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Abstract

The role of ultraviolet light in the image and non-image forming visual systems of mice

Thomas Scarth Watson

Thesis submitted in fulfillment of the requirements for the degree Doctor of Philosophy,
University of Oxford, Trinity Term 2014

Long thought to be absent from mammals, UV sensitivity has now been established in many
species, including mice, where it has been found to provide visual sensitivity and drive
circadian responses. Compared to closely related species, the murine UVS cone
photopigment is both in relatively high abundance and is associated with a unique expression
gradient across the retina, raising questions concerning the function of UV sensitivity that
may be relevant to other mammals. Here we investigate the non-image and image forming
roles of UV light in mice. Phase-shifting sensitivity changes in rod and cone photoreceptor
mutants/ transgenics indicated a significant contribution by cone photoreceptors to this assay
of photic-entrainment under UV light. Generation of an Opn/sw knockout lacking the UVS
opsin gene confirmed a critical role of UVS cones in the non-image forming system of the
mouse, differing from that established for the middle-wave sensitive (MWS) cone opsin, and
confirmed that UV light could be used for visual tasks in a visual adaptation of the novel-
object recognition assay. Finally, examination of retinal c-fos induction found evidence of an
inhibitory influence of the cone pathway linked to short-wavelength sensitivity. That the
contribution of UVS opsin was significantly greater than similar experiments have found for
MWS cones, despite widespread cone opsin co-expression, may indicate a distinct role for
the UVS-only s-cones in the non-image forming visual system. Overall these data suggest
that the role of ultraviolet light in the circadian system of the mouse may be central to its
unique cone opsin characteristics and provides new insight concerning this critical research

model relevant to its use in the investigation of human biology.
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- protein kinase A

- Phospholipase C Beta4

- pupillary light response

Abbreviations

- pretectal olivary nuclei (also OPN- olivary pretectal nuclei)

- photoreceptor outer-segment (layer)
- protein phosphatase.

- (intrinsically) photosensitive retinal ganglion cell

- mutation of rod photoreceptor cGMP-phosphodiesterase B subunit

- thodopsin targeted diphtheria toxin gene
- receptive field (of cell)
- retinal ganglion cell

- Rhodopsin gene

- rest phase

- retinohypothalamic tract (RHT)

- retinoid-related orphan receptor

- retinal pigment epithelium

- retinal pigment epithelium-specific protein 65kDa

- room temperature

- second

- superior colliculus

- suprachiasmatic nucleus or nuclei
- standard error of the mean

- Salt inducible kinase 1

- subprarventricular zone

- period

- triple-knockout (of cones, rods, melanopsin)
- transient receptor potential channel
- thyrioid hormone receptor beta

- transcription/ translation feedback loop
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Uuv
UVS
V1
VEP
VLPO
VOCC
VS
WT
ZT

- Ultra-violet

- Ultraviolet-sensitive (cone opsin)

- primary visual cortex or Striate Cortex
- visual evoked potential

- ventralateral preoptic nucleus

- voltage-operated calcium channel

- violet sensitive cone opsin

- wildtype

- zeitgeber time

Abbreviations
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Chapter 1 — General Introduction

1.1 Retinal Structure and Function

The vertebrate retina is the light sensitive layered neural tissue in the eye. It is made up of
two separate structures, the neural retina and the retinal pigment epithelium (RPE). Both are
derived from the optic vesicle which, for humans, appears by 4 weeks into development
(Forrester et al., 2002a). The critical layered organization of the neural retina begins to be
recognizable from 7 weeks but cell types continue to develop and migrate with
photoreceptor outer segments beginning to form around 5 months post-fertilization

(Forrester et al., 2002a).

The mature retina has 10 layers (Figure 1.1) that can be classified from the back of the eye
out towards the lens and cornea as consisting of the RPE, the photoreceptor layer, the
external limiting membrane, the outer nuclear layer (ONL), the outer plexiform layer (OPL),
the inner nuclear layer (INL), the inner plexiform layer (IPL), the ganglion cell layer (GCL),
nerve fiber layer and the inner limiting membrane. Retinal Ganglion Cell axons run in the
nerve fibre layer to exit the eye at the optic nerve head. At the optic nerve head, the
ophthalmic artery enters the eye supplying the inner retinal layers. Blood vessels are also
found within the pigmented choroid, supplying outer retina, ciliary body and iris (Forrester
et al., 2002b). The organization can be alternatively described as 5 alternating layers of nerve
cell bodies and synapses (Purves, 2001a). The cell bodies in the INL, ONL and GCL are
spaced by the synaptic processes in the two plexiform layers. In terms of cell types, the

neuronal cells include photoreceptors, bipolar cells, ganglion cells, amacrine and horizontal
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cells, and these are supported by three types of glial cell comprising astrocytes in the optic
nerve fiber layer, microglial cells in the INL and Miiller cells found across the retina
(Haverkamp and Wissle, 2000). One example of an important role for retinal glial cells is
the tight and adherent junctions both between Miiller cells and with photoreceptors that form
the retinal barrier termed the external limiting membrane that separates the photoreceptor
cell bodies in the ONL from the protein-rich fluid matrix in the interphotoreceptor space

surrounding the outer segments (Omri et al., 2010).

Retinal pigment epithelium
RPE (X ofe ool ol o)

POS ' /External limiting membrane
ONL oooooo

OPL —V -L\A\f’
INL l

I P L “.ﬁ-_ . 4 " .p‘)\‘ Amacrine cell
GCL x ‘ Melanopsin pRGCs

Rod

Cone

Horizontal cell

Bipolar cell

Retinal ganglion cell

Optic nerve

Inner limiting membrane

Pupil Optlc nerve

\ Choroid vascular layer

Sclera (between retina and
sclera)

Figure 1.1 The Mammalian Retina: Structure and Layers The mammalian retina consisting of the Retinal
Pigment Epithelium (RPE), the photoreceptor outer segment layer (POS), the external limiting membrane, the
outer nuclear layer (ONL), the outer plexiform layer (OPL), the inner nuclear layer (INL), the inner plexiform
layer (IPL), the ganglion cell layer (GCL), nerve fiber layer to optic nerve (note also entry point for blood
supply to inner retina) and the inner limiting membrane. The direction of light entering the retina is also

depicted and major retinal cell types labeled on the right.
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The Photoreceptors

The photoreceptors contain light absorbing photopigment proteins. In the presence of light,
the process of phototransduction triggers the change in cell membrane potential that is
essential to vision (Forrester et al., 2002c). Photoreceptors require the support of the RPE,
which has many key roles in the retina including immunoregulation, maintaining the blood-
retinal barrier and retinoid metabolism. Perhaps its most vital, however, is in photoreceptor
renewal where it actively recycles the tips of outer-segments to maintain photoreceptor
function (Forrester et al., 2002¢). The two classic categories of vertebrate visual
photoreceptors are rods and cones. While rods contain the photopigment rhodopsin,
maximally sensitive to 497-500nm light in most land dwelling vertebrates (Soucy et al.,
1998; Toda et al., 1999), vertebrate cones may express any one of 4 different types of visual
pigment named according to their maximal absorption from long-wave sensitive to
ultraviolet sensitive. Humans have long-wave sensitive (LWS), middle (MWS) and short
wave sensitive (SWS) cone classes. Sequence analysis has revealed that while LWS and
MWS cones have 98% similarity they only share 40% homology with the SWS opsin gene.
This points to an ancient division between the L/MWS and SWS genes while the LWS and
MWS division may have occurred far more recently (Nathans et al., 1986). Mice, by
contrast, have only two cone opsins, a MWS cone with peak absorption at 508nm and an

ultraviolet-sensitive cone (UVS) at 360nm (Jacobs et al., 1991; Nikonov et al., 2006).

The cell membrane opsin proteins are covalently linked through a Schiff base to a

chromophore to constitute the visual pigment. The major steps in the phototransduction
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process in rods and cones are shown in Figure 1.2. Light absorption by the G-protein
coupled receptor opsin causes the chromophore (vitamin A derived 11-cis-retinal for birds or
mammals or vitamin A2 derived 11-cis-3,4 dihydroretinal in certain fish, reptiles and
amphibians (Hunt et al., 2001a)) to photoisomerize from 11-cis to all-trans. The resulting
instability leads to the opsin shifting to a metarhodopsin II intermediate, activating the G-
protein coupled to the receptor, transducin. Transducin activation lowers the cyclic
gaunosine monophosphate (cGMP) concentration and the drop in cGMP closes cGMP gated
cation channels in the cell’s plasma membrane so that the photoreceptors hyperpolarize.
Closure of voltage-gated Ca>" channels results in a reduction in the release of the major
retinal neurotransmitter, glutamate. Glutamate is released at high levels in the dark but the
graded hyperpolarization response to light in photoreceptors decreases glutamate at the

synapses with bipolar cells and this causes different responses depending on the type of

bipolar cell being synapsed too (Forrester et al., 2002d).

Figure 1.2 Summary of Phototransduction in Rods and Cones Following light absorption by the
photopigment (Step 1), a conformational shift of the chromophore isomerizing to all-trans activates the

receptor consisting of 7-transmembrane domains (R to R*). The activated receptor associates with an inactive
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G-protein resulting in the release of GDP and the binding of GTP by the a-subunit (Ga) (Step 2), which
activates the G-protein. Note that the R* is not altered and can diffuse to contact another inactive G-protein and
repeat the process. In the case of rods the photopigment receptor is rhodopsin and in cones the receptor is one
of the cone opsins. The G-protein is Transducin for both rods and cones. Two activated transducin G-proteins
bind to the inhibitory y subunits of the enzyme cGMP phosphodiesterase (PDE) to activate it (Step 3).
Activated PDE catalyze the hydrolysis of cGMP to GMP (Step 4). cGMP is a cellular messenger normally
maintained at a steady level in the dark between its synthesis by guanylyl cyclase (GC) and hydrolysis through
residual PDE activity, and the decrease in its concentration closes cGMP gated cation channels (CNG channels,
CNGA1/B1 in rods (Weitz et al., 2002), A3/B3 in cones (Peng et al., 2004)) in the membrane (Step 5). The
closed channels result in a reduction in the cation influx into the photoreceptor outer-segment, which contains
the discs that house the opsin G-protein coupled receptors, and membrane hyperpolarization. Hyperpolarization
results in reduced glutamate release at the photoreceptor/ bipolar cell synapse and a light response being passed
through the retina. Inactivation of the photopigment occurs with phosphorylation of the receptor and Arrestin
protein binding (Kiithn and Wilden, 1987; Wilden et al., 1986). For a detailed review of vertebrate

phototransduction see (Pugh and Lamb, 2000), figure from (Lamb and Pugh, 2006).

Bipolar Cells

Bipolar cells may be classed as either OFF or ON depending on the effect of glutamate
binding. ON-bipolar cells express mGluR6 metabotropic receptors which, when bound by
glutamate maintain the cells in a hyperpolarized state (Masu et al., 1995). When glutamate
release from the photoreceptor drops following phototransduction, the ON-bipolar cell
depolarizes due to Na+ channels opening and the cell transmits a signal. By contrast, in the
OFF-bipolar cell glutamate binding to AMPA/KA ionotropic receptors (Hack et al., 2001)
maintains a depolarized state thus the effect of the decreasing glutamate release from

photoreceptors induces hyperpolarization and the cell stops signaling (Forrester et al.,
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2002d). While initially there were thought to be only five types of bipolar cells (Forrester et
al., 2002d), ten different types have now been identified in the mouse retina, one rod bipolar
cell (ON-type) and nine types of cone bipolar cell (four OFF type and five ON) (Ghosh et
al., 2004) which may make contact with one (miget bipolars) or many (diffuse bipolars)

cones (Forrester et al., 2002d).

Retinal Ganglion Cells

From bipolar cells the visual signals are passed to retinal ganglion cells (RGCs) which, like
bipolar cells, are present in a wide range of morphological classes with at least 22 distinct
subtypes now identified in the mouse (Coombs et al., 2006; Volgyi et al., 2009) and 20
across primate species (Field and Chichilnisky, 2007). These RGC classes also have
functional significance as different RGCs project to different brain regions and subtypes of
RGC have been shown to encode separate types of visual information concerning direction
of motion, edges and background motion context (Barlow et al., 1964; (")lveczky et al., 2003;
van Wyk et al., 2006). However, the signal path is not often direct from photoreceptor to
bipolar to ganglion cell as horizontal and amacrine cells are also involved in the signal

transmission as discussed below.

Photoreceptors greatly outnumber the number of RGCs in the retina with peak RGC density
in the mouse at 8,000 cells/mm? (Driger and Olsen, 1981) while peak rod and cone densities
are 100,000 and 16,000 cells/mm? respectively (Jeon et al., 1998). Horizontal cells are

situated post-synaptic to the photoreceptors in the INL/ OPL and each horizontal cell
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receives signals from a large number of photoreceptors, averaging the input before passing
the processed signal back to the photoreceptor synapses and on to bipolar cells (Leamey et
al., 2008). The network of horizontal cells are connected by gap junctions and these
connections can be regulated by dopamine release from amacrine cells thus allowing for
neural adaptation through modification of cone sensitivities as well as the sensitivity area (or
receptive field, RF) of both bipolar and ganglion cells. Vertebrates may have either two
(most species including humans) or only one (rodents including mice) type of horizontal cell

(Peichl and Gonzalez-Soriano, 1994).

Amacrine Cells and Rod/Cone Signaling Pathways

As mentioned above, amacrine cells also act to modulate the visual signal. They may do this
indirectly through neurotransmitter release or directly as they receive inputs from bipolar
cells and connect to ganglion cells (Leamey et al., 2008). Some of the many amacrine cell
types also have particular roles in signalling pathways. For example, the AIl amacrine cell,
first described in the cat retina (Kolb, 1979), is central to the rod signaling pathway as the
main target of rod- bipolar cells (Strettoi et al., 1992). The ON-rod bipolar cells make few, if
any, connections directly to RGCs but instead connect to the All cells. These in turn couple
to both the ON and OFF- cone bipolar cell types and make use of the existing cone-signaling
pathway. While this may be the dominant method of rod-signal transduction, there is
evidence for both direct connections from rods to OFF cone-bipolar cells (Hack et al., 2001;
Soucy et al., 1998) and rod to cone gap junction connections (Nelson, 1977; Raviola and

Gilula, 1975). However, the primary rod path through AII cells is up to 1 log unit more
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sensitive to light (Volgyi et al., 2004). See Figure 1.3 for an illustration of Rod/ Cone

signaling pathways from (Soucy et al., 1998).

Figure 1.3 Representation of Rod/ Cone signaling pathways in the mammalian retina Rods (R), cones (C),
Depolarizing Rod (RDB) and Cone (CDB) Bipolar Cell types, Hyperpolarizing Cone Bipolar Cell (CHB), All
amarine cell (AIl), ON (ON G) and OFF (OFF G) ganglion cells. Filled circles indicate sign-preserving

synapses, open circles sign-inverting. Figure from (Soucy et al., 1998).

In the cone-signaling pathway in the retina, the graded hyperpolarization light responses
from the photoreceptors may be passed to a large variety of cone bipolar cells. As an
overarching rule, the axons of ON-bipolar cells make contacts in the deeper sublamina of the
IPL while OFF-bipolar cells terminate in the outer third of the IPL which indicates a
separation of these information streams (Strettoi, 2008). Some bipolar cell types may also be
specialized for a given cone type as in the case of the blue cone bipolar cells which are also

found in the mouse retina (Haverkamp et al., 2005).
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Finally, the light response is passed to ganglion cells for signal transmission out of the retina.
Ganglion cells may have large (eg magnocells, M cells, parasol cells) or small (eg
parvocells, P cells or Midget cells) receptive fields of bipolar and amacrine cell connections

and project to different regions of the brain through the optic nerve (Forrester et al., 2002d).

