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Abstract

Melanopsin, a novel photopigment, has recently been localized to a population of retinal ganglion cells that display inherent photo-
sensitivity. During continuous light and following light offset, primates are known to exhibit sustained pupilloconstriction responses that
resemble closely the photoresponses of intrinsically-photoreceptive ganglion cells. We report that, in the behaving macaque, following
pharmacological blockade of conventional photoreceptor signals, significant pupillary responses persist during continuous light and fol-
lowing light offset. These pupil responses display the unique spectral tuning, slow kinetics, and irradiance coding of the sustained, mel-
anopsin-derived ganglion cell photoresponses. We extended our observations to humans by using the sustained pupil response following
light offset to document the contribution of these novel ganglion cells to human pupillary responses. Our results indicate that the intrinsic
photoresponses of intrinsically-photoreceptive retinal ganglion cells play an important role in the pupillary light reflex and are primarily
responsible for the sustained pupilloconstriction that occurs following light offset.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The pupillary light reflex controls the light intensity
reaching the retina by a simple and well characterized path-
way that links a sensory input: irradiance level, to a motor
output: pupil diameter (Clarke, Zhang, & Gamlin, 2003;
Gamlin, Zhang, & Clarke, 1995; Loewenfeld, 1993; Pong
& Fuchs, 2000). Pupil area decreases with increasing irradi-
ance over a �9 log unit range. A key feature of the light
reflex is its tonic nature in bright light: constriction is held
steady under continuous illumination (Bouma, 1962;
Clarke et al., 2003; Gamlin et al., 1995; Loewenfeld,
1993; Pong & Fuchs, 2000). This may be contrasted with
ganglion cell recordings that show rapid desensitization—
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or light adaptation—of the cone pathways (Shapley &
Enroth-Cugell, 1984). Another feature of primate pupil
responses is that they often exhibit a brief dilation at light
cessation followed by a sustained reconstriction (Alpern &
Campbell, 1962; Alpern & Ohba, 1972; Hansen & Fulton,
1986; Newsome, 1971). There has not been a satisfactory
explanation of this sustained post-stimulus pupil response,
although it was suggested that it arose from bleached rho-
dopsin in rods (Alpern & Campbell, 1962; Alpern & Ohba,
1972; Hansen & Fulton, 1986).

In rodents, intrinsically photosensitive retinal ganglion
cells have been described that influence non-image-forming
functions, including the pupillary light reflex (Berson,
Dunn, & Takao, 2002; Gooley, Lu, Fischer, & Saper,
2003; Hattar, Liao, Takao, Berson, & Yau, 2002, 2003;
Lucas et al., 2003; Panda et al., 2003). Several studies have
recently provided evidence that melanopsin is the photo-
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pigment responsible for the photoresponse of intrinsically
photoreceptive ganglion cells (Fu, Liao, Do, & Yau,
2005; Melyan, Tarttelin, Bellingham, Lucas, & Hankins,
2005; Panda et al., 2005; Qiu et al., 2005).

Mice lacking rod and cone photoreceptors still display
pupil constriction in response to stimuli of high retinal irra-
diance (Lucas, Douglas, & Foster, 2001), mice lacking mela-
nopsin show an abnormal pupillary light reflex in which the
pupil fails to fully constrict at high retinal irradiance (Lucas
et al., 2003), and mice lacking both melanopsin and func-
tional rods and cones show no pupillary responses (Hattar
et al., 2003; Panda et al., 2003). Recently, we showed that a
comparable population of retinal ganglion cells exists in pri-
mates, and these cells project to the pupillary control center
in the pretectum (Dacey et al., 2005). When the melanopsin-
associated response of these ganglion cells is isolated in vitro
by pharmacological blockade of rod and cone transmission
to the inner retina, they display a slow, maintained depolar-
ization in response to long-duration light pulses and repolar-
ize only slowly upon light OFF (Dacey et al., 2005). These
data are consistent with the melanopsin-based response con-
tributing significantly to the maintained pupil constriction in
continuous light as well as to the sustained, post-stimulus
pupil constriction seen after light OFF. The goal of this study
was to test this hypothesis in the behaving macaque by eval-
uating pupillary behavior after pharmacological blockade of
retinal rod–cone pathways. Our results indicate that indeed
intrinsically-photoreceptive retinal ganglion cells contribute
significantly to the sustained component of the pupillary
light reflex and primarily to the sustained pupilloconstriction
that occurs following light offset. We also provide evidence
that this class of retinal ganglion cells plays the same func-
tional roles in human pupillary responses.
2. Methods

