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SUMMARY

Functional imaging and psychometric assessments
indicate that bright light can enhance mood,
attention, and cognitive performance in humans.
Indirect evidence links these events to light detec-
tion by intrinsically photosensitive melanopsin-
expressing retinal ganglion cells (mRGCs) [1-9].
However, there is currently no direct demonstra-
tion that mMRGCs can have such an immediate
effect on mood or behavioral state in any species.
We addressed this deficit by using chemogenetics
to selectively activate mRGCs, simulating the
excitatory effects of bright light on this cell
type in dark-housed mice. This specific manipula-
tion evoked circadian phase resetting and pupil
constriction (known consequences of mRGC acti-
vation). It also induced c-Fos (a marker of neuronal
activation) in multiple nuclei in the hypothalamus
(paraventricular, dorsomedial, and lateral hypo-
thalamus), thalamus (paraventricular and centro-
median thalamus), and limbic system (amygdala
and nucleus accumbens). These regions influence
numerous aspects of autonomic and neuroendo-
crine activity and are typically active during
periods of wakefulness or arousal. By contrast,
c-Fos was absent from the ventrolateral preoptic
area (active during sleep). In standard behavioral
tests (open field and elevated plus maze), mRGC
activation induced behaviors commonly inter-
preted as anxiety like or as signs of increased
alertness. Similar changes in behavior could be
induced by bright light in wild-type and rodless
and coneless mice, but not melanopsin knockout
mice. These data demonstrate that mMRGCs drive
a light-dependent switch in behavioral motivation
toward a more alert, risk-averse state. They also
highlight the ability of this small fraction of retinal
ganglion cells to realign activity in brain regions
defining widespread aspects of physiology and
behavior.
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RESULTS AND DISCUSSION

Determining whether melanopsin-expressing retinal ganglion
cells (MRGCs) control behavioral state is complicated by the
fact that their natural stimulus (bright background light) also
allows numerous other visual responses to be engaged. One
solution is to study mice lacking rods and cones, in which mela-
nopsin (and therefore mRGCs) provides the only visual signal
[10]. However, such preparations have substantial retinal reorga-
nization [11], making them an imperfect representation of the
intact system. Here, we therefore developed a method of acutely
and selectively activating mRGCs in darkness in animals with a
fully intact retina. Our approach was to target expression of the
Gg-coupled chemogenetic tool hM3Dq (which reliably induces
depolarization of neurons after administration of clozapine
N-oxide [CNO] [12]) to mRGCs. Application of CNO should
then mimic the excitatory effect of light for mRGCs without pro-
ducing any other visual experience. To this end, we injected an
AAV2 vector carrying a FLEX-switched hM3Dq coding sequence
into the vitreous of Opn4©™®* mice. Selective expression of
hM3Dq in mRGCs was confirmed in retinal whole mounts (Fig-
ures 1A and S1A) and sections (Figures 1B and S1B). Across
nine retinas, 35% + 7.5% (mean = SD) of mRGCs expressed
hM3Dq (mCherry marker), whereas all 722 hM3Dg-expressing
cells detected were mRGCs (GFP marker). The distribution of
soma size and projection pattern of transduced cells (Figure S1)
was similar to that of the total mRGC population [8, 13], implying
that there was no strong bias in transduction efficiency between
subtypes of mRGC.

