Photic stimulation and spectral analysis

Light stimuli from a 100-W tungsten source were filtered (neutral density and narrow-
band interference filters;10 nm width; Oriel), gated by a shutter (Uniblitz VS35;Vincent
Associates) and calibrated by a radiometer (S370, UDT Instruments). The irradiance of
the unfiltered (‘white’) stimulus was (in photons s 'em™?):4 x 10'? at 400 nm, 6 X 10"?
at 500nm and 1 X 10" at 600 nm.

For spectral analysis, the culture medium contained 11-cis-retinaldehyde. Current
injection held cells near —44 mV. Stable sensitivity, confirmed by retesting with a standard
stimulus, required long interstimulus intervals (7 min). Stimuli of 480 nm were
interleaved with those of two to three other wavelengths (420, 440, 540, 570 or 600 nm).
Each response to one of these other wavelengths yielded an estimate of relative sensitivity
normalized to that at 480 nm (see Fig. 4a), and these were averaged for each wavelength.
For each cell, we determined the retinaldehyde template function®* that best fitted these
data (least-squares method). The two free parameters for the fit were A, and the vertical
offset. Relative sensitivities were then re-normalized to that at the theoretical optimum

(Ammax)-

Calcium imaging
Cells loaded with the long-wavelength Ca®* indicator Rhod-2-AM (4—6 uM in Tyrodes,
30 min, 37 °C) were imaged at 30 Hz using green excitation (525-550 nm; emission
580-650 nm; Chroma 31002a) attenuated 128- to 512-fold by neutral density filters.
Integration time was fixed within trials (typically 32 frames) to optimize sensitivity and
avoid saturation. Responses, analysed by ImageJ software (W. Rasband; http://
rsb.info.nih.gov/ij/; 2004), were expressed as post-stimulus change in fluorescence
intensity above baseline divided by the baseline intensity (AF/F).

Further methodological details are provided in the Supplementary Methods.
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Melanopsin-expressing ganglion
cells in primate retina signal colour
and irradiance and project to the LGN
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Human vision starts with the activation of rod photoreceptors in
dim light and short (S)-, medium (M)-, and long (L)- wavelength-
sensitive cone photoreceptors in daylight. Recently a parallel,
non-rod, non-cone photoreceptive pathway, arising from a popu-
lation of retinal ganglion cells, was discovered in nocturnal
rodents’. These ganglion cells express the putative photopigment
melanopsin and by signalling gross changes in light intensity
serve the subconscious, ‘non-image-forming’ functions of circa-
dian photoentrainment and pupil constriction'””. Here we show
an anatomically distinct population of ‘giant’, melanopsin-
expressing ganglion cells in the primate retina that, in addition
to being intrinsically photosensitive, are strongly activated by
rods and cones, and display a rare, S-Off, (L + M)-On type of
colour-opponent receptive field. The intrinsic, rod and (L + M)
cone-derived light responses combine in these giant cells to
signal irradiance over the full dynamic range of human vision.
In accordance with cone-based colour opponency, the giant cells
project to the lateral geniculate nucleus, the thalamic relay to
primary visual cortex. Thus, in the diurnal trichromatic primate,
‘non-image-forming’ and conventional ‘image-forming’ retinal
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pathways are merged, and the melanopsin-based signal might
contribute to conscious visual perception.

There is evidence that a melanopsin-associated photodetective
pathway exists in the diurnal human visual system®'?, similar to the
one found in the nocturnal rodent. However, the detailed anatom-
ical and functional properties of a melanopsin pathway in primates,
and its relationship to rod and cone circuits, are unknown. To
identify the melanopsin-expressing cells in the primate, a polyclonal
antibody derived from the conceptually translated, full-length
complementary DNA for the human melanopsin protein was
used to immunostain human and macaque retinae. In flat mounts
of the entire retina, the melanopsin antisera revealed a morpho-
logically distinct population of ~3,000 retinal ganglion cells with
completely stained cell bodies, dendritic trees and axons (Fig. 1la—c).
With ~1.5 million ganglion cells in the human retina, the mela-
nopsin-expressing cells comprise only 0.2% of the total. The
melanopsin-expressing ganglion cell bodies were big, giving rise
to the largest dendritic tree diameters of any primate retinal
ganglion cell identified thus far'® (Fig. 1d—f). The long, sparsely
branching dendrites produced an extensive meshwork of highly
overlapping processes. Cell counts showed a shallow density
gradient ranging from 3-5 cellsmm ™ over much of the retinal
periphery to a peak of 20-25 cellsmm ™ > in the parafoveal retina
(Fig. 1g); in contrast, total ganglion cells reach a peak density of
~50,000 cellsmm 2. In the central retina, the extremely large
dendritic trees of melanopsin-containing ganglion cells spiralled
around the foveal pit to form an extensive plexus (Fig. le).