2.1. In vitro preparation

The in vitro whole mount retina preparation and recording methods
have been described previously (Dacey, Peterson, Robinson, & Gamlin,
2003; Dacey et al., 2005). Eyes were removed from deeply anesthetized
animals and the retina dissected free of the vitreous and sclera in oxygen-
ated Ames’ medium (Sigma Chemical Co., St. Louis, MO). The retina-
RPE-choroid was placed flat, vitreal surface up, in a superfusion chamber
mounted on the stage of a light microscope. Rhodamine-labeled cells were
visualized with a green filter block (excitation filter 545 nm; barrier filter
590 nm); autofluoresent granules were visualized with a blue filter block
(excitation 490 nm; barrier 515 nm). Ganglion cells were targeted for
intracellular recording using high-impedence (�300–50 MX) glass micro-
pipettes filled with 2–3% Neurobiotin (Vector Labs, Burlingame, CA)
and 1–2% pyranine (Molecular Probes, Eugene, OR) in 1.0 M potassium
acetate. Voltage responses were amplified (Axon instruments; Axoclamp)
and digitized at 10 kHz. Visual stimuli were delivered to the retina as pre-
viously described (Packer et al., 2001).
2.2. Subjects

Two juvenile, male Rhesus monkeys (Macaca mulatta) were used to
investigate pupillary responses. All experimental procedures were
approved by the UAB Institutional Animal Care and Use Committee,
and complied with the USPHS Policy on Humane Care and Use of Lab-
oratory Animals. All described surgical procedures were performed under
sterile conditions using isoflurane anesthesia. Post-surgical animals
received analgesics (Buprenex, 0.01 mg/kg) to minimize pain.

Two male humans with normal corrected vision also participated in
this study. All experimental procedures were approved by the UAB Insti-
tutional Review Board, and were undertaken with the understanding and
written consent of each subject.

2.3. Recording procedures

For eye-movement recording in macaques, scleral search coils were
implanted under the conjunctiva of each eye (Judge, Richmond, & Chu,
1980), and the horizontal and vertical gains of each eye were calibrated
at the beginning of each recording session. Human eye movements were
monitored by video camera. Pupil diameters were measured in both eyes
under infra-red illumination using video cameras and ISCAN RK406
pupillometer systems. The positions of the right eye, left eye, and pupil
diameters were sampled at 500 Hz. All samples were stored on computer
disk for later analysis.

2.4. Behavioral task, methods common to macaque and human

subjects

The pupil of the right eye was dilated with 1.0% tropicamide/2.5%
phenylephrine. Therefore, pupillary responses elicited by stimuli presented
to the right eye were measured by evaluating the consensual pupil response
of the left eye. At the beginning of a trial, the subject fixated with the left
eye on a target (2� Maltese cross; 5 cd/m2) presented on a computer mon-
itor at a distance of 58 cm. Pupil diameter in the left eye was monitored
continuously. After 5 s of fixation, a stimulus subtending 36� was
presented in Maxwellian view to the right eye for 10 s. The stimulus
(8.5–15.7 log photons/cm2/s) was presented at selected narrow-band wave-
lengths (8–10 nm full width at half maximum, Thermo-Oriel) between 430
and 613 nm. The stimulus was then extinguished, and the subject main-
tained fixation for another 16–30 s. In all cases, stimulus generation was
under computer control, including a stepper-controlled variable neutral-
density filter, a 10-position filter wheel, and a mechanical shutter. At each
wavelength, an IL1700 Radiometer/ Photometer System was used to cal-
ibrate retinal irradiance for the Maxwellian view (Nygaard & Frumkes,
1982).