To confirm that the expressed receptor was able to simulate
the effects of light exposure for mRGC driven responses, we
asked whether CNO induced pupil constriction and circadian
phase shifts (both established mMRGC endpoints) in animals
kept in darkness. Intraperitoneal injection of CNO (5 mg/kg) in
mice unilaterally expressing hM3Dq induced strong bilateral pu-
pil constriction within 20 min of application and persisting for at
least 120 min (Figure 1C; ~90% constriction, equivalent to the
effect of 10'® photons/cm?/s; Figures S2A-S2D). To assess ef-
fects on the circadian clock, we recorded wheel-running
behavior from animals free running in constant darkness and
presented with 0.25 mg/mL CNO in sweetened drinking water
(0.2% saccharine and 4% sucrose) for 2 hr at circadian time
14 (CT14). Mice drank between 650 and 800 pL (mean + SD:
750 + 58 pbL and 700 + 89 uL for hM3Dq and control,
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A Figure 1. Chemogenetic Activation of
mRGCs
(A and B) After intravitreal injection of a viral vector
(AAV2-hSyn-DIO-hM3Dg-mCherry) to Opn4°r:z/
EGFP mice, immunohistochemical staining re-
vealed transgene (mCherry; red) expression in
GFP-positive neurons (green) in an en face view of
retinal whole mounts (A) and retinal section (B).
The retinal section shows the expression of
transgene in cells of the retinal ganglion and inner
nuclear cell layers (GCL and INL) of hM3Dqg
hM3Dq Opn4c'y+ Opn4°™®"+ mice. Notice the different soma sizes of
c TIME OF DAY transduced cells (arrows), with DAPI stain in blue.
No CNO 1 5 12 o A monochrome version of mCherry staining and
e .m‘.ﬂﬁ'ﬁ iy ‘ E"E:'T?Eﬁu i "“é' more details on hM3Dq expression are provided in
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180min 15 L 2 (6 mokg). For more detail, ses Figure S2.
post i.p. inj e Y T faaiat Gz i o (D) Representative double-plotted actogram of
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é 20 A‘ﬂl I8 o ‘%%auuumm bl il wheel running activity of a hM3Dg mouse housed
E ‘I‘l.:. Tk L ‘"I‘“ Y under a light:dark cycle (the light phase is indi-
. 25 i UG, cated in yellow) until day 12 followed by constant
=150 W L il darkness. The star shows the start of a 2 hr pre-
£ i P 1111 71T T T % - p
£ [ 30 S e sentation of 0.25 mg/mL CNO in drinking water;
£ 100 i Lk ) )
:-_é 'm ; ml- J?I::ﬁm G “lfﬁ' thel rgd line to left represents lthe eye fit through
g i o0 e o G activity onsets. A representative double-plotted
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0 . L ﬁc - 401 1 JI T T Y T (E) Change in circadian phase CNO application to
hM3Dq Opn4™" Control Opn4™* hM3Dg-expressing (open bars; n = 4) and control
(filled bars; n = 5) mice (means + SEM; Mann-
F hM3Dq Opn4°™* Cre/+ G Whitney U test, p = 0.015).
R q p‘ . Conro' Op . (F) Representative micrographs of coronal section
o f ; “E 2000 wox through the SCN labeled for c-Fos (dark) from
£ hM3Dg and control mice after CNO administration
© 1500 I (5 mg/kg, i.p., at CT14).
% (G) Mean (+SEM) number of c-Fos positive cells
3 1000 mm~2 in SCN sections from hM3Dg (n = 6)
_"_" 500 and control (n = 6) mice (two-tailed unpaired
2 t test,*p < 0.01).
w
T 0
o

respectively), corresponding to 5-6.25 mg/kg of CNO. This treat-
ment had the same effect as a bright light pulse at this time of
night [14], delaying the circadian rhythm by 107 + 30 min (Figures
1D and 1E). Neither of these effects of CNO administration con-
stricted the pupil or shifted the clock in control mice lacking
hM3Dq expression (Figures 1E, S2B, and S2E).

