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ABSTRACT

A recent study has shown that retinal ganglion cells containing the photopigment

melanopsin, which are intrinsically photosensitive in primates, project to the pupillary

control center in the pretectum. The aim of this study was to investigate how

melanopsin retinal ganglion cells (MRGCs) contribute to the pupillary pathway. We

designed and built a novel multi-primary stimulation system to control stimulation of

the three cone types and mRGCs independently in the human eye. We measured a

latency and amplitude of transient pupillary responses to three types of test stimuli

modulating excitations of mMRGCs and cones (mMRGC, luminance and the light flux

stimuli). It was found that the transient pupillary response to mRGC stimuli has a longer

latency than that to luminance and the light flux stimuli when an onset of sinusoidal

stimulus was used. The results indicate that we successfully demonstrated the pupillary

response to mMRGCs under conditions where mRGCs are isolated in humans.

Furthermore, the data confirm that the delayed response disappeared when the stimulus

Is presented as a square-wave pulse and not weighted by a sinusoid. The similarity of

time courses for the earlier phase of pupillary responses to all stimuli suggested that

these transient pupillary responses were driven by a single mechanism, which is perhaps

associated with cone-mediated signals.
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INTRODUCTION

In the conventional view of retinal physiology, rods and cones are assumed to be the

only photoreceptors in the eye. Therefore, in addition to their photoreceptive function,

they were considered responsible for non-image forming processing such as pupillary

light reflex and photoentrainment. To clarify whether classical photoreceptors are

responsible for non-image forming processing, researchers have generated transgenic

mice that lack all functional rod and cone photoreceptors. These mice showed normal

suppression of pineal melatonin (Lucas et al, 1999) and phase-shifting response to light

(Freedman et al, 1999), indicating that another type of photoreceptor that plays a role in

non-image forming processing must be present within the eye. Furthermore, these mice

exhibited pupillary constriction in response to intense light (Lucas et al, 2001),

suggesting that the novel photoreceptor does more than merely regulate the circadian

system.

The novel opsin, melanopsin, was identified by Provencio and colleagues (Provencio

et al, 1998; Provencio et al, 2000). Berson et al. showed that intrinsically photosensitive

retinal ganglion cells containing the photopigment melanopsin transmit information to

the suprachiasmatic nucleus (SCN) of the hypothalamus (Berson et al, 2002). Several

researchers have described the anatomical and physiological features of the novel

melanopsin-containing retinal ganglion cells (MRGCs); they are sparsely distributed in
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the retina (Provencio et al, 2002), have an action spectrum peaking at ~480 nm (Lucas

et al, 2001; Berson et al, 2002; Dacey et al, 2005; Gamlin et al, 2007) or ~460 nm

(Brainard et al, 2001; Thapan et al, 2001), and a single absorbed photon is sufficient for

generating spikes as rods (Do et al, 2009). The mRGCs have a sustained response with a

long latency to intense stimuli (Berson et al, 2002; Dacey et al, 2005) and much slower

than cones (Lucas et al, 2001; Berson et al, 2002; Lall et al, 2010). These cells also have

giant dendritic fields that receive cone-mediated onset and offset signals which are

organized as a color-opponent receptive field (Dacey et al, 2005) and convey brightness

information to the SCN and other non-image forming processing centers in the brain

such as the olivary pretectal nucleus and the intergeniculate leaflet of the thalamus

(Berson et al, 2002; Hattar et al, 2002). These particular brain centers receive irradiance

information not only from the mRGC, but also from classical photoreceptors, rods and

cones (Ruby et al, 2002; Panda et al, 2002; Lucas et al, 2003; Mrosovsky and Hattar,

2003; Hattar et al, 2003; Panda et al, 2003). Interestingly, melanopsin-knockout mice

still show a pupillary response at low irradiance (Lucas et al, 2003) and maintain

circadian rhythms (Ruby et al, 2002; Panda et al, 2002). On the other hand,

melanopsin-knockout mice with degeneration of rods and cones (Panda et al, 2003), or

with blockade of rod and cone functions (Hattar et al, 2003), exhibit a complete loss of



photoentrainment and the pupillary light reflex. These results clearly indicate that

signals from both the mRGCs and the classical photoreceptors contribute to non-image

forming functions.

