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Abstract

Background Animal survival depends on the ability to adjust behaviour according to environmental conditions. The
circadian system plays a key role in this capability, with diel changes in the quantity (irradiance) and spectral content
(colour’) of ambient illumination providing signals of time-of-day that regulate the timing of rest and activity. Light
also exerts much more immediate effects on behaviour, however, that are equally important in shaping daily activity
patterns. Hence, nocturnal mammals will actively avoid light and dramatically reduce their activity when light cannot
be avoided. The sensory mechanisms underlying these acute effects of light are incompletely understood, particularly
the importance of colour.

Results To define sensory mechanisms controlling mouse behaviour, we used photoreceptor-isolating stimuli

and mice with altered cone spectral sensitivity (Opn7mwR), lacking melanopsin (Opn1mwR; Opn4~~) or cone pho-
totransduction (Cnga3~") in assays of light-avoidance and activity suppression. In addition to roles for melanopsin-
dependent irradiance signals, we find a major influence of spectral content in both cases. Hence, remarkably, selective
increases in S-cone irradiance (producing a blue-shift in spectrum replicating twilight) drive light-seeking behaviour
and promote activity. These effects are opposed by signals from longer-wavelength sensitive cones, indicating a true
spectrally-opponent mechanism. Using c-Fos-mapping and multielectrode electrophysiology, we further show these
effects are associated with a selective cone-opponent modulation of neural activity in the key brain site implicated

in acute effects of light on behaviour, the subparaventricular zone.

Conclusions Collectively, these data reveal a mechanism whereby blue-shifts in the spectrum of environmental
illumination, such as during twilight, promote mouse exploratory behaviour.
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Background

Environmental light constitutes a major influence on ani-
mal behaviour. On one hand, light is a key regulator of
the circadian system, which in turn drives daily rhythms
in rest and activity [1]. Alongside this, however, light can

Handling editor: Vitor Sousa.

*Correspondence:

T. M. Brown

timothy.brown@manchester.ac.uk

! Centre for Biological Timing, Faculty of Biology, Medicine and Health,
University of Manchester, Manchester, UK

B BMC

rapidly and acutely influence behaviour. For example,
nocturnal mammals will actively avoid brightly illumi-
nated areas if possible or will dramatically reduce their
behavioural activity and rest when bright light cannot be
avoided [2—-4]. Alongside circadian control mechanisms,
such acute effects of light on behaviour therefore consti-
tute a major determinant of the daily patterns of mam-
malian rest and activity [4, 5].

Given their importance for regulating animal behav-
iour, significant past activity has attempted to define the
sensory mechanisms regulating both the circadian sys-
tem and acute effects of light on activity. A key devel-
opment here was the identification of a retinal cell type

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12915-023-01663-6&domain=pdf
http://orcid.org/0000-0002-5625-4750

Tamayo et al. BMC Biology (2023) 21:178

specialised for encoding ambient light levels—intrinsi-
cally photosensitive retinal ganglion cells (ipRGCs)—
and the subsequent realisation that both circadian and
many acute effects of light on behaviour are lost in
animals lacking ipRGCs [6-9]. Nonetheless, the pho-
toreceptive mechanisms underlying the effects of light
on behaviour have continued to prove challenging to
define since ipRGCs are known to combine intrinsic,
melanopsin-dependent, excitation with synaptically
mediated signals originating with rods and cones [10].
Moreover, we now know of multiple subtypes of ipRGC
with differing properties [11].

In accordance with this potential complexity in the
sensory properties of ipRGC-mediated responses, stud-
ies of the photoreceptor mechanisms regulating the
mouse circadian system provide evidence for two dis-
tinct sources of control [1]. Hence, in addition to irra-
diance signals (derived from a combination of rod and
melanopsin photoreception; [12-14]), mouse circa-
dian responses are modulated according to the spectral
content (‘colour’) of ambient illumination by oppo-
nent influences of short and longer wavelength sensi-
tive cone opsins (equivalent to the blue-yellow axis of
human colour vision) [15, 16].

By contrast to the above, understanding of the sensory
mechanisms controlling acute effects of light on rodent
behaviour (light avoidance/aversion and suppression
of activity) is currently less complete. Such effects have
been most extensively studied in the context of the abil-
ity of bright light to suppress rodent behavioural activity
(typically measured by voluntary wheel running in the
animals’ home cage)—a response commonly referred
to as ‘negative masking’ [4]. The observations that mel-
anopsin knockout mice show substantially reduced
negative masking and that mice lacking rods and cones
do not show any noticeable reduction in the sensitiv-
ity or amplitude of such responses [17-21] collectively
establish melanopsin as a major regulator of these irra-
diance-dependent effects on behaviour. Nonetheless,
the partial retention of negative masking in melanop-
sin knockout mice [18, 19], similarly suggests a role for
one or more outer retinal photoreceptor classes, as does
one of two studies that evaluated the spectral sensitiv-
ity of such responses in wildtype mice [20, 22]. Simi-
larly for studies of light avoidance responses outside the
home-cage environment, aside from neonatal animals
(where such responses appear to be fully-dependent on
melanopsin; [23, 24]), existing data provides evidence
that both melanopsin and rod/cone signals contribute
to such responses [8, 9, 25, 26]., In sum, while a contri-
bution of melanopsin to both light avoidance and light-
induced suppression of activity (negative masking) is well
established, the specific contribution of the two mouse
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cone types and/or the possibility of any colour-depend-
ent influences on such behaviours remains essentially
un-investigated.

Here, then, we set out to define the sensory mecha-
nisms regulating light avoidance behaviour and light-
induced suppression of activity in mice. To date, efforts
to define the underlying photoreceptor control mecha-
nisms have been hampered by the strongly overlap-
ping spectral sensitivities of melanopsin, rhodopsin and
M-cone opsin in mice. Here we overcome those issues
by using mice where the native mouse M-cone opsin is
replaced by the human L-cone opsin (Opnlmw®; [27]),
alongside photoreceptor isolating stimuli that allow us
to manipulate excitation of the two mouse cone opsin
classes independently of each other (and melanopsin and
rods)—an approach that has produced powerful insight
into many other aspects of mouse vision [14, 15, 28-31].
Accordingly, we here now provide evidence for a signifi-
cant spectrally-opponent modulation of both light avoid-
ance and light-induced suppression of activity in mice, as
well as confirming an equivalent cone-opponent modula-
tion of neural activity in a key brain node implicated in
regulating acute effects of light on behaviour—the hypo-
thalamic supraventricular zone.

Results

Factors influencing light-dark preference in mice

To provide insight into the photoreceptive mechanisms
influencing mouse exploratory activity, we first estab-
lished a modified version of conventional light—dark
preference test [2] whereby, on entry to the apparatus,
mice could move freely between two independently
illuminated chambers, with behavioural monitoring
via overhead IR cameras (Fig. 1A). Diffuse illumination
was supplied by a 4-primary LED-based system allow-
ing us to freely adjust intensity and spectral composition
across the two chambers, enabling within-animal assess-
ments of the role of specific photoreceptor classes in
light-avoidance.

We initially confirmed that the expected innate aver-
sion to light was apparent in Opnlmw® mice (n=6)
under our experimental conditions and asked whether
this preference differed as a function of time of testing.
To this end, we first established an illumination setting
that recreated the relative pattern of photoreceptor acti-
vation consistent with a wildtype mouse’s experience
of an overcast day [16] and then provided mice with a
choice between bright and 100-fold dimmer versions of
this stimulus (Fig. 1B). Across a cohort of six Opnlmw®
mice tested over 6 timepoints spanning their homecage
LD cycle, as expected, we observed a consistent avoid-
ance of the ‘bright, and preference towards the ‘dim,
side of the apparatus (Mean+SEM ‘bright’ preference
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Fig. 1 Irradiance-dependent light avoidance requires melanopsin and cone photoreception. A Schematic of the apparatus for assessing light:dark
preference, comprising two interconnected and independently illuminated chambers. B Spectral composition of initial test stimuli, which
recreated a wildtype mouse's experience of natural daylight over a 2-order of magnitude range. C Mean + SEM preference index ([Tggne — Toim)/
[Taright + Toimd) for Opn 1mw” mice (n=6) given a choice between the brightest vs dimmest test stimuli, double plotted as a function of time