The Retinal Pigment Epithelium

While the signaling pathway through the retina has been discussed, one key retinal layer
whose function deserves discussion in further detail is the Retinal Pigment Epithelium
(RPE). The RPE is located nearest to the back of the eye, adjacent to the photoreceptor
outer-segments (See Figure 1.1) and is a monolayer of cells that extends across the entire
retina (Forrester et al., 2002b). As mentioned in the photoreceptor section above, the RPE
has a variety of critical roles in the eye including supporting retina attachment, serving as a
selectively permeable barrier to the retina, absorption of light to prevent scattering, storage
of key ocular nutrients (including Vitamin A which is vital for opsin synthesis) and recycling
of outer-segments (Forrester et al., 2002b). The diurnal cycle of outer-segment renewal that
is critical to vision occurs with the shedding of outer-segment tips containing the
photopigment discs, and these are then phagocytosed by the RPE cells. Cone outer-segment
removal is significantly slower but the process is generally similar. Regeneration of the
photopigment also occurs in the RPE cell cytosol where retinyl-ester isomerase converts all-
trans, which is transported into the RPE, to 11-cis retinol before 11-cis retinol

dehydrogenase changes 11-cis retinol into 11-cis retinal (See Figure 1.4 for a summary of
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the classic visual cycle of photopigment regeneration). As retinol isomerase is only found in
the RPE, damage or separation from the RPE means the breakdown of this regenerative
cycle (Forrester et al., 2002c¢) and disruption of the RPE has been found to result in
photoreceptor functional abnormality and degeneration (Longbottom et al., 2009). While
rods are thought to recycle chromophore solely through the classic visual cycle with the
RPE, evidence now suggests that cones also use a cone-specific retina visual cycle involving
Miiller cells that is key to cones’ ability to signal under bright light conditions (Wang and

Kefalov, 2011).

RPE Smooth Endoplasmic Reticulum
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Figure 1.4 The Classical Visual Cycle for regeneration of 11-cis retinal The photoisomerization of 11-cis to
all-trans retinal starts the process of phototransduction but, for the regeneration of 11-cis retinal, all-trans
retinal must be transferred to the RPE. First, all-trans is transferred from the inner leaflet of the disc by ATP
binding cassette transporter (ABCR) to the cytoplasm (Step 1) (Liu et al., 2000). All-trans retinal is then

reduced to all-trans retinol by all-trans retinol dehydrogenase (atRDH) (Step 2) (Haeseleer et al., 1998). Next,
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the all-trans retinol binds to interphotoreceptor retinoid binding protein (IRBP) and transported to the RPE
where it is transferred to cellular retinoid binding protein (CRBP) (Step 3) (Saari et al., 1982). The all-trans
retinol is converted to all-trans retinyl esters through esterification by lecithin retinol acyl transferase (LRAT)
(Step 4) (Saari and Bredberg, 1989) and retinal pigment epithelium-specific protein 65 kDa (RPE65)
hydrolyses and isomerises the retinyl esters to 11-cis retinol (Step 5) (Redmond et al., 2005). Finally, the 11-cis
retinol binds cellular retinaldyhyde binding protein (CRALBP), is converted to 11-cis retinal by 11-cis retinol
dehydrogenase (11cRDH) and transported back to the outer-segment by IRBP (Step 6) (Saari et al., 2001).

Figure adapted from (Crouch, 2009).

1.2 Image-Forming Visual Pathways

Retinal ganglion cells project to various brain areas for different visual functions. In humans,
the electrical signals conveying light information from the photoreceptors pass through the
retina to ganglion cells then down their axons making up the optic nerve, through the optic
chiasm then end up in the thalamus region called the lateral geniculate nucleus (LGN)
(Forrester et al., 2002d). Neurons from the LGN then relay the visual signals on to the visual
cortex in the occipital lobe. This is termed the primary visual or retinogeniculostriate
pathway (See Figure 1.5) and in mammals is accompanied by an accessory optic pathway
(Giolli et al., 2006; Hayhow et al., 1960) and a retinohypothalamic pathway (Hendrickson et

al., 1972).
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Figure 1.5 Major central projections of retinal ganglion cells in humans Axons from RGCs project to the
Lateral Geniculate Nucleus (LGN), from where LGN axons fan out as optic radiations to carry visual
information to the primary visual cortex or Striate Cortex in the primary visual pathway. RGC also have major
projections to the superior colliculus (SC), the pretecum and down the retinohypothalamic tract (RHT) to the

hypothalamus. Figure from (Purves, 2001b).

The main target of the LGN visual signals is the area known as the primary visual cortex,
area V1 or the Striate Cortex. The V1 receives the information from the visual field into a
highly organized map maintained from the signal origin through the LGN allowing for a
remarkable separation of visual signals. An illustration of topographic separation of visual
information is in the magnocellular and parvocellular pathways. Organised into different
layers of the LGN, the magnocellular pathway allows rapid transmission of light information
while the slower parvocellular signals transmit spatial and colour information (Forrester et
al., 2002d). These signals are combined with input from many other cortical areas to give

visual perception. V1 is linked to associated cortical areas called prestriate regions or V2-V5
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and each have specific functions. For example, directional motion processing in area V5

augments the motion detection in V1(Born and Bradley, 2005).

However, there is considerable variation in the target of RGC projections with differing
balances of subcortical targets identified in several mammalian species (Ling et al., 1998). In
primates, as described above, most RGC projections are made to the dorsal LGN while only
a few project to other areas of the mid-brain including the pretectal area and superior
colliculus (SC) (Rodieck and Watanabe, 1993). In carnivores, as demonstrated in the cat,
about half of the RGCs project to the SC while 77% were found to project to the LGN (about
a quarter of RGC project to both LGN and SC) (Illing and Wissle, 1981). In other small
mammals such as rodents, almost all RGCs project to the SC as demonstrated in the rat
(Dreher et al., 1985), hamster (Chalupa and Thompson, 1980) and mouse (Hotbauer and

Dréger, 1985).

In primates, the SC has a significant role in generating the rapid reflexive eye correction and
locking-on movements (saccade) involved in vision (Reviewed in Stein and Wallace, 1996)

while also being a key site of multisensory integration (Stein et al., 2002).

While it does not receive direct retinal input, the cerebellum is also involved in visual
control, mainly in the vestibular-ocular reflex that uses information from the vestibular
apparatus to make the small eye movements required to stabilize light on the retina during
motion (Blazquez et al., 2003; Ito, 1982). A related ocular response associated with support

of the accessory optic pathway (AOP) is the optokinetic reflex which involves both smooth
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tracking and saccade movements of the eye to follow objects moving through the visual field
without requiring larger head movements (Krause et al., 2014). Further details of the

optokinetic response are discussed in the introduction to Chapter 5.

While visual functions have naturally been a large focus in the study of RGC projections,
there is also a retinohypothalamic tract (RHT), as mentioned above, consisting of a
subpopulation of retinal ganglion cells, that make connections to hypothalamic brain areas
including the anterior hypothalamic area, lateral hypothalamus and the superchiasmatic
nuclei. These projections are vital to non-visual light functions including the coordination of

the body clock and circadian rhythms (Panda, 2008) as discussed in the next section.

1.3 Circadian Rhythms

Energy from the sun powers life on Earth and many of the key behaviors and functions of
organisms revolve around the 24-hour solar rhythm. The anticipation and adjustment to daily
solar time may influence behavioral decisions on food intake, avoiding predator interactions,
environmental damage (Lowrey and Takahashi, 2004) and seasonal breeding behavior
(Goldman, 2001) while vital processes such as metabolism, body temperature, alertness, the
secretion of many hormones and the sleep/wake cycle demonstrate strong 24 hour
fluctuations (Czeisler et al., 1995; Foster and Hankins, 2002; Fu et al., 2005; Hastings et al.,
2007). An organism is thus able to synchronise or ‘entrain’ its daily ‘circadian’ (Latin
‘around a day’) rhythm to its temporal environment and coordinate its physiology and

behavior to an appropriate phase. Two illustrations of the importance of this coordination are
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from evolutionary trends and disease. That a method of circadian entrainment has evolved
independently across the three domains of life (Bacteria, Archaea and Eukaryota) from
bacteria to fungi to plants and animals (Dunlap, 1999) indicates that circadian regulation is
fundamental to life on Earth. A second indication of the significance of these rhythms is that
the effects of ongoing circadian disruption are thought to cause or contribute to several
pathological neurodegenerative disorders (reviewed in (Hastings and Goedert, 2013)),
metabolic syndromes, sleep disorders and increased risk of cancer (Ellenbogen, 2005; Straif

et al., 2007; Waterhouse and DeCoursey, 2004).

A key feature of these circadian rhythms is that they are maintained under constant
conditions. That is, they do not depend on solar or external interaction but demonstrate
ongoing, strong oscillations on a near 24-hour basis (Aschoff, 1984; Czeisler and Klerman,
1999). However, most circadian rhythms do not have a period length of exactly 24 hours so,
when left in isolation, the oscillations ‘free-run’ and drift over time with respect to the 24
hour solar day. Thus to maintain coordination, both an internal time-keeper (or clock) is
required as well as a mechanism of input for external stimuli (called zeitgebers), in order to

indicate the external environmental phase and keep the clock’s rhythm in sync.

The Clock: Interlocking Transcription/ Translation Feedback Loops

The molecular mechanism of the mammalian clock depends on two interacting transcription/
translation feedback loops (TTFLs) (See Figure 1.6). The first ‘core’ loop involves two

activator proteins, CLOCK and BMALI, and two repressors, PER (Period) and CRY
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(Cryptochrome). CLOCK and BMAL1 combine as subunits to form the transcription factor
CLOCK:BMALI1 (Huang et al., 2012) which is then able to activate the transcription of PER
and CRY via E-box enhancers. PER and CRY similarly link to form the PER:CRY repressor
and this heterodimer moves from the cytoplasm to the nucleus to inhibit their own
transcription by acting on the CLOCK: BMAL activator. However, to limit this inhibition,
PER and CRY proteins are acted on by ubiquitin pathways (Busino et al., 2007; Godinho et
al., 2007; Reischl et al., 2007; Shirogane et al., 2005; Siepka et al., 2007) and degraded,
thereby relieving the repression of Per and Cry and resulting in fluctuating levels of the PER

and CRY proteins with a period of about 24-hours (Reppert and Weaver, 2002).

Of course, for entrainment the clock must not only cycle but also allow modification of the
rhythm based on external input. This control involves many additional proteins, some of
which interact with the core TTFL and others that form the second TTFL. In association
with the core TTFL, are a number of casein kinases (CKI delta and epsilon), which affect the
rate of PER:CRY degradation and transport, as well as defined phosphatases, which regulate
the kinases: PP1 for CKI-6 (Lee et al., 2011) and PP5 for CKI-¢ (Partch et al., 2006). The
second TTFL helps to stabilize the core loop against noise and disruption by interacting with
the core Cryl gene and introducing a delay mechanism in its transcription that is vital to the
adjustment of the clock (Ukai-Tadenuma et al., 2011). This TTFL involves the activator
proteins ROR-a (retinoid-related orphan receptor alpha), ROR- and ROR-y (Sato et al.,
2004) and their interaction with the repressors REV-ERB-o and REV-ERB-f (Preitner et al.,
2002). Together, the ROR-REV loop also helps to strengthen the rhythmic transcription of

Bmall but this has been found to be non-essential to the core clock (Liu et al., 2008).
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Figure 1.6 Mammalian circadian clock TTFLs The major elements of the interlocking TTFLs of the central

clock are shown with CLOCK (C, oval), BMALI (B) acting through E-box enhancers on Per, Cry and Rev-
Erb. PER (P) and CRY (C-diamond) complex along with CKI-8/ CKI-¢ and are phosphorylated. This complex
acts on CLOCK-BMALL to inhibit further transcription. REV-ERB-a (R) interacts with Rev-Erb/ ROR
elements in the Bmall promotor to repress transcription, which is in turn opposed by ROR activators (A).

Figure from (Reppert and Weaver, 2002).

Clock mutants and the Roles of the Clock Genes

The roles of the various clock genes can be deduced to some extent through examination of

the effect of targeted gene disruptions in animal models. Mice with mutations in the Clock
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gene become arrhythmic under constant darkness and have reduced amplitude and strength
in the core clock (Gekakis et al., 1998; King et al., 1997; Vitaterna et al., 1994, 2006). It has
since been discovered that the related protein NPAS2 can link with BMALT1 and partially
compensate for the loss of CLOCK (DeBruyne et al., 2007). Per and Cry mutations have
also been investigated. The Period gene family contains Perl, Per2 and Per3 while the
Cryptochrome genes are Cryl and Cry2. Individual knockouts missing any one of these
genes do not lose clock function. Per/ (Bae et al., 2001; Cermakian et al., 2001; Zheng et
al., 2001) and Per2 (Bae et al., 2001; Zheng et al., 2001) mutants displayed short periods and
disrupted activity rhythms in the dark. Clock gene levels were also reduced in Per2 mutants
(Bae et al., 2001). Cryl mutant mice display shorter periods while Cry2 mice have 1 hour
longer periods (van der Horst et al., 1999; Vitaterna et al., 1999). However, mutants for
either both the Per/ and 2 or both Cryl and 2 genes show severe effects with complete
rhythm loss in the clock (Bae et al., 2001; van der Horst et al., 1999; Vitaterna et al., 1999;
Zheng et al., 2001) indicating significant redundancy in PER and CRY functions. Peri/Per2
double knockout mice were also found to have significant changes in their retinal structure
and altered cone gene expression indicating the importance of clock function in development
(Ait-Hmyed et al., 2013). Per3 mutants display few circadian abnormalities while both
Perl/Per3 and Per2/Per 3 double mutants do not differ significantly from the Per/ or Per?2
single mutants indicating that Per3 does not play a critical role in the clock function (Bae et

al., 2001; Shearman et al., 2000).

Thus a central theme can be seen as, while circadian effects are evident, no single mutation

in any of the Per, Cry, Clock or Rev-Erb-alpha genes results in a complete loss of the core
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clock (Ko and Takahashi, 2006). Only disruption of Bmall is sufficient on its own to cause
complete rhythm loss (Bunger et al., 2000). This stability and redundancy built in to the
central clock mechanism indicates how important circadian rhythm is to an animal’s survival

as evolutionary selection has resulted in a clock that is extremely robust.

The Suprachiasmatic Nuclei (SCN)

This central clock mechanism in mammals is located in the paired suprachiasmatic nucleus
(SCN) of the hypothalamus. SCN damage results in a loss of rhythm and related circadian
disruption while introduction of prenatal SCN-tissue into animals with SCN lesions can
restore rhythm (Ralph et al., 1990; Weaver, 1998). Indeed, isolated SCN neurons each
display the central gene cycles and firing rhythms (Aton et al., 2005; Liu et al., 2007; Welsh
et al., 1995). The SCN clock regulates hundreds of SCN genes involved in key neuronal and
metabolic activity (Panda et al., 2002a). However, the SCN is not the only region to contain
a clock. In fact, peripheral tissues also contain rhythmic expression of many of the central
clock genes (for a recent review of peripheral clocks see (Richards and Gumz, 2012))
although there are some tissue-dependent differences in expression patterns (Ko and
Takahashi, 2006). These peripheral clocks, of which primary examples include those in the
heart, liver, kidney and muscle, are coordinated by the central clock and regulate a
significant portion of the genome (around 10% of all genes expressed, see review (Duffield,
2003)) and tissue specific arrays of clock-regulated genes move peak gene expression to the
optimum time in the day for a given function (Partch et al., 2014). An indication of tissue-

specific clock roles may be seen in the varied effects of the BMAL1 mutation in mice. In
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addition to the breakdown of the circadian clock, these mice display lower weight, infertility,
arthritis and reduced lifespan and these varied effects have been taken to indicate tissue-
specific clock roles in various pathways from glucose metabolism to adipogenesis through
the body (Bunger et al., 2000, 2005; Rudic et al., 2004; Shimba et al., 2005). There is also an
independent retinal clock that can generate circadian rhythms in retinal gene expression
independent of the SCN and persists following photoreceptor degeneration (Ruan et al.,

2006; Sakamoto et al., 2000).