2.5. Intravitreal injections and ERG monitoring

To study the influence of the intrinsically-photoreceptive retinal gan-
glion cells on the pupillary light reflex, we eliminated the reflex component
normally mediated by rods and cones by blocking ON and OFF retinal
channels with intravitreal injections of L-2-amino-4-phosphobutyrate
(L-AP4) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (Dolan &
Schiller, 1994; Sieving, Murayama, & Naarendorp, 1994). In one animal,
D-2-amino-5-phosphonovaleric acid (D-AP5) was also included in the
cocktail to block any potential involvement of NMDA receptors. Prior
to the intravitreal injection, the animal was anesthetized with a mixture
of 4–5% isoflurane and 95–96% oxygen. Topical 0.5% Proparacaine HCl
was instilled in the right eye. Then, using a 28-gauge needle inserted
through the pars plana, we injected 100 ll of a cocktail of 20–50 mM L-
AP4, 2 mM CNQX, and 5 mM D-AP5 diluted in sterile saline. Assuming
complete mixing in a vitreal volume of 2.0 ml, the retinal concentrations of
these drugs would be 1–2.5 mM L-AP4, 100 lM CNQX, and 250 lM D-
AP5. To monitor the effectiveness of the intravitreal injection, we recorded
the electroretinogram (ERG) (4 ms duration; 2.25 cd/m2/s, 6500 K) with
an Espion system (Diagnosys) equipped with a ColorBurst hand-held
mini-Ganzfeld simulator. The right eye was dilated with 1.0% tropica-
mide/2.5% phenylephrine for ERG recording. Once the ERG confirmed
that the injection had been effective, the animal was allowed to recover
from the anesthesia for 1–2 h, and testing began. Since, the right eye
was dilated for the pharmacological blockade sessions, it was maintained
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in a fully dilated state for all recording sessions. Previous studies have
shown that such intravitreal pharmacological blockades remain effective
for at least 5 h, and weeks are required for full recovery (e.g., Sieving
et al., 1994; Kondo & Sieving, 2001). Furthermore, we could confirm
the continued effectiveness of the blockade from the measured pupillary
responses.

2.6. Data analysis

Individual trials showing relevant pupil traces were displayed and ana-
lyzed off-line by computer. For measurements of the light-evoked pupillo-
constriction, the average pupilloconstriction was measured over the 5-s
period between 5 and 10 s after light onset. For measurements of the sus-
tained pupillary constriction after termination of the light stimulus, the
average pupilloconstriction was measured over the 10-s period between
6 and 16 s after light offset in macaques. In humans, for measurements
of the sustained pupillary constriction after termination of the light stim-
ulus, the average pupilloconstriction was measured over the 15-s period
between 15 and 30 s after light offset. The relation between irradiance
and pupilloconstriction was fit with the Hill equation:

Pupilloconstriction ¼ P max½IB=ðIB þ CBÞ�;

where I is irradiance, Pmax is maximal pupilloconstriction, B is a constant,
and C is the irradiance at which half-maximal pupilloconstriction is pro-
duced. For measurements of light-evoked pupillary responses during phar-
macological blockade and for sustained pupilloconstriction following light
termination, Pmax and B were determined at 493 nm and kept constant.
Only C was varied to obtain best fits at other wavelengths. For measure-
ments of light-evoked pupillary responses under normal conditions, Pmax,
B and C were varied to obtain best fits. We then generated plots of relative
quantal sensitivity as a function of wavelength.

In humans, we estimated the absorbance of the lens of each subject using
D&H Color Rule settings (Coren, 1987) and an algorithm to convert to lens
density functions (Pokorny, Smith, & Lutze, 1987), and corrected quantal
sensitivity appropriately. These resultant spectral sensitivity functions were
analyzed by optimizing fits of the data to a single pigment absorbance tem-
plate for a retinal1-based pigment (Kraft, Neitz, & Neitz, 1998). To deter-
mine kmax, we fit a sixth order polynomial to a plot of log sensitivity
versus wavelength (Baylor, Nunn, & Schnapf, 1984; Baylor, Nunn, & Sch-
napf, 1987). Each term of that polynomial has the form an [log(kmax/kÆ561)]n.

3. Results

We first examined the correspondence between the
response characteristics of the intrinsically-photoreceptive
ganglion cells recorded in vitro with those of pupillary
responses recorded in vivo under equivalent conditions.
Fig. 1a shows the response of the macaque pupil to a 10-
s pulse of light (493 nm) under photopic conditions. At
light ON, the pupil rapidly constricted and the constriction
was maintained for the duration of the stimulus. At light
OFF, the pupil dilated transiently, but then reconstricted
and displayed a sustained, post-stimulus constriction in
darkness. Fig. 1b shows the response of an intrinsically-
photoreceptive retinal ganglion cell recorded from the
in vitro macaque retina under similar conditions to those
in Fig. 1a. Overall, the retinal ganglion cell activity closely
matched the observed pupillary responses in time course.
At light ON, the ganglion cell depolarized rapidly (latency
to first spike �35 ms) and exhibited sustained firing for the
stimulus duration. (Dacey et al., 2005). At light OFF, the
cell hyperpolarized transiently to briefly cancel the sus-
tained intrinsic response; the cell then repolarized to give
rise to the sustained late discharge in darkness before
slowly returning to the resting potential in darkness (Dacey
et al., 2005). The complex dynamics of the ganglion cell
response derives from an interaction between cone input,
which provides the short-latency responses at light onset
and offset, and the inherent photoresponse, which main-
tains depolarization and firing for the duration of the stim-
ulus followed by an extremely slow decay at light OFF
(Dacey et al., 2005).