In humans, it is difficult to investigate how signals from the classical photoreceptors

and those from mRGCs are summed and contribute to non-image forming pathways.

The challenge stems primarily from the need for selective stimulation of each

photoreceptor type. For example, when pupil constriction was measured as a function of

the level of light source emission, constriction occurred as the emission level increased,

indicating that irradiance information was conveyed to the midbrain. In this case, pupil

constriction can be explained by consolidated increases in excitation of the classical

photoreceptors and mRGCs. One could use a monochromatic light of ~500 nm to

selectively stimulate mRGCs. However, even when monochromatic light is used,

classical photoreceptors are strongly stimulated, which induces luminance and color

perception.

To isolate mRGC function, one could use subjects lacking functional rods and cones.

For example, isolation of mRGC function was achieved in blind human subjects (Zaidi

et al, 2007), in patients with retinitis pigmentosa (Kardon et al, 2010) and in transgenic

animals lacking rods and cones (e.g., Lucas et al, 2001; Panda et al, 2002; Ruby et al,



2002; Lucas et al, 2003), and also by pharmacological blockade of rods and cones

(Gamlin et al, 2007). Although these studies have shown that mMRGCs contribute to

pupil response, it is difficult to measure the contribution of mMRGCs relative to cones

using subjects with only mRGCs. Alternatively, it has been reported that one could

measure a sustained pupil response (Gamlin et al, 2007; Young and Kimura, 2008;

Kardon et al, 2009) or use long-duration test stimuli (McDougal and Gamlin, 2010) to

achieve isolation of mMRGC function, suggesting that the sensitivity of mRGCs is higher

than that of cones at low temporal frequencies. McDougal et al. showed that mMRGCs

and rods contribute significantly to pupil constriction for test stimuli with duration of

100 s, whereas cones contribute only slightly, indicating that long-duration stimuli could

be used to eliminate contamination by cones, but not rods. In a previous study, we

measured steady-state pupil diameter in response to test stimuli modulating mRGC

alone (Tsujimura et al, 2010). We used a silent-receptor substitution technique with a

four-primary stimulation system to stimulate the mMRGCs independently from the other

photoreceptors. Pokorny and his colleagues showed the use of a four-primary system to

investigate the rod-cones interactions (Shapiro et al, 1996; Pokorny et al, 2004; Cao et

al, 2008). Here, we showed a significant change in steady-state pupil diameter when

varying the excitation of mRGC alone, with no changes in luminance and color.



Furthermore, the change in pupil diameter by mRGCs was larger than that when

luminance alone was varied, indicating that the mRGC signals contribute more than L-

and M-cone signals to the pupillary pathway with a steady background.

In this study, we measured transient pupillary responses to test stimuli modulating the

excitation of mRGCs and cones using a silent-substitution technique. For example, the

test stimuli modulating the mRGCs varied only the mRGC excitation, while

maintaining constant excitations of the three types of cones. The test stimuli induced no

change in excitation in the three types of cones (i.e., “silent substitution™). In principle,

it is straightforward to use 5 primaries to independently control the 5 types of receptors,

that consists of 3 types of cones, rods and mRGCs, in the silent-substitution technique.

However, since the peak of spectral sensitivity curve for mRGCs is close to that for rod

it is essentially difficult to isolate mMRGC only with silent-substitution technique (Vienot

et al, 2010). We chose the intense background filed to avoid the rod contamination.

Silent substitution was used to isolate the target receptors. In addition, we used the

onset of the sinusoidal stimuli to minimize the involvement of cones. We assumed that

mRGCs are more responsive to the onset of sinusoidal stimuli whereas cones are more

responsive to the onset of square-wave stimuli. We used the difference in temporal

characteristics between the mRGCs and the cones as well as the silent-substitution



technique to isolate MRGC function.