Clock Adjustment for Entrainment

As mentioned before, an animal not only needs a clock but also an input mechanism to
coordinate the clock with the environment. For mammals, the primary entertainer or
zeitgeber is light (See Figure 1.7 below for illustration of the process from light exposure to
clock adjustment described in this section). Retinal projections to the SCN are through the
retinohypothalamic tract (RHT) and light activation results in neurotransmitter release of
glutamate and PACAP (Hannibal et al., 2000) which activates a calcium-dependent signaling
cascade involving a number of kinases such as PKA, CaMK and MAPK (Meijer and
Schwartz, 2003). This cascade results in the phosphorylation of the calcium/ cyclic AMP
response element (CRE)-binding protein (CREB) at Ser133 (Ginty et al., 1993) and Ser 142
(Gau et al., 2002) to activate it. CREB then binds and induces expression in SCN genes that
contain CREs including Fos, Nr4al, Egrl (Lin et al., 1997; Morris et al., 1998; Porterfield et
al., 2007), a number of kinases (Doi et al., 2007), several micro-RNAs (Cheng et al., 2007)

and, most critically, Perl and Per?2 as this allows for adjustment of the circadian clock
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(Albrecht et al., 1997; Schwartz et al., 2011). The direction of the effect due to light-induced
Per is importantly clock-dependent in that if the increased expression occurs when Per
levels are rising in the late circadian night, the rise will be accelerated and the rhythm will be
advanced, but if Per is falling in the late circadian day/ early night then induction will delay
the clock (Hastings et al., 2007). Thus light adjusts the mammalian clock in a clock-gated
manner. Recent work has pointed to the existence of a further layer of the clock mechanism
shown in Figure 1.7, as CREB-related transcription coactivator 1 (CRTC1) activates CREB,
which in turn induces Per! and salt inducible kinase 1, Sik/, expression. SIK1
phosphorylates CRTC1, deactivating it and thereby down-regulating Per/ providing a
mechanism to limit the effect of light exposure on the clock providing a negative feedback

on light input (Jagannath et al., 2013).

1. Light Input

5. Induction of
o4, Per1 and Sik1
2. Ca“" influx

6. CRTC
phosphorylation
by SIK1 limits
CRE activation

3. CREB

7. Negative feedback by

4. CRE binding by SIK1 limits the rate of
CREB-P and CRTC re-entrainment to a new
time zone

8. Blocking SIK1 results in rapid
re-entrainment, eliminating jet-lag

Figure 1.7 Photic Regulation of the Clock This schematic illustrates the basic steps from light input through
CREB activation that affects the transcription of key clock genes such as Per/ as well as the negative feedback

loop involving SIK 1 that acts to suppress the light impact on the clock. From (Jagannath et al., 2013).

Page | 30



Chapter 1 — General Introduction

1.4 Melanopsin and pRGCs in the Mammalian Retina

One of the most exciting areas of circadian research in the last two decades has been the
study of the photoreceptors responsible for the light signals to the SCN as the results have
revolutionized the view of the non-image forming (NIF) system in mammals. The initial
assumption was that it was likely to be rods and cones signaling through the known visual
pathways, however investigation has since found evidence that indicates that this is not the
case. Firstly, the circadian system is less sensitive than the visual system by a factor of over
one-thousand which is difficult to explain if the photopigments and pathways involved were
the same. The discovery of a unique subset of retinal ganglion cells projecting down the
RHT to the known site of the core clock, the SCN, gave further support for the idea of a
separate system (Moore et al., 1995) and the pupillary constriction action spectrum of mice
without rods or cones was found to rely on a photopigment with maximum sensitivity at
479nm (Lucas et al., 2001). Finally, the loss of rod and cone photoreceptors did not prevent
the ability of light to influence circadian behaviors in either mice or human patients, and
only removing the eye could cause the loss of these functions (Foster, 1998; Freedman et al.,

1999; Lucas et al., 1999; Nelson and Zucker, 1981; Zaidi et al., 2007).

A central part of the explanation for these inconsistencies was found with the discovery of
photosensitive retinal ganglion cells (pRGCs) (Berson et al., 2002) containing the
photopigment melanopsin (Gooley et al., 2001; Hannibal and Fahrenkrug, 2002; Hannibal et
al., 2002; Hattar et al., 2002, 2003; Lucas et al., 2003; Provencio et al., 1998a, 2002). It is

now clear that input from rod, cone and melanopsin pRGC components all play a role in
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circadian responses. pRGCs receive input from the outer retina (Belenky et al., 2003; Dacey
et al., 2005; Perez-Leon et al., 2006; Viney et al., 2007; Wong et al., 2007) and knocking out
melanopsin does not result in a loss of circadian light response, though there are effects on
the magnitude of pupil response and phase-shifting (Lucas et al., 2003; Panda et al., 2002b;
Ruby et al., 2002). Triple mutants without any of the three classes of photoreceptor no
longer display visual or circadian light responses, so between them, rods, cones and pRGCs
are responsible for all visual input of light (Hattar et al., 2003; Panda et al., 2003). Evidence
also suggests that pRGCs form the only conduit of light-signals to the circadian brain
centers. Ablation of pPRGCs themselves has the same impact as the triple
rod/cone/melanopsin knockout on entrainment and pupil response while the animals retained

normal visual responses (G06z et al., 2008; Giiler et al., 2008; Hatori et al., 2008).

Characteristics of the Melanopsin Photopigment

The melanopsin gene appears to be more similar to rhodopsin from invertebrates than to the
vertebrate gene (Panda, 2008) and forms a photopigment that is most sensitive to 480nm
blue light through binding to retinaldehyde, like the rod and cone photopigments, to activate
a G-protein signaling cascade leading to a depolarizing current (Fu et al., 2005; Melyan et
al., 2005; Newman et al., 2003; Panda et al., 2005; Qiu et al., 2005) (See Figure 1.8 for
illustration of melanopsin phototransduction cascade). There is also evidence that the
melanopsin photopigment may be unique among vertebrate photopigments in being bistable
(Melyan et al., 2005; Mure et al., 2007). pRGCs are less sensitive than rods or cones,

encoding the intensity of external illumination with tonic responses having latencies of

Page | 32



Chapter 1 — General Introduction

almost a minute, and are resistant to bleaching (Berson et al., 2002; Dacey et al., 2005; 2008)
as shown by a recent study where pRGCs were shown to be able to signal continuously for
ten hours (Wong, 2012). The exact intracellular signaling mechanisms in pRGCs remain to
be fully understood although there have been recent advances (outlined in (Hughes et al.,
2012a)). In each pRGC, the melanopsin content is very low when compared to opsin
expression in rods and cones with an average of 3 melanopsin molecules per pm™ in the cell
wall of pRGCs compared to 25,000 opsin molecules per pm™ in rod and cones (Do et al.,
2009). Thus, pRGCs capture a small number of photons, leaving most to pass through the
retina to rods and cones, but highly amplify those that are absorbed with slow sustained

responses (Schmidt et al., 2011).

Figure 1.8 Melanopsin phototransduction Illustration of the current knowledge concerning the signaling
pathway of melanopsin. Light activation of the photopigment melanopsin (step 1) activates a Gy/;; G-protein
(step 2) which in turn activates Phospholipase C Beta4 (PLCP4) (step 3) which, through currently unclear steps

that have been shown not to involve inositol triphosphase (IP3) mediating Calcium release or diacylglycerol
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(DAQ), results in the opening of TRPC6/7-type channels (step 4) leading to voltage-operated calcium channel
(VOCC) activation and a depolarizing current. PIP,- phosphatidylinositol biphosphate, ER-endoplasmic

reticulum. From (Hughes et al., 2012a).

PRGC Projections and Subtypes

pRGCs in the mouse project to 6 major sites. These include the SCN, site of the central
clock, the ventral LGN, the main visual relay, the intergeniculate leaflet (IGL) in the
thalamus, which connects to the SCN and plays a vital part in entrainment responses, the SC,
an established visual center, the nucleus of the optic tract (NOT), which along with the
accessory optic tract terminal nuclei are thought to play key roles in driving optokinetic
nystagmus, and the pretectal olivary nuclei (PON or olivary pretecal nuclei, OPN), the site of
the pupil response (Edelstein and Amir, 1999; Gall et al., 2013; Gooley et al., 2003;
Hannibal and Fahrenkrug, 2004; Hattar et al., 2003, 2006). See Figure 1.9 for central
projections of pRGCs. The paired nuclei of the SCN are located at the bottom of the
hypothalamus, above the optic chiasm and each nuclei has a dorsal ‘shell’ region which
contains the central clock and a ‘core’, located ventrally, which is where pRGCs project and
connections are made to other key circadian brain areas such as to the pineal gland for light
regulation of melatonin (Hastings and Herzog, 2004; Larsen et al., 1998; Teclemariam-
Mesbah et al., 1999). The SCN is also linked to the ventrolateral preoptic nucleus (VLPO), a
key brain area in sleep regulation, and light signals from pRGCs have been shown to control
light induction of sleep (Altimus et al., 2008; Lupi et al., 2008; Tsai et al., 2009). Together
this collection of key physiological outputs driven through pRGC connections to the brain

areas mentioned above makes up what is termed the non-image forming (NIF) visual system.
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TRENDS in Molecular Medicine

Figure 1.9 Central projections of pRGCs in the mouse pRGC axons have been found to project to the
Suprachiasmatic nucleus (SCN), lateral hypothalamus (LH), anterior hypothalamus (AH), subparaventricular
zone (SPZ), olivary pretectal nucleus (OPN or PON), intergeniculate leaf (IGL), dorsal lateral geniculate
nucleus (dLGN), ventral lateral geniculate nucleus (vLGN) and the superior colliculus (SC). From (Hatori and

Panda, 2010).

Though they play such a key role in physiology, pRGCs make up a relatively small
proportion of the total RGCs in the retina with percentages from 0.2-0.3% in humans to
2.6% in the rat (Hattar et al., 2002) and about 1% in the mouse (Panda, 2008). At birth,
however, pRGCs are found at high densities of 200 pRGCs/mm? that are capable of
transmitting light signals to the SCN. This density declines rapidly after birth as the retinal
cells differentiate so that by two weeks three-quarters of the pRGCs have been lost with the
remaining cells spaced across the retina to form a dendritic net contacting bipolar and
amacrine cells in the IPL (Belenky et al., 2003; Sekaran et al., 2005; Tarttelin et al., 2003;

Tu et al., 2005). This pattern of high cell density at birth followed by a period of
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programmed cell death is not unique to pRGCs as other types of RGC, and indeed amacrine,
bipolar cells and photoreceptors, also show significant early loss with the degree as well as
the timing of pRGC cell death matching that of the larger RGC population (Guerin et al.,
2006; Vecino et al., 2004). This process is thought to be critical in developing specific RGC
connections with only correctly targeted cells surviving to adulthood (Guerin et al., 2006).
While there was initially assumed to be only one type of pRGC, at least 5 classes termed M1
to M5 have now been identified by their dendritic morphology and projections (Barnard et
al., 2006; Berson et al., 2010; Hankins and Lucas, 2002; Miiller et al., 2010; Sekaran et al.,
2003; Tu et al., 2005; Viney et al., 2007; Vugler et al., 2007; Zhang et al., 2008). M1 cells
stratify in the OFF sublamina of the IPL while M2 connect in the ON sublamina and M3 in
both layers (Schmidt and Kofuji, 2011; Schmidt et al., 2008). M1 cells are smaller with less
complex branching dendrites than M2s and the latter show different electrical properties
with lower input resistance, lower light sensitivity and lower maximal responses than M1s
(Schmidt and Kofuji, 2009). One explanation for the lower photosensitivity of M2 cells is
that melanopsin protein density is higher in M1s (Berson et al., 2010; Ecker et al., 2010;
Schmidt and Kofuji, 2009). M1 and M2 pRGCs have also been found to differentially
express two isoforms of the melanopsin protein with M1s expressing both the long and short
isoforms (OPN4L and OPN4S) but M2s only express the long-isoform (Hughes et al.,
2012b; Pires et al., 2009). Two more categories of pRGC have been identified based on their
morphological characteristics. Cells with dendrites ramifying in the ON sublamina and
possessing large soma and long dentrites have been identified as M4, and those with highly
branched and smaller dendrites as M5. Both of these cell types have lower melanopsin

densities and lower direct light sensitivity than M1/M2s (Ecker et al., 2010).
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The different categories of pRGCs also appear to have separate functional roles. The classes
project differentially to NIF brain centers and contribute to different NIF light responses
(Baver et al., 2008; Chen et al., 2011; McNeill et al., 2011). The M1 pRGC in particular is
thought to be the critical subtype for entrainment and the PLR (Ecker et al., 2010; Giiler et
al., 2008; Hatori et al., 2008) while the other cell types with lower melanopsin expression
rely on greater outer retina input from rods and cones (Schmidt et al., 2011) and may play
roles in spatial and motion analysis (Zhao et al., 2014). In fact, subtypes of M1 pRGCs have
been identified by expression of the Brn3b transcription factor with Brn3b negative cells
driving entrainment in the SCN and Brn3b positive cells driving the PLR in the PON (Chen

et al., 2011). See Figure 1.10 for illustration of pRGC subtypes and their main projections.

Inner Plexiform Layer
Outer "OFF" lamina

Inner “ON” lamina

-—Y__\_. ‘-w=’—h

M4 MS’
8rn3b~ 8rn3b
Ganglion Cell Layer ? ? ? ¢ ¢

Brain Regions OPN (shell), SCN, OPN (core),
Innervated IGL IGL LGN, SC

Figure 1.10 pRGC subtypes in the mouse The morphologic and molecular differences that define the pRGC
subtypes M1 to M5 including the subtypes of M1 Brn3b negative and positive. Current evidence for the

differential projections to the OPN (PON), IGL, SCN, LGN and SC are listed. From (Sexton et al., 2012).
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Adding to the complexity of the different subtypes of pPRGCs is the contribution of rods and
cones. They signal through all types of pRGCs to varying extents (Giiler et al., 2008; Hatori
et al., 2008; Zhao et al., 2014) to contribute to both PLR (McDougal and Gamlin, 2010) and
entrainment (Lall et al., 2010). Interestingly, evidence thus far has indicated that rods, but
not cones, make a significant contribution to entrainment under normal light conditions,
being the main driver for entrainment at very low light intensities and signaling through
cones at higher intensities (Altimus et al., 2010). Both rods and cones have been implicated
in the PLR (Allen et al., 2011; Lall et al., 2010). It has been suggested that rods and cones
may input through different classes or subtypes of pRGC to make these varying
contributions and even that the different types of cones may play different roles in NIF
functions (Allen et al., 2011). A study of the threshold of NIF behavioral outputs found that
the threshold for entrainment was much lower than that for masking responses or the PLR,
which supports the idea that separate mechanisms must be involved (Butler and Silver,

2010).

Melanopsin and Vision

There is also evidence from human patients and animal models lacking rods and cones that
melanopsin may be able to provide visual input for brightness perception and sensitivity
through pRGC projections to the dorsal LGN, the main relay to the visual cortex, and a
melanopsin-dependent persistent firing of dLGN neurons has been identified (Brown et al.,

2010; Ecker et al., 2010; Zaidi et al., 2007). However, determination of a behavioral
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significance for this contribution of melanopsin irradiance signals to the visual thalamus

awaits further studies.

1.5 Unique cone gradients in the mouse retina

While the mouse has often been used as a model of the mammalian image and non-image
forming visual systems it should be noted that there are certain aspects of the structure of the
mouse retina that are quite unique. Like many mammals, the mouse retina is rod dominated
with 97% of photoreceptors being rods (Leamey et al., 2008), but the mouse has a
significantly higher peak RGC density than other nocturnal rodents (Driger and Olsen, 1981;
MccCall et al., 1987; Métin et al., 1995) being much more similar to diurnal carnivores like
the cat (Stone, 1978). Like other non-primate mammals, the mouse retina does not have a
cone dominated fovea at the center of the retina but rod, cone and RGC densities do peak in
the central retina and decrease peripherally (Jeon et al., 1998). The anatomy of scotopic and
photopic visual pathways are also broadly similar in the mouse but cone opsin expression is

not.

