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Melanopsin and Rod-Cone Photoreceptors Play Different
Roles in Mediating Pupillary Light Responses during
Exposure to Continuous Light in Humans
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In mammals, the pupillary light reflex is mediated by intrinsically photosensitive melanopsin-containing retinal ganglion cells that also
receive input from rod- cone photoreceptors. To assess the relative contribution of melanopsin and rod- cone photoreceptors to the
pupillary light reflex in humans, we compared pupillary light responses in normally sighted individuals (n = 24) with a blind individual
lacking rod- cone function. Here, we show that visual photoreceptors are required for normal pupillary responses to continuous light
exposure at low irradiance levels, and for sustained pupillary constriction during exposure to light in the long-wavelength portion of the
visual spectrum. In the absence of rod- cone function, pupillomotor responses are slow and sustained, and cannot track intermittent light
stimuli, suggesting that rods/cones are required for encoding fast modulations in light intensity. In sighted individuals, pupillary
constriction decreased monotonically for at least 30 min during exposure to continuous low-irradiance light, indicating that steady-state
pupillary responses are an order of magnitude slower than previously reported. Exposure to low-irradiance intermittent green light (543
nm; 0.1- 4 Hz) for 30 min, which was given to activate cone photoreceptors repeatedly, elicited sustained pupillary constriction responses
that were more than twice as great compared with exposure to continuous green light. Our findings demonstrate nonredundant roles for
rod- cone photoreceptors and melanopsin in mediating pupillary responses to continuous light. Moreover, our results suggest that it
might be possible to enhance nonvisual light responses to low-irradiance exposures by using intermittent light to activate cone photo-

receptors repeatedly in humans.

Introduction

The pupillary light reflex (PLR) regulates the amount of light that
reaches the retina. In doing so, the PLR optimizes visual acuity
over a wide range of illuminance levels (Campbell and Gregory,
1960) and protects the retina from the potentially damaging
effects of exposure to bright light. The PLR is mediated by
melanopsin-containing retinal ganglion cells that project directly
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to the olivary pretectal nucleus (Hattar et al., 2002; Gooley et al.,
2003). Melanopsin cells are intrinsically photosensitive and re-
spond most strongly to short-wavelength light in the blue portion
of the visual spectrum (Berson et al., 2002; Dacey et al., 2005).
Rod-cone photoreceptors also provide input to melanopsin cells
(Belenky et al., 2003; Wong et al., 2007), but melanopsin cells are
not required for pattern-forming vision (Giler et al., 2008). In
contrast, the PLR and other nonvisual light responses are abol-
ished if rod—cone and melanopsin signaling pathways are dis-
rupted simultaneously (Hattar et al., 2003; Panda et al., 2003), or
if melanopsin cells are selectively killed (Gtiler et al., 2008).

In humans, rods and cones are capable of driving the initial
rapid constriction of the pupils in response to light (Alpern and
Campbell, 1962), whereas the PLR is most sensitive to short-
wavelength blue light during exposure to continuous light
(Bouma, 1962; Alexandridis and Koeppe, 1969; Mure et al., 2009;
McDougal and Gamlin, 2010), even in the absence of rod and
cone function (Zaidi et al., 2007), suggesting a primary role for
melanopsin photopigment. For light intensities below the thresh-
old of activation for melanopsin cells, spectral responses of the
PLR during exposure to continuous light are consistent with a
role for rods, with little or no contribution from cones (McDou-
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gal and Gamlin, 2010). By comparison, attempts to isolate visual
photoreceptor contributions to the PLR using the method of
silent substitution have yielded contrasting results, with one
study reporting a contribution from M- and L-cones (Tsujimura
etal., 2010), and another reporting a possible contribution from
rod photoreceptors (Viénot et al., 2010).

Melanopsin and rod—cone contributions to the PLR are difficult
to assess in normally sighted humans due to overlap of spectral
sensitivity for the various photoreceptor types. As demonstrated
in macaques, which have trichromatic vision similar to humans,
melanopsin-dependent pupillary responses can be examined in
isolation when rod-cone signaling is disrupted (Gamlin et al.,
2007). Hence, the role of melanopsin versus rod—cone photore-
ceptors in driving pupillary light responses could potentially be
assessed in blind humans with complete loss of visual function,
but with preservation of the retinal ganglion cell layer and mel-
anopsin function (Czeisler et al., 1995; Klerman et al., 2002; Zaidi
et al., 2007). To date, however, fewer than a dozen such patients
have been identified worldwide. In the present study, we provide
a detailed analysis of pupillary light responses in a patient with
intact nonvisual responses to light (Zaidi et al., 2007), but with-
out a functional outer retina. Here, the relative contribution of
melanopsin and visual photoreceptors was assessed by compar-
ing PLR responses in the totally visually blind patient with nor-
mally sighted individuals.

Materials and Methods

Participants. Healthy individuals (n = 24; 12 males and 12 females) and a
blind male with intact circadian photoreception (Zaidi et al., 2007) were
enrolled in a 3 d laboratory study. Normally sighted individuals ranged in
age from 19 to 45 years (19-24 years, n = 17; 25-30 years, n = 4; >30
years, n = 3), and the blind participant was 58 years of age at the time of
study. Twelve sighted participants were studied at the Chronobiology
and Sleep Laboratory (CSL), Duke—National University of Singapore
Graduate Medical School Singapore (Duke-NUS GMS), including one
person who returned to complete a second 3 d study. Twelve sighted
participants and the blind individual were studied at the Intensive Phys-
iologic Monitoring (IPM) Unit, Harvard Clinical and Translational Sci-
ence Center, Brigham and Women’s Hospital (BWH) (Boston, MA). In
all participants, health was assessed by screening questionnaires and self-
reported medical history. Individuals studied at BWH also had a physical
examination to confirm normal health. Normal color vision was con-
firmed in all sighted participants by an ophthalmologic examination
and/or the Ishihara test for color blindness. The blind individual was
diagnosed with retinitis pigmentosa at 35 years of age. A fundoscopic
examination confirmed atrophy of the retinal pigment epithelium, with
thinning of retinal vessels and bone spicule pigmentation. Visual acuity
tests indicated no light perception in either eye, and no visually evoked
potentials were detected in multiple tests, consistent with total loss of
rod—cone function and the patient’s reported inability to see light. These
findings were confirmed before and after the study by different ophthal-
mologists who examined the patient independently. As determined in a
previous study, the blind individual was entrained and showed intact
light-induced melatonin suppression in response to bright polychro-
matic white light or short-wavelength 460 nm light, indicating preserva-
tion of nonvisual light responses despite loss of rod—cone-based vision
(Zaidi et al., 2007).