Melanopsin-containing dendrites were localized to two strata: the
extreme inner and extreme outer borders of the inner plexiform
layer (Fig. 1h). Individual cells are principally monostratified,
creating two distinct subpopulations that send dendrites to either
the inner or the outer stratum. About 60% of the melanopsin-
expressing cells were outer-stratifying cells, and about 40% had cell
bodies displaced to the inner nuclear layer

A novel cell-marking method was used in conjunction with the
in vitro intact macaque retina'* to investigate the central targets and
the visual physiology of the melanopsin-expressing cells. The tracer
rhodamine dextran was injected into physiologically identified
locations in the lateral geniculate nucleus (LGN) and pretectal
olivary nucleus (PON), two major retinorecipient structures.
After retrograde transport, the complete dendritic morphology of
labelled ganglion cells was revealed in the in vitro retina by liberation
of the sequestered rhodamine tracer into the cytoplasm upon light
exposure'”. Melanopsin immunostaining always colocalized with
rhodamine in the cell body and dendritic tree of the tracer-labelled
‘giant’ cells (Fig. 2a—d). These distinctive ‘giant, monostratified
ganglion cells appear identical to those previously labelled in a
similar retrograde fashion from both LGN and PON™.

The giant ganglion cells showed cone-driven input and an
unexpected response to chromatic stimuli. At mid-photopic levels,
a 550-nm light pulse evoked a sustained On response (Fig. 3a).
Latencies to first spike were ~30—-40 ms, typical of cone-mediated
ganglion cell signals in primates (Fig. 3a inset). Surprisingly, a
sustained On response was observed for both morphological cell
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Figure 1 Morphology of melanopsin-immunoreactive cells. a, Human cell (arrow);

propidium iodide red counterstain. Scale bar, 50 wm. b, Macaque cell (arrow). Scale bar,
50 wm. ¢, Macaque retina tracing; dots represent melanopsin cells. T, temporal retina;
N, nasal retina; S, superior retina; |, inferior retina. d, Melanopsin cells in peripheral retina
(Ieft; scale bar,100 pm). Tracing of a peripheral HRP-stained giant cell (right; scale bar,
200 pm). Parasol and midget cells (far right) are shown for comparison. e, Melanopsin
cells encircling the fovea (left; scale bar, 200 wm). Tracings of two HRP-stained giant cells
~1-1.5mm from the fovea (right; scale bar, 200 p.m). Circles (far right) indicate size of
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Eccentricity (mm from fovea)

foveal parasol and midget cells. f, Dendritic field size of melanopsin cells versus
eccentricity (inner cells, filled circles, n = 93; outer cells, open circles, n = 63). Parasol
(filled diamonds, n = 333) and midget cells (open diamonds, n = 93) are shown for
comparison. g, Mean cell density of melanopsin cells versus eccentricity (total 614 cells in
78 1 mm? samples). h, Dendritic arbours (green) of melanopsin cells (arrows) from
stacked confocal images of 5 consecutive vertical sections (25 wm thick). The soma of the
outer cell is displaced to the inner nuclear layer (INL). GCL, ganglion cell layer; IPL, inner
plexiform layer. Scale bar, 50 p.m.
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populations (Fig. 3a), showing that the inner-versus-outer stratifi-
cation, normally reflecting a division into On-centre versus Off-
centre receptive field categories, does not apply here. Furthermore,
these cells showed an unusual ‘colour-opponent’ receptive field
in which an S cone-mediated Off response is antagonistic to
an (L + M) cone-mediated On response (Fig. 3b). Cone-mediated
receptive fields were large, approximating the dendritic tree
diameter, and they showed spatially overlapping S-Off and
(L + M)-On components, with little evidence of the strong inhibi-
tory-surround typical of primate ganglion cells that project to the
LGN (Fig. 3b, middle inset).

