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Abstract
Studies in mice lacking either classical or melanopsin photoreception have been useful in
describing the photoreceptor contribution to irradiance detection in accessory visual responses.
However, application of these findings to irradiance detection in intact animals is problematical
because retinal degeneration or manipulation can induce secondary changes in the retina. Among
responses dependent on irradiance detection, the suppression of activity by light (negative
masking) has had limited study. To further understand the function of classical and melanopsin
photoreceptors we studied irradiance and spectral sensitivity of masking by light, primarily in
mice with intact retinae. The sensitivity of negative masking was equivalent for medium (~500nm)
and short-wavelengths (~365nm) in three strains of wildtype mice, identifying a marked short-
wavelength-sensitive-cone input. At medium wavelengths, spectral sensitivity above 500nm had
closest fit to the nomogram for the medium-wavelength-sensitive-cone, but a combined input of
cone and melanopsin photoreceptors in wildtype mice seems likely. Under white light a
decompression of the irradiance range of masking in C3H rd/rd cl mice, lacking rods and cones,
identified a functional deficiency presumably resulting from the absence of classical photoreceptor
input. Together the evidence demonstrates a pronounced and sustained classical photoreceptor
input to irradiance detection for negative masking, and suggests one role of classical photoreceptor
input is to constrain dynamic range.
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Introduction
Features of ambient light such as energy (irradiance) can be used to regulate responses to
changes in the environment (Berson, Aug 2007). Detection of light in mammals is by three
classes of ocular photoreceptor (Hattar et al., Jul 3 2003): rods, cones and a melanopsin
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photoreceptor subset of retinal ganglion cells (Berson et al., Feb 8 2002). The classical rods
and cones have a rapid activation cycle and adapt to ambient light levels (Burns & Baylor,
2001). In contrast, melanopsin photoreceptors have a slower response with broad dynamic
range and limited adaptation to light (Provencio et al., Jan 6 1998; Berson et al., Feb 8 2002;
Sekaran et al., Jun 21 2005; Wong et al., Dec 22 2005).

The role and contribution of these photoreceptors to irradiance detection in accessory visual
systems has been the subject of much attention (Berson, Aug 2007). The properties of the
photoreceptors might suggest that melanopsin is more suited to sustained irradiance
detection. Studies in mice with altered function of one or more of the photoreceptors identify
the importance of melanopsin photoreceptors to irradiance detection (Panda et al., Dec 13
2002; Ruby et al., Dec 13 2002; Mrosovsky & Hattar, Nov 2003), but also support classical
photoreceptor input.

However, the classical and melanopsin photoreceptor pathways directly interact, so retinal
manipulation is unlikely to be limited or confined to the intended target (Belenky et al., Jun
2 2003; Ostergaard et al., Aug 2007; Wong et al., Jul 1 2007). For instance, classical
photoreceptor degeneration or manipulation is associated with secondary changes in
expression levels of melanopsin in the eye (Sakamoto et al., Oct 27 2004; Wan et al., May
29 2006; Dkhissi-Benyahya et al., Mar 1 2007). As a result, the form and purpose of the
contribution from the different photoreceptors to irradiance detection in the non-degenerate
retina remains unclear.

To understand how classical and melanopsin photoreceptors in the normal eye contribute to
irradiance detection we made an investigation of the irradiance and spectral sensitivity of
masking of activity by light. In nocturnal rodents an acute suppression of locomotion
(negative masking) occurs in bright light (Aschoff, 1988) in an irradiance dependent manner
(Mrosovsky, Dec 1994). In dim light as opposed to darkness, an increase in locomotion
(positive masking) is seen because visual guidance of movement enhances locomotion.
Previous studies of negative masking in mice with altered classical or melanopsin function
respectively identified changes in the irradiance-response relationship (Mrosovsky et al.,
Apr 1999; Takao et al., 2000) and capacity to sustain responses (Mrosovsky & Hattar, Nov
2003). However, observations with photoreceptive deficient animals do not avoid the
undefined complications associated with concomitant alteration of other aspects of retinal
function. In the present paper, a primary investigation in wildtype mice was supported with
experiments in mice that lack rods and cones (rd/rd cl) (Lucas & Foster, Apr 1999) but have
unaltered melanopsin expression in the eye (Semo et al., May 2003).