of testing (stimuli randomised across left and right sides of the chamber within and between animals). Data analysed by comparison of sinusoidal
fit vs. null hypothesis of zero slopes first order polynomial fit (F-test—F; 3,=4.43; P=0.043). D-F Mean + SEM preference index (testing at ZT
4.5-7.5) for Opn1mw® (D; n=16), Opn1mw’; Opn4~~ (E; n=11) and Cnga3~"~ mice (F, n=12), when comparing varying ‘bright’irradiance

against the dimmest test stimulus. Data analysed by one-way RM ANOVA (D: Fy g5y 4778=3.11, P=0.039; E: F5 451 5651 =1.08, P=037; F: F5 5,
2480=0.109, P=0.92) with one-sample t-tests vs. a hull hypothesis of O preference, as appropriate. Shaded region in E and F represents mean £ SEM
‘bright’ preference across tested irradiances, with one sample t-tests vs. a hull hypothesis of 0 preference. * and ** represent P<0.05 and P<0.01,

respectively

index= —0.26 + 0.04, one sample ¢-test, P=0.002). Inter-
estingly, however, we also found a modest, but signifi-
cant, diurnal variation in preference, with reduced light
avoidance during testing at night (Fig. 1C). We also
found that this light avoidance behaviour was associated
with a more fine-grained changes in mouse behaviour.
Hence, when in the bright side of the apparatus, Opn-
Imw® mice consistently spent more of their time in the
corners of the chamber when compared to when in the
dim side (Mean + SEM: 78.9+0.9% vs. 69.6+ 1.1%, paired
t-test, P<0.001; Additional file 1: Fig. S1A), a behaviour
often considered as an indicator of heightened anxiety
[32]. This attraction to the corners of the chamber under
high light levels did not vary as a function of time of test-
ing while, interestingly, behaviour in the dark side of the
chamber exhibited a diurnal rhythm with greater time
in the corners during the day. Furthermore, we found
that the total distance travelled by mice was significantly
reduced for the bright vs. dim side of the apparatus
(mean+SEM: 16.5+0.8 m vs. 22.4+0.8 m, paired ¢-test,

P<0.001; Additional file 1: Fig. S1E). In this case, how-
ever, we found a modest diurnal rhythm when on the
bright side, with reduced distance travelled during the
midday vs. night, but no significant variation in distance
travelled on the dim side of the apparatus. Together these
data indicate that the midday epoch was also associated
with the most robust light-avoidance responses. Accord-
ingly, we focused subsequent testing during this portion
of the day (ZT 4.5-7.5).

We next assessed the extent to which light avoidance
was impacted by irradiance. To this end, we tested Opn-
Imw® mice (n=16) under conditions where the dim side
of the chamber was fixed as in the preceding experiment
and the bright side of the chamber was between 0.5 and
2 log units brighter. Under these conditions we found
light avoidance scaled with the irradiance of the bright
side, with the most robust responses occurring when
this was > 1 log unit brighter than the dim side (Fig. 1D).
Given the intensity range under which this effect was
observed (extending above the point where rods provide
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useful information about irradiance [33-35] or support
robust visually-guided behaviour [36—38]), and previous
data on photoreceptor contributions to light avoidance
[8, 9, 25], we reasoned that cones and/or melanopsin sig-
nals may be particularly important in influencing the ani-
mal’s preference.

To provide insight into these photoreceptor contri-
butions, we then performed equivalent experiments
in animals lacking melanopsin (Opnlmw®; Opnd™";
n=11, Fig. 1E) or cone phototransduction (Cnga3™";
n=12, Fig. 1F). Interestingly, while both groups of ani-
mals retained a clear general preference to dim across
the test comparisons (Mean+SEM ‘bright’ preference
index=—0.10+0.03 and—0.10+0.04 for Opnlmw%;
Opn4™~ and Cnga3~'~ respectively, one-sample t-tests,
both P<0.05) in neither case could we detect a signifi-
cant irradiance dependence to the response (Fig. 1E, F).
Consistent, then, with previous data suggesting both
inner and outer retinal photoreceptors can influence
light avoidance [8, 25, 26], these data suggest that both
melanopsin and cones contribute to irradiance-depend-
ent changes in exploratory behaviour under our experi-
mental conditions. In line with our previous data, all
three groups of animals also tended to spend a greater
proportion of time in the corners of the test chambers
(Additional file 1: Fig. S1B-D) and travelled less overall
distance (Additional file 1: Fig. SIF-H) under brighter vs.
dim conditions. In agreement with the changes in pref-
erence described above, Opnlmw® displayed an irradi-
ance-dependent reduction in total distance travelled on
the brighter side of the test apparatus (Additional file 1:
Fig. S1F), whereas this irradiance dependence was lost
in Opnlmw®; Opn4™~ and Cnga3~~ mice (Additional
file 1: Fig. SIEH). By contrast, we found that irradiance
influenced the time spent in corners of the test apparatus
for both Opnlmw® and Cnga3~~ mice (Additional file 1:
Fig. S1B and D) but not in Opnlmw®; Opnd™" animals
(Additional file 1: Fig. S1C). This suggests an especially
important role for melanopsin in driving this particular
feature of light-dependent mouse behaviour, consistent
with previous work showing melanopsin is a key driver of
similar responses to light in other assays [39].

Cone contributions to mouse exploratory behaviour

Given our data suggesting that cone signals influence the
choice of mice to explore bright vs. dim environments,
we next sought to define how the different classes of cone
photoreceptors might contribute to such behavioural
decisions. To this end, we designed a range of illumina-
tion settings which had identical brightness for rods
and melanopsin but differing brightness for L- and/or
S-cone opsin (Fig. 2A). We then started by assessing the
preference of Opnlmw® mice (n=7) under conditions
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where the two sides of the chamber selectively differed
in brightness by an order of magnitude for both L- and
S-opsin (Fig. 2B). Surprisingly, we found that mice did
not show a consistent preference towards ‘bright’ or ‘dim’
sides of the chamber under these conditions (nor did they
show a difference in total distance travelled; Additional
file 1: Fig. S2A). By contrast, when the two sides of the
chamber selectively differed in brightness for just L- or
S-cone opsin the same mice exhibited clear preferences
that were opposite in polarity for the two comparisons
(Fig. 2B). Hence, when there was a selective difference in
brightness for L-cone opsin, mice exhibited the expected
preference towards the ‘dim’ side of the chamber but,
remarkably, choose the ‘bright’ side of the chamber when
irradiance only differed for S-cone opsin. These effects
were accompanied by reductions in total distance trav-
elled on the L-cone ‘bright’” and S-cone ‘dim’ sides of the
chamber (Additional file 1: Fig. S2A). Collectively then
these data reveal a cone-opponent mechanism that mod-
ulates the natural tendency of mice to favour more dimly
illuminated environments whereby they prefer environ-
ments that are relatively enriched for S- vs. L-cone opsin
stimulation, akin to the blue-shifted spectra that mice
and other mammals experience during twilight [15, 16,
40].

To confirm that the data above reflected a genuine
role of cones we next repeated the same experiment in
Cnga3~~ mice (n=13). As expected in these animals
lacking cone phototransduction, these was no consistent
preference observable for any of the test stimuli (Fig. 2C),
nor was there any observable effect on total distance
travelled (Additional file 1: Fig. S2B). Accordingly, hav-
ing confirmed that the impact of our test conditions in
Opnlmw® mice could not simply be explained by some
unintended difference in brightness for rods and melano-
psin, we next set out to better understand the nature of
the cone-mediated effect.