The aim of this study was to investigate how signals driven by melanopsin-containing

retinal ganglion cells and cone-mediated signals contribute to the pupillary control

mechanism. We measured a latency and amplitude of transient pupillary responses to

three types of test stimuli modulating excitations of mMRGCs and cones. We showed that

the pupillary response to mRGC stimuli with a smooth temporal envelope (i.e.

sinusoidal stimuli) has a longer latency than the pupillary response to luminance and the

light flux stimuli. On the other hand, no change in latency of pupillary response (given a

similar time course) was found for any test stimuli with an abrupt temporal change (i.e.

square-wave stimuli). These results showed that we successfully demonstrated the

pupillary response to mRGCs under conditions where mRGCs are isolated in humans.

METHODS

Apparatus

A personal computer controlled a stimulation system (Fig. 1) consisting of two

integrating spheres; one for test stimulus presentation and the other for background

presentation. The test field comprised an annular ring and the background field

comprised a circular field with a 23° diameter. We chose the annular ring for the test

field to selectively stimulate mMRGCs. The test field did not cover the fovea to avoid a
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peak of cone distribution, but covered the peripheral field to include a peak of mRGC

distribution.

The test stimulus was superposed on the background using a beam splitter. Four

different kinds of light-emitting diodes (LEDs) were used as internal light sources in

each integrating sphere. The peak wavelengths of the four LEDs were 633 nm, 599 nm,

524 nm, and 468 nm for test stimulus presentation and 596 nm, 517 nm, 500 nm, and

466 nm for background presentation. Half-height bandwidths for all LEDs ranged from

15 to 38 nm. The LEDs were manufactured by OptoSupplyLimited (Hong Kong, China).

Luminance output of each LED was controlled by pulse width modulation (PWM) units

by adjusting the duty cycle of the pulse train to 1 kHz. The PWM units were controlled

by an embedded computer (H8/3052; Renesas Technology, Tokyo, Japan). The

characteristics of duty-luminance and duty-amplitude were carefully calibrated to

minimize the deviation caused by thermal effects (Watanabe et al, 1992). The spectral

output of each LED was measured by a spectroradiometer (CS-1000A, KonicaMinolta,

Tokyo, Japan). The head of the observer was held stable by a chin rest.

Figure 1
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Stimuli

In all experiments, test stimuli were represented in a receptor-excitation space that
used the excitations of three types of cones and mMRGCs. The receptor-excitation space
is a natural extension of the cone-excitation space, which uses three fundamentals
corresponding to the excitation of each of the three kinds of retinal cones (Smith and
Pokorny, 1996; Tsujimura et al, 2003; Tsujimura et al, 2007). The fundamentals were
designed so that the total amount of excitation of long-wavelength sensitive cones (L
cones) and middle-wavelength sensitive cones (M cones) was equivalent to the photopic
luminous efficiency function V(A). We used a fundamental for short-wavelength
sensitive cones (S cones) with a unity peak of 1.0 to calculate S cone excitation. In
addition to these three cone fundamentals, we used a spectral sensitivity curve for
mRGC. These fundamentals were mapped onto four orthogonal axes in the
receptor-contrast space. An excitation of mRGC was calculated from an estimated
spectral sensitivity curve with a unity peak of 1.0. We assumed that neither the S cones
nor the mRGC affect the photopic luminance efficiency function (i.e., luminance),
despite using photopic luminance units (cd/m?). The 10-deg cone fundamentals
proposed by Stockman et al. (Stockman et al, 1999; Stockman and Sharpe, 2000) were