We next used induction of the immediate early gene, c-Fos, to
identify brain regions excited by mRGC activation. In mice with
unilateral hM3Dq expression, CNO injection (at CT14) induced
strong bilateral c-Fos expression in the suprachiasmatic nuclei
(SCN; the site of the master circadian clock and major hypotha-
lamic target of mMRGCs; Figures 1F and 1G). Elsewhere in the hy-
pothalamus, we found significant bilateral c-Fos induction in the
paraventricular hypothalamic nucleus (PVN), dorsomedial hypo-
thalamus/dorsal hypothalamic area (DMH/DHA), and lateral
hypothalamic area (LH) (Figures 2A and 2C). Together, these re-
gions have access to very wide-ranging aspects of physiology
and behavior. The PVN is one of the most important hypotha-

hM3Dq Opn4°** Control Opn4“*

lamic control centers, containing neuroendocrine neurons
fundamental for hormonal regulation and homeostasis (hypo-
thalmic-pituitary -adrenal [HPA] and -thyroid [HPT] axis, vaso-
pressin, and oxytocin) and autonomic neurons connected to
parasympathetic and sympathetic centers in brainstem and spi-
nal cord. The DMH/DHA is also implicated in corticosteroid
secretion and thermoregulation and, together with the LH, in
controlling locomotor activity and feeding [15-19]. As a group
(PVN, DMH/DHA, and LH), they are excited during periods of
wakefulness [15, 20]. Accordingly, despite receiving a sparse
mRGC projection, we found no significant c-Fos induction in
the sleep activating ventrolateral preoptic area (VLPO) (Fig-
ure 2C) [8].

Turning to regions outside of the hypothalamus, we explored
the amygdala, as this has been reported to be light activated in
humans [7] and also to receive inputs from mRGCs [8]. We indeed
found enhanced bilateral c-Fos in both basolateral (BLA) and
central (CeA) amygdala (Figures 2B and 2C). Within the thalamus
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(and leaving aside conventional visual areas), c-Fos induction
was restricted to the paraventricular thalamic (PVT) and intralami-
nar thalamic nuclei (ILT) (Figures 2B and 2C). Both the PVT and
ILT have been independently associated with enhanced alert-
ness and vigilance [21, 22], and the PVT plays a key role in energy
homeostasis, arousal, temperature modulation, endocrine regu-
lation, and reward [23]. The centromedian nucleus, a part of the
ILT, receives a sparse input from mRGCs [9].

Previous work with chronically disrupted light exposure has
revealed a depressive state in mice associated with activation
of the lateral habenula [24]. We wondered whether acute activa-
tion of MRGCs had a similar effect. In fact, we did not find signif-
icant c-Fos induction in the lateral habenula (Figures 2B and 2C).
Conversely, c-Fos was enhanced in the nucleus accumbens,
a region typically associated with enhanced motivation and
reward-seeking behavior [25].

2360 Current Biology 26, 2358-2363, September 12, 2016

hM3Dq Opn4°*

Figure 2. c-Fos Activity Mapping after Che-
mogenetic Activation of mMRGCs

(A and B) Representative micrographs of coronal
sections showing c-Fos labeling (dark) in (A) the
paraventrical hypothalamic nucleus (PVN), the
dorsomedial hypothalamus/dorsal hypothalamic
area (DMH/DHA), lateral (perifornical) hypotha-
lamic area (LH), and ventrolateral preoptic nucleus
(VLPO); and (B) amygdala (Amg), intralaminar
thalamic nuclei (ITL), paraventricular thalamus
(PVT), lateral habenula (LHb), and nucleus ac-
cumbens (NAc). Images to right of each panel are
from control mice, and those to left are from uni-
lateral hM3Dg-expressing animals (transduced
eye to right of presented image, except in LH,
VLPO, Amg, and NAc, where only the contralateral
region is shown).

(C) Mean (+SEM) number of c-Fos-positive cells
mm~2 in all brain regions (bilaterally) after CNO
administration (5 mg/kg, i.p., at CT14) in hM3Dg-
expressing (open bars; n = 8) and control (filled
bars; n = 8) mice (two-tailed unpaired t test,
*p < 0.05, *p < 0.01, **p < 0.001). A complete
summary of c-Fos data is provided in Table S1.
BLA, basolateral amygdala; CeA, central nucleus
of the amygdala.

(D) Brain diagram illustrating target areas analyzed.