For at least 1 week before being admitted to the CSL or IPM Unit,
participants were required to maintain a fixed sleep—wake cycle of their
choice (8 h of sleep, 16 h of wake), which was verified by continuous
actigraphy monitoring (Actiwatch-L; Mini Mitter). During prestudy
screening, participants were asked to avoid caffeine, alcohol, and over-
the-counter medications. In two participants, the laboratory study was
ended early due to equipment failure, and one person withdrew from the
study on day 2 due to difficulty tolerating the protocol. Informed consent
was obtained from all participants, and research procedures were ap-
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proved by the SingHealth Centralized Institutional Review Board (Sin-
gapore) or the Partners Human Research Committee (Boston, MA).
Research was compliant with the Health Insurance Portability and Ac-
countability Act regulations and the Declaration of Helsinki.

General procedures. Participants lived individually for 3 d in a window-
less environment without time cues and were scheduled to sleep and
wake at their regular prestudy sleep—wake times. Beginning ~3 h after
wake time, participants were administered a series of light exposures
between 10:00 A.M. and 7:00 P.M. in a room that was otherwise dark.
Narrow-bandwidth light (half-peak bandwidth, 10 nm) was generated by
a xenon arc lamp and grating monochromator, and light exposures were
administered using a modified Ganzfeld dome as previously described
(Brainard et al., 2001; Gooley et al., 2010). Polychromatic white light
exposures were delivered using ceiling-mounted or wall-mounted 4100K
fluorescent lamps (Philips Lighting). For light exposures given by liquid
crystal display (LCD) monitor, participants were seated 48 cm away from
a 54.6 cm monitor (Samsung SyncMaster P2250) with their head posi-
tion fixed by a chin rest. Light levels were measured before and after each
light exposure using an ILT1700 radiometer fitted with an SEL-033/F/W
or SED-033/F/W detector (International Light Technologies). Spectral
composition of light was determined with a PR-650 SpectraColorimeter
(Photo Research) or ILT900 spectroradiometer (International Light
Technologies). During breaks and free time, participants were exposed to
<5 lux (Duke-NUS GMS) or <3 lux (BWH) of ambient light provided
by overhead light-emitting diode or fluorescent ceiling lamps.

Before each light exposure, participants were exposed to darkness for
at least 6 min to allow cone photoreceptors time to dark adapt (Rushton,
1963). Light exposures ranged from 2 to 90 min depending on which
experiment was being conducted (see below), and both eyes were ex-
posed to full-field retinal illumination without use of a mydriatic agent.
Pupil diameter was measured from the left eye at 120 Hz using a head-
mounted infrared pupillography system (ISCAN). Participants were in-
structed to avoid photophobic behavior (e.g., closing or squinting of the
eyes), which was enforced by research staff who monitored a live video of
the pupil in the control room.

To determine percentage pupillary constriction, pupil diameter dur-
ing each light exposure (d, ;) was compared with pupil diameter during
the preceding dark adaptation period (d,,,,). The difference in pupil
diameter (d,,,,, — d, ) was expressed relative to each individual’s maxi-
mum difference in pupil diameter for a bright white light stimulus
(~2500 lux) versus exposure to darkness (d, ., — d,.;,) as follows:

% Constriction = 100 X M :
dmax - dmin

Experiment 1: irradiance-dependent responses. Four sighted participants
(A-D) were exposed to 2—-10 min of narrow-bandwidth 480 or 555 nm
light across a 5 log range of irradiances (9-14 log photons cm s~ 1),
with order of wavelength and irradiance randomized. Percentage pupil-
lary constriction was analyzed during the first 2 min of light exposure.
We excluded participant C from our analysis because her pupils showed
strong and sustained constriction at all irradiances tested. In the remain-
ing participants (n = 3), percentage pupillary constriction was averaged
between participants at each irradiance level to generate irradiance-re-
sponse curves for 480 and 555 nm light. In addition, the blind participant
received 11 4 min exposures to 480 nm light across a 2.5 log range of
irradiances (11-13.5 log photons cm ~2 s ~!). We did not attempt to
construct an irradiance-response curve to 555 nm light in the blind
individual, as pupillary responses were weak even at high irradiances.

Irradiance—response curves were fit with a sigmoidal four-parameter
logistic regression model as follows:

a

Y=ot TN
v ()

Xo

Maximum percentage pupillary constriction was set at 100%, and mini-
mum constriction was constrained to 0% in the dark-adapted state;
hence, a = d —d The irradiance that elicited a half-maximal

max min®
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response (x,; the ED5, value) and the slope parameter (b) were estimated
using the Levenberg-Marquardt method for nonlinear least-squares
minimization (SigmaPlot 11; Systat Software). Residuals were normally
distributed, as determined by the Shapiro—Wilk test for normality (W >
0.95 and p > 0.45).

