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 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 

suprachiasmatic neurons receive input from just one eye. 

 Our 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.  

 

Abbreviations ipRGC, intrinsically photosensitive retinal ganglion cell; SCN, 

suprachiasmatic nuclei  
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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 et al., 1997). In mammals this process thus relies on 

direct retinal projections to the hypothalamic suprachiasmatic nuclei (SCN), site of the 

master circadian pacemaker (Golombek et al., 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 et al., 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 that the animal is exposed to (Dkhissi-Benyahya et al., 2000; Lall et al., 

2010; Lucas et al., 2012; Nelson et al., 1999; Nelson et al., 1991). 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 (Lall et al., 

2010; Vidal et al., 2007), 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 primary via the contralateral 

hemisphere, with ipsilateral projections coming exclusively from regions of the retina 

corresponding to the zone of binocular overlap (Coleman et al., 2009; Morin et al., 2014; 

Sterratt et al., 2013). By contrast, the SCN receives dense bilateral retinal innervation (Morin 

et al., 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, projected 

bilaterally to the brain (Brown et al., 2010; Brown et al., 2011; Hattar et al., 2006)- even 
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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 

(Muscat et al., 2005; Tang et al., 2002). However, none of the many studies investigating 

visual response properties within the SCN (Aggelopoulos et al., 2000; Brown et al., 2011; 

Drouyer et al., 2007; Meijer et al., 1986; Meijer et al., 1992; Mure et al., 2007; Nakamura et 

al., 2004; Sakai, 2014; van Diepen et al., 2013) 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. 

 

Methods 

Animals 

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

Experiments were performed on adult male (50-80 days) Opn4+/tau-lacZ reporter mice and 

wildtype (Opn4+/+) littermates (n=19 & n=14 respectively). Consistent with previous reports 

(Hattar et al., 2003; Howarth et al., 2014; Lucas et al., 2003), 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-hour dark/light cycle environment at a temperature of 22C with 

food and water ad libitum.  

 

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 prepared for stereotaxic surgery as previously described (Brown et al., 

2011). Recording probes (Buszaki 32L; Neuronexus, MI, USA) consisting of 4 shanks 

(spaced 200μm), each with 8 closely spaced recordings sites in diamond formation (intersite 

distance 20-34μm) were coated with fluorescent dye (CM-DiI; Invitrogen, Paisley, UK) and 

then inserted into the brain parallel to the midline, 1mm lateral and 0.3mm caudal to bregma 

(centre of probe) at an angle of 9 relative to the dorsal-ventral axis. Electrodes were then 
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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 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).  

 

Full field visual stimuli were generated via two LEDs (λmax 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/cm2/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 et al., 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/cm2/s).  
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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/cm2/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 (0-500ms 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).  

 

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, post-fixed in 4% 

paraformaldehyde for 30min and subsequently cryoprotected in 30% sucrose. The following 

day, brains were sectioned (100-150µm) on a freezing sledge microtome and either 

mounted directly onto slides (wildtype mice) using Vectasheild (Vectorlaboratories Ltd., 

Peterbourogh, UK) or first processed for X-gal staining (Opn4+/tau-lacZ) 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 MgCl2, 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. 

 

After mounting DiI-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 (Fig 1A). Resulting images were then 

compared with appropriate stereotaxic atlas figures (Paxinos, 2001), using the optic chiasm, 
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SCN and 3rd ventricle as landmarks, to confirm appropriate probe placement. Consistent 

with previous anatomical and neurophysiological studies (Brown et al., 2011; Hattar et al., 

2006; Morin et al., 2014; Nakamura et al., 2004), 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 5s 

before step in light intensity for light- and dark-adapted responses respectively). Measures of 

monocular preference were calculated as (ResponseCONTRA- ResponseIPSI)/ 

(ResponseCONTRA+ResponseIPSI), 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:  (ResponseBOTH- 

ResponseDOMINANT)/ (ResponseBOTH+ResponseDOMINANT). 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 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 EC50, 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 
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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 (Brown 

et al., 2010; Hattar et al., 2006; Morin et al., 2014), we found that responses driven by the 

contralateral retina were reliably larger than those resulting from stimulation of the ipsilateral 

eye (Fig. 2A,B; n=252 electrodes exhibiting visually evoked activity). Thus although the 

sensitivity of ipsi/contralateral responses were similar (F-test for difference in EC50 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 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 (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 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 (Dkhissi-Benyahya et al., 2000; Lall et al., 2010; Lucas et al., 2012; Nelson et 
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al., 1999; Nelson et al., 1991). 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 (Fig. 3A-E). This 

included many cells that responded solely to stimulation of either the contralateral (Fig. 3A,E; 

n=15) or ipsilateral eye (Fig. 3B,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 (Figure 3F). 

In all cases, responses of these cells to stimulation of the dominant eye vs. both eyes were 

statistically identical (Fig. 3E; t-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,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 (Fig. 

3C,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 (Fig. 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 (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, 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/cm2/s; paired t-test, P=0.28). 
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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. 

 

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/cm2/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 

(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,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 (4-5s 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 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 (Fig. 5B, 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 (Fig. 5C, 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. 
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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 (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/OFF, 

n=5).  

 

Unlike binocular cells (Fig. 6B), 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-

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 

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 (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 (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,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 

(Brown et al., 2010; Hattar et al., 2006; Miura et al., 1997; Morin et al., 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 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 (Dkhissi-Benyahya et al., 2000; Lall et al., 2010; Lucas et al., 2012; 

Nelson et al., 1999; Nelson et al., 1991). 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 (Brown et al., 2011; Meijer et al., 1992), 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 et al., 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. 
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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 

et al., 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 et al., 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 (Brown et al., 2011; Meijer et al., 

1986; Nakamura et al., 2004) or binocular stimuli (Aggelopoulos et al., 2000; Drouyer et al., 

2007; Meijer et al., 1992; Mure et al., 2007; van Diepen et al., 2013). A few studies have 

investigated occularity of rat, degus and diurnal ground squirrel SCN cells (Jiao et al., 1999; 

Meijer et al., 1989), 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 et al., 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 
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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 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 et al., 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 et al., 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). 

 

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 et al., 2000; 

Brown et al., 2011; Drouyer et al., 2007). In line with earlier anatomical data (Guler et al., 

2008; Sollars et al., 2003), 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., 
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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 (Aggelopoulos et al., 2000; 

Brown et al., 2011; Drouyer et al., 2007; Meijer et al., 1986; Meijer et al., 1992), 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 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 (Blasiak et al., 

2013; Howarth et al., 2014; Tang et al., 2002). 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). 
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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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Figure Legends 

 

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 Opn4+/tau-lacZ 

reporter mouse. DiI-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=100µm. (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 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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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 5s light steps (410nm LED, effective intensities 

11.4-15.4 log photons/cm2/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, 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 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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Figure 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/cm2/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 (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, contralateral or binocular responses. (F) Normalised acute response of monocular 

cells (change in spike rate across first 500ms 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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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; 405nm LED) applied to one or both eyes under light 

adapted conditions (11.4 to 14.4 log photons/cm2/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 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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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; 410nm LED) applied to the dominant eye under light adapted conditions (11.4 

to 14.4 log photons/cm2/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 by the ipsilateral eye. 
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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 

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; mean±SEM, n=24 & 5 respectively) plotted as a function of 

irradiance at the dominant eye.  
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Figure 8. SCN ON/OFF cells do not track irradiance. (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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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).  

 

 

 