Control Opn4°*

In order to test whether these neuro-
physiological events translate to a change
in behavioral state, we next tested the
impact of selective mRGC activation on
a battery of behavioral tests under dim
far-red light (2.91 uyW cm~2, A > 680 nm).
The open field test (OFT) is based on nat-
ural exploratory behavior of rodents in a
novel open arena and widely used to mea-
sure mood changes in rodents. Anxiety-
like behavioral states are associated
with a reduced fraction of time spent in
the center of the arena, an outcome that
is independent of changes in total activity
[26-28]. It has previously been reported
that bright light induces such a response
inrats [29]. We tested CNO-treated mice with bilateral expression
of hM3Dq in mRGCs and found that they spent significantly less
time in the center than controls (Figure 3A), although their overall
activity was unaffected (total distance traveled, mean + SEM: for
control mice, 3,082 + 245 cm and 3,369 + 272 cm; for hM3Dq
mice, 3,843 + 260 cm and 3,384 + 275 cm; saline and CNO,
respectively; p > 0.05, two-way ANOVA).

For an independent assessment of mRGC-induced mood
changes, we turned to an elevated plus maze (EPM), in which
risk-averse states are reflected in avoidance of open arms.
Again, hM3Dg-expressing mice treated with CNO entered
open arms less frequently and spent less time in open arms
than did controls (Figures 3B and 3C). There was a suggestion
that they entered closed arms less frequently, indicating an over-
all reduction in activity, but this difference was not significant
against all controls (Figure 3D).
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Chronic disruption of light:dark cycles has been reported to
induce a depressive state in mice [24]. However, CNO-treated
hM3Dqg-expressing mice showed no increased tendency toward
helplessness (immobility) when subjected to a forced swim test
(mean + SEM, percentage time immobile: for control mice,
64.0% + 10% and 56.3% =+ 7.8%; for hM3Dg-expressing mice
46.5% + 5.9% and 40.3% = 6.1%; saline and CNO treatments,
respectively; p > 0.05, two-way ANOVA). This argues that the im-
mediate effects of MRGC activation do not extend to inducing a
depressive state and that the published work in this area instead
relates to the effects of chronic aberrant light exposure.

Collectively, these data reveal that selective activation of
mRGCs has immediate effects on diverse brain structures and
changes behavioral state. The range of brain regions showing
c-fos induction after CNO administration in our hM3Dg-express-
ing mice is consistent with those implicated in changing mood
and attention in humans based upon neuroimaging studies.
The multiple functions of the sub-cortical structures involved
allow the possibility that numerous behavioral and neuroendo-
crine systems may be engaged by this signal.

The overall effect of chemogenetic activation of mRGCs on
behavioral state seems to be an increase in alertness and/or anx-
iety. The behavioral changes in OFT and EPM tests are consid-
ered indicators of enhanced risk aversion and commonly defined
as anxiety like. However, as autonomic activation and increased
arousal are among the earliest events observed in a state of anx-
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Figure 3. Chemogenetic and Light Activa-
tion of mRGCs Alters Performance in
Behavioral Tests

(A) Time spent in center over 10 min under dim far-
red illumination in an open arena in hM3Dg-
expressing and control Opn4°™* mice treated
with CNO or saline. Open bars depict data from
hM3Dg-expressing mice, and filled bars depict
data from control Opn4°™* mice.

(B-D) Time spent in open arms (B) and the number
of entries to open (C) and closed (D) arms of an
elevated plus maze under dim far-red illumination
in hM3Dq and control Opn4°™/* mice treated with
CNO or saline.

(E) Time spent by visually intact (Opn4°™’*) and
rodless and coneless (rd1;Cnga3’/ ~) mice in
center of an open arena under bright or dim far-red
light.

(F) Time spent by visually intact (Opn4©e™)
and melanopsin knockout (Opn4 /") mice in cen-
ter of an open arena under bright or dim far-red
light.

