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Abstract

In order to anticipate the predictable changes in the environment associated with the
earth’s rotation, most organisms possess intrinsic biological clocks. To be useful, such
clocks require a reliable signal of ‘time’ from the external world. In mammals, light provides
the principle source of such information; conveyed to the suprachiasmatic nucleus
circadian pacemaker (SCN) either directly from the retina or indirectly via other visual
structures such as the thalamic intergeniculate leaflet (IGL). Nonetheless, while the basic
pathways supplying sensory information to the clock are well understood, the sensory
signals they convey or how these are processed within the circadian system are not.

One established view is that circadian entrainment relies on measuring the total amount of
environmental illumination. In line with that view, the dense bilateral retinal input to the
SCN allows for the possibility that individual neurons could average signals from across the
whole visual scene. Here | test this possibility by examining responses to monocular and
binocular visual stimuli in the SCN of anaesthetised mice. In fact, these experiments reveal
that SCN cells provide information about (at most) irradiance within just one visual
hemisphere. As a result, overall light-evoked activity across the SCN is substantially greater
when light is distributed evenly across the visual scene when the same amount of light is
non-uniformly distributed. Surprisingly then, acute electrophysiological responses of the
SCN population do not reflect the total amount of environmental illumination.

Another untested suggestion has been that the circadian system might use changes in the
spectral composition of light to estimate time of day. Hence, during ‘twilight’, there is a
relative enrichment of shortwavelength light, which is detectable as a change in colour to
the dichromatic visual system of most mammals. Here | used a ‘silent substitution’
approach to selectively manipulate mouse cone photoreception, revealing a subset of SCN
neurons that exhibit spectrally-opponent (blue-yellow) visual responses and are capable of
reliably tracking sun position across the day-night transition. | then confirm the importance
of this colour discrimination mechanism for circadian entrainment by demonstrating a
reliable change in mouse body temperature rhythms when exposed to simulated natural
photoperiods with and without simultaneous changes in colour.

This identification of chromatic influences on circadian entrainment then raises important
new questions such as which SCN cell types process colour signals and do these properties
originate in the retina or arise via input from other visual regions? Advances in mouse
genetics now offer powerful ways to address these questions. Our original method for
studying colour discrimination required transgenic mice with red-shifted cone sensitivity —
presenting a barrier to applying this approach alongside other genetic tools. To circumvent
this issue | validated a modified approach for manipulating wildtype cone photoreception.
Using this approach alongside optogenetic cell-identification | then demonstrate that the
thalamic inputs to the SCN are unlikely to provide a major source of chromatic information.

To further probe IGL-contributions to SCN visual responses, | next used electrical
microstimulation to show that the thalamus provides inhibitory input to both colour and
brightness sensitive SCN cells. Using local pharmacological inhibition | then show that
thalamic inputs supress specific features of the SCN light response originating with the
contralateral retina, including colour discrimination. These data thus provide new insight
into the ways that arousal signals reaching the visual thalamus could modulate sensory
processing in the SCN. Together then, the work described in this thesis provides important
new insight into sensory control of the circadian system and the underlying neural
mechanisms.
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Chapter 1: General Introduction

All living organisms possess endogenous time-keeping mechanisms known as circadian
clocks (“circa”= about “dies”= day). The presence of a circadian clock increases an
organism’s chance of survival by allowing it to anticipate oncoming changes within the
natural environment. Under natural conditions, the clock is synchronised (entrained) to a
24 hour period by exogenous environmental signals known as zeitgebers (Roenneberg and
Merrow, 2005, Hastings, 1991), allowing organisms to optimise behaviour and physiology
to the appropriate time of day (Kalsbeek et al., 2006). Under constant conditions, where
these external signals are absent, circadian clocks exhibit a ‘free-running’ period of
approximately 24 hours (24.1 hours in man). Accordingly, they slowly lose synchronicity

with the external environment (Aschoff, 1965, Golombek and Rosenstein, 2010).

In order to entrain to local time, circadian clocks thus require sensory input pathways to
report daily environmental variations. For the vast majority of species, light provides the
most reliable indicator of time of day, with ambient illumination (irradiance) varying up to
nine decades between day and night (Lucas et al., 2012). Accordingly, light is widely
recognised to be the most important cue for circadian entrainment. In mammals, this
influence of light is primarily mediated by direct retinal input to a central master clock
located in the suprachiasmatic nuclei (SCN) of the hypothalamus, which in turn coordinates
rhythmic activity across the brain and body (Moore, 1983, Moore, 1995, Moore and Eichler,
1972, Stephan and Zucker, 1972).

Since our biological day and night is determined by the entrainment of the SCN to
environmental cues, sudden alterations in environmental exposure can change the phase
of the clock to a point where biological time no longer matches with that of the
environment. For example, most of us have experienced ‘jet-lag’ at one time or another,
which results because the SCN clock requires several days to re-synchronise to the altered
timing of day and night when crossing multiple time zones (Aschoff, 1965). While jet-lag is
generally viewed as an inconvenience, long-term circadian desynchrony can have adverse
effects on health. Shift-workers are exposed to conflicting circadian timing cues (social vs

environmental) which can lead to psychological and physiological difficulties and loss of
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productivity in the workplace (Rosekind et al., 2010). More seriously, there are also links
between long term shift work and metabolic disorder (Tucker et al., 2012), increased risks
of stroke (Brown et al., 2009) and an increased risk of cancers (Schernhammer et al., 2001,

Schernhammer et al., 2003, Schernhammer et al., 2011).

1.1 Light parameters of the photic environment

As discussed above, light is considered to be the most important entraining signal for the
mammalian circadian clock. As is the case for more conventional aspects of vision, in
mammals, the eyes are the origin of light input to the circadian clock. Indeed, if the eyes
are removed there is no pathway for light to reach the SCN and entrainment of the clock is
abolished (Freedman et al., 1999). To better understand how light influences the circadian
system, then, it is first useful to consider what parameters of the photic environment may
be specifically important for the clock and then how the retina extracts such signals from

the environment.

1.1.1 Timing

The sensitivity of the circadian system to light varies throughout the circadian day. A simple
way of assessing the effects of light on the circadian system is to examine the activity level
of an organism: locomotor function is under circadian control, with nocturnal organisms
(e.g. mice) displaying a higher level of activity during the night and diurnal organisms being
more active during light hours. The wheel-running activity of an organism can be used to
quantify the effect of a light stimulus upon the phase of the circadian rhythm by counting

the number of revolutions of the wheel in relation to the time of the circadian day (CT).

Free-running rodents housed in constant dark (DD) exhibit no phase shifts in locomotor
activity when exposed to a photic stimulus in the subjective day (CT 0-12) (Pittendrigh and
Daan, 1976). If stimulated early in the subjective night (CT 12-18; Figure 1.1, A), there is a

phase delay in the timing of the circadian rhythm (Van Den Pol et al., 1998) and upon
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Figure 1.1: The circadian response to light depends of time of day (Van Den Pol et al.,
1998).

(A&B) Actograms displaying the effect of light flashes on mouse locomotor activity at
different points in circadian time (CT). (A) 2ms light flashes at 5 second intervals for 5
minutes at CT 12 results in a phase delay. (B) 2ms light flashes at 5 second intervals for 5
minutes at CT 18-14 results in a phase advance. (C) The phase response curve. Light
presented at different times of the circadian day can either advance or delay the phase
of the circadian clock. Light presented during the ‘dead zone’ (the subjective
day)(Pittendrigh and Daan, 1976) does not invoke a phase shift in either direction. A
light stimulus in the early subjective night produces a delay in phase and during late
night, a photic stimulus results in a phase advance. The shape of this curve is conserved
across a wide range of organisms (Kennaway, 2004).

17



stimulation late in the night (CT 18-24 Figure 1.1, B), a phase advance is observed (Van Den
Pol et al., 1998).

Plotting change in circadian phase vs. the timing of the light stimulus thus produces a
characteristic phase response curve (PRC) (Pittendrigh and Daan, 1976, Johnson, 1999,
Kennaway, 2004). A typical PRC (Figure 1.1, C) features a ‘dead zone’ where there is no shift
in phase in response to photic stimulus (Pittendrigh and Daan, 1976, Kennaway, 2004) due
to the insensitivity of the circadian clock to photic stimulus during the subjective day. While
the relative amplitude of advance and delay portions of the PRC varies between organisms,
the general shape of the curve is qualitatively similar across a wide range of both diurnal
and nocturnal species (Kennaway, 2004). This basic mechanism then, whereby light exerts
opposing effects upon circadian phase depending on time of day, is a major determinant of

how organisms synchronise their internal clocks with the solar cycle.

1.1.2 Irradiance

Although the mechanism discussed above plays a key role in appropriately adjusting clock
timing in response to light detected around dawn and dusk, such a mechanism would be of
no use without a way of also distinguishing photic signals that are indicative of time of day
from those that are not. The large daily variation in the irradiance (brightness) of light has
been widely considered to provide the most important cue of this nature. Indeed, studies
of the sensory properties of the photoentrainment pathway in nocturnal rodents
(Takahashi et al., 1984, Nelson and Takahashi, 1991, Nelson and Takahashi, 1999, Lall et al.,
2010) revealed two key properties consistent with this role: 1) Circadian rhythms in
locomotor activity are relatively unaffected by dim light (equivalent to starlight), protecting
the clock from aberrant resetting during night-time activity; 2) The circadian system
appears to act as a ‘photon-counter’, producing a graded response that effectively
integrates the total amount of ambient illumination experienced over extended epochs (at
least 1h). Thus, light pulses of different durations containing equivalent numbers of

photons illicit an essentially identical response.
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Consistent with this photon-counting property of the circadian system at the whole animal
level, early electrophysiological investigations of the rodent clock clearly revealed the
presence of large numbers of SCN cells that encode irradiance (Meijer et al., 1986).
Although such light responsive SCN cells can be light-activated or light-suppressed (Meijer
et al., 1986, Groos and Mason, 1978), the mean discharge rate of both types is indicative of
the level of ambient illumination presented to the eye. Moreover, subsequent work
(discussed in more detail below) confirms that the integrated spike rate of such irradiance
coding cells is indeed highly predictive of the magnitude of circadian phase shifts (Brown et
al., 2011). As such, it is clear that information about overall levels of illumination is indeed
one of the principle sources of information about external time available to the circadian

system.

1.1.3 Contrast

In addition to the slow changes in irradiance over the solar day, as an organism moves and
surveys its environment, the quantity of light entering the eye can change very rapidly in
comparison to the slow changes in background illumination encoding the day/night cycle.
Detection of such visual ‘contrast’ is the foundation of spatial vision, whereas, traditionally,
such signals have been viewed as irrelevant for the circadian system, effectively averaged

out by the long integration time of the circadian light response mentioned above.

In recent years, however, interest in the idea that visual contrast might also influence the
clock has gained some ground with demonstrations that under at least some circumstances
(e.g. brief light flashes), the normal photon-counting properties of the clock breakdown
(Vidal and Morin, 2007, Lall et al., 2010, Najjar and Zeitzer, 2016). Consistent with this view,
closer examination of the electrophysiological response of irradiance coding SCN neurons
reveals a biphasic profile, with a large transient increase in firing which reduces to a
smaller, sustained response (Brown et al., 2011). Thus, rapid fluctuations in light levels are
in fact predicted to evoke an overall greater degree of activation within the SCN relative to
a temporally uniform light stimulus. Moreover, it has also emerged that at least some light-
responsive neurons in the SCN do not encode irradiance at all and in fact only respond to

rapid light:dark transitions (Brown et al., 2011).
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At present it is unclear whether these ‘transient’ cells contribute to the circadian
entrainment mechanism or are instead involved in other light-dependent changes in
physiology. Nonetheless, together, there is clear evidence to believe that under the right
circumstances, visual contrast can influence the magnitude of circadian responses and/or

related physiological/behavioural changes.

1.1.4 Wavelength/colour

In addition to fluctuations in intensity, organisms will experience wide variations in the
spectral composition of incident light across the day: either due to differences in the
reflectance of objects in the environment or due to daily variations in light quality due to
filtering in the upper atmosphere. Indeed, during ‘twilight’, there is an increase in the
relative availability of short wavelength light, due to the increased amount of ozone that

indirect sunlight must pass through to reach the Earth’s surface (Hulbert, 1953).

Since these daily changes in the spectral composition of daylight should be relatively
unaffected by weather patterns, and occur during the most important portion of the day
for entrainment, the idea that organisms might use these to regulate their biological clock
has been around for some time (Roenneberg and Foster, 1997). There have been a number
of reports suggesting that various species ranging from the single-celled dinoflagellate
Gonyaulax polyedra (Roenneberg, 1996) to birds (Pohl, 1999) and fish (Pauers et al., 2012)
use daily changes in the spectral composition of light as a circadian timing cue. By contrast,
the possibility that such signals might regulate the mammalian clock has not been

investigated in detail.

In this regard, it is important to note that there are two possible ways that variations in the
spectral composition of light could influence circadian responses. Firstly, since the
biological photoreceptors used to detect light are not equally sensitive to all wavelengths,
apparent ‘brightness’ will vary depending on what mixture of wavelengths the light
contains (see Takahashi et al., 1984). Although such a possibility could have a major impact

on responses to artificial light, the broad spectrum of wavelengths contained in natural
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daylight suggest this is unlikely to have a major impact under a natural setting. Secondly,
specific mechanisms for discriminating changes in colour from changes in brightness
(involving multiple photoreceptors) could have much more of an influence. Effectively
studying the possibility that colour provides an important source of information to the
circadian system first then requires knowledge of the properties of the biological

photoreceptors providing input to the clock.

1.2 Photic input to the circadian system

As discussed above, the eye is the origin of visual input to the mammalian circadian clock
and light detection by the eye originates with photoreceptor cells. These absorb light and
transmit chemical signals that are processed by a network of cell types within the retina
before reaching the retinal ganglion cells (RGCs) that relay these signals to the brain via the
optic nerve (Purves et al., 2001). In total then, conventional vision involves 5 types of cell;
photoreceptors, bipolar cells, horizontal cells, ganglion cells and amacrine cells (Figure 1.2).
These basic features are common to all mammalian retinas. However, insofar as the
principal model organism used for circadian studies is now mice, where possible the

discussion below focuses most specifically on details of the mouse retina.

1.2.1 The outer retina: rods and cones

Photoreceptors are divided into two classes: rods and cones. Rod and cone photoreceptors
have a simple structure consisting of outer and inner segments, a cell body and an axon
that synapses onto bipolar and horizontal cells. The outer segment of rods and cones is
densely packed with discs containing the light responsive proteins (opsins) (Carter-Dawson
and LaVail, 1979). The outer segments of rods and cones differ in shape. In cones, the outer
segment is conical in shape and the discs remain attached to the photoreceptor outer
membrane. The outer segment of rods is cylindrical and the photoreceptor discs exist
separately from each other. These photosensitive discs are found close to the retinal
epithelium and therefore in order for photons to be absorbed, they must first pass through
the non-light sensitive elements of the retina before reaching the photopigment located in

rods and cone cells (Purves et al., 2001).
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The distribution of rods and cones varies between species (Ahnelt and Kolb, 2000). The
retina of mice (and other nocturnal rodents) is rod dominated (Carter-Dawson and LaVail,
1979, Jeon et al., 1998), making the murine retina adapted for vision at low light (scotopic)
levels. The photoreceptors in mice are evenly distributed across the retina, rendering them
adapted to efficiently sample the entire visual scene (Huberman and Niell, 2011). Primates
on the other hand are adapted to allow high acuity vision (i.e. discriminating fine detail)
with 99% of their cones residing in the ‘fovea’, a specially adapted structure that occupies

only 1% of the retinal area (Perry and Cowey, 1985).

1.2.1.1 Rod & Cone opsins

Opsins are part of the GTP-binding protein-coupled receptor (GPCR) superfamily of
proteins (Fredriksson et al., 2003). GPCRs are membrane-bound proteins with seven
transmembrane domains that form a photosensitive compound when bound to a retinal-
based chromophore. As discussed above, like any other biological photoreceptor, opsins
are not equally sensitive to all wavelengths of light and instead exhibit a characteristic
absorption profile with a distinct wavelength of maximum spectral sensitivity (Amax).
Rhodopsin is the only photopigment present in the light-sensitive discs of rod cells and has
a Amax of around 500nm. In contrast, cone-opsins vary between organisms in both the

number of opsins present and their spectral sensitivity.

Humans and most old-world primates possess three cone opsins within the retina: a short-
(blue, Amax=426nm), medium- (green, Amax=530nm) and long wavelength-sensitive (red,
Amax=552nm) pigment. Most other mammals, however, possess only possess two types of
cone opsin: a short wavelength-sensitive opsin (SWS/UVS) and a medium (MWS) or long
wavelength-sensitive (LWS) opsin (in mice: UVS, Amax=360nm; MWS; Amax=511nm
respectively) (Calderone and Jacobs, 1995, Szél et al., 1992, Lall et al., 2010). The retinal
locations of cones expressing these opsins in the mouse has been well described in
literature (Szél et al., 1992, Rohlich et al., 1994, Applebury et al., 2000, Glosmann and
Ahnelt, 1998, Haverkamp et al., 2005). Unusually, the majority of mouse cone cells co-

express both M- and S-opsins (Applebury et al., 2000, Nikonov et al., 2006), with both of
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Figure 1.2: The structure of the retina

A cross-section of the retina demonstrating the layout of the retinal circuitry involved in conventional and non-
image forming vision. The most direct pathway for light to reach the brain involves three cells: a photoreceptor, a
bipolar cell and a ganglion cell. Horizontal and amacrine cells are responsible for lateral transmission of signals
within the retina. In order for light to reach the photoreceptor outer segments where photons are absorbed, it
must pass first through the ganglion and bipolar cell layers. ‘Inner’ refers to being close to the centre of the eye
and ‘outer’ is away from the centre, towards the eye periphery.
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the co-expressed opsins capable of driving transduction in the same cone (Nikonov, 2005).
In particular, almost all cones express M-opsin, but in a decreasing gradient from dorsal to
ventral regions of the retina (Applebury et al., 2000). S-opsin expression remains constant
across the retina except in the far dorsal region where S-opsin expression is suppressed,
leaving cones exclusively expressing M-opsin (Applebury et al., 2000). Interspersed with
these opsin co-expressing cones, a subset of cones (~3-5% of the total population)
exclusively express S-opsin and are present in equal numbers across the dorsal-ventral axis

of the retina (Haverkamp et al., 2005).

1.2.1.2 Phototransduction

The role of the photoreceptors is to convert photic information into electrical signals that

can be communicated to the brain. This process is known as phototransduction.

1.2.1.2.1 Activation of the transduction cascade

Unlike other neurons, rods and cones do not fire actions potentials. Instead, they signal
using small, graded changes in membrane potential, becoming hyperpolarised in response
to a light stimulus (Bortoff, 1964, Werblin and Dowling, 1969). In the dark, the resting
membrane potential of a photoreceptor is maintained at ~40mV by a variety of
mechanisms which act to regulate the concentrations of Na“, Ca”* and K" ions on either side

of the plasma membrane (Cervetto et al., 1989):

« Na'/ Ca®K" pumps that exchange extracellular Na* for intracellular Ca** and K*
(Schnetkamp, 2004).

« CcGMP gated channels that transport Na* and Ca®* into the cell (Molday and
Molday, 1998).

« Na'/ K" pumps that actively transport Na* out of the cell and K" in (Ames et al.,
1992).

« Ungated K* ‘leak’ channels generating a continuous outwards flow of K" ions
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In the dark, photoreceptors are relatively depolarised (much more so than neurons) and
have a relatively high concentration of intracellular calcium (Barnes and Kelly, 2002),
triggering the tonic release of the neurotransmitter glutamate onto downstream cells

(Schmitz and Witkovsky, 1997).

The first stage in transduction is the absorption of a photon by the photopigment in the
photoreceptor discs (in rods this is rhodopsin —Rh; Figure 1.3). As discussed above, opsins
are GPCRs. In darkness, the rhodopsin is inactive, bound to the chromophore 11-cis retinal
that regulates its function. Upon absorption of a photon, the 11-cis retinal is
photoisomerised to the all-trans state, resulting in a conformational change in the opsin
that results in its activation (Farahbakhsh et al., 1993, Farrens et al., 1996). It is this active
form of the opsin (metarhodopsin-Rh*; Figure 1.3) that triggers the transduction cascade

by allowing binding of the G-protein transducin (Okada et al., 2001).

Upon binding to metarhodopsin, transducin exchanges GTP for GDP to form a GTP-
transducin complex (Kiihn et al., 1981). This activates the enzyme cGMP phosphodiesterase
(PDE) which hydrolyses cGMP to 5’-GMP (Fesenko et al., 1985, Haynes and Yau, 1985,
Baylor, 1996), closing cGMP-gated ion channels reducing intracellular Ca®* levels.
Continuous K leakage hyperpolarises the cell and closes voltage gated Ca”" channels that
further lowers intracellular Ca** (Barnes and Kelly, 2002). Reduction in calcium levels

inhibits the release of glutamate, signalling to downstream retinal neurons.

1.2.1.2.2 Amplification of the transduction cascade

An important feature of the phototransduction cascade is that it undergoes extensive
signal amplification at various points during the cascade. The activation of a single
rhodopsin molecule can interact with around 800 transducin molecules (Vuong et al,,
1984). Although a single transducin only activates a single PDE molecule, each of these
hydrolyses up to six cGMP molecules, resulting in the closure of hundreds of ion channels
(Burns and Baylor, 2001). This amplification increases the sensitivity of photoreceptor,

enabling them to respond to small changes in irradiance. Indeed, the most sensitive
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Figure 1.3: The phototransduction cascade.

1. The absorption of photon isomerises 11-cis retinal into all-trans retinal. This causes a
conformational change in rhodopsin (Rh), forming metarhodopsin (Rh*). 2. This activates
transducin, which exchanges GDP for GTP. 3. The activated transducin activates cGMP-
phosphodiesterase (PDE). 4. PDE hydrolyses cGMP to 5'GMP, reducing intracellular cGMP
levels. 5. This closes cGMP-gated cation channels in the photoreceptor membrane, preventing
influx of cations (Adapted from Purves et al 2001).
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mammalian photoreceptors (rods) are capable of signalling the absorption of a single

photon (Sharpe and Stockman, 1999).

1.2.1.2.3 Deactivation of the transduction cascade

Metharhodopsin itself is phosphorylated by rhodopsin kinase, reducing the action of the
transduction cascade (Xu et al., 1997). However, complete inactivation of the cascade
requires both phosphorylation of metarhodopsin and binding of the protein arrestin
(Bownds et al., 1972, Pulvermiiller et al., 1993, Bennett and Sitaramayya, 1988, Kiihn,
1978), which prevents transducin binding. The time course of phosphorylation and arrestin
binding determines the lifetime of metarhosopsin and therefore the light response

(Pepperberg et al., 1992, Rieke and Baylor, 1998).

In order for another photon to be reabsorbed, the photopigment must be regenerated and
all-trans -retinal converted back into 11-cis-retinal. All-trans-retinal is converted to all-
trans-retinal by all-trans-retinol dehydrogenase (Haeseleer et al., 1998). This leaves the
photoreceptor discs and is transported to the retinal pigment epithelium (RPE), where it is
re-isomerised back into 11-cis-retinal (Palczewski and Saari, 1997). 11-cis-retinal is
transported back into the discs where it recombines with the dephosphorylated opsin

(Crouch et al., 1996).

1.2.1.2.4 Light adaptation

Large variations in brightness occur throughout the solar cycle. In order to function, cells
within the retina must therefore adapt to allow vision across all of these conditions. At low
light levels, photoreceptors are at their most sensitive. As light levels increase, the
sensitivity of photoreceptors decreases, preventing saturation and increases the range of
light levels at which photoreceptors can function - the process of light adaptation. Both
rods and cones exhibit these changes in sensitivity under constant light, to preserve their

ability to respond to visual contrast (Nakatani et al., 1991, Kraft et al., 1993, Schneeweis
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and Schnapf, 1999). Intracellular Ca** has been implicated as a major factor in multiple

mechanisms that mediate light adaptation.

One mechanism of light adaptation involves the Ca**-dependent regulation of guanylate
cyclase (Lolley and Racz, 1982, Koch and Stryer, 1988). Guanylate cyclase is a membrane-
bound enzyme that synthesises cGMP. As previously discussed, light decreases intracellular
Ca”* concentrations in the photoreceptor and induces the hydrolysis of cGMP.
Simultaneously, this decrease in concentration also increases the activity of guanylate
cyclase (Lolley and Racz, 1982, Koch and Stryer, 1988), counteracting this degradation. This
raises cGMP levels and cGMP channels re-open. Whilst this is occurring, decreased Ca**
increases the affinity of the cGMP channels to cGMP binding. The action of cGMP-gated
channels is also modulated by the Ca®*-binding protein calmodulin (Hsu and Molday, 1993).
The light-associated decrease in Ca®* also increases the probability of opening the cGMP
channels (Chen et al.,, 1994, Grunwald et al., 1998, Grunwald and Yau, 2000). These
mechanisms act to reduce the sensitivity of cGMP-gated channels to additional

phototransduction events.

A second adaptation pathway involves the modulation of rhodopsin kinase activity. At high
calcium levels, rhodopsin kinase is inhibited by a protein known as recoverin (Kawamura,
1993, Kawamura et al., 1993), preventing metarhodopsin phosphorylation. Light and the
associated decrease in intracellular [Ca**], removes the inhibitory influence of recoverin

and consequently shortens the lifetime of metarhodopsin (Chen et al., 2010).

The relative contribution of each of these mechanisms to light adaptation has been studied
(Koutalos and Yau, 1996, Nikonov et al., 2000). At dim-moderate conditions, all adaptation
can be attributed to the regulation of guanylate cyclase, with metarhodopsin
phosphorylation contributing in bright conditions (Koutalos and Yau, 1996). A second study
attributed all light adaptation to the turnover of cGMP and the regulation of guanylate
cyclase (Nikonov et al., 2000). Therefore guanylate cyclase is responsible for the majority of

light adaptation with the other mechanisms providing a minor, supporting role.
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1.2.1.3 Colour discrimination

It is the expression of multiple cone opsins that form the basis of colour vision. As discussed
above, humans are trichromatic, and possess cones that express one of three opsins (short,
medium and longwave) with overlapping spectral sensitivity. Importantly, these individual
cone opsins are themselves unable to distinguish differences in the amount vs. differences
in spectral content of light. Instead, it is only by comparing the relative activation of each

cone opsin that the retina is able to extract information about colour.

The ability to discriminate colour thus arises as an emergent property of the retinal
networks processing cone signals (discussed in more detail below). Surprisingly, the full
details of these processing steps are still controversial (e.g. see Marshak and Mills, 2014 for
review). It nonetheless remains clear that a key step is the emergence of antagonistic
responses to stimulation of the various cone types in the retinal ganglion cells (RGCs),
providing a neural substrate for an early theoretical model of colour vision: the opponent
process theory (Ewald Herring, 1920). This theory suggested that colour vision resides with
neural pathways sensitive to one of three opposing colour pairs: black-white, blue-yellow
and red-green. Activation of one member of the opsin pair inhibits the action of the other
and so no two members of one pair can be seen at one time (See Hurvich and Jameson,

1957 for review).

Hence, we now know that our own ability to distinguish red-green colours involves
comparisons between activation of the medium and long-wavelength sensitive cones that
are conveyed to the brain by so-called midget ganglion cells (Dacey, 1999). Similarly, the
blue-yellow sensitive ganglion cells allow us to differentiate short vs. longer wavelength
light (the yellow side of this axis being comprised by an additive mixture of signals from
medium and long-wavelength sensitive cone opsins). This is how we are able to see yellow,
even though we do not possess a specific yellow cone. Finally, the ‘achromatic’ black-white
colour axis essentially encodes the brightness (or perhaps more accurately the lightness) of
the stimulus and provides the fine detail of an image. This achromatic channel primarily
involves the addition of the signals from medium+long-wavelength sensitive cones

(Goldstein, 2013).
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As discussed above, however, most mammals differ from this scheme, being only
dichromatic (see Peichl, 2005 for review). In particular, the ability to discriminate red-green
colour appears to be a relatively recent emergence in mammalian evolution. Thus the
dominant form of colour discrimination among mammals is the ability to distinguish short

vs. long wavelength light (analogous to our own blue-yellow colour channel).

In the specific case of mice, despite containing the two opsin types necessary for this form
of colour discrimination, one might imagine that the extensive cone opsin co-expression in
the mouse retina (Applebury et al.,, 2000, Nikonov et al., 2006) presents a substantial
impediment to the colour opponent mechanism. In fact, however, the retinal circuitry
required to support colour discrimination is certainly present in mice (reviewed in Marshak
and Mills, 2014), and RGCs (and other retinal cells) displaying colour opponent responses

have indeed been identified in this species (Ekesten and Gouras, 2005, Chang et al., 2013).

1.2.2 Signal processing within the retinal network

After photon absorption within the photoreceptor and resulting phototransduction
cascade, the subsequent reduction in glutamate release modulates the activity of
downstream cells. An overview of the key processing steps within the retina is detailed

below:

1.2.2.1 Bipolar cells

Bipolar cells form an essential intermediary in the export of photoreceptor signals from the
retina. In mice, rods signal to a single class of bipolar cells, whereas cones signal to at least
nine different types of bipolar cells (Ghosh et al., 2004). Cone bipolar cells can be further
subdivided into two categories: ON-cells that depolarise in response to light and OFF-cells

that hyperpolarise in response to light (Kolb et al., 1981).
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It is the presence of different classes of glutamate receptors that determine whether a
bipolar cell is ON or OFF. ON-bipolar cells express the metabotropic glutamate receptor
mMGIuR6 (Nomura et al., 1994, Masu et al., 1995, Vardi et al., 2000) and thus respond to
reduced levels of glutamate by opening cation channels (Slaughter and Awatramani, 2002)
resulting in cell depolarisation (Sharma et al., 2005). OFF-bipolar cells express AMPA-type
ionotropic glutamate receptors (Brandstatter et al., 1997, Qin and Pourcho, 1999, Hack et
al., 2001, Haverkamp and Wassle, 2000, Haverkamp et al., 2001) and respond to reduced
levels of glutamate by closing cation channels, leading to cell hyperpolarisation. These
distinct properties thus provide an important step in the extraction of feature related
information from the photoreceptors. For example, ON/OFF bipolar cells that selectively
sample from specific cone types form one of the key retinal mechanisms supporting the

emergence of colour opponency in RGCs (Marshak and Mills, 2014).

By contrast with cones, rods only have one bipolar cell: the rod ON-bipolar cell. In order to
convey photic information over dim-moderate light levels, rods signal via two distinct
retinal circuits. Under scotopic conditions, signals pass through the bipolar pathway. The
rod ON-bipolar cells then signal to RGCs via amacrine All cells (Sharpe and Stockman,
1999). At mesopic light intensities, however, rods bypass the rod ON-bipolar cells and
instead convey signals directly to cones through gap junctions, allowing rods to
transmitting signals to RGCs via the cone bipolar cells (Sharpe and Stockman, 1999, Altimus

et al., 2010, Belenky et al., 2003, Bloomfield and Dacheux, 2001).

1.2.3 Retinal ganglion cells

There are 10-15 types of RGCs present in the retina, characterised by their unique
morphology and/or feature selectivity (Masland, 2001). Importantly, however, retinal input
to the SCN arises almost exclusively from a rare subset of these cells (<5% of all RGCs) that
are intrinsically photoreceptive (Berson et al., 2002, Hattar et al., 2002). Such ‘ipRGCs’ can
be distinguished from conventional RGCs by the presence of the photopigment melanopsin
(Gooley et al., 2010, Hattar et al., 2002); a light-activated GPCR (Provencio et al., 1998,
Newman et al.,, 2003) that maximally absorbs photons (Amax) at 480nm (Panda et al.,

2005). These melanopsin-expressing ganglion cells project to a variety of brain areas in
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addition to the SCN, most notably the intergeniculate leaflet (IGL) and the olivary pretectal
nucleus (OPN), the structure responsible for driving the pupillary light reflex (Baver et al.,
2008, Hattar et al., 2002, Hattar et al., 2006, Ecker et al., 2010). A characteristic feature of
the central nuclei most heavily targeted by ipRGCs is a specific role in physiological
responses that are dependent on an accurate assessment of levels of environmental

illumination (full range of targets summarised in figure 1.4).

1.2.3.1 Melanopsin

Unlike rods and cones, ipRGCs lack specialised structures for photon absorption. Instead,
melanopsin protein is expressed throughout the ipRGCs cell body and processes forming a
photoreceptive next across the retina (Provencio et al., 2002). Also unlike rods and cones,
photon absorption by melanopsin leads to cell depolarisation, allowing ipRGCs to fire
action potentials and signal light detection to the brain (mechanisms of melanopsin
phototransduction are discussed below). Arguably the most characteristic feature of the
melanopsin photoresponse however is its incredibly slow kinetics. Hence, when simulated
with light, synaptically isolated ipRGCs respond with latencies of up to 1 minute and can

continue to fire for several minutes after the light stimulus has ended (Berson et al., 2002).

By contrast, the melanopsin photoresponse shows an impressive efficiency, capable of
signalling the absorption of a single photon of light with a large and sustained response,
greater than that of rods (Do et al., 2009). This is achieved by maintaining the membrane
potential close to the threshold for spike firing so that a small change in current can result
in the firing of action potentials (Do et al., 2009). This remarkable phototransduction
efficiency is counterbalanced, however, by the very low photon capture probability for an
ipRGC (10° fold-less than that of rods), explaining the widely reported low sensitivity of
melanopsin-dependent signalling (Do et al., 2009). Together, then, these properties seem
to specialise melanopsin for encoding information about a very specific feature of the light
environment: the relatively slow changes in ambient light intensity encountered around

the daytime-twilight transition.
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Brain Region

Function

SCN Suprachiasmatic nucleus Circadian entrainment

vSPZ Ventral subparaventricular zone Circadian regulation of sleep and body
temperatures

pSON  Peri-supraoptic nucleus Neuroendocrine organ

AH Anterior Hypothalamus Circadian regulation of sleep and body
temperatures

LH Lateral Hypothalamus Energy homeostasis and arousal

vLGN  Ventral lateral geniculate nucleus Visuomotor functions, brightness
discrimination, the pupillary light reflex

IGL Intergeniculate leaflet Integration of photic and non-photic
entrainment cues

dLGN  Dorsal lateral geniculate nucleus Image forming vision

OPN Olivary prectctal nucleus The pupillary light reflex - controlling pupil
size

SC Superior colliculus Visuomotor functions — controls eye and

head movements

Figure 1.4: The targets of ipRGC projections.

Top: A summary schematic of the brain regions innervated by ipRGCs. Adapted from Berson (2003).
Bottom: A list of these areas with their abbreviations and functions (Hattar et al., 2006)
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It is also important to note here that the mouse melanopsin gene is alternatively spliced
forming two distinct isoforms, a short (OPN4S) and a long (OPN4L) isoform (Pires et al.,
2009, Hughes et al., 2012). These two isoforms both form fully functional photopigments in
the retina but it is so far unclear whether how these differ in terms of functional properties.
What is clear is that these two isoforms appear to differentially contribute to distinct
aspects of non-image forming (NIF) responses: the short isoform appears to play a greater
role in pupillary responses whilst the long isoform plays a greater role in direct effects of
light on behavioural activity. It will thus be important in the future to determine whether
these differing roles represent a difference in the fundamental nature of the resulting light
response and/or differences in the relative expression of these two isoforms in subsets of

ipRGCS with different anatomical targets.

1.2.3.1.1 Melanopsin Phototransduction

Based on sequence homology, melanopsin differs from the mammalian rod and cone
opsins in that it bears much greater similarity to the rhabdomeric invertebrate opsins. As
discussed above, a key feature of vertebrate phototransduction is the release of all-trans-
retinal upon photon absorption, with recovery of photosensitivity requiring the
regeneration of 11- cis-retinal in cells of the retinal pigment epithelium (RPE). By contrast,
the rhabdomeric opsins of invertebrates are bistable. Hence, the activated meta-state of
invertebrate phototransduction is stable and these proteins possess a photoisomerase
activity that is used to regenerate 11-cis-retinal and terminate signalling (Hillman et al.,,
1983). Thus, while vertebrate transduction only uses photons to drive the activation of
photopigments, invertebrate transduction exploits photons to drive both activation and

regeneration pathways (Kiselev and Subramaniam, 1994).

The mechanisms behind melanopsin phototransduction remain elusive. However, in line
with its homology to the invertebrate photopigments, melanopsin has been reported to
utilise transduction mechanisms typical of invertebrate rhabdomeric photopigments (Isoldi
et al., 2005) which use light to regenerate 11-cis-retinal in an arrestin-independent manner
(Pepe and Cugnoli, 1992, Kiselev and Subramaniam, 1994). For example, expression of

melanopsin (Melyan et al., 2005, Panda et al., 2005) in in vitro cell cultures conveys light
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responsiveness to cells in the presence of 11-cis- and all-trans-retinal. Additionally, after a
saturating light pulse, the retinal composition of the photoproduct still contains 11-cis-
retinal in significant amounts, indicating that melanopsin can convert between 11-cis- and
all-trans retinal to generate a photosteady state mixture (Matsuyama et al.,, 2012).
Moreover, melanopsin-dependent light responses in vitro are reportedly restored after
bleaching by stimulation using long wavelength light unsuitable for direct photoactivation
(Mure et al.,, 2007, Mure et al., 2009), further suggesting that melanopsin may be
bistable. Importantly, however, subsequent work in rodless coneless (rd/rd cl) mice found
no evidence that pre-treating with long wavelength light has any significant effect upon
melanopsin sensitivity to photic stimuli (Brown et al., 2013), indicating that the findings
above may not reflect melanopsin bistability. Indeed, more recent work suggests that
melanopsin is in fact ‘tristable’, existing in an equilibrium of three isoforms with similar
spectral sensitivity (Matsuyama et al., 2012, Emanuel and Do, 2015): two inactive states

(Amax: 453 and 471nm) and an active signalling ‘meta’ state (Amax: 476nm).

It would therefore appear that mammals possess both bistable/tristable (melanopsin) and
bleachable opsins (rods and cones) and that there is functional division between opsins
most associated with image and non-image forming vision. While the functional impact of
melanopsin bistability/tristability remains to be determined, we know that a key property
of melanopsin responses is that they do not light adapt to the same extent as those of rods
and cones. Indeed, melanopsin-expressing ipRGCs are able to continuously fire action
potentials in constant light for at least 10 hours — in line with their proposed role in

signalling environmental irradiance to the clock (Wong, 2012).

1.2.3.2 ipRGC subtypes

In line with the wide range of anatomical targets of ipRGCs (and presumable similarly wide
range of functional roles), 5 subsets of ipRGCs (termed M1-M5) have been identified
(Ecker et al., 2010) that can be distinguished by the levels of melanopsin expression,
membrane potential, cell morphology, and the stratification of dendrites with the inner
plexiform layer (IPL) of the retina. The most well categorised subsets of ipRGCs are M1-M3

cells.
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M1 cells have dendrites monostratified in the OFF sublamina of the IPL and were the first
to be identified (Hattar et al., 2002, Provencio et al., 2002, Berson et al., 2002). M1 cells
possess the highest levels of melanopsin (Schmidt and Kofuji, 2009) and are the principal
subset that project to the SCN (Baver et al., 2008). The intrinsic light response of M1 cells is
faster, larger and occurs at a lower threshold than of at the ipRGC subtypes, making them

most directly light sensitive (Zhao et al., 2014, Ecker et al., 2010, Schmidt and Kofuji, 2011).

In contrast, M2 cells have dendrites monostratified in the ON sublamina (Berson et al.,
2002). Morphologically, these cells have larger soma sizes and larger, more highly branched
dendritic arbors than M1 cells (Schmidt and Kofuji, 2009, Berson et al., 2010, Ecker et al.,
2010). Most importantly, at a functional level, M2 cells are ten times less sensitive to light
than M1 cells (Schmidt and Kofuji, 2009), presumably owing to their lower levels of

melanopsin expression.

Both M1 and M2 cells form mosaic networks than span the entire retina (Berson et al.,
2010), albeit with significantly higher densities in the dorsal retina (Hughes et al., 2013).
This ‘photoreceptive net’ presumably helps to maximise photon capture by melanopsin
across the visual field, a feature that is of obvious utility for the key targets of such cells -
the SCN and OPN (Baver et al., 2008). There are, however, key differences in the relative
M1/M2 innervation of these regions: whereas M1 cells provide 80% of the input to the
SCN, the OPN seems to receive approximately equal innervation from both types (perhaps
reflecting the fact the latter requires more information about rapid changes in light

intensity that can only be provided by outer retinal photoreceptors).

M3 cells have highly branched dendritic arbors and are similar to M2 cells in terms of their
morphology and the low sensitivity of their intrinsic light response (Schmidt and Kofuji,
2011, Zhao et al., 2014). M3 cells are, however, distinguishable from M2 cells in terms of
their stratification in the IPL: they are bistratified, possessing dendrites that terminate in
both ON and OFF sublaminae (Viney et al., 2007, Schmidt and Kofuji, 2009, Berson et al.,
2010). M3 cells are found less commonly within the retina than M1 and M2 cells. The

further two subtypes of ipRGCS (M4 and M5), are not distinguishable using conventional
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immunostaining — suggesting they express very low levels of melanopsin protein and

exhibit correspondingly weak intrinsic light responses (Ecker et al., 2010).

The retinal circuitry supplying M1-3 ipRGC subtypes was investigated in mice that lack
melanopsin expression (Opn4'/'). Upon photic stimulation, the responses of M2 and M3
ipRGCs are similar to those of wildtype animals, suggesting that conventional
photoreceptors (rods and cones) are the primary drivers of responses within these subsets
of ipRGCs (Schmidt and Kofuji, 2010, Schmidt and Kofuji, 2011). The same is presumably
true of the M4 and M5 subtypes, given their low levels of melanopsin expression. By
contrast, M1 cell responses to the same stimuli are severely attenuated, illustrating that
the melanopsin- driven intrinsic light responses of these cells plays an especially important
role in their downstream signalling (Schmidt and Kofuji, 2010, Schmidt and Kofuji, 2011).
Nonetheless, since all subtypes receive some rod/cone input, any brain region targeted by

M1 ipRGCs can potentially also receive outer retinal signals.

Although it is clear from the above that the properties of melanopsin photoreception
specialise ipRGCs towards encoding irradiance related information, the presence of ipRGC
projections to brain regions such as the lateral geniculate nucleus (LGN) and superior
colliculus (SC) imply they also play some role in more conventional aspects of vision (Hattar
et al., 2006, Ecker et al.,, 2010). Consistent with this view, all ipRGC subtypes respond
robustly to moving light stimuli, with each subtype having a preferential speed (Zhao et al.,
2014). Additionally, M2-M5 cells are able to detect differences in spatially structured
stimuli, demonstrating that ipRGCs are capable of contributing to pattern vision (Zhao et
al., 2014). Indeed, recent work implicates melanopsin in conscious perception of brightness
(Brown et al., 2012) and studies of rodless/coneless mice indicate that melanopsin can
indeed supports a crude spatial representation of the visual scene in the visual thalamus

(Procyk et al., 2015).
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1.2.3.3 Horizontal cells

Horizontal cells are found within the outer plexiform layer (OPL; Figure 1.2) and play a key
role in lateral information transfer within the retina. In the mouse, there is only one type of
horizontal cell (Peichl and Gonzalez-Soriano, 1994). Horizontal cells have elongated axons
that project laterally to photoreceptor terminals, covering widespread areas of the retina
(Raven et al., 2005, Reese et al., 2005). Horizontal cells are also connected to one another
by gap junctions resulting in much larger receptive fields than the area of their dendritic

field (McMahon et al., 1989).

Like OFF-bipolar cells, horizontal cells express AMPA-type ionotropic receptors and so
hyperpolarise in response to a light evoked reduction in glutamate release from
photoreceptors. In turn, horizontal cells provide negative feedback to photoreceptors,
increasing their intake of Ca** (Verweij et al., 1996, Thoreson et al., 2008). Importantly then
this arrangement ensures that cone photoreceptors become depolarised by light detected
by the surrounding cones — establishing a ‘centre-surround’ arrangement that optimises

the detection of object boundaries.

1.2.3.4 Amacrine cells

Amacrine cells are located in the inner plexiform layer (IPL; Figure 1.2) and found
postsynaptic to bipolar cells and presynaptic to retinal ganglion cells (RGCs). They are
responsible for modulating bipolar cell input to RGCs. They are one of the most diverse cell
types within the retina, with over 30 subtypes of amacrine cells within the mammalian
retina (MacNeil and Masland, 1998, Badea and Nathans, 2004). Amacrine cells are grouped
into narrow-field (30-150um), small-field (150-300 um), medium-field (300-500 pm) and
wide-field (>500 um) based on the size of their dendritic fields (Kolb et al., 1981, Kolb,
1982). The vast majority of amacrine cells are inhibitory, expressing the neurotransmitters

GABA or glycine (Crooks and Kolb, 1992).
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Glycinergic amacrine cells tend to be of the small-field variety (Vaney, 1990, Menger et al.,
1998, Pourcho and Goebel, 1985) and have a defined role in transmitting retinal signals:
they carry ON inhibition to the OFF cells and carry OFF inhibition to the ON cells (Roska et
al., 2006, Chavez and Diamond, 2008, Molnar et al., 2009). This mechanism has been best
characterised in the All amacrine cell (Manookin et al., 2008). Wide-field amacrine cells are
GABAergic (Pourcho and Goebel, 1983) and play a role in modulating the receptive fields of
RGCs (Cook and McReynolds, 1998). Although amacrine cells express either glycine or
GABA, these neurotransmitters are co-expressed with a wide variety of other
neurotransmitters such as glutamate (Johnson et al., 2004), dopamine (Dacey, 1990, Kolb
et al., 1990), serotonin (Vaney, 1986), acetylcholine (O'Malley et al., 1992) and substance P
(Kolb et al., 1995). Amacrine cells are therefore a heterogeneous population, with a wide

variety of modulatory functions within the retina.

1.2.4 Photoreceptor contributions to photoentrainment

Experiments that initially began to further our understanding of photoreceptor pathways
driving circadian entrainment involved mice that are homozygous for the mutation retinal
degradation (rd/rd) These mice have a deficiency in cGMP-PDE (Schmidt and Lolley, 1973,
Lolley et al., 1977), resulting in a build-up of cGMP that initiates photoreceptor cell death
(Farber and Lolley, 1974). These mice undergo a postnatal rapid degradation of rods
followed by a subsequent degradation of cones. Although they lack conventional vision,
rd/rd mice possess normal circadian phase locomotor responses that are indistinguishable
to those of control mice with healthy retinas (rd/+ and +/+) (Foster et al., 1991, Foster et
al., 1993, Provencio et al., 1994). Following on from these experiments, a transgenic mouse
was generated (rdta), that lacks rods due to ablation by diphtheria toxin and possess cones
that lack photoreceptive outer segments (Lupi et al., 1999). These mice possess a circadian
phenotype different to rd/rd and wild type mice. They possess a 2.5 times greater phase
shift in response to light stimuli and have a shortening of the circadian period in locomotor
activity. These two studies together provided evidence that rods, and perhaps also cones
are not required in circadian response to light as rhythms remain responsive to light after

their removal.

39



In line with these data, using diphtheria toxin to ablate cones alone did not affect phase
shifts in mouse locomotor activity (Freedman et al., 1999), again suggesting that a non-
cone photoreceptor had an effect upon photoentrainment. Moreover, mice with more
extensive rod and cone lesions (rdta/cl) also displayed an unattenuated phase shift when
subjected to a light pulse. Additionally, these mice displayed a normal suppression of pineal
melatonin in response to light (Lucas et al., 1999), confirming that a non-rod, non-cone

photoreceptor was indeed involved in mediating circadian responses to light.

