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Abstract

Background: In the human retina, the contribution of intrinsically photosensitive retinal ganglion cells (ipRGCs) to
the regulation of the pupillary response remains poorly understood. The objective of the current study was to
determine the response dynamics of the pupillary light reflex to short, successive pulses of light. In order to better
assess the roles of ipRGCs and cones, we used pulses of blue and green light.

Methods: Each participant was exposed to 1-ms blue (466 nm) and/or green (527 nm) light pulses simultaneously
or separately, with inter-stimulus intervals (ISIs) of 0, 250, 500, 750, or 1000 ms. Pupil diameter was measured using
an infrared camera system.

Results: We found that human pupillary light responses during simultaneous irradiation or successive irradiation
with ISIs <250 ms were equivalent, though successive irradiation of blue- and green-pulsed light with ISIs = 500 ms
induced markedly increased pupillary constriction.

Conclusions: We propose that this result may be related to cell hyperpolarization that occurs in the retina just after
the first light stimulus is turned off, with the threshold for this effect being between 250 and 500 ms in the human retina.

Introduction

In the early part of this century, a novel type of photo-
cell, the intrinsically photosensitive retinal ganglion cell
(ipRGC), was discovered in the mammalian retina [1].
Subsequently, ipRGCs were shown to play important roles
in non-image-forming responses, including the suppres-
sion of pineal melatonin synthesis [2—5], pupillary con-
striction [4, 6-16], and alertness [17—19]. Research has
also demonstrated that ipRGCs respond to short wave-
length light of around 480 nm [1, 20, 21].

Recently, researchers have also suggested that input
from cones and rods influences ipRGC response [4, 6,
10, 11, 21, 22]. Thus, ipRGCs as well as cones, rods, bi-
polar cells, amacrine cells, and ganglion cells in the ret-
ina are responsible for the pupillary light reflex [23].
Indeed, output from ipRGCs regulates the pupillary light
reflex via the olivary pretectal nucleus in the pretectum
[21]. Gamlin et al. [6] measured pupillary light reflexes
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and intracellular electrical impulses in macaque (Macaca
mulatta) ipRGCs in response to a 10-s pulse of light
(493 nm, 13.3 log photons/ [em? s]) and revealed that
ipRGCs depolarized rapidly (latency to first spike,
35 ms) and exhibited sustained firing for the duration of
the light stimulus. After the light was turned off, brief,
transient hyperpolarization was observed, canceling the
sustained intrinsic response. The cells then depolarized
in darkness to give rise to a sustained late discharge be-
fore slowly returning to their resting potential [6]. Given
the rapid response of the macaque ganglion cells to light,
it is of interest to determine the dynamics of the human
pupillary response to short-pulsed light, where the light
stimulus on/off phases occur almost simultaneously.
Currently, the temporal summation properties of the
pupillary response to successive two-pulse stimulation
remain unknown. A prior study [24] on the pupillary
response to successive two-pulse stimulation found that
the pupillary response increased in amplitude when the
inter-stimulus interval (ISI) was less than ~ 600 ms.
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More recently, Joyce et al. [25] examined whether the
post-illumination pupillary response (PIPR) and pupillary
constriction were dependent upon the ISI (0, 64, 256, 512,
or 1024 ms) between two successive pulses (16 and
100 ms) of blue (464 nm) or red (638 nm) light stimuli
with two irradiances (11.4 and 15.2 log photons/ [em? s]).
They found that the 6-s PIPR (pupil size at 6 s after light
offset) was independent of the ISI and that the maximum
pupillary constriction increased as the ISI increased [25].

On the other hand, the effects of simultaneous light
exposure on the pupillary response appear to be different
from those of successive two-pulse stimulation. For ex-
ample, Figueiro et al. [22] revealed that compared to
monochromatic light exposure to blue (450 nm) or green
(525 nm) light, simultaneous exposure to blue and green
light resulted in less melatonin suppression. Moreover, we
also found that pupillary constriction in response to sim-
ultaneous exposure to an extremely short pulse (1 ms) of
blue and green light was less pronounced than during
exposure to a pulse of blue light alone despite the double
irradiance intensity of the combination [26]. These results
seem to support the theory that input from rods and
cones influences the responses of ipRGCs.