used to calculate the excitation of each cone type. The ratio of energy peaks for L- and
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M-cone was 1.98. We estimated the spectral sensitivity of mRGC from a pigment
template nomogram (Dartnall, 1953) with a peak wavelength, Amax, 0f 480 nm. Lucas et
al. showed that a spectral tuning curve of mRGC as a function of wavelength was
closely approximated by a pigment template with a peak at 480 nm (Lucas et al, 2001).
The lens and macular pigment density spectra were those of Stockman et al. (Stockman
et al, 1999). The fraction of incident light absorbed by the receptor depends on peak
axial optical density (Dpeax). Stockman et al. chose 0.38 for M and L cones and 0.30 for
S cones. Despite a lack of relevant information, we tentatively chose 0.4 as the Dyeax for
mRGC as it was the same value as that for rods (Lamb, 1995). The resultant spectral
sensitivity function of mRGC in a 10-deg field displayed a peak wavelength of 489 nm.
The CIE coordinate (CIE 1964) was (0.313, 0.535) for the background field and (0.460,
0.450) for the test field and the luminance values were 612 cd/m? and 1109 cd/m?,
respectively. The receptor excitation calculated from the fundamentals proposed by
Stockman et al. for the test field was 816 cd/m? for L cones and 306 cd/m? for M cones.
The receptor excitation for S cones and mRGC was 98 cd/m® and 692 cd/m?,
corresponding to 0.143 W/sr/m?> and 1.013 W/sr/m?® respectively. The retinal
illuminance for the background field was 3.6 log photopic troland and 4.1 scotopic

troland with a pupil size of 3.0 mm, which minimized the involvement of rods (Aguilar
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and Stiles, 1954; Fuortes et al, 1961; Wyszecki and Stiles, 1982; Lee et al, 1997). Since
the peak of spectral sensitivity curve for mRGCs is close to that for rod it is essentially
difficult to isolate mRGC only with silent-substitution technique (Vienot et al, 2010).
We chose the intense background filed to avoid the rod contamination, on the other
hand, we chose the test field in order to provide a large receptor contrast for mRGCs in
the silent-substitution paradigm. The retinal irradiance in photon flux was 13.8 log
photons/cm?/sec for the test field and 13.5 log photons/cm?®/sec for the background field.
Notably, mice lacking rods and cones exhibited pupil constriction at this irradiance level
(Lucas et al, 2001; Lucas et al, 2003). Since we used the intense background field it
presumably produces large mMRGC-mediated responses and less cone-mediated
melanopsin responses due to saturation of cones (Lall et al, 2010).

We used three test stimuli as follows: varied mRGC excitation of the test stimuli alone
(mRGC stimuli), varied luminance of the test stimuli alone (luminance stimuli), and
varied radiant flux with no change in the spectral composition of the test stimulus,
which reduced the radiant flux uniformly at all wavelengths (light flux stimuli). The
mMRGC stimulus had 0.08 Weber contrast for mRGCs while the contrast for the other
receptors was null. The luminance contrast was 0.12 for the luminance stimulus. The

luminance contrast was 0.12 and the mRGC contrast was 0.04 for the light flux stimulus.
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The mRGC contrast of 0.08 was the maximum within the limitation of our apparatus.

The other contrasts were chosen from the results of a preliminary experiment such that

the response amplitude to each stimulus was approximately the same for all conditions

to ensure an accurate comparison of latency of the response to the stimuli.

Procedure

Six visually corrected (with ultra-thin hydrophilic contact lenses) observers (age range

20-24 years) participated in the experiment. All observers had normal ocular health and

normal color vision according to the Ishihara color blindness test. All observers gave

their written informed consent, and the study was approved by the local research ethics

committee. The observers were seated 25 cm from the diffuser and monocularly fixated

upon a black Maltese cross, which subtended 1.8° and was always present at the center

of the diffuser. The cross functioned as an accommodative ‘lock,” providing a strong

closed-loop stimulus to maintain accommodation at a constant level. After an initial

adaptation period of 5 min, we began a session of experimental trials. The test stimulus

was presented for 2 s. We used both onset of sinusoidal and square-wave, temporal

envelopes to control the frequency content of the stimulus (Figure 2).
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Figure 2

Figure 2 represents the temporal waveforms (upper panel) and the spectra (lower

panel) for sinusoidal and square-wave stimuli. We used the onset of the sinusoidal

stimuli to minimize the involvement of cones as they are more responsive to the high

temporal frequency component (e.g., De Lange, 1954) that is characteristic of the abrupt

change of the square-wave stimuli, but not of the sinusoidal stimuli.