To dissect out which features of the spectral choices
we presented were influencing preference, in a separate
cohort of Opnlmw® mice (n=8), we assessed preference
to the same L- and S-opsin ‘bright’ and ‘dim’ stimulus
conditions when compared against each other and when
paired with a neutral background stimulus (Fig. 2D).
Since the latter was matched to all the other test stim-
uli in irradiance for melanopsin, rods (and as appropri-
ate L- or S-opsin), this allowed us to present mice with
a range of selective difference in brightness for just L-
or S-cone opsin. These experiments revealed that the
preference exhibited by the mice was dictated by differ-
ences in L- or S-cone irradiance across the two sides of
the chamber rather than a particular preference towards
or aversion from specific elements of the test stimuli
employed. Moreover, consistent with our data above,
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Fig. 2 Cone-opponent colour signals modulate light avoidance behaviour in mice. (A) Spectral power distributions of test stimuli matched

in irradiance for melanopsin and rods but differed in irradiance for S- and/or L-cone opsin. B, C Mean + SEM preference of Opn Tmw” (B; n=7),

and Cngaj”/’ mice (C, n=13) to L- and/or S-cone ‘bright’ (O) vs. dim’ () lighting conditions. Data analysed by one-way RM ANOVA (B: F,, 13=9.87,
P=0.001; C: F, 34=0.53, P=0.595) with one sample t-tests vs. null hypothesis of O preference as appropriate. (D) Mean +SEM preference of Opn 1mw/
mice (n=28) to stimuli represented by (O) as a function of irradiance difference relative to opposing side of chamber (O), where irradiance differed
only for L- (left) or S-cone opsin (right). Data analysed by two-way RM ANOVA (opsin—F; ,,=0.947, P=0.347, irradiance—F, ,3=0.043, P=0.959;
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in slopes (left vs. right—F, ,,=5.84, P=0.006) via F-test. E Mean + SEM preference of Opn Tmw.f mice (n=8) to stimuli represented by (O), which
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in irradiance for S-cones. Data analysed by one-way RM ANOVA (F; 393 751 =5.28, P=0.037). Linear fit tested for non-zero slope via F-test (F;
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the slopes of these relationships were opposite such that
preference was negatively correlated with the difference
in L-opsin irradiance (i.e. increased light avoidance) but
positively correlated with the difference in S-opsin irra-
diance (Fig. 2D). As expected, these effects were also
accompanied by differences in total distance travelled
by mice, with increased differences in L-opsin irradiance
decreasing distance travelled and increased differences
in S-opsin irradiance driving the opposite relationship
(Additional file 1: Fig. S2C).

Given the findings above (Fig. 2B, D), we hypoth-
esised that signals from both cone types should com-
bine in an antagonistic (opponent) manner to dictate
a mouse’s preference towards a specific environ-
ment. Hence, a mouse’s aversion to L-cone ‘bright’ vs.
‘dim’ environments should be respectively reduced or
enhanced with increasing or decreasing irradiance for
S-cones. To test this hypothesis, we next compared
conditions where Opnlmw® mice (n=8, same cohort

as in Fig. 2D) were consistently presented with a choice
between chambers that differed in L-opsin irradiance
by an order of magnitude but where the difference in
irradiance for S-opsin varied between—0.3 and+0.7
log units. As expected, avoidance of (and distance trav-
elled under) the L-opsin ‘bright’ chamber varied sub-
stantially as a function of the concomitant difference
for S-opsin (Fig. 2E, Additional file 1: Fig. S2D). Hence,
when the L-opsin ‘dim’ chamber had comparatively
high irradiance for S-opsin (and was therefore com-
paratively ‘blue’) aversion to ‘bright’/preference to ‘dim’
was maximised whereas when the L-opsin ‘dim’ cham-
ber had very low irradiance for S-opsin (more ‘yellow’),
aversion to the L-opsin ‘bright’ chamber disappeared.
In sum, these data confirm that signals from the two
cone types combine in an opponent manner so as to
promote mouse exploration of environments where the
spectral content of ambient illumination more resem-
bles the blue-shift occurring during twilight.
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Cone influences on light-induced suppression of activity
We next set out to determine whether the opponent
impact of cone signals identified above was specific to
environmental preference outside of the home cage envi-
ronment or reflected a more global modulation of explor-
atory activity. To this end, we housed mice in cabinets
which allowed for dynamic modulation of the intensity
and spectral composition of environmental illumination
and assessed the impact of a range of different lighting
conditions on passive infrared (PIR)-measured activity
(Fig. 3A). Specifically, we established a range of stimuli
that either provided global (spectrally neutral) differences
in irradiance relative to a reference spectra (‘spectra 1’)
or selectively differed in brightness for L- and/or S-cone
opsins (Additional file 1: Fig. S3A). We then presented
the test stimuli as an alternating interleaved 1.5 h:1.5 h
LD cycle (Fig. 3A). As expected based on past studies that
have used related ultradian light cycles [41, 42], under
these conditions, OpnImw® mice (n1=12) retained sig-
nificant circadian rhythms in behaviour with a relatively
long free-running period (Mean+SEM=24.7+0.14 h;
Fig. 3B; Additional file 1: Fig. S3B,C). As a result, our
experimental paradigm ensured that the presentation of
each stimulus was equally distributed across circadian
phases of the mouse’s behavioural activity over 16 days of
monitoring (Fig. 3B).

We first examined the average activity levels of these
12 Opnlme mice, tested as above, during epochs of
darkness and during presentations of varying intensities
of the reference spectra, spanning a 1.8 log unit range
(equivalent to light intensities encountered across civil
twilight to sunset/sunrise; Additional file 1: Fig. S3F).
As expected, OpnImw® activity levels reliably decreased
in an intensity-dependent manner (Fig. 3C), indicating
robust light-induced activity suppression (often termed
‘negative masking’). We next compared the degree of
activity suppression induced by the reference spectra
with the other test stimuli to provide insight into the pho-
toreceptor mechanisms underlying the negative masking
response. Of note, whereas the stimulus providing a 1
log unit increase in brightness targeting all photorecep-
tors (‘spectra 14°) reduced activity significantly more
than the reference spectra, when this 1 log unit increase
in brightness was restricted to just L- and S-cone opsin
(‘spectra 2’) the effect disappeared (Fig. 3D, E). Since the
intensity of the reference stimulus (13.4 log rod effective
photons/cm2/s) was already an order of magnitude above
the point at which rod responses to dark-light transi-
tions should be maximal, the further reduction in activ-
ity produced by exposure to ‘spectral + is best explained
by the increased melanopic irradiance of that stimulus.
That conclusion is supported by extensive prior literature
demonstrating a substantial contribution of melanopsin
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to negative masking responses [18-22, 26, 43] as well as
the well-documented dynamic ranges for rod and melan-
opsin responses to dark-light transitions (e.g. [30, 33-35,
44-49]).

Strikingly, however, by comparison to the behaviour
observed under the reference spectra, Opnlmw® mice
reliably exhibited increased activity levels (Fig. 3D, E)
when presented with an otherwise identical stimulus
providing a 1 log unit higher irradiance just for S-cone
opsin (‘spectra 3’), thereby providing a colour that mim-
icked the blue-shift in ambient illumination experi-
enced by mice during twilight [16] (Additional file 1: Fig.
S3EG). Thus, S-cone signals oppose light-induced nega-
tive masking responses and instead promote behavioural
activity. In combination with the absence of an equivalent
effect under lighting conditions with increased bright-
ness for both cone types (‘spectra 2’), collectively these
data reveal a spectrally-opponent mechanism whereby
L- and S-cone signals respectively promote and inhibit
masking responses. Consistent with that interpretation,
the presentation of a stimulus selectively enriched for
L-cone opsin stimulation (‘spectra 4’) produced a nomi-
nally greater degree of masking than the reference stimuli
(Fig. 3D, E) although this effect did not attain signifi-
cance, likely reflecting the fact the reference stimulus was
already strongly L-opsin-biased (i.e. comparatively ‘yel-
low’; Additional file 1: Fig. S3A,F). More modest changes
in irradiance targeting S- or L-cones, which retained a
substantial overall L-cone bias (more akin to a wildtype
mouse’s experience of day) also failed to significantly
modulate activity levels relative to the reference spectra
(Fig. 3D; ‘Spectra 5/6’). Collectively these data indicate
the chromatic control of behavioural activity is particu-
larly relevant for variations in S- vs longer wavelength
sensitive cone opsin activation typical of those occurring
across daylight-twilight transitions [15, 16].

To confirm that the activity-promoting effect of
S-cone enriched lighting identified above did not reflect
some unintended off-target effect, we next repeated the
same experiments in Cnga3~~ mice (n=12; Fig. 3F). As
expected, Cnga3™~ mice retained circadian rhythms
in behaviour (Fig. 3F, Additional file 1: Fig. S3D,E) and
irradiance-dependent reductions in behavioural activ-
ity (Fig. 3G) indicating they retained a negative masking
response. Notably, however, while 1 log unit increase
in brightness targeting all photoreceptors (‘spectra
1+’) reduced activity significantly more than the refer-
ence spectra (as in Opnlmw® mice), none of the other
test stimuli resulted in a significantly different degree
of masking (Fig. 3H, I). Hence, the reduced masking
observed for ‘spectra 3’ in Opnlmw® mice cannot be
ascribed to an unintended difference in irradiance for
melanopsin or rods. On aggregate then, consistent with
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data from our previous experiments, we find that lighting
which is relatively enriched for S- vs. L-opsin stimulation,
so as to recreate the blue-shifted in spectrum associated
with natural twilight, specifically promotes behavioural
activity.