As outlined above, it subsequently became apparent that SCN-projecting RGCs were
intrinsically photoreceptive (Berson et al., 2002), due to expression of the opsin-based
photopigment, melanopsin (Provencio et al., 2000, Hattar et al.,, 2002). Although this
discovery provided a clear explanation for the earlier results of Foster and others, it soon
became apparent that mice lacking melanopsin also entrain well to light/dark cycles over a
wide range of irradiances (Panda et al., 2005, Ruby et al., 2002, Altimus et al., 2010, Morin
and Studholme, 2011). Thus while not required, rods and cones are apparently sufficient
for photoentrainment. Importantly, however, photoentrainment is lost following
genetically directed lesions of ipRGCs, indicating that these cell types represent the
principal route for both melanopsin and rod/cone signals to reach the SCN (Guler et al.,

2008, Goz et al., 2008, Hatori et al., 2008).

Indeed, while ipRGCs are unique in that they possess an intrinsic mechanism to detect light,
like other RGCs they also receive input from rods and cones (Dacey et al., 2005, Belenky et
al., 2003, @stergaard et al., 2007, Wong et al., 2007, Schmidt and Kofuji, 2010, Weng et al.,
2013). Accordingly, mice lacking all three photoreceptors lose photoentrainment, ruling
out the possibility that a fourth as of yet unidentified photoreceptor class is involved
(Hattar et al., 2003, Panda et al., 2003). Presumably, then, each of these three sources of
photoreceptive input each provides their own unique contribution to the integrated

circadian response to light.
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1.2.4.1 Rods

Rods are the most sensitive of all of the photoreceptors (Lucas et al., 2012), possessing
adaptations for absorption and transmission of single photons (Sharpe and Stockman,
1999) and so are involved in photoentrainment at low (scotopic) light intensities, too dim
for the activation of melanopsin and cone photoreceptors (Altimus et al., 2010, Sampath et
al., 2005, Lall et al., 2010). Under bright, indoor lighting (500 lux), rod-only mice that lack
functional cones and melanopsin entrain well to LD cycles, verifying that rods alone can be
used by the SCN to distinguish between dark and light across a wide range of light

intensities (Altimus et al., 2010).

Although behavioural studies have shown that rods play a role in photoentrainment,
electrophysiological experiments conducted within the SCN have yielded little evidence of
direct rod-driven responses. Hence, rods appear to play only a minor role modulating SCN
neuronal firing activity in anaesthetised mice (Brown et al.,, 2011). This apparent
discrepancy may reflect the fact that the mice used for this work were not long-term dark
adapted as is the case for most behavioural studies. Broadly in line with this view,
Aggelopoulos and Meissl (2000) do report SCN responses under very low light levels
following extensive (10h) dark adaptation. Nethertheless, even in that study, the observed
responses appear of relatively modest magnitude, suggesting that even small changes in
SCN cellular activity may be sufficient to drive behavioural phase shifts providing they are

maintained for sufficient periods of time.

1.2.4.2 Cones

As discussed above, only 3% of photoreceptors in the murine retina are cones. Despite this,
cone driven responses are widely apparent in retinorecipient regions in the mouse (Allen et
al., 2011, Brown et al., 2011, Allen et al., 2014). Cones are characteristically much less
sensitive than rods and have not been considered to play a major role in entrainment since
‘cone-only’ mice fail to entrain to LD cycles (Mrosovsky and Hattar, 2005) and entrainment
to LD cycles persists after substantial cone degeneration (Freedman et al., 1999). Despite

this, cones certainly do transmit signals to ipRGCs (Belenky et al., 2003, @stergaard et al.,
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2007) and electrophysiological studies have documented cone-driven responses within
ipRGCs (Dacey et al., 2005) and the SCN (Aggelopoulos and Meissl, 2000, Brown et al.,

2011), indicating that cones must play some role in the light input pathway to the SCN.

Indeed, the large contrast-dependent increases in SCN firing discussed above can be
attributed to cones. These responses last <500ms under dark adapted conditions (Drouyer
et al.,, 2007, Brown et al., 2011) but, following continued light stimulation, are strongly
reduced due to photoreceptor light adaptation (Perlman and Normann, 1998, Wong et al.,
2005, Drouyer et al., 2007). This taken alongside behavioural data (discussed in more detail
below) suggests that light adaptation places a strict limit on how much of a role cone
influence can have on circadian entrainment (Dkhissi-Benyahya et al., 2007, Dollet et al.,

2010, Altimus et al., 2010, Lall et al., 2010).

To date, most of the available literature concerns the role of M-cone opsin in circadian
resetting. Hence, mice lacking M-opsin expression show deficient phase shifting behaviour
to brief (5 min) but not more extended (15 min) long wavelength light pulses (Dkhissi-
Benyahya et al., 2007, Dollet et al., 2010). Moreover, in mice with long wavelength shifted
M-opsin expression, stimuli capable of activating M/L-cones but not melanopsin result in a
strong increase in the firing rate of SCN neurons at the onset of light but generate little
sustained response (Brown et al., 2011). Consistent with these findings, 15 minute light
pulses that selectively activate cones do not evoke behavioural shifts in these mice,
whereas fifteen 1 minute light impulses (of equivalent photon flux) evoke very large
behavioural responses (Lall et al., 2010). By contrast, cone-deficient mice display a wild-
type phase shifting pattern with a 15 minute light pulse but show deficient phase-shifting
ability to 1 minute light pulses (Lall et al., 2010). Together then these data indicate that M-
cone input to the SCN selectively contributes to responses immediately following a change
in light intensity (Lucas et al., 2012, Brown et al., 2011). As a consequence, while the clock
is not overly sensitive to visual contrast per se, the photoreceptor contributions (and hence
spectral sensitivity) of circadian resetting responses will differ based of the temporal profile

of the light stimulus.
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In contrast to the above, UV light elicits sustained, irradiance dependent responses in SCN
neurons that are similar to those seen when the SCN is stimulated by white light, even in
the absence of melanopsin (van Oosterhout et al., 2012). Based on the irradiance range
over which these responses are observed, it appears that such responses may be mediated
by S-cone opsin. Consistent with this idea, previous work in another target of ipRGCs, the
olivary pretectal nuclei (OPN), suggested that S-opsin driven responses are indeed much
more sustained than those driven by M-opsin (Allen et al., 2011). Together then, these data
suggest that cones exclusively expressing S-opsin might play a qualitatively different role in

entraining the SCN clock relative to the more numerous opsin co-expressing cones.

Insofar as for cone signals to influence the clock they must presumably pass through M1
ipRGCs (Chen et al., 2011), one might then expect M1 ipRGCs to exhibit a similar
disproportionate sensitivity to S-opsin derived signals. This possibility has been evaluated
by assessing the spectral tuning of the ipRGC light response (Hughes et al., 2013). Hence,
previous studies have also shown that the changeable S:M opsin ratio in the murine retina
(discussed above) results in an anatomical variation in the spectral tuning of light responses
recorded from both bipolar (Breuninger et al., 2011) and ganglion cells (Wang et al., 2011).
If ipRGCs primarily sample primordial S-cones (which do not follow the more typical opsin
expression gradient) such anatomical variation in spectral tuning should be absent. In fact,
however, patterns of white or UV light-evoked c-fos expression in M1 ipRGCs show a clear
dorsal:ventral gradient consistent with the involvement of opsin co-expressing cones
(Hughes et al., 2013). In sum, while these data do not rule out an involvement of primordial
S-cones in circadian responses, it seems unlikely that this population of photoreceptors

provide the main source of input to ipRGCs innervating the SCN.

Finally, melanopsin containing ipRGCs that receive colour opponent S-off, (L+M)-on cone
input have been found in the macaque retina, following retrograde tracing from the LGN
and OPN (Dacey et al., 2005). Considering that, in rodents, both the OPN and SCN receive
input from an overlapping population of ipRGCs (Baver et al., 2008), it is certainly possible
then that this colour opponent input could be transmitted to the SCN, providing
information about changes in the spectral composition of light. However, in the mouse,
although both M- and S-cones contribute to responses in ipRGCs, existing data suggests
that both classes drive ON responses (Weng et al.,, 2013). Together then, while the

possibility that colour might directly influence SCN/circadian responses remains
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uninvestigated, available data suggest such signals are unlikely to be transmitted by mouse

ipRGCs.

1.2.4.3 Melanopsin

Melanopsin is the least sensitive of all the photoreceptors (see above). Taken alongside the
slow response kinetics of melanopsin phototransduction, this makes melanopsin an ideal
candidate for extracting slow changes in irradiance associated with the day/night cycle.
Somewhat surprisingly then, while rod/cone degenerate animals reveal intact
photoentrainment at high irradiances (Mrosovsky, 2003, Morin and Studholme, 2011),
studies of melanopsin knockout (Opn4'/') mice have provided little direct evidence that
melanopsin is necessary for photoentrainment in the presence of rods/cones. Indeed, as
discussed above, Opn4'/' mice entrain well to LD cycles over a range of irradiances (Ruby et

al., 2002, Panda et al., 2005, Morin and Blanchard, 2001, Altimus et al., 2010).

In contrast with the above, electrophysiological data clearly show that melanopsin plays a
major role in SCN light responses under photopic conditions. Hence, while rod/cone-
selective stimuli drive only transient light responses in the mouse SCN, stimuli that also
activate melanopsin evoke a much more sustained excitations (Brown et al., 2011).
Presumably then, contributions of melanopsin to entrainment in the lab are largely masked
in animals with an intact outer retina by the fact that entrainment to simple square wave
light dark cycles simply requires the ability to distinguish light from dark (a signal that is
available from rods). Indeed, it seems likely that a full appreciation of the contributions of
melanopsin to entrainment may only be apparent under more natural conditions where
light intensity varies gradually around dawn and dusk. Here, combining signals from
rods/cones and melanopsin should enable the circadian system to more accurately assess
the timing of the day night transition, relative to animals lacking one or more of these

photoreceptors (Lucas et al., 2012).

44



1.3 The SCN neuronal network

1.3.1 The suprachiasmatic nuclei

As discussed above, in mammals, the central master clock is located in the suprachiasmatic
nuclei (SCN) of the hypothalamus (Moore, 1983, Moore, 1995, Moore and Eichler, 1972,
Stephan and Zucker, 1972). The SCN are a paired structure of approximately 20,000 densely
packed neurons (Abrahamson and Moore, 2001), located in the anterior of the
hypothalamus, dorsal to the optic chiasm (Moore et al., 2002) on either side of the 3™

ventricle in the brain (Hofman et al., 1996).

The critical evidence establishing the SCN as the master clock came from
electrophysiological studies where the SCN was isolated from the rest of the brain in a
small hypothalamic “island”: daily rhythms in electrophysiological activity were lost
elsewhere in the brain but remained in the “island” (Inouye and Kawamura, 1979).
Consistent with this view, subsequent lesion studies revealed that ablation of 75% of the
SCN completely abolishes circadian rhythm in body temperature and locomotion (Moore,
1982, Pickard and Turek, 1983). Moreover, after ablation of the SCN, a circadian rhythm
could be restored when neural tissue containing SCN from a donor was implanted.
Critically, experiments using grafts from animals with accelerated circadian periods
revealed that the restored rhythms retained the period of the donor animal, indicating that

such rhythms were wholly generated by the SCN itself (Ralph et al., 1990).

The SCN have traditionally been divided into two distinct subregions on the basis of gene
expression and inputs from the retina/other brain regions: a ventrolateral or core division
and a dorsomedial/shell region (Abrahamson and Moore, 2001, Cassone et al., 1988)
(Moore et al.,, 2002). These alternative terminologies relate to subtle anatomical
differences between the hamster (core/shell) and rat (ventrolateral/dorsomedial) (Morin,
2007). Although neither of these nomenclature precisely map onto the arrangement in
mice, the same basic set of cell groups appear to be well conserved, making these divisions
a useful starting point for understanding the general organisation of the SCN network. For

simplicity here | use the core/shell terminology throughout.
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Below | first discuss the basic evidence indicating that individual SCN cells are themselves
autonomous clocks, then how neurochemically distinct subgroups of cells SCN cells
communicate and are organised within the intact SCN before discussing current knowledge
as to how sensory signals from the retina and other visual nuclei influence the SCN

network.

1.3.2 Single cell oscillators

Individual SCN neurons in culture exhibit circadian rhythms in spontaneous firing (Welsh et
al., 1995, Liu et al., 1997, Honma et al., 1998, Herzog et al., 1998). These dissociated cells
display a wide range in the period and phase of their rhythms, with some cells oscillating in
anti-phase. This range of phases is maintained after pharmacological blockade of action
potentials using TTX (Welsh et al., 1995), suggesting that SCN neurons are autonomous

circadian pacemakers that do not require input from other SCN neurons.

Although individual SCN cells are autonomous in generating a rhythm, in the intact SCN,
these neurons usually synchronise to one another (Inouye and Kawamura, 1979, Meijer et
al., 1998). The prevailing model of SCN cellular organisation is that SCN neurons form a
single population oscillating at a similar circadian phase. This generated by averaging the
intrinsic circadian period across the SCN population, to produces a single coherent output

signal (Liu et al., 1997, Herzog et al., 1998).

More recent evidence indicates that without intercellular communication, synchrony
between rhythmic SCN neurons is lost. Although autonomous rhythms do remain after TTX
application (Welsh et al., 1995), in the intact SCN, neuronal populations desynchronise and
cellular gene expression rhythms dampen in many cells (Yamaguchi et al., 2003). Therefore
the SCN is more likely to be a heterogeneous population of neurons, some possessing an
intrinsic autonomous pacemaker and others that require cellular communication to remain
rhythmic. The mechanisms of cell synchronisation are unclear but synaptic transmission,
gap junction signalling and the release neurotransmitters such as GABA and vasoactive

intestinal polypeptide (VIP) have been implicated in this process.
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1.3.2.1 The molecular clock

The autonomous oscillations within SCN cells are generated by an auto-regulatory negative
feedback loop which facilitates rhythmic gene expression. Figure 1.5 illustrates the

components of this feedback loop that generates rhythm within the SCN.

The core components of the mammalian circadian clock are PER, CRY, BMAL1, and CLOCK.
In the central circadian loop, the positive elements are CLOCK and BMAL 1. These proteins
heterodimerize and bind to E-box regions of target genes such as Period (Perl, Per2 and
Per3) and Cryptochrome (Cry1 and Cry2) to initiate their expression (Gekakis et al., 1998).
PER:CRY heterodimers are phosphorylated (Lee et al., 2001, Vanselow and Kramer, 2007)
and translocate into the nucleus where they suppress their own transcription through an
interaction with BMAL1:CLOCK (Kume et al., 1999), functioning as the negative element of
the clock (Sato et al., 2006). PER is progressively phosphorylated and is degraded in the
proteasome (Akashi et al.,, 2002, Etchegaray et al., 2009). PER:CRY heterodimers are
degraded during the night , which allows BMAL1:CLOCK transcription to begin again and

the cycle continues (Reldgio et al., 2011).

The BMALL:CLOCK complex also activates transcription of retinoic acid-related orphan
nuclear receptors Rev-erb (a and 8) and Ror (a, 6 and y) (Ko and Takahashi, 2006). REV-
ERBs and RORs bind to retinoic acid-related orphan receptor response elements (ROREs)
that are found in the Bmall promoter. REV-ERBs repress the transcription of BMAL1 and
RORs activate its transcription (Preitner et al., 2002). The transcription of Bmall is
regulated by competitive binding of RORs and REV-ERBs at the RORE site (Guillaumond et

al., 2005). This second feedback loop thus acts to add stability to the core clock mechanism.

Cells within the SCN core region respond to photic stimuli during the night to increase
expression of the clock protein PER (Hamada et al., 2004). Subsequently PER expression
moves outwards into the shell region (Yan and Okamura, 2002), which displays circadian

oscillation of PER protein. This pattern of gene expression activity is presumably also
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Figure 1.5: The transcriptional feedback loop in the mammalian circadian oscillator.

Within the SCN, the mammalian circadian clock consists of a negative feedback loop. A heterodimer of BMAL1 and
CLOCK binds to the E-box in the promoter regions of Cry and Per and initiate their transcription. CRY and PER
heterodimerize and are phosphorylated in order to translocate into the nucleus to halt their own transcription by
inhibiting BMAL1/CLOCK activation of gene transcription. PER is progressively phosphorylated and is targeted to the
proteasome for degradation. BMAL1:CLOCK activates the transcription of Ror and Rev genes. ROR and REV regulate
the expression of Bmall via interaction with a RORE. ROR activates the transcription of Bmall and REV inhibits
transcription. Clock genes (ccgs) are activated by the binding of CLOCK:BMAL1 to E-box regions of their promoters
and so are expressed in rhythm with the clock (Golombek and Rosenstein, 2010, Ko and Takahashi, 2006).
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reflected in SCN neuronal activity, since the Perl promoter activity reportedly correlates
with the spiking frequency of SCN neurons (Quintero et al., 2003), although see (Belle et al.,
2009).

1.3.2.2 lonic controls of SCN firing

SCN neurons fire action potentials spontaneously, with a firing rate between ~5-21
spikes/second (Thomson et al., 1984, Groos and Hendriks, 1979). Neurons within the
nocturnal rodent SCN exhibit a diurnal pattern of firing both in vivo (Inouye and Kawamura,
1979, Inouye and Kawamura, 1982) and in vitro (Green and Gillette, 1982, Shibata et al.,
1982, Groos and Hendriks, 1982), with a higher rate of spontaneous activity during the day
than during the night. During the day, SCN neurons are active and relatively insensitive to
excitatory stimulation, whereas, during the night, neurons are inactive and are most
responsive to excitatory stimuli (Meijer et al., 1998). In vitro studies have been
instrumental in understanding how ionic mechanisms maintain the spontaneous firing rate

within the SCN and determine the responses to stimuli.

Circadian oscillations in membrane potential have been proposed to underlie the circadian
rhythm in neuronal firing rate. These oscillations are autonomous and so do not rely on the
SCN network (Belle et al., 2009). During the day, SCN neurons are much more depolarised
(~11mV) than during the night, where the resting membrane potential (~-55mV) lies close
to the threshold for generating action potentials (Kuhlman and McMahon, 2004). SCN cells
also exhibit an increase in input resistance during the day vs. subjective night (Kuhlman and
McMahon, 2004). To maintain this spontaneous activity, intrinsic mechanisms must act to
depolarise the neuron membrane to threshold, fire an action potential and then return the
membrane to resting state so another spike can be fired. This is achieved in the SCN by the

interaction of multiple ion currents, which are discussed below.

49



1.3.2.3 Calcium

Calcium plays an important role in generating spontaneous firing in the SCN. Both L-type
and T-type calcium (Ca®*) channels are expressed in SCN neurons and function to maintain
the excitatory component of resting membrane potential (RMP) oscillations (Pennartz et
al.,, 1997, Jackson et al., 2004, Kononenko et al., 2004). L-type currents are larger in
daytime than night and provide the primary pacemaker current (Pennartz et al., 2002).
Indeed, replacing Ca®* with Ba®* disrupts the regular firing of SCN neurons (Thomson, 1984),
emphasising the importance of Ca®* in regulating spontaneous firing. Action potentials are
associated with the influx of calcium and larger daytime currents mean that there are
higher levels of Ca®* present in SCN neurons during the day, potentially facilitating a higher
rate of firing. Moreover, L-type Ca’*mediated subthreshold oscillations in membrane
potential have been characterised in the daytime but not in the night (Pennartz et al.,,
2002). Diurnal variation in Ca®* current means that it is a good candidate to link the
molecular clock to changes in firing rate. By contrast, T-type channels are not involved in
the generation spontaneous firing, and are instead thought to play important roles in the

SCN neuronal response to glutamate (Kim et al., 2005).

1.3.2.4 Sodium

Persistent Na* channels are expressed by almost all SCN neurons (Kononenko et al., 2004).
In vitro studies have shown that in dissociated SCN neurons, spontaneous depolarisation of
the cell membrane can be attributed to Na* when the membrane potential is between -60
and -40mV (Jackson et al., 2004). When blocked with riluzole, spontaneous activity is
abolished in some SCN neurons (Kononenko et al.,, 2004) indicating that these channels
play a role in maintaining RMP oscillations. However, riluzole resistant neurons still
exhibited low amplitude RMP oscillations when Na® current was blocked with TTX,
demonstrating that although these channels contribute to oscillations in RMP, the

persistent Na* current is not required for spontaneous firing (Kononenko et al., 2004).

A second Na’ channel involved in spontaneous firing is the hyperpolarisation-activated

cyclic nucleotide-gated (HCN) channels that are also responsible for the excitation of SCN
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neurons. When HCN channels open, Na* enters the cell and K* leaves, resulting in a slow
excitation of the membrane (Biel et al., 2009). Acute blockage of this depolarising current
has no effect on circadian pacemaking (de Jeu and Pennartz, 1997, Pennartz et al., 1997),
but sustained pharmacological blockade of HCN channels reduces the frequency of action
potentials during the day (Atkinson et al., 2011). Since SCN neurons typically fire more
during the day, these results indicate that HCN channels may play a role in depolarisation

of the membrane at high firing rates.

1.3.2.5 Potassium

Both Ca** dependent and Ca** independent K channels are involved in regulating the
interspike interval of spontaneous action potential firing (Thomson and West, 1990). There
are two Ca”** independent K* currents involved in spontaneous firing in the SCN, the rapid
activating and slowly inactivating fast delayed rectifier (FDR) current and the transient A-

type current (Bouskila and Dudek, 1995).

The FDR was the first demonstrated example of circadian regulation of an intrinsic voltage-
gated current in the mammalian SCN. The magnitude of the FDR current exhibits a
circadian rhythm that persists in constant darkness, with current peaking during the day
when SCN firing is higher (Itri et al., 2005). Pharmacological blockade of this current
prevents daily firing rate rhythms (Itri et al., 2005) and the removal of these channels
doubles the width of the action potential (Kudo et al., 2011). The FDR is therefore an
important part of the ionic generation and modulation of electrical rhythms in SCN

neurons.

The A-type current has also been implicated as a likely candidate to modulate spontaneous
firing in the SCN, by regulating the neuronal excitability and timing of action potentials
(Bouskila and Dudek, 1995, Alvado and Allen, 2008, Itri et al., 2010). The magnitude of the
type-A current exhibits a diurnal rhythm that persists during constant darkness and peaks
during the day (ltri et al., 2010), demonstrating a second voltage-gated current under

circadian control.
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Figure 1.6: lonic mechanisms controlling SCN spontaneous action potential firing during the day and night.
Adapted from Brown and Piggins (2007).

Durmg the night (left): The restlng membrane is more hyperpolarised than during the day due to the action
of K leak channels and BK K channels, rendering them less likely to fire action potentials (1). Spontaneous
SCN firing is dependent on the action of persistent Na channels which open at around at -60mV to begin to
depolarise the membrane (2). The depolarisation of the membrane opens L-type Ca2+ channels to further
depolarise the membrane (3). The duration of the action potential is controlled by Ca2+-dependent K+

2+
currents (FDR and A-type) which begin to repolarise the membrane (4). Ca independent channels further
repolarise the membrane (5). Following the action potential, the SCN experiences a brief period of

+ +
afterhyperpolarisation - TTX-sensitive, voltage-dependent Na channels (a persistent NA channel) and the
HCN begin to depolarise membrane, bringing it to threshold so another action potential can occur (6).

Durmg the day (right): The resting membrane is more depolarised during the day due to the suppression of
K leak channel and BK K channel activity. SCN neurons are therefore more likely to fire a spontaneous
action potential during the day (1). Spontaneous SCN firing is dependent on the action of persistent Na to
further depolarise the membrane (2). During the day, currents through L-type Ca2+ channels are enhanced,
eliciting faster depolarisation (3). Additionally both FDR and A- type K+ currents are greater duIing the day

triggering faster repolarisation of the membrane (4). The contribution of BK K channels to K currents is
reduced during the day reducing the duration of hyperpolarisation after the action potential (5). TTX-

+ +
sensitive, voltage-dependent Na channels (a persistent NA channel) and the HCN begin to depolarise
membrane, bringing it to threshold so another action potential can occur (6).
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Ca’*-dependent big potassium channels (BK channels) have a large conductance for K* and
are rhythmically expressed within the SCN (Panda et al., 2002, Meredith et al., 2006, Pitts
et al., 2006) and are a major contributor to the repolarisation of the membrane following
an action potential (Cloues and Sather, 2003). As discussed above, SCN neurons exhibit
diurnal rhythms in RMP and are much more depolarised during the day. BK channel
expression peaks in the middle of the night and so the contribution of the BK to outward K*
currents is much greater during the night (Pitts et al.,, 2006), contributing to
hyperpolarisation of SCN neurons and the suppression of spontaneous firing (Kent and

Meredith, 2008).

After each action potential, a SCN neuron enters a period of afterhyperpolarisation, caused
in part by the hyperpolarising BK channel conductance (Cloues and Sather, 2003).
Therefore almost all SCN neurons exhibit a prominent hyperpolarisation-activated
conductance, termed I, (Akasu et al., 1993), that causes a robust depolarisation of neurons
in response to hyperpolarisation (Jackson et al., 2004), enabling the neurons to return to

RMP.

The RMP is maintained by a class of two-pore-domain K* ‘leak’ channels (K2P, TASK and
TREK channels) that are active across the whole voltage range of a neuron (Mathie, 2007,
Bayliss and Barrett, 2008). K2P channels are encoded by the KNCK gene family. The
transcripts Kcnk1 and Kcnk2 are expressed within the SCN (Kononenko et al., 2008, Colwell,
2011), with Kcnk1 being rhythmically expressed (Panda et al., 2002). Their patterns of
expression would implicate them in contributing to the nightly hyperpolarisation of SCN

neurons (Panda et al., 2002, Colwell, 2011).

One other channel that contributes to maintenance of the RMP in SCN neurons is the
Na’/K" ATPase pump, which hydrolyses ATP to transport 3Na® out of the cell per 2K in,
resulting in hyperpolarisation of the cell membrane. A diurnal rhythm has been identified in
the activity of this pump in the SCN, with greater activity occurring during the day (Wang
and Huang, 2004, Wang and Huang, 2006).
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The ionic mechanisms underlying SCN spontaneous action potential firing during the day

and night are summarised in figure 1.6.

1.3.3 Functional divisions of the SCN network

As discussed, the SCN have traditionally been divided into two distinct subregions: core and
shell. These are can be identified by the expression of certain neuropeptides. The SCN core
is characterised by the presence of vasoactive intestinal polypeptide (VIP) and gastrin
releasing peptide (GRP) neurons (Card and Moore, 1984, Moore and Silver, 1998, Antle and
Silver, 2005, van den Pol and Tsujimoto, 1985) and is traditionally considered as the input
region of the SCN, receiving the densest retinal, serotonin (5-HT) and IGL innervation. The
core also contains calbindin cells that are considered to play a critical role in cell to cell

synchronisation across the whole nuclei (Yamaguchi et al., 2003, Antle and Silver, 2005).

In the SCN shell, neurons are smaller with less cytoplasm (Van den Pol, 1980). This area is
characterised by the presence of arginine vasopressin (AVP), angiotensisn Il (All) and
calretinin neurons (Golombek and Rosenstein, 2010). The shell receives input from the
hypothalamus, the ventrolateral SCN and the limbic system and has traditionally been
considered as portion of the SCN responsible for sending rhythmic output to other brain

regions (Hamada et al., 2004, Yan and Okamura, 2002).

1.3.3.1 Cell types within the SCN

Although multiple neurotransmitters are present within the SCN, GABA is the only one that
is produced or received by almost all SCN neurons (Okamura et al., 1989, Moore and Speh,
1993, Liu and Reppert, 2000). There is ample evidence to suggest that GABA plays an
important role in circadian time-keeping as GABA agonists can shift the circadian clock
(Ralph and Menaker, 1989) and GABA antagonists can block phase-shifts induced by light
and drug application (Smith et al., 1990). These GABA-induced phase shifts are mediated by
the GABA, receptor (Liu and Reppert, 2000). However, despite its abundance, and a clear

role in circadian photoentrainment, the role of GABA within the SCN remains complex.
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GABA is generally known as an inhibitory neurotransmitter in the CNS, and although
exclusively inhibitory responses have been found in the SCN (Liu and Reppert, 2000,
Gribkoff et al., 1999, Gribkoff et al., 2003), there is conflicting evidence that suggests that
GABA can have both inhibitory and excitatory effects on SCN firing (Wagner et al., 1997, De
Jeu and Pennartz, 2002, Choi et al., 2008).

These GABA driven excitatory responses were first reported to occur only during the day
(Wagner et al.,, 1997). Later, De Jeu and Pennartz (2002) demonstrated in the rat that
although the number of excitations was small during the daytime (>90% of SCN neurons
were inhibited by GABA), during the night levels of GABA-induced excitations and
inhibitions were approximately equal. Choi et al (2008) also reported that although GABA
primarily inhibited SCN neurons at all times of the day in the mouse, the proportion of

excited neurons was much greater during the night.

The response of an SCN neuron to GABA acting at the GABA, receptor is primarily
determined by the intracellular chloride concentration (Alamilla et al., 2014, Choi et al.,
2008). Indeed, the Na*/K*/2CI" (NKCC) cotransporter is essential for excitatory responses to
GABA as inhibitors of this ion channel block excitatory responses in the SCN (Choi et al.,
2008). NKCC1 is expressed in the SCN and transports Cl into the neuron. In the rat, the
expression of this channel is upregulated during the night in the dorsal SCN so that it is
two-fold higher than in the daytime (Choi et al., 2008). This would raise intracellular CI" and
elicit more excitatory responses from the SCN (Alamilla et al., 2014) during the night,

supporting the findings above.

GABA has also been shown to synchronise the rhythms of SCN neurons in culture (Liu and
Reppert, 2000, Albus et al., 2005), although intrinsic synchrony in higher density cultures
can persist during chronic blockade of GABAergic signalling within the SCN. However, other
studies report contrasting evidence and demonstrate that GABA acts to oppose synchrony

within the SCN (Aton et al., 2006, Freeman et al., 2013).
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Taken together, these findings implicate a complex role for GABA in the synchronisation
and responses of SCN neurons. Moreover, GABAergic SCN cells are known to co-express a
variety of neuropeptides (including the three major populations outlined below: VIP, GRP
and AVP). It is so far unclear what triggers co-release or how these various neurochemical
signals interact to control circadian timing. Further study using the latest generation of
tools for targeted cell stimulation and recording will be required to address these

unresolved issues.

1.3.3.1.1 Vasoactive intestinal polypeptide (VIP)

VIP is densely expressed retinorecipient regions of the SCN reaching from the ventrolateral
SCN, medially until it reaches the third ventricle (lbata et al., 1989, Morin et al., 2006).
Extracellular recordings carried out in SCN slices showed that VIP suppresses 75% of SCN
neurons in the subjective night (Reed et al., 2002) and that VIP induces phase shifts in SCN
firing activity similar to those seen upon RHT stimulation (Reed et al., 2001). VIP
microinjections into the SCN also elicits phase shifts in locomotor rhythms in a circadian
time-dependent manner (Piggins et al., 1995). Taken together, these data suggest that VIP

is involved in the photic resetting of the circadian clock.

Although the VIP receptor (VPAC,) is expressed in many brain regions, expression is
particularly dense within the SCN (An et al., 2012). Therefore it is unsurprising that VIP and
its receptor (VPAGC,) play an important in the synchronisation of SCN cells (Aton et al., 2005,
Hughes et al., 2008, Brown et al., 2005, Brown et al., 2007). Mice lacking VPAC, exhibit a
continuum of behavioural locomotor rhythms, ranging from completely arrhythmic to
weakly rhythmic (Brown et al., 2005, Hughes and Piggins, 2008). In Vvitro
electrophysiological experiments show that individual SCN neurons also display this
continuum of rhythms (Brown et al., 2005), with Individual VIP” or VPACZ"/" SCN neurons
tending to exhibit lower amplitude rhythms and impaired intercellular synchrony relative to
wildtype cells (Colwell et al., 2003, Cutler et al., 2003, Brown et al., 2005, Brown et al.,
2007, Maywood et al., 2006, Hughes et al., 2008). Electrophysiological data also shows that

VPACZ'/' neurons exhibit a lower peak firing than WT neurons (Cutler et al., 2003, Brown et
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al., 2005), although daily mean firing rate is unchanged (Aton et al., 2005, Brown et al.,
2005).

The general impairments in SCN function seen in individuals lacking the VIP signalling
therefore reflect an ability of SCN neurons to effectively gate their activity so that peak
firing occurs only at specific points in the circadian cycle. There is a close association
between light-induced changes in behaviour and the induction of clock- gene expression in
the SCN (Yan and Silver, 2002). This change in gating could therefore affect the expression
of clock genes essential for maintaining circadian rhythmicity. Indeed, VIP deficient mice do
show altered patterns in light-induced gene expression in both the subjective day and night
(Dragich et al., 2010). Additionally, VPAC,” mice exposed to light in the day show a
significant increase in SCN Fos induction (Hughes et al., 2004) indicating that VIP and its

receptor are required for appropriate gating of light input into the circadian clock.

1.3.3.1.2 Gastrin-releasing Peptide (GRP)

GRP is produced in cells within the ventrolateral SCN and can be found co-localised with
VIP in the same neurons (Albers et al., 1991). It is therefore unsurprising that GRP and VIP
signals appear partially interchangeable, with in vitro application of exogenous GRP acting
to promote rhythmicity in the SCN of mice lacking the VIP receptor (Brown et al., 2005,
Maywood et al., 2006).

GRP binds to the BB, receptor located in the dorsal and medial regions of the mouse SCN
(Aida et al., 2002, Karatsoreos et al., 2006), inducing an increase in neuronal activity (Tang
and Pan, 1993) in approximately 50% of SCN cells (Piggins and Rusak, 1993). While
disruption of GRP signalling in wildtype mice has few effects on SCN neuronal firing
rhythms (Brown et al., 2005), microinjection of GRP into the hamster SCN triggers a phase
shift in locomotor activity similar to that of light (Piggins et al., 1995), suggesting that GRP

plays a role in photic entrainment.
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The specific mechanisms underlying the phase shifting action of GRP are unknown,
however, antagonists of NMDA receptors blocks such shifts, suggesting that part of this
mechanism may involve glutamate release within the SCN (Kallingal and Mintz, 2006).
Moreover, in line with its phase shifting actions, in vivo microinjection of GRP into the SCN
during the late subjective night induces Perl expression throughout the SCN, including
AVP-expressing neurons (Gamble et al.,, 2007) and calbindin cells (Antle et al., 2005).
Blockage of action potentials using TTX reduces Perl induction within AVP neurons but not,
apparently, in other cells (Gamble et al., 2007), suggesting that GRP phase shifts may

involve both spike dependent and independent signalling pathways.

Taken together, these data suggest that GRP acts alongside VIP to communicate temporal

information across the SCN network.

1.3.3.1.3 Arginine vasopressin (AVP)

Neurons expressing arginine vasopressin (AVP) are located within the dorsomedial or ‘shell’
division of the SCN (Abrahamson and Moore, 2001, Morin et al., 2006). In the mouse, only
a subset of these receive innervation from the retina (Lokshin et al., 2015). There are 1.8
times the number of AVP-positive SCN neurons in the day than are present in the night and
the cells are 1.4 times as large (Hofman and Swaab, 1994). In particular, the volume and
number of AVP cells peaks in the early morning and are lowest in the middle of the night
(Hofman and Swaab, 1994). Consequently AVP release is under circadian control, occurring
at higher levels during the subjective day than during the subjective night in vivo (Schwartz
et al., 1983, Schwartz and Reppert, 1985) and in vitro (Earnest and Sladek, 1986). In line
with this data, In vitro studies in hamster SCN slices have demonstrated that the rhythm of

AVP release precedes that of SCN neuronal firing (Gillette and Reppert, 1987).

AVP has an excitatory effect on SCN neurons (Liou and Albers, 1989), with the majority of
cells (75%) responding during the night and a smaller proportion responding in the day
(25%). Responses of SCN neurons to exogenous AVP are mediated by V;-type receptors,

however, blockage of V, receptors has no effect on the output of SCN neurons at any time
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during the day/night cycle (Liou and Albers, 1989, Mihai et al., 1994) appears then that
rhythmic AVP release/signalling is not essential for the rhythms in spontaneous firing seen
in the cells of the SCN. Surprisingly, however, it does appears that mice lacking V;-type
receptors exhibit larger light-evoked phase shifts than wildtype mice, suggesting that
feedback from AVP neurons may act to stabilise the SCN network against external

perturbation (Yamaguchi et al., 2013).

Moreover, AVP cells themselves contain an inherent oscillator and recent data indicates
that these inherent molecular rhythms are important determinants of mouse behavioural
rhythmicity. Hence, the removal of the Bmall clock protein in AVP neurons lengthens the
free-running period and active time of behavioural rhythms, a phenotype which is absent in
AVP deficient mice (Mieda et al., 2015), indicating that output from AVP cells provides a
major drive to circadian output rhythms. Consistent with this view, mice lacking the AVP
receptor V1a have attenuated circadian rhythms (Li et al., 2009), indicating that oscillations

in AVP could be involved in generating high amplitude rhythms in the SCN .

The surgical separation of ‘core’ and ‘shell’ desynchronises cells in the AVP-rich shell region
(Yamaguchi et al., 2003), emphasising that AVP neurons require input from VIP/GRP
neurons to maintain coordinated rhythmicity. Synchronised circadian output therefore
involves all three of these neurotransmitters (VIP, GRP and AVP) and communication
between the ventrolateral ‘core’ (VIP/GRP) and dorsomedial ‘shell’ (AVP) divisions, with VIP

providing the primary synchronisation cue within the SCN (Maywood et al., 2011).

1.3.4 Sensory input to the SCN

Although the SCN network is capable of generating its own circadian rhythm, it must be
correctly aligned with the environment in order to ensure that physiological processes are
occurring at the appropriate time of day. As discussed above, light detected by the retina is
the principal entrainment signal used by the SCN. However, this photic information must be
delivered from the retina to the SCN. Hence, the SCN is at the centre of an interconnected

network of brain regions that all contribute in modulating the phase of the circadian clock.
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The contributions of these brain regions are discussed below and are summarised in Figure

1.8.

1.3.4.1 The Retinohypothalamic tract

The retinohypothalamic tract (RHT), a projection of the optic nerve, is the main input
pathway to SCN from the retina: if transected, circadian photoentrainment is lost (Johnson
et al., 1988a). In the mouse, the RHT is bilaterally symmetrical and unlike in the rat and
hamster (Muscat et al., 2003, Johnson et al., 1988b), there is no observed SCN region
where input from either eye predominates. Input from each eye is therefore equal across
each of the SCN (Morin et al., 2006). Moreover, based on work indicating that the RHT
projects across the whole of the mouse SCN (Morin et al., 2006), original suggestions that
innervation is restricted to the SCN ‘core’ in this species (Dai et al., 1998) have now been
rejected (Hattar et al., 2006). In fact however, a recent study does show some evidence of
anatomical specificity to the mouse RHT (Lokshin et al., 2015). Thus, the area of the mouse
SCN receiving the densest innervation from the RHT is the ‘core’ region (VIP+/GRP+), the
shell containing AVP+ve neurons receives moderate RHT innervation and the outermost

shell and rostral AVP-ve containing regions of the SCN have few detectable RHT terminals.

1.3.4.1.1 Glutamate

Glutamate is present in the terminals of the RHT (de Vries et al., 1993, Castel et al., 1993)
and stimulation of the optic nerve triggers glutamate release in SCN slices (Liou et al.,,
1986), demonstrating that glutamate transmits photic signals from the eye. SCN neurons
express multiple receptors to detect glutamate: ionotropic N-methyl-D-aspartate (NMDA),
a-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) and kainite-type receptors, as
well as metabotropic (GPCR) glutamate receptors (Meeker et al., 1994, Ebling, 1996). In
vitro application of ionotropic glutamate receptor (NMDA) agonists elicit excitatory
responses in SCN neurons (Bos and Mirmiran, 1993, Schmahl and Bohmer, 1997) and light
(in vivo) or stimulation of the RHT (in vitro) produces excitatory responses in SCN neurons

that can be significantly reduced by ionotropic glutamate receptor agonists (Cahill and
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Menaker, 1989, Kim and Dudek, 1991, Cui and Dyball, 1996), demonstrating that glutamate

primarily signals to SCN neurons through AMPA/NMDA receptors.

Light induced phase shifts in locomotor activity seen in photoentrainment studies (Van Den
Pol et al., 1998) can be mimicked by in vitro application of either glutamate or NMDA (Ding
et al.,, 1994, Shibata et al., 1994, Shirakawa and Moore, 1994). Conversely, these
behavioural shifts can be blocked by NMDA antagonists (Colwell et al., 1990, Colwell et al.,
1991, Vindlacheruvu et al., 1992, Rea et al., 1993), indicating that glutamate is indeed the
principal neurotransmitter mediating photoentrainment and NMDA receptors are

responsible for phase shifting behaviour to photic stimuli.

As indicated in Figure 1.1, phase shifting responses to light are gated by the circadian clock,
with a photic stimulus having no effect on circadian locomotor rhythms during the day and
driving phase delays or advances during the subjective night. Similarly, at the cellular level,
NMDA receptor-driven Ca®" influx in SCN neurons is markedly increased during the night,
suggesting a possible source of the phase-dependent sensitivity of SCN neurons to
light/glutamate-induced shifting (Cui and Dyball, 1996, Colwell, 2001, Pennartz et al.,,
2001).

Indeed, this increase in the concentration of intracellular Ca** is essential for light-induced
phase shifting. The mechanisms by which Ca®* levels are raised differ between the early and
late subjective night, however. In the early subjective night (where light induces phase
delays), T-type voltage gated Ca® channels assist in raising intracellular Ca** (Kim et al.,
2005). Calcium levels are then further raised through the action of ryanodine receptors
(RyR). RyRs are present in neurons and regulate the release of Ca”* from intracellular stores
(McPherson et al., 1991). As such pharmacological activation of RyRs induces glutamate-
like delays, but only during the early subjective night. Similarly, RyR inhibitors block
glutamate-induced phase delays but not phase advances (Ding et al., 1998, Kim et al.,
2005). By contrast, in the late subjective night, it is L-type voltage gated Ca”" channels that
assist in raising intracellular Ca**. These differences in intracellular Ca®* may allow the
modulation of different signalling pathways to generate appropriate phase delays and

advances.
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Increases in intracellular Ca** associated with NMDA receptor activation (and/or
downstream spiking responses) also lead to the activation of Ca**-calmodulin-dependent
kinase Il (CaMKIl), which in turn activates neuronal nitric oxides synthase (NOS) (Agostino
et al., 2004). NOS facilitates the production of neuronal nitric oxide (NO) from L-arginine
(Bredt and Snyder, 1992, Bredt et al., 1990, Garthwaite, 1991, Vincent and Hope, 1992)
and, consequently, the activation of guanylyl cyclase that increases the level of cGMP (Ding
et al., 1994, Bredt et al., 1990). The NO-cGMP pathway activates protein kinase G (PKG)
which phosphorylates CREB. Phosphorylated CREB (p-CREB) then activates transcription of
light responsive genes such as c-fos and Perl/Per2. Importantly, Inhibition of cGMP-
dependent PKG blocks glutamate induced phase advances, but not delays, indicating that
the NO-cGMP pathway mediates phase shifting only during the late subjective night (Ding
et al., 1994, Weber et al., 1995, Mathur et al., 1996). Activated CaMKII also mediates CREB
phosphorylation directly (Golombek and Ralph, 1995) and indirectly via the
phosphorylation of regulated kinase 1/2 ERK (Nomura et al., 2006) to activate transcription

of light responsive genes such as c-fos and Per1/Per2.

Phase delays in the early subjective night instead involve the action of the cAMP and
PKA. Light/glutamate raises cCAMP levels but cAMP/PKA agonists do not mimic the action
of light, indicating that another signal is needed alongside raised cAMP levels (Tischkau et
al., 2000). Activation of this pathway enhances glutamate-stimulated phase shifts in early
night but blocks photic shifting in the late night (Tischkau et al., 2000). The cAMP/PKA
system alters the state of signalling pathways based on time of activation and therefore
contributes to the gating of photic shifting by enhancing the effects of glutamate in the
early night and opposing glutamate actions in the late night. PKA itself also phosphorylates

CREB to activate the transcription of light responsive genes (Motzkus et al., 2007).

Even though the signalling pathways involved in glutamatergic photic resetting begin
differently (due to either different sources or concentrations of Ca”'), they have common
features such as, the generation of nitric oxide by NOS and subsequent phosphorylation of
ERK. Both pathways ultimately alter the expression of the clock genes Perl/Per2,

modulating circadian phase. However, although glutamate is a major player in the
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regulation of circadian phase by light, other neurotransmitters also contribute to this

mechanism as discussed below.

1.3.4.1.2 Pituitary adenylyl cyclase activating peptide

Pituitary adenylyl cyclase activating peptide (PACAP) is a second neurotransmitter found in
RHT terminals (Hannibal et al., 1997), co-localised with glutamate (Hannibal et al., 2000).
PACAP can act on three receptors that are expressed within the SCN: the PAC, receptor
which is specific for PACAP and, because PACAP is similar in structure to VIP, also VPAC,
and VPAC, receptors (Harmar et al., 1998). Multiple studies have demonstrated the role of
PACAP in photic entrainment via its interaction with the PAC; receptor (Chen et al., 1999,
Harrington et al., 1999, Nielsen et al., 2001, Kawaguchi et al., 2003, Colwell et al., 2004,
Hannibal et al., 2001).

Mice lacking either PACAP or the PAC; receptor have altered responses to photic
stimulation at night (Hannibal et al., 2001, Kawaguchi et al., 2003, Colwell et al., 2004,
Hannibal et al., 2008). Although studies have indicated much variety in the phase shifting
responses of mice lacking PACAP signalling (Hannibal et al., 2001, Kawaguchi et al., 2003,
Colwell et al.,, 2004, Hannibal et al., 2008), experiments investigating rhythmic gene-
expression (Hannibal et al., 2001) and behavioural studies (Hannibal et al., 2008) have

indicated that PACAP is less important in regulating phase advances than phase delays.

The PACAP-mediated signalling pathways involved in the regulation of light responsive
genes are not well characterised. All three of the PACAP/VIP receptors belong to the GPCR
family (Vaudry et al., 2000). Upon binding at the PAC; receptor, multiple transduction
pathways are activated. Two divergent GPCR signalling pathways have been the most
extensively studied: the Gas, cAMP/Protein Kinase A (PKA) signalling pathway and the Gayq,

inositol 1,4,5 tri-phosphate (IP3)/phospholipase C (PLC) pathway
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In vitro application of PACAP in high concentrations phase advance SCN rhythms in firing
rate during the day in both the rat (Hannibal et al., 1997) and hamster (Harrington et al.,
1999). However, although these experiments use high PACAP concentrations, PACAP has
more light-like effects at micromolar concentrations (Harrington et al., 1999). The phase
advancing action of PACAP involves the cAMP/PKA-mediated pathway (Hannibal et al.,
1997). Adenylate cyclase (AC) is associated with PAC; at the cell membrane, and becomes
activated upon neuropeptide binding. AC raises the levels of intracellular cAMP which in

turn activates PKA, leading to CREB phosphorylation and regulation of gene expression.

The second GPCR pathway activated by PACAP is the IPs/PLC pathway which triggers Ca®*
release from internal stores (Tanaka et al., 1997, Tanaka et al., 1996, Hamada et al., 1999a)
to increase intracellular Ca®*. There are two isoforms of the IP; receptors present in the
SCN, type | and type lll, which are expressed in a circadian fashion and peak during the
early and late subjective night respectively (Hamada et al., 1999b) to photic-type phase-
resetting. Moreover, PACAP is also known to potentiate L-type Ca**channel conductance,
further increasing levels of intracellular calcium during the late evening (Dziema and

Obrietan, 2002, Tanaka et al., 1996).