The hypothesis that combined cone and melanopsin-
derived light responses account, respectively, for transient
and sustained pupil behavior can be evaluated by measure-
ment of the spectral sensitivity of these responses. The slow
and sustained intrinsic photoresponse of the retinal gan-
glion cells is characterized by an absorbance template cor-
responding to a single retinal1-based pigment with a peak
at 482 nm, whereas the fast and relatively transient cone-
mediated response is complex and broadband, with signif-
icant sensitivity to longer wavelengths derived from L and
M cone inputs (Dacey et al., 2005). Under normal photopic
conditions, substantial and prompt pupilloconstriction was
elicited by retinal illumination at both 493 nm (activating
both cones and the intrinsic photoresponse) and 613 nm
(activating predominantly cones) (Fig. 1d). However, dur-
ing pharmacological blockade of rod and cone inputs (con-
firmed by the substantial reduction in the b-wave of the
electroretinogram; see Fig. 1c), the pupillary response
was delayed by approximately 1 s and was more sluggish
than normal (Fig. 1e); at the same time, substantial pupil-
loconstriction was elicited only by retinal illumination at
493 nm, consistent with the idea that the intrinsic photore-
sponse of ganglion cells controls this pupillary response.
Similarly, sustained pupilloconstriction after light cessation
was present only after retinal illumination at 493 nm (Fig. 1
d and e).

To more completely characterize the spectral sensitivity
of these macaque pupillary responses, the irradiance-
response relations for pupil constriction were measured at
ten wavelengths between 430 and 613 nm, and fitted with
the Hill equation. As an example, the filled circles in
Fig. 1f show the normal relation during the light stimulus
at 532 nm. During pharmacological blockade (open
squares), the response was absent at irradiance levels below
�11 log quanta/cm2/s, presumably due to the elimination
of rod-driven input. At higher irradiance levels, substantial
pupilloconstriction occurred, despite the elimination of
cone-driven responses.

Fig. 2a shows Hill equation fits to the irradiance-
response relations of the sustained response during illu-
mination for all 10 wavelengths under normal conditions.
Pupil response-irradiance functions obtained for stimuli
between 452 and 552 nm were comparable, with a
light-evoked pupil constriction of �3.2 mm at a retinal
irradiance of 14.0 log quanta/cm2/s. However, at longer
wavelengths, pupil constriction was reduced. The collec-
tive spectral sensitivity data could not be well fit by a
single pigment absorbance template for a retinal1-based



Fig. 1. Pupillary and ganglion cell responses in macaques. (a) Averaged pupillary responses (n = 5) showing sustained pupilloconstriction to a 10-s pulse
of light (493 nm, 13.3 log quanta/cm2/s). At light OFF, there is a transient pupil dilation followed by a sustained pupilloconstriction. The transient pupil
dilation is not always evident, since it depends on prior stimulus conditions and the magntitude of the sustained, post-stimulus pupil constriction. (b) In
vitro, intracellular recording from an intrinsically-photoreceptive retinal ganglion cell. For further details see Dacey et al. (2005). A 10-s pulse of light
(470 nm, 13.5 log quanta/cm2/s) was presented. Note the similarity between the retinal ganglion cell response and the pupillary response. (c) In vivo, flash
electroretinogram under normal conditions (upper trace) and following intravitreal injection of L-AP4/CNQX/D-AP5 (lower trace). The b wave is virtually
eliminated following this pharmacological blockade. (d) Normal condition. Averaged responses (n = 3) of the pupil to 493 nm light of 14.0 log quanta/
cm2/s irradiance (blue trace), and 613 nm light of 14.1 log quanta/cm2/s irradiance (red trace). Following light extinction, there is a pronounced sustained
pupilloconstriction that, in this case, masks the transient pupil dilation often seen at light OFF. (e) Pharmacological blockade condition. Averaged
responses (n = 3) of the pupil to 493 nm light of 14.0 log quanta/cm2/s irradiance (blue trace), and 613 nm light of 14.1 log quanta/cm2/s irradiance (red
trace). Note the robust and sustained pupillary responses elicited by light of 493 nm but not of 613 nm. (f) Retinal irradiance-pupillary response plots for
532 nm irradiance for the normal condition (d) and during pharmacological blockade (h) (SEM error bars).
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pigment (Fig. 2c, triangles), indicating the presence of
more than one receptoral component. Fig. 2b shows
Hill equation fits to the irradiance-response relations
during pharmacological blockade to isolate the intrinsic
photoresponse. The pupillary responses for a given
retinal irradiance were largest for wavelengths between
453 and 510 nm, with light-evoked pupil constriction
of �2.1 mm at a retinal irradiance of 14.0 log quanta/
cm2/s. At longer wavelengths, light-evoked pupillary
responses were significantly reduced, and were essentially
absent at 613 nm (Fig. 2b). The collective spectral sensi-
tivity data were well fit by the melanopsin spectrum
(kmax 482 nm) (Fig. 2c, circles).

