11478 - The Journal of Neuroscience, August 15,2012 - 32(33):11478 -11485

Cellular/Molecular

A Retinal Ganglion Cell That Can Signal Irradiance
Continuously for 10 Hours

Kwoon Y. Wong
Department of Ophthalmology & Visual Sciences and Department of Molecular, Cellular & Developmental Biology, University of Michigan, Ann Arbor,
Michigan 48105

A recently discovered type of mammalian retinal ganglion cell encodes environmental light intensity and mediates non-image-forming
visual behaviors, such as the pupillary reflex and circadian photoentrainment. These intrinsically photosensitive retinal ganglion cells
(ipRGCs) generate endogenous, melanopsin-based photoresponses as well as extrinsic, rod/cone-driven responses. Because the ipRGCs’
light responses and the behaviors they control are both remarkably tonic, these cells have been hypothesized to be capable of irradiance
detection lasting throughout the day. I tested this hypothesis by obtaining multielectrode-array recordings from ipRGCs in a novel rat
eyecup preparation that enhances the regeneration of rod/cone photopigments. I found that 10 h constant light could continuously evoke
action potentials in these ganglion cells under conditions that stimulated (1) only melanopsin, (2) mainly the rod input, and (3) both
intrinsic and extrinsic responses. In response to a 10 h stimulus with gradual intensity changes to simulate sunrise and sunset, ipRGC
firing rates slowly increased during the “sunrise” phase and slowly decreased during the “sunset” phase. Furthermore, I recorded from
putative ipRGCs of melanopsin-knock-out mice and found that these cells retained the ability to respond in a sustained fashion to 20 min
light steps, indicating that melanopsin is not required for such tonic responses. In conclusion, ipRGCs can signal light continuously for at
least 10 h and can probably track gradual irradiance changes over the course of the day. These results further suggest that the photore-

ceptors and ON bipolar cells presynaptic to ipRGCs may be able to respond to light continuously for 10 h.

Introduction

The retina analyzes four aspects of our visual world: form, color,
motion, and irradiance. Whereas the first three types of analysis
give rise to image-forming visual perception, long-term irradi-
ance coding underlies non-image-forming visual responses, such
as the pupillary reflex, the suppression of nocturnal melatonin
release, circadian photoentrainment, and the acute inhibition of
the locomotor activity of nocturnal mammals (“negative mask-
ing”). Retinal ganglion cells (RGCs) specializing in long-term
irradiance detection generate light responses whose spike fre-
quencies stably encode the overall ambient light level. Such RGCs
were first recorded by Barlow and Levick (1969), who called them
“luminance units.” Three decades later, Pu (1999, 2000) showed
that at least some of these luminance units could be retrogradely
labeled from the hypothalamic suprachiamastic nucleus (SCN),
site of the master circadian clock. Shortly afterward, Saper, Berson,
Yau, and colleagues discovered that these SCN-projecting RGCs ex-
press the novel photopigment melanopsin (Provencio et al., 1998)
and function as photoreceptors, and thus named them “intrinsically
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photosensitive retinal ganglion cells” or “ipRGCs” (Gooley et al.,
2001; Berson etal., 2002; Hattar etal., 2002). Subsequent work found
that even though the ganglion-cell photoreceptors can respond di-
rectly to light, they nonetheless receive synaptic input (mainly from
the ON channel) and every ipRGC generates rod/cone-mediated as
well as melanopsin-based light responses. Both response compo-
nents are remarkably sustained and are far more tonic than the re-
sponses of conventional ganglion cells (Dacey et al., 2005; Wong et
al., 2007), suggesting that ipRGCs engage in prolonged irradiance
measurement.

Considering the sustained nature of ipRGC photoresponses and
of non-image-forming visual behaviors, these ganglion cells have
been thought to be capable of continuously signaling light over very
long time scales (e.g., throughout the day). However, this hypothesis
remained untested because the longest light stimuli that had been
attempted on ipRGCs of adult animals were only 20 min of static
light (Berson et al., 2002) and 22 min of progressively dimming or
brightening light (Barlow and Levick, 1969). Because ganglion-cell
photoreceptors exhibit pronounced adaptation in the face of contin-
ued photic stimulation (Wong et al., 2005), it is conceivable that
their light responses would terminate after only several hours of light
exposure. Indeed, a recent study found that the light-induced firing
rates of neonatal ipRGCs decayed by >90% after just 1 h of photic
stimulation (Sexton et al., 2012), although adult ipRGCs were not
examined in that study. Another unresolved question was whether
melanopsin is required for very prolonged irradiance detection. Two
studies seemed to suggest it is. In the first study, when a 3 h light was
presented to mice during their subjective night, wild-type animals
exhibited negative masking for the entire stimulus duration, but the
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ide, both eyes were harvested and hemisected.
After most vitreous was removed with forceps,
the eyecups were submerged in room-
temperature Ames’ medium bubbled with air

piece of the eyecup measuring ~2-2.5 mm on
each side was cut out with a razor blade and
flattened with the ganglion cell side down onto
a 60-channel multielectrode array (MEA, 30
pm-diameter titanium nitride electrodes at a
200 pwm center-to-center spacing; Multi Chan-
nel Systems). To anchor the preparation, a flat
nylon mesh net (Warner Instruments) was
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placed on top of the scleral side and this net was
in turn held down by a platinum ring. The
bathing solution was Ames’ medium supple-
mented with 16 mm D-glucose and maintained
at 33°C with a temperature controller (Multi
Channel Systems). This solution was fed into
the recording chamber at 3-7 ml min ! and
was recycled using a peristaltic pump. To en-
sure adequate oxygenation of the retina, air
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containing 95% O, and 5% CO, was continu-
ously applied to Ames’ medium in the MEA
chamber as well as in the solution reservoir. For
the experiments described in Figures 1 and 2,
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Figure 1.