Application of PACAP in primary cell cultures has contrasting modulatory effects on
glutamate signalling (Kopp et al., 2001). Although PACAP has no direct influence on the
activation of NMDA receptors directly it amplifies glutamatergic signalling via the activation
of AMPA/kainate receptors, which gate NMDA receptor ion channels. Activation of
AMPA/kainate receptors activates the NMDA-receptors to increase Ca** influx. PACAP also
seems to reduce calcium increases elicited by glutamate acting on metabotropic (mGLuUR)

receptors

As depicted in figure 1.7, PACAP thus acts cooperatively with glutamate to regulate
changes in circadian phase, impinging on many of the same signal transduction pathways
that influence the clock. This mechanism of interconnecting signalling pathways has been
identified via the application of neuroactive peptides and elucidated from observations of
cellular responses. However, the extent to which the processes described above are a

general feature of the photic resetting pathway in individual cells (or whether particular
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Figure 1.7: General transduction mechanisms of glutamate and PACAP signalling in the SCN.

Glutamate activates NMDA receptors to trigger an influx of Ca”™. This increase intracellular calcium is
augmented by the action of voltage-gated L- type Ca2+ channels and release of Ca” from stores via
ryanodine receptors (RyR). Increased intracellular Ca” leads to the activation of diverse transduction
cascades. Calmodulin kinase Il (CaMKIl) directly phosphorylates CREB and contributes to the cGMP/PKG
pathways also leading to CREB phosphorylation. PACAP contributes to raising intracellular Ca”" levels via the
activation on IP; and also to the phosphorylation of CREB via the cAMP/PKA. Phosphorylated CREB (p-CREB)
activates the transcription of Per1/Per2 genes by binding to a CRE element in their promoter regions.

Downstream from CaMKII/NOS there is a second stage of gating that is poorly understood. There is
evidence to suggest specific pathways are activated for causing phase advances and delays. In the early
night (where we see phase delays) ryanodine receptors (RyR) are responsible for calcium mobilisation.
Pathways involved in phase delays are represented by blue arrows. In the late night (where we see phase
advances: represented by red arrows) the NO-cGMP pathway activates protein kinase G (PKG). Pathways
involved in phase advances are represented by red arrows.

Adapted from Hannibal (2006); Brown and Piggins (2007); Golombek and Rosenstein (2010).
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aspects of the pathway are more or less important for specific cells types) remains to be
determined. For example, not all SCN cells receive retinal input and so these must
presumably rely on the release of GABA and/or neuropeptides for other SCN cells for

photic resetting. As indicated above, VIP and GRP have both been implicated in such a role.

Therefore PACAP/glutamatergic signalling from the RHT, and consequent increase in
intracellular calcium, triggers VIP/GRP release in retinorecipient neurons. VIP and GRP
(presumably among other signalling molecules) then transmit this photic signal to non-
retinorecipient SCN neurons. In line with this view, in VIP-deficient mice, there is a 30%
reduction in RHT-induced increases in intracellular Ca®* within the dorsal SCN region

targeted by such cells (Vosko et al., 2015).

1.3.4.2 The Intergeniculate Leaflet

In addition to direct retinal input to the SCN via the RHT, the SCN also receives sensory
information from the Intergeniculate leaflet (IGL), via the geniculohypothalamic tract (GHT)
(Moore and Card, 1994). The GHT originates in neurons throughout the IGL (Card and
Moore, 1989), providing a primarily ipsilateral projection that terminates in the same area
of the SCN as the RHT (Harrington et al., 1985, Card and Moore, 1989). Despite this
anatomical proximity, it is still largely unclear whether GHT input directly influences
retinorecipient SCN neurons. Moreover, as discussed below, IGL cells exhibit a range of
sensory properties, and it is so far unclear which of these functionally defined cell types

contribute to the GHT.

Consistent with anatomical data indicating dense ipRGC projections to the IGL (Hattar et
al., 2006), electrophysiological studies have shown that at least 50% of IGL neurons exhibit
sustained ON responses to retinal illumination (Harrington and Rusak, 1989, Howarth et al.,
2014). Thus, similar to SCN neurons, many IGL cells encode irradiance (Harrington, 1997).
Of note, however, IGL cells show much more pronounced responses to low light levels
(Brown et al, 2011; Howarth et al 2014). IGL neurons are also known to exhibit various

kinds of binocular interaction, including the presence of cells that selectively respond to
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interocular differences in irradiance (Harrington and Rusak, 1989, Howarth et al., 2014),
and previous work suggests that a subset of IGL neurons in birds are colour sensitive
(Maturana and Varela, 1982). The IGL could therefore transmit a wide variety of signals to

the SCN, including essential irradiance information used for determining time of day.

In line with the idea that the IGL is involved in regulating the sensory properties of the
circadian system, behavioural studies have shown that lesions to the IGL affect circadian
locomotor rhythms, inhibiting the period-lengthening effects of constant light (Harrington
and Rusak, 1986). IGL-lesioned hamsters also exhibit smaller phase advances and larger
phase delays to photic stimulation (Pickard et al., 1987), and lengthened free-running
periods in constant darkness (DD) (Pickard, 1994). Taken together, this data indicates that
IGL neurons have some involvement in the circadian light response and assist in adjusting
circadian phase; however, IGL- lesioned animals do still entrain to LD cycles, suggesting that

the IGL is not essential for photic entrainment.

Although photic information from the retina is the primary entrainment signal, other non-
photic cues such as feeding cycles (Edmonds, 1977, Abe et al., 2007), temperature
(Refinetti, 2010, Refinetti, 2015), behavioural activity (such as wheel running) (Dudley et
al., 1998) and arousal or sleep-deprivation (Grossman et al., 2000) can interact with and
often antagonise the effects of light in a phase dependent manner. Although this thesis
focusses on photic input to the circadian system, it must be noted that the IGL is one
possible route for this information to reach the SCN as it receives serotonergic innervation
from the dorsal raphé nucleus (DRN), a brain area associated with transmitting arousal-
related information (Meyer-Bernstein and Morin, 1996, Vrang et al.,, 2003). The GHT
therefore modifies the signal from the retina and the DRN to transmit an integrated signal
to the SCN for entrainment (Lewandowski and Usarek, 2002). The contributions of the

raphé nuclei to the circadian network are discussed below.
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1.3.4.2.1 IGL neuronal subtypes

The IGL can be divided into two distinct subsets of neurons that can be distinguished by
their expression of neuropeptides and areas of innervation. All IGL neurons express the
neurotransmitter GABA, however, neurons projecting to the SCN are co-localised with
neuropeptide Y (NPY) and neurons projecting to the contralateral IGL co-localise with the
neurotransmitter Enkephalin (ENK) (Moore and Speh, 1993, Blasiak and Lewandowski,

2013).

NPY is co-expressed alongside GABA in the neurons of the GHT (Moore and Speh, 1993).
NPY neurons form a dense plexus in the SCN core (Harrington et al., 1985) overlapping with
retinal efferents, implicating NPY in having a role in modulating photic-input to the clock.
Consistent with this view, microinjection of NPY into the SCN during the subjective day in
vivo (before activity onset in hamsters) elicits phase advances in locomotor activity, that
persist under both constant light and constant darkness (Huhman and Albers, 1994). In
vitro studies of NPYs phase shifting actions in the SCN produce very similar results (Shibata
and Moore, 1993, Gribkoff et al., 1998, Soscia and Harrington, 2005, Belle et al., 2014).
Moreover, electrical stimulation of the GHT also produces a similar pattern of phase
resetting (Rusak et al., 1989), implying that the pharmacological actions of NPY highlighted

above most likely reflect a genuine physiological action of NPY cells in the IGL.

The identical action of NPY in both LL and DD (Huhman and Albers, 1994) is consistent with
the idea that NPY can both oppose light-induced phase shifting and communicate non-
photic information to the SCN. Such a role is also supported by the pattern of efferent
projections to the IGL including, photic input from the retina (Hattar et al.,, 2006) and
arousal-related input from the raphé nuclei (Meyer-Bernstein and Morin, 1996, Vrang et
al., 2003). Indeed, injections of NPY have been shown to elicit phase shifts in the SCN that
mimic those generated by non-photic stimuli during the subjective day, but not during the
subjective night (Biello et al., 1997). These NPY-induced phase shifts can be attenuated in
vivo by subsequent light exposure (Biello and Mrosovsky, 1996) and can be blocked in vitro
by the application of glutamate (Biello et al.,, 1997). Conversely, glutamate, a

neurotransmitter involved in transmitting photic signals to the SCN (discussed above),
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elicits phase shifts during the subjective night but not during the subjective day, that can
subsequently be blocked by application of NPY (Biello et al., 1997). Therefore clear
evidence exists of antagonistic signals from the retina and the IGL, acting at the level of the
SCN. Additionally, NPY also modulates other SCN signalling pathways associated with
photic transmission, attenuating in vitro phase-shifts induced by NMDA during the
projected night (Yannielli and Harrington, 2001, Soscia and Harrington, 2004) and blocking
PACAP receptor activation (Harrington and Hoque, 1997) during the projected day. This
obvious interaction between photic and NPY input to the SCN, demonstrates a clear role

for the IGL in modulating the SCN responses to light.

In line with its ability to shift the phase of the circadian clock, NPY also has been
demonstrated to alter the firing rate of SCN neurons in a phase-dependent manner. SCN
neurons are more sensitive to NPY during the subjective day (Liou and Albers, 1991, Mason
et al.,, 1987). Although one study has reported excitatory actions of NPY (Mason et al.,
1987), most studies report the NPY exerts primarily suppressive effects on SCN neuronal
firing (Albers et al., 1990, Liou and Albers, 1991, Cutler et al., 1998, Gribkoff et al., 1998,
Belle et al., 2014).

Given that NPY cells are located within the visual thalamus, and has been implicated in
modulating photoentrainment, it is surprising that there does not appear to be direct
retinal input to cells expressing NPY in the IGL (Thankachan and Rusak, 2005, Morin, 2013),
although conflicting evidence exists to dispute this (Takatsuji et al., 1991). Functional
studies, paint a similarly conflicting picture: hence, NPY- expressing neurons do not exhibit
any signs of light-induced c-Fos expression (Juhl et al.,, 2007) while IGL neurons
antidromically activated from the SCN have been reported to show a variety of responses
to retinal illumination including ON excitations, antagonistic responses to binocular
stimulation or light-supressed firing (Harrington and Rusak, 1989, Blasiak and
Lewandowski, 2013). It is worth noting however that these studies of antidromically
activated cells did not sample from large numbers of cells or perform very extensive
sensory characterisation. At present then, we must therefore be cautious in attributing

transmission of photic information to the SCN to solely NPY neurons.
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A second population of cells within the IGL express the neurotransmitter ENK alongside
GABA. These cells form reciprocal projections to the contralateral IGL (Card and Moore,
1989, Mikkelsen, 1992, Moore and Card, 1994) and are a distinct population from those
that innervate the SCN (Pickard et al., 1987, Moore and Speh, 1993, Blasiak and
Lewandowski, 2013). Unlike NPY cells, these ENK-cells do exhibit light-induced c-fos (Juhl et
al.,, 2007) and display sustained excitatory responses to light (Blasiak and Lewandowski,
2013). The action of these contralateral-projecting cells is, apparently, to supress firing of
the opposing IGL (Zhang and Rusak, 1989) and may thus underlie the ability of some IGL
cells to detect difference in inter-ocular irradiance (Howarth et al., 2014). Accordingly,
although such cells do not directly give rise to the GHT, these commissural projections

could potentially still play some role in shaping sensory signals provided to the SCN.

1.3.4.3 The Olivary Pretectal Nucleus

The OPN is most commonly known for its involvement in the mediation of the pupillary
light reflex (PLR). It receives direct innervation from the retina and the neuronal firing rate
of OPN cells is directly related to light intensity (Campbell and Lieberman, 1982, Allen et al.,
2011). Hence, in the dark, the firing rate of OPN cells is very low and upon illumination the
neurons increase their firing rate to a ‘tonic ON’ state which remains steady for the entirety
of a given stimulus (Trejo and Cicerone, 1984). If the brightness of the light stimulus is
increased, the tonic firing rate of OPN neurons increases, driving a proportional change in
pupil size (Clarke and lkeda, 1985). Insofar as this change in pupil size naturally reduces the
amount of retinal illumination available to drive any kind of visual response, these
luminance coding cells in the OPN must indirectly modulate sensitivity of the circadian

system.

As indicated above, the OPN is a major target of ipRGCs (Hattar et al., 2006) and is
innervated by both M1 and M2 ipRGCs (Baver et al., 2008). OPN neurons therefore receive
substantial input from both melanopsin and outer retinal photoreceptors. Rodless/coneless
mice retain the sustained components of the OPN light response, demonstrating that
melanopsin plays a major role in the irradiance encoding ability of the OPN and

consequently controls the level of tonic pupil constriction (Lucas et al., 2001, Allen et al.,
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2011). In contrast, cone signals are generally considered to provide the primary source of
information about rapid changes in light intensity, responsible for early phases of the pupil
response (Lucas et al.,, 2003, Lall et al., 2010, Allen et al., 2011). There is also data
suggesting that, in primates cones provide a yellow-ON/blue-OFF input to the OPN (Dacey
et al., 2005, Spitschan et al., 2014). In contrast, data from mice suggest that strongly S-
opsin biased cones in fact drive relatively sustained pupil constriction (Allen et al., 2011),
suggesting that if chromatic information is used to regulate the mouse pupil this most likely

come in the form of a blue-ON signal.

Interestingly, the OPN possesses anatomical connections to the SCN (Moga and Moore,
1997) and the IGL (Moore et al., 2000). Accordingly, lesions of the pretectum reportedly
attenuate light-evoked phase shifts (Marchant and Morin, 1999). Although the nature or
properties of the OPN cells innervating these regions are currently unknown, it appears
then the OPN provides another route via which photic signals may influence

photoentrainment (aside from the indirect influence of regulating pupil constriction).

1.3.4.4 The Raphé nuclei

The SCN is innervated by serotonin (5-HT) neurons that project from the raphé nuclei and
terminate in the VIP+ region of the SCN (Meyer-Bernstein and Morin, 1996, Moga and
Moore, 1997, van Esseveldt et al., 2000). The origin of serotonergic input varies by species.
In the hamster, the SCN receives 5-HT input directly via the median raphé nucleus (MRN)
and indirectly via the IGL from neurons that originate in the dorsal raphé nucleus (DRN)
(Meyer-Bernstein and Morin, 1996, Leander et al., 1998). Whereas, in the rat, 5-HT
innervation of the SCN arises from both the MRN and DRN although, similar to in the
hamster, the MRN provides the majority of serotonergic input to the SCN (Moga and
Moore, 1997).

Electrical stimulation of either the MRN or DRN elicits 5-HT release in the SCN (Glass et al.,
2000). However, only 50 % of the MRN neurons projecting the SCN and 40% of those
projecting from the DRM to the IGL contain 5-HT (Leander et al., 1998, Hay-Schmidt et al.,
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2003), indicating that another as of yet unidentified neurotransmitter transmits
information from the raphé nuclei. The pathways of serotonergic innervation in the mouse

have not yet been investigated.

There is evidence to suggest that 5-HT is involved in circadian entrainment to non-photic
stimuli. Exposure to a non-photic stimulus such as novel access to a running wheel (Dudley
et al., 1998) sleep deprivation (Grossman et al., 2000) or dark pulses (Mendoza et al., 2008)
during the day elicits a large release of 5-HT at the SCN and advances rhythms in wheel-
running behaviour. Electrical stimulation of the MRN/DRN also induces these phase
advances and 5-HT release (Meyer-Bernstein and Morin, 1999, Glass et al., 2000, Glass et
al.,, 2003, Yamakawa and Antle, 2010). Application of 5-HT receptor agonists in vivo
(Challet et al., 1998, Ehlen et al., 2001) and in vitro (Sprouse et al., 2004, Prosser et al.,
1990, Prosser et al., 1993, Medanic and Gillette, 1992) elicit phase advances in neuronal

firing when they occur during mid-subjective day.

Conversely, neurotoxic lesions to the MRN that deplete 5-HT input to the SCN affects
locomotor function in the hamster (Meyer-Bernstein and Morin, 1996, Meyer-Bernstein et
al., 1997) and rat (Smale et al., 1990), by advancing the onset of wheel-runing and delaying
its offest, resulting in a lengthened period of locomotor activity (Smale et al., 1990) but
does not block behavioural phase shifting (Bobrzynska et al., 1996). Also, the blockade of
5-HT receptors does not block phase shifts induced by a novel running wheel (Antle et al.,
1998), and produces signifcant increases in 5-HT release at the SCN (Antle et al., 2000)

throwing some doubt on the role that serotonin plays in non-photic phase shifting.

Single-unit recordings have demonstrated that SCN neurons are most sensitive to 5-HT
during the night (Mason, 1986) and that it has an inhibitory effect upon SCN neuronal
firing, both in vivo (Nishino and Koizumi, 1977, Miller and Fuller, 1990, Ying and Rusak,
1994)and in vitro (Huang and Pan, 1993). 5-HT receptor agonists inhibit light-induced
changes in SCN firing in vivo in the hamster (Ying and Rusak, 1994, Ying and Rusak, 1997).
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Figure 1.8: Main afferent pathways to the SCN.

The SCN receives direct innervation from the retina via the RHT. The neurotransmitters glutamate (GLU) and PACAP
are released onto the SCN from RHT terminals to transmit photic information. A second indirect pathway for photic
information to reach the SCN occurs via the GHT, arising from NPY and GABA projections originating in the IGL.
Information from non-photic sources is transmitted by serotonin (5-HT) and originates in the raphé nuclei. The dorsal
raphé nucleus (DRN) signals to the IGL where non-photic signals are combined with signals from the retina and
transmitted to the SCN. Direct 5-HT input to the SCN originates in the median raphé nucleus (MRN). Solid arrows
represent photic input, dashed arrows represent non-photic input and the neurotransmitters involved in each of the
pathways are shown in red.

Adapted from Dibner et al (2010).
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5-HT also attenuates the SCN response to optic nerve stimulation in the hamster (Rea et al.,
1994), rat (Jiang et al., 2000, Smith et al., 2001) and the mouse (Pickard et al., 1999),
suggesting that 5-HT acts to modulate the RHT-driven excitatory glutamatergic responses in

SCN neurons.

Although the MRN/DRN is primarily associated with non-photic input to the SCN, a recent
study has also shown that the DRN gets retinal input, at least in some species e.g. the rat (Li
et al., 2015), thereby forming another potential pathway for photic input to enter the

circadian system.

1.4 Objectives

As outlined above, there is an abundance of information as to the basic anatomical
organisation, cellular mechanisms and photoreceptive origins of circadian
photoentrainment. There are, however, still key details that we don’t know about how
visual signals are integrated in the circadian system. For example: how are visual signals
integrated within the SCN network, to what extent does colour play and especially
significant role in circadian responses and how do direct and indirect sources of photic

input interact to coordinate visual processing with the SCN?

This thesis is presented in the ‘alternative format’, with chapters presented in the format of
published papers. The overall aim of this thesis is to examine how visual inputs from the
retina are processed within the SCN and connected regions to generate the sensory
properties of the circadian system as a whole. As the SCN is the principle output centre of
the circadian system, the first two studies start by investigating previously unknown
components of the sensory input to the circadian clock: Chapter 2 is published in the

Journal of Physiology and chapter 3 in PLoS Biology.

In Chapter 2, | investigate existing theories that synchronisation of the circadian system to

the solar cycle relies on a quantitative assessment of total ambient illumination. The SCN
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receives light information via dense bilateral input from the two eyes, forming an ideal
mechanism to allow individual SCN neurons to measure the average light intensity from
across the full visual field. As of yet no-one has investigated whether this integration of
photic signals occurred within individual SCN neurons or via network interaction with other
cells/brain structures associated with the circadian light response. | address this question
using extracellular electrophysiological recordings and visual stimuli to determine how eye-

specific inputs are combined within the SCN.

In chapter 3, | aim to determine whether mice could use the highly reliable changes in the
colour of daylight that occur around dawn and dusk to help determine time of day. | first,
use electrophysiological experiments in human cone knock-in mice alongside visual stimuli
that selectively modulate cone photoreception to determine whether SCN neurons are
capable of reliably detecting changes in colour and if they could use such information to
estimate sun position. | then employ behavioural paradigms and simulated natural or

artificial twilight to ascertain whether mice use colour as a circadian timing cue.

In chapter 4, | set out to build on the work described in the previous chapter, by modifying
our cone-selective ‘silent substitution’ approach for use in mice with wildtype (M-opsin
expressing) cones. | first validate this approach using in vivo extracellular recordings in the
lateral geniculate nucleus (LGN) of coneless and WT animals to confirm that such stimuli do
not produce rod or melanopsin-based responses. | we next use the modified silent
substitution approach alongside optogenetic-based cell identification to characterise the
properties of GABAergic neurons in the IGL/VLGN regions to assess the possibility that cells

forming the GHT might convey chromatic information to the SCN.

Finally, in chapter 5, | set out to more comprehensively assess the contributions of GHT
signals to SCN neuronal light responses. | first use electrical stimulation of the LGN to
identify the nature of SCN responses to GHT input and whether this varies based on
sensory coding properties. | next use pharmacological inhibition of the visual thalamus to
determine the extent to which SCN responses to irradiance and colour are shaped by GHT

input.
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Chapter 2: Eye-specific visual processing in the mouse

suprachiasmatic nuclei

(Published in the Journal of Physiology)

2.1 Abstract

Internal circadian clocks are important regulators of mammalian biology, acting to
coordinate physiology and behaviour in line with daily changes in the environment. At
present, synchronisation of the circadian system to the solar cycle is believed to rely on a
qguantitative assessment of total ambient illumination, provided by a bilateral projection
from the retina to the suprachiasmatic nuclei (SCN). It is currently unclear, however,
whether this photic integration occurs at the level of individual cells or within the SCN
network. Here we use extracellular multielectrode recordings from the SCN of
anaesthetised mice to show that most SCN neurons receive visual input from just one eye.
While we find that binocular inputs to a subset of cells are important for rapid responses to
changes in illumination, we find no evidence indicating that individual SCN cells are capable
of reporting the average light intensity across the whole visual field. As a result of these
local irradiance coding properties, our data establish that photic integration is primarily
mediated at the level of the SCN network and suggest that accurate assessments of global

light levels would be impaired by non-uniform illumination of either eye.
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2.2 Introduction

The ability to anticipate recurring changes in the environment is crucial to the survival of all
organisms. One especially pervasive mechanism by which this is achieved is via internal
circadian clocks which can be synchronised to daily variations in the environment, most
notably the solar cycle (Roenneberg and Foster, 1997). In mammals this process thus relies
on direct retinal projections to the hypothalamic suprachiasmatic nuclei (SCN), site of the

master circadian pacemaker (Golombek and Rosenstein, 2010, Lucas et al., 2012).

It has long been recognised that the quality of visual information that would be useful to
the SCN is quite distinct from that which is important for more conventional visual
pathways. Thus, retinal pathways supplying the thalamocortical visual system are organised
to allow for a relatively stable representation of form and motion across the ~9 decimal
orders of light intensity that separate the darkest night and the brightest day (Rieke and
Rudd, 2009). In contrast, detailed information about spatiotemporal patterns of
illumination is presumably unimportant to the circadian system, which instead requires an

accurate readout of global light intensity to infer time-of-day.

Consistent with this view, numerous behavioural studies have demonstrated that the
response of the circadian system to light can be accurately predicted based on the total
number of photons that the animal is exposed to (Nelson and Takahashi, 1991, Nelson and
Takahashi, 1999, Dkhissi-Benyahya et al., 2000, Lall et al., 2010, Lucas et al., 2012). Thus,
for example, short bright light pulses evoke a similar adjustment in clock phase as longer
dimmer stimuli. Although there are known specific situations where this relationship
breaks down (Vidal and Morin, 2007, Lall et al.,, 2010), the accepted model of clock
resetting is one whereby the retinorecipient SCN act as a photon counter and controls

circadian responses accordingly.

The intuitive separation between the desired properties of conventional and circadian
visual processing is also supported by extensive anatomical data. Hence, retinal projections

to conventional visual targets in the thalamus/tectum arise primarily via the contralateral
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hemisphere, with ipsilateral projections coming exclusively from regions of the retina
corresponding to the zone of binocular overlap (Morin and Studholme, 2014, Coleman et
al.,, 2009, Sterratt et al.,, 2013). In contrast, the SCN receives dense bilateral retinal
innervation (Morin and Studholme, 2014). Moreover, it is now clear that this retinal input
to the SCN derives primarily from a subclass of intrinsically photosensitive retinal ganglion
cell (ipRGC), termed M1 (Hattar et al.,, 2006). These cells appear specialised to encode
irradiance and, unusually, project bilaterally to the brain (Hattar et al., 2006, Brown et al.,
2010, Brown et al., 2011) - even where their retinal location places their field of view far

outside the region of binocular overlap (Muscat et al., 2003).

This anatomical arrangement seems ideally placed to allow individual SCN neurons to
measure the average light intensity from across the full visual field although, to date, this
hypothesis remains untested. Existing data suggest that removing signals from one eye
produces larger than expected deficits in circadian phase shifting and/or SCN Fos induction
(Tang et al.,, 2002, Muscat and Morin, 2005). However, none of the many studies
investigating visual response properties within the SCN (Meijer et al., 1986, Brown et al.,
2011, Meijer et al., 1992, Drouyer et al., 2007, Mure et al., 2007, Aggelopoulos and Meissl,
2000, Nakamura et al., 2004, van Diepen et al.,, 2013, Sakai, 2014) have extensively
characterised binocular processing at the level of individual neurons. Here we set out to
address this issue, via multielectrode recordings from mouse SCN neurons using visual
stimuli designed to determine the nature and extent of ipsi-/contralateral visual signals,

both across the population and in individual cells.

2.3 Methods

2.3.1 Animals

All animal use was in accordance with the Animals, Scientific Procedures, Act of 1986 (UK).

+/tau-lacz

Experiments were performed on adult male (50-80 days) Opn4 reporter mice and
wildtype (Opn4**) littermates (n=19 & n=14 respectively). Consistent with previous reports
(Hattar et al., 2003, Lucas et al.,, 2003, Howarth et al., 2014), there were no observable

abnormalities in the visual responses of reporter animals, hence the two datasets were
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combined for the analysis presented in this study. Prior to experiments, animals were
housed under a strict 12-hour dark/light cycle environment at a temperature of 22°C with

food and water ad libitum.

2.3.2 In Vivo Neurophysiology

In preparation for stereotaxic surgery, mice were removed from their housing environment
~2-3h before lights off and anaesthetised with urethane (1.55g/kg i.p in 0.9% sterile saline).
Mice were then placed into a stereotaxic frame (SR-15M; Narishage International) to hold
the skull fixed in place for surgery. The surface of the skull was exposed using a scalpel
incision and a hole was drilled using stereotaxic co-ordinates (0.98mm lateral to and 0.3mm
posterior to Bregma) obtained from the stereotaxic mouse atlas (Paxinos and Franklin,
2001). The contralateral pupil was dilated with 1% atropine (Sigma Aldrich) and mineral oil

(Sigma-Aldrich) added to prevent drying of the cornea.

Recording probes (Buszaki 32L; Neuronexus, MI, USA) consisting of 4 shanks (spaced
200um), each with 8 closely spaced recordings sites in diamond formation (intersite
distance 20-34um) were coated with fluorescent dye (CM-Dil; Invitrogen, Paisley, UK) and
then inserted into the brain parallel to the midline, 1Imm lateral and 0.3mm caudal to
bregma (centre of probe) at an angle of 9° relative to the dorsal-ventral axis. Electrodes
were then lowered to the level of the SCN using a fluid filled micromanipulator (MO-10,

Narishige International Ltd., London, UK).

After allowing 30min for neural activity to stabilise following probe insertion, wideband
neural signals were acquired using a Recorder64 system (Plexon, TX, USA), amplified
(x3000) and digitized at 40kHz. Action potentials were discriminated from these signals
offline as ‘virtual’-tetrode waveforms using custom MATLAB (The Mathworks Inc., MA,
USA) scripts and sorted manually using commercial principle components based software
(Offline sorter, Plexon, TX, USA) as described previously (Howarth et al., 2014). All surgical

procedures were completed before the end of the home cage light phase, such that
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electrophysiological recordings spanned the late projected day-mid projected night, an

epoch when the SCN light response is most sensitive (Brown et al., 2011).

2.3.3 Visual Stimuli

Light measurements were performed using a calibrated spectroradiometer (Bentham

instruments, Reading, UK).

Full field visual stimuli were generated via two LEDs (Amax 410nm; half-width: +7nm;
Thorlabs, NJ, USA) independently controlled via LabVIEW (National Instruments, TX, USA)
and neutral density filter wheels (Thorlabs). Light was supplied to the subject via 7mm
diameter flexible fibre optic light guides (Edmund Optics; York, UK), positioned 5mm from
each eye and enclosed within internally reflective plastic cones that fit snugly over each eye
to prevent off-target effects due to scattered light. Responses to these stimuli were then

assessed as follows:

To determine the relative magnitude and sensitivity of eye specific responses in SCN
neurons, mice were maintained in darkness and 5s light steps were applied in an
interleaved fashion to contra- and/or ipsilateral eyes for a total of 10 repeats at
logarithmically increasing intensities spanning 9.8-15.8 log photons/cm?/s (interstimulus
interval 20-50s depending on intensity). Because all mouse photoreceptors display similar
sensitivity to the wavelengths contained in our stimuli (Brown et al., 2013, Brown et al.,
2012), after correction for pre-receptoral filtering (Govardovskii et al., 2000, Jacobs and
Williams, 2007), effective photon fluxes for each mouse opsin were between 0.5 (M- and S-
cone opsins) and 0.3 log units (melanopsin) dimmer than this value. Intensities reported in
the manuscript reflect effective irradiance for rod opsin, which is intermediate between

these extremes (9.4-15.4 log photons/cm?/s).

To determine components of the SCN response that were dependent on stimulus
brightness vs. stimulus contrast, a second protocol was also employed. Here we stepped
light intensity independently at each eye every 5s in a pseudorandom sequence spanning

effective irradiances between 10.4-15.4 log photons/cm?/s (total number of steps =840).
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The sequence was generated such that, at any one time, the difference in intensity
between the two eyes was no more than 2 decimal units and the instantaneous step in
light intensity at each eye was one of five possible values (2, 1 or 0 log units). To
determine contrast-dependent components we then averaged cellular responses (0-500ms
post change in light intensity) as a function of step magnitude at either eye. Since we found
that contrast response relationships varied very little as a function of absolute irradiance
data reported in the manuscript were averaged across all irradiances tested. For clarity, we

only present data for steps providing contrast at one eye or equal contrast at both eyes.

To assess SCN response components that tracked stimulus brightness, we reanalysed the
above to extract steady state firing (1s epochs occurring at least 4s after step in light
intensity) as a function of absolute irradiance at either eye (independently or in

combination).

2.3.4 Histology

At the end of each experiment, mice were perfused transcardially with 0.1M phosphate
buffered saline followed by 4% paraformaldehyde. The brain was removed and post-fixed
in 4% paraformaldehyde for 30min and subsequently cryoprotected in 30% sucrose. The
following day, brains were sectioned at 100um on a freezing sledge microtome and either
mounted directly onto slides (wildtype mice) using Vectasheild (Vectorlaboratories Ltd.,

+/tau-lacZ

Peterbourogh, UK) or first processed for X-gal staining (Opn4 ) as described below.

X-gal staining was performed as previously described (Hattar et al., 2006). Brain sections
were washed twice for 10 minutes each in buffer B (0.1M PBS at pH 7.4, 2mM MgCl,, 0.01%
Na-desoxycholate and 0.02% IGEPAL). Sections were then incubated for 4 hours in staining
solution [buffer B with potassium ferricyanide (5mM), potassium ferrocyanide (5mM) and
X-gal (Bioline Reagents Ltd, UK; 1mg/ml)] at 37°C in darkness. Following staining, sections
were washed twice for 5 minutes in 0.1M PBS and mounted to slides using Vectashield as

above.
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Figure 2.1: Light evoked activity in the retinorecipient SCN region.

(A) X-gal stained histological images showing multielectrode placement in the SCN
region of an Opn4™™" reporter mouse. Dil-labelled probe tracks are in red, light
microscopy for X-gal staining is pseudocoloured green (with melanopsin ganglion cell
projections evident as darkly stained areas). Overlaid schematic (in white) shows
projected locations of the 8 recording sites on each shank. Only the most rostral and
caudal shanks for the 4-shank electrode are shown. Scale bars=100um. (B) Multiunit
activity detected across the 4x8 channel electrode placement shown in A, in
response to 5s light pulses presented to both eyes (405nm; 15.4 log photons/cm2/s).
Traces represent the meantSEM change in firing (from 10 trials) over baseline
(represented by dotted lines). Note that visual responses are absent from electrode
cites located outside of the retinorecipient SCN region such as upper sites on the
rostral shank and all sites on the caudal shank.
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After mounting Dil-labelled probe placements were visualised under a fluorescent
microscope (Olympus BX51) with appropriate filter sets and, where appropriate, X-gal
staining was visualised by standard light microscopy (Figure 2.1, A). Resulting images were
then compared with appropriate stereotaxic atlas figures (Paxinos, 2001), using the optic
chiasm, SCN and 3™ ventricle as landmarks, to confirm appropriate probe placement.
Consistent with previous anatomical and neurophysiological studies (Morin and Studholme,
2014, Hattar et al.,, 2006, Brown et al., 2011, Nakamura et al., 2004), visually evoked
activity was exclusively observed at electrode sites located within the SCN or its immediate

borders (Figure 2.1, B).

2.3.5 Data analysis

In most cases, single cell responses are presented as the mean+SEM change in firing across
all trials (at least 10 per stimulus) relative to baseline (average firing rate 3 or 5s before
step in light intensity for light- and dark-adapted responses respectively). Measures of
monocular preference were calculated as (Responsecontra-Responseps))/
(ResponsecontratResponseps), such that contralateral biased responses tended towards 1
and ipsilateral biased responses towards -1. Where a cell did not show a significant
response to stimulation of one of the two eyes (paired t-test between firing during first
500ms of light step and baseline, p>0.05), that response component was assigned a value
of zero. The eye that evoked the largest response when analysed in this way was
designated the ‘dominant’ eye. Binocular facilitation was analysed in a similar way:
(Responseggry-Responsepominant)/  (Responseggry+Responsepominant). We  classified  as
binocular any cell exhibiting significant responses to stimulation of both eyes individually or
where the response to binocular stimulation was significantly different to that evoked by
stimulating the dominant eye alone (unpaired t-test based on response to 10 trials of each

stimulus).

Where average population data is presented, in most cases responses were baseline
subtracted (as above) and normalised on a within cell basis according to the largest

response within a specific protocol. The exception to this rule was our analysis of

83



brightness coding, where the absolute firing rates of each cell were normalised to range

between zero and one before averaging across the population.

Statistical analyses were performed using GraphPad Prism v.6 (Graphpad Software Inc., CA,
USA). Data were, in most cases, fit by 4-parameter sigmoid curves with the minimum
constrained to zero as appropriate. Comparisons of sensitivity under various conditions
were assessed by F-test for differences in ECs, hill slope and/or maxima. Influences of eye-
specific brightness/contrast on responses of various cell types were analysed by 2-way

repeated measures ANOVA with dominant and non-dominant eye stimuli as factors.

2.4 Results

2.4.1 Binocular influences on SCN population activity

We first set out to determine how binocular signals were integrated to influence
population firing activity within the SCN. To this end we performed multielectrode (32
channel) extracellular recordings of multiunit activity from the SCN and surrounding
hypothalamus (n=33 mice) and monitored responses to full field stimuli (410nm LED; 5s
from darkness), applied at varying intensity to one or both eyes. Since all mouse
photoreceptor classes are equally sensitive in this part of the spectrum (see Methods), any
heterogeneity in the photoreceptor populations driving specific responses (Brown et al.,
2011, van Oosterhout et al., 2012) should not influence sensitivity as assessed under these

conditions.

Surprisingly, given the reported dense bilateral retinal innervation of the mouse SCN
(Hattar et al., 2006, Brown et al., 2010, Morin and Studholme, 2014), we found that
responses driven by the contralateral retina were reliably larger than those resulting from
stimulation of the ipsilateral eye (Figure 2.2, A, B; n=252 electrodes exhibiting visually
evoked activity). Thus although the sensitivity of ipsi/contralateral responses were similar
(F-test for difference in ECso and/or Hill slope; p=0.64) the maximum amplitude of these

were ~2-fold greater following stimulation of the contralateral eye (F-test for difference in
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Figure 2.2 SCN population firing activity does not faithfully report global irradiance.

(A) MeanzSEM multiunit firing response profile across the retinorecipient SCN-region (n=252
electrodes from 33 mice) in response to 5s light steps (410nm LED, effective intensities 11.4-15.4
log photons/cmz/s, from darkness) targeting the contralateral and/or ipsilateral eye. Data were
normalised by subtracting pre-stimulus (5s before light on) firing rates (represented by dotted
lines). (B) Normalised multiunit firing response (change in spike rate averaged across 5s light on,
meantSEM) as a function of step irradiance. Responses to stimulating both eyes together were
statistically indistinguishable from a linear sum of the measured response evoked by stimulation
of contralateral and ipsilateral eyes alone (grey symbols, F-test, p=0.69). (C) Normalised multiunit
firing response (conventions as in B), plotted as a function of total number of photons delivered.
The predicated average across left and right SCN (green symbols; average of ipsilateral and
contralateral responses from B) is significantly lower than the response to stimulating both eyes
even when corrected for total number of photons (F-test, p<0.0001).
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saturation point, p=0.003). Interestingly, responses evoked by stimulating both eyes
together were especially large. In line with the above, this significant difference in maximal
response (F-test vs. contralateral only; p<0.001) was not associated with any appreciable

difference the sensitivity of binocular vs. monocular responses (p=0.77).

Importantly, we found that SCN population activity driven by stimulation of both eyes was
statistically indistinguishable from a simple linear sum of the observed responses to
stimulating either eye alone (Figure 2.2, B; F-test, p=0.69). This surprising result indicates
that SCN population activity does not accurately follow the total number of photons
detected across both retinae. If this were the case then, correcting for the 2-fold difference
in total light intensity, the average response across the paired SCN to monocular stimuli
should be identical to that of an equivalent irradiance stimulus applied to both eyes. In fact,
we found that the monocular responses were markedly smaller than expected given the
binocular photon-response relationship (Figure 2.2, C; F-test, p<0.001). Indeed, to evoke a
50% maximal change in SCN population activity, monocular stimuli would need to be ~100

fold brighter than would be sufficient for light detected at both eyes.

2.4.2 Binocular integration in individual SCN neurons

Our data above reveal that population activity within the SCN does not (at least in all cases)
exhibit the strict photon counting properties one might predict based on previous
behavioural experiments (Nelson and Takahashi, 1991, Nelson and Takahashi, 1999, Lall et
al., 2010, Lucas et al., 2012, Dkhissi-Benyahya et al., 2000). Given this unexpected result,
we next aimed to determine how these tissue level visual response properties arise

through the sensory characteristics of individual SCN neurons.

From our multiunit recordings we were able to isolate the activity of 61 individual cells
within or bordering the SCN, of which 51 were light sensitive. Across this population, we
observed heterogeneity in eye specific responses to light steps from darkness (Figure 2.3,
A-E). This included many cells that responded solely to stimulation of either the

contralateral (Figure 2.3 A, E; n=15) or ipsilateral eye (Figure 2.3 B, E; n=19) and other cells
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that exhibited clear responses to stimulation of either eye and/or substantially larger

responses to binocular vs. monocular stimulation (Figure 2.3, C-E; n=17).

Thus, we found that the majority (¥67%) of visually responsive SCN neurons did not
integrate binocular signals and, instead, faithfully reported monocular irradiance (Figure
2.3, F). In all cases, responses of these cells to stimulation of the dominant eye vs. both
eyes were statistically identical (Figure 2.3, E; t-tests based on responses to 10 trials,

p>0.05).

In contrast, for the smaller proportion of SCN cells that did have access to visual signals
from either eye, responses were in most cases biased towards one retina, with the
binocular influence most evident as an enhanced response to stimulation of both eyes
(Figure 2.3 E, G). Surprisingly, here we found that average binocular responses were in fact
significantly larger than even a linear sum of the two monocular inputs (F-test for
difference in saturation point, p=0.007; not shown). This synergistic effect appeared to
diminish over time, however (Figure 2.3 C, D), such that towards the end of the light steps
(last 1s) responses were not significantly different from the linear prediction (F-test,

p=0.69).

Together, these SCN cellular properties explain the unexpectedly small SCN multiunit
responses to monocular vs. binocular stimuli (Figure 2.2) — most SCN neurons are strongly
biased towards one eye such that at any given intensity many more cells will be activated
by stimulating both eyes. Surprisingly, however, the observed multiunit bias towards
contralateral driven visual responses (Figure 2.2, B) did not translate into an increased
number of contralateral biased SCN neurons. In fact, we observed statistically equivalent
proportions of ipsi-/contralateral biased SCN neurons (n=27 and 24 respectively, Fishers
exact test, p=0.77). These data imply that, across the population, contralateral inputs tend
to drive larger responses in individual SCN neurons than do ipsilateral inputs (although
among the sample of cells we collected this difference did not attain significance: 3.8+0.7

vs. 2.7%0.7 spikes/s respectively at 15.4 log photons/cm?/s; paired t-test, p=0.28).

87



5s 5s 5s 5s 5s 5s 5s 5s 5s 5s 5s 5s
Contralateral Ipsilateral Both

I"MW .

31 spikes/s
14 spikes/s
25 spikes/s

32 spikes/s

E biroailEE F -®- Dominant G -®- Dominant
A ° 1.2+ - Non-dominant 1.2 91 -@ Non-dominant
: -8~ Both -~ Both
g e o ° 3 1.0- 1.0 -
= [ z o
3 o ® Q
= o e & 0.8 0.8
(O]
© o
t 0.0 ooooooooooonoonooc"onloo'o{ o 0.64 0.6 -
© o)
g % 0.4 0.4
= £ '
0 554 2 0.2 0.2
0.0~ ) 0.0 4
T T T T T T T T = T T T 1
-1.0 -05 00 05 10 10 12 14 16 10 12 14 16
Monocular preference Log step irradiance Log step irradiance
lpsi. < s Contra. (photons/cm?/s) (photons/cm?/s)

Figure 2.3: Eye-specific response properties of SCN neurons.

(A-D) Example firing response profiles (mean+SEM of 10 trials) for 4 SCN single units in response to 5s light steps
(410nm LED, effective intensities 13.4-15.4 log photons/cmz/s, from darkness) targeting the contralateral and/or
ipsilateral eye. Many cells only showed clear responses to stimulation of either contralateral (A) or ipsilateral (B)
eye, while a subset showed binocular responses or varying strength (C, D). (E) Population data for 51 visually
response SCN neurons showing monocular preference (0O=equally matched binocular response) vs. binocular
facilitation (positive values=larger response to stimulation of both eyes vs. one eye; see methods for details).
Inset pie chart shows proportion of cells exhibiting purely ipsilateral, contralateral or binocular responses. (F)
Normalised acute response of monocular cells (change in spike rate across first 500ms of light on, meantSEM,
n=34) as a function of step irradiance. Responses to stimulation of the dominant eye or both eyes together were
statistically indistinguishable (F test; p=0.91). (G) Normalised acute response of binocular cells (conventions as in
F, n=17). Binocular responses were significantly greater than those driven by the dominant eye alone (F test;
p=0.004).
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In sum, our data above suggest that while a subset of SCN neurons receives inputs from
both eyes, none of these cells alone can effectively integrate photons from across the
visual scene to report the total amount of light in the environment. It is worth noting,
however, that such light steps applied from darkness represent rather unnatural visual
stimuli. Moreover, these do not allow one to distinguish response components that are
dependent on the absolute irradiance of the signal vs the relative change in irradiance
(brightness vs. contrast). To better understand, then, how SCN neurons track spatio-
temporal variations in light intensity under more natural conditions we next assessed
responses to smaller modulations in light intensity, using a protocol that allowed us to

dissociate response components dependent on stimulus brightness vs. contrast.

2.4.3 Response properties of SCN binocular cells

Since our data indicated that binocular influences were especially pronounced for the initial
components of SCN neuronal responses under dark adapted conditions, we first examined
how binocular cells responded to acute changes in light intensity in the range up to +2 log

units, applied under light adapted conditions (11.4 to 14.4 log photons/cm?/s).

Interestingly, we found that when changes in light intensity occurred simultaneously across
both eyes, binocular cells exhibited very sharp and robust increases or decreases in firing
(Figure 2.4, A) that were near-linear with respect to the log change in irradiance (Figure
2.4, B). In contrast, responses were smaller and much more sluggish when light steps
occurred solely at the dominant eye and were virtually undetectable when applied to the
non-dominant eye (Figure 2.4, A, B). Together, these data indicate that binocular
integration functions in this population of cells to facilitate rapid responses to global

changes in light levels.

We next determined the extent to which eye-specific signals influenced the ability of
binocular cells to track brightness (Figure 2.5, A), by quantifying steady state firing (4-5s
after a change in light intensity) as a function of absolute irradiance. Given the data

described above, one might expect the steady state firing of binocular cells to be strongly
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Figure 2.4: Binocular integration is required for robust contrast responses in a subset of
SCN neurons.

(A) MeantSEM normalised response of binocular cells (n=17) to irradiance steps (-2 to +2 log
units; 405nm LED) applied to one or both eyes under light adapted conditions (11.4 to 14.4
log photons/cm?/s). (B) Quantification of data in A showing change in firing over first 500ms
of light step. Contrast responses were significantly larger upon stimulation of both eyes vs.
the dominant eye only (F test, p=0.02).
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Figure 2.5: SCN binocular cells encode monocular irradiance.

(A) Firing activity of a binocular SCN neuron presented with a pseudorandom irradiance
sequence (see methods). Right panels show a portion of the responses at higher temporal
resolution (indicated by the dotted region bottom left). (B) Normalised steady state firing
activity of binocular cells (spikes occurring 4-5s after a step in irradiance; mean*SEM, n=17)
plotted as a function of the average irradiance across the two eyes and split according to the
interocular difference in irradiance. When expressed in this manner, irradiance response
relationships could not be described by a single sigmoid curve (F-test, p<0.001). (C) Data from
B plotted according to irradiance at the dominant eye. Under these conditions, all data could
be described by a single curve (F test, p=0.62).
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influenced by the overall irradiance across either eye. In fact, however, we found very little
influence of binocular integration on the steady state firing of such cells. Thus, rather than
following the mean irradiance across both eyes (Figure 2.5, B; F-test, p<0.001) binocular
cell firing activity was, instead, entirely accounted for by the irradiance at the dominant
eye, regardless of the interocular difference in brightness (Figure 2.5, C; F-test, p=0.62).
Intriguingly, then, despite clear binocular influences on responses to rapid changes in light

levels, basal firing of binocular cells was entirely driven by just one of the two eyes.

2.4.4 Response properties of SCN monocular cells

To better understand how the properties of binocular cells, outlined above, distinguished
them from other visually responsive (monocular) SCN neurons, we also examined

brightness and contrast components of the monocular cell responses.

Surprisingly, we found that whereas binocular cells reliably exhibited ‘ON’ responses to
visual contrast (i.e. a positive relationship between the step in light intensity and change in
firing), only a subset of monocular cells exhibited this property (Figure 2.6, A; n=24/34).
Other cells exhibited decreases in firing in response to increased light intensity (OFF, n=5)
or displayed transient increases in firing in response to both light increments and

decrements (ON/OFF, n=5).

Unlike binocular cells (Figure 2.6, B), all these monocular populations exhibited robust,
near-log linear, changes in firing as a function of step magnitude at the dominant eye alone
(Figure 2.6, B). Moreover, none of these monocular populations displayed any clear
influence of non-dominant eye contrast, (2-way repeated measures ANOVA, non-dominant

eye and interaction terms all p>0.05)

We have previously reported ‘transient’ cells in the mouse SCN (Brown et al., 2011), whose
visual response properties appear consistent with those of the ON/OFF cells described

above. By contrast, the presence of monocular cells exhibiting OFF responses under these
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Figure 2.6: Monocular SCN neurons exhibit varying responses to visual contrast.