Corresponding experiments on the sustained pupillary
constriction after light OFF showed that this response
was driven exclusively by the intrinsic photoresponse.
More specifically, a large pupilloconstriction was produced
by prior exposure to 10-s light pulses between 432 nm and
510 nm (Fig. 3a, blue and green traces), whereas little
response was observed after 10-s light pulses at 613 nm, a
wavelength that does not readily evoke the intrinsic
response (Fig. 3a, red trace). At all wavelengths, the mag-
nitude of the sustained pupilloconstriction after light pulses
of a given retinal irradiance in the absence of pharmacolog-
ical blockers was comparable to that of the sustained light-
evoked pupillary response evoked by light of the same irra-
diance in the presence of blockers (cf. Figs. 2b and 3a).
Further, a comparable retinal irradiance was required in
both cases to produce half-maximal pupilloconstriction at
493 nm. With or without pharmacological blockade, the
irradiance-response relation for sustained, post-stimulus
pupilloconstriction was the same at all wavelengths
(Fig. 3a and b), and had the same spectral sensitivity, being
well fit by the melanopsin spectrum (kmax 482 nm) (Fig. 3c).

A melanopsin-associated photosensitive pathway
appears to exist in humans (Dacey et al., 2005; Hannibal
et al., 2004; Rollag, Berson, & Provencio, 2003), but
definitive evidence linking it to a functional role is still
lacking. Because the sustained, post-stimulus pupil
response appears to arise primarily from the melanopsin
pathway in macaque, we sought to investigate the same
phenomenon in normal human subjects. We found that
pupilloconstriction in human subjects persisted after expo-
sure to a 10-s light at 493 nm (Fig. 4a, blue trace), but not
at 613 nm for the same irradiance (Fig. 4a, red trace). The
irradiance-response relation at 493 nm (Fig. 4b) showed a
half-maximal retinal irradiance (13.6 log quanta/cm2/s)
Fig. 2. Pupillary responses of macaques during a light stimulus under
normal conditions and during pharmacological blockade. (a) Retinal
irradiance-pupillary response plots under normal conditions. (b) Retinal
irradiance-pupillary response plots after pharmacological blockade. The
white dotted line indicates the retinal irradiance at 470 nm required to
produce half-maximal pupilloconstriction. In (a) and (b), line color
represents an approximation of stimulus wavelength. (c) Spectral sensi-
tivity data derived from (a) and (b). The data in the normal condition (m)
is poorly fit (R2 = 0.77) by a best fit, vitamin A1 pigment nomogram (peak
sensitivity at 522 nm). The data obtained during pharmacological block-
ade (d) is well fit (R2 = 0.99) by a vitamin A1 pigment nomogram with
peak sensitivity at 482 nm.

b
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very similar to that in macaque (cf. Fig. 3a). Next, for
eight wavelengths between 452 and 592 nm, we calculated
the retinal irradiance required to produce a given criterion
pupil response if mediated by a vitamin A1 pigment
nomogram with a peak sensitivity at 482 nm (pilot data
suggested a spectral sensitivity peaking between 480 and
485 nm). Repeated measures were obtained for the sus-
tained pupil response at each wavelength and retinal irra-
diance. We found that the actual data obtained in this
experiment departed only slightly from the predicted val-
ues (Fig. 4c). Indeed, these data, following correction for
minor departures from the predicted values as described
in the legend to Fig. 4, were well fit (R2 = 0.99) by a vita-
min A1 pigment nomogram with a peak sensitivity at
482 nm (Fig. 4d), closely matching our results in
macaques.
4. Discussion