ON-OFF ganglion cells analyzed in this experiment (n = 29).

masking responses of melanopsin-knock-out mice decayed rap-
idly and disappeared completely within 2 h (Mrosovsky and
Hattar, 2003). In the second study, SCN neurons in wild-type
mice were found to generate sustained light-evoked responses,
whereas those in melanopsin-knock-out mice responded to light
more transiently (Mure et al., 2007). The present investigation
was conducted to examine both questions.

Materials and Methods

Animals

All experimental procedures were approved by the University Committee on
Use and Care of Animals at the University of Michigan. All animals were
housed in a 12 h light, 12 h dark environment where the lights were on from
6:00 A.M. to 6:00 P.M. The rats used in this study were Long—Evans rats
between ~2 and 7 months of age. The mice were the melanopsin::Cre mice
described by Ecker et al. (2010), which had mixed BL/6 and 129Sv/] back-
grounds and were ~6 months of age. For both species, both male and female
animals were used.

Multielectrode-array recording

Rat eyecups. Before each experiment, a rat was kept in a ventilated light-
proof box for 15-20 h to fully dark-adapt its ganglion-cell photorecep-
tors (Wong et al., 2005). Euthanasia and tissue preparation were
performed under dim red light. Following euthanasia with carbon diox-

MEA recordings of the novel rat eyecup preparation can detect the light responses of ipRGCs. 4, The responses of an
ipRGC to 10 5480 nm light steps of three different intensities (expressed in log quanta cm ~2s "), firstin normal Ames’ medium
(Control) and then in the presence of L-(+)-2-amino-4-phosphonobutyric acid, o-(-)-2-amino-5-phosphonopentanoic acid, and
6,7-dinitroquinoxaline-2,3-dione to block rod/cone signaling (Synaptic block). This ganglion cell was identified as an ipRGC based
on ts ability to generate sluggish, high-threshold photoresponses during synaptic block, indicative of melanopsin phototransduc-
tion. B, Spike histograms illustrating the averaged light responses of all the ipRGCs detected in this experiment (n = 18). The bin
size of these histograms is 15, and the error bars represent SEM. C, The averaged light responses of all the conventional ON and

right, the eyecup preparations were superfused
in the dark for 2—4 h before data acquisition
started. For the experiments shown in Figures 3
and 4, the preparations were superfused in
darkness for 12-20 h before data acquisition;
such a long preexperiment superfusion gave
spike amplitudes time to settle to a reasonably
steady state, which was important for the 11.5h
recordings shown in Figures 3 and 4.

Isolated mouse retinas. The procedures for dark
adaptation, euthanasia, enucleation, and he-
misection were identical to those described above
for rats. After hemisection, the retinas were iso-
lated from the RPE, and forceps were used to re-
move most vitreous from the retinas. One of the
retinas was cut in half, and one piece was flattened
on an MEA with the ganglion cell side down. The
methods for anchoring the preparation, superfu-
sion, and temperature regulation were the same
as those for rats (see above). Each mouse preparation was superfused for ~1
h before data acquisition began.

Electrophysiological recording and light stimulation. Extracellular spike
recordings were obtained from ganglion cells using a 60-channel MEA
amplifier (Multi Channel Systems) (Tu et al., 2005). The recordings had
a bandwidth of 200 Hz-3 kHz and sampling frequencies were 5-10 kHz.
Raw recordings from all 60 electrodes were saved onto a computer for
offline processing. Light stimuli were full-field 480 nm light generated by
a monochromator with 16 nm slit width (Optical Building Blocks), and
the timing of stimulus presentation was controlled by an electromechan-
ical shutter integrated into this monochromator. Light intensity was
adjusted by a continuously variable neutral density filter (Newport)
positioned adjacent to the monochromator output, and was cali-
brated using a radiometer (UDT Instruments). All light intensities
shown in the figures are expressed in log quanta cm ~2s ~'. After the
light had transmitted through the neutral density filter, it was deliv-
ered via a fiber optic cable to the retinal preparation through the
bottom of the MEA chamber. Light stimuli were typically presented
between 6:00 A.M. and 8:00 P.M. [i.e., mainly during the animals’
subjective day (see Animals)]. For the experiment shown in Figure 1,
ipRGCs were identified as the units that remained photosensitive
during bath application of a mixture of synaptic blockers (see Chem-
icals). For all subsequent experiments, a 1 min 15.6 log quanta cm ~2
s ! light step was presented at the end of each experiment to identify
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Figure 2. The rat eyecup preparation improves the postbleach recovery of rod/cone-
mediated ipRGC light responses. In this experiment, an intensity series (8.6—12.8 log quanta
am 257 ") of 10 s light steps was presented three times to every ipRGC, first during the
dark-adapted state, then ~10 min after the presentation of a 1 min 13.8 log quantacm ~2s "
light to bleach rod/cone photopigments, and finally ~4 h after this bleaching light. These plots
are averages of all the ipRGCs tested, with each cell’s highest-amplitude light response normal-
ized to 1. For the ipRGCs in isolated retinas (n = 9; left), their responses recorded 10 min after
the bleach were somewhat larger those obtained ~4 h later, indicating not only a lack of
rod/cone photopigment regeneration but also a gradual rundown between these time points.
By contrast, the light responses of ipRGCs in eyecups (n = 9; right) increased during these two
time points, suggesting the RPE enabled some degree of photopigment regeneration during
dark adaptation.