Methods
Studies of irradiance and spectral sensitivity have been used extensively in identifying the
contribution of photoreceptors to accessory visual responses (Brainard et al., 1983;
Takahashi et al., 1984; Aggelopoulus & Meissl, 2000; Brainard et al., 2001). If the
properties of the photoreceptors are sufficiently different, the dynamic range and spectral
sensitivity of a response can identify the contribution of specific photoreceptors
(MacNichol, 1986; Coohill, Nov 1991).

Four related experiments investigated interactions between photoreceptors in the regulation
of negative masking. 1) To determine whether negative masking depends on more than one
photoreceptor in the non-degenerate retina, and if the photoreceptor contribution changed
with duration of light exposure, we tested the responses of C3H wildtype mice to light at
480 and 540nm. 2) To identify the photoreceptors contributing to negative masking, spectral
sensitivity was defined in C3H wildtype, with a supporting study of responsiveness in C3H
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rd/rd cl mice. 3) To further examine the sensitivity to short and medium-wavelength light in
the non-degenerate retina, we studied C57/BL6 and 129/SvEv mice. 4) To examine
photoreceptor contribution under a broad-spectrum light we studied dynamic range and time
course of negative masking sensitivity, with a comparison of C3H wildtype and C3H rd/rd
cl mice.

All experiments were performed in accordance with the guidelines of the Canadian Council
on Animal Care, or the University of Iowa Animal Care and Use Review.

1) Identifying multi-variant photoreception
Animals and Housing—Mice were adult males on a C3H background from the
laboratories of RGF. Animals were individually housed in running wheel cages with food
and water available ad libitum. Temperature was maintained between 18 and 22°C. Activity
was recorded as wheel revolutions in sequential 10-min bins using DataQuest 3 (Minimitter
Respironics, Bend, OR). Cages had a circular base (25cm Ø) with a running wheel (17.5cm
Ø) fitted centrally. Cage lids allowed illumination from the room lights for entrainment. A
SpectraStar150 light source and fiber-optic apparatus (Schott AG, Mainz, Germany) allowed
remote application of light pulses that were heat filtered, and could be controlled for
wavelength and irradiance using neutral density and 10nm half bandwidth color filters
(BFiOPTiLAS, Milton Keynes, UK). A hand-operated shutter was used to regulate the
output and timing of light pulses. For each level of filter and cage, irradiance was measured
in µWcm2 using a PM103 power meter (Macam Photometrics Ltd, Livingston, UK) and
corrected for mouse lens transmission at the wavelengths applied (Hattar et al., Jul 3 2003).

Procedures—C3H/He wildtype mice (n = 8, 94 ± 1.3 days old, Mean and SEM at start)
were treated at 9 irradiance levels at 480 and 540nm. Mice were stably entrained under
~120µWcm2 (~510 lux) fluorescent lights to a 16h light: 8h dark cycle. A 5-day
experimental cycle of baseline (non-pulsed) days bracketing three consecutive pulse days
was used. On pulse days, a 3-h light pulse was applied, starting 1-h after daily dark onset.
The 18 color and irradiance combinations were randomly scheduled to avoid order effects.

Appropriate wavelengths for defining irradiance response curves were selected based on the
relative sensitivity of the rod, medium-wavelength-sensitive (MWS) cone and melanopsin
photoreceptors at given wavelengths: the absorption at the wavelength of maximal
sensitivity was designated as 100% and the relative sensitivity at a given wavelength was
derived from the defined absorption spectra for the photoreceptors (Govardovskii et al., Jul–
Aug 2000). The two wavelengths selected were 480 and 540nm: melanopsin photoreceptor
activation maximal around 480nm would be markedly reduced at 540nm (~26% of
maximal), but the MWS-cone would have only a small difference in activation at 480nm
(~82% of maximal) and 540nm (~74% of maximal).

Protocol controls—The entraining light cycle was used to maintain a consistent circadian
phase despite application of the masking light pulses. To confirm entrainment under this
protocol, onset of locomotor activity was checked on pulse days in all experiments. In
addition, prior to these experiments we checked the suitability of this protocol. Mice (n = 5)
were stably entrained and treated with bright white light pulses under the 5-day protocol
then placed into constant darkness. Comparison of the phase alignment on entry into
constant darkness after sham and bright white light pulses (~120µWcm2) confirmed that the
phase delaying effect of light pulses was counter-balanced by the entraining light cycle.