Our results clearly demonstrate in macaques that the
melanopsin signal contributes significantly to sustained
light-evoked pupillary responses; they also show in
primates, including humans, that the melanopsin signal is
the primary source of the sustained, post-stimulus pupillo-
constriction observed following light offset.
4.1. Melanopsin-containing RGCs contribute significantly to
the primate pupillary light reflex

Melanopsin-containing RGCs provide the major retinal
input to the pretectal olivary nucleus in primates (Dacey
et al., 2003) and rodents (Hattar et al., 2006; Morin, Blan-
chard, & Provencio, 2003). Consistent with this projection,
substantial light-evoked pupillary responses occur despite
pharmacological inactivation of conventional photorecep-
tor signals. For example, during blockade, a stimulus with
a retinal irradiance of approximately 14.5 log quanta/cm2/s
at 493 nm elicits a pupil constriction of 2.7 mm (Fig. 2b),
while half-maximal pupil constriction is elicited by a retinal
irradiance of approximately 13.5 log quanta/cm2/s
(Fig. 2b). The action spectrum of these pupillary responses
is well fit by the melanopsin spectrum, and the irradiance
sensitivities and kinetics of these responses are also compa-
rable to the intrinsic photoresponses of melanopsin-con-
taining RGCs in vitro (Dacey et al., 2005). These results
clearly indicate that melanopsin-containing RGCs contrib-
ute significantly to the primate pupillary light reflex.
Fig. 3. Post-stimulus, sustained pupillary responses of macaques under
normal conditions and during pharmacological blockade. (a) Retinal
irradiance-pupillary response plots under normal conditions. (b) Retinal
irradiance-pupillary response plots after pharmacological blockade. In
both (a) and (b), the white dotted line indicates the retinal irradiance at
470 nm required to produce half-maximal pupilloconstriction, line color
represents an approximation of stimulus wavelength, and Pmax = 3.0 mm
was used for fitting the Hill equations. (c) Spectral sensitivity data derived
from (a) and (b). The solid curve, a vitamin A1 pigment nomogram with
peak sensitivity at 482 nm, closely matches the data obtained both under
normal conditions (m, R2 = 0.98) (best fit kmax 483 nm) and during
pharmacological blockade (d, R2 = 0.97) (best fit: kmax 476 nm).

b



Fig. 4. Post-stimulus, sustained pupillary responses in humans. (a) Averaged responses (n = 3) of the pupil to 493 nm light of 14.1 log quanta/cm2/s
irradiance (blue trace), and 613 nm light of 14.1 log quanta/cm2/s irradiance (red trace). (b) Retinal irradiance-pupillary response plot for 493 nm
irradiance. The white dotted line indicates the retinal irradiance required to produce half-maximal pupilloconstriction. (c) Criterion pupil response.
Magnitude of the sustained post-stimulus pupillary response after light OFF at eight different wavelengths (SEM error bars). The retinal irradiance (log
quanta/cm2/s) used at each wavelength is indicated above the data point. Each stimulus irradiance was calculated to produce the same sustained pupil
constriction if these responses were mediated solely by a vitamin A1 pigment nomogram with a peak sensitivity at 482 nm. (d) Spectral sensitivity data
derived from the results shown in (c). For each wavelength, the difference between the measured and criterion pupilloconstriction in (c) was converted into
an irradiance difference value based on the irradiance-pupilloconstriction response curve in (b). This difference value was then combined with the stimulus
irradiance value to determine the retinal irradiance required to produce the criterion pupil response at that wavelength. The solid curve, a vitamin A1