It should be noted, however, that the previous studies
on the pupillary response to successive two-pulse stimu-
lation [24, 25] did not successively present pulses of dif-
ferent wavelengths, which might differentially affect
ipRGCs, cones, and rods. Therefore, the present study
investigated the effects of both simultaneous and succes-
sive exposure to blue and/or green light with regard to
non-image-forming responses, such as the pupillary light
reflex, using extremely short pulses (1 ms) of blue and
green light with ISIs ranging from 0 to 1000 ms.

Methods

Participants

Nine healthy young Japanese women (mean age
22 + 0.3 years) participated in the experiment. All partic-
ipants were confirmed to have normal color vision using
the Farnsworth Munsell 100 Hue Test. Written informed
consent was obtained from each participant after the
procedures of the experiments had been explained to
them. This study was approved by the Bioethics
Committee of the Graduate School of Engineering at
Chiba University (no. 26-33). This research was per-
formed in accordance with the Code of Ethics of the
World Medical Association (Declaration of Helsinki) for
studies involving humans.

Experimental environment and apparatus

The experiments were conducted in a climatic chamber
(TBR-6HA4G2C; ESPEC Corp., Japan) with an air
temperature and relative humidity of 25 °C and 50%, re-
spectively. During the experiment, participants were
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exposed to extremely short pulses of blue and green light
simultaneously or separately using an integrating sphere
(Takano Co., Ltd.) inabooth (1420 mm x 510 mm x 1750 mm)
(see Section 2.3 for details on the procedures). The pulse
width of the light was 1 ms, and the irradiation intensity
was ~ 20 ©W/cm? or 13.7 log photons/[cm? s]. The spectral
irradiance of blue and green light-emitting diodes was
measured at the participant’s eye level using a spectroradi-
ometer (CL-500A; Konica Minolta, Inc., Japan). The wave-
length of peak emission was 466 nm (full width at half
maximum [FWHM] 22 nm) for blue light and 527 nm
(FWHM 29 nm) for green light (Fig. 1). We also estimated
the melanopsin-stimulating irradiance and photon density
of each light condition at the participant’s retinal level [27]
based on the spectral absorption of the crystalline lens [28]
and a template [29] that indicated the spectral absorption
characteristics of the photopigment with a peak wavelength
of 484 nm [1] (Table 1). We generated the rectangular
pulsed light using a function generator (WF1946A; NF Cor-
poration, Japan) that was attached to a microcomputer
(Arduino UNO; Arduino, USA) and control unit (Takano
Co., Ltd., Japan). We monitored the waveform of the pulsed
light using a photodiode (S3399; Hamamatsu Photonics,
Japan) and photosensor amplifier (C8366; Hamamatsu
Photonics). The ISIs of the successive pulses of blue and
green light were 0, 250, 500, 750, and 1000 ms. We applied
the following eight light conditions: blue light only (B),
green light only (G), double intensity blue light (2B),
simultaneous irradiation with blue and green light
with an ISI of 0 ms (B + GO), and successive irradi-
ation with blue and green light with an ISI of 250 ms
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Table 1 Characteristics of light sources

Light source Blue Green
Peak wavelength (nm) 466 527
FWHM (nm) 22 29
Photopic illuminance (Ix) 15 105
Scotopic illuminance (Ix) 226 241
Irradiance (uW/cmz) 20 19.1
Photon density (10" photons/[cm? s]) 473 51.2
Photon density (log photons/[cm2 s]) 13.7 137
Melanopsin-stimulating photon density 396 257

(10" photons/[cm? s])
FWHM full width at half maximum

(B + G250), 500 ms (B + G500), 750 ms (B + G750),
and 1000 ms (B + G1000) (Fig. 2).