The order of the test stimulus presentation was counter-balanced; one session lasted

for approximately 40 min including an initial adaptation of 5 min, during which time

observers were instructed to keep their right eye open, especially when the pupil

diameter was recorded for periods of about 9 s. The left eye was masked throughout.

Data were averaged from 60 traces in 2 sessions. The Student t-test with Bonferroni

correction for multiple comparisons was used to compare pupillary responses to the

three stimuli. All statistical analyses were done using a statistical analysis computer

program (R Development Core Team, 2009).

Measurement of pupil size

The pupil of the right eye was imaged using a video camera (Dragonfly, Point Grey

Research, Canada) located 0.5 m from the observer and 28° temporal to the visual axis.
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The video image was fed into a personal computer and analyzed using LabVIEW and

IMAQ Vision software (National Instruments) at a frequency of 60 Hz. The pupil was

located using thresholding and edge detection techniques, allowing the pupil diameter to

be analyzed at a resolution of <0.001 mm (Tsujimura et al, 2010).

Rod intrusion

It is possible that the transient pupillary responses could be caused by rods instead of

mRGCs. Several researchers have shown that rod photoreceptor stimulation can

produce large pupillary responses (e.g., Alpern and Ohba, 1972; Hansen and Fulton,

1986; McDougal and Gamlin, 2010). For example, McDougal et al. recently showed

that both mRGCs and rods contribute significantly to pupil constriction for test stimuli

with duration of 100 s, whereas cones contribute only slightly, suggesting rods could

influence pupillary response. This is not the case in our experiments. McDougal et al.

measured pupillary responses to a monochromatic light stimulus on the dark

background field. Conversely, we measured pupillary responses to test stimuli

superposed on the bright background field which minimized the involvement of the rods.

The retinal illuminance of the background field was 3.6 log photopic troland and 4.1

scotopic troland, which effectively minimized the involvement of rods (Aguilar and

Stiles, 1954; Fuortes et al, 1961; Wyszecki and Stiles, 1982; Lee et al, 1997). Aguilar
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and Stiles showed that rod contamination is likely to diminish progressively above 100

scotopic trolands and be entirely absent at 2000-5000 scotopic troland in

color-matching tasks (Aguilar and Stiles, 1954). This suggests that the rod

contamination in our experiment was small or negligible.

RESULTS

Pupil responses to the onset of sinusoidal stimuli

Pupil responses to the onset of sinusoidal stimuli for two observers are shown in Fig. 3.

The solid curve represents responses to the mRGC stimulus, the dotted curve represents

responses to the luminance stimulus, and the broken curve represents responses to the

light flux stimulus. The temporal envelope of the test stimuli is shown by the grey area

on the time-scale axis. All test stimuli produced relatively large pupillary responses. The

average pupil response was 0.19 + 0.04 mm for the mRGC stimulus, 0.24 + 0.03 mm

for the luminance stimulus, and 0.21 + 0.03 mm for the light flux stimulus. The

latencies and amplitudes of the pupil response for all observers are summarized in Table

1. As we observed in the preliminary experiment, the response amplitudes of all three

different stimuli were similar and no significant difference in response amplitude was

found (all, P>0.05, paired t-test with Bonferroni's correction).
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Figure 3

Results suggest that in all observers, the response to mRGC stimuli has a longer

latency than the response to the luminance and light flux stimuli. The difference in

latency in each response could be attributed to the difference in mechanism that induces

the pupillary response. To investigate whether a different mechanism is involved in

pupillary responses, the latency of the pupillary responses was analyzed and calculated

using a normalization technique developed by Barbur et al. (Barbur et al, 1998). The

amplitude of the pupillary responses to mRGC, luminance, and light flux stimuli were

normalized with respect to the average amplitude and the trace was overlaid such that

the difference in latency could be detected.