Analysis—Data were normalized to activity in a given animal at corresponding times of
the daily cycle on baseline days bracketing the light pulse. If technical issues meant that
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activity recording failed during a light treatment or a light pulse was not applied on time,
repeat treatments were made at the end of the schedule. In total 144 scheduled, and 6
replacement treatments were completed. We also applied arbitrary exclusion criteria based
on the bracketing baseline days to minimize the influence of aberrant activity. If activity was
below 20 counts (10% of mean baseline for wildtype mice) in 4 consecutive bins or in 5 of
the total 18 bins of the baseline period corresponding to the light treatment, the light
treatment data were excluded. If an individual animal repeatedly failed to meet the exclusion
criteria, the entire record for that animal was excluded. In experiment 1 no records were
excluded.

Variable slope sigmoid functions at both wavelengths were fitted in Prism (Graphpad
Software, San Diego, CA); constraints were applied for suppression maximum at 100%
(Motulsky & Christapoulos, 2003). A modified F probability test was then used to compare
differences in the slope independent of other variables and thereby identify multivariance,
that is, input from more than one photoreceptor (Peirson et al., 2005). Differences in signal
propagation efficiencies and relative activation with wavelength mean that changes in the
slope of responses at two suitably separated wavelengths can identify multivariance
(MacNichol, 1986; Peirson et al., 2005). Responses at the start and end of the long light
pulse were compared to see if the contribution of photoreceptors changed with pulse
duration.

In testing negative masking in this way, positive masking could influence tests for
multivariance. However, data suggests that positive masking does not substantially compete
downstream with negative masking for the control of activity (Redlin et al., Jan 2005), and
positive masking would only be apparent when there was not an effect of negative masking
on activity. In addition, any effect of positive masking on the sigmoid curve would be
restricted to the dim light extremity of the curve. Therefore, any influence of positive
masking on the measure of differences in slope in these tests would be minimal.

2) Spectral sensitivity
Animals and Housing—A detailed study in C3H wildtype mice was supported by a
limited assessment of non-age-matched rd/rd cl mice under the same protocol. Housing was
as in experiment 1. C3H rd/rd cl mice have complete rod and cone loss by 80 days of age
(Lucas et al., Apr 1999). The rd/rd cl mice were older than the wildtype mice (see below),
but age and loss of classical photoreceptors does not alter the expression of melanopsin or
circadian photosensitivity in rd/rd cl mice (Semo et al., May 2003). To compensate for the
limited numbers of rd/rd cl animals, treatments were repeated and the mean used in the
analysis. The homozygous rd mutation was genotyped on an audit basis in animals selected
for breeding pairs by PCR and restriction fragment size analysis as previously described
(Lucas & Foster, Apr 1999). The heterozygous cl transgene was genotyped by PCR and
product size analysis as previously described (Lucas & Foster, Apr 1999).

Procedures—Wildtype (n = 12, 132 ± 9 days old, Mean and SEM at start) and rd/rd cl
mice (n = 4, 281 ± 32 days old, Mean and SEM at start) were entrained and treated with
light under the protocol described in experiment 1. Light treatments were a standard number
of photons (Mean irradiance 7.05×1011 photons cm2 SEM 7.22×109, or <2%) at nine
wavelengths (365, 400, 440, 480, 500, 520, 540, 560 and 580nm). The appropriate
irradiance for defining spectral sensitivity was based on the irradiance producing sub-
saturating negative masking (~80% of maximal responses) at 480nm in experiment 1. The
number of neutral density filters required to produce this irradiance for each wavelength was
determined by repeated trials with each monochromatic filters.
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Analysis—No records were excluded. Relative sensitivity at each wavelength was
calculated to give a spectral sensitivity profile in two steps: the mean responses for the first
hour of the pulse were described as percent response relative to baselines, then mean
sensitivity at each wavelength was calculated relative to the mean at the most sensitive
wavelength. The spectral sensitivity of response was then compared to previously
characterized photopigments or photoreceptors (MacNichol, 1986; Coohill, Nov 1991;
Peirson et al., 2005). Above 480nm spectral sensitivities were compared to long-wavelength
limb of the rod, MWS-cone and melanopsin photoreceptors. Short-wavelength data points
were excluded from this analysis to avoid possible interference from the SWS-cone.
Additionally, differences in sensitivity are most pronounced along the long-wavelength limb
of the opsin-nomogram. The absorbance spectra for the photoreceptors were estimated by
adjusting the standard absorbance template for an opsin-vitamin-A1 photopigment to the
defined λmax of the photopigments or photoreceptors. Relative sensitivity was converted to
log10 values to place the spectral sensitivity profile on a scale most-suited to comparison at
the long-wavelength limb of visual pigment templates. Assessment of the fit between
derived relative sensitivities and visual pigment templates was by least sum of squares.