(A) Mean+SEM normalised response of monocular cell subpopulations to irradiance steps (-2 to +2 log
units; 410nm LED) applied to the dominant eye under light adapted conditions (11.4 to 14.4 log
photons/cmz/s). For most cells changes in firing rate were positively related to step magnitude (ON,
n=24), while other cells showed the inverse relationship (OFF, n=5) or increased firing in response to
both increase and decreases in irradiance (ON/OFF, n=5). (B) Quantification of data in A showing
change in firing over first 500ms of light step for the three populations. Inset pie charts indicate the
proportion of each cell type driven by either eye (n=15 and 19 total for contralateral and ipsilateral
respectively). Note, OFF cells were all driven the ipsilateral eye.
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conditions was surprising — not least because all of these cells exhibited excitatory
responses to light steps applied from darkness (not shown). Interestingly, these OFF
responses also appeared to exclusively originate with the ipsilateral eye (Figure 2.6, B).
Based on our sample size there is a low probability that we could have failed to detect an
equivalent population of contralateral-driven OFF cells (Fishers exact text, p=0.053). In sum
then it appears that ipsilateral retinal influences on the SCN may be more diverse than the

primarily ON responses originating with the contralateral eye (Figure 2.6, B).

In line with their responses to visual contrast described above, we found that, whereas the
steady state firing of ON cells reliably increased as a function of monocular brightness, that
of OFF cells decreased (Figure 2.7 A, B). Importantly, we were also able to identify both ON
and OFF cells within the same recording (Figure 2.7, A), indicating that this unusual OFF
behaviour could not simply reflect some state or circadian phase-dependent switch in

general SCN responsiveness.

By contrast with the other SCN cell types, the steady state activity of ON/OFF cells did not
vary as a function of irradiance (Figure 2.8, repeated measures ANOVA, p=0.36), indicating

that this population specifically responds only to rapid changes in light intensity.

2.5 Discussion

Here we show that, despite the dense bilateral input that the SCN receive from the retina
(Hattar et al., 2006, Brown et al., 2010, Morin and Studholme, 2014, Miura et al., 1997),
few individual SCN neurons have access to visual signals from both eyes. Moreover, even
where cells do receive input from both eyes, binocular influences are limited to just the
initial components of any response to changing irradiance. As a result, no single SCN
neuron is capable of providing direct information about global levels of irradiance across

the full visual field.
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Figure 2.7: Brightness and darkness coding in SCN monocular cells.

(A) Firing activity of simultaneously recorded ON (top) and OFF (bottom) SCN neurons presented
with a pseudorandom irradiance sequence (see methods). Right panels show a portion of the
responses at higher temporal resolution (indicated by the dotted region bottom left). (B) Normalised
steady state firing activity of monocular ON and OFF cells (spikes occurring 4-5s after a step in
irradiance; meantSEM, n=24 & 5 respectively) plotted as a function of irradiance at the dominant
eye.
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These results are surprising for two reasons. Firstly because we have previously observed
extensive binocular integration in the mouse visual thalamus, a region where eye-specific
inputs were, until recently, believed to remain entirely segregated (Howarth et al., 2014).
Indeed, using similar approaches to those employed here, we observed many single cells in
the visual thalamus whose basal firing did encode mean binocular irradiance. More
importantly, however, our present results are unexpected because the existing model
posits that circadian photoentrainment is reliant on a quantitative assessment of the total
amount of light in the environment (Nelson and Takahashi, 1991, Nelson and Takahashi,
1999, Lall et al., 2010, Lucas et al., 2012, Dkhissi-Benyahya et al., 2000). Assuming this
model correct, any such assessment of global irradiance could occur neither at the level of
individual cells, nor by simply taking the average light-evoked activity across the population

of such cells.

In fact, since the degree of visually evoked SCN activity is well correlated with the
magnitude of circadian phase shifts (Meijer et al., 1992, Brown et al., 2011), our present
data suggest that the current model of circadian photic integration is not entirely accurate.
Based on the light-evoked firing we observe in the SCN, we would predict that light falling
on one, rather than both, eyes would result in a 50% reduction in phase shift magnitude,
rather than a 50% reduction in apparent light intensity (0.3 log units). As far as we are
aware, only one study has explicitly tested this possibility, by performing a reversible
monocular occlusion before applying phase shifting light stimuli (Muscat and Morin, 2005).
Unfortunately, inter-individual variability in phase shift magnitude make a robust
assessment of the above difficult although, for long/bright stimuli, monocular phase shifts
certainly appear better explained by a 50% reduction in amplitude rather than in total

photon flux.

Accordingly, we propose that retinorecipient SCN neurons do accurately measure photon
flux, but only within a portion of the visual field. Based on an established view of SCN
organisation, suggesting the presence of weak oscillators that are readily reset by light and
robust oscillators which integrate circadian inputs from the former (Albus et al., 2005,
Brown and Piggins, 2009, Rohling et al., 2011), we propose a model whereby the

retinorecipient cells are reset according to ‘local’ light intensity (Figure 2.9). It is then the
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(A) Firing activity of an ON/OFF SCN neuron presented with a pseudorandom irradiance
sequence (see methods). Right panels show a portion of the responses at higher temporal
resolution (indicated by the dotted region bottom left). Note that steady state firing does
not vary as a function of irradiance.
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average phase information supplied by these retinorecipient oscillators that dictates the
integrated circadian response. Such a mechanism would account for the behavioural
response to monocular visual stimuli and the associated 50% reduction in the number of

Fos-positive SCN neurons previously observed (Muscat and Morin, 2005).

We should also note that another study, employing unilateral optic nerve transection,
found a much larger (~90%) reduction in light-induced Fos across the hamster SCN (Tang et
al., 2002). The reason for this discrepancy is unclear but, again, this observation appears
hard to incorporate into a model whereby the SCN response is proportional to the total

level of ambient illumination.

Aside from the above, there have been very few investigations of cellular level integration
of binocular signals in the SCN. Thus, most previous investigations of neurophysiological
effects of light in the SCN have used exclusively monocular (Meijer et al., 1986, Brown et
al.,, 2011, Nakamura et al., 2004) or binocular stimuli (Meijer et al., 1992, Drouyer et al.,
2007, Mure et al., 2007, Aggelopoulos and Meissl, 2000, van Diepen et al., 2013). A few
studies have investigated the occularity of rat, degus and diurnal ground squirrel SCN cells
(Meijer et al., 1989, lJiao et al., 1999), but in each case the number of cells (n=3) and
irradiance range tested was too low to draw any solid inferences on binocular processing in

the clock of these species.

At present, there is also little information about the specific location(s) or number of retinal
ganglion cells (RGCs) from which each retinorecipient SCN cell receives input. Whereas RGC
projections to more conventional visual centres adopt a specific organisation to facilitate
image forming vision (Sterratt et al., 2013), it feels unlikely that something similar should
also be true for the SCN. Indeed, the SCN is known to deviate from this scheme by virtue of
the fact it receives input from the nasal and superior regions of the ipsilateral retina (Morin
et al.,, 2003). Moreover, while eye-specific inputs to the hamster SCN appear partially
anatomically segregated (Muscat et al., 2003) this doesn’t seem to hold true the mouse
(Brown et al., 2010, Morin and Studholme, 2014). If instead, then, retinal input to SCN
neurons is essentially random, our data suggest that the number of RGC inputs to any one

cell must be small. In fact, the near equal numbers of contralateral, ipsilateral and
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Figure 2.9: Model of binocular integration in the SCN.

Retinorecipient clock cells, with easily perturbed oscillators are reset according to ‘local’ irradiance
(at most brightness across one visual hemisphere). Strong output oscillators integrate circadian
signals from the retinorecipient cells and adjust their phase according to the average of this input.
As a consequence, illumination of both eyes drives a substantially larger adjustment in clock
output (A) than a 2-fold increase in irradiance applied to just one (B).
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binocularly responsive SCN neurons we observe suggests that, on average, each of these

cells samples from 2 RGCs.

If correct, our suggestion above would imply that most SCN neurons could only measure
light intensity within very restricted patches of the visual field (<30° given the known
dendritic field sizes of the melanopsin RGCs that provide most of the input; (Berson et al.,
2010). Accordingly, individual SCN cells could detect quite different daily patterns of
illumination (e.g. if they monitored light intensity exclusively from the lower rather than
upper visual field). We tentatively suggest that such a mechanism could contribute to the
pronounced, photoperiod-dependent, phase differences in the electrical activity exhibited

by SCN neurons (Brown and Piggins, 2009, VanderLeest et al., 2007).

It is also interesting to speculate as to the functional significance of the binocular input to a
subset of SCN cells. It is clear from our data that this input makes little contribution to
irradiance coding and instead acts to promote rapid and robust responses to sudden
changes in light intensity. It is currently unclear why such a property would be useful to the
clock, however, existing data indicate that high frequency retinal input and subsequent SCN
cell firing are important for triggering internal calcium mobilisation (Irwin and Allen, 2007).
It may then be the case that the initial transient response of SCN cells (which often
overshoot the steady state level attained for a given irradiance) are especially significant

for initiating the intracellular signalling cascade required for phase shifting.

As a final note here, since our SCN recordings were performed in anaesthetised mice, it is
important to consider the possibility that responses recorded under our experimental
conditions do not fully recapitulate those observed in freely behaving animals. On the basis
of the available data, we think it unlikely that the anaesthetic we employ here would result
in any qualitative change in the visual responses of SCN neurons. Hence, multiunit
recordings in freely moving mice (van Diepen et al., 2013, van Oosterhout et al., 2012)
reveal visual responses with essentially identical sensitivity and temporal profile to those

we report here and have observed previously (Brown et al., 2011).
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Aside from the above, our data also add to existing literature indicating a surprising amount
of diversity in the visual responses of hypothalamic neurons (Brown et al., 2011, Drouyer et
al., 2007, Aggelopoulos and Meissl, 2000). In line with earlier anatomical data (Sollars et al.,
2003, Guler et al., 2008), we previously reported that a subset of cells within or bordering
the SCN lacked functional melanopsin input and sustained responses to light (Brown et al.,
2011). Another study, performed in awake (head-fixed) mice also reports a small subset of
SCN cells with apparently similar properties (Sakai, 2014). Here we confirm that these non-
irradiance coding SCN cells in fact specifically encode rapid light increments or decrements.
None of these cells exhibited binocular responses, suggesting that this population primarily
(if not exclusively) signals visual contrast within a restricted portion of the visual field, as
described above for irradiance coding SCN cells. Given these properties, we think it unlikely
that such cells play a major role in circadian entrainment, although it is possible that they
contribute to more direct SCN-dependent modulations in physiology such as effects on

corticosterone secretion (Kiessling et al., 2014).

We also identify an especially unusual population of cells that exhibit OFF responses to
visual contrast and whose steady state firing activity is thus inversely related to irradiance.
While light-suppressed SCN cells have been reported previously (Meijer et al., 1986, Brown
et al., 2011, Meijer et al., 1992, Drouyer et al., 2007, Aggelopoulos and Meissl, 2000), the
population of mouse neurons we report here are distinct in that under dark-adapted
conditions they display robust excitatory responses. Moreover the inhibitory responses of
these OFF cells under light- adaptation are much more rapid than those of the very rare

light-suppressed SCN cells we previously reported in the mouse (Brown et al., 2011).

As far as we are aware, then, the ON to OFF switching behaviour we describe above has
never previously been reported. Although possible that these observations reflect a
circadian phase-dependent effect (light-adapted recordings always followed dark-adapted
in our experiments) we think this is unlikely to reflect a global change across the SCN.
Hence we routinely observed the more conventional ON responses among simultaneously
recorded neurons. It is noteworthy here that all of the OFF cells we recorded were
exclusively driven by the ipsilateral retina, suggesting that there may be some differential

processing of eye specific signals within the SCN. For example, the switch from excitatory to
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inhibitory responses might reflect a changing balance between direct and indirect
ipsilateral visual input following light adaption. Such indirect visual input could arise locally,
via the opposing SCN or indeed via other brain regions such as the intergeniculate leaflet
(Tang et al., 2002, Howarth et al., 2014, Blasiak and Lewandowski, 2013). At present, we
can only speculate as to the functional significance of the ‘darkness-coding’ behaviour that
these OFF cells exhibit. Presumably the presence of such cells increase the variety of output
signals that the SCN is able to transmit, allowing for differential regulation of various

aspects of physiology (Kalsbeek et al., 2006).

In summary, our data provide new insight into the mechanisms through which the circadian
clock processes visual signals. Most notably, we show that the ability of individual SCN
neurons to detect irradiance is restricted to only a portion of the full visual field. The
implication of this arrangement is that asymmetries in the amount of illumination between
left and right eyes could lead the circadian system to substantially underestimate the total
amount of ambient illumination. Our data thus predict that, in the absence of any
compensatory reorganisation, loss of one eye should result in an unexpectedly large deficit

in photic integration within the SCN.
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Chapter 3: Colour as a Signal for Entraining the

Mammalian Circadian Clock

(Adapted from the published article in PLoS Biology, April 2015)

3.1 Abstract

Although the daily solar cycle is the dominant environmental signal regulating mammalian
circadian timing, our understanding of how specific features of the light environment
contribute to photoentrainment is incomplete. Twilight is characterised by changes in
irradiance (the quantity of light) occurring alongside changes in the spectral composition
(colour) of light. The ability of the circadian system to use variations in irradiance to align its
physiological processes with environmental time is well documented; however, the extent
to which changes in the colour of ambient illumination could provide important timing cues
remains unknown. Here, we address this using a combination of analytical and simulated
natural visual stimuli based on spectral irradiance field recordings collected across many

days.

Firstly, using stimuli designed to selectively modulate mouse short and long wavelength
sensitive cones, we identify a subset (~20%) of SCN neurons exhibiting the spectrally-
opponent (blue-yellow) responses required to extract this colour information from the
twilight environment. Next, using visual stimuli designed to recreate various stages of
twilight for the mouse visual system, we show that the firing rates of these spectrally-
opponent SCN cells reliably track a wide range of solar angles (a property that is deficient in

non-opponent SCN cells).

Finally, using in vivo monitoring of photoentrainment to simulated twilight, we show that
chromatic signals detected by cone photoreceptors significantly influence circadian phase,
allowing mice to appropriately time their activity to the middle of the night. Together,
these findings reveal a new sensory mechanism for estimating time of day that would be

available to most mammalian species capable of colour vision.

106



3.2 Introduction

The mammalian brain ‘clock’, the superchiasmatic nucleus (SCN), is responsible for
synchronising physiological functions to environmental time. In order to carry out this
function, it must receive input from the environment to accurately determine time of day.
The diurnal changes in irradiance associated with the day/night cycle have long been
considered to be the principal entraining time cue for the circadian clock (Lucas et al.,

2012)

Photic information is relayed to the SCN from the retina via the retinohypothalamic tract
(RHT), formed by axons of intrinsically photosensitive retinal ganglion cells (ipRGCs)
expressing the photopigment melanopsin (Baver et al., 2008, Hattar et al., 2002). These
ipRGCs are capable of responding directly to light even when isolated from the rest of the
retina (Berson et al., 2002). Although melanopsin is sufficient for entrainment, ipRGCs are
known to receive input from retinal circuitry associated with rods and cones (Belenky et al.,
2003, @stergaard et al., 2007, Perez-Leon et al., 2006, Viney et al., 2007). However,
selective ablation of ipRGCs blocks entrainment (Goz et al., 2008, Guler et al., 2008) and so

ipRGCs are the principal route through which all light signals travel to reach the clock.

To date, entrainment has been understood in terms of measuring brightness through the
action of SCN cells acting as luminance encoders (Meijer et al., 1986). Rods and
melanopsin (Brown et al., 2011, Altimus et al., 2010, Lall et al., 2010) are known to be
important for this, but cones are not considered to play much of a role in entrainment as
‘cone only’ mice fail to reliably entrain to light-dark cycles (Mrosovsky and Hattar, 2005)
and entrainment persists after substantial cone degeneration (Freedman et al., 1999). The
established view, is that cones enable the SCN to respond to rapid changes in irradiance
(Brown et al., 2011), a signal that would theoretically be of minimal use to the circadian

clock.

However, one of the unique contributions of cones in most mammals is that these allow for

colour discrimination. It has long been known that, as the sun falls below the horizon the
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spectral composition of ambient illumination changes. During ‘twilight’ there is an increase
in the availability of short wavelength light, due to ozone filtering (Hulbert, 1953). Most
mammals possess a short and a mid/long wavelength cone opsin allowing spectral
comparisons along the blue-yellow axis (Peichl, 2005, Jacobs, 2013) and so this change
should theoretically be detectable by the mammalian visual system. Since this change in
spectral composition should be relatively unaffected by cloud cover, in principle measuring
colour could provide the mammalian clock with useful additional information about time of
day. This possibility was suggested many years ago (Roenneberg and Foster, 1997) and has
been investigated in the context of the fish circadian system (Pauers et al., 2012). To date,

however, it has not been investigated in mammals.

Leading up to this work, our recent study systematically evaluated the extent to which
changes in apparent colour associated with the sun position could indeed provide useful
timing information to the mouse clock (Walmsley et al., 2015). Using the mouse as a model
organism, this theoretical work revealed a robust change in the ratio of excitation between
the short and longwave mouse opsins that would constitute substantial changes in
apparent colour to the mouse visual system. This colour signal was more predictive of solar
angle across twilight than irradiance. Measuring wavelength could therefore provide the
circadian clock with a more reliable estimate about time of day than relying on irradiance

alone.

In mice it is difficult to study the relative contributions of the three types of photoreceptors
to photoentrainment as rods, M-cone opsin (green-cones) and melanopsin all possess
similar spectral sensitivities and it is therefore impossible to stimulate opsins individually
without also introducing changes for rods and melanopsin. Therefore, in order to combat
this, experiments are conducted in transgenic red cone knock-in (OpnImw®) mice, a well-
validated model, in which the mouse medium wavelength (MWS) opsin has been replaced
by the human red cone opsin (LWS) (Brown et al., 2011, Lall et al., 2010, Brown et al., 2013,
Smallwood et al., 2003). The absorption of the cone opsin is lengthened so as to render the
spectral sensitivities of rods, cones and melanopsin to be sufficiently different to allow

differential stimulation of the different types of receptors.

108



3.3 Methods

3.3.1 in vivo electrophysiological recordings

3.3.1.1 Animals

All animal use was in accordance with the Animals (Scientific Procedures) Act of 1986
(United Kingdom). Electrophysiology experiments were performed under urethane
anaesthesia; other procedures were conducted under isfluorane anaesthesia. Unless
otherwise stated, animals used in this study (homozygous Opnimw® and Cnga3'/' mice)
were housed under a 12-h dark/light cycle at a temperature of 22°C with food and water

available ad libitum.

3.3.1.2 Surgical techniques

Adult (60-120 d) male Opnlmw® mice were anaesthetised by intraperitoneal injection of
urethane (1.55 g/kg) and placed into a stereotaxic frame (SR-15M; Narishage International)
to hold the skull fixed in place for surgery. The surface of the skull was exposed using a
scalpel incision and a hole was drilled using stereotaxic co-ordinates (0.98mm lateral to and
0.3mm posterior to Bregma) obtained from the stereotaxic mouse atlas (Paxinos and
Franklin, 2001). The contralateral pupil was dilated with 1% atropine (Sigma Aldrich) and

mineral oil (Sigma-Aldrich) added to prevent drying of the cornea.

Recording probes (Buszaki 32L; Neuronexus, MI, US) consisting of four shanks (spaced
200um), each with eight closely spaced recordings sites in diamond formation (intersite
distance 20-34um) were coated with fluorescent dye (CM-Dil; Invitrogen, Paisley, UK) and
then inserted into the brain 1 mm lateral and 0.3 mm caudal to bregma at an angle of 9°
relative to the dorsal-ventral axis. Electrodes were then lowered to the level of the SCN

using a fluid-filled micromanipulator (MO-10, Narishige International Ltd., London, UK).
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Figure 3.1: Anatomical locations of visually responsive cells types in the suprachiasmatic nucleus.

Projected anatomical locations of the visually responsive SCN cells reported in this study split according to
response type. The unclassified population corresponds to cells that responded to light steps from darkness

but not cone-isolating stimuli.
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After allowing 30 min for neural activity to stabilise following probe insertion, wideband
neural signals were acquired using a Recorder64 system (Plexon, TX, US), amplified (x3000)
and digitized at 40 kHz. Surgical procedures were completed 1-2 h before the end of the
home cage light phase, such that electrophysiological recordings spanned the late
projected day-early projected night, when the SCN light response is most sensitive.
Throughout the experiment, the animals temperature was maintained at 37°C using a

homeothermic mat (Harvard Apparatus, UK).

In order to isolate single-unit activity, the broadband neural signals data were high pass
filtered (300Hz) and negative-going spikes with amplitudes >40uV extracted as ‘virtual’
waveforms using a custom-written program in MATLAB R2012a (The Mathsworks Inc., M,
USA). Tetrodes were created by grouping 4 overlapping adjacent channels, resulting in a
total of 12 tetrodes for the electrode. As the tetrodes contained data from overlapping
channels, special care was taken to ensure that units were not isolated twice. To do this,
after removing artefacts, spikes were sorted manually using commercial principle
components based software (Offline sorter, Plexon, TX, USA) only on the channels that
were unique to each tetrode. Single units were identifiable as a distinct cluster of spikes in
principal component space. Following spike sorting, single units were exported to

Neuroexplorer (Nex Technologies, MA, USA) and back into MATLAB for further analysis.

Following the experiment, accurate electrode placement was confirmed histologically.
Projected anatomical locations of light response units reported in this study are presented

in figure 3.1.

3.3.2 Visual Stimuli

All visual stimuli were delivered in a darkened chamber and generated using a custom-
made light source (Cairn Research Ltd, Faversham, UK) consisting of independently
controlled UV (Amax: 365nm), blue (Amax: 460nm) and amber (Amax: 600nm) LEDs. The
light from the individual LEDs was combined using a series of dichromatic mirrors, passed

through a filter wheel containing various neutral density (ND) filters (Cairn Research Ltd,
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Faversham, UK), and focussed onto a 5mm circle of opal diffusing glass (Edmund Optics
Inc., New York) positioned over the eye contralateral to the recording site. The light was
centred on the middle of the eye so that light would be evenly distributed across the whole
retina. LED intensity and the filter wheel position were both controlled by a PC running
Labview 8.6 (National Instruments, Austin, TX, USA). Throughout these experiments, the

ipsilateral eye was left uncovered.

Light measurements were performed using a calibrated spectroradiometer (Bentham
instruments, Reading, UK). Using photopigment spectral absorbance data and allowing
correction for pre-receptoral filtering (Govardovskii et al., 2000, Jacobs and Williams,
2007), LED intensity was initially calibrated to recreate for Opnlmw" individuals the
effective rod, cone and melanopsin excitation experienced by a wild-type (green cone)
mouse visual system under typical natural daylight (average values from our environmental

data at a solar angle 3° above the horizon; Figure 3.2, A).

We next calibrated manipulations of this background lighting condition to produce 4 pairs
of stimuli that independently varied in apparent brightness for one or both cone opsin
classes (either in unison or antiphase) with no apparent change in rod or melanopsin
excitation (Figure 3.2, B). In each case, brightness for the stimulated opsin was varied by
+70%, to produce an overall 4.7-fold increase in intensity of between “bright” and “dim”
phases of the stimulus. Transitions between the two stimulus phases occurred smoothly

over 50ms.

An additional consideration when interpreting responses to these stimuli is that most
mouse cones co-express varying proportions of both LWS and UVS opsin (Applebury et al.,
2000). Since within a single cone photoreceptor the light-adaptation machinery must
effectively integrate over all photons detected (regardless of which opsin detected them),
for these co-expressing cones the effective contrast of our LWS/UVS-isolating stimuli will
vary as a function of (a) the proportion of each opsin within the cone cell and (b) the
background photon flux available to each of the two opsins (Figure 3.3). Importantly, since

the background activation of UVS opsin (2.14x10™ photons/cm?/s) somewhat less than that
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Figure 3.2: Selective modulation of colour and brightness in red cone knock-in mice.

(A) Top panel shows normalised spectral profile of daytime ambient illumination
(green line; +3°) alongside sensitivity profiles for native mouse opsins. Numbers above
traces indicate the calculated photon flux for each photoreceptor class (log
photons/cmz/s). Bottom panel shows spectral profile of three-primary LED system used
used to recreate natural daylight from red cone knock-in mice (Opnlme). Note the
shift in cone sensitivity from MWS (top panel) to LWS (bottom panel): the photon flux
experienced by wild-type mouse MWS cones (15 log photons/cm?/s) is translated here
into an equivalent photon flux for the LWS cone knock-in. (B) Illustration of spectral
modulations used to selectively evoke changes in relative (“colour”; top) or absolute
(“brightness”; bottom) activation of UV and long-wavelength sensitive (UVS/LWS) cone
opsins. Numbers on traces reflect Log photon flux at blue versus yellow (top panel) or
dim versus bright (bottom panel) stimulus phases. These equate to 4.7-fold changes
(70% Michelson contrast) in cone opsin activation with essentially no effective change
in melanopsin excitation (<1% Michelson). Effective changes in rod excitation are
omitted for clarity but are also very small (6.5% and 4.5% Michelson for “brightness”
and “colour” respectively), however, owing to the overall intensity of the stimuli, it is
highly unlikely that rods could contribute to any response even with much larger
contrasts.
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Photons/cm?/s at ‘high’ Photons/cm?/s at ‘low’ % Contrast

Background | Condition L-cone S-cone Rod Mel L-cone S-cone Rod Mel L-cone | S-cone | Rod Mel
Mel 1.03x10" | 2.14x10" | 1.32x10" | 1.63x10" | 1.03x10" | 2.14x10™* | 1.12x10" | 6.79x10" |0 0 84.37 | 92.00
L+S 1.75x10" | 3.63x10" | 7.66x10™* | 8.55x10™ | 3.11x10™ | 6.45x10" | 6.72x10™ | 8.42x10" | 69.79 | 69.80 | 6.54 0.82

1 L 1.75x10" | 2.14x10" | 7.62x10™ | 8.56x10™ | 3.11x10™ | 2.14x10™ | 6.75x10™* | 8.41x10" | 69.80 |0 6.06 0.91
S 1.03x10" | 3.63x10"* | 7.23x10™ | 8.49x10™ | 1.03x10" | 6.45x10" | 7.14x10" | 8.49x10" | 0.04 69.80 | 0.57 0
L-S 1.75x10" | 6.45x10" | 7.52x10™ | 8.49x10™ | 3.11x10" | 3.63x10™ | 6.85x10™* | 8.48x10™ | 69.80 |-69.80 | 4.68 0.02
L+M+S 1.75x10" | 3.63x10™ | 1.22x10" | 1.44x10" | 3.11x10" | 6.45x10" | 2.17x10™ | 2.56x10" | 69.80 | 69.80 | 69.80 | 69.80
L+S 4.93x10" | 4.95x10" | 1.74x10™ | 1.73x10™ | 8.77x10" | 8.80x10" | 1.42x10™ | 1.73x10™ | 69.80 | 69.80 | 10.16 |O

2 L 4.93x10" | 2.91x10™ | 1.69x10™ | 1.74x10™ | 8.77x10" | 2.91x10™ | 1.47x10™ | 1.73x10* | 69.80 | 0.01 6.89 0.10
S 2.90x10™ | 4.95x10™ | 1.64x10™ | 1.73x10™ | 2.90x10™ | 8.80x10" | 1.53x10™ | 1.73x10™ | 0.01 69.80 | 3.36 0.01
L+M+S 4.93x10" | 4.95x10™ | 2.69x10™ | 2.94x10™ | 8.77x10" | 8.80x10" | 4.78x10" | 5.24x10" | 69.80 | 69.8 69.80 | 69.80

Table 3.1: Calculated photon fluxes for each photoreceptor class in the silent substitution stimuli

The photon flux of each photoreceptor (photons/cmz/s) at each background (‘low’ condition) and during the light step (‘high’ condition) within the silent substitution stimuli designed
to selectively modulate each of the photoreceptor classes. The relative contrast of the steps at each background is also shown for each stimulus.
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Figure 3.3: Background spectra.

Background spectra (A) Spectral modulations used to selectively evoke
changes in LWS (top) or UVS (bottom) opsin excitation under ‘natural’
daylight and a ‘white’ background where basal activation of LWS and
UVS are equal. In each case, effective change for the modulated opsin is
70% Michelson contrast (non-modulated (‘silent’) opsins <1%
Michelson). Note that, since most mouse cones co-express both opsins
(and must sum over all photons detected), the net change in cone
photon flux presented by these stimuli is influenced by both the relative
background photon flux photon flux at each of the two opsin classes and
by the degree of co-expression in each cone. (B) Model of the effective
change in irradiance presented by cone opsin-isolating stimuli, as a
function of relative opsin co-expression, under ‘natural’ and ‘white’
backgrounds.
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of LWS (1.03x10" photons/cm?/s) under natural daylight responses to our cone-isolating
stimuli will be skewed in favour of those originating with LWS cone opsin (Figure 3.3, A). To
provide an unbiased assessment of the magnitude of responses driven by either opsin we
also calibrated a second background lighting condition where baseline activation of the two
cone opsins was identical (termed here ‘white’; 2.9x10" photons/cmz/s; Figure 3.3). To
identify the origin of cone responses, photoreceptor-isolating stimuli were presented as
10s steps in light intensity, alternating with 30 seconds of ‘background’ illumination (90s for

melanopsin isolating stimuli).

We also applied stimuli that selectively modulated melanopsin excitation (£92%), without
changing effective cone excitation. These steps were only applied on the natural
background as the configuration of white background did not allow us to produce large
melanopsin contrasts. These melanopsin stimuli additionally modulated apparent
brightness for rod photoreceptors (£t84%), however, due to the high background light levels
(14.9 rod effective photons/cm?/s) and previous work suggesting that rods have little
influence on acute electrophysiological light responses in the SCN (Brown et al., 2011), we
think that rods do not contribute to responses to these stimuli. Additionally, similar stimuli
evoke very little response in the lateral geniculate nuclei (LGN) of melanopsin knockout

animals (Brown et al., 2012).

In a subset of experiments (7/15) we also applied a second set of stimuli designed to
recreate various stages of twilight, using our calculations of the effective photon fluxes
experienced by mouse opsins at solar angles between -7 and 3° relative to the horizon
(Figure 3.4, A). These were applied as discrete light steps (30 s) from darkness in random

sequence with an interstimulus interval of 2 min.

To confirm whether elements of the resulting responses were dependent on spectral
composition, these stimuli were interspersed with two additional stimulus sets (Figure 3.4,
B, C) which were identical except that irradiance for the UVS opsin was fixed at a constant

ratio relative to LWS (mimicking either day or night spectral composition).
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3.3.3 Twilight Entrainment study

For behavioural experiments, we generated photoperiods that smoothly recreated
measured changes in twilight illumination (Walmsley et al., 2015), with (“natural”) or
without the associated change in spectral composition (irradiance-only: spectra fixed to
mimic “night”) (Figure 3.5, B). Stimuli were generated by an array of three violet (400 nm)
and three amber (590nm) high-power LEDs (LED Engin Inc., San Jose CA, US) placed behind
a polypropylene diffusing screen covering the top of the cage. The combination of multiple
LEDs allowed a larger range of brightness (from dark up to approximately 25 W/m? for the
violet and 10 W/m? for the amber). Intensity of each LED was independently controlled by
a voltage controlled driver (Thorlabs Inc., Newton NJ, US). The light intensity modulation
signals were provided by a PC running Labview through a voltage output module (National
Instruments), and followed a temporal profile that recreated the sun’s progression during a
northern latitude summer (calculations based on Stockholm, Sweden; Lat: 59, Long: 18,

Elevation 76 m, 20 June 2013; total twilight duration = 2.3 h).

To determine the impact of twilight spectral changes on mouse entrainment, female
Opnlmw" and Cnga3” (coneless) mice (housed under an 18:6 light—dark [LD] cycle) were
first implanted with iButton temperature loggers (Maxim, DS1922L-F5#). To reduce weight
and size, these were de-housed and encapsulated in a 20% Poly(ethylene-co-vinyl acetate)
and 80% paraffin mixture as described by Lovegrove (Lovegrove, 2009). For implantation,
mice were anaesthetised with isoflurane (1%-5% in 02) and the temperature logger
implanted into the peritoneal cavity. Following surgery, animals were given a 0.03 mg/kg
subcutaneous dose of buprenorphine and allowed to recover for at least 9 days in 18:6 LD

before the start of the experiment.

The timing of lights off under this cycle was designated as Zeitgeber time (ZT12) and the
timing of experimental photoperiods were set to align their midnight (ZT15) with this
square wave LD cycle (Figure 3.5, C). Following recovery, group housed mice (five per cage)
were transferred to the natural twilight photoperiod. The cage environment contained an
opaque plastic hide, allowing the animals to choose their own light sampling regime

(experimental set-up illustrated in Figure 3.5, A). After 14 days, mice were then returned to
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Figure 3.5: Assessing influences of twilight spectra on circadian entrainment.

(A) Schematic of housing conditions for experiments assessing the influence of
twilight spectra. Mice (with temperature sensors implanted i.p.) were group
housed (5/cage) and uniform illumination applied across the entire top surface
of the cage via an artificial sky (comprising multiple amber and violet LEDs
controlled by pulse width modulation). Mice could freely move between the
open cage and an opaque plastic hide, allowing individuals to choose their own
light sampling regimen. (B) Artificial sky was calibrated to replicate, for
Opnlme individuals, a wild-type mouse’s experience of twilight (left:
“natural”). A second, analytical twilight stimulus was calibrated to match the
natural change in irradiance but with relative activation of cone opsins fixed to
match the night spectra (right: “night”). (C) To maximise our ability to
distinguish differences in phase of entrainment under the above conditions,
twilight stimuli were set to a cycle that simulated the sun’s progression during a
northern latitude summer (calculations based on Stockholm, Sweden; Lat.: 59,
Long.: 18, Elevation 76 m, 20 June 2013) for a total ““twilight”“ duration of 2.3
h.
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18:6 LD for a further 14 days and finally transferred to the “irradiance-only” twilight

photoperiod.

At the end of the experiment, mice were culled by cervical dislocation and temperature
loggers recovered. Temperature data (recorded in 30 min time bins) was processed by
upsampling to 5 min resolution (cubic spline interpolation), Gaussian smoothing (SD = 45
min), and normalisation as a fraction of daily temperature range. Phase of entrainment was
estimated as the timing of peak body temperature from that individual’s daily average

profile (calculated from the last 9 days in each photoperiod).

3.4 Results

3.4.1 Colour coding in the SCN

Modelling based on field measurements of spectral irradiance indicates that blue-yellow
colour, as detected by the mouse visual system, provides highly reliable information about
sun position that the clock could use to estimate time of day. Accordingly, we first set out
to determine whether SCN neurons are sensitive to changes in colour using extracellular
electrophysiological recordings to monitor visually evoked changes in SCN firing in

anaesthetised mice.

In order to separate out the relative contributions of brightness and colour to the
responses of SCN neurons, experiments were performed in Opnlmw?" animals using a set
of visual stimuli designed to selectively manipulate cone photoreception under lighting
conditions that resembled natural daylight (see methods for details; Figure 3.3 & Table
3.1). In particular, cells were classified as colour sensitive when they (a) exhibited opposite
changes in firing to stimulation of UVS vs. LWS opsin (i.e. spectral opponency) and (b)
exhibited larger responses to chromatic vs. achromatic changes in cone excitation

(UVS/LWS opsin stimulated in antiphase vs. in unison).
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The largest possible change in blue-yellow colour we could generate involved selectively
activating UVS and LWS in antiphase (‘colour’). We first compared responses to this
stimulus to those elicited by an identical magnitude stimulation of UWS and LWS opsin in
unison (producing an achromatic change in ‘brightness’). Any spectrally opponent cells
should thus respond better to the ‘colour’ rather than ‘brightness’ condition. We found
17/43 SCN units (from 15 mice) that showed a preference to the ‘colour’ stimulus (Figure
3.6 - A & B; paired t-test, p<0.05, n = 17). There were an additional 26 visually responsive
units that did not respond to either of these analytical stimuli (paired t-tests, p>0.05), and
therefore at least one quarter of light-responsive SCN neurones exhibit chromatic

opponency.

To confirm that the stimuli employed above truly distinguished subsets of SCN cells
sensitive to colour, we next selectively modulated activation of either UVS or LWS opsin in
isolation. Of the 26 SCN neurons which showed a measureable preference for achromatic
changes in cone excitation we found substantial variation in response, with some cells
responding only to activation of one opsin class and others showing clear responses to
activation of either. Importantly, however, cone driven responses across this population

were exclusively of the ON variety with no cells showing any evidence of OFF responses.

In contrast, SCN cells exhibiting a preference of chromatic modulation in cone excitation
reliably exhibited responses of opposite sign to stimulation of either opsin class (i.e. colour-
opponency). For the vast majority of such cells, this took the form of a blue-ON yellow-OFF
response (Figure 3.6, A, C; pink traces; n= 13/17). Thus, the spiking activity of these cells
was consistently high following increased UVS opsin stimulation and low following LWS
opsin stimulation. We also found a small minority of cells (n= 4/17) that exhibited the
opposite response profile, however (yellow-ON, blue- OFF; Fig 3.6 C). Interestingly, we also
found that cone inputs exerted a much more powerful influence over the firing activity of
chromatic cells relative to achromatic cells (Figure 3.6, B; absolute change for responses of
chromatic cells = 8.1 + 2.3 spikes/s versus 1.9 + 0.5 spikes/s for achromatic cells, n = 17 and

26 respectively; t-test: p<0.01).
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Figure 3.6: Colour opponent responses in suprachiasmatic neurons.

(A: left) Example responses of 5 SCN neurons to stimuli modulating UVS and LWS opsin excitation in antiphase
(‘colour’) or in unison (‘brightness’; both 70% Michelson contrast). Individual cells were preferentially excited by
blue-yellow transitions (‘blue ON’; pink traces), yellow-blue transitions (‘yellow ON; green traces) or dim-bright
transitions (‘achromatic’; black traces). Shaded areas represent blue/yellow or dim/bright stimulus phase, Y Scale
bars reflects peak firing rate in spikes/s, X scale bars indicate temporal profile of UVS/LWS opsin excitation. (A:
right) Normalised mean (+SEM) change in firing for cells classified as ‘blue-ON’, ‘yellow-ON’ or achromatic (n=13, 4
&26 respectively). Conventions as above. (B) Mean (xSEM) firing rates of SCN cell populations tested with colour
and brightness stimuli immediately following transitions (0-500ms) from ‘blue’-‘yellow’/‘dim’-‘bright’ or vice versa.
Data were analysed by paired t-test; ***=p<0.001, **=p<0.01. (C: left) Responses of cells from A to selective
modulation of LWS or UVS opsin excitation, indicating ‘blue’-ON/’yellow-OFF’, ‘yellow-ON’/’blue-OFF or non-
opponent responses (conventions as in A). (C: right) Normalised mean (xSEM) change in firing for SCN cell
populations evoked by LWS and UVS opsin isolating stimuli. Note, normalisation and scaling for data in A and C is
identical.
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We next sought to better understand how the spectrally opponent responses of SCN
neurons were generated. Most mouse cones co-express both UVS and MWS opsin
(Applebury et al., 2000). The exceptions are rare “primordial S-cones” that only express UVS
opsin (Haverkamp et al., 2005) and peripheral cones that may express either pigment alone
(Nikonov et al., 2006). Chromatic opponency could arise either from a comparison between

these rare single-opsin expressing cones or from cones expressing both opsins.

In order to distinguish between these two potential origins for chromatic responses, we
exploited the fact that, for opsin co-expressing cones, the magnitude of responses to our
cone isolating stimuli should be substantially altered by changes in the background spectra
(see methods for details), whereas those originating with single opsin cones would not.
Accordingly, we next compared responses to UVS and LWS isolating stimuli measured
under conditions that resembled natural daylight with those presented under a
background lighting condition with altered spectral composition (‘white’; irradiance
matched for LWS- and UVS- opsin). This analysis revealed substantial differences in
responses to LWS and UVS contrast under the two backgrounds (Figure 3.7, A), indicating
involvement of the more common opsin co-expressing cones in the chromatic responses of
SCN neurons. Similarly, achromatic SCN cells showed little bias towards UVS and LWS opsin
responses under ‘natural’ background illumination (Figure 3.7, B), but when stimuli were
presented at the opsin-matched ‘white’ background, responses were skewed towards UVS

opsin (as predicated for the contribution of cones expressing both opsins).

We next asked whether cells exhibiting colour opponency receive irradiance information
from melanopsin. To this end, we modulated the spectral composition of our natural
background lighting condition to produce large changes in melanopsin excitation (92%
Michelson contrast) without any associated change in cone activation. When presented
with these melanopsin isolating steps, ‘blue’-ON cells exhibited slow, sustained increases in
firing (Figure 3.8, A top: peak response = 3.2 * 0.8 spikes/s above baseline; paired t-test
p<0.01, n=13), as have been previously described for melanopsin-driven responses (Berson

et al., 2002, Brown et al., 2010, Brown et al., 2011).
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Figure 3.7: Effect of background on SCN responses.

(A: top) Normalised mean (*SEM) responses to UVS/LWS contrast under
natural and white background spectra for all blue-ON and yellow-ON cells (n
= 13 and 4 respectively). Shading indicates “dim” to “bright” transition, x-
axis scale bars indicate temporal profile of UVS/LWS opsin excitation. Note,
LWS and UVS opsin specific responses are modulated by changes in
background spectra consistent with the involvement of cone that co-express
both opsins. (A: bottom) Example responses of two colour-sensitive cells
whose opponency was highly dependent on background spectra (one other
blue-ON cell exhibited similar behaviour, not shown). Y-axis scale bar
indicates firing frequency in spikes/s. (B) Example achromatic cell response
(top) and normalised population mean (+SEM; bottom) for UVS and LWS
contrast under the two backgrounds.
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The responses of colour-insensitive (achromatic) cells also exhibited the expected response
profile (Figure 3.8, A bottom: peak response = 1.8 + 0.2 spikes/s above baseline; paired t-
test p<0.01, n=26). The responses of the rare ‘yellow’-ON cells (n=4) was variable (Figure
3.9, B; top), with 1 cell exhibiting an increase in firing (Figure 3.8, B; top), 1 cell exhibiting a
reduction (Figure 3.8, B; bottom) in firing and 2 cells displaying no obvious response (not

shown).

Given that both achromatic and chromatic cells clearly receive melanopsin-dependent
irradiance information, we next investigated who these two signals interact in response to
the modest variations in irradiance likely to be commonly encountered during active vision.
In particular, we compared responses evoked by cone-selective changes in brightness
(LWS+UVS) to those evoked by a spectrally neutral increase in brightness (‘energy;
LWS+UVS+Melanopsin), steps both stimuli providing 70% Michelson contrast to each
receptor. Under these conditions, we found that the inclusion of melanopsin modulations
produced very little change in the responses of either colour-opponent or achromatic cells
when compared to those produced by the cone selective change in brightness (Figure 3.8,
A; subtraction). Accordingly, these data suggest that for modest changes in irradiance the

SCN response is in fact dominated by the influence of cone photoreception.

3.4.2 SCN responses to twilight stimuli

If cells are receiving both melanopsin independent irradiance signals and information about
wavelength via cone opsins, how do these two signals combine to encode time of day
under more natural conditions? To address this we generated stimuli that recreated for
Opnimw” mice, the changes in irradiance and wavelength experienced by wildtype animals
across the twilight to day transition (Figure 3.9, A). These were delivered as discrete light

steps from darkness to simulate a rodent sampling light from an underground burrow.

‘Blue’-ON cells exhibited a near linear increase in firing rate as a function of solar angle
(Figure 3.9, B; n=9 from 7 mice), indicating that their activity fairly directly reports sun

position across the twilight period. Conversely, responses of achromatic cells (Figure 3.9,
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Figure 3.8: Melanopsin signals influence both colour- and brightness- sensitive cells.

(A) Normalised mean (*SEM) response of blue-ON colour-sensitive (n = 13) and
achromatic cells (n = 23 tested) to stimuli targeting melanopsin and/or cones.
Melanopsin-isolating stimuli presented a 92% Michelson contrast change (~1.4 log
units), all other stimuli were 70% Michelson contrast. The energy condition reflects a
spectrally neutral modulation in light intensity, providing 70% Michelson contrast for
all retinal opsins. Far right panels reflect the predicted melanopsin contribution to
the 70% energy condition (obtained by subtracting the responses to UVS + LWS only
-"brightness”). Responses were normalised on a within-cell basis across all three
stimulus conditions and are plotted on the same scale to highlight relative response
amplitude. X-axis scale bars indicate temporal profile of UVS/LWS opsin and
melanopsin excitation. (B) Example responses of yellow-ON colour-sensitive cells
(bottom panels) to stimuli targeting melanopsin and/or cones or melanopsin.
Melanopsin-isolating contrast had more heterogeneous effects in yellow-ON cells,
with 1/4 cells exhibiting a reduction in firing and 2 cells displaying no obvious
response (not shown). Conventions as above except that data are presented as raw
firing rates. Y-axis scale bars represent peak firing in spikes/s.
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D; n=8) saturated at solar angles corresponding to sunrise, indicating that they provide

more limited information about sun position relative to blue-ON cells.

Although it is clear from the data above that ‘blue’-ON cells effectively track irradiance
across the twilight period, determining the specific contribution of the colour opponent
mechanism to those properties requires additional information. To obtain this we also
measured responses to two sets of analytical stimuli that replicated the natural change in
irradiance but lacked changes in spectral composition (Figure 3.9, A). Instead, spectra were
fixed at either the lowest solar angle for which data was available (‘night’) or to data
recorded in daylight (‘day’). Firing rate for ‘blue’-ON cells was consistently higher for the
‘night’ stimulus and lower for the ‘day’ conditions (Figure 3.9, B; F-test, p=0.009),
illustrating that the responses of these cells are highly sensitive to the changes in spectral
composition that occur over the course of twilight. Conversely, achromatic cells were
unable to distinguish between any of the 3 stimulus sets we tested (Figure 3.9, D; F-test,
p=0.72). Thus, under the conditions tested here responses of the achromatic cell
population as essentially entirely driven by irradiance as experienced by rods/melanopsin

photoreception.

3.4.3 Colour sets circadian phase

The electrophysiological data above indicate that the subsets of SCN neurons are able to

track changes in colour and/or irradiance occurring across twilight transitions..

We hypothesised, therefore, that the clock would use information about the change in
colour occurring during natural twilight to determine phase of entrainment at the whole
organism level. To investigate, this we scaled up our twilight stimuli to form an artificial sky
that could be presented to freely moving mice. Stimuli were modelled upon a northern
latitude summer, with an extended twilight period. As in the electrophysiological
experiments, OpnImw” mice were used, but stimuli were designed to re-create changes in

colour and irradiance as would be seen by wild-type mice.
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Figure 3.9: Colour signals control irradiance coding in suprachiasmatic neurons.

(A) Mean (xSEM) normalised responses of blue-ON cells (n = 9) to 30s light steps recreating the indicated stages
of twilight. Responses were normalised on a within-cell basis according to the largest response observed across
all three stimulus sets. (B) Initial (0—10 s) responses of cells from A as a function of simulated solar angle, fit with
four-parameter sigmoid curves. Note: the influence of twilight spectral composition on the solar angle response
curve (F-test for difference in curve parameters; p=0.009; direct comparisons between each pair of curves also
revealed significant differences p<0.05). (C&D) Responses of achromatic cells (n = 8), conventions as in A and B.
Achromatic cell responses to the three stimulus sets were statistically indistinguishable (F-test; p=0.72).
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For these experiments, we compared the phase of circadian rhythms (obtained via body
temperature telemetry) under exposure to light that recreated natural dawn/dusk
transitions to an irradiance only stimulus with a fixed ‘night’ spectral composition. Peak
body temperature occurred consistently later (Figure 3.10, A; 31+8mins, paired t-test,
p=0.003; n=10) during the ‘natural’ twilight including both colour and irradiance signals

than in the irradiance only ‘night’ twilight condition.