Figure 4 shows onset latencies and Fig. 5 shows the enlarged onset latencies for two

observers. Times for the onset of pupil constriction for the mRGC stimuli ranged from

790 to 942 ms from the onset of the test stimulus with an average of 874+26 ms for all

observers. The time for the onset of pupil constriction ranged from 614 to 774 ms for

the luminance stimuli with an average of 69725 ms, and from 626 to 757 ms for the

light flux stimuli with an average of 685+21 ms. When the time for the onset of pupil

constriction was compared among test stimuli, we consistently found that the latencies
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for the mRGC stimuli were significantly longer than those for the luminance and light

flux stimuli for all observers (P=0.0003 and 0.0002, paired t-test with Bonferroni's

correction). Times for the onset of pupil constriction for the light flux and the luminance

stimuli, on the other hand, were similar for all observers and no significant difference

was found (P>0.05, paired t-test with Bonferroni's correction). The difference in latency

could be due to a difference in the mediating mechanism, indicating that the latency of

pupil response to the mRGC stimuli with onset of sinusoidal envelope was determined

by mRGC signals, whereas the latency of pupil response to the luminance stimuli were

determined by cone-mediated signals. The small difference in latency between

luminance and the light flux stimuli suggested that these pupillary responses were

determined by cone-mediated signals.

Figure 4

Figure 5

Similarly, times to peak constriction were analyzed to investigate whether a different

mechanism mediates pupil response. Times to peak constriction from the onset of the
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stimulus ranged from 1314 to 1772 ms for mRGC stimulus, 1114 to 1690 ms for the

luminance stimulus, and 1114 to 1607 ms for the light flux stimulus. The average was

1557+63 ms for the mRGC stimuli, 1410+84 ms for the luminance stimuli, and

1426+71 ms for the light flux stimuli. The standard error of means for the time to peak

constriction was approximately twice greater than that for the time for the onset of pupil

constriction. When the time to peak constriction was compared among test stimuli, we

found that there was no significant difference among these stimuli for all observers (all,

P>0.05, paired t-test with Bonferroni's correction).

Time for the onset of pupil constriction for the mRGC stimuli was significantly longer

than that for the luminance and light flux stimuli. The time course for the earlier phase

of the response, therefore, may indicate mechanisms in which pupillary response are

induced. The pupillary response to the mRGC stimuli could be driven by the mRGCs,

whereas the similar time course of the luminance and light flux stimuli indicated that

the responses to these stimuli were driven by cones, or possibly by cone-mediated

post-receptoral mechanisms such as |L+M| luminance mechanism and |L-M| and

|[L+M-S| chromatic mechanisms. These signals could be associated physiologically with

Magno-, Parvo- and Konio-cellular pathways. We shall return to this point in the

Discussion.
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Pupil responses to the square-wave stimuli

The pupil responses to the onset of square-wave stimuli for two observers are shown in
Fig. 6. The temporal envelope of the test stimuli is shown by the grey area on the
time-scale axis. All other details are the same as those in Fig. 3. All test stimuli
produced relatively large responses. The average pupil response was 0.29 + 0.03 mm for
the mRGC stimulus, 0.34 + 0.04 mm for the luminance stimulus, and 0.33 + 0.04 mm

for the light flux stimulus.

Figure 6

Figures 7 and 8 show onset latencies for two observers. The times for the onset of
pupil constriction for mMRGC stimulus ranged from 436 to 551 ms and the average was
483 £17 ms for all observers. The time for the onset of pupil constriction ranged from
436 to 534 ms for the luminance stimulus with an average of 475+14 ms, and from 420
to 534 ms for the light flux stimulus with an average of 47515 ms. When the time for
the onset of pupil constriction was compared among the three test stimuli, we found that

there was no significant difference among these stimuli (all, P>0.05, paired t-test with
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Bonferroni's correction). The similarity in latency suggested that the pupillary responses

to all stimuli were determined mostly by a single mechanism.

Similarly, times to peak constriction were analyzed to investigate whether a different

mechanism mediates pupil responses. The times to peak constriction ranged from 838 to

1100 ms for mRGC stimulus, 852 to 1067 ms for the luminance stimulus, and 852 to

1067 ms for the light flux stimulus. The average was 949+36 ms for the mRGC stimulus,

958+28 ms for the luminance stimulus, and 949+28 ms for the light flux stimulus. When

the time to peak constriction was compared among test stimuli, we found that there was

no significant difference among stimuli (all, P>0.05, paired t-test with Bonferroni's

correction).