Hypothalamic targets associated with cone-opponent
influences on behaviour

To provide insight into the neural mechanisms underly-
ing the activity-modulating effects of cone-opponent sig-
nals, we next assessed c-Fos expression in the brains of
dark-adapted OpnImw® mice (two groups of 7=6 mice)
following 30 min light pulses during the projected night.
To identify brain regions whose activity was consistent
with a role in the behavioural effects we observed, we
choose the two spectrally distinct stimuli that produced
the nominally greatest difference in suppression of mouse
behavioural activity (Additional file 1: Fig. S3A, spectra
3 and 4). Importantly, for this comparison, both stimuli
had identical brightness for rods and melanopsin and
they had the same average brightness for cones (i.e. mean
of L and S-cone irradiance; 13.05 log10 photons/cmz/s)
but were respectively weighted to bias irradiance towards
either L-cones (‘yellow’) or S-cones (‘Blue’).

Since the retinohypothalamic tract (RHT) is known to
be the primary driver of negative masking responses [4,
50, 51], we first counted c-Fos expressing neurons across
portions of the anterior hypothalamus that encompassed
RHT target regions [52] (Fig. 4A), to construct average
maps of the density of activated neurons for “Yellow” and
‘Blue’ light steps (Fig. 4B, n =6 mice/group). As expected,
for both stimuli, these revealed a high density of c-Fos
expressing cells in the region of the suprachiasmatic
nucleus (SCN) and subparaventricular zone (SPZ), with
substantially lower expression densities in surround-
ing regions of the hypothalamus and ventral thalamus.
We next subtracted these spatial maps of average c-Fos
expression density to better identify brain regions show-
ing a differential response to the two experimental stimuli
(Fig. 4C). This highlighted a subset of brain regions dis-
playing evidence of differential responses, with nominally
higher c-Fos expression for the ‘Yellow” stimulus (which
drove greater behavioural activity suppression; Fig. 3D)
in the SCN and SPZ and nominally lower expression in
ventral portions of the nucleus reuniens (NRe).

Subsequent statistical analysis revealed that the over-
all density of c-Fos expressing cells in the SCN was
equivalent for both experimental stimuli (Fig. 4E; ¢-test,
P=0.63). Consistent with data in Fig. 4C, more fine-
grained analysis (Additional file 1: Fig. S4A) revealed
a tendency towards higher c-Fos expression in rostral
and ventral SCN regions for the “Yellow” stimulus but,
again, these did not attain significance (?=0.21 and 0.57,
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respectively). By contrast, c-Fos expression in the ven-
tral SPZ was significantly higher in animals experiencing
the ‘“Yellow’ vs. ‘Blue’ stimulus (Fig. 4F). This effect was
highly specific to the SPZ, since expression patterns for
other major hypothalamic nuclei analysed were virtually
identical in animals experiencing the two stimuli (Addi-
tional file 1: Fig. S4B). Moreover, while our spatial maps
suggested the “Yellow’ stimulus might also be associated
with lower activation of the NRe, that effect also failed to
reach statistical significance (Fig. 4G). In summary, then,
our data highlight the ventral SPZ (a brain region previ-
ously strongly implicated in masking responses [4, 5, 50,
51]) as a potential locus for cone-opponent modulation
of mouse activity.

Cone-opponent regulation of SPZ neural activity

The SPZ is known to receive some direct retinal pro-
jections (including from ipRGCs; [52—54]) but is also a
major target of efferent projections from the SCN and
another retinorecipient region implicated in promot-
ing behavioural activity—the intergeniculate leaflet
(IGL) [55, 56]. To confirm the implications of our find-
ings above regarding the existence of cone-opponent
regulation of activity and provide more insight into the
underlying mechanisms, we performed multielectrode
recordings from the SPZ of anaesthetised Opnlmw® mice
(n=4).

We started by identifying cells that exhibited light-
dependent changes in firing, by applying strongly
L-opsin-biased light steps (60 s, from darkness) across
a range of light intensities associated with robust light
avoidance behaviour and activity suppression (Additional
file 1: Fig. S5A). From multielectrode recordings in four
Opnlmw® mice, we identified #=46 SPZ neurons that
exhibited reliable, irradiance-dependent, changes in fir-
ing (from n=135 total cells). Among this population of
light-influenced neurons, we were further able to identify
3 distinct classes of neural response (Fig. 5A, B, C, E). A
small subset of cells (n=>5) exhibited rapid light-depend-
ent increases in firing that decayed to a lower steady-state
level of sustained firing (Fig. 5A; Additional file 1: Fig.
S5B). Such responses were strongly reminiscent of those
we have previously reported for neurons in the SCN and
other primary visual targets [45, 48, 49], suggesting such
cells reflect those receiving direct retinal input. We also,
however, found a larger population of cells (n=21) that
exhibited very sluggish, sustained, irradiance-dependent
increases in firing (Fig. 5B, Additional file 1: Fig. S5C) and
another substantial population (n=20) that exhibited
pronounced irradiance-dependent decreases in firing
(Fig. 5C, Additional file 1: Fig. S5D), likely reflecting cells
receiving input from other retinorecipient regions [49].
In either case, collectively, these data indicate that light
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Fig. 4 Light steps enriched for long versus short wavelength sensitive cone stimulation differentially activate the ventral supraventricular

zone. A Representative images of c-Fos immunolabelled hypothalamic hemi-sections from Opn1mw.f mice following 30 min, rod

and melanopsin-isoluminant and cone illuminance matched light pulses biased towards L-opsin ('Yellow’) or S-opsin (‘Blue’) stimulation (Additional
file 1: Fig. S3A, spectra 3 and 4), delivered at projected ZT 17.5. B Average maps of c-Fos expression density for ‘Yellow'and ‘Blue’light pulses (n=6
mice/group). C Spatial map of the mean difference in c-Fos expression density for ‘Yellow’and ‘Blue’light pulses (derived from data in B). D Higher
magnification view of c-Fos expression in the SCN and SPZ from A. E-G Mean + SEM density of c-FOs expression cells in SCN (E), SPZ (F) and NRe (G)
for "Yellow’and ‘Blue’light pulses (n=6/group). Data analyses by unpaired t-test. *=P<0.05, ns=P>0.05

stimuli associated with robust activity suppression and
light avoidance produce substantial changes in the activ-
ity of various subpopulations of SPZ neurons. Of note,
however, analysis of overall SPZ population firing (mul-
tiunit activity; MUA, n=128 recording sites from 4 mice;
Fig. 5D) revealed a net irradiance-dependent increase
in SPZ activity (consistent with our previous result that
stimuli producing a greater negative masking result in
elevated SPZ c-Fos expression).

To more directly evaluate the influence of cone-pho-
toreceptive signals on SPZ network activity we next pro-
vided a steady background light stimulus (equivalent to

the dimmest stimulus applied in Fig. 5A-D) and assessed
the response following 60 s steps to various alternate
spectra (Additional file 1: Fig. S6), designed to provide
selective 1 log unit increase in brightness for just S- or
L-cone opsin (‘S+’ and ‘L+; respectively), both cone
opsins (‘L+S+’) or all photoreceptor classes (‘All+’).
Under these conditions, for the population of cells exhib-
iting fast excitatory responses, selective increases in
irradiance for S- and L-cone opsin resulted in opposing
changes in firing, with reduced activity for the S+and
robust increases in activity for the L + stimulus, providing
a potential origin for the spectrally-opponent regulation
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of behaviour observed previously (Fig. 6A). To determine
whether such cells could also provide a route for melan-
opsin-dependent influences we next compared responses
to the All+and L+ S+stimuli (which provide the same
step in irradiance for cones but do or do not also provide
contrast for melanopsin and rods). Despite a nominally
greater increase in firing for the All+ stimulus, we did not
detect a significant difference from the response of these
cells to the L+ S+ stimulus (Fig. 6A), suggesting a mini-
mal contribution of melanopsin/rods to their responses
under our experimental conditions. By contrast, for cells
with slow excitatory or light-suppressed type responses,
stimuli targeting just cones evoked negligible changes
in firing (with no evidence of opponency), whereas the
All+stimulus-evoked very robust increases or decreases
in firing respectively (Fig. 6B, C), suggesting strongly
melanopsin-dominated responses (given the background
light intensity well within the photopic range; Additional
file 1: Fig. S6). That conclusion is consistent with the
low sensitivity of such cells to light steps from darkness
(Fig. 5) and our previous analysis of the spectral sensitiv-
ity of equivalent light responses in the anterior hypothal-
amus of Opnlmw® mice which was incompatible with
any substantive rod contributions [49].