All behavioral tests undertaken between CT14
and CT17; n = 9-13 per group, two-way ANOVA
with post hoc Bonferroni correction, *p < 0.05,
**p < 0.01. All graphs depict mean + SEM, with
open bars depicting hM3Dg-expressing mice and
closed bars depicting control Opn4©®* mice,
except in (E) and (F), where closed bars depict
dim light and hatched bars depict bright light.
In all cases, dim far-red light was 2.91 pW cm2,
A > 680 nm, and bright light was white,
217 uW cm™2.
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iety, they could also be interpreted as increased attention
or alertness [30]. Moreover, the chemogenetic manipulation
induced c-Fos not in the sleep-active VLPO, but rather in the
DMH/DHA (known to provide inhibitory control of the VLPO
[16]), and in a range of other regions typically thought to be active
during wakefulness (DMH/DHA, LH, and PVN) and arousal
(amygdala, PVT, and ILT).

Thus, our c-fos and behavioral data both indicate an increase
in anxiety and/or arousal after mMRGC activation. However, previ-
ous studies have suggested that bright light has the opposite ef-
fect of inducing sleep [31, 32, 33]. To resolve this apparent
contradiction, we finally tested the response of mice to bright
light when challenged with the open field test. We found that in
the light, wild-type (Opn4°*, visually intact) mice showed the
same reduction in time in the center previously observed for
CNO-treated hM3Dg-expressing mice (Figures 3E and 3F; total
distance traveled, mean + SEM: 1,669 + 178 cm and 3,082 +
245 cm in the bright and dim far-red light, respectively). This anx-
iogenic effect of light was recapitulated in rodless and coneless
mice (rd";Cnga3~'~; Figure 3E; total distance traveled, mean +
SEM: 2,000 + 225 cm and 3,229 + 271 cm in the bright and
dim far-red light, respectively) but was absent in mice lacking
melanopsin (Opn4~'~; Figure 3F; total distance traveled,
mean + SEM: 3,286 + 357 cm and 4,728 + 585 cm in light
and dark, respectively). The latter data are similar to those
from a very recent study comparing responses to “blue” light
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in wild-type and melanopsin knockout mice [34].Together, they
confirm that light can have arousal and/or anxiogenic effects
and that mRGCs are both sufficient and necessary for this
response. The ethological significance of such divergent light
responses is unclear, but the observation that the appropriate
response to a sensory stimulus may be context dependent is
not in itself surprising. An arousal response would have an
obvious survival advantage in mice for whom exposure to bright
light would invariably indicate a situation of heightened danger.
More importantly, it indicates that under the right circum-
stances, mRGCs can drive a change in mouse behavioral state
analogous to the increase in alertness and arousal experienced
by humans.
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Figure S1. Related to Figure 1. Transgene expression following viral transduction of Opn4®™®* retina. A)
Examplar retinal wholemount from Figure 1A with monochrome versions of mCherry and GFP staining, from
left to right. B) Examplar retinal sections from Figure 1 with monochrome versions of mCherry staining on the
right. Notice the different soma sizes of transduced cells (white arrows) and a cell in INL, location of displaced
M1 mRGCs [S2] and mCherry signal in OFF sublamina of IPL, DAPI stain in blue. C) Distribution of soma
sizes of 335 mCherry+ cells and 754 EYFP+ cells sampled from 4 retinal wholemounts. Lines in different
colors indicate expected range of soma sizes for different subtypes of mRGCs, green M1, blue M2 and yellow
M3-M5[S1]. D) Coronal brain section of Opn4°™* mouse following injection of

hM3Dg:mCherry virus in right eye shows mCherry signal (black) in axons of transduced retinal ganglion cells
in oliviary pretectal nucleus (OPN), dorsal lateral geniculate nucleus (dLGN), intergeniculate leaflet (IGL) and
ventral lateral geniculate nucleus (vVLGN) at ~—2.70 mm from bregma. Approximate boundaries of nuclei in
black from Franklin KBJ and Paxinos G, the mouse brain, 2007. E) Coronal brain section of Opn4“™* mouse
following injection of hM3Dg-mCherry virus in right eye shows mCherry+ve processes (black) in SCN at
~—0.58 mm from bregma. The presence of mCherry processes in both SCN and OPN, and the ability of CNO to
induce both pupil constriction and circadian phase shift indicates that both subtypes of M1 cells, Brn3b-positive
and -negative M1 mRGCs, are trasduced[S1]. mCherry processes in other regions (along with soma size
analysis) indicate M2-5 mRGC subtypes also transduced[S2].