The extra sum-of-squares F test was used to compare irradiance-re-
sponse curves in sighted participants versus the blind individual (Mot-
ulsky and Christopoulos, 2008). To test whether the log ED5, or slope
parameter differed significantly, we performed a global curve fit in which
the best-fit value for each parameter was shared for dose-response curves
in normally sighted individuals and the blind participant (SigmaPlot 11).
The F test was used to determine whether the model with unshared log
ED.,, or slope resulted in a significant improvement in the difference in
sum of squares, compared with the model in which irradiance-response
curve parameters were shared (Gooley et al., 2010). We used the same F
test to compare dose-response curves to 480 versus 555 nm light in
sighted individuals.

In the blind participant and in a separate group of sighted participants
(n = 4; E-H), we examined pupillary constriction responses to 90 or
2500 lux of polychromatic white light. Participants were exposed to 10
min of darkness, followed by 10 min of exposure to white light. The light
was then turned off for an additional 10 min so that we could examine the
time course of pupillary redilation in darkness.

Experiment 2: wavelength-dependent responses. Sighted participants
(n = 5; D-H) and the blind individual were exposed to a series of 4
min light exposures at eight different wavelengths (420, 450, 480, 505,
530, 555, 585, and 620 nm). Participants received a fixed-irradiance
light exposure of 13 log photons cm ~%s ! at each wavelength, with
the order of presentation randomized. Participants E-H were exposed
to each wavelength of light twice on different study days, and pupil-
lary responses were averaged between trials. Participant D was ex-
posed to the eight-wavelength series of light exposures only once.
Percentage pupillary constriction was determined using median pupil
diameter measured during the fourth minute of the light exposure.
Spectral responses in the blind individual were fit with a four-
parameter Gaussian equation as follows:

RECON

y = Yo + ae .

The best-fit parameter x, was used to estimate peak spectral sensitivity
(SigmaPlot 11). Residuals were normally distributed (W = 0.89; p =
0.24). In sighted participants, pupillary constriction responses at differ-
ent wavelengths were compared by one-way repeated-measures
ANOVA.

Experiment 3: fast kinetics of pupillary constriction. To examine the time
course of pupillary constriction and dilation after light exposure onset
and offset, respectively, we analyzed data collected in Experiment 1 from
sighted participants (n = 3; A, B, D) and in Experiments 1 and 2 in the
blind individual. We defined response latency as the duration of time that
it took for pupil diameter to decrease by 20% after the onset of the light
stimulus, measured relative to each person’s maximum pupillary con-
striction response. For example, if a person’s minimum pupil diameter
(d i) was 2 mm during exposure to 2500 lux of bright light, and his
dark-adapted pupil diameter (d,,,) was 7 mm, the 20% threshold for
determining response latency after the onset of light exposure would be 6
mm: d, . — [(dya = dimin) X 0.2]. We chose a 20% threshold empiri-
cally based on the observation that random fluctuations in pupil size
rarely exceed this level in darkness; hence a decrease in pupil size beyond
this threshold can be attributed to the light stimulus rather than random
physiologic noise. In normally sighted participants, data from 39 trials
were analyzed in which pupillary light response magnitude exceeded the
20% threshold. In the blind participant, data from 13 trials met this
criterion. After the light stimulus was extinguished, we measured the
duration of time that it took for the pupil to dilate to 80% of the dark-
adapted size measured before the onset of the light stimulus. Pearson’s
correlation analysis was performed to examine the strength of the linear
relationship between pupillary light reflex dynamics (i.e., response la-
tency and time to redilate) versus median percentage pupillary constric-
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tion during the light exposure. The slopes of regression lines were
compared by analysis of covariance.

Experiment 4: exposure to alternating light and darkness. Sighted par-
ticipants (n = 4; E-H) and the blind individual were exposed to contin-
uous or intermittent light for 4 min. Each intermittent light exposure
session consisted of alternating 5 s episodes of fixed-irradiance 480 nm
light (13 log photons cm ~2 s ~ ') and darkness for a total of 24 cycles of
alternating exposure to light and darkness. In a different set of light
exposures, participants were exposed to 5 s of the 480 nm light stimulus,
followed by 15 s of darkness (i.e., individuals were exposed to 12 cycles of
light and darkness during the 4 min intermittent light exposure session).

Experiment 5: long-duration exposure to continuous light. In pilot stud-
ies, we observed a gradual reduction in pupillary constriction, termed
pupillary escape, in sighted individuals (I-K) exposed continuously to
narrow-bandwidth light for 30—90 min (data not shown). Based on these
results, we systematically compared PLR responses in sighted partici-
pants (n = 6; L-Q) exposed to 90 min of 480 versus 555 nm light. Before
each light exposure, participants were kept in darkness for 45 min. There-
after, participants were exposed to 480 or 555 nm light at three irradi-
ances (11.5, 12.5, or 13.5 log photons cm ~2 s ') with the order of
exposure randomized. To reduce the size of the data set, median pupil
diameter was determined every 30 s. In 9 of 36 trials, pupil diameter
could not be determined due to data loss. In the remaining 27 trials,
median pupil diameter during exposure to 480 versus 555 nm light
was compared at different irradiance levels by two-way ANOVA. The
blind participant was exposed to 40 min of 480 versus 555 nm light,
with light exposures matched by photon density (12.0 and 13.0 log
photons cm ~2s 1),

Experiment 6: long-duration exposure to intermittent light. In prelimi-
nary studies, we found that long-duration exposure to intermittent light
(=30 min; 1 Hz) could elicit sustained pupillary constriction in normally
sighted individuals (R, S) (data not shown). We therefore systematically
examined PLR responses in sighted participants (n = 6; E, T, U, V, W, X)
who were given a series of continuous or intermittent light exposures
using an LCD monitor. Intermittent light exposures consisted of alter-
nating episodes of green light (12.0 log photons cm ~* s ™, 0.36 uW
cm % peak spectral emission at 543 nm) and a black LCD screen (~0.22
wW cm %), generated using E-prime software (Psychology Software
Tools). In a within-subjects design, participants were exposed to 30 min
of continuous green light or 30 min of intermittent green light at 0.1,
0.25,0.5, 1,2, or 4 Hz. Participants were exposed to each condition twice,
with the order of light exposures chosen randomly. In each participant,
median percentage pupillary constriction from each pair of trials was
averaged, and within-subjects differences for pupillary constriction in
response to different intermittent light stimuli were compared by one-
way repeated-measures ANOVA.