3) Consistency of spectral sensitivity among strains
Animals and Housing—Adult male C57/BL6 and 129/SvEv wildtype mice from the
laboratory of VCS were individually housed to record running wheel activity under defined
light conditions using cages and environment control cabinets as previously described
(Thompson et al., Sep 5 2007). Food and water was available ad libitum, and temperature
was maintained between 19 and 21°C. The irradiance of applied light pulses was controlled
using neutral density gel filters (Rosco, Stamford, CT). Controlling the color of applied light
was dependent on the use of F40BL short-wavelength fluorescent bulbs (Peak 365nm, half
bandwidth 55nm, GE Lighting), or standard fluorescent bulbs with Chroma green #389 light
filters (Peak 505nm, half bandwidth 65nm, Rosco). Light measurement was as for
experiment 1.

Procedure—C57/BL6 (n = 6, 72 ± 3 days old, Mean and SEM at start) and 129/SvEv mice
(n = 6, 75 ± 4 days old, Mean and SEM at start) were stably entrained under 187µWcm2

fluorescent lights to a 12h light: 12h dark cycle and assessed using a previously tested 3-day
experimental cycle of baseline (non-pulsed), pulsed and baseline days (Thompson et al., Sep
5 2007). On pulse days, a 3-h light pulse was applied, starting 1-h after daily dark onset.
Light treatments were at 5 irradiance levels at short and medium-wavelengths (C57/BL 20.9,
3.03, 0.44, 0.064 and 0.009µWcm2; 129SvEv, 135, 20.9, 3.03, 0.44 and 0.064µWcm2).

Analysis—No records were excluded. Fitting and analysis of irradiance response curves
was as in experiment 1, except the mean response for the first hour of the pulse was used.

4) Dynamic range and time course of responses under broad-spectrum light
Animals and Housing—C3H wildtype and rd/rd cl mice were individually housed in
rectangular (44 × 23 × 20cm) running wheel cages and housed in a facility that allowed
application of light pulses separate from entraining lights (Mrosovsky et al., Apr 1999).
Temperature was maintained between 18 and 21°C. The irradiance of applied light pulses
was controlled with gel neutral density filters (Rosco). Cages of wildtype and rd/rd cl mice
were placed in alternate positions so that there would be no systematic variation in lighting.
Light measurement was as for experiment 1, except lux was measured using an E2x
luxmeter (B.Hagner AB, Solna, Sweden).

Procedures—C3H wildtype (n=8, 238 ± 43 days old, Mean and SEM at start) and rd/rd cl
mice (n=6, 234 ± 66 days old, Mean and SEM at start) were tested with pulses of light at 12
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irradiance levels. Mice were entrained to a ~120µWcm2 (~510 lux) 16h light: 8h dark cycle
and assessed under a repeating 3-day experimental cycle of maintenance day, baseline day
(non-pulsed) and pulse day. On pulse days, a 3-h defined irradiance light pulse was applied,
starting 1-h after daily dark onset. Treatments were scheduled to avoid order effects and data
normalized to the corresponding baseline values.