To confirm that this effect truly reflected the influence of cone photoreception and not
some unintended difference in the apparent brightness of these two conditions we also
performed the same experiment in Cnga3” mice lacking functional cone photoreception
(Biel et al., 1999). The adjustment in phase seen in OpniImw” was absent in these mice
(Figure 3.10, B; 6+9mins, paired t-test, p=0.51, n=9), confirming that it is the presence of

cone signalling that is responsible for phase adjustment.

3.5 Discussion

Our findings demonstrate that the mammalian circadian clock is able to access information
about both the irradiance and spectral composition of light in order to accurately encode
time of day. This latter property relies on the action of a subset of cells within the SCN
that receive opponent input from LWS and UVS-sensitive cones, allowing them to report

changes along the blue-yellow colour axis.

The idea that changes in spectral composition of light could provide important signals to
the circadian clock is not new, dating back to primitive mechanisms of archaebacteria
(Roenneberg, 1996) and are thought to have evolved as a mechanism for early organisms

to avoid high levels of harmful UV radiation during the day (Pittendrigh, 1993).

Changes in spectral composition of light have already been suggested to play a role in
circadian entrainment in environments with little overall changes in irradiance, for example

during artic summertime (Pohl, 1999). Particular importance has been placed in changes in
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Figure 3.10: Colour changes associated with natural twilight influence circadian entrainment.

(A) Top: Example body temperature traces from two Opnlmw® mice. Mice were exposed to
sequential 14 d epochs of (i) simulated “natural” twilight (replicating natural changes in irradiance
and colour during a northern-latitude summer), (ii) 18:6 square wave LD cycle, and (iii) a twilight
photoperiod which lacked changes in colour (irradiance profile identical to “natural” but relative
cone opsin excitation fixed to mimic night spectra). Dotted red lines indicate timing of peak body
temperature from last 9 d in each photoperiod. Bottom plot indicates timing of peak body
temperature for each individual (n = 10); bars represent median. Temperature cycles were
significantly phase-advanced under the irradiance-only versus natural twilight (paired t test; p =
0.003). (B) Mice lacking functional cone phototransduction (Cnga3-/-) exhibit identical phase of
entrainment under both photoperiods (conventions as in A; paired t test; p = 0.51, n = 9) with
peak body temperature occurring significantly earlier versus wild-type mice under natural but not
irradiance-only twilight (unpaired t tests, p = 0.005 and 0.91 respectively).

130



light at twilight as it is the time where most animals are active (Roenneberg and Foster,
1997), and colour opponent mechanisms in lizards have been implicated in enhanced
perception of dawn and dusk (Solessio and Engbretson, 1993). Earlier studies have
identified the capacity for blue-yellow colour discrimination as described here in the
pineal/parietal organs of non-mammalian vertebrates such as frogs and lizards (Dodt and
Meissl, 1982) and the effects of naturalistic spectral changes on the circadian system have
been examined in fish (Pauers et al., 2012). However, although changes in colour have
been implicated in assisting circadian entrainment, until now, no studies have been
sufficiently controlled in order to specifically separate out the influences of irradiance and
wavelength on the circadian system. Most importantly, the possibility that colour could be

important in mammals has never, until now, been investigated.

The method of extracting information about changes in spectral composition of light that
we have described here should be available to many mammals as the majority of species
(around 90%) have retained the required functional short and medium/long wavelength
photopigments (Jacobs, 2013). Naturally, this property extends the human visual system
and may thus provide an explanation for previous reports of subadditive melatonin
suppression in response to polychromatic light stimulation (Figueiro et al., 2004, Revell et

al., 2010).

It is clear that colour signals are not necessary for entrainment as animals are perfectly able
to entrain to standard LD cycles employed within the laboratory environment. However,
our data clearly shows that most mammals should be able to use colour information from
the environment to gain a more accurate measurement of sun position than simply
measuring irradiance alone. Under natural conditions measuring colour could play a major
role in negating the effect of changing weather patterns and cloud cover that can vary the
actual irradiance of daylight significantly. If this is taken under consideration, it could be
that our experiments have underestimated the importance of spectral composition to the
clock as our light stimuli lacked these daily variations. Regardless of this limitation, we still
see that changes in spectral composition alters the phase of circadian entrainment, with
colour opponency providing a mechanism by which the SCN can fine tune the timings of

behavioural/physiological processes to better align them with the solar day.
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Further confirmation of this effect of colour on the timing of physiological rhythms reflects
a genuine effect on the timing of SCN clock output can been found in ex vivo multiunit
recordings of mice house under ‘natural’ and ‘irradiance only’ conditions (Walmsley et al.,
2015). In line with our body temperature data, peak firing times of SCN neurons in
Opn1mw” mice align with the centre of the day when housed under a natural stimulus.
Similarly, peak firing times across the SCN shift substantially earlier when housed under

photoperiods that lack changes in colour.

SCN neurons receive input from all known classes of photoreceptor (Lucas et al., 2012,
Brown et al., 2011, van Oosterhout et al., 2012, Dkhissi-Benyahya et al., 2007, Altimus et
al., 2010, Lall et al., 2010, van Diepen et al., 2013). However, the conventional view is that
photoentrainment is primarily driven by rod and melanopsin input (Altimus et al., 2010, Lall
et al., 2010). Cones are associated with encoding rapid changes in irradiance, typically
within the first few seconds of a light pulse (Brown et al., 2011, Lucas et al., 2012) a signal
which seemingly would be of little use to the circadian system. In line with this view, cone-
only mice fail to entrain to laboratory LD cycles (Mrosovsky and Hattar, 2005). Our work
thus provides a new explanation for why cone inputs are included in the photoreceptive
pathways innervating the SCN, acting as important regulators of circadian timing under

natural conditions where both colour and irradiance vary dynamically across the day.

One question that is unresolved by this work is the precise mechanism by which SCN
neurons receive colour input. The simplest way is via ipRGCs themselves, as we know that
cones do transmit signals to the ipRGCs forming the RHT (Sharpe and Stockman, 1999,
Belenky et al., 2003, @stergaard et al., 2007). However, colour opponency has not been
documented before in mouse ipRGCs (Weng et al., 2013) but has previously described in
primates (Dacey et al., 2005). The presence of melanopsin signals in our cells indicates that
ipRGCs could indeed be the source of this colour input to the SCN, however, the role of
melanopsin in the SCN response to ‘energy’ steps (L+S+Mel) is minor in comparison to that
of cones and so it remains a possibility there is convergent input from ipRGC and non-

ipRGCs.
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Although ipRGCs do seem a logical source of colour input to the clock, the SCN is does not
function autonomously. In addition to receiving direct RHT input from the retina, a second
indirect pathway for photic information via the Intergeniculate leaflet (IGL) and associated
geniculohypothalamic tract (GHT) (Moore and Card, 1994) is known to have a modulatory
effect upon the SCN response. Additionally the OPN (most commonly known for its
involvement in the pupillary light reflex ) also possesses anatomical connections to the SCN
(Moga and Moore, 1997) and the IGL (Moore et al., 2000) suggesting an additional third
pathway for light input into the SCN. Therefore, network interactions between brain
regions involved in the network could be involved in generating/regulating colour-

opponent input to the clock.

The vast majority of the colour opponent cells we found in the mouse SCN are of the ‘blue’-
ON, ‘yellow’-OFF phenotype, the complete opposite of those found in the primate retina
(Dacey et al., 2005). However, Dacey and colleagues did not record from SCN-projecting
MRGCs. Although ipRGCs with blue-ON properties have not yet been described, Dacey only
recorded a small number of cells, and therefore primates almost certainly will possess blue-
ON RGCs. The question remaining is whether primate blue-ON RGCs will express the
photopigment melanopsin. This does not exclude the possibility of twilight chromatic
signals from affecting primate circadian system. In fact, the human melatonin regulation
system is evidence for the contrary as it displays a distinct bias towards short wavelengths
of light (Thapan et al., 2001). However, we did also find a small number of ‘yellow’-ON cells

within the SCN that exhibit inhibitory responses to melanopsin stimulation.

Although the biological mechanisms from which these chromatic signals are derived
remains elusive, the present findings convincingly show that these signals provide
important additional information about time of day, allowing the SCN to calculate a more

reliable measurement of solar angle than if using irradiance alone.
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Chapter 4: Selective manipulation of cone inputs to

optogenetically-identified mouse visual neurons

4.1 Abstract

Understanding how distinct populations of retinal and central neurons interact to
coordinate behavioural and physiological responses to visual stimuli is a key goal for
sensory biology. While the sophisticated range of mouse genetic tools available now make
this goal attainable, certain aspects of visual discrimination are challenging to study in
mice. For example, the close spectral sensitivity of most mouse photoreceptors makes it
hard to distinguish visual responses that are dependent on the chromaticity vs. brightness
of a given stimulus. We have previously employed mice with altered cone spectral
sensitivity to overcome this issue, using multispectral stimuli to show that both brightness
and colour contribute to circadian photoentrainment. We now validate a modification of
our original ‘silent-substitution’ approach for use in wildtype mice, facilitating application
of the technique alongside the wide range of new tools for cell-specific identification and

circuit manipulation.

Using multielectrode recordings from the lateral geniculate nuclei (LGN) of wildtype and
coneless mice, we first show that our silent-substitution protocols allow for robust and
selective activation of both mouse cone types (either singly, in unison or in antiphase). We
next show the utility of this approach alongside optogenetic-based cell identification, using
‘optrode’ recordings from mice with Channelrhodopsin2-directed to GABAergic neurons
(Ai32; GAD2-Cre). These recordings indicate that chromatic sensitivity is rare or absent
across GABA-positive intergeniculate leaflet/ventral LGN cells, suggesting that these
thalamic nuclei are unlikely to provide a direct source of chromatic signals for circadian
photoentrainment. In summary, we have established a useful new approach for
investigating cone photoreception and colour discrimination in mice with wide-ranging

utility alongside the ever-expanding mouse genetic toolbox.
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4.2 Introduction

Visual nuclei across the brain contain heterogeneous populations of neurons, varying in
functional properties, anatomical connectivity and the expression of neurochemical
messengers (Maturana and Varela, 1982, Harrington and Rusak, 1989, Harrington, 1997,
Howarth et al., 2014). Advances in mouse genetics offer new exciting ways to investigate
the functional organisation of such circuits (Soden et al., 2014). For example, the ability to
target exogenous proteins (e.g. optogenetic actuators) to specific cell types provides the
opportunity to define how identified neuronal populations communicate with one another
and/or to establish how the functional properties of cells vary according to neurochemical
phenotype. Given the unprecedented insights that are thus available from this new
generation of mouse genetic tools, it is no surprise that recent years have seen a dramatic
increase in the use of mice for studying visual circuits (See Huberman and Niell, 2011 for
review). Unfortunately, one area that has remained relatively poorly understood is how the

mouse visual system processes chromatic information.

Mice possess two classes of cone opsin, maximally sensitive to shortwavelength (S-opsin;
Amax=360nm) or green light (M-opsin; Amax=511nm) (Calderone and Jacobs, 1995, Szél et
al.,, 1992, Lall et al.,, 2010), together allowing for a form of dichromatic (‘blue-yellow’)
colour vision analogous to that found in most other mammals (See Jacobs, 2013 for
review). While at first glance it may seem relatively straightforward to identify colour
sensitive neurons, based on responses of opposite sign to UV and green light (i.e. ON vs.
OFF), two features of the mouse visual system make this challenging. Firstly, all mouse
opsins retain high sensitivity in the UV part of the spectrum (Figure 4.1), making it
challenging to activate S-opsin without the confounding influence of other photoreceptive
systems. Secondly, the spectral sensitivity of the mouse M-opsin is very similar to that of
rod and melanopsin photoreception (Amax=498nm and 480nm respectively; Figure 4.1: A).
Although a possible confounding influence of rod stimulation here can be ameliorated by
working under very high background light levels, the possibility of activating melanopsin
under such conditions makes it hard to confidently ascribe response components to M-
opsin. Given that melanopsin signals are widespread throughout the mouse visual system

(Brown et al., 2010, Ecker et al., 2010, Allen et al., 2014, Storchi et al., 2015) this is a
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Figure 4.1: Absorbance profiles of photopigments in wildtype and red cone mice.

Wildtype mice (A) possess two cone opsins: S-opsin that maximally absorbs light in the UV range (purple trace;
Amax=360nm) and M-opsin that maximally absorb light within the green portion of the spectra (green trace;
Amax=511nm). The absorbances of M-opsin, rod opsin and melanopsin (Amax=511nm, 498nm and 480nm
respectively) are close within the light spectra which makes it difficult to separate out their relative contributions
to the circadian light response. To make this easier, experiments that study photopigment contributions are
carried out in red cone (Opnlme) mice (B). Red cone mice possess the human red cone opsin (red trace;
Amax=556nm) in place of the mouse M-cone opsin (left; green), rendering the absorbancies of the photoreceptors
sufficiently different to facilitate the generation of cone-isolating stimuli. The peak absorbance of each of the

photopigments is listed in (C). Adapted from Walmsley et al (2015).
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significant drawback, especially when the regions studied receive the majority of their

visual input from melanopsin expressing cells (e.g. the suprachiasmatic nucleus; SCN).

To overcome these issues, we have previously employed carefully calibrated polychromatic
lighting to isolate cone and/or melanopsin signals (‘silent-substitution’), allowing us to
show that colour provides a key source of information to the mouse SCN circadian clock
(Walmsley et al., 2015). While effective, this earlier approach relied on the use of a
transgenic ‘red cone’ mouse model (Figure 4.1, B) in which the native mouse M-opsin is
replaced by the human longwavelength sensitive L-opsin (Smallwood et al., 2003, Lall et al.,
2010, Walmsley et al., 2015). This requirement thus presents a barrier to applying our
methodology alongside other genetic tools (e.g. cell-selective optogenetics) which could
help determine which SCN neuron types process colour signals and/or whether such
responses rely on input from other visual structures (e.g. the intergeniculate leaflet/ventral
lateral geniculate nucleus; IGL/VLGN). To avoid the logistical/financial drawbacks associated
with incorporating the cone transgenics alongside genetic tools for circuit mapping, here
we set out to validate a modification of the silent substitution approach suitable for
studying cone signalling in wildtype (M-opsin-expressing) mice. We also aimed to
demonstrate the utility of this approach alongside cell-type specific optogenetic-based cell
identification and thus obtain new insights into the sensory properties of IGL/VLGN cell

populations.

4.3 Methods

4.3.1 in vivo electrophysiological recordings

4.3.1.1 Animals

All animal use was in accordance with the Animals (Scientific Procedures) Act of 1986
(United Kingdom). Preliminary LGN experiments were performed on wildtype (C57BL/6)
background; n=6) and coneless (Cnga3”; n=8) mice. For optogenetic experiments,

recordings (n=6) were performed in Ai32; GAD2-Cre mice. In these mice
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Channelrhodopsin2:EYFP is selectively directed to GABAergic neurons via Cre recombinase
(flox-STOP system), whose expression is under control of the glutamate decarboxylase 2
(GAD2) enzyme (Madisen et al., 2012, Taniguchi et al., 2011). All mice were housed under a

12-h dark/light cycle at a temperature of 22°C with food and water available ad libitum.

4.3.1.2 Surgical techniques

Adult male mice were anaesthetised by intraperitoneal injection of urethane (1.5g/kg) and
placed into a stereotaxic frame (SR-15M; Narishige International) to hold the skull fixed in
place for surgery. The surface of the skull was exposed using a scalpel incision and a hole
was drilled using stereotaxic co-ordinates (2.5mm lateral to and 2.25mm posterior to
Bregma) obtained from the stereotaxic mouse atlas (Paxinos and Franklin, 2001). Pupils
were dilated with 1% atropine (Sigma Aldrich) and mineral oil (Sigma-Aldrich) added to

prevent drying of the cornea.

For preliminary LGN experiments, a recording probe (A4X8-5mm-50-200-177; Neuronexus,
MI, USA) consisting of 4 shanks (spaced 200um), each with 8 recordings sites (spaced
50um) was coated with fluorescent dye (CM-Dil; Invitrogen, Paisley, UK) and then inserted
into the brain 2.5mm lateral and 2.25mm caudal to bregma. The electrode was then
lowered to the level of the LGN using a fluid-filled micromanipulator (MO-10, Narishige
International Ltd., London, UK). To maximise the number of light responsive units obtained
from each experiment, after running through the light protocol, the probe was moved up

200um and the light protocol repeated.

For IGL optogenetic experiments, a recording probe with attached optical fibre (A1x32-
Poly3-10mm-50-177) was coated with fluorescent dye (CM-Dil; Invitrogen, Paisley, UK) and
then inserted vertically into the brain 2.4mm lateral and 2.5mm caudal to bregma. The
electrode was then lowered to the level of the IGL using a fluid-filled micromanipulator

(MO-10, Narishige International Ltd., London, UK).
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After allowing 30 min for neural activity to stabilise following probe insertion, wideband
neural signals were acquired using a Recorder64 system (Plexon, TX, US), amplified (x3000)
and digitized at 40 kHz. Surgical procedures were completed 1-2 h before the end of the
home cage light phase, such that electrophysiological recordings spanned the late
projected day-early projected night. Throughout the experiment, the animal’s temperature

was maintained at 37°C using a homeothermic heat mat (Harvard Apparatus).

4.3.2 Generation of cone-isolating visual stimuli for wildtype mice

We have previously used polychromatic (3-primary) illumination systems to selectively
manipulate cone photoreception in OpnImw” animals, with negligible effective contrast for
rod or melanopsin photoreceptors (Brown et al., 2013, Allen et al., 2014, Walmsley et al.,
2015). Given the very close spectral sensitivity of rhodopsin and the wildtype mouse M-
cone opsin (Figure 4.1), it is not possible to generate equivalent high contrast cone
modulating stimuli for wildtype animals that are also rod and melanopsin silent. We
reasoned, however, that producing effective cone-isolating stimuli for wildtype mice is
possible, provided that we work under high enough background light levels to silence rods.
Indeed, we have previously used a similar approach to generate melanopsin-isolating
stimuli for OpniImw” mice and validated that the relatively high rod contrast these
provided (~67%) was insufficient to evoke noticeable responses under background

illumination >10™ photons/cm?/s (Brown et al., 2012).

Using MATLAB modelling (Mathworks, MA, USA) of commercially available high power
LEDs, we determined that a combination of red (Amax: 617nm), blue (470nm) and
ultraviolet (UV; 405nm) LEDs (Thorlabs, NJ, USA) provided a good compromise between the
ability to produce high contrast manipulation of M- and S-cone opsin with no effective
contrast for melanopsin (and relatively modest effective rod contrasts). Accordingly, we
established a three primary illumination system, using dichroic mirrors (Thorlabs) to
combine illumination from these three LEDs which was then focused onto the end of a
7mm diameter flexible fibre optic light guide (Edmund Optics; York, UK) terminating in an

internally reflective plastic cone that could be positioned snugly over the animals eye.
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Light measurements were performed at the aperture of the illumination system, via a
calibrated spectroradiometer (Bentham instruments, Reading, UK). Using photopigment
spectral absorbance data and allowing correction for pre-receptoral filtering (Govardovskii
et al., 2000, Jacobs and Williams, 2007), pairs of metameric stimuli were then designed that
selectively differed in activation of M- and S opsins (individually, in tandem (M+S) and in
antiphase (M-S); 63% Michelson contrast). The effective melanopsin contrast for all these
stimuli was negligible (~¥3%) while the effective rod contrast ranged from 1.8-35%, with a
minimum effective rod photon flux >10™ (Table 4.1). As controls, we also generated
spectrally neutral stimulus pairs (‘energy’ stimuli: 20, 40, 63, 75, 90 & 96% Michelson
contrast) and cone-silent stimuli that provided modest contrast for melanopsin and rods

(36 & 21% Micheslon respectively).

For stimulus presentation, LED intensity was controlled using custom-written programs in
LabView 8.6 (National Instruments). Our stimuli were carefully designed such that the
‘background’ for each (i.e. the average of ‘bright’ and ‘dim’ stimulus pairs) was identical.
This allowed us to interleave blocks of stimulus presentation without confounding effects
of adaptation to changes in background photon flux for one or more photoreceptors. Each
metameric pair was delivered as 6-cycle blocks of square-wave modulations from the
common background at 0.25Hz in a predefined sequence (ordered based on effective rod
contrast). The full battery of test stimuli was then repeated multiple times (5-10) over the

course of the experiment to allow us to track changes in responsiveness over time.

4.3.3 Optogenetic stimuli

Optogenetic stimuli (634mW/mm? at the tip of the 200pum fibre) of between 10 and 300ms
duration were generated using a Blue (465nm) table-top PlexBright LED module (Plexon,
TX, USA) and controlled via custom-written programs in via LabVIEW (National Instruments,
TX, USA). Optogenetic stimuli were delivered directly to the brain through optical fibre,

terminating 200um above the location of the electrode sites.
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Photons/cm?/s at ‘high’ Photons/cm?/s at ‘low’ Michelson contrast (%)
Condition | M-cone S-cone Rod Mel M-cone S-cone Rod Mel M-cone S-cone Rod Mel
M 4.5x10* | 4.3x10" | 2.1x10™ | 1.5x10* | 1.0x10™ | 4.3x10" | 1.1x10* | 1.4x10™ 63.0 -0.3 31.1 3.3
S 2.8x10™ | 7.0x10" | 1.6x10™ | 1.5x10™ | 2.8x10™ | 1.6x10" | 1.7x10"* | 1.4x10" -0.2 63.0 -1.8 3.0
M-S 4.5x10™ | 1.6x10" | 2.2x10* | 1.5x10™ | 1.0x10™ | 7.0x10" | 1.1x10™ | 1.4x10* 62.9 -63.0 34.5 3.2
M+S 4.5x10™ | 7.0x10" | 2.1x10* | 1.5x10™ | 1.0x10™ | 1.6x10" | 1.2x10* | 1.4x10* 63.0 62.9 27.8 3.5
Energy | 4.5x10" | 7.0x10" | 2.7x10* | 2.4x10™ | 1.0x10" | 1.6x10" | 6.0x10" | 5.4x10" 63.0 63.0 63.0 63.0
Rod/Mel | 2.8x10" | 4.3x10" | 2.0x10™ | 2.0x10" | 2.8x10" | 4.3x10" | 1.3x10"* | 9.4x10" 0.0 0.0 21.3 36.0

Table 4.1: Calculated photon fluxes for each photoreceptor class in the silent substitution stimuli.

The photon flux of each photoreceptor (photons/cmz/s) at each background (‘low’ condition) and during the light step (‘high’ condition) within the silent
substitution stimuli designed to selectively modulate each of the photoreceptor classes. The relative contrast of the steps at each background is also shown
for each stimulus.



4.3.4 Histology

At the end of each experiment the brain was removed and post-fixed in 4%
paraformaldehyde overnight and then cryoprotected in 30% sucrose. The following day,
brains were sectioned at 100um on a freezing sledge microtome and mounted onto slides

using Vectasheild (Vectorlaboratories Ltd., Peterbourogh, UK).

After mounting Dil-labelled probe placements were visualised under a fluorescent
microscope (Olympus BX51) with appropriate filter sets. Resulting images were then
compared with appropriate stereotaxic atlas figures (Paxinos, 2001), to confirm

appropriate probe placement.

4.3.5 Data Analysis

Responses to silent substitution and optogenetic stimuli were analysed by custom written
programs in MATLAB R2014a. Where appropriate, firing rate modulations evoked by silent
substitution stimuli were deemed significant using x>-peridogram. Graphs were produced in
GraphPad prism 6.04 and Neuroexplorer (Version 4.133; Nex Technologies, AL, USA).
Statistical tests were carried out in GraphPad prism 6.04. Single cell/channel example
responses are presented as the mean £ SEM change in firing across all trials relative to
baseline. Where average population data is presented, data was baseline subtracted to

calculate the change in firing and presented as the mean + SEM change in firing, as above.

4.4 Results

4.4.1 Validation of the green cone silent substitution protocol

We first set out to confirm that the metameric cone-isolating stimuli we designed were
indeed effectively silent for rod and melanopsin photoreception. In particular, it was
important to establish that the modest rod contrasts (<35% Michelson; Table 4.1) these

stimuli produced were insufficient to activate rods under our experimental conditions
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(effective rod flux= 14.2 log photons/cm?/s). To this end, we initially performed in vivo
multielectrode recordings in the LGN of male ‘coneless’ mice (Cnga3”; n=8 recordings).
Since these mice lack cone phototransduction, any LGN response to retinal illumination in
these animals must originate with rods or melanopsin. However, since even very high
contrast changes in melanopsin activation do not seem to translate to noticeable changes
in neuronal firing at the temporal frequencies (0.25Hz) we employed here (Brown et al.,
2013, Procyk et al., 2015), we predicted that responses in the coneless mice (if present)
could be ascribed to rods. On that basis, we specifically chose to perform these recordings
in the LGN because previous work indicates that rod-driven responses are more robust in

this region than in other visual nuclei (Brown et al., 2011).

To help define the amount of rod contrast that could be safely applied without risk of
actually recruiting rod responses under our experimental conditions, alongside our cone-
isolating stimuli, we also tested LGN multiunit responses (n=152 recording sites) to a
rod/melanopsin isolating stimulus and spectrally neutral ‘energy’ modulations of varying
contrasts (20, 40, 63, 75, 90 and 95%). In line with our predictions, above, we found that
very few channels exhibited significant modulations in firing rate to any of our cone-
isolating stimuli but that responses became more noticeable with increasing rod contrast

(Figure 4.2, A).

As expected for our experimental conditions, the modulations in multiunit firing rate we
observed we typically small even for very large rod contrasts (Figure 4.2, C, D). Somewhat
surprisingly, however, we did observe a modest number electrode sites that exhibited
significant modulations to our cone-selective stimuli (Figure 4.2, A, B). This was most
evident for the M-S modulating stimuli (which provided the highest rod contrast: 35%
Michelson), where ~11% of cells exhibited a significant modulation in firing rate. Upon
closer inspection, we noticed that overt responses to these cone-isolating/low rod contrast
stimuli were entirely absent during early parts of our experiment and then gradually
appeared after extended recording epochs (Figure 4.2, D). These data suggest then that
despite the relatively high background light levels we employed, after extended epochs of
adaptation rods regain enough sensitivity to drive responses to modest contrasts (>30%) in

a subset of cells.
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Figure 4.2: LGN multiunit responses of coneless mice to silent substitution stimuli.

(A) The proportions of multiunit channels that have a significant response to each of the 7 silent
substitution stimuli in coneless mice, plotted in relation to their rod contrast. Grey points indicate
proportions of cells responding to energy steps. (B) The average firing rate modulation across all channels
exhibiting significant responses to the 96% energy step (n=82 channels). (C&D) Example responses and
associated trial bin counts of coneless mice to a 2s stimulus (represented by the unshaded area),
expressed in terms of their rod contrast. (C) An example response from a channel that only responds to
an energy step. (D) An example of a coneless channel that develops responses to M-opsin and M-S
stimuli partway through the experiment. Conventions as in C. (E) Normalised ‘response’ to S- and M-cone
modaulating stimuli over time (10 trial running average). (F) Proportion of cells with a significant response
to presentations of each of the individual stimuli that occur within 2000 seconds of beginning the
protocol. Conventions as in A.
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Accordingly, we next aimed to determine over what timescales it was possible to employ
our cone-isolating stimuli with negligible risk of beginning to also evoke rod-based
responses. To address this, we examined the stimulus-response relationships for
responding cells across individual blocks of stimulus presentation (see methods)
throughout the experiment (Figure 4.2, E). This analysis indicated that, among the
population of cells that regain sensitivity to low rod contrasts, nominal response amplitude
(peak-trough difference in firing rate) quite consistently began to increase ~2000s after
start of stimulus presentation. Accordingly, we reanalysed our data above, restricting
analysis to stimuli presented <2000 seconds of the start of the protocol. Under these
conditions we found that the proportions of recordings exhibiting statistical significant
modulations to cone isolating stimuli fell to at or below chance (p=0.05), even for the

stimulus condition producing the highest rod contrast (M-S; Figure 4.2, F).

Having established conditions under which our cone-isolating stimuli were effectively silent
for rods and melanopsin, we next aimed to confirm that these stimuli were indeed
sufficient to drive cone-based responses in wildtype mice. To this end, we then carried out
in vivo multiunit recordings in the LGN region of male wildtype mice (C57BL/6J background;
n=6). As expected for these wildtype LGN recordings, stimulus response relationships no
longer reflected the effective rod contrast they provided (Figure 4.3, A, B). Indeed, we now
observed robust multiunit responses (n=107 light responsive channels) to each of our cone-
isolating stimuli (Figure 4.3, A), with large proportions of channels (~80%) responding to at
least some conditions (Figure 4.3, B). Moreover, multiunit response amplitudes were
substantially higher (~10 times) than those observed among the small subset of coneless
recordings where we could detect rod responses after extended adaptation (compare
Figure 4.2 and 4.3). Interestingly, while we didn’t here seek to characterise responses
across individual cells, even at the multiunit level we were able to identify clear evidence of
both chromatic (Figure 4.3, C) and achromatic (Figure 4.3, D) cone signalling. On that basis
we conclude that our approach is suitable for studying cone signalling/colour processing in

the mouse visual system.
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Figure 4.3: LGN multiunit responses of wildtype mice to the individual silent
substitution stimuli.

(A) The proportions of multiunit channels that have a significant response to each of
the 7 silent substitution stimuli in wildtype mice. (B) The average response amplitudes
of channels that have significant responses to each of the individual stimuli. (C&D)
Example responses and associated trial bin counts of wildtype mice to a 2s stimulus
(represented by the unshaded area), expressed in terms of their rod contrast. (C) An
example of a chromatic channel with opponent responses to activation of M-and S-
opsins. (D) The response of an achromatic channel that responds to the stimulation of
either M-or S-opsin only.
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4.4.2 The identification of and characterisation of GABA-expressing cells in the IGL/LGN

We next set out to demonstrate the utility of the silent-substitution approach outlined
above, alongside cell-specific optogenetic identification/manipulation. In particular we set
out to employ this approach to determine whether the LGN-cell groups providing input to
the circadian system (GABAergic IGL/VLGN cells) might convey colour signals. To this end,
we next performed ‘optrode’ recordings (n=6) in Ai32; GAD2-Cre mice. In these animals
channelrhodopsin2 is specifically directed to neurons expressing the GABA synthetic
enzyme GAD2 (Madisen et al., 2012, Taniguchi et al., 2011), allowing ready identification of
GABA cells on the basis of intrinsic photosensitivity. Of note, since GAD2 is only expressed
in a very small minority of dLGN cells (Hammer et al., 2014), this approach also provides a
useful marker to distinguish putative IGL cells detected during these multielectrode

recordings from those in the neighbouring dorsal LGN.

We first examined multiunit responses to 5s steps of retinal illumination (405nm; 15.3 log
photons/cm?/s) and local light flashes (100ms, 465nm; ~600mW/mm? at fibre tip) across
the LGN (Figure 4.4). As expected, while high amplitude visual responses were present
across the entirety of the LGN (Figure 4.4, B), responses to optogenetic activation of GABA

neurons were much larger at recordings sites located in the IGL/VLGN region (Figure 4.4, C).

An important consideration in using optogenetic-based cell identification strategies is that
these require high light levels (See Hausser (2014) for review). Our identification of robust
responses to intraneural light delivery suggests our stimuli were easily sufficient to drive
optogenetic responses, even at recording sites most distant from the optical fibre (Figure
4.4). Nonetheless, we were keen to directly confirm that, under our experimental
conditions, anatomical variations in light penetration did not bias our identification of
GABAergic cells in any way. To this end, we utilised the precise geometry of our optrode
arrays to calculate mean response amplitude to our optogenetic stimuli as a function of
distance from the fibre tip. To account for difference in GABA neuron number, we analysed
these data separately for recording sites predicted to lie within the IGL/VLGN (n=74) and
the dLGN (n=34) regions.
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Figure 4.4: The locations of optogenetic and light responsive multiunit channels within the
visual thalamus.

An example experiment, highlighting the position of the 32 electrode sites within dLGN and
IGL/VLGN regions (A). Blue circles correspond to sites that show a response to a 5s full field light
flash. Red circles with blue outline correspond to channels that respond to both a 5s light
stimulation and a 100ms optogenetic pulse. Black channels did not respond to any of the stimuli.
Light responses are shown in B, and optogenetic responses are shown in C. We were unable to
identify any non-light responsive channels that responded to optogenetic stimulation.
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Analysed in this manner, we could not detect any obvious relationship between anatomical
distance from the fibre tip and response amplitude in either the IGL/VLGN (Figure 4.5, A) or
dLGN (Figure 4.5, B). We conclude then that our stimuli are sufficiently bright to reliably
activate GABA neurons, even when these are located 600um distal from our optical fibre
and/or we apply very brief (10ms) light steps (Figure 4.5, C). As indicated above, however,
we did find that optogenetically evoked spiking response were reliably larger in the
IGL/VLGN vs. dLGN (Figure 4.5, D). Thus, while response amplitude increased as a function
of flash duration in both regions, average response amplitudes were 2-3 times higher in the

IGL/VLGN, in line with the lower proportion of GABA cells in the dLGN.

Having established that our optogenetic stimuli robustly activate GABAergic neurons, we
next set out to specifically evaluate the sensory properties of IGL/VLGN GABA cells. From
our multiunit recordings at electrode sites within or neighbouring the IGL/VIGN region we
were able to isolate 30 single units. All of these cells responded to visual stimuli (Figure 4.6,
B&C: left) and 21/30 (70%) were also responsive to optogenetic stimulation (‘GABA+;
Figure 4.6, C: bottom), consistent with the high proportion of GABA-expressing neurons in
the IGL/VLGN. Of note, cells lacking optogenetic responses were typically detected
intermingled with other neurons that robustly responded to optogenetic activation. As
expected based on our previous work (Howarth et al., 2014), all but one of these cells
exhibited monocular responses driven by the contralateral retina (one GABA+ cell displayed
binocular responses). The vast majority of monocular cells (23/29) exhibited sustained
responses to illumination of the contralateral eye. The remaining 6 neurons exhibited
excitatory responses to both steps up and steps down in light intensity (ON/OFF

responses).

In response to cone-isolating stimuli, we observed heterogeneity among IGL/VLGN cell
populations (Figure 4.6, D). Thus a subset of both GABA+ and GABA- cells lacked detectable
response to all these stimuli (n=8/21 and 1/9 respectively) suggesting that either their
sensitivity to full field changes in illumination is low or that such cells exclusively receive
rod inputs. Among the remaining cells, we also observed substantial variability in the
relative magnitude of responses to M vs. S-opsin stimulation, with all cells exhibiting at

least some response to M-opsin isolating stimuli. In addition, we found very little evidence
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for direct chromatic response across the IGL/VLGN region. Indeed, just 1 cell (GABA-ve)
displayed colour-opponent responses (S-ON/M-OFF). Together then, these data indicate
that IGL/VLGN cells primarily convey achromatic signals and receive little input from the
‘primordial’ S-cones that appear to be important for responses in other non-image forming

nuclei such as the OPN (Allen et al., 2011).

4.5 Discussion

Here we describe and validate a silent substitution approach that allows for selective
modulation of cone photoreception in mice. These findings build on our previous
application of this technology in mice with altered cone sensitivity (Walmsley et al., 2015),
facilitating application of this important new tool alongside the full mouse genetic toolbox
for mapping the neural circuits. Accordingly, here we apply this technique alongside
optogenetic-based identification of GABA neurons in the IGL/VLGN to show that the
majority of cells in this thalamic component of the extended circadian system convey

achromatic signals derived from M-/S-opsin co-expressing cones.

One of the key questions arising from our previous report that colour influences circadian
timing (Walmsley et al., 2015) was whether SCN neurons received colour opponent input
directly from the retina or via indirect inputs from the thalamus. In fact, we found that
colour-opponent responses were extremely rare within the IGL/VLGN (<5% of the cells we
recorded). Moreover the one colour sensitive cell we detected in the vLGN in fact lacked
optogenetic responses, suggesting it was unlikely to form part of the GABAergic projection
to the SCN (Moore and Speh, 1993). Accordingly we think it unlikely that colour sensitive
responses in the SCN are directly driven by the geniculohypothalamic projection. On the
other hand, we cannot at present rule out the possibility that the M-OFF component of SCN
chromatic responses derives from inhibitory GABAergic input from IGL/VLGN cells. Indeed,
across our sample we found a substantial proportion of M-opsin biased GABA+ neurons in

these regions.
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Figure 4.6: The locations of optogenetic and light responsive single neurons within the IGL/LGN.

Light responsive single neurons (n=30) fall into one of two categories: cells that respond to light but not optogenetic stimuli
(blue; n=9) and cells that respond to both light and optogenetic stimulation (green; n=21). The locations of these neurons
within the visual thalamus are shown in A. Example responses of each of the cell types to a 5s binocular light stimulus are
shown as a histogram in B. Responses to a 100ms optogenetic pulse are shown as raster plots with associated histograms in
C. A neuron that responds to only photic stimulation is shown in blue (B&C; top) and a neuron that responds to both photic
and optogenetic stimuli is shown in green (B&C; bottom). There is no association between the location of a light responsive
cell and its response to metameric stimuli (D). GABA+ (n=21) cells consist of 2 subpopulations: 62% are achromatic (exhibit
‘ON’ responses to M- and/or S-opsin) whilst the remaining 38% do not respond to metameric stimuli. For GABA- cells (n=9):
1 cell did not respond to metameric stimuli, 7/9 exhibited achromatic responses and 1 cell exhibited chromatic (colour-
opponent) responses. Across the IGL/VLGN region the majority of cells exhibit greater responses to the stimulation of M-
opsin than S-opsin (E). This can also be seen on individual cell basis (F-G). The one chromatic cell (F) and two achromatic
cells (G&H) are shown as example responses. Within the IGL/VLGN region a large proportion of neurons exhibit excitatory
responses to both steps up and steps down in light intensity (H).
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It is also worth noting here that both the SCN and IGL/VLGN are heavily targeted by M1-
type mRGCs (Hattar et al., 2006). Indeed, at least some of the same cells that target the
SCN also project to the IGL (Morin et al., 2003). On that basis, the very low proportion of
colour sensitive cells we identify here relative to the SCN (~25%) suggests that colour
responses are unlikely to originate within M1 mRGCs. Consistent with that view, previous
direct investigations of mouse mRGCs did not find evidence for colour opponent responses
(Weng et al.,, 2013). Together then we suspect that if circadian responses to colour
originate entirely within the retina this involves a rare subtype of mRGC that targets the
SCN but provides little input to the IGL/VLGN. This situation would thus reflect a
substantive difference relative to previous suggestions that mRGC projections to the

primate LGN convey chromatic information (Dacey et al., 2005).

Insofar as our cone-isolating stimuli rely on the use of high background light levels to
silence rods, our use of coneless mice here also constitutes an important source of
information about the conditions under which this requirement is met. A somewhat
surprising outcome of these experiments was that we found evidence that rod responses
appear in a subset of LGN cells following lengthy (>30min) adaptation to a bright
background light. Previous work suggests that rod responses typically saturate at light
levels 1-2 orders of magnitude lower than the background light (10* photons/cm®/s) we
employed here (Pang et al., 2004). Consistent with these findings, previous applications of
the silent substitution approach under broadly similar background light levels did not
detect substantial evidence of rod-derived responses to relatively high contrast (~67%)
stimuli (Brown et al., 2012). We assume this relates to differences in stimulus protocols,
since this earlier study did not monitor responses for such extended epochs as those used

here.

On balance then, while we confirm that our approach can be used to effectively isolate M-
and S-opsin derived signals, we recommend that the possibility of rod intrusion be carefully
considered if the experimental protocol differs substantially from that used here. In line
with this view, previous work indicates that the experimentally determined saturation
point for rods is substantially influenced depending upon experimental conditions (Azevedo

and Rieke, 2011), prior light exposure (Adelson, 1982) and according to the species studied
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(Nakatani et al., 1991). Most importantly, there is in fact good evidence to suggest that
rods are capable of responding under any level of illumination following sufficient
adaptation (Naarendorp et al., 2001, Szikra et al.,, 2014). For example, while severely
attenuated, some visually-guided navigation persists in mice without functional cone
phototransduction under light levels 10 x brighter than those used here (Nathan et al.,,
2006). Accordingly, maintaining effective rod contrasts as low as is practical is a key

consideration for the effective use of cone-isolating stimuli.

A second factor to consider when interpreting data generated using cone-isolating stimuli
relates to interpreting a lack of response. For example, here we identified a sizeable
proportion of IGL/VLGN cells (33%) that did not exhibit reliable changes in firing rate to any
of our cone-isolating stimuli (but did respond to light steps under dark adapted conditions).
In principle there are two explanations for such data, either such cells receive input solely
from rods or their contrast sensitivity (at least for full field steps) is very low. In this regard
it is worth noting that, based on published data for spatially patterned stimuli, the
contrasts applied here (63%) should be sufficient to evoke very robust responses from all
LGN cells (Grubb and Thompson, 2003). Contrast sensitivity has not, to our knowledge,
been extensively investigated for full field stimuli, although our previous work (Howarth et
al.,, 2014) suggests this may be substantially lower than for the patterned stimuli
mentioned above. Modifications to our approach to increase effective contrast (by adding
1 or more wavelengths) and/or to produce photoreceptor-isolating spatial patterns (e.g.
Allen et al., 2014) are certainly achievable, however, providing a means of addressing this

question where necessary.

In summary, we have developed and validated a silent-substitution based approach
enabling selective modulation of individual cone opsins in the wildtype retina. In
combination with the sophisticated mouse genetic tools now available, this approach
should prove highly useful in dissecting the organisation and properties of visual pathways

responsible for chromatic processing in the mammalian brain and retina.
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Chapter 5: Influence of the Intergeniculate leaflet on

SCN light responses

5.1 Abstract

Information about the spectral composition (‘colour’) and amount (‘brightness’) of external
illumination form important temporal cues used by mammals to synchronise their circadian
system to the environment. Visual information reaches the master circadian pacemaker,
the suprachiasmatic nucleus (SCN), both directly via the retinohypothalamic tract and
indirectly via intergeniculate leaflet (IGL) cells forming the geniculohypothalamic tract
(GHT). At present, however, the contribution of GHT inputs to the colour and/or brightness
coding properties of SCN neurons are unknown. To investigate this issue, we performed in
vivo electrophysiological recordings from the SCN of anaesthetised mice in conjunction
with electrical stimulation or pharmacological inhibition (via local muscimol injection) of

GHT activity.

Electrical stimulation of the IGL region drove inhibitory responses that were almost
exclusively restricted to regions of the hypothalamus displaying visual responses.
Subsequent analysis of single cell responses indicated that both colour sensitive and non-
colour sensitive SCN cells received inhibitory input via the GHT. Moreover, unilateral
inactivation of the IGL and surrounding visual thalamus increased responses of the SCN to
stimulation of the opposing (contralateral) eye alongside a significant increase in baseline
firing rate. Of note, we also found evidence that S-opsin driven responses were
preferentially enhanced relative to those originating with L-opsin following removal of GHT
inputs. By contrast, ipsilateral visual responses and light evoked activity of contralateral
SCN were largely unaffected by these manipulations. Together these data indicate that GHT
afferents convey inhibitory visual signals to the ipsilateral SCN, primarily originating with

crossed retinal projections.
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5.2 Introduction

Photic information from the environment is transmitted to the SCN via two distinct
pathways. The principal pathway for light input is the retinohypothalamic tract (RHT),
which transmits photic information from intrinsically photosensitive retinal ganglion cells
(ipRGCs) in the retina directly to the SCN (Morin et al., 2003). The SCN can also receive
visual signals indirectly via intergeniculate leaflet (IGL) cells that form the
geniculohypothalamic tract (GHT) (Moore and Card, 1994). The GHT originates in neurons
throughout the IGL (Card and Moore, 1989), providing a primarily ipsilateral monosynaptic
projection to the SCN (Harrington and Rusak, 1989, Card and Moore, 1989). In mice, both
RHT and GHT terminal fields are found intermingled throughout the SCN (Morin and
Blanchard, 2001, Morin et al., 2006, Morin, 2013), suggesting that individual SCN cells may

integrate both direct and indirect visual signals.

In line with a functional role for the GHT in regulating the circadian photoentrainment,
lesions to the IGL inhibit the period lengthening effects of constant light (Harrington and
Rusak, 1986). IGL-lesioned hamsters also exhibit smaller phase advances and larger phase
delays to photic stimulation (Pickard et al., 1987), and lengthened free-running periods in
constant darkness (DD) (Pickard, 1994). Taken together, these data indicate that while GHT
input is not essential for photoentrainment, IGL neurons certainly appear to play a

modulatory role in circadian responses to light.

Consistent with anatomical data indicating dense ipRGC projections to the IGL (Hattar et
al., 2006), electrophysiological studies have shown that many IGL neurons exhibit sustained
ON responses to retinal illumination, indicating that they encode irradiance (Harrington
and Rusak, 1989, Howarth et al., 2014). IGL neurons are also known to exhibit various kinds
of binocular interaction, including the presence of cells that selectively respond to
interocular differences in irradiance (Harrington and Rusak, 1989, Howarth et al., 2014).
Moreover, previous work suggests that a subset of IGL neurons in birds are colour sensitive
(Maturana and Varela, 1982), and our recent work (see chapter 4) indicates that this is also
true of at least some mouse IGL cells. It is clear then that IGL neurons are a heterogeneous

population with respect to their sensory properties (Harrington, 1997).
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In line with the functional heterogeneity outlined above, IGL neurons are also
neuroanatomically diverse, innervating a large number of other brain nuclei and expressing
a number of different neuromodulators (Harrington, 1997, Morin, 2013). Although the
precise relationship between functional and neuroanatomical properties of IGL cells is still
poorly defined, a major population of cells forming the GHT co-express neuropeptide Y
(NPY) and GABA (Moore and Speh, 1993). Both GABA (Wagner et al., 1997, De Jeu and
Pennartz, 2002, Choi et al., 2008) and NPY (Mason et al., 1987, Liou and Albers, 1991) have
been reported to exert mixed inhibitory/excitatory effects on SCN neurons, although
electrical stimulation studies suggest that the GHT exerts a predominantly inhibitory
influence on SCN firing activity (Roig et al., 1997). Unfortunately, the nature of the sensory
signals supplied to the SCN via NPY cells is unknown. Thus, there are conflicting reports as
to whether NPY-expressing neurons in the IGL actually receive direct retinal input
(Thankachan and Rusak, 2005, Morin, 2013, Takatsuji et al., 1991). Moreover, NPY cells in
the IGL reportedly lack light-induced c-Fos expression (Juhl et al., 2007). In contrast,
studies using antidromic activation have indicated at least some SCN-projecting IGL cells
are light sensitive, although it is unclear if these are NPY cells or precisely what kind of

signals they send to the SCN (Blasiak and Lewandowski, 2013, Zhang and Rusak, 1989).

A second subset of IGL neurons project to the contralateral IGL and can be distinguished
from SCN-projecting neurons by their expression the neurotransmitter Enkephalin (ENK)
(Moore and Speh, 1993, Blasiak and Lewandowski, 2013). Existing work suggests that the
visual response properties of these geniculogeniculate-projecting cells may differ from
those of IGL cells that project to the SCN (Blasiak and Lewandowski, 2013). These data thus
provide a further indication that the functional heterogeneity in IGL visual responses
(discussed above) reflects cells with differing anatomical connectivity/functional roles.
Importantly, however, these data also then indicate that it is impossible to infer what kinds
of signals the GHT might send to the SCN simply by investigating the sensory properties of
IGL neurons. Moreover, since none of the previous studies targeting specific IGL-cell
populations have investigated their sensory properties in any detail, the contribution of
GHT inputs to SCN light responses is still essentially unknown. In light of this uncertainty
regarding how GHT input contributes to visual processing in the SCN, here we set out to
investigate this question directly using a combination of electrical stimulation and

pharmacological inhibition of GHT activity. By using these approaches alongside a
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comprehensive characterisation of SCN sensory properties, we hoped to define the extent
to which colour and/or brightness coding properties in the SCN are modulated by visual

signals originating from the GHT.