Results

Experiment 1: visual photoreceptors are required for driving
the pupillary light reflex at low irradiances

To examine the relative roles of melanopsin and rod—cone pho-
toreceptors in mediating pupillary light responses, we con-
structed irradiance-response curves to 2 min of exposure to
narrow-bandwidth 480 nm light in normally sighted individuals
(n = 3) and in a blind individual without rod and cone function.
Compared with sighted participants, the blind individual showed
a marked reduction in PLR sensitivity at low irradiances (Fig.
1A,B). As a result, the dynamic range of sensitivity was much
smaller in the blind participant, spanning <3 log units. In con-
trast, pupil diameter in sighted participants changed dynamically
over the entire range of irradiances tested (9-14 log photons
cm ~? s7'). The EDs, of the dose-response curve was 0.82 log
units higher in the blind individual (Fig. 1 B), indicating a strong
reduction in PLR sensitivity in the absence of rod and cone func-
tion (F(; 55y = 15.91; p < 0.001). The slopes of the dose—response
curves also differed significantly (F(, 55, = 25.84; p < 0.001);
pupillary constriction responses were similar only at high irradi-
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Figure 1.

onset (min)

Wavelength (nm)

Visual photoreceptors mediate pupillary constriction at low irradiances. A, Pupillary constriction responses are shown in a normally sighted participant (blue traces) and in a blind

individual without rod and cone function (black traces) during exposure to 2 min of narrow-bandwidth 480 nm light. Irradiance levels are indicated at the top of each plot (in photons centimeter —2
second ~"). B, Dose—response curves for pupillary constriction to 480 nm light are shown for normally sighted participants (n = 3; blue circles, left panel) and in the blind individual (black circles,
center panel), assessed 90 —120 s after the onset of light exposure. Best-fit dose—response functions are shown with confidence intervals indicated by the dotted lines. The drop lines show the log
ED5, of each dose—response function. Dose—response curves are overlaid in the far right panel, demonstrating reduced sensitivity to 480 nm light at low irradiances in the (Figure legend continues.)
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ances (=13 log photons cm ~? s ') and diverged as irradiance
was decreased. To examine further the role of photopic vision
(Amax = 555 nm) and melanopsin-based photoreception in me-
diating pupillary light responses, we compared dose-response
curves to 555 versus 480 nm light in normally sighted individ-
uals (Fig. 1C-E). During the first 90 s of exposure to light, the
EDs, and slope of dose-response curves were similar (F(; ,g,
<2.30,p > 0.14; F(; 55y < 1.52, p > 0.22). During the next 30 s
(i.e., 90—120 s after light onset), however, the EDs, of the
dose-response to 555 nm light was significantly greater
(F(1 24y = 4.61; p = 0.04), indicating that pupillary constric-
tion was short-wavelength (blue)-shifted by the end of the
second minute of exposure to continuous light (Fig. 1 D). The
difference in log relative sensitivity (—0.61 log units) was still
less than the predicted difference at these wavelengths for a
vitamin Al-based photopigment with peak sensitivity to 480
nm light (—0.95 log units), however, suggesting that melanop-
sin is not the only photopigment driving the pupillary light
response (Fig. 1E).

To examine the time course of pupillary constriction in
greater detail, we constructed dose—response curves for exposure
to 480 and 555 nm light in 10 s bins (Fig. 1F). In sighted partici-
pants, only high-irradiance 480 nm light (>13 log photons cm ~>
s ') elicited a steady pupillary constriction response during ex-
posure to 2 min of continuous light. At lower irradiances, and for
all exposures to 555 nm light, pupillary constriction decreased
over time. In contrast, pupillary constriction in the blind individ-
ual increased across the first minute of exposure to 480 nm light
until reaching a steady response (Fig. 1 F). Together, these results
suggest that rod—cone photoreceptors are required from normal
pupillary responses to short-wavelength blue light early in the
light exposure.

Next, we examined the contribution of visual photoreceptors
versus melanopsin to the PLR in room light (Fig. 1G,H ). During
exposure to 90 lux of polychromatic (4100K) white light for 10
min, median percentage pupillary constriction in the blind indi-
vidual (80.0%) was similar to that observed in sighted partici-
pants (83.8 £ 2.7%), suggesting that, in the absence of rod and
cone function, melanopsin-mediated PLR responses are driven
strongly by ordinary room light.

Experiment 2: short-wavelength sensitivity of pupillary
constriction in a blind individual

Next, we compared spectral responses of the PLR in participants
with normal vision (n = 5) versus the blind individual (Fig. 2A).
Participants were exposed to 4 min of light at eight different