Analysis—For the wildtype with 12 treatments in 7 mice, 3 of 84 records did not meet the
selection criteria and were excluded. For the rd/rd cl with 12 treatments in 6 mice, 7 of 12
baselines for one animal did not meet the selection criteria so the entire record for that
animal was excluded, and 3 of the remaining 60 records did not meet the selection criteria.
Fitting and analysis of irradiance response curves was as in experiment 1, based on the first
30-mins of the pulse and excluding the three lowest light intensities that were below the
range of positive masking (Peirson et al., 2005). To assess the capacity to sustain responses,
mean responses for 30-min blocks of the 3h light pulses were described as percent response
relative to baselines. Effects of time course and genotype were assessed by repeated
measures ANOVA.

Results
1) Identifying multi-variant photoreception

For the first 30-mins of the light pulses there was a significant difference between the slopes
of the irradiance response curves at 480 and 540nm (Figure 1: 480nm slope = 1.09, 540nm
slope = 0.65; F-test p<0.005), providing qualified support for multivariance at medium
wavelengths. For the last 30-mins of light pulses, after sustained light treatment, there was
marked variability in the response to a given stimulus (compare the poor R2 for the curves at
this time). This meant that the same test of irradiance response curves would be
uninformative: a non-significant result would normally suggest univariance, but in this case
could equally result from the reduced power of the test with the high variability in the data
set.

2) Spectral sensitivity
Negative masking in wildtype mice was induced by short-wavelength light; this response
was equivalent to that of medium wavelengths (Figure 2). At 365nm the SWS-cone has
maximal sensitivity, but the other photoreceptors have only residual sensitivity at this
wavelength. At longer wavelengths wildtype responses fell between the templates for the
MWS-cone and the melanopsin photoreceptors but had best fit to the MWS-cone (best fit
visual pigment template between 480 and 580nm: λmax 510nm, R2 = 0.92). The limited
assessment of spectral sensitivity in the rd/rd cl was broadly consistent with the sensitivity
of the melanopsin photoreceptors (R2 = 0.96): that is, limited sensitivity in the short-
wavelength range and sensitivity at longer wavelengths peaking at ~480nm.

3) Consistency of spectral sensitivity among strains
The irradiance required to induce a half maximal suppression of activity (EC50) was also
equivalent at short and medium-wavelength light in C57/BL6 and 129/SvEv mice (log10
photons EC50 ± SEM: C57/BL6 365nm, 12.21 ± 0.19, 505nm 12.02 ± 0.21, p = 0.52;
129SvEv, 365nm 12.66 ± 0.16, 505nm 12.84 ± 0.17, p = 0.52). In addition, C57/BL and
129SvEv mice showed positive masking with low irradiance medium-wavelength light but
not with low irradiance short-wavelength light.
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4) Dynamic range and capacity to sustain responses under broad-spectrum light
With white light wildtype mice had negative masking under high irradiance and positive
masking under low irradiance (Figure 3). The irradiance range of negative masking in the
wildtype, defined as the mainly linear part of the sigmoid function between 90 and 10%
suppression of activity, was ~1-log unit of irradiance (16.5 to 3.4µWcm2). When the
responses in the rd/rd cl were compared to the wildtype, EC50 was only marginally higher.
Despite the similarity in this aspect of sensitivity, there were two genotype differences. First,
positive masking was absent in rd/rd cl mice. Second, the irradiance range of negative
masking was more than twice as broad in the rd/rd cl (121.9 to 0.56µWcm2, >2 log units of
irradiance), evident as a significantly different slope in the fitted curves of the genotypes (F-
test: F2,279 = 4.581, p=0.013).

Analysis of negative masking over the course of the 3-h pulse showed a partial reduction in
the degree of activity suppression, but no genotype dependent difference in the capacity to
sustain responses (Two-way ANOVA of genotypes over time at 16.5µWcm2: variation with
time p < 0.005; variation with genotype p = 0.68). Positive masking was sustained in
wildtype, but absent altogether in the rd/rd cl.

Discussion
Earlier work in mice with altered retinal function has partially informed our understanding
of classical and melanopsin photoreceptor input to irradiance detection in accessory visual
responses. To minimize the problem of secondary changes in retained photoreceptors with
altered retinal function we made a study of irradiance and spectral sensitivity of negative
masking primarily in wildtype animals. We also made supporting experiments in rd/rd cl
mice that have melanopsin expression levels similar to the wildtype (Semo et al., May
2003), a contrast to some previously used rodent models (Sakamoto et al., Oct 27 2004;
Wan et al., May 29 2006; Dkhissi-Benyahya et al., Mar 1 2007). However, interpretation of
rd/rd cl responses must still be qualified because of the possibility of undefined changes in
the sensitivity of the retained melanopsin photoreceptors.