Immunohistological studies of the mouse retina have shown the presence of two cone opsins,
a middle-wave sensitive MWS opsin with peak sensitivity at 508nm and an ultraviolet-
sensitive UVS opsin with a peak at 360nm, the two cone opsins also found in other rodents
such as the rat (Jacobs et al., 1991; Nikonov et al., 2006) (See Figure 1.11 for photopigments
in the mouse retina). However, it was also noted that the opsin expression was organized in a

stark gradient with UVS opsin dominating the ventral retina and MWS expression highest in
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the dorsal retina (Sz¢l et al., 1992). While it was initially assumed that this gradient would
correspond to cones expressing one or the other opsins, it was determined that most mouse
cones express both UVS and MWS and it is the varying expression levels in the same cone
that produce the gradient (Rohlich et al., 1994; Sz¢l et al., 1996). Co-expression of opsins in
the same cone is observed during development in several species such as the rat and gerbil
but in mice the co-expression persists into adulthood (Rohlich et al., 1994). Functional
evidence of this co-expression in mice was established from electroretinogram (ERG)
recordings where responses to short wavelength UV light stimulating the UVS opsin was
suppressed by a long-wavelength adapting stimuli in a manner consistent with co-expression
of the UVS and MWS opsins in the majority of cones (Lyubarsky et al., 1999). It is now
established that mice possess a very atypical cone expression amongst mammals with
opposing gradients of cone opsin co-expression with a dorsal-ventral gradient of increasing
UVS expression and a ventral-dorsal MWS gradient (Applebury et al., 2000). Unlike most
mammals where the longer wavelength cone opsins are the most highly expressed (Neitz and
Neitz, 2001), UVS expression is significantly greater than MWS in the mouse (Sz¢l et al.,
1996) with three times more UVS mRNA than MWS (Applebury et al., 2000). The reason
behind this co-expression has been suggested to be an alternation to a gene switch that, in
rats, causes most of the UVS cones abundant during development to switch off UVS in favor
of MWS (Neitz and Neitz, 2001). Why this mutation might be selectively maintained

through mouse evolution is not clear.

However, not all mouse cones co-express both opsins as 3-5% of the total cone population

only express UVS opsin and represent a true s-cone population, evenly spaced across the
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retina and contacted by a dedicated blue-cone bipolar cell (Haverkamp et al., 2005). The
presence of a second distinct cone type could provide an explanation for the observation that
mice were found to show colour discrimination despite the widespread MWS/UV'S opsin-co-

expression, an ability which should require two different cone inputs (Jacobs et al., 2004).

—— UVS opsin
—— Opn4 opsin
— Rod opsin

e MWS opsin
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Figure 1.11 Photopigments in the mouse retina Absortion spectra for photopigments present in the mouse
retina, ultra-violet sensitive UVS cone opsin (Amax=360nm), melanopsin Opn4 (Amax=480nm), rhodopsin

(Amax=498nm) and middle wave sensitive MWS cone opsin (Amax=511nm).
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1.6 Ultraviolet Sensitivity and Functions Review

Ultraviolet light definition and discovery

The ultraviolet (UV) is defined as a band of wavelengths from 100-400nm in the
electromagnetic spectrum, just shorter than the band from 400-700nm that is said to be
‘Visible Light’ according to the limits of human visual sensitivity. The presence of the
ultraviolet spectrum as a category of light outside of that visible to humans was discovered
by Polish scientist Johann Ritter in 1801 but it was not until British scientist John Lubbock’s
work with ants in 1883 that it was realized that some animals could perceive light below the

limits of human senses.

Ultraviolet light is further divided into categories of UV-A, 400-315nm, UV-B, 315-280nm,
and UV-C, below 280nm. However, all of UV-C and about 90% of UV-B radiation is
absorbed by oxygen and oxygen radicals in the stratospheric ozone layer leaving UV-A as

the most available of the UV wavelengths to natural processes (Madronich et al., 1998).

UV sensitivity across the animal kingdom

Following Lubbock’s work with ants, the ability to perceive UV radiation was found in other
insects including bees, wasps and fruit flies (Frisch, 1924; Lutz, 1920). The sensitivity to UV
for vision has been identified in crustaceans, birds, reptiles as well as some fish, mammalian

and amphibian species (Honkavaara et al., 2002; Hunt et al., 2001a).
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The origin of UV sensitivity is thought to be in early archaebacteria that existed during the
period before formation of the ozone layer when significant amounts of the damaging UV-C
and UV-B shorter wavelengths reached the earth’s surface. Early UV tuned photopigments
would have allowed archaebacteria in the oceans to avoid the peak of this dangerous UV
radiation during the day and ascend for photosynthesis at dusk (Neitz and Neitz, 2011).
Reviews of photopigment genetics have pointed to the ancestral pigment as being

ultraviolet-sensitive (UVYS).

In vertebrates, cone photopigments are classed into 4 general opsin categories: long-wave
sensitive (LWS) with a peak absorption between 500 and 570nm, middle-wave sensitive
(MWS) 480-520nm, short-wave sensitive (SWS) 415-520nm and finally violet (VS) or ultra-
violet sensitive (UVS) which absorb maximally between 355 and 435nm (Hunt et al.,
2001a). All share the common structure of vertebrate photopigments previously discussed
and are tuned to the various absorption maxima with small changes at specific amino acid
sites. For the VS/ UVS proteins, sensitivity in either the violet or ultraviolet wavelengths has
been shown to be controlled in birds by a single change from Serine to Cysteine at site 90 in

the second transmembrane helix (Yokoyama et al., 2000).

While in insects the UVS photopigment has been retained throughout evolution,
phylogenetic analysis suggests that in most vertebrate species other than teleost fish, the
UVS opsin was lost with mutations shifting absorptions to longer wavelengths to produce a
VS opsin (Hunt et al., 2001a). As mentioned above, many species of birds have regained the

UV photopigment through the Ser90 to Cys90 switch and further tune spectral sensitivity
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with a system of oil droplets (Bennett and Cuthill, 1994; Lind et al., 2013). Opsin sequence
analysis has also indicated that, in mammals, the cone complement was reduced to only
LWS and VS/UVS in a nocturnal ancestor. The multiple cone classes in some primates and
humans is due to replication of the LWS gene to a MWS opsin while our SWS cone is more

accurately a VS opsin (Hunt et al., 2001a).

Study of this subject has often sought to paint UV vision as a unique adaptation yet, looking
across the animal kingdom, the lack of UV sensitivity in a species seems more rare than its
presence. In fact, more intriguing questions would seem to those concerning the rarity of far-
red sensitivity (Briscoe and Chittka, 2001) or indeed why humans and several other species

have lost the ability see into the UV.

Given how common a feature UV vision is across the animal kingdom, it follows that there
must be costs associated with UV vision that resulted in adaptive pressures leading to the
loss of UV sensitivity in some species. There are indeed several negative impacts associated
with UV vision. Firstly, transmission of shorter wavelengths to the retina results in increased
chromatic aberration and decreased visual resolution. Passage through the lens results in a
degree of scattering in all wavelengths but this effect is much larger for shorter wavelengths
thus there is a tradeoff between greater spectral vision and decreased visual acuity (Hut et
al., 2000). Secondly, ancestral archaebacteria would have relied on the first UVS
photopigments to avoid exposure to intense UV in early earth because short-wavelength
radiation can be extremely damaging to organisms and cause significant genetic mutations.

In the ocular context, UV exposure has been linked to a number of corneal dystrophies,
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ocular cancers and lens cataract formation in humans (Yam and Kwok, 2014). Retinal
damage resulting from light exposure in rats has been shown to increase sharply moving into
the ultraviolet wavelengths (van Norren and Schellekens, 1990). For animals with longer life
spans, like humans, accumulated retinal damage from UV exposure would be a costly trade

off for UV sensitivity in vision.

To block UV wavelengths from reaching the retina and prevent UV retinal damage and the
visual costs, many diurnal mammals including humans, monkeys, squirrels as well some
species of fish rely on a variety of molecular compounds in the lens that absorb wavelengths
below 400nm. The most common of these is 1-3-hydroxykynurenine O-p-d-glucoside, the

main product of tryptophan metabolism to kynurenine in the lens (Bova et al., 1999).

As a final point on UV sensitivity, it is important to note that photopigments other than UVS
may provide UV sensitivity due to absorption spectrums extending into the UV (See Figure
1.11 above for an example in mouse photopigments). Indeed, if it were not for kynurenine
and related compounds in the lens, the human blue cone, which is in fact of the VS cone
class having a maximal absorption at 420nm, would allow humans to experience sensitivity
into the UV range (Hunt et al., 2001a). There are also non-rod, non-cone photopigments that
could provide UV sensitivity. It has been suggested that OPN5 might be able to form a UV
sensitive photoreceptor in mouse and humans (Kojima et al., 2011). Kojima et al. reported
OPNS5 was detected in the mouse retina, brain and skin as well as in human skin, brain and
testis and was able to form a functional photopigment, able to activate Gi signaling, with a

maximal absorption at 380nm. There is no in-vivo evidence for OPN5 function in mouse or
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humans but this is an illustration that while we are concerned here with UV visual sensitivity
there are many other light responses and certainly other mechanisms of UV sensitivity
present in humans other than the visual. For example, thodopsin expressed in skin cells and
melanocytes helps to regulate melanin synthesis in the tanning response that protects the skin

from UV light induced damage (Natarajan et al., 2014).

Functions of UV Vision

Though humans have evolved a mechanism of blocking UV transmission to the retina and
we have lost our ancestral UVS opsin there is no doubt from the prevalence of UVS cones in
other species that there are selective advantages to UV vision for many animals. In fact, a
number of bird species have been found to have their greatest electrophysiological
sensitivity below 400nm (Bennett and Cuthill, 1994). Studies have found a large number of
functions for UV vision that can be grouped into general categories of navigation/ migration,

feeding/ foraging and communication.

In terms of navigation/ migration, Monarch butterflies travel thousands of miles from the
United States and Southern areas of Canada to Mexico each fall. Froy et al. have shown that
the butterflies rely on sensitivity to ultraviolet light for orientation (Froy et al., 2003).
Similarly, bees have been shown to use light vibration vectors (e-vectors) of UV light to
determine the sun’s position from any view of the sky by using the natural scattering of
short-wavelengths (von Frisch, 1967; Wehner, 1989). Songbird species are similarly able to

orientate to the sun even when it is fully obscured by clouds and there is evidence in some
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species that this is through a similar mechanism to bees (Bennett and Cuthill, 1994). Finally
Reindeer provide a good example of evolutionary adaptation to UV vision to fit their
environment. Though other closely related species in family Cervidae do not extend their
visual range in the UV, reindeer have evolved increased ocular media transmission that
allows increased sensitivity to wavelengths below 400nm (Hogg et al., 2011). The reason for
this shift is explained by the artic environment where the low sun angle for much of the year
results in higher scattering and with the increased reflection off snow, UV wavelengths make
up a greater portion of the available light than at lower latitudes so reindeer have adapted to

make use of this spectral range.

There have also been a number of studies showing functions for UV vision in foraging
behaviors. Studies examining birds of prey including kestrels and buzzards have indicated
that they may use the UV reflectance of the urine of prey species such as the vole to
determine prey densities in areas they are hunting (Rajchard, 2009). This hypothesis has
been called into question by evidence that the UV reflectance of urine in natural settings
such as fields would be low, but ultimate resolution awaits further behavioral studies (Lind
et al., 2013). Some varieties of fruit and flower show stronger contrast to their background
under UV light as compared to visual light which may aid herbivorous birds during foraging
(Honkavaara et al., 2002; Martin Schaefer et al., 2007; Rajchard, 2009). UV sensitivity in
fish has been suggested to aid in the detection of plankton in the shallower water where
young fish feed and interestingly many species lose UVS cones as they grow older and move
to deeper water where UV vision may be less important (Bowmaker and Kunz, 1987; Hunt

etal., 2001a; Loew et al., 1993).
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Inter and intra-species communication is an area where there is a large variety of evidence
for functions involving UV sensitive vision. One area where a large role for UV sensitivity
has been found is in mating displays or sexual selection. Many species have unique markings
that are only visible in the UV range such as on the beak horn of king penguins (Dresp and
Langley, 2006) and the dewlap of anoline lizards (Fleishman et al., 1993). In both species,
these features are thought to play a significant part in mating displays and mate selection.
Blue tits appear to humans as monochromatic with little difference between genders but it
was found that males have a number of markings outside of the visual spectrum and how
female blue tits rate potential mates depends largely on the UV reflectance of their crown
feather (Hunt et al., 1998). Similarly, male common blue butterflies assess female nutrition
statuses using the UV reflectance on their wings during mate selection (Kniittel and Fiedler,
2001). There are also examples of communication regarding predator/ prey interactions in
the UV. As many species of raptor have only a VS photopigment (perhaps tuning the
VS/UVS opsin away from shorter wavelengths for visual acuity benefits) they are less
sensitive to the shorter wavelengths of UV light. Songbird species with UVS photopigments
thus have adapted to use displays that reflect more strongly in the UV range which is less
visible to their predators (Lind et al., 2013). Many caterpillar species use a different tactic as
the bird species that prey on them have UVS photopigments that mean that their greatest
light sensitivity is to shorter wavelengths. These caterpillars have developed markings that
reflect very strongly in the UV to warn of poison and deter the predators (Honkavaara et al.,

2002). Finally, in species where egg parasitism is common, there is evidence that some host
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species could rely on UV reflective marking on eggs to differentiate between their eggs and

those of the parasitic species (Rajchard, 2009; Underwood and Sealy, 2008).

Thus, while we can’t see the UV, as discussed above, the vast majority of species can
(Kevan et al., 2001) and there is a wide range of functions in which species make use of this
expanded visual sensitivity. Several authors have pointed out that, despite the great interest
in the subject, these species are simply using UV as another part of the light spectrum and
the temptation to exaggerate the importance of UV light or label UV a ‘special channel’ or

adaptation is an example of anthropocentrism.

Circadian role of UV

Apart from the visual functions there is also evidence of other important roles for the retinal
sensitivity to UV light. In 1973 it was noted that exposure to UV light of 360nm could
induce a phase shift in the body temperature rhythm of rats (McGuire et al., 1973). Canaries
were found to entrain to increasing additions of UV light (Pohl, 1992) and bees in the arctic
have been found to entrain to daily variation in UV light during the constant-light conditions
of the arctic summer (Chittka et al., 2013). Thus there is growing evidence for the input of

ultraviolet light to the non-image forming visual system.
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1.7 Ultraviolet Function in the Mouse

Rodentia are significant in the study of how animals utilize ultraviolet light as they are one
of the few mammalian orders where many species have regained a UVS opsin in their retina.
Rats were one of the first species in which UV light was demonstrated to be able to alter
daily rhythms (McGuire et al., 1973). In 1991, Jacobs et al. used electroretinogram (ERG)
recordings to determine that mice had a sensitivity peak in the UV light range at 360nm
suggesting a specialized UV detection mechanism. Further behavioral tests confirmed that
mice could see UV light (Jacobs et al., 1991). Neither was this a phenomenon restricted to
mice as Jacobs found that the rat, gopher and gerbil also have UV peaks in ERG sensitivity
pointing to a wider and previously unknown UV system in this group. This was especially
surprising given that it was thought to be an established fact at the time that no mammals had
any of the UVS photopigments known to exist in the retina of other vertebrates and further
that rodents had monochromatic vision with only one cone class. Investigation into this
finding confirmed a UVS cone class in the mouse retina in addition to the known MWS cone

opsin (Szél et al., 1992).