ipRGCs as the units continuously excited by this light step; all other
ganglion cells responded transiently (Figs. 1C).

Action potentials were sorted offline using the Plexon Offline Sorter
(Plexon) and analyzed using Microcal Origin software (OriginLab). In
the experiment illustrated in Figure 2, photoresponse amplitude was
calculated by subtracting the mean firing rate during the 10 s prestimulus
period from that during the 10 s light stimulus, and each ipRGC’s largest
response was normalized to 1. For the histograms shown in Figures 3 and
4, only the ganglion-cell photoreceptors whose spike waveforms re-
mained sufficiently stable throughout the 11.5 h recordings were in-
cluded. Over the course of the 11.5 h, most ipRGCs’ action potential
waveforms fluctuated to such an extent that sorting became extremely
difficult if not impossible. On the other hand, some degree of spike
amplitude fluctuation is expected, since ipRGC action potentials tend to
get smaller as spike frequency increases (Figs. 4, 5A; Wong et al., 2005).
To generate the plot shown in Fig. 3C, each cell’s baseline firing rate was
assumed to remain constant throughout the recording. The total spike
count during the 0.5 h prestimulation period was first multiplied by 23 to
estimate the total number of spontaneous spikes during the 11.5 h re-
cording. This value was then subtracted from the total spike count for the
entire recording to give the number of light-induced spikes. In all figures,
error bars depict SEM.

Whole-cell recording

Isolated mouse retinas. The procedures for dark adaptation, euthanasia,
enucleation, hemisection, retinal isolation, and vitrectomy were the same
as those described above for MEA recording. One of the retinas was cut in
half and one piece was flattened on the glass bottom of a superfusion
chamber (Warner Instruments) with the ganglion cell side up. This piece
was held down by a weighted net (Warner Instruments). The bathing
solution was Ames’ medium supplemented with 16 mm D-glucose and
maintained at 32°C with a temperature controller (Warner Instruments).
The bathing solution was fed into the recording chamber at 2-3 ml
min ~ ' and was recycled using a peristaltic pump.

Electrophysiological recording and light stimulation. Whole-cell record-
ings were made from randomly selected ganglion cells in isolated, flat-
mounted retinas harvested from melanopsin-knock-out mice (Ecker et
al,, 2010). The chamber was mounted on a fixed-stage upright micro-
scope (Nikon Eclipse FN1). The ganglion-cell layer was visualized by
infrared transillumination, and medium and large somas were targeted
for whole-cell recording. Glass micropipettes were pulled from thick-
walled borosilicate tubing (tip resistances 6—8 M()) on a Narishige
PC-10 puller and were filled with an intracellular solution that contained
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the fluorescent dye Lucifer yellow (see Chemicals). Recordings were
made in current-clamp mode with a Multiclamp 700B amplifier (Molec-
ular Devices). pPCLAMP 10 (Molecular Devices) was used for data acqui-
sition. Signals were low-pass filtered at 2.4 kHz and sampled at 10 kHz.
Light stimuli were full-field 480 nm light, generated by filtering the mi-
croscope’s tungsten-halogen lamp with a narrowband filter (~20 nm at
half height). All stimuli were introduced from below the superfusion
chamber’s glass bottom and had an intensity of 12.5log quantacm ~%s '
at the retina. A logic-controlled electromechanical shutter regulated
stimulus timing. Immediately after recording, Lucifer yellow staining of
the cell was visualized and depth of dendritic stratification within the
inner plexiform layer was estimated by through-focus microscopy.
Drawings of stained cells were made using a camera lucida.

Chemicals

In the whole-cell recording experiments, the intracellular solution con-
tained the following (in mm): 120 K-gluconate; 5 NaCl; 4 KCI; 10 HEPES;
2 EGTA; 4 ATP-Mg; 0.3 GTP-Tris; 7 phosphocreatine-Tris; 0.1% Lucifer
yellow. The pH of this solution was adjusted to 7.3 with KOH. For the
MEA experiments in which rod/cone signaling to the inner retina was
blocked, the Ames’ medium contained a mixture of glutamate analogs to
block synaptic transmission: L-(+)-2-amino-4-phosphonobutyric acid
(100 uMm), 6,7-dinitroquinoxaline-2,3-dione (80-160 um), and p-(-)-2-
amino-5-phosphonopentanoic acid (25-50 um). These glutamate ana-
logs were purchased from Tocris Bioscience. All other chemicals were
purchased from Sigma-Aldrich.