pigment nomogram with peak sensitivity at 482 nm, closely matches the data (m, R2 = 0.99).
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Further, these results suggest that in primates the role of
the melanopsin signal is to combine with the cone signal
over the photopic range, serving to maintain pupil constric-
tion during continuous daylight illumination. Indeed, data
obtained in humans prior to the discovery of intrinsically-
photoreceptive ganglion cells supports the importance of
the intrinsic photoresponse for maintaining pupil constric-
tion during continuous daylight illumination. Bouma
(1962) reported on the size of the static pupil as a function
of wavelength and retinal irradiance. He obtained a spec-
tral sensitivity curve with a kmax at 490 nm, which he inter-
preted as resulting from S-cone and rod inputs driving the
sustained pupil response during maintained illumination.
Since this interpretation could not be reconciled with the
known properties of these photoreceptors, it did not gain
standing. It is now clear that Bouma’s data approximate
the action spectrum of intrinsically-photoreceptive retinal
ganglion cells in primates.
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4.2. Melanopsin-containing RGCs drive sustained, post-

stimulus pupil constriction

Our data show that there is a sustained, post-stimulus
pupil constriction following light offset in primates. The
threshold for this response is high in both macaques and
humans. For example, at 30 s post-stimulus, a retinal irra-
diance of 12 log quanta/cm2/s (492 nm) is required to pro-
duce any sustained pupil constriction in darkness.
However, as the retinal irradiance of the stimulus increases,
substantial sustained pupil constriction is produced 30 s
following light offset. For example, a stimulus with a reti-
nal irradiance of 13.5 log quanta/cm2/s produces a sus-
tained pupil constriction of >1.5 mm in macaques and
humans (Figs. 3a and b, and Fig. 4b); while in humans, a
stimulus with a retinal irradiance of 15 log quanta/cm2/s
produces a sustained pupil constriction of 2.9 mm
(Fig. 4b). The action spectrum of these responses is very
well fit by the melanopsin spectrum, and the kinetics and
sensitivity of these responses closely match the intrinsic
photoresponses of melanopsin-containing RGCs in vitro
(Dacey et al., 2005). These results clearly demonstrate that
sustained, post-stimulus pupil constriction is mediated pre-
dominantly by the melanopsin-driven, intrinsic photore-
sponse and not by sustained rod activity resulting from
bleached rhodopsin as had previously been suggested (Alp-
ern & Campbell, 1962; Alpern & Ohba, 1972; Hansen &
Fulton, 1986).
4.3. Comparison to rodent studies

Rodents possess melanopsin-containing, intrinsically
photosensitive retinal ganglion cells that influence non-
image-forming functions, including the pupillary light
reflex (Berson et al., 2002; Gooley et al., 2003; Hattar
et al., 2002, 2003; Lucas et al., 2003; Panda et al., 2003).
It has been reported that mice lacking rod and cone photo-
receptors, but presumably with intact melanopsin-driven
intrinsic photoresponses, display substantial pupil constric-
tion in response to stimuli of high retinal irradiance (Lucas
et al., 2001). In these animals, pupil constriction ‘‘is driven
by a single opsin/vitamin A-based photopigment with peak
sensitivity around 479 nm’’ (Lucas et al., 2001). These
results closely match our results in primates, including
humans, which demonstrate that the intrinsic photore-
sponse driving pupillary responses can be well fit by a sin-
gle pigment nomogram with a kmax of 482 nm. Further,
mice lacking melanopsin show an abnormal pupillary light
reflex in which the pupil fails to fully constrict at high ret-
inal irradiance (Lucas et al., 2003, while mice lacking both
melanopsin and functional rods and cones show no pupil-
lary responses (Hattar et al., 2003; Panda et al., 2003).
These results in rodents are consistent with our suggestion
that the melanopsin signal contributes significantly to the
sustained pupilloconstriction component of the pupillary
light reflex in primates. To our knowledge, no study in
rodents has examined the sustained, post-stimulus pupil
constriction that occurs following light offset.

4.4. Evidence for a functional, melanopsin-driven inner

retinal pathway in humans

Previous studies in humans have shown that a novel
photopigment is responsible for melatonin regulation (Brai-
nard et al., 2001; Thapan, Arendt, & Skene, 2001) and cone
adaptation (Hankins & Lucas, 2002), but could not identify
the photopigment involved. More recently, melanopsin has
been shown to be present in human retina and retinohypo-
thalamic tract (Dacey et al., 2005; Hannibal et al., 2004; Rol-
lag et al., 2003), but these studies did not directly address the
physiological role played by this photopigment in humans.
Our experiments extend these previous studies by demon-
strating the influence of melanopsin-containing retinal
ganglion cells on human pupillary responses, and hence pro-
vide further evidence for the existence of a functional, mela-
nopsin-driven inner retinal pathway in humans.
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