways.

There are two major new findings in this study. First, we
quantified sensitivity to light in two operant behaviors. In
particular, the light aversive response is an indicator of
photophobia in mice. The increased light-sensitive behavior
in Rgs9”~ mice establishes their use as a model for studying
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Ficure 4. Pupillary light reflex. (A) Mean pupil diameter is shown for
wild-type and Rgs9~~ mice (n =3 each) over a 20-minute bright blue
stimulus. Mice were dark-adapted prior to stimulus-on at time zero. (B,
C) Mean waveforms for pupil responses to 1-second stimuli are shown
for wild-type, Rgs9%~, and Rgs9~~ mice. Colored vertical lines behind
panels indicate the color and timing of stimuli. (B) A dim blue stimulus
(0.001 pW - cm2 at 480 = 3 nm, ~1 lux) selectively activates rods
(wild type [WT] n = 8; Rgs9™~ = 7; Rgs97~ = 10). (O) A bright red
stimulus (10 pW - cm™2 at 622 = 3nm, ~25,610 lux) predominantly
activates rods and medium-wavelength sensitive cones (WT n = 7;
Rgs9"%~ =8; Rgs97~ =9). Derived mean = SEM pupil constriction is
shown for the initial response (D) and the residual constriction at 30
seconds post stimulus (E). Pupil responses are shown as a percentage
of constriction relative to pre-stimulus baseline. Significance is
indicated above the bars: ns = not significant; **P < 0.001.
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mechanisms and treatments of photophobia. Second, we have
shown that Rgs9~~ mice have a prolonged pupillary response
to light. Not only does this mean we can discount an increase
in light entering the eye due to an enlarged pupil as the cause
of increased behavioral responses to light, but this observation
demonstrates the increase in sensitivity to light in multiple
ipRGC-dependent irradiance response axes mediated by
distinct central nuclei. An ipRGC irradiance measurement
circuit has been proposed to be the primary retinal input to
photophobic behaviors in mice and is the likely input to
photophobia pathways in humans.!410-1834 The prolonged
activation is consistent with previous single cell recordings of
the photoreceptor cells.!? Furthermore, because ipRGCs
receive rod/cone input and RGS9 does not act on melanopsin
phototransduction, our observed behavioral and pupil pheno-
types are consistent with an effect of prolonged rod/cone
responses to light on the ipRGCs.3>

We hypothesize that ocular photophobia can be caused by
an amplified response in irradiance measurement pathways.
Given the previous demonstration of prolonged activation of
rods and cones in Rgs9 "~ mice, the most obvious explanation
for an increased response to light is an amplified response
originating in the rods and cones, then mediated by the
ipRGCs. This explanation is consistent with growing evidence
that the ipRGCs mediate the retinal input that generates
photophobia: ipRGCs have been identified with effects of light
on headache in humans and demonstrated to be the major
retinal input to light-aversion pathways in mice.!4-16:3436 In
the case of migraine-associated photophobia, Burstein et al.’
revealed convergence of signals from ipRGCs and dura-
sensitive nociceptive neurons in the posterior thalamus. In
the absence of headache, animal studies have shown that
bright light can activate the trigeminal nerve presumably by
intraocular mechanisms. These intraocular mechanisms may
involve either a parasympathetic reflex>” or ocular associa-
tional ganglion cells.>® There is also potential for nontrigeminal
pathways to be invoked by abnormal activation of ipRGCs. For
example, ipRGC neurons also innervate the amygdala and
other limbic structures®® that could potentially contribute to
light-induced discomfort in the absence of pain.*® Indeed, Ahn
et al.3® have shown that aversive responses to light by
newborn mice involved neuronal activation in the amygdala
and posterior thalamus but not the trigeminal nucleus.

Our finding that a photophobia phenotype can be
recapitulated in Rgs9~~ mice provides a clearly defined
genetic model for studying pathways involved in eye-based
photophobia. Rgs9~~ mice could also be used for preclinical
drug screening and genetic crosses to identify modifier alleles
that may compensate for the loss of Rgs9 function. Because the
degree of photophobia can be quantified, the effects of
interventions or treatments can be objectively tested in
Rgs9”~ mice, something that is not routinely possible in
patients in whom photophobia is an obvious but subjective
and self-reported symptom of disease. Furthermore, to our
knowledge, this is the first example of a retinal disease causing
a pathologically sustained constriction of the pupil following a
short light stimulus under conditions that are not activating an
intrinsic melanopsin-mediated response. This phenotypic
marker will be useful in studying the mechanisms of abnormal
irradiance measurement in Rgs9 7~ mice. The sustained
pupillary response should prove to be an effective clinical test
for diagnosing this phenotype in humans and as a means for
assessing new treatments of photophobia.
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