Negative masking - photoreceptor input
The evidence that melanopsin photoreceptors have only residual sensitivity at short
wavelengths is convincing (Lucas et al., 2001; Berson et al., Feb 8 2002; Hattar et al., Jul 3
2003; Newman et al., Nov 11 2003; Melyan et al., Feb 17 2005; Panda et al., Jan 28 2005;
Qiu et al., Feb 17 2005; Mure et al., Oct 2007). Therefore, the equivalent sensitivity in three
strains of wildtype mice at 365 and 480nm can be reasonably identified with a pronounced
SWS-cone contribution to negative masking. As supporting evidence for this interpretation,
the rd/rd cl had sensitivity similar to the wildtype at 480nm but only ~10% as sensitive at
365nm.

At longer wavelengths the rod, MWS-cone and melanopsin photoreceptors are all sensitive,
and interpretation of results is less straightforward, but taken altogether, the evidence for a
contribution to negative masking by more than one photoreceptor type is convincing. First,
input by SWS-cone and an additional photoreceptor is identified by the similar sensitivity at
short and long wavelengths in wildtype mice. Second, the slopes of irradiance response
curves are different at 480 and 540nm. Third, wildtype spectral sensitivity at long-
wavelengths fitted best with the MWS-cone but was actually intermediate to the sensitivity
predicted by the melanopsin or the MWS-cone photoreceptors alone. Furthermore, evidence
for input from both classical and melanopsin photoreceptors to negative masking comes
from previous studies (Panda et al., Dec 13 2002; Mrosovsky & Hattar, Nov 2003). It
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therefore seems likely that there is combined melanopsin and MWS-cone input to negative
masking at longer wavelengths.

The time course of negative masking sensitivity under broad-spectrum light was similar in
wildtype and rd/rd cl mice, adding to evidence that melanopsin function underlies the
capacity to sustain irradiance detection in negative masking (Mrosovsky & Hattar, Nov
2003). However, the extent of the SWS-cone contribution shows that classical photoreceptor
input to irradiance detection can, at least in this instance, be sustained: if classical
photoreception only provided input in the initial stages of the response, then we would not
expect such a pronounced contribution to the mean response over an hour. In support of this,
in vitro studies have recently suggested that extrinsic stimulation of the melanopsin cells at
higher irradiances is relatively independent of light adaptation (Wong et al., Jul 1 2007). As
melanopsin function is necessary for sustaining negative masking responses, it seems
plausible that the presence of melanopsin photoreception may facilitate or enable sustained
classical photoreceptor input.

Negative masking - basis for combined input
Additional input from classical photoreception would most obviously allow for a response
under a wider set of circumstances. Several aspects can be identified. First, input from the
SWS-cone broadens spectral sensitivity and this might be important in the context of the
relative increase in short-wavelength light during twilight (Roenneberg & Merrow, Mar 5
2002). Second, the classical and melanopsin photoreceptors have very different temporal
properties (Burns & Baylor, 2001; Berson et al., Feb 8 2002; Sekaran et al., Jun 21 2005), so
combining input might provide a necessary balance between rapid and sustained responses.
Third, the classical and melanopsin photoreceptors have different irradiance sensitivities
(Burns & Baylor, 2001; Berson et al., Feb 8 2002), and combining input might be necessary
for obtaining an appropriate dynamic range of the response. Each of these remains a non-
exclusive possibility. Our study did identify changes in dynamic range in the rd/rd cl, where
the response reflects the broad dynamic range of the melanopsin photoreceptors. In the
wildtype, the combination of classical and melanopsin photoreceptors restrict dynamic range
to a narrower band of irradiance in a way not possible with melanopsin alone.