<«

(Figure legend continued.) ~ blind participant. , The dose—response curve for pupillary con-
striction is shown in normally sighted participants exposed to 555 nm light. D, The log ED,
value is shown for dose—response curves to 480 versus 555 nm lightin 30 s bins during exposure
to 2 min of continuous light (left panel). Over time, there was a progressive decrease in sensi-
tivity in sighted participants, with a greater reduction in sensitivity to 555 nm light. By compar-
ison, in the blind individual the log ED, value for pupillary constriction in response to 480 nm
(black circles) was stable over time. E, In sighted individuals, the difference in log ED, values
(480 vs 555 nm light) is shown during exposure to 2 min of continuous light. The dotted line
shows the predicted difference in log relative sensitivity at these wavelengths for a vitamin
Al-based photopigment with peak sensitivity to 480 nm light. F, Dose—response curves are
shown in 10 s bins for sighted individuals exposed to 480 versus 555 nm light, and in the blind
patient exposed to 480 nm light. G, Pupillary constriction is shown in normally sighted partici-
pants (n = 4) andin a blind individual exposed to 10 min of polychromatic white light (4100K).
The black and gray traces show responses to 2500 and 90 lux of light, respectively. Error bars
indicate SEM. H, The spectral composition of the fluorescent white light source is shown.
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Figure2. Spectral responses of pupillary constriction during exposure to continuous light. 4,
Pupillary light responses are shown in normally sighted individuals (n = 5; gray traces) and in
ablind participant without rod and cone function (black traces). Participants were exposed to 4
min of fixed-irradiance (13 log photons cm ~2s ~ ) narrow-bandwidth light at eight different
wavelengths. Error bars shown in light gray indicate SEM. B, Spectral responses in sighted
individuals and the blind individual are shown by gray and black circles, respectively. Percent-
age constriction was measured during the fourth minute of light exposure and plotted by
corneal irradiance. The black trace shows the best-fit Gaussian function for spectral responsesin
the blind individual; peak spectral sensitivity is observed in the short-wavelength portion of the
visual spectrum. C, For each of the light exposures given, relative irradiance levels and spectral
composition are shown.

wavelengths matched for photon density (13 log photons cm ~>

s~ "). In sighted individuals, response magnitude of the PLR was
similar across different wavelengths (ANOVA, repeated mea-
sures; F(, ;) = 2.36, p = 0.05, but with no significant differences
following multiple-comparison tests). In all five participants,
however, average pupillary constriction was greater in response
to 480 versus 555 nm light. In the blind participant, pupillary
constriction was short-wavelength sensitive with a fitted peak
sensitivity to 490 nm light (R* = 0.98; Fig. 2 B). At all wavelengths
of light that were examined (Fig. 2C), sighted participants
showed stronger pupillary constriction than the blind individual,
and the difference in response magnitude was greatest for long-
wavelength light in the red portion of the visual spectrum.
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pupillary constriction in a sighted participant (gray) and in a blind individual without rod and cone function (black), matched for
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Experiment 3: visual photoreceptors
mediate fast kinetics of the pupillary
light reflex

Next, we examined the time course of pu-
pillary constriction in relation to light
stimulus onset and offset. Compared with
sighted participants exposed to 480 nm
light, the pupil responded sluggishly in
the blind individual after the onset of the
light stimulus (Fig. 3A, B), taking at least
several seconds to show a detectable re-
sponse for most exposures. Similarly, after
the light was extinguished, the blind
individual’s pupil dilated very slowly to-
ward the dark-adapted pupil size (Fig.
3A,C). We hypothesized that rapid ver-
sus sustained PLR responses in sighted
participants were driven by different
photoreceptor mechanisms. To address
this possibility, we examined the rela-
tionship between PLR onset latency and
the magnitude of pupillary constriction
during continuous exposure to light. We
defined pupillary constriction response
latency as the duration of time from light
onset until the pupil constricted by 20%
(Fig. 3D). In sighted participants (n = 3),
response latency (478 * 11.5 ms) did not
correlate with the magnitude of sustained
pupillary constriction (r = 0.15; p = 0.38)
(i.e., there was no relationship between
the initial rapid PLR response and the
magnitude of pupillary constriction dur-
ing exposure to continuous light). In
contrast, response latency in the blind
participant decreased linearly with in-
creasing magnitude of sustained pupillary
constriction (Pearson’s correlation coeffi-

<«

median response magnitude. Pupillary constriction was slug-
gish in the blind individual after light onset, and slow to redi-
late back to baseline after the offset of the light stimulus. B,
Pupillary constriction during the light stimulus is replotted
from A on alogarithmic scale to demonstrate the difference in
response latency with and without visual photoreceptors (gray
and black traces, respectively). €, Similarly, pupillary constric-
tion after the offset of the light stimulus is shown to illustrate
the relatively sluggish dilation of the blind participant’s pupil
toward the dark-adapted state. D, Response latency in the
blind individual (black trace) was negatively correlated with
the magnitude of sustained pupillary constriction, whereas re-
sponse latency did not correlate with strength of pupillary con-
striction during exposure to continuous light in normally
sighted individuals (open circles). E, The rate at which the pu-
pils redilated after light exposure offset was approximately
five times slower in the blind individual relative to responses
measured in normally sighted participants. F, In sighted par-
ticipants, the relationship was nonlinear between pupillary
constriction near the beginning (0-30's) and end (90-1205s)
of exposure to 2 min of continuous 480 nm light. G, Similarly,
the decrease in strength of pupillary light responses was non-
linear during continuous exposure to 555 nmlight. The dashed
line shows the line of unity.
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cient; 7 = —0.94, p < 0.001). These data
suggest that, in normally sighted individ-

Sighted
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uals, the rapid rod—cone response masks
the slower contribution of melanopsin to
pupillary constriction near the beginning
of light exposure. For relatively weak, sus-
tained pupillary constriction responses
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(range, 26-33%), response latency was
~40 times slower in the blind participant
compared with sighted participants.
Next, we examined the amount of
time it took for the pupils to dilate back
to 80% of the dark-adapted size after the B
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(r = 0.84; p < 0.001), with maximum L
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light stimuli tested. In the blind individ-
ual, the time it took for the pupils to
redilate also increased linearly with in-
creasing magnitude of pupillary constric-
tion (Pearson’s correlation; r = 0.85, p =
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slower than in sighted participants, as dem-
onstrated by the difference in slopes (F, 43,
= 39.59% p < 0.001).