Hypotheses concerning the reason for UV sensitivity in a largely nocturnal group such as
rodents have been varied. It is known rodent urine reflects in the UV (Desjardins et al.,
1973) and it was suggested that perhaps UV sensitivity allowed for intra-species
communication and territorial control which would have favored the evolution of UV vision
(Chavez et al., 2003). It could also be that the second class of cone allows for color vision

and that this provides an adaptive advantage. Behavioral forced choice discrimination tests
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in mice have suggested that they are capable of discriminating color, an ability that can only
be explained by contributions from both cone classes (Jacobs et al., 2002) but the co-
expression pattern of MWS and UVS in the same cells in the retina seem a very poor
arrangement for color vision (Gouras and Ekesten, 2004). There is also the possibility that it
is a circadian role that is the most significant for the UVS pigment. UV is known to be able
to induce phase shifts in mice and induce melatonin suppression (Brainard et al., 1994;
Provencio and Foster, 1995; Sharma et al., 1998) and this might explain the large gradient in
UVS expression towards the sky-facing ventral part of the retina. Furthermore, undermining
all these theories with regards to explaining the presence of UV cones has been the
suggestion that it might not be the UV'S cones that are responsible for all of the behavioral
demonstrations of UV sensitivity but that secondary absorption from rods or MWS cones
might play a role. The Syrian Golden Hamster was found to phase shift to UV light at a level
comparable to light in the visible spectrum despite the hamster being a monochromat with
only a MWS cone (von Schantz et al., 1997). This interesting observation led to the
suggestion that it may be the beta-band or secondary peak absorption from one of the other
photopigments that allows UV sensitivity and this issue has not been comprehensively
resolved. There is also the possibility that ultraviolet-induced visible flouresence may play a
role. UV or near-UV light is known to induce blue-green light fluorescence when absorbed
by certain materials including the lens of mammalian species including humans and other
primates (Zuclich et al., 2005). This fluorescence would be at a much lower irradiance than
the incident light but it is possible that this could be absorbed by photopigments sensitive to

visible light and induce a behavioural response.
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1.8 Main Thesis Aims

As outlined in this introduction, mice have been found to possess a sensitivity to UV light
that seems to provide input to both visual (Jacobs et al., 1991) and circadian (Brainard et al.,
1994) systems, as well as a retina with a unique organization of ultraviolet sensitive opsin
(Neitz and Neitz, 2001). While the mouse is known to have a UVS cone opsin, the pattern of
co-expression has called into question how much of a role ultraviolet sensitivity might have
in mouse vision. At the same time cones are thought to make only a limited contribution to
non-image forming functions like circadian entrainment. The purpose of the research

presented in the following chapters was threefold,

1) to confirm the photoreceptor responsible for the behavioral ultraviolet sensitivity
identified in mice

i) to investigate the extent and basis of ultraviolet contributions to both the image
and non-image forming visual system

i1) to develop a hypothesis to explain why the mouse has a retina with a unique

organization and extensive ultraviolet sensitivity.

Using models of photoreceptor loss as well as targeted photopigment gene knockouts, a
number of image and non-image forming assays were employed to assess responses to
ultraviolet light in the mouse. These data define a significant contribution of the UVS
cone opsin to the non-image forming system of the mouse and a novel Opn/sw knockout

model was generated to confirm and expand on these observations.
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Chapter 2: Materials and Methods
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2.1 Animal housing

Mice were bred and housed in the Department of Biomedical Services, University of Oxford

in individually ventilated, filter-top cages and fed ad libitum.

Prior to experiments, mice were housed in cages isolated from possible confounding external
stimuli in light-tight ventilated chambers and entrained to a 12h:12h L:D cycle for a
minimum of 7 days. Light-dependent resistors connected to a ClockLab interface
(Actimetrics, Wilmette, IL, USA) were used to record the light/dark conditions at all times.
Ambient temperature was maintained at 20 & 2 °C and food and water were available ad
libitum. All aspects of animal work were carried out under Home Office personal (PIL:
30/9262) and project licenses (30/2812 ) in accordance with the Animal (Scientific
Procedures) Act 1986 (UK) and the Oxford Policy on the Use of Animals in Scientific
Research and approved by the Home Office (UK) Animals Prodcedures Department

(ASPD). All procedures were performed in a designated establishment.

2.2 Breeding and Opnlsw model generation

Rod, cone and melanopsin photoreceptor models

Transgenic rodless (rd/rd), rodless coneless (rd/rd cl) and coneless (c/) animals were
maintained on a C3H background while Opn4 ”~ mice were maintained on a C57BL/6

background. non-d C3H animals (used to refer to wildtype C3H mice used as controls for
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rd/rd line) were maintained as a separate homozygous line for control animals. The rd/rd
and rd/rd cl lines were maintained as one line homozygous for the rd/rd mutation and
heterozygous for the ¢/ mutation. The ¢/ line was derived from crossing rd/rd cl with the
C3H wildtype mice. Lines were backcrossed onto commercially available C3H (Harlan
Laboratories) on a yearly basis to minimize genetic drift. All transgenic animals on a C3H
background were 80-100 days old prior to being used in experiments. Opn4 ” lines were

maintained as het/ het breeding pairs. Genotyping methods are described below.

Opnlsw knockout (Opn 1swim1(KOMP)Vicg) model

Opn1sw knockout animals were recovered at The Wellcome Trust Center for Human
Genetics (University of Oxford) by Dr. Ben Davies using embryonic stem cell material
obtained from the Knock-Out Mouse Project (KOMP) repository at the University of

California, Davis (https://www.komp.org/).

Two embryonic stem cell clones were obtained from KOMP (10640A-F7 and 10640A-H6)
both containing a full gene ablation of the Opnlsw allele so that no coding sequence of the
Opnlsw gene remained. The full name for the allele and this model is Opn Isw™ KOMPVice
but the model is referred to as Opnlsw KO in this thesis for simplicity. The complete coding
sequence has been replaced with a ZEN-UB1LacZ reporter cassette where the endogenous
ATG present in exonl has been fused to a LacZ reporter gene (Figure 2.1). The ZEN-UBI
consists of a LacZ reporter with exogenous polyA sequence and a loxP flanked UBC-
Neomycin-pA selection cassette; full details of the sequence of the reporter/selection cassette

and the regions of flanking DNA can be found at
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http://www.velocigene.com/komp/detail/10640. The 2498bp deleted sequence is copied

below and Figure 2.2 shows the BLAST alignment of the deleted region with the Opnlsw

gene on chromosome 6 of the mouse genome (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Full Deleted Sequence in Opnlsw KO:

tcaggagaggatgacttttacctgtttcagaatatctcttcggtggggccectgggatgggcctcagtaccaccttgetectgtetgggecttccgectccaggeagecttcatgggattt
gtettetttgtggggaccecactcaatgecatagtgetggtggecacactgcattacaaaaagttgegacageccctcaactatattctggtcaatgtatcectegggggcttectettet
gcatcttctetgtcttcacagtcttcatcgecagcetgtcacggatacttectetttggtcgecatgtttgtgetctggaggecttettgggctetgtagecaggtactgaaggceaacctggget
agagagagggocccttaattatcctgageagttggacctctaacaatgggetgtgtgageattaaactccattccaactetetggacttgetcaattacacctatattccactccaggcete
agggagtctgtctaccccattcttttcacatttgetgcaggtctagtgacaggatggtcattggctttcctggettttgaacgcetacgttgtecatctgtaaacccttcggeagceatecgette
aactccaagcatgcactgatggtggtcctggctacttggattattggtatcggggtgtecatecccacccttttttggetggagecaggtgagaggatagggceagtgctetgatgtgggac
gagagattgggtataaccttttattctttgacctgagttggtagagtaaggaggaaaggggoccgctggagacatcaatggttactctgecattgtaactactgtagtgtcttetggeatt
cttccaactggagaagccaatccagaagctaageccattettccagttctcggaatgaatgtttggtecttttcaggttcatcectgagggcectgecagtgctectgtggeccagactggt
acactgtgggcaccaagtatcgaagcgagtactacacctggttcctcttcatcttetgtttcatcattectetttcccteatetgettctectactcccagttgetgaggactctcagagetgt
gagtggottttgagagogocaggtaggagtaactcaggaggecccaggagagacagtatatatcttcctcaggatacgtctagaatatccgtggtcagataggagtattggggaag
ggggagtgaaaacgctgttacaacttattggtagageacttacctagcaggtgtgaggtactgggttccatctictgcacaagaggtagtggecgaaggaccagagagaggagee
gacaaggatgggatcttttctagtgtcagagcetgaggacgeccttcatgatgectccctcaagggaaagecaaactcagecaggagagagaggectttgacccttgtgetcaattee
aggtggcagctcagcagcaagagtctgctacgacacaaaaggcetgaacgggaggtgagtcatatggtggtggtgatggtgggatecttctgtetetgetacgtgccctatgetgeee
tggccatgtacatggtcaacaatcggaaccacgggctggacttacggcettgtcaccatccecgecttettttccaagagetcctgtgtctacaaccecatcatctactgettcatgaataa
gcaggtaaagceggtctatctacattcccacgaggttetggtccattagaccctggttcttcegetattgatgtetttgtgactcageaccctggectccacacagggcettatagatgagga
aagccagagtagtccaagcaggccaggatgctcttggtaggcacatgaacccagagtatggttcctaaaatactggaacaaggggaggctagaccttgagecagaaaaatcaaatt
gaaagagtgggoaaaggatgggaaatgeccccacctacttcatttagcaatggeagagatggagcaaagggcctttcacatgetcggcaaatatccgeatcactgagttatatatacat
catccctactctttctgtcttggtggaaaataacatcaacagtaacaggtgtctagcttttttcttttttaaagatagggtctgagtaacactagetgtcctggaactcatatggaaaccagge
tgtcettgaactcaagaggtggtectgectectatccegagtgctggagtcaaaagatgtgtaccagcacataagtccagecttetgcaaacctttaatccagtccttttaaagtttagect
gcaggagcaaggagttaaaggtggagtttaggtagtcttcagggtaaggataataaacacttctctttccagttccgggettgeattetggagatggtgtgcaggaageccatggeag

acgaatctgacgtgtctggctctcagaaaacagaagtttctactgtctcttctagcaaagttggecctecactgaggeccctcagetggectgetageagea
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Start
ATG Opnlsw Gene on Ch6 STOP
Wildtype- ——— l —
vp VIVINATIN7
Deletion
(2498 bp)
AV
Exon 15 UTR Inset  Exon 53’ UTR
Knockout- \
LacZ reporter- Neomycin selection cassette driven
poly(A) by human ubiquitin C gene
(B-galactosidase promoter:
sequence from hUbCpro-neo-poly(A)

E.coli lacZ gene)

Figure 2.1: Opnlsw knockout construct- Top panel shows the wildtype Opnlsw gene structure based on the
ENSMUSTO00000080428 transcript. The bottom panel shows the complete replacement of the coding region of
the Opnlsw gene in the knockout by the ZEN-UBI cassette consisting a LacZ reporter with exogenous polyA

sequence and a loxP flanked UBC-Neomycin-pA selection cassette.
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Figure 2.2: Deleted sequence in Opnlsw knockout- BLAST alignment

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) of the deleted sequence in the Opnisw KO (above) with the wildtype

Opnlsw gene on chromosome 6 of the mouse genome.
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To summarize the procedure performed by Dr. Ben Davies and The Wellcome Trust Center
for Human Genetics (University of Oxford), the ES cell clones were thawed and cultured
before 12-16 ES cells were injected into individual blastocysts from 3 week old albino
C57BL/6J female mice that had been superovulated and mated with albino C57BL/6J male
mice. Embryos were flushed from the uterus of successfully mated mice on day 3.5 of
pregnancy and cultivated for 2 - 3 hours until the majority of obtained embryos were at the

expanded blastocyst stage.

Blastocysts for which successful injection occurred were then implanted into 2.5 day
pseudo- pregnant foster CD1 mice. Offspring were judged for percent contribution of ES
cells by appearance of black patches on the white albino coat. As ES cell karyotype was XY,
chimeric male mice showing a high proportion of ES cell contribution were then moved
from The Wellcome Trust Center to the Department of Biomedical Services, University of

Oxford and bred with albino C57BL/6J females to check for germ line transmission.

As the ES cells obtained from the KOMP (VGB6) were from a C57BL/6N background and
thus wild-type at the tyrosinase locus, germline presence of the chimeria/ albino pairings was
indicated by pups heterozygous for the C2-J albino mutation and showing black coats.
Black-coated pups were obtained for the 10640A-H6 ES cell line and genotyping (detailed
below) determined two pups were indeed heterozygous (4ef) for the Opnisw deletion. These
hets were then bred with wildtype C57BL/6J mice (Harlan Laboratories) and /et offspring
from these used to establish het/het breeding pairs and trios so that littermate wildtype
animals could be used as controls. Mice were all healthy and we did not observe any overt

adverse phenotype associated with the deletion.
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2.3 Genotyping

Genotyping was performed using tissue taken via ear punch. The tissue was digested in

50mM NaOH for 90 minutes at 95°C before neutralization with a 1M Tris-HCI1 Buffer (pH

5) and storage at -20°C or used directly for PCR.

PCR reactions were performed using the DNA from the digested ear punches in 20pl total

volume with specific procedures details below:

rd/rd Genotyping-

Reagents

Primer RD3 5°- TGA CAA TTA CTC CTT TTC CCT CAG TCT -3’
Primer RD4 5° - GTA AAC AGC AAG AGG CTT TAT TGG GAA -3’
Primer RD 6 5 —GCA TTA ATT CTG GGG CGCATGG-3’

Stocks 100mM

AmpliTaq Gold polymerase (Applied Biosystems)
10X PCR Gold Buffer

25mM MgCl,

dATP, dCTP, dGTP, dTTP

PCR grade water
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PCR mix for 25ul volume

AmpliTaq Gold 0.25 ul

10X PCR Gold Buffer 2.5 ul

25mM MgCl, 2.5 ul

10mM dATP, dCTP, dGTP, dTTP 0.5 ul

Primer 20mM 0.5 ul each

Genomic DNA 1.0 ul

PCR grade water 17.25 Wl
25.0 ul

PCR cycling conditions

Step 1. 95°C 5 min. x 1 cycle

Step 2. 94°C 30 sec.

Step 3. 60°C 30 sec x 40 cycles

Step 4. 72°C 1 min.

Step 5. 72°C 10 min.

Expected product sizes:

Chapter 2 — Materials and Methods

The RD3/RD6 pair of primers amplify a 0.4 kb PCR product from the wild-type Pdeb allele

whereas the RD3/RD4 primer pair amplify a 0.55 kb product from the mutant Pdeb ™" allele.

Both of these bands should of course be present in the heterozygous mice. See Table 2.1.
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Table 2.1 rd/rd genotyping expected results

Primer Set Product size = Wildtype non-rd
RD3/RD6 0.4kb + + -
RD3/RD4 0.55kb - + +
cl Genotyping
PCR mix
ul MM x 10 Final conc.
Buffer 2.5 25 x 1
MgCl, 1 7.5 2mM
dNTPs 0.5 12.5 200 uM each
Primers: DTA + 0.5 5 0.5 uM
(25 uM) DTA - 0.5 5 0.5 uM
H»0 14.75 142.5
Taq 0.25 2.5
DNA 5 -
25 ul Total 20 pl each

Add 2.5 pL of Taq polymerase (diluted 1in 5) to each MM x10 aliquoat used.
For 10uL Taq 1 in 5 dilutionuse:
2uL Taq DNA polymerase
luL  NHy4 Buffer
7uL HxO

Page | 61




Chapter 2 — Materials and Methods

Add 20pul of MM per tube, then 5 pl of DNA. Run PCR with annealing temperature at 60°C.

Primers:

Dta + GTACCACGGGACTAAACC
Dta - ATACTCATACATCGCATCTTG
PCR Cycle:

94°C for 3mins

94°C for 15s

62°C for 30s

72°C for 30s x 35 cycles

72°C for Smins

Expected Result: Dta transgene in the ¢/ should produce a 486bp product with these primers

and no product in wildtype samples.