When the in vitro retina was maintained in total darkness
for 10-20 min, light stimuli in the scotopic range elicited strong
rod-driven responses (Fig. 3c). The response was a sustained On-
type with the long latency to spike (~150 ms) (Fig. 3¢, inset) and
spectral tuning (peak at 502 nm, data not shown) characteristic of
rod-driven input. The rod signal showed high photosensitivity,
responding to quantal illuminances as low as 6-7log
quantacm '?s”! (or 4-5 log units below the threshold for a
cone-mediated response), which is at or near the absolute threshold
for human vision".

Intrinsic photosensitivity was unmasked in the giant ganglion
cells by pharmacologically blocking rod and cone transmission
to the inner retina. Bath application of L-AP4 (DL-2-amino-4-
phosphono-butyric acid) and CNQX (6-cyano-7-nitroquinoxa-
line-2,3-dione), which block both ionotropic and metabotropic

Figure 2 Retrograde tracer labelling from LGN and pretectum colocalize with melanopsin
immunostain. a, b, Coronal sections through LGN showing HRP-stained tracer injection
tracks (arrows). Injections in a are restricted to the parvocellular layers; the track in b
extends to the magnocellular layers. Scale bars, 2 mm. ¢, Confocal images of retrograde
rhodamine (red) labelling (left, arrow) from LGN injection and melanopsin (green)
immunostaining (middle, arrow). Colocalization of labels appears yellow (right, arrow).
Scale bar, 50 um. d, Cells retrogradely labelled with rhodamine from pretectum injections
(Ieft, arrows) and melanopsin-immunostained (middle, arrows). Colocalization appears
yellow (right, arrows). Scale bar, 100 pm.
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Figure 3 Giant cells show rod and colour-opponent inputs and are inherently
photoreceptive. a, Tracing of a giant cell (arrow indicates axon; scale bar, 200 wm). The
cell was recorded from and intracellularly filled with Neurobiotin in the in vitro retina.
Voltage traces (right) show sustained On responses of an inner and an outer cell to a 2-Hz
modulated 550-nm, full-field monochromatic light (13.5log quantacm™2s™") under
photopic conditions. Inset: first 100 ms of voltage response of inner cell; response latency
is 38 ms. Stimulus time indicated below voltage traces. b, The cell had an (L + M)-On,
S-Off opponent receptive field. Plot (left) shows spatial frequency response to drifting
gratings used to measure the receptive field; stimuli modulated the L 4+ M cones (dark
grey circles) or S cones (white circles) in isolation. Data were fitted with a difference-of-
gaussians receptive field model (solid lines). Two-dimensional gaussian profile (middle)
summarizes fits for 7 cells. Traces (far right) show responses to (L + M) and S cone-
isolating stimuli, respectively. ¢, Pure rod-mediated responses elicited by a 550-nm
monochromatic pulse at low scotopic levels. Inset: first 200 ms of voltage response at
7.11og quantacm~2s™"; response latency is 147 ms. d, L-AP4 and CNQX application
block excitatory glutamatergic transmission, revealing a slow, sustained, inherent
photoresponse (550-nm light; 13.5log quantacm 25~ ").
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retinal glutamate receptors, completely eliminated the short-
latency, cone-driven light response at photopic levels. However,
long-duration light pulses still elicited a depolarizing voltage
response that grew slowly and declined even more slowly after
stimulus offset (Fig. 3d). This intrinsic photoresponse is much like
that observed previously in melanopsin-expressing ganglion cells in
rat under pharmacological blockade of all synaptic transmission"®.
The long latency and sustained depolarization of the isolated
intrinsic response was not an artefact created by drug application
to the in vitro retina, because the latency to first spike varied
systematically with stimulus strength, speeding up significantly at
higher light levels (Fig. 4c). Moreover, in the drug-free condition,
the fast cone-mediated response latency'®> was observed in combi-
nation with the slow, sustained depolarization derived from the
intrinsic response (Fig. 5d).

To investigate spectral tuning, we measured peak depolarization
as a function of wavelength over a 3-log-unit illuminance range
(Fig. 4a—c) to determine relative quantal sensitivity (Fig. 4d, e).
These data were well-fitted by an A1 visual pigment nomogram with
a peak at 482 nm (Fig. 4f, mean * s.d., 482 = 1 nm; n =5 cells),
and were therefore distinct from primate rod, S, M and L cone
pigments.