Given the diverse sensory properties of the different
classes of light-influenced SPZ neurons revealed above,

2,P=0002; B: F, 4o=1190,P<0.0001; C: F, 5;=213, P<0.0001; D: F,,

we again turned to the analysis of MUA data to deter-
mine the net impact of the different photoreceptive sig-
nals on SPZ network activity. In line with our data for
fast excitatory cells (Fig. 6A), this revealed a clear and
robust cone-opponent regulation with a net increase
in firing for L+and a decrease in firing for S+ stimuli
(Fig. 6D). Moreover, while the L+ S+ stimulus-evoked
negligible overall changes in MUA, the All+ stimulus
evoked a robust net increase in firing (Fig. 6D), con-
sistent with a net excitatory influence of melanopsin.
Since a detailed analysis of the anatomical localisation
of the different classes of light-responsive neurons sug-
gested some partial segregation with different subre-
gions of the SPZ (Fig. 5E), we also asked whether these
net changes in SPZ network activity varied across this
part of the hypothalamus. In fact, however, analysis of
MUA data as a function of electrode site depth revealed
robust cone-opponent modulation and irradiance-
driven activation across the dorsal-ventral extent of
the SPZ (Fig. 6E). Collectively, then, our electrophysio-
logical data reveal a combination of irradiance-depend-
ent increases in activity and cone-dependent chromatic
(L-ON/S-OFF) modulation of SPZ firing activity that
aligns with the sensory characteristics revealed by our
behavioural studies and neuroanatomical data implicat-
ing the SPZ activation in light-induced suppression of
activity and light-avoidance.



Tamayo et al. BMC Biology (2023) 21:178

Page 11 of 19

A fast excitatory slow excitatory C suppressed
L+ L+S+ All+ L+ L+S+ All+ S+ L+ L+S+ Al+
n Y 7]
I 2 2
i) x 2
Al T i ¢
© o 0
s 605 605 s s 605 605 s s 605 605 s
1 S+ L+  L+S+ AI|+ 1 S+ L+  L+S+ A||+ 1 S+ L+  L+S+ A||+
Stim.: P<0.001 Stim.: P<0.001 Stim.: P<0.001

el el O
33 33 33
55 55 55
Egf g’ Ea’

2 o S o 2 o

-1 -1 -1
population firing . .

D S+ L+ L+S+  All+ E O Normalised Normalised
2 ;100 um MUA response MUA response
| Y
=< ! -0.5 0 1-0.5 0 1
1 FTI A LU T A + PVN i . M ; . i
2 W f 4.5 i

1 1 .J’l 'é\
60s 60s 60s 60s £ :
2 S+ L+  L+S+All+ =
Stim.: P<0.001 SPZ £
~N s o -5
T *kk ' =] pat
S LS S+ L+ L+S+ ALL+
s Seeaet SCN ; ’ y
< k%% *k%
Stim.: P<0.001 Stim.: P<0.001

-0.5

Stim. X Posn.: P=0.46 Stim. X Posn.: P=0.40

Fig. 6 Cone-opponent regulation of subparaventricular zone network activity. A-C Representative single neuron responses (top; same cells

as Fig. 5A-C) and mean + SEM normalised population responses (bottom; n=5, 21 and 20 respectively in A-C) for the identified classes of SPZ
neurons in response to 60 s, 1 log unit, light steps selectively targeting one or both cone opsin types (S+, L+and L+S+) or all opsins equally (All+).
See Additional file 2 for underlying raw data. D Mean + SEM multiunit activity (MUA) traces (top) and stimulus-evoked changes in firing (bottom)
across supraventricular zone (SPZ) recording sites (n=128) for the same stimuli in A—C. E Mean + SEM normalised MUA response to light steps
targeting S- or L-cone opsins (left) or for both cone opsins with or without changes in brightness for melanopsin and rods (right) as a function

of recording site depth within the SPZ (n=8-26 sites/bin). Data in A-D analysed by one-way RM ANOVA with Tukey’s post tests (A: f5 1,=124,
P=0.0006; B: F3 ¢=525.7, P<0.0001; C: F3 5,=15.4, P<0.0001; D: F3 35, =29.4, P<0.0001). Data in E analysed by 2-way mixed effects ANOVA

(left- Stim.: F, 540=216.3, P<0.0001; position—rF; 549=0.84, P=0.596; Stim. X position—F; 549=0.99, P=0.459; right—Stim.: F, ,40=118, P<0.0001;
pPOsition-F;; ,40=0.803, P=0.637; Stim. X position-F; ,49=1.05, P=0.403). *** and *** indicate P< 0.05, P<0.01 and P< 0001, respectively

Discussion

Our data provide important new insight into the sen-
sory mechanisms controlling key, ethologically rel-
evant, aspects of the acute effects of light on mouse
behaviour. While prior studies have strongly implicated
ipRGCs in regulating light-avoidance behaviour and
negative masking, the relative contributions of melano-
psin and outer retinal photoreceptors, especially cones,
to such behaviours in adult animals has remained
poorly understood [6-8, 18-20, 22, 23, 25, 26]. Our
data now show that cone-derived short vs. long wave-
length opponent signals (analogous to the ‘blue’- ‘yel-
low’ axis of human colour vision) impose a substantial
modulatory influence over melanopsin- (and poten-
tially also rod-) driven activity suppression and light
avoidance. As a consequence, this mechanism acts to

promote mouse exploratory behaviour in the presence
of environmental illumination enriched for shorter
wavelengths, such as occurs during natural twilight.

We didn’t here seek to explicitly assess the potential
that rod photoreceptors might contribute, alongside
melanopsin, to irradiance-related effects of acute light
exposure on behaviour. Nonetheless, our interpretation
that the cone-independent effects observed here pri-
marily reflect melanopsin-driven responses is strongly
supported both by prior studies of light avoidance/
masking and the known sensory properties of rods and
melanopsin. Hence while rods can still contribute to
physiological and behavioural responses to light—dark
transitions at high irradiances (e.g. [13, 57]), we find irra-
diance—dependent (and cone-independent) reductions
in behavioural activity for stimuli more than 10 times
brighter than the saturation point for rod responses to
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light—dark transitions (and well-within the range of mel-
anopsin-driven responses; [30, 33-35, 44—49]). Consist-
ent with our interpretation that such effects originate
with melanopsin, it is well-established than knockout or
knockdown of melanopsin substantially impairs negative
masking [18, 19, 43] while melanopsin only (rd/rd cl, rd/
rd) animals robustly retain such responses with no loss
of sensitivity relative to wildtype [20, 21, 26]. Similarly,
in the case of our data on light avoidance, in principle
some rod-based contrast responses could survive under
our experimental conditions (e.g. [58]), however, the
irradiance-dependent effects we observe span intensities
where rods can no longer support robust visually guided
behaviours [36—38]. Indeed, our observation that these
irradiance-dependent effects are lost in animals lacking
melanopsin aligns well with previous data suggesting a
role for melanopsin/ipRGCs in such responses [8, 9, 25],
while the modest residual light avoidance in both these
animals and those lacking cone phototransduction argues
against any major role for rods under our experimental
conditions.

With respect to our data showing the effects of cones,
an important consideration in interpreting those find-
ings is the extent to which the stimuli provided might
have inadvertently resulted in changes in irradiance
for melanopsin (or rods). Our data showing the behav-
ioural responses to these cone-directed (but not untar-
geted) changes in irradiance are absent in mice lacking
cone phototransduction provides confidence that this
is not the case. This is also consistent with our previ-
ous experience of using equivalent approaches where we
have validated that behavioural and electrophysiological
responses to such stimuli require functional cones [15,
16, 30] as well as validating approaches for manipulat-
ing melanopsin excitation independent of detectable
responses from cones (or rods) [28-30, 46, 59, 60]. We
should note here, however, that our finding that S-cone
signals oppose light-induced suppression of activity are
seemingly at odds with an earlier study that suggested
S-cones can drive ‘negative masking’ responses [20].