Positive masking
Positive masking most obviously represents the use of vision to detect and negotiate
obstacles, allowing increased movement through the environment. Therefore photoreceptor
input should be confined to the image-forming rods and cones. Indeed, enhanced wheel
running activity is abolished by lesions of the classical photoreceptors (Mrosovsky et al.,
Apr 1999) or the lateral geniculate nucleus (Edelstein & Mrosovsky, Nov 9 2001).
Moreover, under broad-spectrum light we observed positive masking in wildtype but not rd/
rd cl mice. In wildtype mice, there was also positive masking under dim medium-
wavelength light (activating rods and possibly MWS-cones) but not under dim short-
wavelength light (activating SWS-cones only). Therefore, our findings suggest that SWS-
cones and possibly MWS-cones do not contribute to positive masking in mice. A rod only
basis for visual guidance of movement in positive masking seems more likely in mice.

Irradiance detection in masking and other tasks
The main contribution of this paper is to provide evidence that in intact mice, the classical
photoreceptors provide an important contribution to negative masking. It is not a matter of
irradiance detection in accessory visual systems being mainly mediated by melanopsin
photoreceptors. In other accessory visual responses, although the contribution of the
classical photoreceptors varies, the same principle appears to apply. For instance, in the
pupil light reflex melanopsin function is necessary for persistence and high irradiance
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responsiveness (Lucas et al., Jan 2003; Zhu et al., Mar 2007), but classical photoreceptor
input extends the dim light dynamic range of the pupil light reflex (Lucas et al., 2001), and
therefore supports lens accommodation in scotopic vision.

In this context, it should be kept in mind that there are interactions among the
photoreceptors in the eye, and our findings show that despite the enthusiasm for melanopsin,
classical photoreceptors do play a role in irradiance detection.
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MWS medium wavelength sensitive

rd/rd cl rodless/coneless mouse

SWS short wavelength sensitive
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Figure 1.
Multivariant photoreception in wildtype mice. (A) The percent maximal sensitivity for the
medium-wavelength-sensitive cone, the rod and the melanopsin photoreceptors is shown for
light at 480 and 540nm. (B) Example responses in a wildtype mouse are shown in actogram
format. Open and filled bars above the main panel show the timing of the daily light cycle
(upper bar, days 1 and 5), and the daily light cycle with a 3h pulse of light imposed 1-hour
after lights off (lower bar, days 2, 3 and 4). The timing and amount of wheel running is
shown on each day, primarily restricted to the dark period. Entrainment is maintained
despite light pulses. On day 2, a light pulse at 480nm 1.35µWcm2 suppresses activity almost
completely. On day 3, a light pulse at a less potent wavelength (540nm) and a lower
irradiance (0.18µWcm2 suppresses activity to a lesser degree. On day 4, a light pulse at
540nm 1.29µWcm2 again only partially suppresses activity. Responses at 480 and 540nm
are shown for the first (C) and last 30-minutes of light pulses (D) are shown as a percentage
of baseline activity. Irradiance (dose) response curves are fitted with a variable slope
sigmoid function (maximal suppression constrained at 100%).
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Figure 2.
Spectral sensitivity of negative masking. (A) Spectral sensitivity profiles for the first hour of
light pulses for C3H wildtype and rd/rd cl mice are plotted alongside A1 Govardovskii
templates. Templates are fitted to the wavelengths of maximum sensitivity: for the rods
(498nm), the short-wavelength-sensitive cone (359nm), the mediumwavelength-sensitive
cone (508nm), and for the melanopsin photoreceptors (480nm). Responses during the first
hour of short (~365nm) and medium (~505nm) wavelength light pulses are shown in (B)
C57/BL6 and (C) 129/SvEv mice, fitted with irradiance response curves (maximal
suppression constrained at 100%).
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Figure 3.
Time course and dynamic range of masking. (A) The dynamic range of responses to broad-
spectrum light (first 30-minutes of light pulse) is shown in wildtype and rd/rd cl, fitted with
irradiance response curves (maximal suppression constrained at 100%). Alongside the panel,
treatment irradiance (µWcm2) is shown against illuminance (lux): measurements
highlighted with a star (*) are derived from regression based on the increase in neutral
density filters. The effect of duration of the pulse on change in activity during the light pulse
is shown as 30-minute bins at example irradiances for (B) negative masking 16.5µWcm2
and (C) positive masking 8.0×10-4µWcm2.
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