The regular and tonic spiking behaviour of the inherent photo-
response linearly encodes quantal illumination over a 3—4-log-unit
range that encompasses most of daylight vision in the natural
environment. The precise photon-counting capability in the maca-
que giant cells can be shown by counting the total number of spikes
elicited by a long-duration light pulse, including those after light
offset (Fig. 5a). Mean spike rate also increases regularly with
increasing irradiance (Fig. 5b). Thus, the inherent photoresponse,
when isolated, appears to transmit a signal that best measures total
retinal irradiance when accumulated over long time periods; this
property could serve as a neural memory of long-term light history
to be used by the circadian system'e.

How does the intrinsic photoresponse of the giant ganglion cells
interact with the rod- and/or cone-mediated signals under physio-
logical conditions? Irradiance coding is present in the dark-adapted,
pure rod response (Fig. 5b) but is not normally associated with
the cone signal'”. Without pharmacological blockade of the cone
input, it was possible to observe a summation of short-latency
depolarizing cone response and slow intrinsic response over most of
the photopic range at 470nm (Fig. 5b, d). On the surface, the
inherent response appears to simply elevate the cone-mediated
spike rate and sustain the firing beyond the duration of light
stimulus (Fig. 5d, e). In actuality, however, the inherent response
serves to compensate for the relative transience of the cone signal.
This interaction can be appreciated by comparing the (L + M)
cone-mediated On response elicited by a long-wavelength light with
the mixed cone/intrinsic response elicited by a short-wavelength
light at about the same quantal level (Fig. 5f, g). The (L + M) cone-
mediated response is transient at threshold (Fig. 51, left) and, even at
the highest photopic levels used in this study (Fig. 5f, right), declines
rapidly during a maintained light step. In contrast, when a short-
wavelength light is used, the depolarizing, intrinsic response is
added, making the response at threshold more sustained and
apparently masking any transient inhibition from S cones
(Fig. 5g, left). At higher light levels the cone + intrinsic response
shows characteristic continued discharge after light offset (Fig. 5g,
right).

We have shown that some basic properties of the melanopsin
pathway, such as the dynamics and spectral tuning of the inherent
light response and a projection to the brainstem pupillomotor
nucleus, are conserved from rodents to primates. However, our
findings reveal a fundamental contribution of rod/cone signals to
this circuit in the diurnal primate and at the same time provide the
first evidence of a broader role for this pathway in higher visual
processing. By combining the rod, cone and inherent photo-
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Figure 4 Spectral sensitivity of the giant cell’s inherent light response. a, Response to a
470-nm pulse at 14.35 log quantacm 2 s~ ' showed a peak of 40 impulses s~ ' near 3s,
and continued firing for 30 s after the end of the light stimulus. White line shows
membrane potential values averaged over 0.5 s sliding time windows. b, First 5's of the
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Menten equation fitted to the 470-nm data; responsivity was assessed for 10
wavelengths. f, Responsivity scaled for best fit to an A;-based photopigment nomogram
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responses, the giant ganglion cell pathway can by itself convey
signals from all receptor classes known to drive the circadian and
pupillomotor systems™”. Through chromatic opponency, the cone
circuitry may have originally evolved to signal the large spectral
changes at dawn and dusk to the circadian pathway in order to more
precisely set the biological clock to the solar day'. Along the
primary visual pathway, neurons with S-Off and S-On opponent
receptive fields have been previously identified in the LGN" and
primary visual cortex®’, and are basic components of psychophysi-
cal models of human colour vision®'. S-On signals originate from
at least two novel ganglion cell populations'>', but the origin of an
S-Off signal has remained uncertain®. The giant cells demonstrate
that S-Off, like S-On opponency, can also derive from a distinct
ganglion cell population. Reciprocally, the sustained, irradiance-
coding signal mediated by the intrinsic light response would
presumably also reach primary visual cortex via the LGN. Over 30
years ago, Horace Barlow first called attention to a few exceptional
‘luminance coding’ units in the cat’s retina, in which spike
rate increased monotonically with increasing irradiance®. Similar
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irradiance-coding units have been recorded in macaque LGN** and
primary visual cortex®, with a maintained discharge rate set by
the overall level of diffuse illumination. The origin and spectral
signature of this higher signal has yet to be determined, but it might
arise from the giant cells described here and play a role in the
conscious perception of brightness**’ O

Methods

All experimental procedures were approved by the Institutional Animal Care and Use
Committees at either the University of Washington or the University of Alabama.