There are several methodological differences between
that earlier study and our own work that could under-
lie this apparent discrepancy. For example [20], assessed
suppression of wheel running to light pulses at a fixed
circadian time, whereas we compared reductions in gen-
eral (PIR-measured) activity under an ultradian cycle. It
is formally possible, therefore, that cone-opponent sig-
nals might differentially modulate general activity vs. vol-
untary wheel running. Further, [20] assessed sensitivity
to monochromatic light of varying wavelength, whereas
we compared responses to stimuli matched to selectively
differ in brightness for specific opsin classes. The former
approach is likely not best suited to reveal the type of
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chromatic effects we report here and, in this case, those
data are especially challenging to interpret owing to the
tools available to the researchers at the time, which leave
the precise nature of the stimuli used uncertain. Hence,
in [20], stimuli were quantified based on readings from
an optical power meter and peak transmission values
of filters used (as reported by manufacturers). This may
have substantially skewed the interpretation of the data
showing high sensitivity to ultraviolet light. Indeed, the
approach used to generate key medium wavelength com-
parator stimuli (fluorescent lights with broadband ‘green’
filters) is expected to have biased those stimuli to longer
wavelengths than intended and therefore substantially
underestimated medium wavelength sensitivity. The
extent to which data from [20] do indeed indicate that
S-cones can drive masking responses is therefore hard
to evaluate. Certainly, under the experimental conditions
studied here, we find no evidence for this. Rather our
data clearly demonstrate an antagonistic effect of S-cone
signals on light-induced suppression of behavioural
activity.

The present data also align with established views
positing the SPZ as a key site for acute-light-dependent
control of mouse behaviour [4, 5, 50, 51], confirming the
presence of robust cone-opponent modulation of SPZ
neuronal activity that matches the observed chromatic
modulation of mouse exploratory activity. We should
note, however, that there is still some uncertainty as to
the primary retinorecipient site that actually forms the
origin of light-induced suppression of activity in noctur-
nal rodents.

The SPZ has been suggested as a potential primary
locus for such effects based on data showing SCN-
lesioned animals can retain negative masking and light
avoidance behaviour [50] while lesions that damage ret-
inal input to the SPZ but spare some input to the SCN
show disrupted masking [51]. Such data could imply that
retinal inputs to the SPZ are the primary origin of light-
induced activity suppression. In this regard, it is nota-
ble that we find a population of cells in the SPZ whose
characteristics are consistent with those of directly reti-
norecipient neurons and display evidence of the appro-
priate cone-opponent control to provide an origin for
the behavioural effects observed here. Nonetheless, it is
important to also note that the SPZ receives major inputs
from other retinorecipient structures (the SCN and IGL)
[41, 42]. Moreover, both the SCN and IGL contain neu-
rons that display cone-opponent regulation (including
neurons with L-ON/S-OFF or S-ON/L-OFF properties)
[16, 31]. In the case of the IGL, it seems unlikely that this
structure is the principle driver of light-induced activity
suppression (since IGL lesions increase masking; [55]). It
is certainly possible, however, that cone-opponent IGL or
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SCN cells contribute to the behavioural effects of spec-
tral content observed in the present study. In either case,
while we cannot definitively distinguish the relative roles
of direct vs. indirect retinal inputs to the SPZ, the pres-
ence of an overall decreased neuronal activation of the
SPZ for ‘bluer’ stimuli is fully consistent with the pre-
vailing view [4, 5] that the SPZ is a key node within the
brain networks underlying acute effects of light on mouse
behaviour (including the chromatic effects observed
here).

In closing, it is important to note that the suppressive
effects of S-cone-enriched stimuli on light avoidance and
acute suppression of activity observed here strongly align
with an equivalent chromatic modulation of the effects
of light on SCN-dependent circadian control. Hence
we previously showed that ‘bluer; twilight-like, lighting
evokes weaker circadian responses than the lighting of
equivalent melanopic irradiance whose spectral content
better recreates day [15, 16]. The acute cone-opponent
effects revealed in the present study therefore constitute
an influential, previously unrecognised, sensory control
mechanism that likely acts in concert with the longer-
term circadian modulation to precisely tune the timing
of mouse behaviour in the natural world around twilight.

Conclusions

Given that all common indoor lighting is strongly biased
towards longer wavelengths (and therefore appears very
‘yellow” to mice and other rodents; Additional file 1: Fig.
S2F,G), the present findings as to the impact of spectral
content on mouse behaviour have significant implica-
tions that should be considered in the design of future
laboratory behavioural experiments and husbandry con-
texts. Hence, an exciting prospect for the future is that
using lighting more enriched in shorter wavelengths
might enhance throughput for experimental paradigms
that rely on mouse behavioural activity and/or improve
welfare by reducing aversive behaviours. An exciting
additional prospect is to explore the possibility that anal-
ogous effects of ‘colour’ might also apply to humans (e.g.
on arousal or mood). Given the diametrically opposing
acute effects of light on the activity of nocturnal and diur-
nal mammals it seems unlikely that our findings in mice
would directly translate, rather one might imagine the
opposite effects would be more likely (e.g. an inhibitory
effect of S-cone signals on arousal). To our knowledge,
there have not yet been many appropriately controlled
studies to test such a possibility although, in keeping with
the suggestion above, one recent study using lighting that
selectively differed in brightness for S-cones, does pro-
vide some indication of a modest increase in reaction
times under S-cone ‘bright’ conditions [61]. It will there-
fore be interesting to see if future studies can confirm
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whether such an effect is repeatable and/or extends to
other aspects of cognition, mood or performance.

Methods

Animals

All experiments were conducted in accordance with the
Animals (Scientific Procedures) Act of 1986 (United
Kingdom). Mice were bred and housed at the University
of Manchester in a 12:12 h light:dark (LD) cycle at 22 °C
with food and water available ad libitum. Throughout,
experiments employed adult, male and female, mice (90—
210 days old) of the following strains: human red cone
knockin (OpnImw®; [27]), human red cone knockin/
melanopsin knockout (Opnlmw®; Opn4™~; [29]) and
cone-specific cyclic nucleotide-gated channel a-subunit
knockout (Cnga3~'~; [62]). For all experimental proce-
dures, animals were housed in light-tight cabinets where
illumination could be carefully controlled and main-
tained under a strict 12:12 LD cycle for at least 2 weeks
prior to experimental procedures. Animal numbers for
each experimental procedure/genotype are indicated in
the relevant ‘Light stimuli and test paradigm’ sections
below.

Light-dark preference tests

Apparatus and general experimental procedures

The testing enclosure was constructed of black acrylic
and comprised two 30X 30X 30 cm chambers with white
polytetrafluoroethylene (PTFE) floor and ceiling (Plastics
Direct Ltd., Oldham, UK). RGB and 385 nm LED strips
(Downlights Direct Ltd., Oldham, UK) were mounted
above the PTFE ceiling of each chamber in 4 parallel
rows of 20 LEDs/strip to provide diffuse illumination.
LED intensity for each of the four wavelength channels
was controlled (independently for each chamber) via
pulse width modulation to allow for controlled variations
in the intensity and spectral composition of the avail-
able illumination. A 6 cm diameter doorway positioned
centrally between the two chambers at the front of the
enclosure allowed the mouse to enter and move freely
between the chambers (Fig. 1A). On entering the enclo-
sure, a sliding door covered the entrance to prevent the
mouse from leaving until the experimental session ter-
minated. LED intensities were set before introducing the
mouse to the experimental enclosure and remained con-
stant throughout the 15-min experimental sessions. Dur-
ing this time, video recordings of the mouse’s position in
the chamber were captured synchronously an 8 frames/s
by a pair of Raspberry Pi3B +with Pi NoIR camera mod-
ules and IR ring lights (RS components, Corby, UK) posi-
tioned centrally above each chamber. Unless otherwise
specified, mice were removed from their home cage for
testing between Zeitgeber time (ZT) 4.5 and 7.5 (where



Tamayo et al. BMC Biology (2023) 21:178

ZT 0=time of lights on). The chamber was thoroughly
cleaned with ethanol after the end of each experimental
session, prior to testing the next experimental animal.
Mice experienced a single test stimulus on any given day
and subsequent testing was separated by at least 48 h.
Individual animals completed one or two of the four total
studies conducted (and therefore experienced up to 12 of
the test stimuli) described below. In all cases, the brighter
side of the chamber was randomised across trials and,
within studies, the order of stimulus presentation was
randomised between mice.

Light stimuli and test paradigms

All light measurements were performed using a cali-
brated spectroradiometer (Bentham instruments, Read-
ing, UK) and quantified according to the known opsin
sensitivities after correction for prereceptoral filtering
[63, 64] as described previously [16, 46] (see Additional
file 2 for raw spectral data). Reported intensities reflect
the effective photon flux captured by a cosine diffuser
directed at the ceiling of the experimental chamber. Stim-
uli for initial experiments (Studies 1 and 2) were designed
to recreate the relative pattern of photoreceptor activa-
tion consistent with a wildtype mouse’s experience of an
overcast day [16], across a 100-fold range of intensities
(Fig. 1B). Stimuli for subsequent experiments examining
cone influences (Studies 3 and 4) were based around an
equivalent background (0.3 log units dimmer than the
maximum in Studies 1 and 2) with spectral modulations
designed to enable comparisons between melanopsin/
rod matched stimuli with up to 1 log unit differences in
irradiance for L and/or S-cone opsin (Fig. 2A).