Figure S2 (Related to Figure 1)
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Figure S2. Related to Figure 1. Characterization of pupil response to chemogenetic activation of mRGCs. A)
Representative frozen video images of eyes under infra-red illumination from an Opn4°™* mouse unilaterally
expressing hM3Dg in mRGCs. Both hM3Dq and control eyes show strong constriction following CNO i.p.
injection in complete darkness within first 20min that lasts for at least 120min. B) No change in pupil size was
seen in a control Opn4“™* mouse treated with CNO. C) Mean(+SEM) pupil area (normalised to pre-CNO
area=1) as a function of time after injection of CNO at 3 doses in hM3Dg-expressing Opn4“™* mice

(n=6). D) Mean(+SEM) minimum normalised pupil area of control Opn4®"* under exposure to white light
(10s) at different irradiances. Note that the pupil constriction induced by chemogenetic activation of mMRGCs (C;
~90%) is equivalent to that produced by the brightest light (D), although given recent evidence that melanopsin
can use a non Gg/11 phototransduction cascade [S3] the cellular mechanism may be different.



Figure S3 (Related to Figure 1)
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Figure S3. Related to Figure 1. Representative double-plotted actogram of wheel running activity of a control
Opn4°™* mouse showing no change in activity to CNO administration at CT14 (asterisk designates time when
a water bottle was replaced with the one containg CNO, 0.25mg/ml, for 2hrs).

Table S1. A complete statistical summary of c-Fos mapping data from Figure 2.

Brain region hM3Dq Control Unpaired t-test
Opn4crei Opn4cre p-values
Suprachiasmatic nuclei, SCN 1495.0 + 220.8 | 618.5+ 67.02 | 0.0020
Paraventricular hypothalamic nucleus, PVN | 563.9 £ 39.92 | 334.0 + 46.99 | 0.0023
Dorsomedial hypothalamus, DMH 427.4 +18.14 | 235.3+23.18 | 0.0001
Lateral hypothalamic area, LH 209.0+13.70 | 130.5+11.42 | 0.0006
Ventrolateral preoptic nucleus, VLPO 331.3+8297 | 271.2+41.77 |0.5285
Basolateral amygdala, BLA 172.0+ 31.10 |88.84+13.53 | 0.0279
Central nucleus of the amygdala, CeA 413.0 £ 91.67 165.8 + 21.44 | 0.0200
Paraventricular nucleus of thalamus, PVT 521.9+69.31 |272.0+78.93 | 0.0301
Intralaminar thalamic nuclei, ITL 528.8 +84.17 | 284.7 £59.28 | 0.0326
Nucleus accumbens, NAcc 229.9+27.66 |138.2+20.76 | 0.0307
Lateral habenula, Hab 199.2 £29.73 |144.3+43.12 | 0.3193