Results

A novel retinal preparation for studying prolonged

light responses

To properly investigate the responses of ganglion cells to many
hours of illumination, a new retinal preparation was needed be-
cause all the methods available had significant limitations. MEA
recording can remain reasonably stable for hours, but recordings
from rodents always used isolated retinas, which do not support
the regeneration of rhodopsin following photobleaching. While
whole-cell recordings can be made from eyecups in which the
retina is attached to the retinal pigment epithelium (RPE) so that
rhodopsin regeneration can occur, stable recordings lasting for
>2 h are extremely rare. To overcome these limitations, I devel-
oped a novel recording method in which a small piece of a rat
eyecup is flattened on a 60-electrode MEA with the ganglion cell
side down. In this preparation, each piece of eyecup typically
yielded 3—10 well isolated ipRGCs, which were identified based
on their persisting photosensitivity in the presence of synaptic
blockers (see Materials and Methods, Chemicals; Wong et al.,
2007). The responses of these ganglion cells to 10 s full-field light
steps resembled those recorded previously using isolated rat ret-
inas (Wong et al., 2007). Specifically, every ipRGC generated
both on-excitatory, rod/cone-driven (“extrinsic”) light responses
and melanopsin-mediated (“intrinsic”) photoresponses in nor-
mal Ames’ medium, but only intrinsic responses during synaptic
block. These intrinsic photoresponses were evoked only by rela-
tively brightlight and had very slow kinetics, with spike frequency
increases that started several seconds after stimulus onset and
that continued for many seconds after stimulus offset. By con-
trast, the extrinsic light responses were several log units more
sensitive than the melanopsin responses and consisted of spike
rate increases that started nearly instantaneously at light onset,
continued throughout the 10 s light, and terminated rapidly after
stimulus termination (Fig. 14, B). The light-on responses of ON
and ON-OFF conventional ganglion cells (which were identified
by their lack of photosensitivity during synaptic block) also
matched those recorded previously using isolated rat retinas
(Wong et al., 2007). Namely, they were far more transient than
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the bleach were significantly reduced
compared with the prebleach recordings.
For the isolated retinas, response ampli-
tudes declined further 4 h after the bleach,

100 gV

10-hr light (10.6 log quanta cm2 s1)

indicating not only a lack of photopig-
ment regeneration but also a gradual run-
down in photosensitivity. In contrast, the
light responses of all ipRGCs in eyecups
increased in amplitude between the two
time points of dark adaptation, indicating
substantial regeneration of rod/cone
pigments.

The ipRGCs can continuously respond
to 10 hours of constant illumination
The next set of experiments examined the
responses of ganglion-cell photoreceptors
to prolonged photic stimulation. Follow-
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ing 12-20 h of dark adaptation (see Mate-
rials and Methods), each rat eyecup
superfused with normal Ames’ medium
was presented with a 10 h full-field step
increase in light intensity. Four intensities
were tested: 12.8 log quantacm ~*s ', ~1
log unit above the melanopsin threshold
for the responses of mouse and primate
ipRGCs to 1 min light steps (Dacey et al.,
2005; Tu et al.,, 2005); 10.6 log quanta
cm % 57!, which approximately corre-
sponds to the threshold for cone input to
primate ipRGCs (Dacey et al., 2005); 7.6
log quanta cm > s~', just above the
threshold for the rod input to ipRGCs in
RPE-attached primate retinas (Dacey et

10-hr light

Figure 3.

these histograms was six for 12.8 log quantacm ~2s ~, three for 10.6 log quantacm ~2s "

The ipRGCs can spike continuously in response to 10 h step increases in light intensity. A, The response of an ipRGC to
a10h10.6 log quanta cm s ' light step, recorded in normal Ames’ medium to allow rod/cone signaling. B, Averaged spike

histograms of all the ipRGCs recorded in normal Ames” medium, with a bin size of 5 min. The number of cells that contributed to ! o
,andthreefor7.6logquantacm —2 ~ whereas all the other three intensities

Top: 5,000 spikes / 5min
Bottom: 500 spikes / 5min

2 .1

al., 2005); and 6.7 log quanta cm ™~ s~ ',
which is just below the aforementioned
rod input threshold. The 6.7 log stimulus
failed to elicit any response (n = 13),

s ., Total spike counts in the 10 h responses recorded in normal Ames’ medium were estlmated (see Materials and Methods)
and plotted versus light intensity. In the linear regression fit, r equals 0.999 and the slope is 49,039 spikes per log unit. D, Averaged
spike histograms of all the ipRGCs tested in the presence of synaptic blockers to isolate melanopsin photoresponses, with a bin size

evoked ipRGC firing throughout the 10 h
light step after a short onset latency (Fig.
3A,B). At all three suprathreshold inten-

of 5min. The number of cells used in these histograms was four for 12.8 log quantacm ~2s "
s 1. Notice that the response amplitude scale bars are different for the two intensities.

the ipRGCs’ extrinsic photoresponses, with spike rate elevations
that never lasted for >~3 s (Fig. 1C). This result showed that any
ganglion cell that could respond continuously to constant light
for at least 10 s could be safely assumed to be an ipRGC. In all the
experiments described below, ganglion-cell photoreceptors were
identified as the cells that could continuously generate spiking
responses to a 1 min 15.6 log quanta cm ~* s~ ' light step pre-
sented at the end of each experiment.