Opn4 - Genotyping-

Reagents

Primers:

Opn4 forward exon 3: 5’- AGA AGT GGC TCT TTG GGG AGA C-3’
Opn4 reverse exon 4: 5°- GCA GAA GGC ATA GAA CTC GCA AC-3’
LacZ forward: 5° — AAG CAG TCA GCA GCC CAAAG-3¥

LacZ reverse: 5° — TGT CAC CCT CCT GGT CTT GC -3’
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Sybr Green PCR master mix

PCR grade water

Protocol
PCR mix for 20ul

Sybr Green 10 pl

Primer 0.5 ul each
H,O 8.0 ul
19 ul

Make master mix and transfer 19ul to each well in the plate. Add 1l of the lysate containing

the genomic DNA to each well and apply foil to plate.

PCR cycling conditions
Holding stage

95°C 10min.

Cycling stage (x35)
95°C  15sec

60°C 1.0min.

Melt curve

95°C  15sec

60°C 1.0min

95°C 15sec

Expected results
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Amplification of the wild-type Opn4 sequence results in a 200bp band with a melting
temperature of 82°C. The PCR product resulting from amplification of the LacZ gene in the
mutant mice has a melting temperature of 85°C and is 300bp in size. The PCR with
heterozygous mice carrying both alleles will result in a double peak representing the
presence of the wild-type and LacZ sequences. In this case the second peak at the higher
melting temperature of 85°C is significantly smaller than the wild-type product at the lower

melting temperature of 82°C.

Opnlsw Genotyping-

Using the Quantifast SYBR Green PCR kit (Qiagen) under the following conditions:
1. 95°C for 5 min
2. 95°C for 10 sec
3. 60°C for 10 sec
4. 62°C for 20 sec
5. 40 cycles repeat above from step 2
6. 95°C for 15sec
7. 60°C for 60 sec

8. Hold at 4°C

Primers used to confirm replacement of the Opnlsw gene by the reporter/selection cassette

from http://www.velocigene.com/komp/detail/10640 and listed in Table 2.2. Initially

products were checked for correct size on a 2% Agarose gel and later genotyping was based

on real-time PCR read-outs for presence or absence of primer products.
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Table 2.2 Opnlsw genotyping primers (A) List of primer sequences and (B) expected product sizes. WT, Het
and KO mice will have a different combination of products based on presence of Opnlsw gene and/or ZEN-

UBI selection cassette.

(A)

Primer Sequence
SU CACAGAAACCAATACTGACC
SD AAAGGAAGTGTTACCCATAC
LacInF GGTAAACTGGCTCGGATTAGGG
LacInR TTGACTGTAGCGGCTGATGTTG
NeolnR TACTTTCTCGGCAGGAGCAAGGTG
Neolnf TTCGGCTATGACTGGGCACAACAG
LacInZRev GTCTGTCCTAGCTTCCTCACTG
NeoFwd TCATTCTCAGTATTGTTTTGCC
TUF GCTGTCACGGATACTTCCTCTTTG
TUR AGCCCAGGTTGCCTTCAG
TDF CAGGCTGTCCTTGAACTCAAGAG
TDR GCTGGACTTATGTGCTGGTACA
(B)
Forward Reverse Product WT het KO
Primer Primer Length
SU LacZRev 416bp - + +
TUF TUR 90bp + + -
TDF TDR 86bp + + -
NeoFwd SD 333bp - + +
LaclInF LacInR 210bp - + +
Neolnf NeolnR 282bp - + +
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2.4 Light measurements

Spectral measurements of light sources were made using a radiometrically calibrated
spectrophotometer (Ocean Optics, UK). For assessment of light intensities, a Precision Gold
N76CC Light meter was used to measure lux for the threshold-entrainment study and then an
[luminance UV recorder (TR-74Ui, T&D Corporation) was acquired, able to measure white
light in lux and UV light in mW/cm®, which was used in all subsequent experiments.
Conversion of power measurement to log photons/cm*/s and vice versa were made using the

light rodent toolbox available at http://www.eye.ox.ac.uk/team/principal-investigators/stuart-

peirson. All light measurments were made at ‘mouse-level’ in each apparatus.

2.5 Circadian Activity monitoring for threshold of entrainment

Placed in light-tight ventilated chambers, mice were individually housed in cages fitted with
running wheels and the presence of wheel-running activity was automatically recorded in 1-
min bins by the ClockLab data acquisition system (Actimetrics, Wilmette, IL, USA). Light
was provided by white LEDs (see Figure 2.3 for spectrum) set to 100lux, layers of neutral
density (ND) filter were used to decrease light levels by log units to 10 lux, 1lux, 0.11ux,
0.01lux and 0.0011ux. After 14 days of initial entrainment, 7 days were spent at each light
intensity and stable entrainment assessed. Before moving to a lower light intensity, the light
levels were returned to 100lux to ensure that any free-running animals were re-entrained (no

animals of any genotyped failed to entrain to the 100lux light level).
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Figure 2.3 Spectrum of White LEDs present in light-tight chambers used for activity monitoring

2.6 Construction of Irradiance Response Curves

Techniques and protocols for measuring circadian phase shifts to discrete light pulses using
the phase of onset of circadian wheel running are well established (Albrecht and Foster,
2002). Animals were placed in continuous darkness prior to exposure to a 15 minute phase
delaying light pulse of a pre-determined light intensity. The magnitude of the steady-state
behavioral phase shift was determined by fitting straight lines to the slopes of activity onsets
before and after the light pulse using the ClockLab Software. The time difference between
the onset predicted by the ‘before’ line and that by the ‘after’ line on the day of the pulse
determines the magnitude of the phase shift. Due to the likelihood of transients, the activity

onsets on the first three days after the light pulse were excluded from analysis.
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For the construction of UV irradiance response curves (IRC), all animals were entrained to
12/12 LD (light/dark) then placed in DD (constant dark) for 2 weeks prior to the initial UV
light pulse. Light pulses at 365 nm were given weekly for 15 minutes in a separate pulsing
chamber at CT16 using a custom-made light source consisting of 5 UV LEDs (NCCUO033,

Nichia, Japan) (Figure 2.4 for light spectrum).

Excel (Microsoft) was used to fit a four parameter sigmoid curve to IRCs based upon the
method of least squares, as described previously for phase shifting data (Peirson et al.,
2005), from which the IC50, or half maximal response, value can be calculated. A sigmoid
curve is defined by:

(Top - Bottom)
1 + 10((EC50—n)xk)

Response =

Where ‘Top’ is the maximum saturating response, ‘Bottom’ is the baseline response and k is
slope (Motulsky and Christopoulos, 2003). Non-linear regression was used to determine the
best fit for each phase-shifting data set based on the sum of least squares as stated above. A
model was found that minimized the sum of squares (SS) of the regression, which is the sum
total of the differences between the phase-shifting data points and model at each irradiance.
The difference is squared to make it sign independent. The R value gives a measure of fit
for a particular model between 0 and 1 where 1 is a perfect fit. The R* value is found by
dividing the sum of squares of regression by the total SS (SS 1), Which is the SS for a
model with a straight line through the data mean.

SS

2 regression
R? =1 - [&reson

SS

total
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Thus the SS regression €quals zero where there is no difference between the model and data
points resulting in R* =1. Excel (Microsoft) was used to determine the model where R* was
as close as possible to 1 for each IRC and IC50 determined from the fit. Approximate

parameters were used in each case to avoid the issue of local minimum.

For comparison of UV IRC to IRCs at other wavelengths, wildtype data from Stuart
Thompson was used and is shown below for 365, 420, 460, 471, 506, 540, 560 and 580nm
(Figure 2.5) (published (van Oosterhout et al., 2012)). These IRCs were used for comparison
of UV 365nm and visible 506nm IRCs (see Figure 4.1) as well as for illustration of full
wildtype spectral sensitivity (see Figure 4.5). Photopigment templates for comparison of

residual sensitivity and figures based off the Govardovskii model (Govardovskii et al.,

2000).
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Figure 2.4 Spectrum of UV LEDs (NCCUO033, Nichia, Japan) used for all UV light pulses
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Figure 2.5 Wildtype IRCs Wildtype C3H phase-shifting IRCs for 365, 420, 460, 471, 506, 540, 560 and
580nm monochromatic wavelengths from collaborator Stuart Thompson used in generation of Figures 4.1 and

4.5. Published in (van Oosterhout et al., 2012).
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2.7 Immunostaining of retinal flatmounts

Preparation and labelling of retinal sections and retinal flatmounts was performed as
described previously by our lab (Hughes et al., 2012c¢). For labelling of whole retina
flatmounts, whole eyes were removed, punctured with a fine gauge needle and placed in 4%
paraformaldehyde (PFA) (Thermo Scientific) in Phosphate buffered saline (PBS) at 4°C for
16hr. Retina were then dissected and placed in 30% sucrose for 24h prior to freeze thaw
cycles (x2) with liquid Nitrogen. Retina were then further permeabilised in PBS with 1%
Triton-X for 30mins, and then blocked in 10% donkey serum for 1hr at room temperature
(RT). Primary antibodies were incubated for 24-72h at 4°C, followed by incubation with
Alexa (Life Technologies) or Dylight (Jackson Immunoresearch) fluorescent labelled
secondary antibodies 1:200 for 2h at RT (Table 2.3). All antibodies were diluted in PBS with
2.5% donkey serum and 1% Triton-X. All wash steps were performed using PBS with 1%
Triton-X. For double labelling using c-fos and UF006 antibodies, both raised in rabbit, a
special staining procedure was performed by Steven Hughes to allow use of both antibodies
on the same sections. Antibodies were incubated and labelled sequentially (c-fos then
UF006) using additional blocking steps with rabbit anti-goat IgG for 2hr at RT and then
unconjugated donkey anti-rabbit monovalent Fab fragments (Jackson Immunoresearch) for
2hr at RT to minimize sequestering of the second primary antibody and cross labeling of the
second secondary antibody with the first primary antibody. All samples were mounted onto

glass slides with Prolong Gold anti-fade media containing DAPI (Life Technologies).
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Table 2.3: Antibodies used in ICC for whole mounts and OpnIsw sections

Antibody

species

Source

Dilution Secondary antibody

Melanopsin | Rabbit UF006, 1:2500 | Donkey anti-rabbit
polyclonal Advanced Alexa 488 and Alexa
Targeting 568
Systems
MWS Rabbit RJ492, a kind 1:1000 | Donkey anti-rabbit
opsin polyclonal gift from J. Alexa 568
Nathans
UVS opsin | Goat polyclonal | Ab code, Santa | 1:1000 | Donkey anti-goat Alexa
Cruz 488 and Alexa 633
c-fos Rabbit Ab code, Cell 1:200 Donkey anti-rabbit
monoclonal signalling Alexa 568
B-gal Chicken Abcam AB 1:500 Donkey anti-chicken
polyclonal 9361 488

Image acquisition and analysis

Images were acquired using an Olympus [X71 inverted microscope fitted with a high

sensitivity CCD camera (Cascade 512B, Photmetrics) and Metamorph image acquisition
software (Molecular Devices). Excitation filters for DAPI, green and red fluorescence were,
350nm, 480nm and 545nm respectively. Emission filters were 460nm, 525nm and 600nm.
Where stated multiple images were collected at different focal planes and reconstructed into

a single ‘in focus’ image using an extended focus plugin for ImageJ image analysis software
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(Macbiophotonics). High resolution images were collected using an inverted LSM 710 laser
scanning confocal microscope (Zeiss) and Zen 2009 image acquisition software (Zeiss).
Individual channels were collected sequentially. Laser lines for excitation were 405nm,
488nm, 561nm and 633nm. Emissions were collected between 440-480nm, 505-550nm,
580-625nm and 650-700nm for blue, green, red and far-red fluorescence respectively. For
retina images, multiple overlapping image z-stacks (~60-64 z-stacks per retina) were
manually collected at x20 magnification using UVS (wildtype), B-gal (Opnlsw KO) or
melanopsin/marking during dissection (rd/rd cl) for orientation. Global enhancement of
brightness and contrast levels of all images was performed using Image J software. For
M1/M2 c-fos positive pRGCs present in whole retina flatmounts, manual counting of
samples double labeled with c-fos and melanopsin antibodies was performed and melanopsin
cells identified by their morphology and projections by Steven Hughes. For c-fos positive
cell counts, Image J software was again used, employing a standard level of background
subtraction and counting of bright areas from 15-250 pixels inclusive. Manual counting of
randomly chosen images from each retinal region was used to confirm accuracy of
automated cell counts. The normal distribution of all data was confirmed by the Shapiro-

Wilk test using a plug-in for MS Excel (Analyse-it, Analyse-it Software, Ltd).

Light pulse

For c-fos retinal staining, mice were dark adapted for 4h and then exposed to 30-minute light
pulses at ZT16 in a separate pulsing cage. Following the cessation of light stimuli mice were
kept in the dark for a further 30 minutes before eyes were collected and processed for

immuno-staining as described above. Mice receiving sham light pulses were used for
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controls and were moved to the pulsing chamber but not exposed to a light stimulus. White
light pulses were produced by a white LED light source (Figure 2.3), UV light pulses were
produced by 5 UV LED’s (NCCUO033, Nichia, Japan) (Figure 2.4). Light measurements

were always made at mouse-level in pulse set-up.

2.8 Light/ Dark Box

For assessing light aversion, a square light/dark box (28x28 cm) was constructed based on
previous studies of this apparatus (Semo et al., 2010) using clear and black opaque Perspex
so that the closed opaque side and open clear side were of identical proportions (Figure 2.6).
The light source was suspended over the clear half of the arena as was a miniature near
infrared (NIR) video camera (Sentient Mini-night vision CCTV camera, Maplin, UK) to
record video. White light was provided using a fluorescent stand lamp (See Figure 2.7 for

light spectrum) and UV Light using 5 LED set-up described previously (Figure 2.4).

Mice were placed directly into the lighted clear side facing away from the dark half of the
box without any acclimatization trial so that a naive response to the arena was examined in
each case and all mice were tested in the light phase of the LD cycle (ZT3-8). So that naive
responses were maintained for both light conditions, different groups of WT and KO animals
were used for the white light and UV trials where both groups also contained equal numbers
of males and females. The amount of time the mice spent in the lighted side of the area was
recorded for a 10-minute trial with the apparatus cleaned fully with ethanol between animals.

Video tracking analysis was performed using ANY-maze software (Version 4.5, Stoelting,
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US) with tracking beginning from the time where animals first crossed into the dark half to
ameliorate two potential confounding factors i) the amount of time animals take to discover
the dark half or ii) variability in the freezing behavior all animals exhibited to some extent

immediately upon placement into the light.

Figure 2.6 Light/Dark box corner and side view of apparatus (28cm x 28cm)
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Figure 2.7 Fluorescent light spectrum used for white light in Light/Dark box and OKR
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2.9 Optokinetic Drum

An Optokinetic (OKR) drum was constructed by the Oxford University Physics Workshop
under our direction with a rotating Perspex drum 29c¢m in diameter and 56cm tall with a
25cm raised stationary platform at the center where the animal was placed (Figure 2.8). The
drum was run off of Stepper Bee (+) software and all animals tested were habituated to the
apparatus over several sessions before any recording was done. The mice were placed onto
the platform in the center of the drum and given 3 min to acclimatise before a sham run was
recorded using a white background. Testing stripe gratings (printed to fit the drum) of 0.1,
0.2, 0.3, 0.4, 0.5 and 0.6 cycles per degree (cpd) were given in a random order. The drum
was rotated at a speed of 2 rpm as is standard for testing mice in this apparatus (Douglas et
al., 2005), 30s in each direction, repeated twice per trial. Head tracking was recorded using a
Logitech webcam under white light trials and then a using a miniature near infrared (NIR)
video camera (Sentient Mini-night vision CCTV camera, Maplin, UK) for UV light trials.
Videos were counted three times each for the number of head tracking responses per minute
and presence or absence of response. A head-tracking response was considered to be a
continuous movement of the head of the mouse of the same speed and direction as the
drum’s rotation. The threshold acuity was considered at least 2 head-tracking episodes per
minute to reduce the likelihood of a chance movement at same speed of drum affecting
threshold determination. White light was provided using a fluorescent stand lamp (Figure
2.6) and UV Light using 5 LED set-up described previously (Figure 2.4). The light intensity
at the platform was also recorded prior to each testing session. After initial white light

testing, it was noted that the 0.3 cpd grating had been miss-printed so that the stripe pattern
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was different in a region about the level of the animal thus did not maintain a constant cpd.
This grating was excluded from analysis and a new corrected 0.3cpd grating was made for

analysis of UV Opnlsw OKR.