Supplemental Experimental Procedures

Animals

Animal care was in accordance with the UK Animals, Scientific Procedures, Act (1986). Animals were kept in a
12-hour dark/light cycle at a temperature of 22°C with food and water available ad libitum. Except where
otherwise stated, experiments were performed on adult (4-8 months) Opn4°”/+ mice [S4]. Intravitreal injections
of AAV2-hSyn-DIO-hM3Dg-mCherry vector (2.3x10713 genomic particles/ml; The UNC Vector Core) were
performed as previously reported [S5] and employed hyaluronan lyase and heparinase 111 (200U each) to
maximise retinal penetration (total volume 2.5ul injected over 1 min). Control mice underwent the same
procedure, with injections including glycosydic enzymes but with the virus replaced by vehicle (PBS). For c-Fos
studies only the right eye was injected, while both eyes were injected in animals allocated to behavioural
analyses. Mice were allowed at least 6 weeks to recover before being used in in vivo studies. Administration of
Clozapine N-oxide (CNO; Abcam,) was performed via intraperitoneal (i.p.) route (5mg/kg), except where
otherwise stated. The open field test was also undertaken on melanopsin knockouts (Opn4™; [S6]) and
rodless+coneless mice (rd*;Cnga3 ") produced by crossing mice carrying the rd* mutation of the pde6b gene
(C57BI6 strain), which lesions rod phototransduction and leads to photoreceptor degeneration, with Cnga3
knockouts that lack cone phototransduction [S7].

Immunohistochemistry

Immunohistochemistry was performed as previously described [S8] on retinal wholemounts and sections fixed
in methanol-free 4% paraformaldehyde. The primary antibodies used in these studies include rabbit anti-dsRed
(Clontech 632496; 1:1000) and chicken anti-GFP (Abcam ab13970; 1:1000). The secondary antibodies were
Alexa 488 conjugated donkey anti-chicken (Jackson Immunoresearch) and Alexa 546 conjugated donkey anti-
rabbit (Life Technologies) at 1:200. Images were collected on a Leica TCS SP5 AOBS inverted confocal
microscope using a 40x/0.50 Plan Fluotar objective and 1.5x confocal zoom. Brain sections were imaged with
Leica M165 FC Fluorescent Stereo Microscope.

c-Fos

Mice were housed under a 12h:12h LD cycle and both hM3Dg Opn4°™* and control Opn4“"®* mice were i.p.
injected with CNO (5mg/kg) at CT14 under dim, deep red light (50 nW cm™, A>650nm), after which they were
placed back in the dark for a further 90 min. Then, mice were deeply anaesthetized with i.p. injection of
urethane (2.2g/kg; 30%w/v; Sigma-Aldrich, UK). Once anaesthetized, the mice were perfused transcardially
with 0.9% saline followed by 4% paraformaldehyde. Brains were removed, postfixed overnight in 4%
paraformaldehyde, and then transferred to 30% sucrose for cryoprotection for 2 days. Coronal brain sections
(50um) were stored free floating in 0.1 M phosphate buffer. Sections were incubated in 2% hydrogen peroxidase
for 20min and then in blocking buffer (0.1 M phosphate buffer, 3% Triton X-100 and 0.5% normal goat serum)
for 1 h. Sections were incubated in rabbit anti-c-Fos (Calbiochem Ab-5; 1:20,000) overnight at 4°C and then
visualized with a goat anti-rabbit Vectastain horseradish peroxidase kit (Vector Labs) and DAB (Vector Labs)
as a chromogen. Sections were mounted on microscope slides and coverslipped with DPX. Images were
acquired using the 3D Histech Pannoramic 250 Flash Il slide scanner with 20x/0.80 Plan Apo objective. 3D
Histech Pannoramic Viewer and ImageJ were used to count c-Fos-positive cells and measure the area of region
counted from, by a blinded scorer. Between 3-5 sections per nuclei are analysed matching the same coordinates,
same part of nuclei, in different animals according to Franklin KBJ and Paxinos G, the mouse brain, 2007. The
number of c-Fos positive cells was normalized to the area of the region. These data were analysed using a two-
tailed unpaired t-test (GraphPad Prism 6.04).

Pupillometry

Pupils were filmed in dark under infrared illumination (IR LED >900nm) by a video camera (Qlmaging Rolera-
XR) in unanaesthetised and gently restrained mice before and after CNO injection (5 mg/kg, i.p, except where
otherwise stated). Videos were analysed using ImageJ software. The areas of the pupil after CNO administration
were expressed relative to the area of the pupil before CNO injection. The PLR irradiance response curve was
constructed for consensual response in control Opn4®™* mice using a 10s full field white (150 W Metal-halide
lamp; Phillips) pulse intensity controlled using neutral density filters. White light was measured using a
spectroradiometer (SpectroCAL classic spectroradiometer, Cambridge Research Systems), which measured the
power in milliwatt per square centimetre at wavelengths between 350 and 750 nm. Then the total photons were
calculated.