The experiment shown in Figure 2 confirmed that this new
preparation enhances the extent of postbleach photopigment re-
generation. In this experiment, the responses of ipRGCs to an
intensity series of 10 s light were first recorded in the dark-
adapted state. An intense 480 nm light (13.8 log quanta cm 2
s ') was then presented for 1 min to bleach most rod/cone pho-
topigment molecules. Following the bleach, the same intensity
series of 10 s light was presented after 10—18 min of dark adapta-
tion, and then again after ~4 h of additional dark adaptation. In
both preparations, all light responses recorded 10—18 min after

and four for 10.6 log quanta cm

-2 .. . . . .
sities, an appreciable increase in firing was

observed within 2 s of light stimulation.
After the responses had peaked, firing
rates gradually decayed toward a plateau that remained fairly
stable over the remainder of the 10 h stimulus (Fig. 3B). On the
other hand, at light offset, the rates at which spike frequencies
returned to baseline levels depended on light intensity. At 7.6 log
quanta cm ~2 s ', firing rates fully returned to baseline levels
within ~10 s for all cells. At 10.6 log quanta cm > s~ ', spike
frequencies decayed to baseline over several minutes, whereas at
12.8log quantacm ~*s !, firing remained elevated for at least 1 h
(Fig. 3B). In Figure 3C, the spike counts of all the responses to the
three suprathreshold intensities were estimated (see Materials
and Methods) and plotted against photon flux, showing that the
number of light-evoked spikes increased more or less linearly as
intensity increased.
To selectively investigate the intrinsic melanopsin response to
10 h light steps, the next experiment was conducted in the pres-
ence of synaptic blockers (see Materials and Methods). Three
intensities were examined: 12.8, 10.6, and 9.5 log quanta cm ~
s~ '. As mentioned above, the 12.8 log stimulus is ~1 log unit
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above the melanopsin threshold previ- A
ously measured using 1 min light steps
(Dacey et al,, 2005; Tu et al, 2005),
whereas the 10.6 and 9.5 log stimuli are
both below that threshold. I found that
12.8log quantacm ~*s ' robustly evoked
action potentials throughout the 10 h
stimulation. This intensity started to in-
duce an appreciable increase in spiking
within ~20 s of stimulation. The re-
sponses reached peak amplitudes within
approximately half an hour, and then
gradually decayed toward a steady-state
plateau. After stimulus termination, spike
rates dropped gradually over many min-
utes (Fig. 3D, top). I also found that 10.6
log quanta cm 2 s~ ' evoked melanopsin
responses for 10 h. At this intensity, ap-
preciable firing increases were observed only after 2—20 min of
light stimulation. Spike frequencies rose for many minutes and
peak amplitudes were reached ~1 h after stimulus onset. In the
averaged response shown in Figure 3D, bottom, the response may
appear to have fully decayed to baseline after ~8-9 h of light
stimulation; however, shortly after light off, spike frequency ob-
viously drops further, suggesting that the cells were still responding
to the stimulus at the end of the 10 h light step. On the other hand,
the 9.5 log quanta cm ~> s ' stimulus did not evoke any obvious
melanopsin response in any of the ipRGCs tested (n = 19).

Figure 4.

ipRGC spiking can approximately track continuously
changing light intensities

All the light stimuli tested so far were step increases in light
intensity. However, under natural conditions, most animals
and many people experience gradual rises in ambient light
intensity during the morning and gradual reductions in the
evening (Hébert et al., 1998). To examine how ganglion-cell
photoreceptors might respond to gradual irradiance changes,
I recorded from rat eyecups superfused with normal Ames’
medium and presented a 10 h light stimulus that consisted of
a 2.5 h ramp increase in light intensity from 8.1-12.8 log
quanta cm ~*s ' to simulate sunrise, followed by 5 h of con-
stant intensity at 12.8 log quanta cm ~*s ', and subsequently
a 2.5 h ramp decrease to 8.1 log quanta cm > s ' to mimic
sunset [for comparison, in terms of effectiveness in stimulat-
ing melanopsin, the irradiance of a typical cloudy dayis ~15.6
log quanta cm ~% s ~! of equivalent 480 nm photons, whereas
direct sunlight is ~16.4 log quanta cm % s ' (Enezi et al.,
2011)]. The spike rates of these ganglion cells rose steadily
during the “sunrise” phase and peaked at the transition to the
constant-intensity phase. Spike frequencies decayed slightly
over the 5 h constant phase, but started to drop faster shortly
after the initiation of the “sunset” simulation (Fig. 4).