During exposure to continuous light,
the relative decrease in pupillary constric- 6
tion over time in sighted individuals was .
related to the strength of pupillary con-
striction early in the light exposure (Fig. 2 4
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3F,G). We assessed this by comparing T
percentage pupillary constriction during
the first 30 s of light exposure with pupil-
lary constriction 90-120 s after light on-
set. The relationship was nonlinear, such
that the decrease in pupillary constriction
over time was greatest for responses that
were in the ~40-80% range near the be-
ginning of light exposure. For trials in
which median pupillary constriction ex-
ceeded ~80% during the first 30 s, pupil-
lary light responses to 480 nm light were
relatively stable over time and approached
the line of unity (Fig. 3F ), whereas a small
reduction in pupillary constriction was
observed over time even for the strongest
responses to 555 nm light (Fig. 3G).

at 13 log photons cm ~*

left panels indicate SEM.

Experiment 4: visual photoreceptors are required for
pupillary responses to track intermittent light stimuli

Next, we assessed pupillary responses to shorter-duration and
intermittent light stimuli (480 nm; 13 log photons cm s~ '). In
contrast to sighted participants (n = 4), exposure to a single 6 s
pulse of light elicited a weak transient PLR response in the blind
individual that was much smaller than the response to continu-
ous light (Fig. 4A). Based on the slow kinetics of pupillary con-
striction and dilation in the blind individual, we hypothesized
that his PLR response would sum over short episodes of darkness,
due to sustained activation of melanopsin cells after light expo-

0 1
Time after light onset (min)

Time after light onset (min)

Figure4. Visual photoreceptors are required for pupillary responses to track intermittent light stimuli. 4, Pupillary constriction
is shown in normally sighted individuals (» = 4) and in a blind patient without rod and cone function in response to a single 6 s
pulse of 480 nm light (13 log photons cm ~2s 7). B, Participants were exposed to 4 min of continuous or intermittent 480 nm light
s . During exposure to continuous light, sighted participants and the blind individual showed sustained
pupillary constriction (top row). During an intermittent light stimulus with alternating periods of 5 s of light and 5 s of darkness,
normally sighted participants’ pupils were able to track each successive light pulse, whereas in the blind individual, responses were
integrated over time until reaching a steady response ~1 min after the onset of the stimulus (middle row). With alternating
periods of 5 s of light and 15 s of darkness, the blind individual’s pupil was still able to integrate light information across longer
episodes of darkness (bottom row). The pattern of light exposure is shown at the top of each plot, with upward deflections
indicating times when participants were exposed to light. To highlight differences in pupillary constriction responses to intermit-
tent light, pupil diameter in the blind individual is plotted on a different scale than for sighted participants. The gray traces in the

sure offset (Gamlin et al., 2007). To examine this, we exposed
sighted participants (n = 4) and the blind individual to an inter-
mittent light stimulus consisting of 5 s of 480 nm light (13 log
photons cm ~%s 1), followed by 5 s of darkness (Fig. 4 B, middle
panel) for 4 min. In the blind individual, the pupil constricted
slowly over several pulses of light until reaching a stable response
that was essentially identical with pupil diameter measured in
response to 4 min of continuous light. The PLR in the blind
participant was also able to integrate light information when 5 s
pulses of intermittent light were followed by 15 s of darkness (Fig.
4 B, bottom panel), with strong pupillary constriction following
the second light pulse. By comparison, pupil diameter in
sighted participants (n = 4) tracked the intermittent light
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Figure 5.  Pupillary escape occurs gradually in the presence of continuous low irradiance

light. 4, Pupillary constriction is shown in normally sighted individuals (n = 6) during exposure
t0 90 min of 480 nm light (blue traces) versus 555 nm light (green traces). Irradiance levels are
indicated at the top of each plot (in photons centimeter ~2second ). Error bars indicate SEM.
B, Inablind individual without rod and cone function, pupillary constriction remained relatively
stable during 40 min of exposure to 480 or 555 nm light.

stimulus precisely over time, with each successive light pulse
eliciting a response similar to the one preceding it.

Experiment 5: pupillary constriction decreases gradually in
continuous light at low irradiance levels

In previous studies, it was reported that the PLR reaches a steady-
state response after just a few minutes of exposure to a fixed-
irradiance light stimulus (Mure et al., 2009). For light exposure
irradiances <13 log photons cm 271 however, we found that
pupil size in sighted participants often increased gradually during
short-duration light stimuli (Figs. 1A, 2A), suggesting that pupil
diameter had not yet reached a steady-state size. Moreover, in
pilot studies, we found that pupil size continued to dilate slowly
during exposure to 30—60 min of continuous light (data not
shown). We therefore compared the pupillary light reflex in nor-
mally sighted participants (n = 6) in response to long-duration
(90 min) 480 versus 555 nm light at three different irradiance
levels (11.5, 12.5, and 13.5 log photons cm ~> s ). Although
there was no interaction between irradiance and wavelength on
median pupillary constriction (F(, ,,, = 0.69; p = 0.512), there
was a main effect of wavelength on pupillary constriction
(F1,21y = 6.06; p = 0.023), such that PLR responses were greater
in response to 480 nm light versus 555 nm light. At the two lower
irradiances tested, the pupils redilated gradually in continuous
light, termed “pupillary escape,” for at least 30 min after the onset
of the light stimulus (Fig. 5A). By comparison, during exposure
to higher-irradiance light (13.5 log photons cm ~ s ~ '), there was
very little change in pupil diameter over time. In contrast to
sighted participants, we did not observe pupillary escape in the
blind individual (Fig. 5B). Rather, pupil diameter in the blind
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individual remained stable for as long as the fixed-irradiance
stimulus was presented (13 log photons cm ~*s '), and 480 nm
light was more effective than 555 nm light at driving pupillary
constriction.