5.3 Methods

5.3.1 Animals

All animal use was in accordance with the Animals (Scientific Procedures) Act of 1986
(United Kingdom). Experiments were performed on adult male wild-type mice (C57BL/6)
background) under urethane anaesthesia. Before surgery, mice were housed under a 12-h

dark/light cycle at a temperature of 22°C with food and water available ad libitum.

5.3.2 in vivo electrophysiology

Mice were anaesthetised by intraperitoneal injection of urethane (1.5 g/kg) and placed into
a stereotaxic frame (SR-15M; Narishage International) to hold the skull fixed in place for
surgery. The surface of the skull was exposed using a scalpel incision and 2 holes were
drilled using stereotaxic co-ordinates (0.95mm lateral to and 0.3mm posterior to Bregma
for SCN probe; 2.3 mm lateral to and 3.5mm posterior to Bregma for IGL probe) obtained
from the stereotaxic mouse atlas (Paxinos and Franklin, 2001). Pupils were dilated with 1%
atropine (Sigma-Aldrich, Dorset, UK) and mineral oil (Sigma-Aldrich, Dorset, UK) added to

prevent drying of the cornea.

A recording probe (Buszaki 32L; Neuronexus, Ml, US) consisting of four shanks (spaced
200um), each with eight closely spaced recordings sites in diamond formation (intersite
distance 20-34um) was coated with fluorescent dye (CM-Dil; Invitrogen, Paisley, UK) and
then inserted into the brain 0.95 mm lateral and 0.3 mm caudal to bregma at an angle of 9°

relative to the dorsal-ventral axis, to target the SCN.
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A second electrode was then inserted into the brain 2.3mm lateral and 3.5mm caudal to
bregma at an angle of 16° relative to the dorsal-ventral axis to target the IGL-region. For
experiments involving pharmacological manipulation of GHT activity, this was a recording
electrode with attached drug cannula (E16-20mm-100-177; Neuronexus, MI, US). In
stimulation experiments, the second probe was a stimulation electrode (A4x4-4mm-200-
200-1250; Neuronexus, Ml, US) consisting of four shanks (spaced 200um), each with four
stimulation sites (intersite distance 200um). Electrodes were then lowered to the levels of
the SCN and IGL using a fluid-filled micromanipulator (MO-10, Narishige International Ltd.,
London, UK).

After allowing 30 min for neural activity to stabilise following probe insertion, wideband
neural signals were acquired using a Recorder64 system (Plexon, TX, US), amplified (x3000)
and digitized at 40 kHz. Throughout the experiment, the animals temperature was

maintained at 37°C using a homeothermic mat (Harvard Apparatus, UK).

5.3.2.1 Pharmacological inhibition of the visual thalamus using muscimol

For these experiments, the drug cannula attached to the recording probe was connected to
a syringe filled with muscimol (1ImM; Sigma-Aldrich, Dorset, UK). Muscimol was injected
through the cannula into the IGL at a rate of 1ul/min, a minute at a time using a pump
(Harvard Apparatus, Cambridge, UK). In order to be confident that GHT activity was
robustly inhibited by this manipulation, between infusions, a 2s light step was used to
verify response magnitude across the visual thalamus. This was process was repeated 2-4
times until no light responses were detected at any recording sites. We thus provided
relatively large drug injections predicted to encompass the majority of the lateral
geniculate nuclei. Visual stimuli were given before and after muscimol infusion to allow

comparison.
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5.3.2.2 Electrical stimulation

Electrical stimuli consisted of a biphasic bipolar square wave pulse (100uV/100us per
phase), generated by a PlexStim 2.0 stimulation box (Plexon, TX, US) and controlled via a

custom written program in LabVIEW (National Instruments, TX, USA).

Stimulation sites on the electrode are large (1250um?) and were activated to increase their
conductance of current before each experiment by the application of an iridium oxide
coating to the electrode surface (niPOD, Neuronexus). After placement of the probe, the
current output of each channel was monitored to ensure that all of the channels used to
deliver the stimuli were capable of delivering the correct amount of current. Typically
groups of channels were used as positive and negative poles for the stimulus (4 sites each),

to allow the conductance of stimulating current across large areas of the visual thalamus.

5.3.3 Visual Stimuli

Light measurements for both eye-specific and cone-isolating stimuli were performed using

a calibrated spectroradiometer (Bentham instruments, Reading, UK).

5.3.3.1 Eye-specific stimuli

Full field visual stimuli were generated via two LEDs (Amax 410nm; half-width: +7nm;
Thorlabs, NJ, USA) independently controlled via LabVIEW (National Instruments, TX, USA)
and neutral density filter wheels (Thorlabs). Light was supplied to the subject via 7mm
diameter flexible fibre optic light guides (Edmund Optics; York, UK), positioned 5mm from
each eye and enclosed within internally reflective plastic cones that fit snugly over each eye

to prevent off-target effects due to scattered light.
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To determine the relative magnitude and sensitivity of eye specific responses in SCN
neurons, mice were maintained in darkness and 5s light steps were applied in an
interleaved fashion to contra- and/or ipsilateral eyes for a total of 10 repeats at
logarithmically increasing intensities spanning 11.8-15.8 log photons/cm?/s (interstimulus
interval 20s). Because all mouse photoreceptors display similar sensitivity to the
wavelengths contained in our stimuli (Brown et al.,, 2013, Brown et al., 2012), after
correction for pre-receptoral filtering (Govardovskii et al., 2000, Jacobs and Williams,
2007), effective photon fluxes for each mouse opsin were between 0.5 (M- and S-cone
opsins) and 0.3 log units (melanopsin) dimmer than this value. Intensities reported in the
manuscript reflect effective irradiance for rod opsin, which is intermediate between these

extremes (11.4-15.4 log photons/cm?/s).

5.3.3.2 Cone-isolating visual stimuli

To assess the chromatic input to the SCN, metameric stimuli were designed that selectively
modulates the activation of M- and S- opsins individually, in tandem and in antiphase and

lacked any effective change in melanopsin and rod excitation.

Cone-isolating stimuli were generated using independently controlled red (Amax:
617nm), blue (Amax: 470nm) and ultraviolet (UV) (Amax: 405nm) LEDs. The intensity of
the three LEDs was controlled using custom-written programs in LabView 8.6 (National
Instruments). The stimuli were delivered from a background as a 0.25Hz square-wave
stimulus. The stimulus consisted of 2s step up in light intensity from a ‘dim’ condition
(background) to a ‘bright’ condition (stimulus). Irradiance for the stimulated cone
opsins was varied by £63%, to produce an overall 4.4 fold increase in intensity between
‘bright’ and ‘dim’ phases. A stimulus that activates all photoreceptors simultaneously
(energy steps; +63%) was also included. The effective photon fluxes of each of these

stimuli have been reported previously (Table 4.1).
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5.3.4 Histology

At the end of each experiment the brain was removed and post-fixed in 4%
paraformaldehyde overnight and then cryoprotected in 30% sucrose. The following day,
brains were sectioned at 100um on a freezing sledge microtome and mounted onto slides

using Vectashield (Vectorlaboratories Ltd., Peterbourogh, UK).

After mounting, Dil-labelled probe placements were visualised under a fluorescent
microscope (Olympus BX51) with appropriate filter sets. Resulting images were then
compared with appropriate stereotaxic atlas figures (Paxinos, 2001) to verify appropriate

SCN and LGN probe placement.

5.4 Results

5.4.1 Influence of GHT stimulation on SCN activity

In order to determine the functional impact of GHT input to the SCN, we first applied
electrical microstimulation to the IGL region of a subset (n=7) of mice. Visual stimuli (full

field light steps) were then used to classify the responses of these cells.

In total, we identified light-dependent changes in firing at 130/224 recording sites located
in and around the SCN (Figure 5.1, A: left). Out of these light-responsive multiunit recording
sites, 16% (n=21) also showed changes in firing activity following IGL microstimulation, with
the vast majority (20/21) exhibiting inhibitory responses (Figure 5.1, B). Thus, only 1
multiunit recording site showed increased firing in response to GHT activation (Figure 5.1,
C). The remainder of our recordings (94 sites) were located in the periSCN region but did
not respond to any of our light stimuli (Figure 5.1, A: right) so indicating that the
neighbouring cells were very unlikely to have received direct retinal input. Electrical
stimulation of the IGL elicited no response in 99% (n=93) of these visually insensitive

recording regions, with the sole responding site exhibiting an inhibitory response.
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Figure 5.1: Responses to ipsilateral GHT stimulation across the SCN region.

(A) Proportions of SCN recording sites exhibiting excitatory or inhibitory responses to electrical
stimulation of the IGL region (100-300uV biphasic dipolar stimulation; 100us/phase). Left:
proportions of channels that are light responsive. Right: proportions of responses from
multiunit channels that did not respond to light flashes. (B) An example SCN channel receiving
inhibitory input from the SCN. (C) An example channel receiving excitatory input from the IGL.
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Figure 5.2: Inhibitory responses can be seen in both chromatic (colour-opponent) and
achromatic cells within the SCN.

(A) An example of an achromatic SCN neuron. Left: The mean (+SEM) response to a 2s light stimuli
designed to activate M-opsin and S-opsin individually, in tandem and in anti-phase. This cells
response is primarily determined by the degree of M-opsin activation. Right: Raster plot (top) and
perievent histogram (bottom) showing the inhibitory response to electrical stimulation within the
IGL. (B) An example of a SCN neuron that receives colour-opponent information from the retina
(M-OFF, S-ON). Conventions as in A.
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Since individual SCN neurons can exhibit various different sensory properties, including
cells that encode irradiance, colour or specifically respond to visual contrast (Walmsley et
al.,, 2015, Walmsley and Brown, 2015), we next investigated whether GHT input might
preferentially influence specific classes of visually sensitive SCN neurons. In total we
isolated 9 single SCN cells from these recordings, all of which exhibited sustained
monocular visual responses to 410nm light steps. To investigate chromatic sensitivity, we

next presented photoreceptor-isolating stimuli to differentially activate M- and S-opsin.

Almost half (4/9) of the cells we isolated were confirmed as colour sensitive, exhibiting
robust M-OFF, S-ON responses. Of the remaining cells, two were preferentially sensitive to
M-opsin stimulation and the remainder lacked clear responses to selective cone activation.
Consistent with our analysis of multiunit responses above, only a subset (2/9) of the single
units we isolated responded to GHT activation, with 1 chromatic and 1 achromatic cell
exhibiting pronounced inhibitory responses (Figure 5.2, A&B). These data thus establish
that at least a subset of the colour and irradiance coding cell populations in the SCN receive

inhibitory input from the GHT.

5.4.2 Contribution of GHT inputs to SCN light responses

We next set out to determine the functional contribution of GHT inputs to the SCN light
responses. To this end, we set out to monitor SCN visual activity before and after
pharmacological inhibition of IGL activity. This was achieved by microinjection of the GABA,
antagonist muscimol (1ImM) into the visual thalamus. Following large muscimol injections
(2-4pL) light evoked (and spontaneous) activity was profoundly suppressed across the
visual thalamus (Figure 5.3; top). Drug spread was calculated by identifying the electrode
sites on which light responses were abolished (Figure 5.3), using the known inter-site
distances from the manufacturer’s specification. On this basis we estimated that activity
was inhibited at sites located up to 850um from the site of drug infusion, providing ample
coverage to ensure complete removal of GHT inputs to the SCN, which was subsequently

verified via post-hoc histological processing (Figure 5.3; bottom).
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Figure 5.3: Microinjection of muscimol silences the visual thalamus.

Bottom: Histological verification of drug probe placement within the visual thalamus. Top:
Trial bin counts for multiunit firing activity across repeated presentations of a 2s light step.
Muscimol infusion rapidly abolishes spontaneous and visually evoked activity at sites located
up to 850um from the site of drug infusion
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In total we examined the effect of GHT inhibition during multielectrode (32 channel)
extracellular recordings from the SCN and surrounding hypothalamus of 8 mice. We first
investigated the contribution of the GHT to irradiance coding in the SCN by applying full-
field 410nm light steps of varying irradiance to one or both eyes. Importantly, since all
mouse photoreceptor classes are equally sensitive in this part of the spectrum (see
Methods), any heterogeneity in the photoreceptor populations driving specific responses
(Brown et al.,, 2011, van Oosterhout et al.,, 2012) should not influence sensitivity as
assessed under these conditions. These stimuli were presented before and after unilateral
GHT inactivation to allow for comparison. Since IGL projections to the SCN are
predominantly (but not exclusively) ipsilateral (Card and Moore, 1989) we independently
evaluated the effect of both ipsilateral (n=5 mice) and contralateral (n=3 mice) GHT
inactivation. To assess the impact of any GHT-independent changes in SCN responsiveness
over the course of our experiment we also performed control recordings in 6 mice using an

identical protocol (drug probe implanted but no muscimol administered).

In line with the anatomical arrangement of GHT inputs (Card and Moore, 1989), significant
differences in light-evoked activity was only seen in the ipsilateral SCN (Figure 5.4). Thus,
across the ipsilateral SCN, GHT inhibition significantly increased multiunit firing responses
to stimulation of the contralateral eye (n=63 light responsive channels; Figure 5.4, A; F-test,
F=4.67 p=0.001). A similar increase in multiunit firing was also evident when both eyes
were stimulated (Figure 5.4, C; F-test, F=4.328 p=0.0018), whereas responses to stimulation
of the ipsilateral eye were unchanged (Figure 5.4, B; F-test, F=1.849, p=0.1179). These data
suggest, therefore, that the GHT primarily conveys signals from crossed retinal projections

within the brain to the ipsilateral SCN.

In contrast with the above, removal of contralateral GHT activity (n=33 light responsive
channels) had no significant effect upon stimulation of either eye (Figure 5.4, D-F; CONTRA:
F-test, F=0.8715 p=0.4812; IPSI: F-test, F=2.277 p=0.0608), although there was a slight
trend toward increased responses to stimulation of the ipsilateral eye. Moreover, visual
responses obtained under control conditions (an identical visual stimulation protocol and
time difference between the two sets of measurements; n=127 light responsive channels

from 6 mice) exhibited no significant differences (Figure 5.4, G-l; CONTRA: F-test, F=1.35
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Figure 5.4: Effects of GHT
inhibition on eye-specific
responses within the SCN.

(A-) Normalised multiunit SCN
responses to contra-, ipsilateral
and  binocular  (contra+ipsi)
optical stimulation (5s flashes
from dark; 410nm LED) before
and  after unilateral GHT
inhibition via local injection of
muscimol. When the ipsilateral
GHT is inhibited (A-C) SCN
responses to contralateral (A;
p=0.01) and binocular (C;
p=0.018) stimuli are enhanced.
Inhibition of the contralateral
GHT (D-F) has no effect on SCN
responses to eye-specific stimuli.
Under control conditions (G-l)
there were no changes in visual
responses. GHT inhibition
significantly altered spontaneous
activity within the SCN (J) in all
three groups (paired t-tests:
CONTRA p=0.0007, IPSI
p=0.0119, CONTROLS p=0.0161).
Spontaneous activity in the
ipsilateral SCN increased
significantly more than in the
control group (1-way ANOVA,
Dunnett’s multiple comparisons
test; p<0.0001).

174



p=0.2492; IPSI: F-test, F=1.943 p=0.1011). These data thus indicate that time-dependent
changes in SCN firing could not explain the effects of muscimol application described above
and that contralateral GHT projections do not exert a pronounced influence over SCN firing

light responses.

We also found that GHT inhibition significantly altered spontaneous activity within the SCN.
Thus, although paired t-tests indicated a significant increase in firing in all three groups
(Figure 5.4, J; CONTRA p=0.0007, IPSI p=0.0119, CONTROLS p=0.0161), spontaneous activity
in the ipsilateral SCN increased significantly more than in the control group (1-way ANOVA,
Dunnett’s multiple comparisons test; p<0.0001). The GHT therefore modulates both

spontaneous firing and light-evoked aspects of the SCN light response.

In general agreement with the population responses described above, analysis of the
modest sample of individual cells isolated from these recordings indicated that most
contralaterally responsive neurons (3 out of 4) exhibited enhanced responses (p<0.05) after
inhibition of the ipsilateral GHT (Figure 5.5, A: p<0.05). Interestingly, however, we also
found that 2 out of 3 SCN cells that responded to ipsilateral visual stimuli exhibited
enhanced responses following GHT inhibition, including one binocular cell, where both eye-
specific response components displayed facilitation after ipsilateral IGL inhibition (Figure
5.5, B: p<0.05). Similarly, we also found that 2 out of 3 cells isolated from experiments
using contralateral GHT inhibition exhibited significantly enhanced light responses post-
drug. These results should be interpreted with some caution, since in our control
experiments a subset of cells (n=3/10) exhibited spontaneous changes in response
amplitude (p>0.05) over an equivalent time period to that used to evaluate drug effects.
Nonetheless, while a larger sample size would be needed to draw firm conclusions,
together these data suggest that the GHT may not exclusively modulate ipsilateral SCN

responses to crossed retinal inputs.
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Figure 5.5: Effects of GHT inhibition on eye-specific responses within individual SCN
neurons.

Example responses of single SCN neurons before and after inhibition of the ipsilateral IGL.
The vast majority (3/4) of contralaterally responsive neurons exhibit enhanced responses
to both monocular and binocular stimuli (A). A binocular cell receiving input from both
eyes, exhibit enhanced responses to both ipsi- and contralateral stimuli (B).
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5.4.3 The GHT reduces the sensitivity of SCN chromatic responses

We have previously established that the SCN receives information about colour from the
retina (Walmsley et al., 2015). Since the origins of colour input to the SCN are currently
unknown, and our electrical stimulation studies indicate that at least some colour sensitive
SCN neurons receive GHT input, we next set out to assess their dependence on input from
the GHT. As above then, we presented photoreceptor isolating stimuli to differentially
activate M- and S-opsin before and after inactivation of the IGL. Due to constraints of the
recording setup, chromatic stimuli were presented to the eye contralateral to the inhibited

IGL only.

In order to ascertain whether GHT inputs differentially contribute to chromatic vs.
achromatic responses within the SCN, we divided the multiunit population data recorded
from the SCN into 2 groups: a ‘chromatic’ group containing channels (n=159) where firing
activity was most responsive to coloured stimuli (significantly greater responses to stimuli
that modulated M- and S-cone opsin in antiphase vs. in unison) stimuli and an ‘achromatic’
group (n=63) that exhibited greatest firing to simultaneous increases intensity for L and S
cone opsin. Channels lacking significant responses to any of the stimuli we applied (i.e.
those that did not receive input from the eye where stimuli were applied) were excluded

from this analysis.

Analysis of post-treatment changes in SCN ‘chromatic-population’ responses to
contralateral visual stimuli (Figure 5.6, A) revealed significant effects of stimulus type (2-
Way ANOVA, F;3,15=4.1, p=0.009), group (ipsilateral GHT inhibition vs. control; F;35=6.4,
p=0.016) and their interaction (F;1;,=2.8, p=0.044). Moreover, subsequent analysis
revealed significant treatment-related changes in firing only in the ipsilateral GHT inhibition
group (2-way ANOVA; Stimulus type x Treatment: F35;=3.3, p= 0.0275) with significant
increases in response to S- and L-S opsin modulating stimuli (p<0.01 and p<0.05
respectively, Sidak post-test; controls all p>0.05). Together then, these data indicate that
the ipsilateral GHT may selectively attenuate S-opsin driven responses in chromatic cells. As
expected, we did not observe any significant changes in chromatic population responses to

cone-isolating stimuli following inhibition of the contralateral GHT (Figure 5.6, B).
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Figure 5.6: The GHT acts to reduce the sensitivity of SCN chromatic responses.

(A-D) Post-muscimol change in firing responses of chromatic (colour opponent) and achromatic (responsive
to at least one opsin) multiunit channels relative to control conditions. (A) Removal of ipsilateral IGL input
increases the response of chromatic channels to S- ( p<0.01) and L-S opsin (p<0.01) stimuli; a change that is
absent in control experiments (p=0.2505). (B) Removal of contralateral IGL input has no significant effect
on SCN chromatic cell responses to colour stimuli. (C) Achromatic channels increased their responsiveness
to S- (p<0.01) and L+S (p<0.05) opsin stimuli after ipsilateral IGL inhibition. Control experiments showed no
significant change in response to the addition of drug (2-way ANOVA; p= 0.1079). However, they exhibited
a stimulus-dependent effect of the drug (StimulusxDrug: F;4,=5.747 P=0.001), with post hoc analysis
revealing increases in response to S- (p<0.0001) and L+S opsin stimulation (p<0.01). (D) Removal of
contralateral IGL input has no significant effect on SCN achromatic cell responses to colour stimuli. (E) After
principal component analysis we found one example of a chromatic cell that exhibited the significant
increase (p<0.05) in sensitivity to S and M-S stimuli.
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Moreover, by contrast with the above, we did not observe any effect of group (ipsilateral
GHT inhibition vs. control; F, 9;7=0.02, p=0.88) or the interaction of stimulus type and group
(F3273=1.7, p=0.198) for post-treatment changes in the responses of the achromatic SCN
population. In fact, however, subsequent analysis revealed a significant effect of treatment
in both ipsilateral GHT inhibition and control groups, with increased responsiveness to S-
and L+S opsin modulating stimuli (Figure 5.6, C; 2-way ANOVA with sidak posthoc tests).
Based on the relatively short time interval between pre- and post-treatments tests for
these stimuli (~15min), we assume this observation reflects some form of network
adaptation which results in enhanced cone driven responses across this group, unrelated to
the specific effects of GHT inhibition. As above, there were no significant changes in
achromatic population responses to cone-isolating stimuli following inhibition of the
contralateral GHT (Figure 5.6, D). After principal component analysis, we were able to
identify one example of a chromatic cell that exhibited a significant increases (p<0.05) in

sensitivity to the S and L-S stimuli after the removal of ipsilateral IGL input (Figure 5.6, E).

5.5 Discussion

To date, the best known role for the GHT within the circadian system is in conveying
arousal related information (Edmonds, 1977, Abe et al., 2007, Dudley et al., 1998,
Grossman et al., 2000). While it is relatively well established that this pathway functionally
opposes circadian resetting responses to light (van den Pol et al., 1996, Biello et al., 1997),
the extent to which the GHT actually conveys visual information has remained
controversial. Here we provide strong evidence that the GHT does directly convey visual
signals and thus acts to tune the acute light-evoked activity of SCN neurons. Thus, we find
that specific features of the acute SCN light response are modulated following inactivation
of the GHT, including the balance of eye-specific visual responses and chromatic responses.
Accordingly our data are compatible with the idea that not only do GHT signals directly
influence the sensory properties of circadian responses to light, but also that the GHT
might regulate other non-image forming light responses, such as suppression of melatonin

secretion.
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Following pharmacological inactivation of the ipsilateral LGN we primarily find an increase
in contralateral, but not ipsilateral-driven visual responses within the SCN. These data
suggest that the GHT primarily conveys inhibitory signals from IGL cells that are excited by
crossed retinal projections. In line with this view, input to the IGL from the contralateral
eye is at least twice as dense as that from the ipsilateral eye in all rodent species studied
(Moore and Card, 1994, Tang et al., 2002, Hattar et al., 2006). Moreover, our previous work
has shown that almost all cells in the mouse IGL/VLGN respond to contralateral visual
signals, with less than 20% receiving ipsilateral input (Howarth et al., 2014). Our data also
suggest that the functional influence of the GHT is primarily limited to cells in the ipsilateral
SCN, since inhibition of the opposing GHT did not significantly change SCN visual responses.
This finding is consistent with previous anatomical studies of the GHT in other rodent
species indicating a predominantly ipsilateral projection (Card and Moore, 1989, Tang et

al., 2002).

In addition to the above, we also found evidence that inactivating the GHT significantly
increases colour-discrimination among a subset of SCN cells. This effect primarily derives
from an increase in S-cone driven responses, suggesting that the GHT provides S-opsin
biased inhibitory signals to chromatic cells. We should note, however, that S-cone driven
responses for the achromatic cell population increased slightly following both ipsilateral
GHT inhibition and under matched control recordings. Thus, network adaptation occurring
across the timescale of our recordings appears to account for a treatment-independent
change in responsiveness among achromatic cells. Despite this, our statistical analysis
suggests the effect we see among the chromatic population is greater than could be simply
explained by this kind of adaptation effect. On balance, then, we tentatively conclude that

GHT inputs selectively alter chromatic sensitivity in the SCN.

Together, the data discussed above indicate that GHT inputs are preferentially activated by
specific kinds of visual signals. In line with the idea that a primary role for the GHT is to
modulate SCN visual responses, we also find that responses to electrical stimulation of the
GHT are almost exclusively restricted to retinorecipient areas of the SCN. This finding is
consistent with anatomical studies demonstrating that GHT terminals innervate the same

areas of the SCN as the RHT (Harrington et al., 1985, Card and Moore, 1989), although one
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previous study provided evidence that some non-retinorecipient SCN neurons in the rat

also exhibit functional responses to GHT stimulation (Roig et al., 1997).

We do not here find evidence for substantial GHT input to non-retinorecipient regions of
the SCN but, in other respects, our data align quite well with those of Roig and colleagues
(1997). Hence we find that responses to GHT stimulation are almost exclusively inhibitory
and are restricted to a subset (~20%) of retinorecipient SCN cells. It is currently unclear
whether there are specific functional differences in the properties of these SCN cells that
do vs. don’t respond to activation of the GHT. Nonetheless, based on the small sample of
single cells we isolated here, we can conclude that subsets of both colour sensitive and
achromatic SCN neurons receive GHT input. It is important to also consider, however, that
our electrical stimulation experiments may underestimate the proportion of SCN cells that
receive GHT input, since inhibitory responses are hard to detect in cells with very low
spontaneous firing rates. Indeed, we observed an average ~70% increase in multiunit light
response magnitude following inhibition of the ipsilateral LGN, suggesting that GHT

influences may in fact be quite widespread across SCN cells.

The predominantly inhibitory nature of GHT inputs we report above is not unexpected,
given that the major neurotransmitters/modulators employed by GHT cells (GABA and NPY)
are known to drive primarily inhibitory responses in the SCN (Liu and Reppert, 2000,
Gribkoff et al., 1999, Gribkoff et al., 2003, Liou and Albers, 1991). Nonetheless, there have
been reports of excitatory actions of both GABA (Wagner et al., 1997, De Jeu and Pennartz,
2002, Choi et al.,, 2008) and NPY (Mason et al., 1987) in the SCN under certain
circumstances. Importantly, then, our data indicate these more unusual excitatory actions
do not contribute significantly to the GHT-driven responses studied here (under more

physiological conditions).

Given that NPY cells in the IGL form at least a major component of the GHT (and that we
provide evidence indicating that the GHT conveys visual signals), one might conclude from
our data that NPY cells are visually responsive. In this regard, anatomical studies have
indeed shown that retinal fibres synapse onto NPY-expressing cells in both the rat

(Takatsuji et al., 1991) and hamster IGL (Harrington et al., 1985). By contrast, functional
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studies have suggested that NPY cells may not be visually responsive (Thankachan and
Rusak, 2005, Morin, 2013, Takatsuji et al., 1991). Although our data cannot directly resolve
this discrepancy, given existing data indicating that not all GHT cells contain NPY (Morin
and Blanchard, 2001), we speculate that visual signals conveyed by the GHT may originate

with non-NPY-expressing cells.

At present we can only speculate as to the functional significance of the GHT mediated
modulation of SCN visual responsiveness we describe here. Given that the GHT is heavily
implicated in regulating circadian responses to non-photic (arousal-related) stimuli
(Edmonds, 1977, Abe et al., 2007, Dudley et al., 1998, Grossman et al., 2000), we assume
that the GHT thus provides a means of modifying photic responses in the SCN based on
arousal state. In this regard, the IGL receives substantial serotonergic (5-HT) innervation
from the dorsal raphé nuclei (DRN) which drive a pronounced daily rhythm in 5-HT release,
peaking during the night (Meyer-Bernstein and Morin, 1996, Vrang et al., 2003, Grossman
et al., 2004). Since local application of serotonergic agonists robustly inhibit the photic
responses of IGL neurons (Ying et al., 1993), we predict that this DRN input acts to switch
off GHT-mediated inhibition of SCN visual responses during the night. This mechanism
could thus contribute to the pronounced gating of circadian (Gillette and Mitchell, 2002)
and acute (Brown et al., 2011) SCN visual responses that is essential for robust circadian

entrainment.

In summary, our data provides new insights into the mechanisms through which the wider
circadian network processes visual signals. Most notably, we show that the GHT modulates
specific features of the acute light responses of SCN neurons and that one function of this
input is to adjust chromatic sensitivity among colour-opponent neurons. Based on previous
investigations of IGL-cell function we suggest this arrangement provides a mechanism by
which the circadian and other non-image forming visual responses could be adjusted based

on arousal state.
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Chapter 6: General Discussion

The aim of this thesis was to investigate how the circadian network integrates information
from the photic environment, using primarily an electrophysiological approach. In doing so
| generated several key findings that advance our understanding our how light is processed

by the circadian system and regulates biological rhythms:

e Contrary to previous beliefs, SCN neural activity does not accurately measure
global light levels at either the single cell or population levels (Chapter 2).

e The SCN contains colour sensitive neurons and uses information about spectral
composition of light to fine tune circadian phase in accordance with natural
changes in illumination across the solar day (Chapter 3).

e Inputs from the GHT modulate specific features of the SCN neuronal light response
(Chapter 5).

e In addition, | established and validated an important new experimental approach
that will prove invaluable for future studies of the neural circuitry responsible for

chromatic processing in the mouse brain or retina (Chapter 4).

A discussion follows; drawing on these findings to highlight the implications and
questions arising, provide a critical evaluation of the experimental strategies employed

and to suggest possible future studies to build on the work presented here.

6.1 Implications of this work

6.1.1 SCN response heterogeneity and effects of local variations in illumination

The data presented in Chapter 2 indicates that SCN neurons do not receive input from
across the whole visual scene; instead they at most sample light from within just one
hemisphere. Based on the prevalence of cells exhibiting monocular vs. binocular responses,

we estimate that SCN neurons may only receive input from very small number (~2) of RGCs.
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Consistent with these findings, our preliminary data (Figure 6.1) and work from other
collaborators (Mouland et al., 2015) indicate that at least some SCN neurons do indeed
only respond to visual signals within restricted regions of visual space. Given the dense
retinal projections spanning the entirety of the SCN, and the small size of the SCN, the
expectation would be that the SCN would draw inputs from across the whole of the retina:

we must therefore consider why this is not the case.

The most likely possibility seems to be that ability to sample restrictively from the retina
serves some adaptive purpose. Indeed, such an arrangement is presumably important to
allow for different populations of SCN neurons with distinct sensory properties, such as the
blue-ON, yellow-ON and brightness-sensitive phenotypes we have identified in this thesis.
However, if irradiance encoding is sufficient for photic entrainment, why do we need these

different types of cells?

At present we know little of how neural changes in spiking are translated into changes in
circadian phase, however previous work suggest a direct correlation between spiking and
phase shifting (Brown et al.,, 2011) and that triggering SCN firing is sufficient to induce
phase shifts (Jones et al., 2015). On that basis, we suggested in chapter 2 that SCN cells
might in fact be independently reset according to which sorts of visual signals they receive,
with whole animal changes in circadian phase reflecting the average change across all the
relevant cellular oscillators. Consequently, both the position (i.e. looking at the ground/sky)
and the properties (colour vs brightness sensitive) of a cell’s receptive field (RF) could have
a quite dramatic effect on the daily visual input received and thus resulting circadian phase.
Such a mechanism could thus explain previous reports that the phasing of individual SCN
cells is quite heterogeneous (Brown and Piggins, 2009) and is consistent with our data
showing changes in the phase distributions of SCN cells under natural vs. brightness only

photoperiods (Walmsley et al., 2015).

However, a related possibility is that different populations of cells drive distinct
physiological outputs of the circadian clock (e.g. activity, hormone secretion etc.). Indeed,
the idea that SCN cell groups with different phasing might control different output rhythms

has been suggested previously (Kalsbeek et al., 2006). Consistent with this view, our
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Figure 6.1: Some SCN neurons only respond to visual signals within restricted
regions of visual space.

Receptive fields (RF) were mapped using horizontal and vertical flashing
black/white bars under either monocular or binocular viewing conditions
(ipsilateral stimulation: red, contralateral stimulation: blue, binocular stimulation:
black). We were able to map receptive fields in in 33% (12/36) of SCN neurons
tested. 5 of these had receptive fields occupying a small area of the visual field.
The meantSEM response (8 trials) of a neuron exhibiting one of these small
receptive fields is shown above. Solid lines indicate Gaussian fit. All angles are
expressed relative to the skull midpoint.

(degrees relative to midline)
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preliminary data suggests that changes in the spectral composition of light can
desynchronise different clock controlled aspects of physiology in mice. Under light cycles
that replicate natural twilight, mouse locomotor activity and core body temperature
rhythms exhibit similar timing (Figure 6.2, A). However, when these mice are then
transferred to light cycles that lack these changes in colour, activity rhythms are
dramatically advanced relative to core body temperature (Figure 6.2, B), indicating that cell
populations with specific sensory characteristics may indeed influence the timing of

different aspects of an organism’s physiology.

6.1.2 Neural origins of colour-dependent input to the circadian system

In Chapter 3, we demonstrate that a subpopulation of SCN neurons exhibit spectrally-
opponent responses (either blue-ON/yellow-OFF or blue-OFF/ yellow-ON), rendering them
able to detect differences in colour. More importantly, we demonstrate that mice can use
this ‘colour’ signal as a circadian timing cue in order to more accurately judge time of day.
As discussed previously, the simplest origin for this ‘chromatic’ input is that these
responses are directly driven by a subset of mRGCs in the retina. However, the SCN resides
at the centre of a network of brain structures (see Dibner et al., 2010 for review), giving rise
to the alternative possibilities that this input arises due to local processing or inputs from

other regions, such as the IGL.

The data in chapter 5 effectively rules out the IGL as the origin of these signals, as SCN
responses to S- and M-opsin stimulation remain when IGL input is removed. This leaves us
with one of two options, the first being that a subset of mRGCs directly convey chromatic
input to the SCN. As SCN-projecting mRGCs also project to the IGL, one would expect
significant numbers of colour responses within neurons in the IGL/VLGN. In fact, these
seem very rare (Chapter 4), indicating that If SCN chromatic responses do arise directly
from mRGCs, it must originate in a particular subtype that project to the SCN but not

IGL/VLGN.
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Figure 6.2: Differences in the spectral composition of light can desynchronise
different clock controlled aspects of physiology.

Under light cycles that replicate natural twilight (A), mouse locomotor activity
(detected by I.R. sensors) and core body temperature rhythms exhibit similar
timing. When transferred to light cycles that lack changes in colour (brightness
only; B), activity rhythms are dramatically advanced relative to core body
temperature (group data from 5 co-housed mice of mixed genotype- chapter 3).
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As discussed above, there are at least 5 known types of mRGCs. The RHT mainly consists of
projections from mainly M1 mRGCs (Baver et al., 2008), but, the SCN is also innervated by
some non-M1 Brn3b+ve mRGCs (Chen et al., 2011). Given that only 1/4 cells within the SCN
are colour sensitive, we suspect that it must be these non-M1 mRGCs that conveys this
chromatic information. If this population of chromatic mRGCs were rare, this may certainly
explain why these did not show up in a previous investigation of mRGC responses to cone

signals (Weng et al., 2013).

Although colour-opponent responses of SCN neurons could indeed be due to direct input
from mRGCs (Figure 6.3, A), it is impossible for us to rule out alternative possibility that
these properties arise via local differential processing of M- and S-cone opsin inputs.
Indeed, since our data (chapter 2) indicates that at least some SCN cells get input from
more than 1 RGC (i.e. binoculars cells), it is certainly possible that a single SCN neuron
could combine inputs from one ‘ON’-RGC and one ‘OFF'-RGC with different chromatic

preference (Figure 6.3, B). This is an important question for future studies (see below).

6.1.3 Implications for practical application of light to regulate circadian timing

Since the discovery of melanopsin, there has been increasing interest in using light to
manipulate circadian timing to enhance human health. In particular, because of the
relatively short wavelength sensitivity of melanopsin (~¥480nm), existing approaches work
on the principle that by using low colour temperatures (i.e. making light more yellow),
unwanted circadian responses can be reduced (e.g. during late evening working).
Conversely, higher colour temperature (bluer) lighting is recommend for producing
maximal effects on the circadian system (i.e. for use during daytime). Our identification of
colour as an import source of circadian timing information (Chapter 3) provides important
new data that may inform such practical lighting design. Consequently, while it is true that
reducing melanopsin activation will reduce circadian responses, it is now readily achievable
to adjust melanopsin activation without changing colour (e.g. as demonstrated in chapter

3). Therefore if we are also going to change colour; is blue or yellow better?
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Figure 6.3: Retinal vs. local processing as the source of SCN colour opponent input.

Colour discrimination within the SCN is enabled by colour-opponent input to SCN
neurons. This input may arise via direct input from the retina, via innervation by a
colour-opponent RGC (A). It may instead involve local processing within the SCN
neuron itself via the combination of antagonistic input from 2 achromatic RGCs that
preferentially respond to the activation of M- and S- opsin (B).
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Since daytime is in fact associated with more yellow light than is twilight (Walmsley et al.,
2015), one might argue that bluer lights would have a weaker circadian effect at a fixed
level of melanopic illuminance. Consistent with this, our mouse data show that
physiological rhythms are phase advanced under photoperiods where light is maintained
under constant 'night' spectra vs. when colour changes naturally (Chapter 3). This implies a
weaker effect on the mouse circadian clock, which primarily relies on an evening delay for

entrainment.

The argument above seems to run counter, however, to the greater prevalence of blue vs.
yellow-ON cells in the SCN - since night spectra should overall evoke more SCN firing we
would expect this to translate instead to a phase delay not advance. One possibility is that
general positive relationship between firing and phase shifting (Brown et al., 2011) doesn't
hold true for colour cells (e.g. blue-ON cells inhibit phase shifting). Or equally, that colour
differentially contributes to advances vs. delays. Data in chapter 5 suggest that the IGL
modulates chromatic sensitivity within the SCN, and preliminary data from the lab
(unpublished) suggests that IGL responses themselves may undergo circadian variation.
Therefore, the GHT could gate the chromatic sensitivity of the SCN across the circadian
cycle. Addressing these questions is thus an especially important goal moving forward for

any practical application of colour to manipulate circadian timing.

A final consideration that we must make is whether or not our findings in mice directly
translate to humans. Alongside previous identification of colour opponent primate mRGCS
(Dacey et al., 2005), a role for colour seems likely based on melatonin suppression data and
pupillography. Primate mRGCs (Dacey et al., 2005) and the human PLR (Spitschan et al.,
2014) exhibit blue-OFF/yellow-ON responses, whereas melatonin secretion is better
supressed by short wavelengths suggesting a possible blue-ON input (Lockley et al., 2003).
Although is melatonin secretion more directly related to circadian system, it is already clear
that the spectral sensitivity of melatonin suppression and circadian phase shifts are
different (Gooley et al., 2010). As such, it is currently unclear whether the effects of colour
we see in mice will directly translate to humans. Resolving the specific effects of colour on
the mouse circadian clock (and other NIF functions) is thus a key first step towards

addressing this question.
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6.2 Discussion of experimental strategies

6.2.1 Use of anaesthesia

The main experimental approach employed for this thesis was extracellular
electrophysiological recordings from within the SCN of anaesthetised mice. All of our
recordings were conducted under urethane anaesthesia, which enables stable recordings
for prolonged periods of time (Maggi and Meli, 1986a) due to minimal effects on the
cardiovascular system (Maggi and Meli, 1986b). Urethane action has only minor effects on
GABAergic signalling (Maggi and Meli, 1986a, Hara and Harris, 2002) and is therefore useful
for our studies as it maintains circadian network oscillations within the brain which rely on
GABA (Buzsdki, 2002). However, brain activity under anaesthesia is certainly not identical
to that of the awake animal, with behaviour playing a strong role in modulating the
magnitude of visual responses (Chiappe et al., 2010, Maimon et al., 2010, Niell and Stryker,
2010). It is therefore important to consider the possibility that responses recorded under
the experimental conditions employed in chapters 2-5 have been influenced by our choice
of anaesthetic. Since, to date, there is little evidence that anaesthesia alters the
fundamental sensory properties of visual neurons, one would imagine this is unlikely to
have significantly skewed our conclusions. Consistent with this view, comparing the data
from this thesis to that collected in freely-moving mice (van Diepen et al.,, 2013, van
Oosterhout et al.,, 2012) indicates that the sensitivity of visual responses are not

substantially altered by urethane anaesthesia.

Nonetheless, one potentially attractive alternative to the approach employed here is to use
chronically implanted electrodes to record circadian light responses in awake, free-moving
animals. In principle, this would enable us to track sensory properties of neurons across the
circadian cycle and relate changes in neuronal activity to behaviour. It is also possible to
combine chronic electrophysiological recordings with optogenetic manipulation of
neurons, should this prove necessary for specific experiments (Anikeeva et al., 2012).
However, whilst it is possible to deliver full-field stimuli to awake animals (van Diepen et
al., 2013), employing carefully controlled visual stimuli under these conditions becomes

much more challenging.
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More significantly, our experience tells us that individual SCN cells are much harder to
isolate than in other brain regions, even under the stable recording conditions provided by
the anaesthetised preparation. Factoring in the added noise due to animal movement is
likely to make this task even more difficult. Indeed, other groups that use chronic SCN
recordings (van Diepen et al., 2013, van Oosterhout et al., 2012) do not routinely report the
activities of isolated SCN single cells. Since the ability to define single cell responses is
critical for many of our key questions moving forward, this represents is a significant

drawback for the analysing the functional properties of non-image forming visual circuits.

Another alternative approach would be to record in awake but head-fixed animals (Schwarz
et al., 2010). Such a setup would certainly allow for better control of visual stimuli. The
major downfall of this technique, however, is that head fixation is a stressful procedure for
mice and so it would not be possible to track neurons for extended periods of time. Since
we think it unlikely that the sensory properties of SCN neurons would be dramatically
different under awake vs. anaesthetised conditions, we think this kind of recording

modality is unlikely to be especially useful here.

6.2.2 Localisation of neural recordings

In all of our experiments, we used Dil (and the precise geometry of our electrode arrays) to
estimate the locations of the neurons we recorded (Figures 3.1 and 4.6). Based on our
experience with this approach and analysis of spike waveforms detected across multiple
sites of our electrode arrays (Howarth et al., 2014), we estimate the error associated with
the resulting estimates to be <+75um. Nonetheless, this level of resolution means that the
technique is not well suited to distinguishing anatomical differences in sensory properties
within small nuclei such as the SCN or between adjacent visual regions where electrode

sites are located close to the borders.

This later issue can be, in part, ameliorated by combing Dil with other staining techniques
to label specific brain structures. | demonstrate this in chapter 2 (Figure 3.1), using a

marker of M1 melanopsin ganglion cell projections to define the boundaries of the
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retinorecipient SCN region. A limitation of this technique, however, is that the washing and

extended reaction steps required (~4h) reduced the intensity of the Dil signal.

The alternative and/or complementary approach we could have used is to electrolytically
lesion a number of electrode sites to permanently mark their location in the brain. Such an
approach is of course readily applicable alongside staining techniques to define the
boundaries of particular brain structures. Lesioning in this manner could, in principle, be
especially useful in the case of small structures like the IGL which are sandwiched between
other visual nuclei; for example, used alongside immunohistochemistry for EYFP-labelled
GABA cells in Ai32GAD mice (chapter 4). One major limitation to using the lesion method
alongside multielectrode recording probes though is that applying lesioning current
requires that the headstage first be removed carrying the risk of displacing and/or breaking
the (expensive) electrode. Moreover, from past experience, controlling lesion size using
these probes is challenging. In light of these drawbacks we thus consider the use of Dil-
labelling preferable. Indeed, we find that the distribution of functional responses identified
using this approach closely follows the anatomical boundaries of the visual regions we
record from (Figures 2.1 and 4 .4). With the caveats highlighted above then, we considered

the Dil-based strategy appropriate.

6.2.3 Use of red cone mice

In chapter 3, we used red cone mice (Smallwood et al., 2003) to determine colour input to
the SCN. A fundamental assumption inherent in this approach is that the pattern of human
L-opsin expression entirely recapitulates that which would occur for the native mouse M-
cone opsin. While there is no existing data to suggest that this assumption is false, it
remains a formal possibility that regulation of L-opsin expression is not entirely identical to

the wildtype situation.

In chapter 4, we verified that it is possible to isolate cone signals using a silent substitution
approach in wildtype mice. Importantly, our application of this approach to the mouse SCN

revealed a similar mixture of colour-sensitive and achromatic cone-derived responses
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(Chapter 5) to those we originally identified in red cone animals (Chapter 3). As such, we
are confident that this earlier use of mice with altered cone sensitivity is unlikely to have

substantially effected our conclusions.

6.2.4 Combining electrophysiological recording with local drug delivery or optogenetics

For the local drug delivery method we employed in chapter 5, we could use MUA
recordings to confirm drug delivery by the complete abolition of multiunit light responses.
We did however, find that the volume of drug required to evoke this effect varied
considerably between experiments. We assume this reflects variable degrees of occlusion
of the drug delivery cannula by tissue debris on route to target. As such, it is hard to
accurately determine or control the volume of drug delivered using this approach. In the
case of the experiments presented here, we do not consider this a significant barrier,
insofar as we aimed to achieve relatively global inhibition of thalamic activity (and were
able to verify that this occurred during the experiment). Nonetheless, our experience
suggests that this technique is not well suited to more localised applications. Also the
inhibition we can achieve using local muscimol application is essentially irreversible, making
it hard to distinguish spontaneous changes from drug-evoked changes in SCN responses.
Accordingly, we consider optogenetic-based circuit manipulation a more promising strategy
for future experiments of this nature (e.g. using Archeo- or halorhodopsin; See Han (2012)

for review).

In this regard, we have certainly confirmed that using a combination of optogenetic
stimulation and electrophysiological recording to identify and manipulate specific cell types
is readily achievable. Thus, in chapter 4 we use the Ai32; GAD2-Cre mouse line to drive
channelrhodopsin-2 expression in cells throughout the CNS that express the biosynthetic
enzyme for GABA, GAD2 (Madisen et al., 2012, Taniguchi et al., 2011). Although we readily
identify subsets of optogenetically responsive cells using this mouse line (whose
distribution matches that expected for GABA neurons), key considerations with this type of

strategy are the specificity and penetrance of the targeting constructs.
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In the case of the GAD2-Cre line used to drive channelrhodopsin-2 expression, specificity
and penetrance are both high, with over 90% of cortical neurons examined immunopositive
for GAD2 and over 90% of GAD2-immunopositive cells exhibiting Cre-driven reporter
expression (Taniguchi et al. 2011). It is important to note however that two distinct
enzymes catalyse GABA synthesis, GAD1 and GAD2. Although both enzymes are highly
expressed across the mouse IGL/VLGN (Allen brain atlas, experiments: 479 and 79591669)
there have been no direct studies of enzyme co-localisation in this region. Studies in other
brain regions, however, suggest that the overwhelming majority (95-98%) of neurons that
express GAD2 also express GAD1, (Zhao et al.,, 2013). By contrast, a somewhat larger
proportion (5-14%) of GAD1 expressing neurons do not express GAD2 in the lateral septum
(Zhao et al., 2013). On balance then, our use of the GAD2-Cre line may have led us to
slightly underestimate the proportion of GABA+ neurons within our sample. However,
based on Allen mouse brain atlas data (Lein et al., 2007), it appears that similar proportions
(~70%) of IGL/VLGN neurons express GAD1 and/or GAD2, which is in line with the
proportions of optogenetically-identifiable cells we found in chapter 4. Accordingly, we
think it unlikely that the cell populations we identify are not at least highly enriched for

GABA+ and GABA- cells.