Melanopsin is not required for sustained ipRGC responses to
bright light

As shown in Figure 3B, bottom, ganglion-cell photoreceptors
could respond continuously for 10 h to the 7.6 log quanta cm ~*
s ' constant light. Because this intensity is ~3 log units below the
melanopsin threshold measured during synaptic blockade (Fig.
3D), this result suggested that synaptic input may be sufficient to
induce sustained ipRGC responses to very dim light. To examine
whether synaptic input is sufficient for prolonged ipRGC re-
sponses to bright light, I obtained whole-cell and MEA record-
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The ipRGCs can approximately track gradual changes in light intensity. 4, The response of an ipRGC to a 10 h light
stimulus designed to simulate gradual light intensity changes over the course of the day. In this stimulus, the intensity was slowly
ramped up from8.1-12.8log quantacm ~
back down to 8.1log quanta cm
B, The averaged spike histogram of all ipRGCs subjected to this ramp stimulus (n = 3), with a bin size of 5 min. All cells were
superfused with normal Ames’ medium.

2 2

s~ over2.5h, held constantat 12.8 log quantacm ~2s ~ " for 5 h, and slowly ramped
s~ over 2.5 h. This response was recorded in normal Ames’ medium to allow rod/cone input.
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ings from melanopsin-knock-out mice, specifically the
melanopsin::Cre mice created by Ecker et al. (2010) in which
both melanopsin promoters drive the expression of the Cre re-
combinase instead of the melanopsin open reading frame.

In the whole-cell recording experiment, current-clamp re-
cordings were made from 15 randomly selected ganglion cells in
melanopsin-knock-out retinas. I presented 480 nm light steps
10-60 s in duration and 12.5 log quantacm ~>s ' in intensity to
each cell and only 2 of the 15 cells responded in a sustained
manner (Fig. 5A). Lucifer yellow fills revealed that both cells’
morphologies were strikingly similar to those of ipRGCs. The
first cell, shown in Figure 5A, left, had two strata of relatively
sparse dendrites and was thus probably an M3-type ipRGC
(Schmidt and Kofuji, 2011). The second cell, shown in Figure 5A,
right, had a very large soma and relatively dense, radiate dendrites
stratifying near the retinal surface, indicating it was likely an M4-
type ipRGC (Ecker et al., 2010). These results suggest that, even
without melanopsin, presumed ipRGCs can still respond contin-
uously to relatively bright light for at least 1 min. They further
suggest that in melanopsin-knock-out mouse retinas, sustained
photoresponses are probably a unique characteristic of ipRGCs,
just like for wild-type rat retinas (Fig. 1).

To investigate the responses of ipRGCs to longer stimulus
durations and to obtain a larger sample size, | made MEA record-
ings from melanopsin-knock-out mouse retinas. This experi-
ment used isolated retinas, partly because I have found it
impossible to flatten mouse eyecups onto MEAs and partly be-
cause vitrectomy (which is necessary to allow the MEA to contact
the retinal surface) invariably causes mouse retinas to detach
from the RPE. For all four pieces of retinas tested, the vast major-
ity of MEA channels exhibited only transient light responses (Fig.
5B), and each 60-channel MEA contained only several well iso-
lated units with sustained photoresponses (Fig. 5C, top and mid-
dle). This overwhelming prevalence of transient units paralleled
that observed in the above-mentioned whole-cell recordings and
in MEA recordings of wild-type retinas, suggesting that the tran-
sient cells were likely conventional RGCs, whereas the sustained
responders were probably ipRGCs. In conclusion, in these
melanopsin-knock-out retinas, putative ipRGCs could still be
identified by their continuous spiking responses to the 1 min 15.6
log quanta cm > s~ test pulse (see Materials and Methods), as
shown in Figure 5, top and middle. When rod/cone input was
blocked using the synaptic blockers, all responses to this test pulse
were abolished, confirming that these presumed ipRGCs lacked
melanopsin (Fig. 5C, bottom). To test these cells’ ability to signal
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Figure 5.  Melanopsin is not required for prolonged ipRGC responses to bright light. A, Whole-cell recordings showed that in
melanopsin-knock-out retinas, ganglion cells with ipRGC-like morphologies could respond continuously to bright light for 1 min.
Left, The response of a sustained ON ganglion cell toa 1min 12.5log quantacm —2s ~ ' light step (top) and its M3-like morphology
(bottom). The solid black lines depict dendrites near the retinal surface, whereas the dashed gray lines depict deeper dendrites.
Right, The response of another sustained ON ganglion cell to the same 1 min stimulus (top) and its M4-like morphology (bottom).
Both cells” axons are indicated by arrows. B, C, For each piece of melanopsin-knock-out mouse retina recorded on the MEA, the vast
majority of channels exhibited only transient photoresponses and only several channels contained sustained responses. Thus, the
transient units were probably conventional RGCs while the sustained ones were probably ipRGCs. B, Top, The transient response of
a presumed conventional RGC to a 1 min 15.6 log quanta cm —2s " light step, recorded in normal Ames’ medium. Bottom, A
histogram averaging the spiking responses of 30 transient ON or ON—OFF RGCs to this 1 min light step, with a bin size of 15. C, Top,
The response of a putative melanopsin-knock-outipRGC toa 1min 15.6log quantacm ~2s ~ " light step in normal Ames’ medium.
Middle, A histogram averaging the spiking responses of all the presumed melanopsin-knock-out ipRGCs to this 1 min light step,
withabinsize of 15 (n = 13). Bottom, During superfusion with synaptic blockers, the light response of the cell shown in €, top, was
completely abolished, confirming the lack of intrinsic photosensitivity. D, Synapticinput to putative melanopsin-knock-out ipRGCs
could evoke action potentials throughout a 20 min 12.8 log quanta cm ~%s ~" light step. Top, The response of one of these cells,
recorded in normal Ames’ medium. Bottom, A spike histogram averaging all the putative melanopsin-knock-out ipRGCs' responses
to the 20 min 12.8 log quanta cm ~2s ~ " light, with a bin size of 105 (n = 13).