Procedure and measurements

Each participant sat on a chair with her eyes facing the
integrating sphere, which contained the light-emitting
diode arrays. After 30 min of dark adaptation (< 0.5 lx),
each participant was successively exposed to the eight
light conditions with 5-min intervals including 1 min of
rest in the dark (Fig. 3). The order of the eight light con-
ditions was counterbalanced across the participants. The
pupil diameter (PD) of the left eye was measured for
12 s, starting from 1 s before the onset of the light pulse,
using an infrared camera system (EMR-8B; nac Image
Technology Inc.). Each participant was exposed to each
light condition three times every 60 s. We used the
mean value of three time points during each light
exposure.
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Using the PD measurements, we calculated the per-
centage (%) of peak pupillary constriction as follows: %
peak pupillary constriction = [(baseline PD - minimum
PD after light exposure)/baseline PD] x 100 where the
baseline PD represents the average value 1 s before light
exposure. Additionally, we determined the recovery
time, which was defined as the time until 90% recovery
of the PD from baseline. We also obtained the peak la-
tency and 6-s PIPR amplitude (% pupil size at 6 s after
light offset) from the PD recordings [30, 31].

Statistical analysis

Using SPSS 23.0 (IBM, USA), we performed one-way
repeated measure analyses of variance to evaluate the ef-
fects of the light conditions. When any significant effect
was found, multiple comparisons between the light
conditions were performed according to the Bonferroni
procedure. Differences were considered statistically sig-
nificant at p < 0.05.

Results

The main effect of light condition was statistically
significant (p < 0.001, F value = 27.425, degree of
freedom = 7) in the % peak pupillary constriction.
The % peak pupillary constriction after exposure to
extremely short monochromatic light (B, G, 2B) and
simultaneous pulses of blue and green light (B + GO)
was approximately 30% (Fig. 4). The actual peak
pupillary constriction was ~ 1.7 mm, with peak laten-
cies observed around 1 s after irradiation in these
conditions (Table 2).
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Fig. 3 Procedure of the experiment

The % peak pupillary constriction following exposure
to successive irradiation with pulses of blue and green
light with ISIs of 500, 750, and 1000 ms (B + G500, B +
G750, and B + G1000) was pronounced (Fig. 4). Specific-
ally, the % peak pupillary constriction during the B +
G500, B + G750, and B + G1000 conditions reached
more than 37%. The actual mean pupillary constriction
of these conditions was > 2.0 mm, and the peak latencies
of the B + G500, B + G750, and B + G1000 conditions
occurred at 1.29, 1.52, and 1.77 s, respectively, after ir-
radiation, which were significantly larger than those of
B, G, 2B, and B + GO (Table 2). The waveforms of
pupillary diameter during the successive irradiation con-
ditions of B + G750 and B + G1000 were bimodal
(Fig. 5). In contrast, the pupillary constriction in the B +
G250 and B + G500 conditions exhibited a single wave-
form, even though the pulsed light was presented twice.

Our analyses showed that successive irradiation with
pulses of blue and green light at ISIs > 500 ms induced
significantly greater pupillary constriction than did the
other conditions (p < 0.05 or p < 0.01; Fig. 4). However,
conditions with ISIs <250 ms exhibited the same level
of % peak pupillary constriction as the B + GO condition.
The recovery times for the B, G, 2B, B + GO, and B +
G250 conditions were all around 2.8 s, which was
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Fig. 4 Results for % peak pupillary constriction. Error bars indicate
one standard error of the mean. Solid lines denote p < 0.01, and
broken lines indicate p < 0.05
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shorter than was any of the recovery times for the light
conditions with ISIs > 500 ms (Table 2). However, the 6-
s PIPR amplitudes of all eight light conditions were
around 95%, and no significant differences were identi-
fied between the conditions (Table 2).