There was no significant difference in either time for the onset of pupil constriction or

time to peak constriction for all stimuli. Moreover, as shown in Figs. 6-8 the time

courses for all stimuli were quite similar. These results indicate that a single mechanism

drove the pupillary responses for all stimuli. One of the possible mechanisms could be a

mechanism that mediates cone signals. Since sensitivity of cones is higher than that of

mRGC at a high temporal frequency, pupillary responses to the square-wave stimuli

were probably determined by cone-mediated signals.

Although we attempted to isolate the mMRGC function using the silent-substitution
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technique, the cone signals contaminated the pupillary response to test stimuli with the

onset of the square-wave envelope due to the high sensitivity component at the abrupt

change of the stimulus. On the other hand, since sensitivity of cones is much lower for

the test stimuli with onset of sinusoidal envelope than that of mRGCs, the pupillary

response to the mRGC stimulus was determined by mRGCs, while the response to the

luminance stimuli was determined by the cone-mediated signals.

Figure 7

Figure 8

DISCUSSION

The delayed pupillary response to mRGC stimuli

The delayed pupillary response was found when responses to the mRGC stimuli with

onset of sinusoidal envelope were compared to the luminance stimuli, suggesting the

contribution of the mRGCs. In a study using transgenic animals, Lucas et al. measured

pupil light reflex in mice lacking rods and cones (i.e., mMRGCs only) and compared the

results with those in wild-type mice (Lucas et al, 2001). The mice lacking cones and
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rods had a latency of ~730 ms whereas the wild type mice had a latency of ~450 ms.

The difference in latency was approximately ~280 ms. Our results showed that a

difference in time when initiating constriction between the mRGC and the light flux

condition was 189 ms and the difference in time to the peak was 131 ms. In humans, the

pupillary responses to luminance and chromatic stimuli were different, suggesting a

contribution of post-receptoral mechanisms such as |L+M| luminance and |L-M|

cone-opponent mechanisms to the pupillary pathway (e.g., Barbur et al, 1998; Tsujimura

et al, 2001). The difference in latency obtained in our experiments could reflect a

difference between signals from post-receptoral mechanisms and mRGCs as opposed to

signals from cones and mRGCs in humans. Although the contribution of signals in

luminance and chromatic pathways which physiologically corresponds to Magno- and

Parvo-cellular pathways is well known in visual psychophysics it is not yet clear how

these conventional retinal ganglion cells contribute to the pupillary pathway (e.g., Guler

et al, 2008). One of the reasons could be due to a large contribution of mRGCs to the

pupillary pathway and importantly most of previous researches were done without

consideration of mMRGCs. Although the neural mechanisms of these conventional retinal

ganglion cells and mRGCs associated with pupillary response are interesting the

difference in latency obtained under the isolation of post-receptoral mechanisms and
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mRGCs, therefore, should be a matter for future research. Although the latencies

obtained in our experiments were slightly shorter than those in the mice study, they are

generally consistent. The results of the present study showed that we successfully

demonstrated the pupillary response to mRGCs under conditions where mRGCs are

isolated in humans.

The post-stimulus pupillary constriction

Gamlin et al. measured the pupillary response to a test stimulus with duration of 10

seconds and found that the pupil had a sustained constriction in darkness after the offset

of the test stimulus (Gamlin et al, 2007). They showed that the action spectrum of this

post-stimulus pupil constriction was well fit by the melanopsin nomogram with a peak

wavelength of 483 nm, indicating that this post-stimulus pupil constriction is mediated

by melanopsin-associated signals. In our experiment, the pupil response to the mRGC

stimulus with onset of sinusoidal envelope, however, cannot provide a unified and

coherent evidence for a sustained pupil constriction after the offset of test stimulus.