Wheel-running behaviour
To assess wheel-running behaviour in LD and constant darkness, mice were individually housed in cages
equipped with a running wheel (82 mm diameter, Vet-Tech, UK) under a 12h:12h LD cycle for a minimum of



10 days then released into DD for at least 14 days. The intensity of light during lights-on was 239.45 uW cm.
For phase-shifting experiments, a standard water bottle was replaced with one containing 0.25mg/ml CNO with
0.2% saccharine and 4% sucrose at CT14 for 2h. During this time, mice consumed between 650-800ul
(mean+STD, 750458l and 700+89pl for hM3Dq and control Opn4“* mice respectively), corresponding to a
dose range of 5-6.25 mg/kg. Wheel-running data were monitored throughout the experiment and recorded in

5 min time bins using the Chronobiology Kit (Stanford Software Systems, Santa Cruz, CA, USA). These results
were compared between hM3Dgq and control Opn4“"™* mice treated with CNO using Mann-Whitney U test,
(GraphPad Prism 6.04).

Behaviour

hM3Dq Opn4°"™®* mice had bilateral intravitreal injections of AAV2-hM3Dq and control Opn4“™* mice had
mock intravitreal injections with PBS instead of virus. Recordings were undertaken in their subjective night
(between CT14 and CT17). Except where otherwise stated experiments were conducted under far red light (2.91
W cm™, A>680nm). Mice were injected i.p. with CNO (5mg/kg) or saline 30min before recording started. In
light vs dark experiments, mice were exposed to light for 30min before the open field test experiments.

Open field

Mice were individually placed in the centre of a square arena (40 x 40 x 30cm) and allowed to explore for

10 min. Central zone is 40% of the total surface (8cm from the edge of the arena walls). Behaviour was
monitored from above by a video camera. The apparatus was cleaned thoroughly between each trial. Distance
travelled and time in the centre of the arena were measured using video tracking system (EthoVision XT10).
These measures were compared between hM3Dg Opn4“™* mice injected with CNO with all the controls by
two-way ANOVA with post hoc Bonferroni correction (GraphPad Prism 6.04). Experiments in Opn4°™*,
rodless+coneless (rd*, Cnga3™") and melanopsin knockout mice (Opn4™) were performed under far red light
(2.91 pW cm®, 2>680nm) and bright light (217 uW cm-2, halogen source).

Elevated plus maze

The apparatus consisted of two open arms (25 x 5¢cm) and two arms enclosed by walls (25 x 5 x 16cm) forming
a cross. The arms were separated by a central platform (5 x 5 cm). The maze was elevated (52 cm). Mice were
placed in the centre of the elevated plus maze facing one of the open arms that was kept consistent between
mice. Behaviour was monitored from above by a video camera. The apparatus was cleaned thoroughly between
each trial. Video tracking system (EthoVision XT10) was used. The time spent and number of entries in the
open arms were measured as indications of risk averse behaviour. These results were compared between hM3Dq
Opn4°™* mice treated with CNO and all the controls using two-way ANOVA followed by a Bonferroni post-
hoc test (GraphPad Prism 6.04).

Forced swim test

Mice were individually placed in an inescapable container (35cm height, 20cm diameter) of water (25°C) filled
(up to 15cm) for 6 min. Behaviour was monitored by video cameras positioned in front of the apparatus and post
recording manually scored. Time spent immobile for the last 4 min of the test was calculated. Increased time
spent immobile is indicative of increased depression-like behaviour. The amount of time spent immobile during
the last 4 min was analysed by two-way ANOVA with post hoc Bonferroni correction (GraphPad Prism 6.04).
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