Antibody preparation

A peptide consisting of 19 amino acid residues, MNPPSGPRVPPSPTQEPSC, from the N
terminus of the conceptually translated human melanopsin protein (NCBI accession
number AAF24978) was synthesized (Princeton BioMolecules), with an additional lysine
residue at the amino end for crosslinking. Purified peptide was crosslinked to
thyroglobulin using glutaldehyde, then dialysed in PBS buffer. The peptide conjugate was
used to immunize rabbits (Covance); the resulting antiserum was purified using peptide-
bovine serum albumin (BSA)-packed affinity column.

Melanopsin immunostaining

Adult human and macaque retinae were fixed flat in 4% paraformaldehyde for 2 h, then
washed in 0.1 M phosphate buffer (pH 7.4). Whole retinae were blocked in 0.1% Triton-
X100 (Sigma) and 0.5% BSA in PBS for 3 h. The melanopsin antibody (1:100) was added
and retinae were incubated for 4 days at 4 °C. After washing, macaque retinae were
incubated in either biotinylated goat anti-rabbit antibody (BA-1000, Vector Labs)

(8 animals) at 1:100 in 0.1% Triton-X100 and PBS for 48 h at 4°C, or in Alexa Fluor 488
goat anti-rabbit antibody (A-11034, Molecular Probes)(1 animal) at 1:100 in PBS for 48 h
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500 ms

diameter'®. c—e, Intracellularly recorded light responses under the 3 conditions shown in

b. ¢, Rod-mediated (dark-adapted) response at 8.1 log quanta cm~2s™": latency to first
—24—1.

spike, 147 ms. d, Cone-mediated (light-adapted) response at 13.5log quantacm™ s~ ';
latency, 36 ms. Prolonged spiking due to inherent photoresponse is seen at the end of the
60 s stimulus pulse. e, Inherent (isolated intrinsic) response at 13.5 log quantacm 2s ™
after block of cone input; latency, 903 ms. f, Pure cone-mediated responses to 610-nm
light pulse at both low (left; 12 log quantacm™2s™") and high (right;

15.2log quantacm 25~ ) photopic levels; post-stimulus time-spike histograms are
below voltage traces. g, Summed cone and intrinsic response to 470-nm pulse at low
(left; 11 log quantacm ™~ 2s ™) and high (right; 14.6 log quantacm™2s ") photopic
levels.

at 4°C. Human retinae were processed with the Alexa Fluor secondary antibody only.
Retinae treated with biotinylated antibody were incubated in 0.1% Triton-X100
containing the Vector avidin-biotin-HRP complex (ABC Elite kit, Vector Labs) for 1-2
days at 4 °C, rinsed in phosphate buffer, and processed for HRP histochemistry by
incubation in diaminobenzidine (DAB, 0.1% in 0.01 M phosphate buffer, pH 7.4) for

5 min, followed by addition of H,0, (0.03%) and further incubation for 3—4 min. Frozen
vertical sections (25 pm) of macaque retina were reacted using the same protocol except
that primary antibody incubation was 10-12 h, secondary antibody incubation was 7-8 h,
and avidin-biotin-HRP incubation was ~4-5 h. Sections were counterstained with the
nuclear dye propidium iodide.

Cell counts

Melanopsin-immunostained cells were counted by taking sequential confocal images of all
labelled cells, then ‘splicing’ the images together to reconstruct the entire retina. A grid was
placed over the image of the reconstructed retina, centred on the fovea, and a small dot was
placed over each fluorescent cell. The cells in each mm? of the grid were counted and the
total number of labelled cells in the retina mapped.

Rhodamine-melanopsin colocalization

In two monkeys, biotinylated rhodamine dextran was used to retrogradely tracer-label
retinal ganglion cells projecting to the LGN and pretectum, followed by melanopsin
immunostaining of the retinae. Animals were anesthetized and prepared for recording in
an aseptic surgery as described elsewhere'. In brief, the position of the LGN or pretectum
was determined stereotaxically and evaluated by mapping extracellular responses to
flashes of light. In each targeted area, ~0.5 ul injections were made of 10% biotinylated
dextran-conjugated tetramethylrhodamine 3,000 MW (micro ruby, #D-7162, Molecular
Probes) in sterile saline. After 4-7 days, the animal was deeply anesthetized, the eyes
removed, and retinae prepared for the in vitro experiment. Animals were perfused through
the heart with 800 ml warm (~37 °C) normal saline followed by 4 litres cold (~4°C) 4%
paraformaldehyde. Frozen brain sections were processed as described above for the retina,