6.3 Key areas for follow-up work

Based on the new findings presented in this thesis and the insights gained along the way,

there are a number of important areas for immediate follow up study:

6.3.1 Role of IGL and other visual nuclei in modulating circadian responses

Based on pharmacological inhibition data, we speculate that the GHT may act to modulate
SCN colour discrimination in a circadian/diurnal manner. However, it is currently unclear
whether SCN colour responses vary in circadian manner or whether signals provided by the
GHT do. Having established protocols to investigate sensory properties in detail (e.g.

Chapters 2 and 4), the most effective way to investigate is using optogenetics:
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Halorhodopsin (NpHR) is a light-sensitive chloride pump, that when stimulated by 580nm
light hyperpolarises cells by pumping CI” ions into the cell, effectively switching off neurons
(Zhang et al., 2007). If NpHR is expressed in GAD2-expressing cells in the IGL, the vast
majority of neurons within the IGL can be switched off with high temporal precision,
allowing us to assess sensory properties of SCN neurons in the presence and absence of
GHT input. Such an approach will thus allow us to avoid the possible confound of
circadian/light adaptation-driven changes in cellular responsiveness that potentially
complicate interpretation of the pharmacological inhibition approaches we used in chapter
5. We could therefore record from SCN neurons at different points across the day and use
optogenetic inhibition of IGL GABA cells to ascertain whether sensory properties vary in a
circadian manner and whether this property relies on GHT inputs. We could also use more
selective optogenetic labelling of key IGL cell populations (e.g NPY cells; Moore and Spech
(1993)) to identify which sensory signals they convey and/or their specific roles in

modulating SCN light responses.

Given the discussion above (6.2.1), we would originally propose to employ these
experiments in anaesthetised mice. However, since GHT cells may be modulated by arousal
stimuli, moving forward it would also be highly informative to do these experiments in
freely moving animals. It would also be interesting to use similar approaches to investigate

involvement of other sources of visual input to SCN e.g. OPN.

6.3.2 Origins of SCN colour discrimination

It is currently unclear whether colour-discrimination in SCN neurons is driven directly by
mMRGCs or whether it involves local network processing within the retina. There are a

number of directions we could take in order to investigate this:

One option would be to perform in vitro electrophysiological recordings from the mouse
retina on a multielectrode array (MEA). Using pharmacological blockade of rod/cone
pathways, identifying mRGCs under these conditions is straightforward (Berson et al.,

2002), while our development of metameric stimuli will provide a reliable way to assess
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their chromatic sensitivity. Such approaches could also be combined with retrograde
optogenetic labelling to specifically identify SCN projecting cells. An additional/alternative
approach (e.g. if colour opponent mRGCS could not be identified) would be to employ
spatially structured metameric stimuli (e.g. Allen et al., 2014) to define the chromatic RFs of
SCN neurons. If these are directly driven by retinal input one would expect them to exhibit
spatially localised and overlapping S- and M-opsin driven subunits. In contrast, if chromatic
properties of SCN neurons rely heavily on central processing this is unlikely to be the case.
Moreover, using the protocols employed in this thesis, these experiments could be
combined with optogenetic-based cell identification to determine which of the key SCN cell

populations process colour (e.g. VIP cells or AVP cells).

6.3.3 Influence of colour on circadian physiology

As discussed above, it is clear from my data that colour does influence circadian rhythms
but the specific details of how it does so are currently unclear. One experiment to
investigate this could involve measuring mouse behaviour (e.g. wheel running) and
applying melanopsin isoluminant blue or yellow pulses in late evening and/or early night to
determine if blue or yellow light exerts stronger influence on the circadian system, and

whether this arrangement varies according to circadian phase.

Moreover, to investigate the possibility that different populations of SCN neurons control
different physiological outputs (as suggested earlier) we could in principle use similar
approaches alongside measures of other whole animal rhythms (e.g. body temperature,
hormone secretion etc.). Should these experiments confirm that distinct physiological
outputs are indeed differentially sensitive to brightness vs. colour, we could then use
electrophysiological approaches to define the neural circuitry controlling those responses,
e.g. using antidromic activation to identify and characterise the sensory properties of SCN
neurons projecting to output regions such as the paraventricular nuclei or dorsomedial

hypothalamus.
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Eye-specific visual processing in the mouse
suprachiasmatic nuclei

Lauren Walmsley and Timothy M. Brown
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Key points

Neuroscience

e Daily changes in global levels of illumination synchronise daily physiological rhythms via
bilateral retinal projections to the suprachiasmatic nuclei.

® We aimed to determine how retinal signals are integrated within the suprachiasmatic nuclei.

¢ By monitoring electrophysiological responses to visual stimuli we show that most supra-
chiasmatic neurons receive input from just one eye.

® Qur results establish that suprachiasmatic neurons measure local light intensity and that any
assessment of global light levels occurs at the network level.

Abstract Internal circadian clocks are important regulators of mammalian biology, acting to
coordinate physiology and behaviour in line with daily changes in the environment. At present,
synchronisation of the circadian system to the solar cycle is believed to rely on a quantitative
assessment of total ambient illumination, provided by a bilateral projection from the retina to the
suprachiasmatic nuclei (SCN). It is currently unclear, however, whether this photic integration
occurs at the level of individual cells or within the SCN network. Here we use extracellular
multielectrode recordings from the SCN of anaesthetised mice to show that most SCN neurons
receive visual input from just one eye. While we find that binocular inputs to a subset of cells
are important for rapid responses to changes in illumination, we find no evidence indicating
that individual SCN cells are capable of reporting the average light intensity across the whole
visual field. As a result of these local irradiance coding properties, our data establish that photic
integration is primarily mediated at the level of the SCN network and suggest that accurate
assessments of global light levels would be impaired by non-uniform illumination of either eye.
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Abbreviations RGC, retinal ganglion cell; SCN, suprachiasmatic nuclei.

Introduction

The ability to anticipate recurring changes in the envi-
ronment is crucial to the survival of all organisms. One
especially pervasive mechanism by which this is achieved
is via internal circadian clocks which can be synchronised
to daily variations in the environment, most notably the
solar cycle (Roenneberg & Foster, 1997). In mammals
this process thus relies on direct retinal projections to
the hypothalamic suprachiasmatic nuclei (SCN), site of

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society

the master circadian pacemaker (Golombek & Rosenstein,
2010; Lucas et al. 2012).

It has long been recognised that the quality of
visual information that would be useful to the SCN is
quite distinct from that which is important for more
conventional visual pathways. Thus, retinal pathways
supplying the thalamocortical visual system are organised
to allow for a relatively stable representation of form and
motion across the ~9 decimal orders of light intensity that
separate the darkest night and the brightest day (Rieke
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& Rudd, 2009). By contrast, detailed information about
spatiotemporal patterns of illumination is presumably
unimportant to the circadian system, which instead
requires an accurate readout of global light intensity to
infer time-of-day.

Consistent with this view, numerous behavioural
studies have demonstrated that the response of the
circadian system to light can be accurately predicted
based on the total number of photons to which the
animal is exposed (Nelson & Takahashi, 1991, 1999;
Dkhissi-Benyahya et al. 2000; Lall et al. 2010; Lucas et al.
2012). Thus, for example, short bright light pulses evoke
an adjustment in clock phase similar to longer dimmer
stimuli. Although there are known to be specific situations
where this relationship breaks down (Vidal & Morin, 2007;
Lall et al. 2010), the accepted model of clock resetting
is one whereby the retinorecipient SCN act as a photon
counter and control circadian responses accordingly.

The intuitive separation between the desired properties
of conventional and circadian visual processing is
also supported by extensive anatomical data. Hence,
retinal projections to conventional visual targets in the
thalamus/tectum arise primary via the contralateral hemi-
sphere, with ipsilateral projections coming exclusively
from regions of the retina corresponding to the zone of
binocular overlap (Coleman et al. 2009; Sterratt et al. 2013;
Morin & Studholme, 2014). By contrast, the SCN receives
dense bilateral retinal innervation (Morin & Studholme,
2014). Moreover, it is now clear that this retinal input to
the SCN derives primarily from a subclass of intrinsically
photosensitive retinal ganglion cell, termed M1 (Hattar
et al. 2006). These cells appear specialised to encode
irradiance and, unusually, projected bilaterally to the brain
(Hattar et al. 2006; Brown et al. 2010, 2011), even when
their retinal location places their field of view far outside
the region of binocular overlap (Muscat et al. 2003).

This anatomical arrangement seems ideally placed to
allow individual SCN neurons to measure the average
light intensity from across the full visual field although,
to date, this hypothesis remains untested. Existing data
suggest that removing signals from one eye produces
larger than expected deficits in circadian phase shifting
and/or SCN Fos induction (Tang et al. 2002; Muscat
& Morin, 2005). However, none of the many studies
investigating visual response properties within the SCN
(Meijer et al. 1986, 1992; Aggelopoulos & Meissl, 2000;
Nakamura et al. 2004; Drouyer et al. 2007; Mure et al. 2007;
Brown et al. 2011; van Diepen et al. 2013; Sakai, 2014)
have extensively characterised binocular processing at the
level of individual neurons. Here we set out to address
this issue via multielectrode recordings from mouse
SCN neurons using visual stimuli designed to determine
the nature and extent of ipsi-/contralateral visual
signals, both across the population and on individual
cells.

L. Walmsley and T. M. Brown

J Physiol 593.7

Methods
Animals

All animal use was in accordance with the Animals
(Scientific Procedures) Act 1986 (UK). Experiments were
performed on adult male (50-80 days) Opn4t/au-lacZ
reporter mice and wild-type (Opn4*/*) littermates
(n = 19 and 14, respectively). Consistent with previous
reports (Hattar et al. 2003; Lucas et al. 2003; Howarth
et al. 2014), there were no observable abnormalities in
the visual responses of reporter animals, hence the two
datasets were combined for the analysis presented in this
study. Prior to experiments, animals were housed under a
strict 12 h dark/light cycle environment at a temperature
of 22°C with food and water ad libitum.

In vivo neurophysiology

In preparation for stereotaxic surgery, mice were removed
from their housing environment ~2-3 h before lights off
and anaesthetised with urethane (1.55 gkg™' L.p. in 0.9%
sterile saline). Mice were then prepared for stereotaxic
surgery as previously described (Brown et al. 2011).
Recording probes (Buzsaki 32L; NeuroNexus, Ann Abor,
MI, USA) consisting of four shanks (spaced 200 pm),
each with eight closely spaced recordings sites in diamond
formation (intersite distance 20-34 ptm) were coated with
fluorescent dye (CM-Dil; Invitrogen, Paisley, UK) and
then inserted into the brain parallel to the midline, 1 mm
lateral and 0.3 mm caudal to bregma (centre of probe)
at an angle of 9 deg relative to the dorsal-ventral axis.
Electrodes were then lowered to the level of the SCN using
a fluid-filled micromanipulator (MO-10, Narishige Inter-
national Ltd, London, UK).

After allowing 30 min for neural activity to stabilise
following probe insertion, wideband neural signals were
acquired using a Recorder64 system (Plexon Inc., Dallas,
TX, USA), amplified (x3000) and digitized at 40 kHz.
Action potentials were discriminated from these signals
offline as ‘virtual’-tetrode waveforms using custom
MATLAB (The Mathworks Inc., Natick, MA, USA)
scripts and sorted manually using commercial principal
components-based software (Offline sorter, Plexon) as
described previously (Howarth et al. 2014). All surgical
procedures were completed before the end of the home
cage light phase, such that electrophysiological recordings
spanned the late projected day—mid projected night, an
epoch when the SCN light response is most sensitive
(Brown et al. 2011).

Visual stimuli

Light measurements were performed using a calibrated
spectroradiometer (Bentham Instruments, Reading, UK).

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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Full field visual stimuli were generated via two light-
emitting diodes (LEDs) (Amax 410 nm; half-width, & 7 nm;
Thorlabs, Newton, NJ, USA) independently controlled via
LabVIEW (National Instruments, Austin, TX, USA) and
neutral density filter wheels (Thorlabs). Light was supplied
to the subject via 7 mm diameter flexible fibre optic light
guides (Edmund Optics, York, UK), positioned 5 mm from
each eye and enclosed within internally reflective plastic
cones that fitted snugly over each eye to prevent off-target
effects due to scattered light. Responses to these stimuli
were then assessed as follows.

To determine the relative magnitude and sensitivity
of eye-specific responses in SCN neurons, mice were
maintained in darkness and 5 s light steps were applied
in an interleaved fashion to contra- and/or ipsilateral
eyes for a total of 10 repeats at logarithmically increasing
intensities spanning 9.8-15.8 log photons cm ™2 s™! (inter-
stimulus interval 20-50 s depending on intensity). Because
all mouse photoreceptors display similar sensitivity to
the wavelengths contained in our stimuli (Brown et al.
2012, 2013), after correction for pre-receptoral filtering
(Govardovskii et al. 2000; Jacobs & Williams, 2007),
effective photon fluxes for each mouse opsin were between
0.5 (M- and S-cone opsins) and 0.3 log units (melanopsin)
dimmer than this value. Intensities reported in this
article reflect effective irradiance for rod opsin, which
is intermediate between these extremes (9.4-15.4 log
photons cm ™2 s71).

To determine the components of the SCN response
that were dependent on stimulus brightness vs. stimulus
contrast, a second protocol was also employed. Here
we stepped light intensity independently at each eye
every 5 s in a pseudorandom sequence spanning effective
irradiances between 10.4 and 15.4 log photons cm ™2 s~!
(total number of steps = 840). The sequence was generated
such that, at any one time, the difference in intensity
between the two eyes was no more than 2 decimal units
and the instantaneous step in light intensity at each eye
was one of five possible values (2, 1 or 0 log units).
To determine contrast-dependent components we then
averaged cellular responses (0-500 ms post change in
light intensity) as a function of step magnitude at either
eye. Since we found that contrast-response relationships
varied very little as a function of absolute irradiance,
data reported in this article were averaged across all
irradiances tested. For clarity, we only present data for
steps providing contrast at one eye or equal contrast at both
eyes.

To assess SCN response components that tracked
stimulus brightness, we re-analysed the above to extract
steady state firing (1 s epochs occurring at least
4 s after step in light intensity) as a function of
absolute irradiance at either eye (independently or in
combination).
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Histology

At the end of each experiment, mice were perfused
transcardially with 0.1 M phosphate-buffered saline
(PBS) followed by 4% paraformaldehyde. The brain
was removed, post-fixed in 4% paraformaldehyde for
30 min and subsequently cryoprotected in 30% sucrose.
The following day, brains were sectioned (100-150 pm)
on a freezing sledge microtome and either mounted
directly onto slides (wild-type mice) using Vectashield
(Vectorlaboratories Ltd, Peterborough, UK) or first
processed for X-gal staining (Opn4*//-1Z) a5 described
below.

X-gal staining was performed as previously described
(Hattar et al. 2006). Brain sections were washed
twice for 10 min each in buffer B (0.1 M PBS at
pH 7.4, 2 mm MgCl,, 0.01% sodium desoxycholate and
0.02% octylphenoxypolyethoxyethanol; Sigma, Poole,
UK). Sections were then incubated for 4 h in staining
solution (buffer B with potassium ferricyanide (5 mm),
potassium ferrocyanide (5 mm) and X-gal (Bioline
Reagents Ltd, London, UK; 1 mg ml™')) at 37°C in
darkness. Following staining, sections were washed twice
for 5 min in 0.1 M PBS and mounted to slides using
Vectashield as above.

After mounting Dil-labelled probe placements were
visualised under a fluorescence microscope (Olympus
BX51) with appropriate filter sets and, where appropriate,
X-gal staining was visualised by standard light micro-
scopy (Fig. 1A). Resulting images were then compared
with appropriate stereotaxic atlas figures (Paxinos &
Franklin, 2001) using the optic chiasm, SCN and 3rd
ventricle as landmarks, to confirm appropriate probe
placement. Consistent with previous anatomical and
neurophysiological studies (Nakamura et al. 2004; Hattar
et al. 2006; Brown et al. 2011; Morin & Studholme,
2014), visually evoked activity was exclusively observed
at electrode sites located within the SCN or its immediate
borders (Fig. 1).

Data analysis

In most cases, single cell responses are presented as the
mean = SEM change in firing across all trials (at least
10 per stimulus) relative to baseline (average firing
rate 3 or 5 s before step in light intensity for light- and
dark-adapted responses, respectively). Measures of mono-
cular preference were calculated as (Responsecontra —
Responseps)/(Responsecontra + Responseps;),  such
that contralateral biased responses tended towards 1
and ipsilateral biased responses towards —1. Where a
cell did not show a significant response to stimulation
of one of the two eyes (paired ¢ test between firing
during first 500 ms of light step and baseline, P > 0.05),
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that response component was assigned a value of
zero. The eye that evoked the largest response when
analysed in this way was designated the ‘dominant’ eye.
Binocular facilitation was analysed in a similar way:
(Responsegorn — Responsepominant)/(Responsegory +
Responsepominant). We classified as binocular any cell
exhibiting significant responses to stimulation of both
eyes individually or where the response to binocular
stimulation was significantly different to that evoked by
stimulating the dominant eye alone (unpaired ¢ test based
on response to 10 trials of each stimulus).

Where average population data are presented, in most
cases responses were baseline subtracted (as above) and
normalised on a within cell basis according to the largest
response within a specific protocol. The exception to this
rule was our analysis of brightness coding, where the
absolute firing rates of each cell were normalised to range
between 0 and 1 before averaging across the population.

A Rostral shank Caudal shank

B Rostral shank

» Caudal shank

60 spikes/s
(

Figure 1. Light-evoked activity in the retinorecipient SCN
region

A, X-gal-stained histological images showing multielectrode
placement in the SCN region of an Opn4t/%@u-acZ reporter mouse.
Dil-labelled probe tracks are in red, light microscopy for X-gal
staining is pseudocoloured green (with melanopsin ganglion cell
projections evident as darkly stained areas). Overlay (in white) shows
projected locations of the 8 recording sites on each shank. Only the
most rostral and caudal shanks for the 4-shank electrode are shown.
Scale bars, 100 um. B, multiunit activity detected across the 4 x 8
channel electrode placement shown in A, in response to 5 s light
pulses presented to both eyes (405 nm; 15.4 log photons cm=2 s~ 1).
Traces represent the mean + SEM change in firing (from 10 trials)
over baseline (represented by dotted lines). Note that visual
responses are absent from electrode sites located outside of the
retinorecipient SCN region such as upper sites on the rostral shank
and all sites on the caudal shank.
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Statistical analyses were performed using GraphPad
Prism v.6 (Graphpad Software Inc., San Diego, CA,
USA). Data were, in most cases, fitted by 4-parameter
sigmoid curves with the minimum constrained to zero
as appropriate. Comparisons of sensitivity under various
conditions were assessed by F test for differences in
ECs, Hill slope and/or maxima. Influences of eye-specific
brightness/contrast on responses of various cell types
were analysed by 2-way repeated measures ANOVA with
dominant and non-dominant eye stimuli as factors.

Results
Binocular influences on SCN population activity

We first set out to determine how binocular signals
were integrated to influence population firing activity
within the SCN. To this end we performed multielectrode
(32 channel) extracellular recordings of multiunit
activity from the SCN and surrounding hypothalamus
(n = 33 mice) and monitored responses to full field
stimuli (410 nm LED; 5 s from darkness) applied at
varying intensity to one or both eyes. Since all mouse
photoreceptor classes are equally sensitive in this part
of the spectrum (see Methods), any heterogeneity in
the photoreceptor populations driving specific responses
(Brown et al. 2011; van Oosterhout et al. 2012) should not
influence sensitivity as assessed under these conditions.

Surprisingly, given the reported dense bilateral retinal
innervation of the mouse SCN (Hattar et al. 2006;
Brown et al. 2010; Morin & Studholme, 2014), we found
that responses driven by the contralateral retina were
reliably larger than those resulting from stimulation of
the ipsilateral eye (Fig. 2A and B; n = 252 electrodes
exhibiting visually evoked activity). Thus although the
sensitivity of ipsi-/contralateral responses were similar
(F test for difference in ECsy and/or Hill slope; P = 0.64)
the maximum amplitudes of these were ~2-fold greater
following stimulation of the contralateral eye (F test for
difference in saturation point, P = 0.003). Interestingly,
responses evoked by stimulating both eyes together were
especially large. In line with the above, this significant
difference in maximal response (F test vs. contralateral
only; P < 0.001) was not associated with any appreciable
difference in the sensitivity of binocular vs. monocular
responses (P = 0.77).

Importantly, we found that SCN population activity
driven by stimulation of both eyes was statistically
indistinguishable from a simple linear sum of the observed
responses to stimulating either eye alone (Fig. 2B; F test,
P = 0.69). This surprising result indicates that SCN
population activity does not accurately follow the total
number of photons detected across both retinae. If this
were the case, then, correcting for the 2-fold difference
in total light intensity, the average response across the

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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paired SCN to monocular stimuli should be identical
to that of an equivalent irradiance stimulus applied
to both eyes. In fact, we found that the monocular
responses were markedly smaller than expected given the
binocular photon-response relationship (Fig. 2C; F test,
P < 0.001). Indeed, to evoke a 50% maximal change in
SCN population activity, monocular stimuli would need
to be ~100-fold brighter than would be sufficient for light
detected at both eyes.

Binocular integration in individual SCN neurons

Our data above reveal that population activity within
the SCN does not (at least in all cases) exhibit the strict
photon counting properties one might predict based on
previous behavioural experiments (Nelson & Takahashi,
1991, 1999; Dkhissi-Benyahya et al. 2000; Lall et al. 2010;
Lucas et al. 2012). Given this unexpected result, we next
aimed to determine how these tissue level visual response
properties arise through the sensory characteristics of
individual SCN neurons.

From our multiunit recordings we were able to iso-
late the activity of 61 individual cells within or bordering
the SCN, of which 51 were light sensitive. Across this
population, we observed heterogeneity in eye-specific
responses to light steps from darkness (Fig. 3A—E). This
included many cells that responded solely to stimulation
of either the contralateral (Fig. 3A and E; n = 15) or

A Contra. Ipsi.
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ipsilateral eye (Fig. 3B and E; n = 19) and other cells
that exhibited clear responses to stimulation of either
eye and/or substantially larger responses to binocular vs.
monocular stimulation (Fig. 3C-E; n = 17).

Thus, we found that the majority (~67%) of visually
responsive SCN neurons did not integrate binocular
signals and, instead, faithfully reported monocular
irradiance (Fig. 3F). In all cases, responses of these cells
to stimulation of the dominant eye vs. both eyes were
statistically identical (Fig. 3E; ¢ tests based on responses to
10 trials, P > 0.05).

By contrast, for the smaller proportion of SCN cells that
did have access to visual signals from either eye, responses
were in most cases biased towards one retina, with the
binocular influence most evident as an enhanced response
to stimulation of both eyes (Fig. 3E and G). Surprisingly,
here we found that average binocular responses were in
fact significantly larger than even a linear sum of the two
monocular inputs (Ftest for difference in saturation point,
P = 0.007; not shown). This synergistic effect appeared
to diminish over time, however (Fig. 3C and D), such
that towards the end of the light steps (last 1 s) responses
were not significantly different from the linear prediction
(Ftest, P = 0.69).

Together, these SCN cellular properties explain the
unexpectedly small SCN multiunit responses to mono-
cular vs. binocular stimuli (Fig. 2): most SCN neurons
are strongly biased towards one eye such that at any given
intensity many more cells are activated by stimulating both

C
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Figure 2. SCN population firing activity does not faithfully report global irradiance

A, mean £ SEM multiunit firing response profile across the retinorecipient SCN region (n = 252 electrodes from
33 mice) in response to 5 s light steps (410 nm LED, effective intensities 11.4-15.4 log photons cm=2 s=', from
darkness) targeting the contralateral and/or ipsilateral eye. Data were normalised by subtracting pre-stimulus (5 s
before light on) firing rates (represented by dotted lines). B, normalised multiunit firing response (change in spike
rate averaged across 5 s light on, mean & SEM) as a function of step irradiance. Responses to stimulating both eyes
together were statistically indistinguishable from a linear sum of the measured response evoked by stimulation of
contralateral and ipsilateral eyes alone (grey symbols, F test, P = 0.69). C, normalised multiunit firing response
(conventions as in B), plotted as a function of total number of photons delivered. The predicted average across
left and right SCN (green symbols; average of ipsilateral and contralateral responses from B) is significantly lower
than the response to stimulating both eyes even when corrected for total number of photons (F test, P < 0.0001).
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eyes. Surprisingly, however, the observed multiunit bias
towards contralateral-driven visual responses (Fig. 2B) did
not translate into an increased number of contralateral
biased SCN neurons. In fact, we observed statistically
equivalent proportions of ipsi-/contralateral biased SCN
neurons (n = 27 and 24, respectively, Fisher’s exact
test, P = 0.77). These data imply that, across the
population, contralateral inputs tend to drive larger
responses in individual SCN neurons than do ipsilateral
inputs (although among the sample of cells we collected
this difference did not attain significance: 3.8 £+ 0.7
vs. 2.7 £+ 0.7 spikes s!, respectively, at 15.4 log
photons cm ™2 s™1; paired t test, P = 0.28).

Together, our data above suggest that while a subset
of SCN neurons receives inputs from both eyes, none of
these cells alone can effectively integrate photons from
across the visual scene to report the total amount of light
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in the environment. It is worth noting, however, that
such light steps applied from darkness represent rather
unnatural visual stimuli. Moreover, these do not allow one
to distinguish response components that are dependent on
the absolute irradiance of the signal vs. the relative change
in irradiance (brightness vs. contrast). To better under-
stand, then, how SCN neurons track spatio-temporal
variations in light intensity under more natural conditions
we next assessed responses to smaller modulations in light
intensity, using a protocol that allowed us to dissociate
response components dependent on stimulus brightness
vs. contrast.

Response properties of SCN binocular cells

Since our data indicated that binocular influences were
especially pronounced for the initial components of SCN
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Figure 3. Eye-specific response properties of SCN neurons

A-D, example firing response profiles (mean 4 SEM of 10 trials) for 4 SCN single units in response to 5 s light steps
(410 nm LED, effective intensities 13.4-15.4 log photons cm=2 s~', from darkness) targeting the contralateral
and/or ipsilateral eye. Many cells only showed clear responses to stimulation of either contralateral (A) or ipsilateral
(B) eye, while a subset showed binocular responses of varying strength (C and D). E, population data for 51 visually
responsive SCN neurons showing monocular preference (0, equally matched binocular response) vs. binocular
facilitation (positive values, larger response to stimulation of both eyes vs. one eye; see Methods for details). Inset
pie chart shows proportion of cells exhibiting purely ipsilateral (1), contralateral (C) or binocular responses (B). F,
normalised acute response of monocular cells (change in spike rate across first 500 ms of light on, mean =+ SEM,
n = 34) as a function of step irradiance. Responses to stimulation of the dominant eye or both eyes together were
statistically indistinguishable (F test; P = 0.91). G, normalised acute response of binocular cells (conventions as in
F, n = 17). Binocular responses were significantly greater than those driven by the dominant eye alone (F test;

P =0.004).
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neuronal responses under dark-adapted conditions, we
first examined how binocular cells responded to acute
changes in light intensity in the range up to % 2 log units,
applied under light-adapted conditions (11.4-14.4 log
photons cm ™2 s71),

Interestingly, we found that when changes in light
intensity occurred simultaneously across both eyes,
binocular cells exhibited very sharp and robust increases
or decreases in firing (Fig. 4A) that were near-linear
with respect to the log change in irradiance (Fig. 4B).
By contrast, responses were smaller and much more
sluggish when light steps occurred solely at the dominant
eye and were virtually undetectable when applied to
the non-dominant eye (Fig. 4A and B). Together, these
data indicate that binocular integration functions in this
population of cells to facilitate rapid responses to global
changes in light levels.

We next determined the extent to which eye-specific
signals influenced the ability of binocular cells to track
brightness (Fig. 5A) by quantifying steady state firing
(4-5 s after a change in light intensity) as a function of
absolute irradiance. Given the data described above, one
might expect the steady state firing of binocular cells to be
strongly influenced by the overall irradiance across either
eye. In fact, we found very little influence of binocular
integration on the steady state firing of such cells. Thus,
rather than following the mean irradiance across both eyes
(Fig. 5B, F test, P < 0.001) binocular cell firing activity
was, instead, entirely accounted for by the irradiance at

B _ —® Dominant
-®- Non-dominant

Normalised response

2 -1 0 1 2
Log step magnitude
(photons/cm?/s)

T T L
5s 5s 5s
Dominant Non-dominant Both

Figure 4. Binocular integration is required for robust contrast
responses in a subset of SCN neurons

A, mean + SEM normalised response of binocular cells (n = 17) to
irradiance steps (—2 to +2 log units; 405 nm LED) applied to one or
both eyes under light-adapted conditions (11.4-14.4 log

photons cm=2 s=1). B, quantification of data in A showing change in
firing over first 500 ms of light step. Contrast responses were
significantly larger upon stimulation of both eyes vs. the dominant
eye only (F test, P = 0.02).
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the dominant eye, regardless of the interocular difference
in brightness (Fig. 5C, Ftest, P=0.62). Intriguingly, then,
despite clear binocular influences on responses to rapid
changes in light levels, basal firing of binocular cells was
entirely driven by just one of the two eyes.

Response properties of SCN monocular cells

To better understand how the properties of binocular cells,
outlined above, distinguished them from other visually
responsive (monocular) SCN neurons, we also examined
the brightness and contrast components of the monocular
cell responses.

Surprisingly, we found that whereas binocular cells
reliably exhibited ‘ON’ responses to visual contrast (i.e.
a positive relationship between the step in light intensity
and change in firing), only a subset of monocular cells
exhibited this property (Fig. 6A; n = 24/34). Other cells
exhibited decreases in firing in response to increased light
intensity (OFF, n = 5) or displayed transient increases in
firing in response to both light increments and decrements
(ON/OFE n=>5).

Unlike binocular cells (Fig. 4B), all these monocular
populations exhibited robust, near-log linear changes in
firing as a function of step magnitude at the dominant
eye alone (Fig. 6B). Moreover, none of these monocular
populations displayed any clear influence of non-dom-
inant eye contrast (2-way repeated measures ANOVA,
non-dominant eye and interaction terms all P > 0.05).

We have previously reported ‘transient’ cells in the
mouse SCN (Brown et al. 2011), whose visual response
properties appear consistent with those of the ON/OFF
cells described above. By contrast, the presence of
monocular cells exhibiting OFF responses under these
conditions was surprising, not least because all of these
cells exhibited excitatory responses to light steps applied
from darkness (not shown). Interestingly, these OFF
responses also appeared to exclusively originate with the
ipsilateral eye (Fig. 6B). Based on our sample size there
is a low probability that we could have failed to detect an
equivalent population of contralateral-driven OFF cells
(Fisher’s exact text, P = 0.053). In sum then it appears
that ipsilateral retinal influences on the SCN may be more
diverse than the primarily ON responses originating with
the contralateral eye (Fig. 6B).

In line with their responses to visual contrast described
above, we found that, whereas the steady state firing of
ON cells reliably increased as a function of monocular
brightness, that of OFF cells decreased (Fig. 7A and B).
Importantly, we were also able to identify both ON and
OFF cells within the same recording (Fig. 7A), indicating
that this unusual OFF behaviour could not simply reflect
some state or circadian phase-dependent switch in general
SCN responsiveness.
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By contrast with the other SCN cell types, the steady
state activity of ON/OFF cells did not vary as a function of
irradiance (Fig. 8, repeated measures ANOVA, P = 0.36),
indicating that this population specifically responds only
to rapid changes in light intensity.

Discussion

Here we show that, despite the dense bilateral input that the
SCN receive from the retina (Miura et al. 1997; Hattar et al.
2006; Brown et al. 2010; Morin & Studholme, 2014), few
individual SCN neurons have access to visual signals from
both eyes. Moreover, even where cells do receive input
from both eyes, binocular influences are limited to just the
initial components of any response to changing irradiance.
As a result, no single SCN neuron is capable of providing
direct information about global levels of irradiance across
the full visual field.

These results are surprising for two reasons. Firstly, we
have previously observed extensive binocular integration
in the mouse visual thalamus, a region where eye-specific
inputs were, until recently, believed to remain entirely
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segregated (Howarth et al. 2014). Indeed, using similar
approaches to those employed here, we observed many
single cells in the visual thalamus whose basal firing did
encode mean binocular irradiance. Secondly, and more
importantly, however, our present results are unexpected
because the existing model posits that circadian photo-
entrainment is reliant on a quantitative assessment of
the total amount of light in the environment (Nelson
& Takahashi, 1991, 1999; Dkhissi-Benyahya et al. 2000;
Lall et al. 2010; Lucas et al. 2012). Assuming this model
to be correct, any such assessment of global irradiance
could occur neither at the level of individual cells, nor by
simply taking the average light-evoked activity across the
population of such cells.

In fact, since the degree of visually evoked SCN activity
is well correlated with the magnitude of circadian phase
shifts (Meijer et al. 1992; Brown et al. 2011), our present
data suggest that the current model of circadian photic
integration may not be entirely accurate. Based on the
light-evoked firing we observe in the SCN, we would pre-
dict that light falling on one, rather than both, eyes would
result in a 50% reduction in phase shift magnitude, rather

Figure 5. SCN binocular cells encode

monocular irradiance

A, firing activity of a binocular SCN neuron
presented with a pseudorandom irradiance
sequence (see Methods). Right panels show
a portion of the responses at higher
temporal resolution (indicated by the dotted
region bottom left). B, normalised steady
state firing activity of binocular cells (spikes
occurring 4-5 s after a step in irradiance;
mean # SEM, n = 17) plotted as a function
of the average irradiance across the two eyes
and split according to the interocular
difference in irradiance. When expressed in
this manner, irradiance-response
relationships could not be described by a
single sigmoid curve (F test, P < 0.001). C,
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than a 50% reduction in apparent light intensity (0.3 log
units). As far as we are aware, only one study has explicitly
tested this possibility by performing a reversible mono-
cular occlusion before applying phase shifting light stimuli
(Muscat & Morin, 2005). Unfortunately, inter-individual
variability in phase shift magnitude makes a robust
assessment of the above difficult, although for long/bright
stimuli, monocular phase shifts certainly appear better
explained by a 50% reduction in amplitude rather than in
total photon flux.

Accordingly, we propose that retinorecipient SCN
neurons do accurately measure photon flux, but only
within a portion of the visual field. Based on an established
view of SCN organisation, suggesting the presence of
weak oscillators that are readily reset by light and robust
oscillators which integrate circadian inputs from the
former (Albus et al. 2005; Brown & Piggins, 2009;
Rohling et al. 2011), we propose a model whereby the
retinorecipient cells are reset according to ‘local’ light
intensity (Fig. 9). It is then the average phase information
supplied by these retinorecipient oscillators that dictates
the integrated circadian response. Such a mechanism
would account for the behavioural response to monocular
visual stimuli and the associated 50% reduction in the
number of Fos-positive SCN neurons previously observed
(Muscat & Morin, 2005).

We should also note that another study, employing
unilateral optic nerve transection, found a much larger
(~90%) reduction in light-induced Fos across the hamster
SCN (Tang et al. 2002). The reason for this discrepancy
is unclear but again this observation appears hard to
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incorporate into a model whereby the SCN response is
proportional to the total level of ambient illumination.

Aside from the above, there have been very few
investigations of cellular level integration of binocular
signals in the SCN. Thus, most previous investigations
of neurophysiological effects of light in the SCN have used
exclusively monocular (Meijer et al. 1986; Nakamura et al.
2004; Brown et al. 2011) or binocular stimuli (Meijer et al.
1992; Aggelopoulos & Meissl, 2000; Drouyer et al. 2007;
Mure et al. 2007; van Diepen et al. 2013). A few studies have
investigated occularity of rat, degus and diurnal ground
squirrel SCN cells (Meijer et al. 1989; Jiao et al. 1999), but
in each case the number of cells (n = 3) and irradiance
range tested was too low to draw any solid inferences on
binocular processing in the clock of these species.

At present, there is also little information about the
specific location(s) or number of retinal ganglion cells
(RGCs) from which each retinorecipient SCN cell receives
input. Whereas RGC projections to more conventional
visual centres adopt a specific organisation to facilitate
image forming vision (Sterratt et al. 2013), it feels unlikely
that something similar should also be true for the SCN.
Indeed, the SCN is known to deviate from this scheme by
virtue of the fact it receives input from the nasal and super-
ior regions of the ipsilateral retina (Morin et al. 2003).
Moreover, while eye-specific inputs to the hamster SCN
appear partially anatomically segregated (Muscat et al.
2003) this does not seem to hold true for the mouse (Brown
et al. 2010; Morin & Studholme, 2014). If instead, then,
retinal input to SCN neurons is essentially random, our
data suggest that the number of RGC inputs to any one

ON/OFF n=5 OFF n=5

Contralateral

T T
5s 5s 5s

T 1 I T T T 1 T
1 2-2 -1 0 1 2-2 -1 0 1 2
Log dominant eye step magnitude

(photonsfcm?/s)

Figure 6. Monocular SCN neurons exhibit varying responses to visual contrast

A, mean + SEM normalised response of monocular cell subpopulations to irradiance steps (=2 to +2 log units;
410 nm LED) applied to the dominant eye under light-adapted conditions (11.4-14.4 log photons cm=2 s=).
For most cells, changes in firing rate were positively related to step magnitude (ON, n = 24), while other cells
showed the inverse relationship (OFF, n = 5) or increased firing in response to both steps up and down in irradiance
(ON/OFF, n = 5). B, quantification of data in A showing change in firing over first 500 ms of light step for the
three populations. Inset pie charts indicate the proportion of each cell type driven by either eye (n = 15 and 19
total for contralateral and ipsilateral, respectively). Note, OFF cells were all driven by the ipsilateral eye.
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cell must be small. In fact, the near equal numbers of
contralateral, ipsilateral and binocularly responsive SCN
neurons we observe suggests that, on average, each of these
cells samples from two RGCs.

If correct, our suggestion above would imply that
most SCN neurons could only measure light intensity
within very restricted patches of the visual field (<30 deg
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given the known dendritic field sizes of the melanopsin
RGCs that provide most of the input; Berson et al.
2010). Accordingly, individual SCN cells could detect
quite different daily patterns of illumination (e.g. if
they monitored light intensity exclusively from the lower
rather than upper visual field). We tentatively suggest that
such a mechanism could contribute to the pronounced,
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Figure 7. Brightness and darkness coding in SCN monocular cells

A, firing activity of simultaneously recorded ON (top) and OFF (bottom) SCN neurons presented with a pseudo-
random irradiance sequence (see Methods). Right panels show a portion of the responses at higher temporal
resolution (indicated by the dotted region bottom left). B, normalised steady state firing activity of monocular ON
and OFF cells (spikes occurring 4-5 s after a step in irradiance; mean + SEM, n = 24 and 5, respectively) plotted

as a function of irradiance at the dominant eye.
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photoperiod-dependent, phase differences in the electrical
activity exhibited by SCN neurons (VanderLeest et al.
2007; Brown & Piggins, 2009).

It is also interesting to speculate as to the functional
significance of the binocular input to a subset of SCN
cells. Tt is clear from our data that this input makes
little contribution to irradiance coding and instead acts to
promote rapid and robust responses to sudden changes
in light intensity. It is currently unclear why such a
property would be useful to the clock; however, existing
data indicate that high frequency retinal input and sub-
sequent SCN cell firing are important for triggering inter-
nal calcium mobilisation (Irwin & Allen, 2007). It may
then be the case that the initial transient response of
SCN cells (which often overshoot the steady state level
attained for a given irradiance) are especially significant
for initiating the intracellular signalling cascade required
for phase shifting.

As a final note here, since our SCN recordings were
performed in anaesthetised mice, it is important to
consider the possibility that responses recorded under our
experimental conditions do not fully recapitulate those
observed in freely behaving animals. On the basis of the
available data, we think it unlikely that the anaesthetic we
employed here would result in any qualitative change in
the visual responses of SCN neurons. Hence, multiunit
recordings in freely moving mice (van Oosterhout et al.
2012; van Diepen ef al. 2013) reveal visual responses with
essentially identical sensitivity and temporal profile to
those we report here and have observed previously (Brown
etal 2011).

strong
output
oscillators

weak
Iretinorecipient
<+ oscillators

RETINA
monocular
photon flux

ipsilateral contralateral

ipsilateral contralateral

Figure 9. Model of binocular integration in the SCN
Retinorecipient clock cells, with easily perturbed oscillators, are reset
according to ‘local” irradiance (at most brightness across one visual
hemisphere). Strong output oscillators integrate circadian signals
from the retinorecipient cells and adjust their phase according to the
average of this input. As a consequence, illumination of both eyes
drives a substantially larger adjustment in clock output (A) than a
2-fold increase in irradiance applied to just one (B).
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Aside from the above, our data also add to existing
literature indicating a surprising amount of diversity in the
visual responses of hypothalamic neurons (Aggelopoulos
& Meissl, 2000; Drouyer et al. 2007; Brown et al.
2011). In line with earlier anatomical data (Sollars et al.
2003; Guler et al. 2008), we previously reported that
a subset of cells within or bordering the SCN lacked
functional melanopsin input and sustained responses to
light (Brown et al. 2011). Another study performed in
awake (head-fixed) mice also reports a small subset of
SCN cells with apparently similar properties (Sakai, 2014).
Here we confirm that these non-irradiance-coding SCN
cells in fact specifically encode rapid light increments
or decrements. None of these cells exhibited binocular
responses, suggesting that this population primarily (if
not exclusively) signals visual contrast within a restricted
portion of the visual field, as described above for
irradiance-coding SCN cells. Given these properties, we
think it unlikely that such cells play a major role in
circadian entrainment, although it is possible that they
contribute to more direct SCN-dependent modulations
in physiology such as effects on corticosterone secretion
(Kiessling et al. 2014).

We also identify an especially unusual population
of cells that exhibit OFF responses to visual contrast
and whose steady state firing activity is thus inversely
related to irradiance. While light-suppressed SCN cells
have been reported previously (Meijer et al. 1986, 1992;
Aggelopoulos & Meissl, 2000; Drouyer et al. 2007; Brown
et al. 2011), the population of mouse neurons we report
here are distinct in that under dark-adapted conditions
they display robust excitatory responses. Moreover the
inhibitory responses of these OFF cells under light
adaptation are much more rapid than those of the very
rare light-suppressed SCN cells we previously reported in
the mouse (Brown et al. 2011).

As far as we are aware, then, the ON to OFF
switching behaviour we describe above has never pre-
viously been reported. Although possible that these
observations reflect a circadian phase-dependent effect
(light-adapted recordings always followed dark-adapted
in our experiments) we think this is unlikely to reflect
a global change across the SCN. Hence we routinely
observed the more conventional ON responses among
simultaneously recorded neurons. It is noteworthy here
thatall of the OFF cells we recorded were exclusively driven
by the ipsilateral retina, suggesting that there may be some
differential processing of eye-specific signals within the
SCN. For example, the switch from excitatory to inhibitory
responses might reflect a changing balance between
direct and indirect ipsilateral visual input following light
adaption. Such indirect visual input could arise locally via
the opposing SCN or indeed via other brain regions such
as the intergeniculate leaflet (Tang ef al. 2002; Blasiak &
Lewandowski, 2013; Howarth et al. 2014). At present we
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can only speculate as to the functional significance of the
‘darkness-coding’ behaviour that these OFF cells exhibit.
Presumably the presence of such cells increase the variety
of output signals that the SCN is able to transmit, allowing
for differential regulation of various aspects of physiology
(Kalsbeek et al. 2006).

In summary, our data provide new insight into the
mechanisms through which the circadian clock processes
visual signals. Most notably, we show that the ability of
individual SCN neurons to detect irradiance is restricted
to only a portion of the full visual field. The implication
of this arrangement is that asymmetries in the amount
of illumination between left and right eyes could lead the
circadian system to substantially underestimate the total
amount of ambient illumination. Our data thus predict
that, in the absence of any compensatory reorganisation,
loss of one eye should result in an unexpectedlylarge deficit
in photic integration within the SCN.
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Abstract

Twilight is characterised by changes in both quantity (“irradiance”) and quality (“colour”) of
light. Animals use the variation in irradiance to adjust their internal circadian clocks, aligning
their behaviour and physiology with the solar cycle. However, it is currently unknown wheth-
er changes in colour also contribute to this entrainment process. Using environmental mea-
surements, we show here that mammalian blue—yellow colour discrimination provides a
more reliable method of tracking twilight progression than simply measuring irradiance. We
next use electrophysiological recordings to demonstrate that neurons in the mouse supra-
chiasmatic circadian clock display the cone-dependent spectral opponency required to
make use of this information. Thus, our data show that some clock neurons are highly sensi-
tive to changes in spectral composition occurring over twilight and that this input dictates
their response to changes in irradiance. Finally, using mice housed under photoperiods with
simulated dawn/dusk transitions, we confirm that spectral changes occurring during twilight
are required for appropriate circadian alignment under natural conditions. Together, these
data reveal a new sensory mechanism for telling time of day that would be available to any
mammalian species capable of chromatic vision.

Author Summary

Animals use an internal brain clock to keep track of time and adjust their behaviour in an-
ticipation of the coming day or night. To be useful, however, this clock must be synchro-
nised to external time. Assessing external time is typically thought to rely on measuring
large changes in ambient light intensity that occur over dawn/dusk. The colour of light
also changes over these twilight transitions, but it is currently unknown whether such
changes in colour are important for synchronising biological clocks to the solar cycle.
Here we show that the mammalian blue-yellow colour discrimination axis provides a
more reliable indication of twilight progression than a system solely measuring changes in
light intensity. We go on to use electrical recordings from the brain clock to reveal the
presence of many neurons that can track changes in blue-yellow colour occurring during
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Colour Entrains the Circadian Clock

Abbreviations: ipRGCs, intrinsically photosensitive
retinal ganglion cells; LD, light-dark; LWS, long-
wavelength sensitive; MWS, medium

wavelength sensitive; SCN, suprachiasmatic nuclei;
UVS, ultraviolet sensitive.

natural twilight. Finally, using mice housed under lighting regimes with simulated dawn/
dusk transitions, we show that changes in colour are required for appropriate biological
timing with respect to the solar cycle. In sum, our data reveal a new sensory mechanism
for estimating time of day that should be available to all mammals capable of chromatic vi-
sion, including humans.

Introduction

The ability to predict and adapt to recurring events in the environment is fundamental to sur-
vival. Organisms across the living world achieve this using endogenous circadian clocks [1-3].
However, if such clocks are to fulfil their ethological function they need to be regularly reset to
local time. This is achieved by sensory inputs that report changes in the physical environment
providing a useful proxy for time of day. By far the best characterised of these input pathways
is that recording the diurnal change in the overall quantity of light reaching the earth’s surface
(irradiance). In the case of mammals, a dedicated retino-hypothalamic projection brings this
visual information to the brain’s “master” clock in the suprachiasmatic nuclei (SCN) [4-7].

The retino-hypothalamic projection is formed by a unique class of retinal ganglion cells
(RGCs), which are intrinsically photosensitive thanks to their expression of melanopsin [4]. Al-
though these so-called ipRGCs can therefore entrain the clock even in the absence of the con-
ventional rod and cone photoreceptors, all photoreceptor classes are capable of influencing the
clock in intact animals [8-13]. This arrangement has previously been considered only insofar
as it allows the clock to respond to changes in irradiance. However, the inclusion of cones in
this pathway allows for the possibility that the clock could also receive information about
changes in the spectral composition of light (colour) [14]. There has previously been specula-
tion that such colour signals could provide a reliable method of telling time of day [3,15] but,
to date, there has been no direct test of that possibility in mammals.