Discussion

In the present study, we observed that the pupillary light
reflex elicited by a 1-ms pulse of light was prolonged
(e.g., the recovery time in response to B was 2.9 s). This
prolonged response may be related to the nature of
ipRGCs. Researchers have suggested that pupillary con-
striction is mainly controlled by rods under exposure to
light of lower irradiance light and by ipRGCs under ex-
posure to light of higher irradiance [4, 11, 13, 27].
McDougal and Gamlin [32] reported that the contribu-
tion of rods, cones, and ipRGCs to the pupillary con-
striction was affected by the duration of a light stimulus.
Specifically, they found that the human pupillary con-
striction that occurs in response to lower irradiance light
(~11.0 log photons/[cm? s]) of 10 s or shorter depended
mainly on the rod photoresponse, while the pupillary re-
sponse to such weak stimuli of 30 s or longer depended
on the melanopsin photoresponse of ipRGCs [32]. The
authors also found that ipRGCs contributed more than
did rods or cones to the pupillary constriction when par-
ticipants were exposed to higher irradiance light (~ 12.5
log photons/ [em? s]) that was <2 s in duration [32].
Therefore, we assumed that the pupillary constriction in
the present study was mainly activated by ipRGCs.

Our data also revealed that the pupillary constriction
that occurred in response to B, G, 2B, and simultaneous
pulses of blue and green light (B + GO0) was almost
identical. In a previous study involving macaque mon-
keys, pupillary constriction in response to 532-nm light
exposure was saturated by light with an irradiance in-
tensity of >13.7 log photons/[cm® s] [6]. The same
study also examined the pupillary response to light at
10 wavelengths between 430 and 613 nm and found
that the pupillary constriction data obtained for stimuli
between 452 and 552 nm were comparable [6]. Hence,
the present results might be expected given the irradi-
ance intensity and wavelength of the light we used and
may further suggest that human pupillary constriction
may be affected by cones as well as ipRGCs.

In the current study, we observed pupillary constric-
tion in response to the first pulse of blue light for 2.9 s,
with the peak occurring approximately 1 s after irradi-
ation. Thus, in the conditions that utilized successive ir-
radiation, the second stimulus to reach the retina may
have evoked a weaker response that was in proportion
to the decreased pupil area. For example, if the pupil
area is indeed the dominant determinant of the pupillary
reflex, the pupillary constriction that occurred following
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Table 2 Peak pupillary constriction, peak latency, 6-s PIPR amplitude, and 90% recovery time (mean + SD)
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Peak pupillary constriction (mm)

Peak latency (s)

6-s PIPR amplitude (% baseline)

90% recovery time (s)

171 + 003 1.02 + 0.08°
G 174 £ 0.18° 1.00 + 0.10
2B 173 £023¢ 1.04 + 0.09°
B+ GO 173 + 0.24° 102 + 0.07°
B + G250 1.75 + 0.32° 105 + 021¢
B + G500 214+ 031 129 +0.10°
B + G750 224+ 003 152 + 006
B + G1000 216 + 025 177 £ 0.08

ANOVA (p value, F value)

p <0001, F=21976

p < 0.001, F=111.745

958 + 1.64
954 + 138
963 + 2.21
962 + 271
962 + 219
943 + 411
948 + 262
95.6 % 2.20
p=0418 F=1034

283+072
282 + 036"

290 + 060"

270 + 05990

2.80 + 087"

357 + 056

403 + 085

422 +083

p < 0001, F = 10450

ANOVA effect of the light conditions in each measurements
a~h: the results of mutiple comparison

significantly smaller than B+G500 (p < 0.01), B+G750 (p < 0.05) and B+G1000 (p < 0.05)
bsignificantly smaller than B+G500 (p < 0.05), B+G750 (p < 0.05) and B+G1000 (p < 0.01)
C,

significantly smaller (p < 0.01) than B+G500, B+G750 and B+G1000
dsignificantly smaller (p < 0.05) than B+G500, B+G750 and B+G1000
€significantly smaller (p < 0.01) than B+G750 and B+G1000
fsignificantly smaller (p < 0.01) than B+G500

Isignificantly smaller (p < 0.05) than B+G750

Psignificantly smaller (p < 0.01) than B+G1000

the second irradiation in the B + G1000 condition
should have been inhibited. However, we found that the
pupillary constriction to the second irradiation in the
B + G1000 condition was actually the most prominent,
whereas no pupillary constriction was noted in response
to the second irradiation in the B + G250 condition. These
findings imply that the degree of pupillary constriction
that occurs during successive irradiation is not accounted
for by the pupil area and may be affected instead by elec-
trical activity in the retinal cells.