prolonged bright light, a 12.8 log quanta cm > s ' light was
presented for 20 min. I used such a short duration because MEA
recordings of isolated mouse retinas have far shorter longevity
than those of rat eyecups and because rhodopsin regeneration
does not occur in the absence of the RPE. Nearly all putative
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ipRGCs (12 of 13) were continuously ex-
cited throughout this 20 min 12.8 log
quanta cm > s~ ' light. The averaged re-
sponse peaked rapidly, displayed pro-
nounced adaptation over the first minute,
and then slowly increased for the next
~10 min before reaching a steady level
that continued through the end of the 20
min light step. Spike frequencies quickly
dropped at light offset, but remained ele-
vated for the remaining 8 min of the re-
cording (Fig. 5D).

Discussion
I'have developed a novel eyecup preparation
that facilitates prolonged recording of rat
ganglion-cell light responses. This prepara-
tion supports a high degree of recovery from
bleaching light (Fig. 2), and robust, stable
ganglion-cell photoresponses can be de-
tected for many hours (Figs. 3, 4). In addi-
tion to rats, this preparation can probably be
applied to other rodents with eyes about the
same size or larger. However, the prepara-
tion is not suitable for mice due to the diffi-
culty of flattening their small eyes and of
removing their vitreous without inducing
retinal detachment. Thus, I used rat eyecups
for all the experiments described in this pa-
per except when melanopsin was knocked
out, which required the use of mice (Fig. 5).
The main finding of this report is that
ipRGCs can continuously spike in response
to 10 h of constant light stimulation. Before
this study, two lines of evidence had sug-
gested that these ganglion cells might pos-
sess such ability. First, behavioral assays
showed that negative masking and noctur-
nal melatonin suppression could be contin-
uously evoked by constant light for 3-6.5 h
(Mrosovsky and Hattar, 2003; Gooley et
al., 2010). Second, when rats that had
been exposed to 19 h of constant light
were killed, the neuronal activity marker
cFos was found in ganglion cells that con-
tained pituitary adenylate cyclase activat-
ing polypeptide (i.e., putative ipRGCs)
but not in ganglion cells that lacked this
protein (i.e., presumed conventional
RGCs) (Hannibal et al., 2001). However,
whereas the light sources used in these
studies were constant, the individual pho-
toreceptors of the animals and human
subjects likely experienced frequent fluc-
tuations in light intensity. This is because
the animals were allowed to move freely in
a visually heterogeneous environment
and, even though the human subjects
were stimulated within Ganzfeld domes,