The ability to discriminate colour relies on comparing the relative activation of photopig-
ments with divergent spectral sensitivities. In mammals, this task is achieved via differential
processing of cone photoreceptor signals in the retina [16]. At least 90% of mammalian species
are believed capable of this form of colour discrimination [17] which, with the exception of
Old World primates, allows for dichromatic vision. Thus, most mammals express just two dis-
tinct classes of cone opsin, one maximally sensitive to short wavelengths (ultraviolet-blue) and
a second with peak sensitivity to longer wavelengths (green-red) [18]. Here we show that, in
mice, this primordial colour discrimination axis (equivalent to human blue-yellow colour vi-
sion) is an influential regulator of SCN activity, essential for appropriate circadian timing rela-
tive to the natural solar cycle.

Results
Changes in Colour across Twilight

We first set out to determine whether changes in spectral composition associated with the
earth’s rotation could provide reliable information about solar angle that the circadian clock
could use to estimate time of day. To this end, we obtained high resolution measurements of
natural variations in spectral irradiance across multiple days (Manchester, August-October
2005, 1 = 36 d).

As expected, these measurements revealed highly predictable changes in both irradiance
and spectral composition as a function of solar angle (Fig 1A and 1B). In particular, we
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Fig 1. Spectral composition of ambient illumination is predictive of solar angle. (A) Mean (+SD) total
optical power of ambient illumination around dawn/dusk as a function of solar angle relative to horizon
(n=36d, Aug—Sep 2005; Lat.: 53.47, Long.: -2.23, Elevation 76 m). (B, top) Normalised mean spectral
power distribution observed at solar angles +6° relative to horizon. Note relative enrichment of short-
wavelength light at negative solar angles. Bottom panel shows mouse ultraviolet and medium wavelength
sensitive (UVS and MWS) cone opsin sensitivity profiles after correction for prereceptoral filtering. (C) Mean
(+SD) “yellow—blue” colour index (effective activation of MWS/UVS opsin) as a function of solar angle
around dawn/dusk. (D) Relationship between colour and irradiance (see Methods for definition), corrected
according to mean for each solar angle (n = 994; -7 to 0° in 0.5° bins x 71 dawn/dusk observations; for
clarity, six observations with especially high relative brightness (2.6—4.5) but normal colour (1.3—1.5) are not
shown in the scatter plot). Note tighter distribution for relative “colour” versus irradiance. The data used to
make this figure can be found in S1 Data.

doi:10.1371/journal.pbio.1002127.g001

observed a progressive enrichment of short-wavelength light across negative solar angles: a re-
sult of the increasing amount of ozone absorption and consequent Chappuis band filtering of
green-yellow light when the sun was below the horizon [14].

We next calculated the extent to which this change in spectral composition was detectable
to the mammalian visual system. Taking the mouse as a representative species, we employed
previously validated approaches to quantify the relative excitation of its ultraviolet and medium
wavelength sensitive (UVS/MWS) cone opsins [12,19,20]. This analysis revealed a robust
change in the ratio of excitation between the two pigments (Fig 1C) that would constitute sub-
stantial changes in apparent colour along the blue-yellow axis. These changes were restricted
to the twilight transition, with the UVS:MWS ratio fairly invariant throughout the day, indicat-
ing that measuring the change in colour could provide a useful method of tracking the progres-
sion of dawn and dusk.
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To ascertain how reliably this blue-yellow colour signal alone could be used to estimate
phase of twilight, relative to simple measures of irradiance, we next compared the day-to-day
variability of colour and irradiance measurements across our dataset (Fig 1D). Surprisingly, we
found that colour was in fact more predictive of sun position across twilight (-7 to 0° below ho-
rizon) than was irradiance (78.5 + 0.1% versus 75.8 + 0.1% of variance explained by solar angle;
mean * SD). Accordingly, for any fixed solar angle, the range of observed colour values was
considerably more tightly clustered than those for irradiance. These observations most likely
reflect the fact that cloud cover can change overall brightness quite dramatically, but exerts
only relatively minor effects on spectral composition.

Colour Coding in the SCN

Importantly, then, measuring colour could provide a more reliable estimate of the approach of
night or day than measuring irradiance. However, while the mammalian circadian clock is cer-
tainly known to respond to diurnal variations in irradiance [8-13], there has been no investiga-
tion of whether the SCN also receives colour signals. Accordingly, we next asked whether the
central clock showed electrophysiological responses to changes in colour by recording extracel-
lular activity in the mouse SCN.

In order to identify colour-sensitive cells, we set out to generate test stimuli which differen-
tially modulated the UVS and MWS mouse cone opsins. While, in principle, producing such
stimuli is straightforward, the close spectral sensitivity of mouse opsins makes it difficult to
achieve this aim without concomitant changes in the activation of rods and/or melanopsin. To
circumvent this problem, we employed a well-validated transgenic model in which the native
mouse MWS opsin is replaced by the human long-wavelength sensitive (LWS) opsin
(Opnlme; [8,12,19]). Cones in these animals develop and function normally, with LWS opsin
expression entirely recapitulating that of the native MWS opsin [21]. Importantly, however,
the resultant shift in cone spectral sensitivity in Opnlmw® mice facilitates the generation of sti-
muli that provide selective modulation of individual opsin classes [22].

Using this OpnImw" model, we first established a background lighting condition (using a
three-primary LED system), whose spectral composition recreated a wild-type mouse’s experi-
ence of natural daylight (S1A Fig). We next designed a set of manipulations of this background
spectrum that allowed us to modulate excitation of one or both cone opsins without any con-
comitant change in rod or melanopsin activation. Under these conditions, we were then able to
unambiguously distinguish colour-sensitive neurons based on the following criteria: (1) the
presence of larger responses to chromatic versus achromatic changes in cone excitation and
(2) responses of opposite sign to selective activation of UVS and LWS opsin in isolation (i.e.,
excitatory/ON versus inhibitory/OFF).

To achieve the largest possible change in colour, we started by selectively modulating UVS
and LWS cone opsin excitation in antiphase (“colour”; S1B Fig). We then compared responses
to this stimulus with those elicited by one in which the change in UVS and LWS opsin activa-
tion occurred in unison (“brightness”; S1B Fig). Any spectrally opponent cells should be more
responsive to the “colour” as opposed to “brightness” condition. We found that 17/43 SCN
units (from 15 mice) that responded to these stimuli showed a significant preference for the
pair in which UVS and LWS activation was modulated in antiphase (Fig 2A and 2B; paired
t test, p<0.05, n = 17). As there were an additional 26 visually responsive units that did not re-
spond to either of these analytical stimuli (paired ¢ tests, p>0.05), these data indicate that at
least one quarter of light-responsive SCN neurones show chromatic opponency.

Interestingly, we found that cone inputs exerted a much more powerful influence over the
firing activity of cells exhibiting a preference for chromatic stimuli relative to than achromatic
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Fig 2. Colour opponent responses in suprachiasmatic neurons. (A: left) Example responses of 5 SCN neurons to stimuli modulating UVS and LWS
opsin excitation in antiphase (“colour”) or in unison (“brightness”; both 70% Michelson contrast). Individual cells were preferentially excited by blue—yellow
transitions (“blue ON”; pink traces), yellow-blue transitions (“yellow ON”; green traces) or dim-bright transitions (“achromatic”; black traces). Shaded areas
represent blue/yellow or dim/bright stimulus phase; y-axis scale bars reflects peak firing rate in spikes/s; x-axis scale bars indicate temporal profile of UVS/
LWS opsin excitation. (A: right) Normalised mean (+SEM) change in firing for cells classified as “blue-ON”, “yellow-ON” or achromatic (n = 13, 4 and 26
respectively). Conventions as above. (B) Mean (+SEM) firing rates of SCN cell populations tested with colour and brightness stimuli immediately following
transitions (0-500 ms) from “blue”-"yellow”/’dim”—"bright” or vice versa. Data were analysed by paired t test; *** p<0.001, ** p<0.01. (C: left) Responses of
cells from A to selective modulation of LWS or UVS opsin excitation, indicating “blue”-ON/’yellow-OFF”, “yellow-ON"/’blue-OFF” or non-opponent responses
(conventions as in A). (C: right) Normalised mean (+SEM) change in firing for SCN cell populations evoked by LWS and UVS opsin isolating stimuli. Note,
normalisation and scaling for data in A and C is identical. The data used to make this figure can be found in S2 Data.

doi:10.1371/journal.pbio.1002127.g002

cells (Fig 2B; absolute change for responses of chromatic cells = 8.1 + 2.3 spikes/s versus

1.9 £ 0.5 spikes/s for achromatic cells, n = 17 and 26 respectively; ¢ test: p<0.01). Moreover, we
found that the spiking activity for the majority (13/17) of colour-sensitive SCN neurons was
highest during the stimulus phase biased towards UVS opsin activation (Fig 2A), and that
these cells exhibited especially robust and sustained changes in firing (Fig 2A and 2B).

Our data above therefore indicate that cone inputs constitute a dominant influence on the
firing activity of colour-sensitive SCN neurons and that most of these cells exhibit blue-ON/
yellow-OFF colour opponency. We confirmed this by selectively modulating brightness for
each of these cone opsins independently (stimulus shown in S2A Fig); as expected, these cells
reliably increased firing in response to selective increases in UVS opsin activation and de-
creased firing following increases in LWS opsin activation (Fig 2C). Conversely, the remaining
colour-sensitive cells exhibited the opposite preference (yellow-ON/blue-OFF; Fig 2C).

An aspect of mouse retinal organisation that poses a challenge to colour vision is that most
cones in this species co-express UVS and MWS opsin [23]. The exceptions are rare “primordial
S-cones” that only express UVS opsin [24] and peripheral cones that may express either pig-
ment alone [25]. One might expect that chromatic opponency would rely on comparisons be-
tween these rare single pigment cones. If this were the case, then responses to LWS- and UVS-
specific stimuli of defined contrast should be insensitive to changes in the spectral composition
of the background light. In fact, we found that this was not the case (S2A-S2C Fig), indicating
involvement of the more common opsin co-expressing cones in the chromatic responses of
SCN neurons.

By contrast with chromatic SCN neurons, none of the cells identified as achromatic exhib-
ited any overt OFF response to selective activation of either UVS or LWS cone opsin. Instead,
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these achromatic cells exhibited pure ON responses to stimuli targeting one or both opsin clas-
ses, such that on average the population showed little bias towards UVS/LWS opsin-driven re-
sponses under background spectra resembling natural daylight (Fig 2C). Adjusting the
background spectra to equalise basal activation of the two cone opsins skewed responses in fa-
vour of UVS opsin, however (52D Fig), consistent with previous suggestions that ipRGCs are
relatively enriched in the UVS opsin-biased dorsal retina [26].

We next asked whether colour opponent cells also received irradiance information from the
melanopsin-expressing ipRGCs that dominate retinal input to the SCN [4,6,7]. To this end, we
used changes in spectral composition to selectively modulate melanopsin excitation (see Meth-
ods; 14/15 mice above tested with these stimuli). When presented with large steps in melanop-
sin excitation (92% Michelson contrast) generated in this way, “blue”-ON cells showed slow
and sustained increases in firing (Fig 3A; peak response = 3.2 + 0.8 spikes/s above baseline;
paired t test, p<0.01, n = 13), as previously described for melanopsin-driven responses
[8,27,28]. The behaviour of the rare “yellow” ON cells to this stimulus was variable (Fig 3B;

n = 4), while colour-insensitive cells showed the expected excitatory response (Fig 3A; peak re-
sponse = 1.8 + 0.2 spikes/s above baseline; paired t test, p<0.01, n = 23). These data therefore
reveal that both chromatic and achromatic cells have access to melanopsin-dependent infor-
mation about irradiance.

Of note, for the smaller changes in opsin excitation applied above (70% Michelson; ~0.75
log units), we found that the inclusion of melanopsin contrast had little impact on the integrat-
ed cellular response. Thus for both chromatic and achromatic populations, responses evoked
by spectrally neutral increases in irradiance (“energy”) were very similar in magnitude to those
observed where changes in irradiance were restricted to just cone opsins (Fig 3A; subtraction:
energy — “brightness”). This was true even for steady-state components of the SCN response
(last 1 s of step)—we found no significant difference in responses to two conditions (paired ¢
test; p>0.05 for both blue-ON and achromatic populations). Thus SCN responses to relatively
modest changes in light intensity and/or spectral composition are, in fact, dominated by those
originating with cones.

How then do chromatic and irradiance responses interact to encode time of day under more
natural conditions? To address this question, we produced stimuli that recreated, for Opnlmw®
mice, the change in irradiance and colour experienced by wild-type (green cone) mice across
the twilight to daylight transition (Fig 4A). We presented these as discrete light steps from
darkness, to simulate the challenge in telling time of day faced by a rodent emerging from a
subterranean burrow to sample the light environment. Due to their scarcity, we were unable to
determine the behaviour of yellow-ON cells under these conditions. However, blue ON cells re-
liably exhibited a near linear increase in firing rate as a function of simulated solar angle (Fig
4B and 4C; n =9 from 7 mice), indicating that their sensitivity is well suited to track changes in
colour/irradiance occurring across the twilight to daylight transition. Interestingly, the range of
solar angles to which these neurons responded was substantially greater than that for achro-
matic cells recorded in the same set of mice (Fig 4D and 4E; see also S3 Fig; n = 8) indicating
that they may be an especially important source of temporal information for the clock
around twilight.

To determine the extent to which this ability of blue-ON cells to encode solar angle relied
upon their chromatic opponency, we next presented stimuli that recreated the natural change
in irradiance over twilight but in which colour was invariant. Two versions of these stimuli
were produced, in which colour was fixed either to that at the lowest solar angle for which data
was available (“night”) or to that recorded in daylight (“day”; Fig 4A). Whereas achromatic
cells were unable to distinguish between these two stimulus sets (Fig 4D and 4E; F-test,

p = 0.72), the relationship between solar angle and blue-ON cell firing rate was consistently
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Fig 3. Melanopsin signals influence both colour- and brightness-sensitive cells. (A) Normalised mean
(£SEM) response of blue-ON colour-sensitive (n = 13) and achromatic cells (n = 23 tested) to stimuli targeting
melanopsin and/or cones. Melanopsin-isolating stimuli presented a 92% Michelson contrast change (~1.4 log
units), all other stimuli were 70% Michelson contrast (see S1A Fig for details of “colour” and “brightness”
stimuli). The energy condition reflects a spectrally neutral modulation in light intensity, providing 70%
Michelson contrast for all retinal opsins. Far right panels reflect the predicted melanopsin contribution to the
70% energy condition (obtained by subtracting the responses to UVS + LWS only —"brightness”). Responses
were normalised on a within-cell basis across all three stimulus conditions and are plotted on the same scale
to highlight relative response amplitude. X-axis scale bars indicate temporal profile of UVS/LWS opsin and
melanopsin excitation. (B) Example responses of yellow-ON colour-sensitive cells (bottom panels) to stimuli
targeting melanopsin and/or cones or melanopsin. Melanopsin-isolating contrast had more heterogeneous
effects in yellow-ON cells, with 1/4 cells exhibiting a reduction in firing and 2 cells displaying no obvious
response (not shown). Conventions as above except that data are presented as raw firing rates. Y-axis scale
bars represent peak firing in spikes/s. The data used to make this figure can be found in S3 Data.

doi:10.1371/journal.pbio.1002127.g003

yellow-ON

disrupted under these conditions (Fig 4B and 4C; F-test, p = 0.009; see also S3A Fig). Thus, fir-
ing was reliably higher for “night” and lower for “day” conditions than appropriate for that
time of day. These effects are consistent with the blue-ON nature of the chromatic units and
confirm that these cells employ a combination of colour and irradiance signals in order to en-
code time of day.

Colour Sets Circadian Phase

These electrophysiological recordings indicate a significant fraction of neurons in the SCN con-
vey information about changes in spectral composition occurring during natural twilight. We
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curves also revealed significant differences p<0.05). (D and E) Responses of achromatic cells (n = 8), conventions as in B and C. Achromatic cell responses
to the three stimulus sets were statistically indistinguishable (F-test; p = 0.72). The data used to make this figure can be found in S4 Data.

doi:10.1371/journal.pbio.1002127.g004

hypothesised, therefore, that by improving the SCN’s ability to estimate solar angle, activation
of the colour mechanism would influence the phasing of circadian rhythms under natural con-
ditions. To determine whether this was indeed the case, we scaled up our twilight stimuli to
produce an artificial sky that could be presented to freely moving mice over many days in their
home cage. We aimed then to compare the phase of circadian rhythms (assayed using body
temperature telemetry) under exposure to lighting conditions that recreated natural changes in
irradiance across dawn/dusk transitions, with or without the associated alterations in colour
(S4 Fig; “irradiance only” twilight replicated “night” spectral composition). To maximise our
ability to detect changes in phasing under these conditions, we modelled the temporal profile
of these photoperiods on the extended twilight of a northern-latitude summer (S4C Fig). To
allow us to readily separate irradiance and colour elements, we undertook these experiments in
Opnlmw® mice. Importantly, however, we designed the stimuli to recreate the change in colour
across twilight that is experienced by normal, wild-type mice.

We found that the inclusion of colour significantly altered the phase of circadian entrain-
ment. Peak body temperature occurred consistently later when irradiance and colour elements
of twilight were included compared to the irradiance signal alone (Fig 5A; 31 £ 8 min; paired
t test, p = 0.003; n = 10). This distinction was absent in mice lacking cone phototransduction
(Cnga3™, [29,30]; Fig 5B; 6 + 9 min; paired ¢ test, p = 0.51; n = 9), confirming that it originated
with cone-dependent colour coding, rather than any differences in the pattern of rod/melanop-
sin activation between the two photoperiods.

As further confirmation that these differences in body temperature cycles reflected an action
on the timing of central clock output, we also monitored SCN firing rate rhythms in a subset of
mice via ex vivo multielectrode array recordings. We and others have previously shown that
the distribution of daily electrical activity patterns among individual SCN neurons encodes
photoperiod duration, resulting in broad phase distributions under summer days [31,32]. Con-
sistent with this work, peak multiunit firing (sampled across small groups of neurons) in the ex
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Fig 5. Colour changes associated with natural twilight influence circadian entrainment. (A) Top:
Example body temperature traces from two Opn7mw" mice. Mice were exposed to sequential 14 d epochs of
(i) simulated “natural” twilight (replicating natural changes in irradiance and colour during a northern-latitude
summer), (ii) 18:6 square wave LD cycle, and (iii) a twilight photoperiod which lacked changes in colour
(irradiance profile identical to “natural” but relative cone opsin excitation fixed to mimic night spectra). Dotted
red lines indicate timing of peak body temperature from last 9 d in each photoperiod. Bottom plot indicates
timing of peak body temperature for each individual (n = 10); bars represent median. Temperature cycles
were significantly phase-advanced under the irradiance-only versus natural twilight (paired t test; p = 0.003).
(B) Mice lacking functional cone phototransduction (Cnga3™) exhibit identical phase of entrainment under
both photoperiods (conventions as in A; paired t test; p = 0.51, n = 9) with peak body temperature occurring
significantly earlier versus wild-type mice under natural but not irradiance-only twilight (unpaired t tests,

p =0.005 and 0.91 respectively). The data used to make this figure can be found in S5 Data.

doi:10.1371/journal.pbio.1002127.g005
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vivo SCN of twilight-housed mice was widely distributed across recording epochs correspond-
ing to projected day. Importantly, in line with our body temperature data, this distribution was
centred around the middle of the projected day for OpnImw" mice exposed to “natural” twi-
light (Fig 6A; n = 124 SCN electrodes from seven slices) but shifted substantially earlier when
mice were housed under twilight that lacked changes in colour (Fig 6B; p<0.001, bootstrap per-
centiles; #n = 170 SCN electrodes from six slices). A similarly early phase of peak SCN electrical
activity was also observed in slices prepared from Cnga3” individuals housed under natural
twilight (S5 Fig; p<0.001 versus Opnlmw®, bootstrap percentiles), confirming that the cone-
dependent colour signal is indeed required for appropriate biological alignment with twilight.
We also found that, across the three groups, OpnImw® mice exposed to “irradiance-only” twi-
light exhibited a significantly broader distribution of SCN phasing (Brown-Forsythe test,

p =0.01), suggesting that the inappropriate cone signals under this photoperiod partially im-
pair SCN synchrony.

Discussion

Here we demonstrate that the mammalian clock has access to information about not just the
amount but also the spectral composition of ambient illumination, in the form of a cone-de-
pendent colour opponent input that reports blue-yellow colour. The idea that chromatic sig-
nals associated with twilight might provide important cues for circadian photoentrainment has
been proposed previously [3,15]. However, the significant technical challenges inherent in dis-
tinguishing the influence of changes in colour versus brightness have left the specific role of
colour untested, until now.

Our work thus represents the first demonstration that colour-opponent signals influence
the circadian clock in any mammalian species. It is clear, from the long history of housing ani-
mals under artificial lighting, that colour signals are not necessary for circadian entrainment
per se. However, our data indicates that most mammals could use colour [18,33-35] to provide
additional information about sun position, above that available from simply measuring irradi-
ance. Our entrainment experiments likely underestimate the importance of that colour signal
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Fig 6. Twilight spectral composition regulates photoperiodic encoding in the suprachiasmatic nuclei. (A—B) Phasing of SCN firing rhythms from ex
vivo multielectrode array recordings of Opn?7mw™ mice housed under natural (A) or irradiance-only (B) twilight photoperiods. Left panels show Rayleigh
vector plots for peak firing activity (n = 124 and 170 SCN electrodes from seven and six slices in A and B respectively). Grey-shaded areas correspond to
timing of night/twilight transitions, red dotted lines indicate central 50% of the data distribution, arrows indicate mean vector direction. Right panels show
representative multiunit traces. Consistent with body temperature data (Fig 5), SCN activity peaks later in mice housed under “natural” relative to irradiance-
only twilight (p<0.001 based on bootstrap percentiles). The data used to make this figure can be found in S6 Data.

doi:10.1371/journal.pbio.1002127.g006
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under field conditions as they lack the daily variation in cloud cover that makes irradiance-
alone a less reliable indicator of time of day. Nevertheless, even under these conditions, we find
a significant impact of the twilight spectral change on the phasing of entrained rhythms. This
reveals that spectral opponency contributes to the most fundamental function of the entrain-
ment mechanism, ensuring correct timing of physiological and behavioural rhythms.

Given the nature of the change in spectral composition, we might expect that it would be
available to any species capable of comparing the activity of short with middle/longer wave-
lengths. Our own subjective experience is that the event is detectable to humans, and a chro-
matic opponency equivalent to that described here could account for previous reports of
subadditivity for polychromatic illumination in human melatonin suppression [36,37]. It is
also noteworthy that the majority of mammalian species have retained the short and mid-/
long-wavelength cone opsins required to detect changes in spectral composition associated
with twilight (for a detailed discussion of the exceptions to this rule see [17,18]). Similarly,
earlier studies have identified the capacity for blue-yellow colour discrimination in the pineal/
parietal organs of a number of non-mammalian vertebrates, including reptiles, amphibians,
and fish (for review see [38]). By directly influencing melatonin secretion, chromatic signals
are thus presumably also a key component of the neural mechanisms responsible for appro-
priate alignment of non-mammalian physiology relative to dawn and dusk. Alongside our
present data, it appears then that the use of colour as an indicator of time of day is an evolu-
tionarily conserved strategy, perhaps even representing the original purpose of colour vision.

The specific sensory properties of the circadian photoentrainment mechanism in mammals
have long remained a subject of debate [2]. SCN neurons are known to receive input from all
major classes of retinal photoreceptor [8-13]. However, since “cone-only” mice do not reliably
entrain to conventional light-dark cycles, current models posit that photoentrainment is pri-
mary driven by a combination of rod and melanopsin inputs [11,12]. By contrast, the pro-
posed role of cones has been to allow the clock to track relatively high frequency changes in
light—a signal that does not appear to play much role in circadian entrainment under condi-
tions most commonly employed in the laboratory (but see [12]). Our data thus establish an
important new role for cones in photoentrainment, one which would not be apparent under
standard laboratory conditions but will act as an essential regulator of biological timing in
more natural settings.

Insofar as most retinal input to the clock is provided by ipRGCs [4,6,7] the appearance of
colour opponency in this subset of retinal ganglion cells would provide a simple explanation
for the chromatic responses of SCN neurons observed here. Colour opponency has not yet
been documented in mouse ipRGCs [39], but has been reported in primates [40] (although it is
unknown whether any of these cells project to the SCN). Interestingly, the dominant form of
spectral opponency we observe here in the mouse SCN (blue-ON/yellow-OFF) is opposite to
that reported for primate ipRGCs and, most recently, for chromatic response of the pupil in
humans [41]. While this would, by no means, rule out a role for chromatic influences on the
human circadian system, it is also currently unclear whether such yellow-ON/blue-OFF re-
sponses are a characteristic feature of all primate ipRGCs. Indeed, such behaviour certainly ap-
pears inconsistent with the sensory properties of human melatonin regulation, which seems to
exhibit a short- rather than long-wavelength bias [42].

Of course, alternative possibilities to that outlined above are that colour information reaches
SCN neurons via the small number of non-melanopsin-expressing RGC inputs or is generated
by a mechanism distinct from the conventional retinal colour processing circuitry. Previous
work indicates that asymmetries in the gradient of cone opsin expression in the mouse retina
could impose an indirect form of chromatic bias for stimuli larger than the cells’ receptive field
[43]. Alternatively, opponent responses in the SCN may be generated centrally, e.g., via local
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processing or indirect visual input from the intergeniculate leaflet. Indeed, based on our identi-
fication of a rare yellow-ON cell exhibiting inhibitory responses to melanopsin contrast, we
speculate that central processing could contribute to at least some of the responses

reported here.

Regardless of their biological origin, chromatic signals provide the SCN with additional in-
formation about solar angle, above that available from measuring brightness alone, allowing
the clock to appropriately time its output under natural photoperiods. Based on the widespread
capacity for colour vision among mammals (and the previous identification of colour opponent
ipRGCs in primates), we suggest related mechanisms are likely to be broadly applicable across
many mammalian species.

Methods
Animals

All animal use was in accordance with the Animals (Scientific Procedures) Act of 1986 (United
Kingdom). Electrophysiological experiments were performed under urethane anaesthesia;
other procedures were conducted under isfluorane anaesthesia. Unless otherwise stated, ani-
mals used in this study (homozygous Opnlmw" and Cnga3”" mice) were housed under a 12-h
dark/light cycle at a temperature of 22°C with food and water available ad libitum.

Environmental Measurements

Spectral irradiance measurements (280-700 nm, 0.5 nm bins) were collected in Manchester,
UK (Lat.: 53.47, Long.: -2.23, Elevation 76 m) every minute across the solar cycle using a MET-
CON diode array spectroradiometer contained within a temperature stabilised weatherproof
housing. The global entrance optics was levelled and mounted at a rooftop monitoring site,
providing a horizon relatively clear of obstructions, the entrance optics being connected to the
spectrometer by way of a 600 um diameter 5 m long optical fibre. Instrument calibrations were
carried out with reference to spectral irradiance standards, traceable to NIST (National Insti-
tute of Standards and Technology, United States). Instrument dark counts were observed to be
spectrally flat and were removed by subtracting the mean value for wavelengths <290 nm
(where no ground-level solar signal is present).

Environmental Data Modelling

Data analysed were spectral irradiance measurements collected between 31 August and 14 Oc-
tober 2005 (41 d). Due to gaps in the data collection record, we were able to extract from these
71 complete dawn/dusk transitions (from 36 d). No attempt was made to select data on the
basis of weather condition although the period was broadly representative in comparison to
relevant climatological averages.

For each twilight transition, we first calculated the average spectral irradiance profile as a
function of solar angle relative to the Horizon (0.5° bins, 2-5 measurements/bin). We restricted
this analysis to solar angles greater than 7° below the horizon, since our detector was specifical-
ly optimised to obtain measurements across light intensities encountered through civil twilight
to daytime (making night-time measurements less reliable). We next converted these spectral
irradiance profiles into effective photon fluxes as experienced by mouse opsin proteins, using
established and validated procedures [19,20,22] based on Govardovski visual pigment tem-
plates [44] and published values for mouse lens transmission [45]. Calculations presented in
the manuscript were based on the following peak sensitivity (Amax): UVS cone opsin-365 nm,
Melanopsin-480 nm, Rhodopsin-498 nm, MWS cone opsin 511 nm.
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The resulting series” of photon flux versus solar angle values for each opsin were then ana-
lysed individually or in combination (additive or as ratios). Specifically, we calculated the per-
centage of variance for the dataset in question that was explained by sun position, using the
following calculation (with N representing the total number of data points, K the number of
dawn/dusk observations and P the number of solar angle bins):

P

<

(X; — X)

i=1 !

(X, — X)’
X

Since there was no apparent difference in photon flux versus solar angle profiles obtained
during dawn or dusk transitions, we pooled these data for the above analysis, treating each as
an independent observation.

For comparisons of colour versus irradiance based estimates of solar angle (Fig 1D and asso-
ciated text), irradiance was defined as effective photon flux at UVS+MWS cone opsins. Values
obtained using other mouse opsins (singly or in combination) produced essentially identical
results. For the aforementioned comparisons, estimates of mean and standard deviation for
Var|0 were obtained based on bootstrap replicates (every possible combination of 69 out of the
total 71 dawn/dusk observations). Similar analysis to those described above, but performed
using only observations taken at either dawn or dusk also produced essentially identical results.
Calculations of ““blue-yellow”“colour index (Fig 1C and 1D) were based on the ratio of MWS:
SWS cone opsin activation ([MWS+LWS]/SWS for human visual system).

In Vivo Electrophysiological Recordings

Urethane (1.55 g/kg) anaesthetised adult (60-120 d) male OpnImw® mice were prepared for
stereotaxic surgery as previously described [8]. Recording probes (Buszaki 32L; Neuronexus,
MI, US) consisting of four shanks (spaced 200 um), each with eight closely spaced recordings
sites in diamond formation (intersite distance 20-34 pum) were coated with fluorescent dye
(CM-Dil; Invitrogen, Paisley, UK) and then inserted into the brain 1 mm lateral and 0.4 mm
caudal to bregma at an angle of 9° relative to the dorsal-ventral axis. Electrodes were then low-
ered to the level of the SCN using a fluid-filled micromanipulator (MO-10, Narishige Interna-
tional Ltd., London, UK).

After allowing 30 min for neural activity to stabilise following probe insertion, wideband
neural signals were acquired using a Recorder64 system (Plexon, TX, US), amplified (x3000)
and digitized at 40 kHz. Action potentials were discriminated from these signals offline as “vir-
tual”-tetrode waveforms using custom MATLAB (The Mathworks Inc., MA, US) scripts and
sorted manually using commercial principle components based software (Offline sorter,
Plexon, TX, US) as described previously [46].

Surgical procedures were completed 1-2 h before the end of the home cage light phase, such
that electrophysiological recordings spanned the late projected day-early projected night, an
epoch when the SCN light response is most sensitive. Cells were initially characterised as light
responsive on the basis of responses to bright mono and polychromatic light steps (10-30 s
dur.; intensity >10"* photons/cm?/s). Once visual responsiveness was confirmed, experimental
stimuli were applied as described below. Following the experiment, accurate electrode place-
ment was confirmed histologically as described previously [8]. Projected anatomical locations
of light response units reported in this study are presented in S6 Fig.
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Visual Stimuli

All visual stimuli were delivered in a darkened chamber from a custom built source (Cairn
Research Ltd, Kent, UK) consisting of independently controlled UV, blue and amber LEDs
(Amax: 365, 460, and 600 nm respectively). Light was combined by a series of dichroic
mirrors and focused onto a 5 mm diameter piece of opal diffusing glass (Edmund Optics
Inc., York, UK) positioned <1 mm from the eye (contralateral to the recording probe for
SCN recordings). LED intensity was controlled by a PC running LabView 8.6 (National
instruments).

Light measurements were performed using a calibrated spectroradiometer (Bentham in-
struments, Reading, UK). LED intensity was initially calibrated (using the principles de-
scribed above) to recreate for Opnlmw" individuals the effective rod, cone and melanopsin
excitation experienced by a wild-type (green cone) mouse visual system under typical natural
daylight (average values from our environmental data above at a solar angle 3° above the ho-
rizon; S1A Fig). We also carefully calibrated differential modulations in the intensity of each
LED to produce stimuli that independently varied in apparent brightness for one or both
cone opsin classes (either in unison or antiphase) with no apparent change in rod or mela-
nopsin excitation (S1B Fig). In each case, brightness for the stimulated opsin was varied by
170%, to produce an overall 4.7-fold increase in intensity of between “bright” and “dim”
phases of the stimulus. Transitions between the two stimulus phases occurred smoothly over
50ms (half sinusoid profile). We also applied stimuli that selectively modulated melanopsin
excitation (£92%), without changing effective cone excitation. These later also, in principle,
modulated apparent brightness for rod photoreceptors (£84%), however we think a rod
contribution to the resulting responses unlikely owing to the high background light levels
(14.9 rod effective photons/cm?*/s) and our previous work suggesting that rods have little
influence on acute electrophysiological light responses in the SCN [8]. Indeed, similar
stimuli evoke very little response in the lateral geniculate nuclei of melanopsin knockout
animals [22].

In a subset of experiments (7/15) we also applied a second set of stimuli designed to recreate
various stages of twilight, using our calculations of the effective photon fluxes experienced by
mouse opsins at solar angles between -7 and 3° relative to the horizon. These were applied as
light steps (30 s) from darkness in random sequence with an interstimulus interval of 2 min.
To confirm whether elements of the resulting responses were dependent on spectral composi-
tion, these stimuli were interspersed with two additional stimulus sets which were identical ex-
cept that irradiance for the UVS opsin was fixed at a constant ratio relative to LWS (mimicking
either day or night spectral composition).

For behavioural experiments, we used similar principles to generate photoperiods that
smoothly recreated our measured changes in twilight illumination, with (“natural”) or without
the associated change in spectral composition (irradiance-only: spectra fixed to mimic
“night”). Stimuli were generated by an array of three violet (400 nm) and three amber (590
nm) high-power LEDs (LED Engin Inc., San Jose CA, US) placed behind a polypropylene dif-
fusing screen covering the top of the cage. The combination of multiple LEDs allowed a larger
range of brightness (from dark up to approximately 25 W/m2 for the violet and 10 W/m2 for
the amber). Intensity of each LED was independently controlled by a voltage controlled driver
(Thorlabs Inc., Newton NJ, US). The light intensity modulation signals were provided by a PC
running Labview through a voltage output module (National Instruments), and followed a
temporal profile that recreated the sun’s progression during a northern latitude summer (cal-
culations based on Stockholm, Sweden; Lat: 59, Long: 18, Elevation 76 m, 20 June 2013; total
twilight duration = 2.3 h).
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Twilight Entrainment Study

To determine the impact of twilight spectral changes on mouse entrainment, female Opnlmw"
and Cnga3'/ “mice (housed under an 18:6 light-dark [LD] cycle) were first implanted with iBut-
ton temperature loggers (Maxim, DS1922L-F5#). To reduce weight and size, these were
dehoused and encapsulated in a 20% Poly(ethylene-co-vinyl acetate) and 80% paraffin mixture
as described by Lovegrove [47]. For implantation, mice were anaesthetised with isoflurane
(1%-5% in O,) and the temperature logger implanted into the peritoneal cavity. Following sur-
gery, animals were given a 0.03 mg/kg subcutaneous dose of buprenorphine and allowed to re-
cover for at least 9 d in 18:6 LD before the start of the experiment. The timing of lights off
under this cycle was designated as Zeitgeber time (ZT') 12 and the timing of experimental pho-
toperiods were set to align their midnight (ZT'15) with this square wave LD cycle.

Following recovery, group housed mice (five per cage) were transferred to the natural twi-
light photoperiod. The cage environment contained an opaque plastic hide, allowing the ani-
mals to choose their own light sampling regime. After 14 d, mice were then returned to 18:6
LD for a further 14 d and finally transferred to the “irradiance-only” twilight photoperiod.

At the end of the experiment, mice were culled by cervical dislocation and temperature log-
gers recovered. Temperature data (recorded in 30 min time bins) was processed by upsampling
to 5 min resolution (cubic spline interpolation), Gaussian smoothing (SD = 45 min), and nor-
malisation as a fraction of daily temperature range. Phase of entrainment was estimated as the
timing of peak body temperature from that individual’s daily average profile (calculated from
the last 9 d in each photoperiod).

Ex Vivo SCN Recordings

Opnlmw® and Cnga3”" mice were housed under twilight stimuli of either “natural” or “night”
composition (as described above) for at least 14 d prior to experiments. Mice were removed
from the home cage 30-60 min after the end of the dawn transition (~ZT19) and culled by cer-
vical dislocation followed by decapitation. The brain was then rapidly removed, mounted onto
a metal stage and cut using a 7000 smz vibrating microtome (Campden Instrument, UK) in
ice-cold (~4°C) sucrose-based slicing solution composed of (in mM): sucrose (189); D-glucose
(10); NaHCO3; (26); KCI (3); MgSO4 (5); CaCl, (0.1); NaH,PO, (1.25); oxygenated with 95%
0,/5% CO, mixture. Coronal brain slices containing the SCN (350 um) were then immediately
transferred into a petri dish containing oxygenated artificial cerebrospinal fluid (aCSF) com-
posed of (in mM): NaCl (124); KCl (3); NaHCOj; (24); NaH,PO, (1.25); MgSO, (1); glucose
(10); CaCl, (2); slices were then left to rest at room temperature (22 + 1°C).

Approximately 30 min after slice preparation, slices were placed, recording side down, onto
6x10 perforated multielectrode arrays (pMEAs; Multichannel Systems, MCS, Germany). Slices
were visualised under the microscope and photos were taken with a GXCAM-1.3 camera (GX
Optical, UK) in order to confirm appropriate slice placement over pMEA electrode sites. Slices
were held in place by both the suction via the MEA perforations and a harp slice grid (ALA Sci-
entific Instruments Inc., US). The pMEA recording chamber was continuously perfused with
pre-warmed oxygenated aCSF (34 * 1°C) to both slice surfaces at a rate of 2.5-3 ml/min. Neu-
ral signals were acquired as time-stamped action potential waveforms using a USB-ME64 sys-
tem and a MEA1060UP-BC amplifier (MCS, Germany). Signals were sampled at 12.5 kHz,
High pass filtered at 200 Hz (second order Butterworth) with a threshold of usually at
-16.5 uV. Recordings were maintained for a total duration of 30 h.

At the end of each recording, slices were treated with bath applications of 20uM NMDA to
confirm maintained cell responsiveness, followed by 1 uM TTX to confirm acquired signals ex-
clusively reflected Na*-dependent action potentials. All drugs were purchased from Tocris
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(UK), kept as stock solutions at -20°C (dissolved in dH,0), and were diluted to their respective
final concentrations directly in pre-warmed, oxygenated aCSF; all drugs were bath applied for
5 min.

Multiunit action potential firing rates detected at electrodes located within the SCN region
were then selected for further analysis. Data were subsequently binned (60 s) and smoothed via
boxcar averaging (width: 2 h) to determine the timing of peak activity. Channels where peak
firing did not decay by >50% within +12 h, or where peak firing was less than 0.2 spikes/s were
excluded from this analysis, such that on average 22 + 2 SCN electrodes were analysed for each
experiment. Based on peak firing rates observed (mean + SEM: 6.9 + 0.5 spikes/s) we estimate
these typically represent recordings from less than four neurons.

To assess for significant differences in the timing of population activity under our different
experimental conditions, we drew 1,000 samples of 100 randomly selected neurons from each
condition (OpnImw® “natural”, Opnlmw® “night”, Cnga3”" “natural”). By calculating the cir-
cular mean phase for each sample, we thus obtained estimates of the probability that the ob-
served population means differed by chance.

«

Supporting Information

S1 Data. Excel spreadsheet containing, in separate sheets, the numerical data and statistical
analysis for Fig 1A-1D and underlying raw values used to generate those averages (total op-
tical power, colour index, MWS and UVS opsin flux versus solar angle for each observa-
tion).

(XLSX)

S2 Data. Excel spreadsheet containing, in separate sheets, the numerical data and statistical
analysis for Figs 2A-2C and S2C and S2D and underlying raw values used to generate aver-
ages (peristimulus time histograms for all blue ON, yellow ON, and achromatic cells re-
sponses to each stimulus condition).

(XLSX)

S3 Data. Excel spreadsheet containing, in separate sheets, the numerical data and statistical
analysis for Fig 3A and 3B and underlying raw data values (peristimulus time histograms
for all blue ON, yellow ON, and achromatic cells responses to each stimulus condition).
(XLSX)

S$4 Data. Excel spreadsheet containing, in separate sheets, the numerical data and statistical
analysis for Figs 4A-4E and S3A-S3C and underlying raw values used to generate averages
(peristimulus time histograms for all blue ON and achromatic cells responses to each stim-
ulus condition and “unclassified” cell responses to natural twilight).

(XLSX)

S5 Data. Excel spreadsheet containing the numerical data and statistical analysis for Fig 5A
and 5B and underlying raw values used to generate averages (daily body temperature pro-
files for Opn1mw" and cnga3™ mice under both photoperiods).

(XLSX)

S6 Data. Excel spreadsheet containing, in separate sheets, the numerical data and statistical
analysis for Figs 6A and 6B and S5A and sampled distributions used to assess significant
differences in phase.

(XLSX)
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S1 Fig. Selective modulation of colour and brightness in red cone knock-in mice. (A) Top
panel shows normalised spectral profile of daytime ambient illumination (blue line; +3°) along-
side sensitivity profiles for native mouse opsins. Numbers above traces indicate the calculated
photon flux for each photoreceptor class (Log photons/cm?/s). Bottom panel shows spectral
profile of three-primary LED system used to recreate natural daylight from red cone knock-in
mice (Opnlme). Note the shift in cone sensitivity from MWS (top panel) to LWS (bottom
panel): the photon flux experienced by wild-type mouse MWS cones (15 log photons/cm?2/s) is
translated here into an equivalent photon flux for the LWS cone knock-in. (B) Illustration of
spectral modulations used to selectively evoke changes in relative (“colour”; top) or absolute
(“brightness”; bottom) activation of UV and long-wavelength sensitive (UVS/LWS) cone op-
sins. Numbers on traces reflect Log photon flux at blue versus yellow (top panel) or dim versus
bright (bottom panel) stimulus phases. These equate to 4.7-fold changes (70% Michelson con-
trast) in cone opsin activation with essentially no effective change in melanopsin excitation
(<1% Michelson). Effective changes in rod excitation are omitted for clarity but are also very
small (6.5% and 4.5% Michelson for “brightness” and “colour” respectively), however, owing to
the overall intensity of the stimuli, it is highly unlikely that rods could contribute to any re-
sponse even with much larger contrasts.

(TTF)

S2 Fig. Effect of background spectra on SCN spectral sensitivity. (A) Spectral modulations
used to selectively evoke changes in LWS (top) or UVS opsin excitation (bottom) under “natu-
ral” daylight and a “white” background where basal activation of UVS and LWS opsin were
equivalent. In each case, effective change for the modulated opsin is 70% Michelson contrast
(non-modulated (“silent”) opsins <1% Michelson). Note that, since most mouse cones co-
express both opsins (and must sum over all photons detected), the net change in cone photon
flux presented by these stimuli is influenced both by the relative background photon flux at
each of the two opsin classes and by the degree of co-expression in each cone. (B) Model of the
effective change in irradiance presented by cone opsin-isolating stimuli, as a function of relative
opsin co-expression, under “natural” and “white” backgrounds. (C: top) Normalised mean
(£SEM) responses to UVS/LWS contrast under natural and white background spectra for all
blue-ON and yellow-ON cells (1 = 13 and 4 respectively). Shading indicates “dim” to “bright”
transition, x-axis scale bars indicate temporal profile of UVS/LWS opsin excitation. Note, LWS
and UVS opsin specific responses are modulated by changes in background spectra consistent
with the involvement of cone that co-express both opsins. (C: bottom) Example responses of
two colour-sensitive cells whose opponency was highly dependent on background spectra (one
other blue-ON cell exhibited similar behaviour, not shown). Y-axis scale bar indicates firing
frequency in spikes/s. (D) Example achromatic cell response (top) and normalised population
mean (£SEM; bottom) for UVS and LWS contrast under the two backgrounds. The data used
to make this figure can be found in S2 Data.

(TTF)

S3 Fig. Responses of SCN neurons to simulated twilight. (A: top) Mean (+SEM) normalised
responses (5s bins) of blue-ON (left; n = 9) and achromatic units (right; n = 8) to stimuli with
“natural” or “day” spectra at intensities corresponding to dawn (solar angle 0.5° above horizon;
spectra 4 from Fig 4A). Data analysed by one-way RM-ANOVA with Sidak post-hoc test;

** p<0.01, * p<0.05. Bottom plots show mean response time course. Note the significantly
larger responses of blue-ON cells to “natural” versus “day” stimuli despite only very small dif-
ferences in the effective UVS opsin excitation produced by these two stimuli (~5%, 0.02 log
units). (B) Steady state firing rates in darkness and under “day-time” illumination (equivalent
to solar angle of 3° above horizon; last 10 s of 30 s light step) for various light-responsive SCN
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cell classes. Data analysed by paired ¢ test between light and dark, *** p<0.001. (C) Mean
(+SEM) normalised responses of SCN cells that could not be classified as brightness/colour
sensitive (n = 25) to 30 s light steps recreating various stages of twilight. These were qualitative-
ly similar to those of brightness sensitive cells (Fig 4D and 4E). The data used to make this fig-
ure can be found in S3 Data.

(TTF)

S4 Fig. Assessing influences of twilight spectra on circadian entrainment. (A) Schematic of
housing conditions for experiments assessing the influence of twilight spectra. Mice (with tem-
perature sensors implanted i.p.) were group housed (5/cage) and uniform illumination applied
across the entire top surface of the cage via an artificial sky (comprising multiple amber and vio-
let LEDs controlled by pulse width modulation). Mice could freely move between the open cage
and an opaque plastic hide, allowing individuals to choose their own light sampling regimen.

(B) Artificial sky was calibrated to replicate, for Opnlmw" individuals, a wild-type mouse’s expe-
rience of twilight (left: “natural”). A second, analytical twilight stimulus was calibrated to match
the natural change in irradiance but with relative activation of cone opsins fixed to match the
night spectra (right: “night”). (C) To maximise our ability to distinguish differences in phase of
entrainment under the above conditions, twilight stimuli were set to a cycle that simulated the
sun’s progression during a northern latitude summer (calculations based on Stockholm, Sweden;
Lat.: 59, Long.: 18, Elevation 76 m, 20 June 2013) for a total ““twilight”“duration of 2.3 h.

(TIF)

S5 Fig. Photoperiodic encoding in the suprachiasmatic nuclei of coneless mice. Phasing of
SCN firing rhythms from ex vivo multielectrode array recordings of Cnga3”” mice housed
under a simulated natural twilight photoperiod. Left panel shows Rayleigh vector plots for
peak firing activity (n = 103 SCN electrodes from five slices). Grey shaded area corresponds to
timing of night/twilight transitions, red dotted lines indicate central 50% of the data distribu-
tion, arrow indicates mean vector direction. Right panels show representative multiunit traces.
Consistent with body temperature data (Fig 5), SCN activity peaks earlier in Crga3” mice rela-
tive to OpnlmwR animals housed under “natural” twilight (Fig 6A; p<0.001 based on boot-
strap percentiles). The data used to make this figure can be found in S6 Data.

(TIF)

S6 Fig. Anatomical locations of visually responsive cell types in the suprachiasmatic nuclei.
Projected anatomical locations of the visually responsive SCN cells reported in this study, split

according to response type. The Unclassified population corresponds to cells that responded to
light steps from darkness but not to cone-isolating stimuli.

(TTF)
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