Figure 2.8 Optokinetic Drum Top and side view of OKR drum under white light

2.10 Novel Object Recognition Visual Assay

Arena

A 20 x 20 x 20 cm’ open top cubic arena made of transparent acrylic was used for the novel-
object recognition task. To allow visual discrimination of the four corners, two distinct
wallpapers, one with a white five-point star on a black background and the other showing a
checkerboard pattern were attached to the outside of two walls (Figure 2.9). Small Velcro
sticks (Rip ‘n’ Grip, Essex, UK) were adhered to the floor and the bottom of all objects, so
that objects could be affixed to the floor of the arena during testing. A miniature near

infrared (NIR) video camera (Sentient Mini-night vision CCTV camera, Maplin, UK) to
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record video was positioned 40 cm above the center of the floor of the arena. White light
was provided using White LEDs (Figure 2.3) and UV light using the UV LED set-up (Figure

2.4).

Figure 2.9 Novel Object recognition arena (from above), note checkerboard on top wall and the star on

left wall

Objects and Odours

Previous work by group member Eric Tam had examined a large variety of simuli for use in
novel-object recognition studies that differed in one or more sensory dimension including
ceramic ornaments, light bulbs, and LEGO bricks. For the visual adaptation of this task a
glass candle holder (length % width % height: 4.5 cm x 4.5 cm x 2.5 cm) was used with four
replicates, so that different replicates of the same object could be presented during the

sample and test phases to avoid any chance of odour cues being carried over between the

Page| 78



Chapter 2 — Materials and Methods

phases. For the Opnlsw line odour recognition experiment, odour cues of natural lemon and
vanilla extract were used for the first animal batch while peppermint and banana extracts
were used for batch 2. 1 ml of the liquid odour extract was put in clear shot glasses (diameter
x height: 2.5 cm x 4.5 cm) and again different replicates of the shot glass were used in the
sample and test phases. Both candle holders and shot-glasses were cleaned carefully with
ethanol between animals and the arena was cleaned between the sample and test phase as

well as between animals.

NOR experimental procedure

The basic structure of the object and odour trials was the same with a 10-minute sample
phase, 5 min retention period and a 3 min test phase. In the sample phase of the visuospatial
object displacement trial test a mouse was allowed to freely explore for 10 min with two
identical replicates of the candleholder object located at the top left and bottom left corners
of the arena as shown in Figure 5.10 of Chapter 5. During the delay period, the animal was
removed from the arena for 5 min and interior of the arena was cleaned with ethanol. One
replicate object was displaced to an adjacent corner (e.g., from the bottom left corner to the
bottom right corner), whereas the other replicate remained at the same location (e.g., top
left). The replicate that was selected for displacement was counterbalanced within and
between all genotype groups. For half of the animals that were given the object displacement
trial, the replicate located at the top left corner was displaced to the top right corner; the
replicate at the bottom left corner was not displaced. For the remaining animals, the replicate

located at the bottom left corner was displaced to the bottom right; the replicate at the top
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left corner was not displaced. For the odour trails, the objects in the sample phase were two
replicate shot glasses containing 1mL of an identical odour located at opposite corners of the
arena. Then for the sample phase, instead of object movement, the shot glass in one corner
was presented with a different odour. Different replicates of the shot glass were available, so
that a fresh odour sample could be presented at test and the sample phase. Odours were
counterbalanced both within and between genotype groups. Diagramic representations of the

object and odour trials are presented in Figure 2.10.

Visuospatial

Olfactory

Figure 2.10 Odour and Object Displacement Recognition Trials Locations of objects/ odours in the phase

and tests phases, these diagrams are also presented in Chapter 7 as figures 7.6 (object) and 7.9 (odour).
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For analysis, videos were recorded during the 10-min sample and 3-min test phases.
Automated tracking was subsequently conducted in the ANY-maze software (version 4.5;
Stoelting, Wood Dale, Illinois). The tracking protocol used was similar to that in previous
studies by members of our group (Tam et al., 2014). For each video file, the floor of the
arena was outlined in ANY-maze, and two notional squares were placed at the corners of the
arena where the objects were located. The mouse’s head was tracked, and its position within
the arena was determined on a second-by-second basis. The amount of time the animal’s
head was within each of the two notional squares was recorded for every minute of the
sample and test phases. The recognition performance for each animal was calculated as the
ratio of time spent examining the object/ odour representing the familiar (f) versus the new
(n) condition so that the ratio= n/(n+f). Ratio greater then 0.5 demonstrated increased
interaction with the new condition and the higher above 0.5 the ratio is then the better the
recognition performance. A ratio less than 0.5 suggests preference for the familiar stimuli

and a ratio of 0.5 suggests no differentiation between the conditions.

Analyses of variance (ANOV As) were conducted on recognition ratios and the amount of
time spent in object exploration was used to compare between genotype groups. Finally,
one-sample ¢ tests (2-tailed) were conducted to compare mean recognition ratios against

chance performance (0.5).
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2.11 Assessment of opsin expression in Opnlsw KO retina

To examine opsin expression in the Opnlsw model, eyes were dissected and immediately
placed on dry-ice then stored at -80°C until RNA extraction. For RNA extraction, eyes were
manually homogenized in 100uL. QIAzol reagent (Qiagen). Homogenized tissue was spun
for 10 min at 12,000x g at 2—8 °C, the supernatant transferred into fresh tubes and then kept
at RT for 5 min. Next, 0.2 ml chloroform was added the tubes shaken, left to sit for 3 min at
RT and then samples were centrifuged at 12,000% g for 15 min at 2-8 °C. The upper aqueous
phase was then transferred into a fresh tube, 0.5ml ethanol was added and samples were
mixed by shaking. Following 10 min at RT, the RNA was extracted using the RNeasy Mini
Kit (Qiagen) protocol and checked for quantity. cDNA was obtained using QuantiTect
Reverse Transcription Kit (Qiagen) and used in qRT-PCR with Quantifast SYBR Green

PCR kit (Qiagen) under the following conditions:

1. 95°C for 10 min

2. 95°C forl5 sec

3. 60°C for 60 sec

4. 76°C for 15 sec

5. 40 cycles repeat above from step 2
6. 95°C for 15 min

7. 60°C for 60 sec

8. Hold at 4°C
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Primers used are presented in Table 2.4, Opsin expression levels were normalized to the
geometic mean of Gapdh (Glyceraldehyde 3-phosphate dehydrogenase), B2M (32

Microglobulin) and ARP (acidic ribosomal protein).

Table 2.4: Opsin primers and Housekeeping Genese

Primer Tm Product Size
Sequence
Target °0) (bp)
OpnlswF  TCTTCACAGTCTTCATCGCCAGC 79 134
Opnlsw R GTTCAAAAGCCAGGAAAGCCAATG
Opnlmw F  ATGGTGGTGGTGATGGTCTTCG 80 257
Opnlmw R TGTCTTGGAGGTGCTGGAAAGTTC
Opn4 F TCACAGGGATGCTGGGCAATC 82 161
Opn4 R TTCTTGTAGAGGCTGCTGGCAAAG
Rho F TGTTCCTGCTCATCGTGCTGG 83 312
Rho R GGAAGTTGCTCATCGGCTTGC
GAPDHF TGCACCACCAACTGCTTAG 82 176
GAPDHR GATGCAGGGATGATGTTC
ARP F CGACCTGGAAGTCCAACTAC 76 111
ARP R ATCTGCTGCATCTGCTTG
B,-M F GCTATCCAGAAAACCCCTCAA 78 302
B-M R CATGTCTCGATCCCAGTAGACGGT
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2.12 Opnlsw retinal sections staining

Opnlilsw KO and WT whole eyes were removed, punctured with a fine gauge needle and
placed in 4% paraformaldehyde (PFA) (Thermo Scientific) in PBS at 4°C for 16hr. Retina
were then dissected and placed in 30% sucrose for 24hr prior to freezing in Tissue-Tek
O.C.T media for cryostat sectioning and mounting on glass slides. Slides were then further
permeabilised in PBS with 0.2% Triton-X for 20min, and then blocked in 10% donkey
serum, 0.2% Triton-X for 1hr at RT. Primary antibodies were incubated for 2hr at room
temperature, followed by 2hr incubation with Alexa (Life Technologies) or Dylight (Jackson
Immunoresearch) fluorescent labelled secondary antibodies 1:200 for 2hr at RT (Table 2.3).
All antibodies were diluted in PBS with 2.5% donkey serum and 0.2% Triton-X. All wash
steps were performed using PBS with 0.2% Triton-X. All samples were mounted onto glass
slides with Prolong Gold anti-fade media containing DAPI (Life Technologies) and imaged

as described in section 2.7.

2.13 Pupillometry

Mice entrained for 2 weeks under a 12:12 light:dark cycle (100lux white light) and were
further dark adapted for 1-2h prior to testing between zeitgeber time (ZT) 14 and 18. A
xenon arc lamp (150W) solar simulator, Lot Oriel, UK) with a 480 nm monochromatic filter
(Andover, 10nm half-bandwidth) was used to produce a bright light intensity of 14.6 log
quanta/cm?/s (173 uW/cm?/s). UV Light was produced by UV LEDs. In all cases, light was

transmitted to the eye via a liquid light pipe as an irradiant light stimulus using a 2-inch
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integrating sphere (Pro-lite Technology, UK). Custom computer software was used to
regulate a shutter in the light pathway (LSZ160 shutter, Lot Oriel; custom software supplied

by BRSL, Newbury, UK) and control light delivery.

Mice were un-anaesthetized and only temporarily restrained during the recording period.
Light stimulus began after 2s of dark-adapted pupil measurement following which the left
eye was exposed to the pre-determined wavelength and intensity for 10s. Recording
continued for a further 17s for examination of pupil recovery. Images of the pupil were
collected with a Prosilica near infrared-sensitive charge couple device video camera (BRSL)
at a rate of 10 frames/s. The camera was positioned 90 degree to the contralateral eye, which
was itself illuminated by infra-red light emitting diodes (850 nm, 10 nm half-bandwidth).
Pupil diameter over the entire 29s protocol (10 images/ sec) was determined using ImageJ

image analysis software (http://rsbweb.nih.gov/ij/).
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Chapter 3: Photoreceptor roles in
determining the threshold of circadian
entrainment
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Introduction

3.1Aims

The field of mental health is discovering the importance of stable entrainment to
neurological function (Ellenbogen, 2005; Hastings and Goedert, 2013) while the function of
fundamental physiological processes like metabolism and immune response depend on the
precise coordination of the body clock and the external environment (Hastings et al., 2007).
For mammals the key external stimulus for entrainment, or zeitgeber, is light which is sensed
by the ocular photoreceptors that drive signals down the retinohypothalamic tract (RHT) to
adjust the clock as described in ‘Clock Adjustment for Entrainment’ in Chapter 1. However,
there is a threshold of light sensitivity that defines the minimum intensity of light required by
an animal to lock onto an external light cycle. While there has been considerable
investigation of how discrete amounts of light affect the clock, there has been surprisingly
little research examining which ocular photoreceptors are responsible for this threshold of
entrainment. Here the background of common experimental methods and genetic models
used for assessing entrainment is briefly reviewed as well as the existing evidence for the
contributions of specific photoreceptors to mammalian entrainment and entrainment
threshold. In this first thesis data chapter, we describe experiments using mouse models
lacking one or more of rods, cones and melanopsin to separate individual photoreceptor roles
in determining the threshold of entrainment to a 12:12 Light/Dark (LD) cycle of diminishing

intensity.
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3.2 Assessing entrainment

A common method used to investigate specific elements of the circadian system has been
genetic manipulation of animal models to generate mutants lacking key elements of clock or
photoreceptor function and assessing the resulting impact in the model animals compared to
wildtype under controlled conditions (Jud et al., 2005). For rodent models, activity rhythms
have often been assessed by placing running-wheels in cages where wheel rotations give a
measure of the activity and rest cycles of the animal (Albrecht and Foster, 2002). The
animals can thus be housed under various light environments such as light-dark (LD) cycles
varying from the standard 12 hours light, 12 hours dark, which is known as 12:12 LD, to

constant light (LL) or constant dark (DD).

The outputs of measured activity locomotor rhythms are often illustrated as actograms where
the activity over consecutive days is organized into a vertical stack. For an entrained animal,
an activity (alpha) and rest (rho) phase are determined from the onset and end of the main
phase of locomotor activity with the activity occurring during the light phase for diurnal
animals or in the dark phase for nocturnal animals like the mouse (Jud et al., 2005). When an
external light cycle is present, time over the day is expressed as Zeitgeber time (ZT) so that
under a 12:12 LD cycle ZTO is at lights on and ZT12 at lights off. When an animal is
entrained to a light cycle, the time between the start of its activity and, for example, time of
lights on will be the same from day to day and this is termed a stable phase angle of

entrainment. However, an entrained rhythm does not show the natural internal clock period.
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To determine the period or tau of an animal, constant dark conditions are used so that there
is no external light cue to entrain to. The animal’s alpha and rho will then occur according to
the clock time and, as the natural period of most animals is not equal to 24 hours, the activity
will begin either slightly earlier or later each day relative to external time depending on if the
tau 1s less or greater than 24 hours respectively (Jud et al., 2005). The animal is then said to
be free-running and time is expressed as Circadian Time (CT) with CTO the start of the
activity phase for diurnal animals, or the rest phase for nocturnal animals, and CT12 vice

versa.