they were allowed to blink their eyes or even take periodic 10 min
breaks from the experiment. An additional caveat of the cFos
experiment is that cFos expression does not necessarily indicate
spiking activity, which is required for ganglion cells to signal to
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higher brain centers. Thus, the present study provides the first
definitive proof that ganglion-cell photoreceptors can spike in
response to 10 h of static photic stimulation, consistent with their
roles in long-lasting, non-image-forming visual behaviors. Dacey
etal. (2005) demonstrated that for melanopsin responses evoked
by 1 min light steps, the number of light-induced spikes is directly
proportional to photon flux, indicating that the ipRGC photo-
transduction cascade counts photons precisely. In the present
paper, I found that such a linear relationship also exists for
ipRGC responses to 10 h light steps (Fig. 3C), suggesting that
these ganglion cells may continue to count photons over many
hours. This remarkable photon-counting ability may form the
basis for the prolonged integration times characteristic of non-
image-forming visual behaviors (Nelson and Takahashi, 1991).
Another important conclusion from this investigation is that
melanopsin is probably not necessary for generating sustained
ipRGC photoresponses. Three previous studies showed that
10-15 s light steps below the melanopsin threshold could contin-
uously excite ipRGCs (Dacey et al., 2005; Wong et al., 2007;
Schmidt and Kofuji, 2010). In an electrophysiological study of
the photoresponses of SCN neurons in anesthetized mice, SCN
cells in wild-type animals were found to respond continuously to
5 min light steps, whereas those in melanopsin-knock-out ani-
mals generated relatively transient responses lasting at most 1
min (Mure et al., 2007). Together, these studies appeared to sug-
gest that even though the ipRGCs’ extrinsic light responses are
more sustained than those of conventional ganglion cells, they
can continue for only up to ~1 min and melanopsin is required
for longer photoresponses. A masking study by Mrosovsky and
Hattar (2003) reinforced this conclusion by showing that,
whereas a 3 h constant light could continuously suppress the
locomotor activity of wild-type mice, its suppressive effect on
melanopsin-knock-out animals started to decay within only 20
min. By contrast, in the present study, I obtained two lines of
evidence that melanopsin may not be required for tonic ipRGC
photoresponses, indicating that the above-mentioned transient
SCN and behavioral photoresponses were probably due to syn-
aptic processing occurring downstream from the ipRGCs. First,
putative mouse ipRGCs that lacked melanopsin were continu-
ously excited by 20 min of full-field bright light. Near the end of
the 20 min stimulus, these ganglion cells’ firing rates showed no
sign of decay, suggesting that they could probably have re-
sponded for much longer (Fig. 5D). Second, wild-type rat
ipRGCs could respond continuously to a 10 h full-field light step
whose intensity was just above the threshold for the rod input and
~3 log units below the melanopsin threshold measured during
synaptic block (Fig. 3B, D). This latter result suggests that rod
input to these ganglion cells is probably sufficient to induce at
least 10 h of spiking responses to dim light; however, since mel-
anopsin remained functional in these rat ipRGCs, the possibility
that this photopigment contributed to these 10 h responses could
not be ruled out. An implication of these results is that the neu-
rons driving the ipRGCs’ extrinsic photoresponses (i.e., the outer
retinal photoreceptors and ON bipolar cells) are capable of sig-
naling constant light continuously for at least 20 min and poten-
tially even 10 h, just like the melanopsin phototransduction
cascade. This is somewhat surprising because both the type-6
metabotropic glutamate receptors on ON bipolar cells and the
ionotropic glutamate receptors on ganglion cells exhibit pro-
nounced desensitization (Mittman et al., 1990; Lukasiewicz et al.,
1995; Matsui et al., 1998; Nawy, 2004). Desensitization of AMPA/
kainate receptors is particularly significant and their responses to
glutamate desensitize nearly completely in <1 s (Trussell and
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Fischbach, 1989; Lukasiewicz et al., 1995; DeVries and Schwartz,
1999). The present data suggest that during sustained illumina-
tion, even though the glutamate receptors presynaptic to the
ipRGCs are probably in a desensitized state, desensitization of
these receptors does not completely inactivate them, thus allow-
ing very prolonged signaling of light information. By contrast,
conventional ganglion cells’ spiking responses to full-field light
last for only up to several seconds (Fig. 1C; Wong et al., 2007).
Thus, whereas ipRGCs stably encode irradiance over long time
scales, conventional ganglion cells appear to specialize in detect-
ing changes in light intensity. Presumably, the rod/cone photo-
receptors’ prolonged light responses are truncated by the
conventional ganglion cells’ presynaptic circuits and/or intrinsic
properties.

Using 10 h light stimulation during synaptic blockade, I de-
termined the threshold for the melanopsin photoresponse to be
on the order of 10 log photons cm ~*s ~ ' (Fig. 3D, bottom). This
is ~1 log unit lower than the melanopsin threshold previously
determined using 1 min light steps (Dacey et al., 2005; Tu et al.,
2005), and at least 2 log units lower than that measured using 10 s
light (Fig. 1A, B). The likeliest reason for such dependence on
stimulus duration is that the melanopsin phototransduction cas-
cade can integrate photons over time scales in excess of 1 min.
Thus, while the integration of 10 '° photons cm ~2s ! for I min is
insufficient to evoke action potentials or even graded depolariza-
tions (Dacey et al., 2005; Tu et al., 2005), much longer integration
times can lead to robust spiking responses. Another line of evi-
dence for prolonged photic integration is that at the near-
threshold intensity of ~10.6 log quanta cm ~* s ', the intrinsic
photoresponses of ipRGCs continued to rise for >1 h before
reaching the peak amplitude (Fig. 3D, bottom). The melanopsin
response developed significantly faster when stimulus intensity
was ~2 log units higher, although peak latency was still ~25 min
(Fig. 3D, top). Using responses to single photons, Do et al. (2009)
estimated the melanopsin integration time to be only ~40 s, far
too brief to account for the peak latencies shown in Figure 3D.
This short integration time could be partly caused by the fact that
Do and colleagues identified ganglion-cell photoreceptors using
epifluorescence excitation of fluorescent protein labeling, which
severely light-adapted these cells and accelerated their melanop-
sin response kinetics (Wong et al., 2005).

Previous studies contrasted the fast kinetics of the ipRGCs’
extrinsic photoresponses with the sluggish kinetics of these cells’
melanopsin responses, showing that the extrinsic responses had
nearly instantaneous onset and offset, whereas the intrinsic re-
sponses had long onset latencies and prolonged poststimulus
persistence (Dacey et al., 2005; Wong et al., 2007). Gamlin and
colleagues (2007) further showed that in the primate pupillary
reflex, the spectral tuning of the poststimulus sustained response
could be well fit by a single vitamin Al-based rhodopsin nomo-
gram with peak sensitivity at 483 nm, close to the A,,,,, for mel-
anopsin (482 nm). These reports have led some researchers to
assume that the poststimulus ipRGC response is solely due to
melanopsin. However, in response to bright light, I observed pro-
nounced poststimulus spiking even in mouse ipRGCs lacking
melanopsin (Fig. 5B-D), indicating that, at least under certain
conditions, synaptic input can contribute to these ganglion cells’
postillumination responses. In agreement with this observation,
mouse ON bipolar cells presumed to contact ipRGCs respond to
bright light with a depolarization that long outlasts the stimulus
(Dumitrescu et al., 2009).
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