Experiment 6: intermittent light can be used to enhance
pupillary constriction responses

Given that pupillary escape in continuous light was observed only
in sighted participants, and at relatively low irradiances, we hy-
pothesized that the gradual reduction in PLR sensitivity over time
was due to reduced drive from cone photoreceptors. If so, insert-
ing short pulses of darkness during long-duration light stimuli
would be expected to enhance pupillary constriction by giving
cone photoreceptors the opportunity to dark adapt between light
pulses. To test this possibility, sighted participants (n = 6) were
exposed to 30 min of continuous green light (543 nm; 12 log
photons cm ~* s ') or intermittent green light over a range of
frequencies (0.1-4 Hz), administered using an LCD monitor
(Fig. 6 A). In continuous light, pupil diameter increased gradually
during the 30 min exposure (Figs. 6B, 7A), with a log-linear
profile of pupillary escape (Fig. 7B), indicating that the rate of
redilation of the pupils was greatest near the beginning of the
light exposure, and decreased with increasing duration of expo-
sure to light. By comparison, exposure to intermittent light elic-
ited PLR responses that were more than twice as great, with very
little recovery from pupillary constriction over time (Fig. 7C). At
all frequencies tested, intermittent light elicited stronger and
more sustained pupillary constriction responses relative to con-
tinuous light (F(s 55y = 17.57; p < 0.001; Figs. 6, 7).

Discussion

Our results show that rod—cone photoreceptors play an impor-
tant role in driving pupillary constriction during exposure to
continuous low-irradiance light, whereas melanopsin is the pri-
mary photopigment that drives sustained pupillary constriction
in response to high-irradiance light. Rod—cone photoreceptors
mediate rapid constriction of the pupils following light stimulus
onset and allow the pupils to track high-frequency intermittent
light stimuli. During exposure to continuous light, the relative
contribution of cone photoreceptors to pupillary constriction
decreases over time. By applying short-duration intermittent
dark pulses, however, pupillary responses can be sustained and
even enhanced, presumably by allowing cone photoreceptors
time to dark adapt between light pulses.

In a blind individual without rod—cone function, pupillary
constriction was preserved during exposure to high-irradiance
480 nm light, but weak or absent at lower irradiance levels. Sim-
ilar results have been reported in rodless/coneless mice (Lucas et
al., 2001) and dogs with sudden acquired retinal degeneration
syndrome (Grozdanic et al., 2007). Our findings confirm in hu-
mans that melanopsin dominates the PLR at high irradiances
(Lucas et al., 2003), whereas visual photoreceptors mediate
pupillary constriction during exposure to continuous low-
irradiance light. The threshold for pupillary constriction in the
blind individual was close to 11 log photons cm ~*s ~*, which is
consistent with results in rd/rd cl mice and gnatl ~’~ cl mice that
lack rod—cone function (Lucas et al., 2003; Do et al., 2009), and
monkeys with pharmacologic blockade of rod—cone signaling
(Gamlin et al., 2007). These findings suggest that we were able to
isolate melanopsin-driven pupillary responses in the blind pa-
tient, and that intrinsically photosensitive retinal ganglion cell
(ipRGC) function and sensitivity might be conserved across dif-
ferent mammalian species.
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Figure 6.  Pupillary responses to high-frequency intermittent light. 4, Pupillary constriction responses are shown in a representative participant during the first 30 s of exposure to intermittent
light. Intermittent green light (0.1— 4 Hz) was given using an LCD screen (543 nm; 12 log photons cm ~2s ). The frequency and pattern of light exposure are shown at the top of each trace. B,
Average pupillary constriction responses are shown in normally sighted individuals (n = 6) during exposure to 30 min of intermittent light at different frequencies. Pupil diameter during ON and OFF
pulses are shown by green and gray traces, respectively. The black traces show average pupil diameter in 30 s bins for both ON and OFF pulses.

In sighted participants, we observed a short-wavelength shift  interpretation, the pupils showed sustained constriction during
in sensitivity during exposure to 2 min of light, suggestinga con-  exposure to 4 min of 620 nm red light (13 log photons cm ~*s ™ ';
tribution from middle- and/or long-wavelength-sensitive cones  Fig. 2), but we cannot exclude a contribution from rod photore-

early in the exposure (Mure et al., 2009). Consistent with this  ceptors. By comparison, there was little or no response to long-
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pupillary light reflex is shown in sighted participants (n = 6) during exposure to 30 min of
continuous green light (gray trace) versus intermittent green light at 1 Hz (black trace) using an
LCD monitor. Intermittent light (12 log photons cm ~2 s ") elicited pupillary constriction
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frequency range from 0.1 to 4 Hz. D, Spectral characteristics are shown for the LCD green light
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wavelength red light in the blind participant. Rather, the PLR was
most sensitive to blue light, even though less short-wavelength
light is transmitted to the retina as the lens ages (Brainard et al.,
1997; Kessel et al., 2010) and pupillary responses were not cor-
rected for preretinal lens absorption. Our findings in the blind
patient are consistent with the spectral sensitivity of pupillary
responses in an older blind individual (Zaidi et al., 2007) (87-
year-old participant), in mice without rod and cone function
(Lucas et al., 2001), and in macaques with synaptic blockade of
rod—cone responses (Gamlin et al., 2007).

The onset of pupillary light constriction was abnormally slow
in the blind patient, suggesting that rods/cones mediate the initial
rapid pupillary response to light in sighted individuals. After the
light stimulus was extinguished, the rate of pupillary dilation was
also unusually slow in the blind patient, even though postillumi-
nation pupillary constriction is thought to be driven primarily by
melanopsin (Gamlin et al., 2007; Kankipati et al., 2010). Our
findings are consistent, however, with recent reports demonstrat-
ing that patients with outer retinal degeneration show abnor-
mally slow redilation of the pupils following exposure to blue
light (Markwell et al., 2010; Kardon et al., 2011; Léon et al., 2012),
suggesting a possible role for rod—cone signaling in determining
the rate of pupillary redilation after light offset.