753

© 2005 Nature Publishing Group




letters to nature

to reveal biotin labelling at the injection sites. Rhodamine-labelled cells in the retina were
visualized in vitro with a green filter block (excitation filter 545 nm, barrier filter 590 nm).
The fluorescent label, initially confined to small bright spots in the soma and proximal
dendrites, diffused throughout the entire dendritic tree after brief light exposure™. After
the in vitro experiment, retinae were fixed and processed for melanopsin
immunoreactivity as described above. Confocal images of rhodamine (red) and Alexa
Fluor 488 (green) labelled cells were used to demonstrate colocalization.

In vitro preparation and intracellular recording

The in vitro retina preparation and recording have been described previously'*. Eyes were
removed from deeply anesthetized animals and the retina was isolated from the vitreous
and sclera in oxygenated Ames’ Medium (Sigma). The retina-RPE-choroid was placed flat,
vitreal surface up, in a superfusion chamber mounted on the stage of a light microscope.
Rhodamine-labelled cells were visualized as described above. Intracellular recording of
targeted cells was done using high-impedance (~300-450 MQ) glass micropipettes filled
with 2-3% Neurobiotin (Vector Labs) and 1-2% pyranine (Molecular Probes) in 1.0 M
potassium acetate. Voltage responses were amplified (Axoclamp, Axon Instruments) and
digitized at 10 kHz.

Light stimulation

Square-wave pulses and sinusoidally-modulated stimuli were created using a VSG3-series
stimulus generator (Cambridge Research Systems), which produced video input to a
digital light projector (Vista Pro Plus, Christie Digital Systems). The projector output was
relayed to the microscope camera port and focused on the retina by a microscope
objective. A detailed description of the stimulator has been published®. Spectral
opponency was evaluated with stimuli that modulated S-cones or (L + M) cones in
isolation®. Drifting sinusoidal gratings (2 Hz temporal frequency) that modulated either
the S-cones or the (L 4+ M) cones in isolation but varied in spatial frequency were used to
determine receptive field structure. Response amplitudes to a cone-isolating grating series
were used to determine the parameters of a difference-of-gaussians receptive field model™.

L-AP4 and CNQX application

A solution of 100 pM L-AP4 (Sigma) and 75 pM CNQX (Tocris) in oxygenated Ames’
medium was applied to the retina. All cone-driven responses to temporally modulated
square-wave stimuli (0.5-10 Hz) disappeared within 2—3 min of application. Drugs were
superfused for up to 1-12 h during recordings of inherent light responses of giant cells
(n = 27). Cone-mediated responses recovered within a few minutes of drug washout in all
cases.

Spectral tuning

After pharmacological isolation of rod- and cone-mediated responses, a Varispec liquid
crystal tuneable imaging filter inserted in the light path between projector and microscope
was used to select narrow-band stimuli (15-20 half-bandwidth) at ten wavelengths
(430-610 nm in 20-nm steps). Out-of-band light was minimized by selecting the suitable
digital light projector primary for each of the wavelengths during stimulus presentation,
and by setting the Varispec wavelength to 700 nm between stimulus presentations. The
light stimulus was a 10-s pulse followed by 30 s recovery in the dark. At each wavelength,
ganglion cell responses were measured at 0.5 log unit illuminance intervals from 10.5—
14.5log quantacm s~ . Peak response was plotted as a function of quantal illumination;
responsivity was assessed for each wavelength and fit to a visual pigment A; nomogram.
Nomograms were scaled in 1-nm steps.
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Genetic analyses in Caenorhabditis elegans have been instru-
mental in the elucidation of the central cell-death machinery,
which is conserved from C. elegans to mammals">. One possible
difference that has emerged is the role of mitochondria. By
releasing cytochrome ¢, mitochondria are involved in the acti-
vation of caspases in mammals™*. However, there has previously
been no evidence that mitochondria are involved in caspase
activation in C. elegans. Here we show that mitochondria frag-
ment in cells that normally undergo programmed cell death
during C. elegans development. Mitochondrial fragmentation is
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