Gamlin et al. presented a bright test stimulus in darkness and measured pupil response.

The test stimulus induced a very large pupil response of about 1.5 mm. On the other

hand, we presented a test stimulus modulated on a bright background with low contrast
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in the silent-substitution paradigm. The color and luminance for the mRGC stimulus

were the same as those for the background, which were the so-called metamers that

have the same tristimulus values but different spectral radiant power distributions.

Although no truly satisfactory explanation how mRGCs produce post-stimulus pupil

constriction has been found, it seems that such a mechanism could require a large

change in stimulus, and hence our test stimulus might not induce post-stimulus pupil

constriction.

Interaction of MRGC and cone-mediated signals

In our experiment, the L-cone and M-cone contrasts were the same between the

luminance and the light flux stimuli whereas the mRGC and S-cone contrasts were

different. The L-cone, M-cone, S-cone and mRGC contrasts were 0.14, 0.09, 0.06, and

0.04 for the light flux stimuli and 0.14, 0.09, 0.00, and 0.00 for the luminance stimuli.

Since the S cones have a weak contribution to the pupillary pathway (e.g., Verdon and

Howarth, 1988), the difference in pupillary response between the luminance and the

light flux stimuli, therefore, could be used to estimate the contribution of MRGCs to the

pupillary responses.

There was no significant difference in amplitude between the luminance and light flux
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stimuli for the onset of sinusoidal stimuli. This result suggests a small contribution of

mRGCs or a negative functional interaction between mRGCs and cones to the pupillary

responses. The amplitude of the responses to the mRGC stimulus for the onset of

sinusoidal envelope was relatively large and similar to those for the luminance and the

light flux stimuli with a mRGC contrast of 0.08. This paradox could simply be

explained by the fact that there is a latency difference in pupillary response between

mRGC and cone-mediated signals. We have shown that there was a significant

difference in latency between mRGC and the luminance and the light flux stimuli. It is

evident that the latency difference needs to be considered when investigating an

interaction of mMRGC signals and cone-mediate signals.
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FIGURE CAPTIONS

Figure 1

Experimental setup. A personal computer controlled the stimulation system, which

consisted of two integrating spheres; one for test stimulus presentation and the other for

background presentation. The test field was an annular ring and the background field

was a circular field. The test stimulus was superposed on the background using a beam

splitter. Luminance output of each LED was controlled by pulse width modulation

(PWM) units by adjusting the duty cycle of the pulse train at 1 kHz. The PWM units

were controlled by an embedded computer.

Figure 2

The temporal waveforms (upper panel) and the spectra (lower panel) for sinusoidal and

square-wave stimuli.

Figure 3

The pupil response to the onset of sinusoidal stimuli for two observers. The solid curve

represents response to the mRGC stimulus, the dotted curve represents responses to the

luminance stimulus, and the broken curve represents responses to the light flux stimulus.

The temporal envelope of the test stimuli is shown by the grey area on the time-scale

axis.
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Figures 4 and 5

The pupil response to the onset of sinusoidal stimuli for two observers. Figure 4 shows

onset latencies and Fig. 5 shows enlarged ones. The amplitude of the pupillary response

to mRGC, luminance, and light flux stimuli were normalized with respect to average

amplitude and the trace overlaid such that the difference in latency could be detected.

All other details are the same as those in Fig. 3

Figure 6

The pupil response to the onset of square-wave stimuli for two observers. The solid

curve represents response to the mRGC stimulus, the dotted curve represents responses

to the luminance stimulus, and the broken curve represents responses to the light flux

stimulus. All other details are the same as those in Fig. 3.

Figures 7 and 8

The pupil response to the onset of square-wave stimuli for two observers. The amplitude

of the pupillary response to mRGC, luminance, and the light flux stimuli were

normalized with respect to the average amplitude and the trace overlaid such that the

difference in latency could be detected. All other details are the same as those in Fig. 6.

Table 1

The summary of latencies and amplitudes of the pupil response for all observers. The
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upper panel represents values for sinusoidal stimuli and the lower panel represents

values for square-wave stimuli.
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