Although the pupillary constriction we observed in
response to the successive irradiance of the B + G250
condition was not different from the pupillary constric-
tion we observed in response to the simultaneous irradi-
ation of the B + GO condition, the pupillary constriction
we identified during the conditions with ISIs =500 ms
was remarkable. In a previous study on pupillary constric-
tion in response to two successive light pulses (10-ms du-
ration), the pupillary constriction was slightly increased
when the ISI was <250 ms and continued to increase as
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Fig. 5 Waveforms of pupillary diameter during each light condition

the ISI increased to 600 ms [24]. Similarly, another study
showed that the pupillary constriction amplitude in re-
sponse to two 100-ms pulses tended to increase as the
ISI increased up to 1024 ms under four melanopsin ex-
citations (blue or red with 15.2 or 11.4 log photon/
[em? s]) [25]. Notably, the pupillary constriction the au-
thors observed in response to pulses of lower-intensity
blue light increased with increasing ISIs up to 512 ms
and then plateaued through an ISI of 1024 ms [25],
which is in accordance with the results of the present
study. The irradiance intensity of the light we applied
in the present study was higher than was that used in
Joyce’s study; additionally, the pulse width was much
shorter and the wavelength of the second pulse was dif-
ferent. Given these factors, we may assume that the in-
fluence of light on ipRGCs was comparable.

Research has demonstrated that the 6-s PIPR ampli-
tude is the most applicable index for studying ipRGC
function [31]. Moreover, it is well known that the 6-s
PIPR amplitude varies as a function of the properties of
stimuli. For instance, stimuli that have a blue component
[30, 31, 33], are longer in duration [31, 33], and have a
higher intensity [31] induce larger 6-s PIPR amplitudes
than do other stimuli. However, in the present study, we
did not find any differences in the 6-s PIPR amplitude
among the single or simultaneous irradiation conditions
(B, G, 2B, and B + GO). Interestingly, the peak pupillary
constriction levels were the same among these condi-
tions. Therefore, we speculate that the influence of light
was saturated in these conditions. In addition, we found
that the 6-s PIPR amplitudes were identical in the suc-
cessive irradiation conditions with ISIs between 0 and
1000 ms. Previously, Joyce et al. [25] reported that the
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6-s PIPR amplitude was independent of the ISI (0, 64,
256, 512, and 1024 ms) for both blue and red stimuli
with two irradiance levels, which is consistent with
the findings of the present study.

Finally, we identified substantial differences between
the responses elicited by the B + G250 condition and
those elicited by the B + G500 condition. In a previous
study, intracellular electrical recordings from macaque
ipRGCs following a 10-s pulse of light revealed that gan-
glion cells undergo depolarization followed by transient
hyperpolarization (likely less than a few hundred milli-
seconds) just after the light has been turned off [6]. As
such, we hypothesize that in our successive irradiation
conditions, the second light stimulus, when presented
immediately after the first stimulus, did not cause fur-
ther pupillary constriction owing to the hyperpolarized
state of the cell. The results of the present study indicate
that the threshold for this effect in the human retina lies
between 250 and 500 ms.

Conclusions

Collectively, our results indicate that the human
pupillary light responses to simultaneous and successive
irradiation with pulses of blue and green light at ISIs
<250 ms were equivalent. On the other hand, succes-
sive irradiation with pulses of blue and green light at
ISIs >500 ms induced pronounced pupillary constric-
tion. We conclude that this result may be related to hy-
perpolarization of the retinal cells, which likely occurred
immediately after the first light stimulus was turned off;
further, our data suggest that the threshold for this effect
is between 250 and 500 ms. Altogether, we think that our
findings improve our understanding of human pupillary
light responses.
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