Study 1 assessed the preference of Opnlmw® mice
(n=6) as a function of time of testing, under condi-
tions where there was a 100-fold difference in brightness
between the two sides of the chamber. Specifically, mice
were tested twice each in a 3 h window centred on their
homecage light—dark transitions (i.e. ZT 0 and ZT 12)
or at midday or midnight (ZT6 and ZT18). Within each
epoch, the time of testing within the first or last 1.5 h was
randomised across animals. For presentation (Fig. 1C),
responses for each animal were averaged across the two
midday and midnight timepoints. Study 2 assessed pref-
erence to dim light relative to a condition of equivalent
spectral composition but higher (0.5, 1, 1.5 or 2 log unit)
irradiance (Fig. 1D-F; n=16 Opnlmw®; n=13 Opnlmw*;
Opn4™"; n=12 Cnga3~"). These sample sizes are suf-
ficient to allow the detection of modest within-group
effect sizes with high reliability (f=0.5 at>95% power;
G*power 3.1.9.2, [65]).

Study 3 assessed preference to lighting conditions that
selectively differed in brightness by 1 log unit for L and/
or S-opsin irradiance (Fig. 2 B, C; n=7 Opnlmw®; n=13
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Cnga3~'7). In the absence of prior insight into the likely
effect magnitude for these experiments, the sample size
for Opnlmw® was chosen to provide>80% power to
detect a moderate within-subjects effect size of f=0.5.
Subsequent experiments in Cnga3~/~ provided 95%
power to detect an equivalent effect size.

Study 4 assessed how preference scaled with a selective
difference in irradiance (—0.7 to+1 log unit) for L-opsin
or S-opsin as well as how the difference in S-cone irradi-
ance impacted preference when faced with a 1 log-unit
difference in brightness for L-opsin (Fig. 2D, E; n=9
Opnlmw®). This sample size provided~95% power to
detect an effect of equivalent magnitude to that observed
in Study 2. Data from 3 of the total of 49 mice tested (2
Opnlmw®; Opn4™~ contributing to Study 2 and one
Opnlmw® contributing to Study 4) were excluded from
analysis due to a strong a consistent bias towards one
side of the chamber irrespective of the nature of stimulus
presentation.

Data analysis

Mouse position within the experimental apparatus was
determined via custom Matlab (Mathworks, MA, USA)
scripts, which determined the local region of maxi-
mal difference between each frame of the paired video
recordings and a reference image of the empty chamber
prior to the start of the experiment. From this we calcu-
lated the amount of time mice spent on the left or right
sides of the chamber and, by dividing the chamber floors
into an equally spaced 3x3 grid, the proportion of that
time spent in the corners of the chamber. For the pres-
entation of data on mouse preference across pairs of test
stimuli we calculated a preference index of the form:
[Tsright — Toiml/ [ Thright + Tpiml»  Which ranges from+1
(maximal preference to ‘bright’) to—1 (maximal pref-
erence to ‘dim’). Group data from each study were then
analysed by One or Two-way repeated measures ANOVA
in GraphPad Prism v7 (GraphPad software, CA, USA),
with one sample t-tests vs. a null hypothesis of zero pref-
erence or Sidak’s post-tests as appropriate. Where rel-
evant, we used extra sum-of-squares F-test to assess for
the presence of diurnal rhythms (Study 1; comparison
of fits between zero slope 1* order polynomial and sinu-
soids constrained to a period of 24 h) or to relationships
between irradiance difference and preference (Study 4;
test for non-zeros slope of best fit 1% order polynomials
or comparisons of slope between conditions).

Masking assay

Apparatus and general experimental procedures

Mice were housed in wire-top cages in a custom, light-
tight behavioural cabinet as previously described [15].
The roof of the cabinet housed four light boxes, each
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consisting of two smart multicolour bulbs (LIFX A60;
LIFX, Cremorne, Australia) and 6 violet bulbs (405 nm,
Led Engin LZ1-00UA00-00U7; RS Components, UK). A
PTEE diffuser was mounted to the floor of light boxes/
roof of the cabinet and the interior of the cabinet was
painted white to provide uniform illumination. The smart
bulbs were controlled wirelessly over a local network and
violet bulbs were connected to LED drivers (T-Cube;
Thorlabs, Ely, UK) via a multichannel analogue out-
put module (NI 9264; National Instruments, TX, USA).
LED intensities were then controlled on a second-by-
second basis using a PC running Python (2.7.10). Mice
were housed under a standard 12 h:12 h LD cycle prior
to the start of the experiment where they were exposed
to 16 days of a 1.5 h:1.5 h LD cycle whose light phase
varied in spectral composition (see below). Throughout,
mouse behavioural activity (counts/s) was assessed by a
validated PIR monitoring system as described previously
[66].

Light stimuli and test paradigm

A total of 12 Opnlmw® and 12 Cnga3™~ mice were
employed in these experiments (comprising 2 cohorts of
6 mice for each genotype). These sample sizes allowed for
the reliable detection of modest within-subjects effects
in subsequent analyses (f=0.5 at>95% power). When
the experiments commenced, for each repeat of the
1.5 h:1.5 h LD cycle mice experienced one of 8 different
lighting conditions (measured and quantified as above).
Stimuli included in these experiments were calibrated
relative to a reference spectrum (‘spectra 1) to either pre-
sent spectrally neutral decreases or increases in intensity
(—0.8 or+1 log unit) or to differ selectively in brightness
for L and/or S-cones (see Additional file 1: Fig. S3 for full
details). Throughout the 16-day experiment, the order of
stimulus presentation was shuffled every 24 h such that
each of the different conditions was evenly distributed
across all the different possible circadian phases (see
Fig. 3A, B).

Data analysis

Initial data processing was performed in Matlab. For
the presentation of actograms, PIR-determined activity
counts were collapsed into 10 min bins. We then aver-
aged counts across all bins falling during epochs where
the relevant test stimuli (or darkness) were presented.
Average activity levels under each condition were then
analysed either in raw form, to compare darkness vs.
varying irradiance (Fig. 3C, G), or expressed as a per-
centage of activity occurring under darkness to com-
pare the degree of masking (Fig. 3D, H). The resulting
data were then analysed by one-way repeated measures
ANOVA (GraphPad Prism) with, respectively, Tukey’s
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or Sidak’s post-tests (vs activity suppression under the
reference spectra). For the presentation of time course
data (Fig. 3E, I) activity (counts/10 min) was normalised
according to the maxima across the experiment for each
mouse and then averaged across presentations of the rel-
evant test stimuli. For analysis of circadian rhythmicity,
data were analysed by x> peridogram [67] of data across
the full 16-day experiment. Dominant circadian period
was determined as the midpoint of the peak in the peri-
odogram values (range 20—28 h, bin size =1 min) exceed-
ing the P<0.05 confidence threshold.

Neuroanatomical mapping

Light stimuli and test paradigm

Mice (n=12 Opnlmw®) were housed under a stand-
ard 12 h:12 h LD cycle for 2 weeks prior to the start of
experiments. On the day before the experiment mice
were transferred to constant darkness and then received
a 30-min light pulse between projected ZT17.5 and 18 on
the following day (i.e. 29.5 h after the end of the last light
phase). Animals were randomly assigned to experience
either the S-cone or L-cone enriched, rod and melanop-
sin-isoluminant, stimuli used for masking studies (Addi-
tional file 1: Fig. S3A, spectra 3 and 4 respectively; n=6
mice/group). These group sizes allowed for the detec-
tion of large between-subjects effects (d=1.8 at>80%
power) of the type expected based on the magnitude of
the behavioural responses to these stimuli and previous
related experiments [39]. Following the light pulse, mice
were deeply anaesthetized with i.p. injection of urethane
(2.2 g/kg; 30%w/v; Sigma-Aldrich, UK) under dim, deep
red light (50 nW/cm? 1>650 nm) and then perfused
transcardially with 0.9% saline followed by 4% para-
formaldehyde. Brains were removed, postfixed overnight
in 4% paraformaldehyde, and then transferred to 30%
sucrose for cryoprotection before subsequent processing.