The blind individual’s pupil was unable to track intermittent
light. Instead, pupil diameter decreased in size over the first minute
until reaching a stable size, thereafter behaving as if his eyes were
being exposed to continuous light. By comparison, in sighted partic-
ipants, pupillary constriction and dilation responses were closely
time-locked to the intermittent light stimulus. Our results are similar
to light responses measured from melanopsin cells in rat using a
flickering 0.33 Hz stimulus (1 s on, 2 s off) (Wong et al., 2007). With
intact rod—cone signaling, each light pulse elicits a fast depolariza-
tion event, whereas during synaptic blockade only the sustained
melanopsin-dependent depolarization remains. These findings sug-
gest that visual photoreceptors are required for melanopsin cells to
encode fast modulations of light intensity.

Pupil diameter was previously thought to reach a steady-state
size within a few minutes of exposure to continuous light (Mure
et al., 2009). By using longer-duration exposures, we show that
pupil diameter increases monotonically in sighted participants
for atleast 30 min. As the rate of pupillary escape is log-linear over
time (i.e., higher near the beginning of the light stimulus), pupil-
lary responses could appear to reach a steady state when viewed
on shorter timescales. Since we provided full-field illumination of
both retinas, it is possible that part of the decrease in pupillary
constriction early in the light exposure was due to reduction of
retinal illumination caused by the PLR itself. The time course of
pupillary escape that we observed during the first 5 min of expo-
sure to light was similar, however, to that described in a study that
examined the consensual light reflex, in which the pupil of the
stimulated eye was dilated using a mydriatic agent (Mure et al.,
2009). Although we chose a stimulus that would not be expected
to drive the intrinsic melanopsin cell response (543 nm, 12 log
photons cm 25 '), we cannot exclude the possibility that mel-
anopsin contributed to the weak sustained response to green light
in sighted individuals. Similarly, these experiments do not distin-
guish between contributions from rods versus cones, as rod pho-
toreceptors can signal nonvisual light responses at photopic
intensities (Altimus et al., 2010).

With intermittent light in the 0.1-4 Hz range, we prevented
pupillary escape and enhanced pupillary constriction for at least
30 min, similar to findings for exposure to shorter-duration si-
nusoidal light (Varja, 1964; Troelstra, 1968; Clarke et al., 2003).
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Our findings are analogous to the Brucke—Bartley effect (i.e.,
brightness enhancement) for vision, in which a flickering light
stimulus appears brighter than the same light presented contin-
uously, but only within a specific frequency range (Bartley, 1939).
The spectral sensitivity of brightness enhancement matches the
photopic luminosity function (Walters and Harwerth, 1978),
suggesting involvement of cone photoreceptors. We hypothesize
that short intermittent dark pulses allow cone photoreceptors the
opportunity to dark adapt before each light pulse, thus prevent-
ing pupillary escape.

Similar to our findings for the PLR, exposure to intermittent
red light enhances circadian phase shift responses in Opnlmw®
mice that express human long-wavelength sensitive opsin (Lall et
al., 2010). Together, these results raise the possibility that nonvi-
sual light responses in humans can be driven, and perhaps en-
hanced, by intermittent light therapy that targets activation of
cone photoreceptors. Since circadian and pupillary light re-
sponses are driven by different populations of melanopsin cells in
mice (Chen et al., 2011), additional studies are required to deter-
mine whether our findings for the PLR are generalizable to other
nonvisual light responses in humans.

Although we did not study age-matched controls, pupillary
light responses in the blind individual (aged 58 years) were many
times slower than predicted for a normally sighted individual in
the same age group (Feinberg and Podolak, 1965; Alexandridis
and Manner, 1977; Pfeifer et al., 1983; Straub et al., 1992; Bitsios
et al., 1996). To account for age-dependent differences, we nor-
malized PLR responses to dark-adapted pupil size (i.e., we deter-
mined percentage pupillary constriction, which is stable across
age groups) (Birren et al., 1950; Daneault et al., 2012). In doing
so, we found that the sensitivity of pupillary responses in the
blind individual was similar to mice without rod—cone function
(Lucas et al., 2003; Do et al., 2009) and macaques with pharma-
cologic blockade of synaptic input to ipRGCs (Gamlin et al,
2007); hence we consider it unlikely that age-related decline in
sympathetic or retinal function contributed substantially to dif-
ferences we observed in pupillary responses between sighted in-
dividuals and the older blind patient.

Our findings have potential implications for how rod/cone
and melanopsin dysfunction is assessed in patient populations
(Kankipati et al., 2010, 2011; Kawasaki et al., 2010; Kardon et al.,
2011). Here, we characterized PLR responses in a blind patient
who was previously described as having pupils that were unre-
sponsive to light based on a standard penlight examination per-
formed by an ophthalmologist (Zaidi et al., 2007). Based on our
findings, clinical testing of pupillary light responses in patients
with visual loss should be performed in darkness, using longer-
duration light stimuli in addition to short light pulses. Our results
may explain why, in a previous study, totally visually blind indi-
viduals with intact circadian responses failed to show a PLR dur-
ing a routine ophthalmologic exam (Czeisler et al., 1995).
Pupillary light responses could potentially be used to screen for
blind patients with intact circadian photoreception who should
continue to expose themselves to light—dark cues to entrain to the
24 h solar day. This test might be particularly important in visu-
ally impaired patients considering enucleation, to avoid remov-
ing a light-sensitive eye. Hence, in future studies it will be
important to examine the relationship between pupillary light
constriction and other nonvisual light responses in patients with
visual dysfunction.
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