Immunohistochemistry

Brains were sliced at 40 um using a freezing stage
microtome (800 Sledge; Bright Instruments, UK). Slices
were then washed with 1% triton diluted in phosphate-
buffered saline (1% PBS) and blocked with 10% normal
goat serum for 2 h at room temperature. Slices were
then labelled using polyclonal rabbit anti-c-Fos antibody
(AB190289 Abcam; RRID:AB_2737414; 1:500 dilution)
and left to incubate at 4 °C overnight. The following day,
slices were washed in 0.2% PBS and incubated with a goat
anti-rabbit fluorescent secondary antibody (A-11008 Inv-
itrogen, RRID:AB_143165; 1:500 dilution) for 3 h at room
temperature, then washed in PBS and mounted. Primary
and secondary antibodies were added in a mixture of
0.2% PBS with 10% normal goat serum.
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Quantification and analysis

Images of c-Fos immunolabelled brain sections were
acquired on a 3D-Histech Pannoramic-250 micro-
scope slide-scanner using a 20 /0.80 Plan Apochromat
objective (Zeiss) and the FITC filter. Sections contain-
ing the anterior hypothalamic regions surrounding
the RHT (corresponding mouse brain atlas sections
between -0.22 and -1.46 mm caudal to bregma; [68])
were selected and c-Fos expressing nuclei manually
counted within a window spanning 2.1 mm on either
side of the third ventricle and 2.1 mm dorsally from the
base of the brain (9-12 sections/mouse). The annotated
sections were then imported into Matlab with a custom
script that compiled a spatial map of c-Fos expression
density. In brief, individual sections were aligned by a
manually positioned reference marker (a cross bisecting
the midline and base of the hypothalamus). Positions
of annotated neurons were then converted to stere-
otaxic coordinates (using scale information embedded
in the image) and binned onto a 50-pm X 50-pm grid
to define local expression density (cells/mm?). For the
visualisation of anatomical distributions, data for each
mouse was averaged across left and right hemispheres
and across adjacent sections corresponding to one of
four standardised anatomical templates based on cor-
responding rostral-caudal position in the mouse brain
atlas [68]. For quantification, the mean c-Fos expres-
sion density for each mouse was calculated as the aver-
age across all bins falling within the neuroanatomical
boundaries of the relevant structure, as delineated in
the best-matching mouse brain atlas section [68].

In vivo electrophysiology

Surgical and recording procedures

Mice were taken from the colony room~1 h before
lights off and anesthetised using urethane (1.55 g/
kg i.p.; Sigma-Aldrich, Dorset, UK). Mice were then
placed on a stereotaxic frame; the skull was exposed,
and a small craniotomy was performed 1.05 mm lateral
and 0.5 mm posterior to bregma. Pupils were dilated
by the application of 1% atropine (Sigma Aldrich) and
mineral oil applied to retain corneal moisture. A mul-
tielectrode recording probe (A32-Poly3; Neuronexus,
MI, USA; comprising 2 parallel rows of 10—12 electrode
sites) was then coated in CM-Dil (V22888; Fisher Sci-
entific, Loughborough, UK) for post hoc histological
visualisation, inserted into the brain at 9° to the dorsal-
ventral axis a lowered to a depth of 5.1 mm from the
pial surface using a micromanipulator (MO-10, Nar-
ishige International Ltd., London, UK). Mice were then
left to dark adapt 30 min before the start of recordings,
such that recordings spanned the early part of the dark
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phase in the mouse’s home cage LD cycle (Zeitgeber
time 13-18).

During the experiment, wideband neural signals were
acquired using a Recorder64 system (Plexon, TX, USA),
amplified to a gain of 3500, digitised at 40 kHz and
stored continuously in a 16-bit format. MUA was simul-
taneously acquired online from all channels by collecting
timestamped 1 ms waveform segments triggered when
the highpass (300 Hz) filtered data streams crossed a
threshold set at—35 pV. Single unit activity was subse-
quently discriminated offline from the wideband data
stream using an automated template-matching-based
algorithm (Kilosort; [69]). Data for identified clusters
were then exported to Offline Sorter (Plexon) as ‘virtual
tetrodes’ (1 ms waveform segments detected across 4
adjacent channels) for manual refinement and validation
as distinct single units on the basis of spike cross- and
auto-correlograms.

Light stimuli and test paradigm
Stimuli were generated with three independently con-
trolled LEDs (Amax 410, 470 and 617 nm; Thorlabs, NJ,
USA), combined via dichroic mirrors to generate uniform
illumination. LED intensity and timing was controlled via
a PC running LabVIEW software and a USB-6343 DAQ
board (National Instruments, TX, USA), with a neutral
density (ND) filter wheel providing additional control
over stimulus irradiance (up to a 100-fold; NDO-ND2).
Experimental stimuli were administered to the contralat-
eral eye via a 7 mm diameter, flexible fibre optic light
guide, which was positioned 5 mm from the retinal sur-
face and fitted with an internally reflective plastic cone to
provide approximately full field monocular illumination.
Recordings were performed in n=4 Opnlmw® mice.
This sample size was chosen based on previous experi-
ence with related experiments (e.g. [16, 30, 31, 49, 70]),
and data from c-Fos mapping experiments (above) to
result in sufficient numbers of isolated neurons to detect
even modest within-group effects (f=0.6 at>80% power)
across the stimulus protocols detailed below. Mice were
initially presented with 60-s light steps from the dark-
ness of an L-cone biased reference stimulus at three
log-spaced irradiances (NDO-ND2; see Additional file 1:
Fig. S5A). Stimuli were delivered as a repeating staircase
for a total of 6 repeats/irradiance (interstimulus inter-
val=10 min). Subsequently, we applied a steady back-
ground stimulus (equivalent to the reference stimulus
at ND2) and assessed the impact of 60 s transitions to
each of four test stimuli (Additional file 1: Fig. S6) pro-
viding either selective 1 log increases in brightness for
S- or L-cone opsin (S+, L+), both cone opsins (S+L+)
or all mouse opsins (All+). Stimuli were delivered in
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interleaved fashion for a total of 10 repeats/stimulus
(interstimulus interval =2 min).

Data analysis

Isolated units were classified as light responsive based
their averaged firing rates in the first 1 s and last 45 s fol-
lowing bright light steps, relative to the preceding 30 s
of darkness. Cells showing significant (t-test, P<0.05)
increases or decreases in firing during the last 45 s of
the light step were classed as light activated or supressed
respectively. The former group was subdivided into ‘fast’
and ‘slow” according to whether the cells also showed a
significant increase in firing during the first 1 s of the light
step. For all subsequent analyses for single cell population
and MUA, we used the mean change in firing across the
full 60-s light step (relative to the mean baseline firing
rate in darkness or under the background as appropri-
ate). For the presentation of data from populations of iso-
lated neurons, we further normalised responses of each
contributing cell to their maximal response across all rel-
evant test stimuli. For analysis of anatomical variation in
MUA responses data were binned according to the pro-
jected stereotaxic depth of the recordings sites, as deter-
mined below (100 pum bins). Statistical analysis of the
resulting data employed one-way or two-way ANOVA
(with repeated measures as appropriate) followed by Tur-
key’s post hoc tests (GraphPad Prism).

Histological processing

Immediately after the termination of the in vivo electro-
physiology experiments, mice were culled by cervical dis-
location and an encephalectomy was performed. Brains
were then placed into 4% paraformaldehyde for 48 h and
cryoprotected in 30% sucrose for at least 24 h. Brains
were then frozen in dry ice and coronal slices (100 pm
thickness), were taken with a freezing sledge microtome
(800 Sledge; Bright Instruments, UK). Slices were then
mounted to glass slides and covered with coverslips.
Once dried, sections were observed and imaged using an
upright light microscope to localise the Di-I labelled elec-
trode tract in the hypothalamus (BX51, Olympus, UK).
The resulting images were then aligned with correspond-
ing sections form the mouse brain atlas [68] to define
projected stereotaxic locations of recording sites and iso-
lated neurons.

Abbreviations

IGL Intergeniculate leaflet

ipRGCs Intrinsically photosensitive retinal ganglion cells
LD Light:dark

MUA Multiunit activity

ND Neutral density

NRe Nucleus reuniens

PIR Passive infrared
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PBS Phosphate-buffered saline
PFTE Polytetrafluoroethylene
RHT Retinohypothalamic tract
SCN Suprachiasmatic nucleus
SPZ Subparaventricular zone
va) Zeitgeber time
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