From these wheel-running assessments, a number of different aspects of entrainment can be
compared between a wildtype and mutant and/or transgenic animal to determine any changes
to circadian function (See Figure 3.1 for example actogram and common terms). The most
straightforward is the presence or absence of stable entrainment to a given light cycle and
light intensity. The light cycle of an entrained animal can also be advanced or delayed. The
mechanism for adjusting the clock limits the maximum magnitude of activity rhythm shift
that can occur over a given day (Jagannath et al., 2013) so an animal re-entrains to a large
light cycle change over a number of days. As the activity onsets move closer to the light
onset defined by the new LD cycle, transient activity rthythms are in evident where the
observed rhythm is somewhere between the old cycle and the light input from the new cycle.
The number of days an animal takes to re-entrain to a given light cycle shift can be another
indicator of clock function. The internal rhythm of an animal will also shift in response to
external light input to varying extents over the circadian day. A change in the start of an

animal’s activity phase following a light pulse during the circadian night is termed a phase
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shift (see Figure 3.1). The response to a given light pulse depends on the intensity of light
and also on the point in the activity rhythm. Light exposure during the early subjective night
will produce a phase delay whereas exposure during the late subjective night will produce a
phase advance. By contrast, light exposure during the subjective day will not result in a
phase shift (the so-called dead zone) (Jud et al., 2005). A final circadian parameter to note is
masking where the overt activity rhythm (or other circadian rhythm) of an animal may not
reflect the true internal clock due to an external zeitgeber cue having a strong depressing or
enhancing effect. For example, bright light suppresses the activity of nocturnal animals like
mice so that an animal may appear entrained to a bright LD cycle due to activity being
constrained to the dark period but this is only due to negative masking effects and release of
the animal into DD conditions may reveal that the clock is not properly entrained to the point
of light on or off. In constant light, the period is lengthened according to the light intensity
(called Aschoft’s rule) (Aschoff, 1952) but during a prolonged LL light cycle the constant
light input to the clock actually desynchronizes SCN neurons and can result in arrhythmic

clock output (Ohta et al., 2005).
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Figure 3.1 Stylized example wheel-running actogram for a mouse This actogram shows a number of the
standard features of a wheel-running activity profile from a mouse where the activity phase (alpha) occurs in
the dark phase while entrained and the rest (rtho) phase in the light. When a light cycle is shifted from a
12/12LD to a constant dark DD condition, the animal’s rhythm ‘free-runs’ with respect to external time based
on the length of its internal clock period (tau) as can be seen with the regular movement of the activity onset to
the left in the above example as the animal’s period is less than 24 hours. When a free-running animal in DD is
given a light-pulse (yellow square) the change in its activity onset before and after the pulse can be used as a
measure of the sensitivity of the circadian system as the phase shift will be wavelength, irradiance and clock

phase dependent.
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3.3 Use of transgenic mouse models of photopigment loss: rd/rd and

rd/rd cl mice

The increasing ease of specific genetic manipulations in mouse models has allowed for
scientific advances in knowledge across a vast number of areas and made the mouse by far
the most common mammalian animal model (Paigen, 1995). For the study of photoreceptor
pathways involved in visual and non-visual responses, one of the key issues to overcome is
the redundancy present in the visual pathways illustrated by the ability to compensate for the
loss of several key genes in the central clock (Bae et al., 2001; DeBruyne et al., 2007; van
der Horst et al., 1999; Vitaterna et al., 1999; Zheng et al., 2001) as well as considerable
redundancy in outer retinal and melanopsin photoreceptor contributions to circadian
responses (Lucas et al., 2012). The genetic basis for one of the most important models of
photoreceptor loss initially caused significant problems for the use of the mouse as a model
for studying visual responses (Keeler, 1924). Several strains of laboratory mice were found
to harbour a mutation in the rod cGMP-phosphodiesterae gene (Bowes et al., 1990) that
results in the complete degeneration of rods by two months of age and a secondary loss of
cones leaving only a small residual population of cones in the degenerate retina (Carter-
Dawson et al., 1978). The rd mutation has since made major contributions to visual and
circadian studies as well as leading to greater understanding of a number of retinal diseases
with the most notable being retinitis pigmentosa (Frasson et al., 1999). However, with
studies controlled for genetic background indicating no reduction in the sensitivity of the

circadian system in the rd/rd mouse (Foster and Helfrich-Forster, 2001), it was unclear if
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this reflected the function of a new circadian photopigment or input from residual cones. To
resolve this issue, a mouse with a complete loss of rods and cones was generated that
contained the rd mutation and a ¢/ transgene with the A-chain of diphtheria toxin (DT-A)
(Soucy et al., 1998) inserted in a locus targeting the MWS opsin expressed in mouse m-
cones (Wang et al., 1992). The rd/rd cl mouse has been shown by our lab and others to have
a complete loss of all rod and cone photoreceptors by 2 months of age (Lucas et al., 1999).
The background to the rd/rd and the generation of the rd/rd cl model can be found in

(Foster, 2002).

Despite the great advantages in the use of mouse models, there are aspects that indicate that
care must be taken in the interpretation of results. Firstly, differences between strains of
research mice can lead to mis-interpretation of the effect of a given mutation. Mutations
may also have different effects on different backgrounds like the obese 0b mutation which
causes severe diabetes on the C57BL/KsJ background but not on C57BL/6J background
(Coleman and Hummel, 1973). Secondly, genetic changes may also have unforseen
secondary effects. For example, many retinal elements are inter-connected and loss of one
may have un-anticipated downstream effects. Knockout of the melanopsin gene also results
in the loss of circadian control of the cone pathway (Barnard et al., 2006) and rod and cone
loss in Rpe65 ™ mice was found to be accompanied by a loss of pRGCs (Doyle et al., 2006).
Thus an observed phenotype in a genetic model may not indicate a direct function of the
manipulated gene. Finally, knockouts are often used as ways to assess the function of a given
gene by determining the effects of its loss on biological systems, however it is important to

remember that a knockout is not necessarily the same as a specific genetic mutation that

Page | 93



Chapter 3 — Photoreceptor roles in determining the threshold of circadian entrainment

inactivates a gene leading to a disease. In the case of PI3Ky the mutation of the active site to
inactivate the kinase enzyme has a much less severe effect than that observed in the PI3Ky
gene knockout and, similarly, the Clock419 mutant with a truncation mutation of the Clock
gene has a much more severe impact on clock function than Clock knockout. The latter has
been explained to be because the presence of the mutated protein prevents compensation by

Npas2 (DeBruyne et al., 2006, 2007; Pinto and Troy, 2008).

3.4 Evidence for rod and cone, contributions to entrainment responses

It has been established that the outer-retinal photoreceptors are able to input to the circadian
system (Lucas et al., 2003; Panda et al., 2002b; Ruby et al., 2002) and that this input is
through pRGCs (Giiler et al., 2008; Hatori et al., 2008) but determining specific
contributions of rods and the different cone opsins to entrainment has been less

straightforward.

An assessment of the limits of outer retinal contributions to entrainment responses can be
gleaned from melanopsin knockouts where outer retinal photoreceptors are the only light
sensitive cells left to input to the SCN. Light-induced negative masking responses in Opn4 ™
mice are impaired both under bright light and under long light durations (Mrosovsky and
Hattar, 2003). The knockout of melanopsin has also been found to result in attenuated phase
shifts to 480nm light (Panda et al., 2002b; Ruby et al., 2002). Thus the defects in melanopsin
knockouts suggest that situations characterized by long-duration light stimulus and under

bright visible wavelengths are where melanopsin primarily drives entrainment responses.
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The data from melanopsin knockouts would suggest that one or both of the outer retinal
photoreceptors must be able to drive circadian responses at medium to low intensities and
many studies utilizing different models to isolate individual photoreceptors have supported a
major rod input. rd/rd mice with fully degenerate rods and few cones left were found to be
unable to entrain below 1lux whereas wildtype mice were able to entrain to less than 0.1 lux
(Mrosovsky, 2003). In a transgenic mouse that has the human long-wave cone opsin
introduced in place of the MWS cone to spectrally separate cone absorbance away from
rods, rods have been found to drive circadian entrainment by phase-shifting and constant
light measures even at irradiances where cones provide critical input to PLR and visual

responses (Lall et al., 2010).

In a separate study, Altimus et al, used various models with mutations in genes critical to
one of rod, cone or melanopsin functions to examine entrainment over intensities from
500lux to 0.1 lux using steps of lowering intensity accompanied by a 6 hour advance in light
cycle (Altimus et al., 2010). Gnatl “ mice lacking functional rod transducin showed stable
entrainment at 500lux and 10lux but less than half entrained to 1 lux and none entrained to
0.1lux. In Cnga3 ”*; Opn4 "~ mice missing a cone cyclic nucleotide-gated (CNG) channel
and melanopsin, no reliable entrainment was observed to any of the light intensities.
Interestingly, loss of CNG should hyperpolarize cones, much as saturating light would, and
this appears to block rods from driving entrainment. In mice with both a cone transducin
mutation (Gnat2”™'#"¥) and Opn4 ™" status, where cones should be permanently in a

depolarized dark state, the mice were able to entrain across the light intensities from 500lux
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to 0.11ux just as wildtype mice were. They were also able to entrain to a delayed light onset
cycle which was expected to bleach rhodopsin. Melanopsin knockout mice have been found
to exhibit attenuated period lengthening under constant light (Mrosovsky and Hattar, 2003;
Panda et al., 2002b) and so did Gnar2®”"" "%, Opn4 " mice with only the rod pathway
remaining while mice with rod dysfunction (Gnatl ) did not differ from wildtype. This
indicates a dominant role for melanopsin in entrainment under these conditions but that rods
can partially compensate (Altimus et al., 2010). Finally, to test which signals are transmitted
through gap-junctions to cones, mice with diphtheria toxin-ablated cones and melanopsin
knocked-out were generated and these were unable to entrain to 500 lux or 10 lux but most
were able to entrain to the lower 1 and 0.1 lux intensities (Altimus et al., 2010). To confirm
these results with another measure of entrainment, a 15min light pulse of 1000 lux was
examined and did not phase shift mice where cones were ablated, or where the cone pathway
was constitutively hyperpolarized. However, mice lacking cone transducin and melanopsin
(leaving the rod to cone gap junction pathway functional) were able to phase shift indicating
that rods signal through cones to drive phase-shifting to even this relatively bright light pulse
(Altimus et al., 2010). Furthermore, the surprising versatility of rod contributions to
entrainment in these models was not the result of increased sensitivity in the rod-pathway of
the mutants as the sensitivity of rod signaling in all three rod-only lines was found to be the
same as wildtype in patch clamp recordings (Altimus et al., 2010). Thus, it would appear that
rods have a surprisingly prominent role in entrainment and not just at the low scotopic
intensities. These results also indicate that rods are able to signal through gap junctions to
cones to contribute to entrainment at higher light intensities and that a hyperpolarized cone

pathway inhibits the normal rod bipolar to AIl amacrine cell pathway that rods utilize under
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low light intensities. In terms of real-world application, the results of this study would
suggest a model where the input of rods primarily entrains the clock during the low to
moderate light period at dawn/dusk, and any moonlight input throughout the night, with
melanopsin providing the majority of light input to entrainment in bright daylight (Lall et al.,

2010).

This expanded role for rod function would seem to leave little room for cone contributions to
entrainment. Supporting this model, both ¢/ mice lacking all MWS opsin and much of the
UVS opsin and rd/rd cl lacking all rods and cones show unattenuated phase shifts to 15min
pulses of bright 509nm monochromatic light up to saturating levels (Freedman et al., 1999).
In the red-shifted cone model (human long-wavelength cone in place of MWS), irradiance
response curves for phase shifts of locomotor activity suggested that the MWS cones are not
able to make a significant contribution to this measure of circadian entrainment as the
sensitivity threshold was 1000x greater for 644nm light targeted to stimulate the long-
wavelength cones relative to the threshold for 500nm light (Lall et al., 2010). However, there
is evidence of cone contributions under certain conditions. While the red-shifted cone mouse
model indicated that MWS cones could not drive significant phase shifts to 15 minute
continuous pulses of light, when that was broken up into 15 discontinuous one minute pulses
of long-wavelength light (644nm) with 2 minutes of dark in between, phase shifts of a
similar magnitude to those at 500nm light were observed (Lall et al., 2010). In MWS
coneless mice (TRS " mice lacking the thyroid hormone receptor needed for MWS
development (Ng et al., 2001)) dim light below 10lux did not result in a stable phase angle

of entrainment in the TRA ”~ and phase shifts were attenuated at 530nm (Dkhissi-Benyahya et
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al., 2007). At 480nm, diminished phase-shifting was only observed for very short 1 min light

pulses (Dkhissi-Benyahya et al., 2007).

In a follow-up study of the TRA = model, phase shifts to 1, 5 and 15 minutes of bright 2.8 x
10" photons/cm?/s light were compared at 365nm, 480nm and 530nm. No difference was
found between wildtype and knockout at 360nm for any pulse length but at 480nm, while
there was no difference for a 15-minute pulse, the 1 and 5 minute pulses were significantly
attenuated in the knockout. At 530nm, the 1 minute pulses could not produce a phase shift in
either genotype, only the wildtype mice displayed a significant shift to a 5 minute pulse and
knockout phase shift was significantly lower at 15minutes (Dollet et al., 2010). Therefore,
based on this model it seems there can be limited cone input to longer-wavelength phase
shifts, modeled at 1:1.12 for melanopsin:MWS opsin (Dkhissi-Benyahya et al., 2007) which
is somewhat at odds with other cone transgenics (Freedman et al., 1999; Lall et al., 2010).
There is agreement though that the cones make their greatest contributions if bright light is

presented in short pulses.

Recordings from both SCN neurons and pRGCs have been used to confirm these suggested
rod, cone and melanopsin contributions. From these recordings, it was concluded that
melanopsin provides a sustained signal but cones can only present a phasic response at light
onset (Berson et al., 2002; Brown et al., 2011; Dkhissi-Benyahya et al., 2007; Drouyer et al.,
2007; Mure et al., 2007). The sustained responses, containing rod and melanopsin signals are
thought to be critical to clock entrainment, with melanopsin making the largest contribution

of sustained signals over most light intensities. Phasic cone responses, though initially
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strong, decay rapidly and may be encoding contrast information (Brown et al., 2011). This
cone-based transient ON and/ or OFF response may be excitatory or inhibitory and is greatly
diminished by prior light exposure where the sustained response is not (Drouyer et al.,
2007). Indeed, when presented with a more ‘real-world’ light situation of a steady
background light level with brighter steps above, cone-derived signals were greatly reduced
(Brown et al., 2011). Recordings from Opn4 " mice under bright white light showed strong

phasic responses but a large attenuation of sustained responses (Mure et al., 2007).

The data from these SCN and cell recording studies appears to fit the view that rods and
melanopsin drive the sustained responses that result in entrainment over the majority of light
conditions. While MWS cones do appear to drive phase shifts in the clock given bright, short
stimuli, they do not provide significant input for longer light pulses or given previous light
exposure. It has been noted that while light-adaptation limits cone input to the clock, at
similar intensities it has a positive influence on cone contributions to vision (Brown et al.,
2011), emphasizing the different characteristics of the image and non-image forming
pathways. Finally, while it has been assumed that stimulating the UVS cone opsin would

result in the same effects as found for MWS, this has not been confirmed.

3.5 Threshold of entrainment and summary of aims

As described above, there has been considerable effort given to investigation towards
establishing photoreceptor contributions of rods, MWS cones and pRGCs to photic-

entrainment responses under visible wavelengths. Impact on the sensitivity of phase-shifting
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responses that shift the activity rhythm of the clock, however, should not be confused with
roles at the threshold of entrainment, which is the lowest light intensity that is able to stably
entrain the clock to a given light cycle. There has been surprisingly little attention given to
the examination of which photoreceptors determine this threshold despite the obvious
importance of this knowledge to the field of circadian entrainment. One of the few previous
studies comparing entrainment threshold to other measures of circadian system sensitivity in
wildtype mice found that it was 1-2 log units lower than the threshold for masking or the
pupil constriction response, suggesting a different pathway and/or balance of photoreceptor
input (Butler and Silver, 2010). Based on the known characteristics of the mouse
photoreceptors and data from mutant mice lacking cone and melanopsin function (Altimus et
al., 2010), we would expect the threshold of entrainment to depend largely on rods, as it
occurs under dim light intensities, with the loss of cones and melanopsin having no effect
but this has not been conclusively established. In this chapter, we aimed to confirm the roles
of the mouse photoreceptor classes in this fundamental aspect of entrainment by examining
the entrainment of photoreceptor mutants/ transgenics under decreasing levels of white light

intensity.
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Results

3.6 Loss of rods in rd/rd and rd/rd cl mice, but not Opn4, results in

higher threshold of entrainment

In order to examine the contributions of inner and outer retinal photoreceptors to
entrainment, the wheel running activity of mice lacking all rods and most cones (rd/rd), mice
lacking all rods and all cones (rd/rd cl) and finally mice lacking melanopsin (Opn4 ) was
measured under decreasing levels of white light illumination (See white LED spectrum in
Methods Chapter 2). Log unit steps of decreasing light intensity steps from 100 lux to 0.01
lux of white light (corresponding to 31.1 pW/cm® to 0.0031.1 pW/cm” using rodent toolbox
available at http://www.eye.ox.ac.uk/team/principal-investigators/stuart-peirson) were made
using neutral density filters until free-running behavior was observed. Each week-long step
below 100 lux was separated by 7 days back at 100lux to ensure each step began from the
same prior illumination state (Figure 3.2). Representative actograms for each genotype are
presented in Figure 3.3. rd/rd (n=6) were found to have the highest threshold of
entrainment, with none of the animals displaying stable entrainment when exposed to 1 lux
white light. In contrast, 60% of the rd/rd cl mice (n=5) and 83% of the wildtype animals
(n=6) entrained to the 1lux step (Figure 3.4A). None of the rd/rd c/ animals were able to
entrain to the 0.1lux step while, in the case of wildtype non-rd controls, 50% remained
entrained when exposed to 0.1 lux. As one wildtype animal displayed entrainment to

0.01lux, a further step was made from to 0.001 lux to ensure free-running behavior was
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observed. The proportion of entrained animals was compared at the first step below the rd/rd
threshold, 11lux, to examine the difference between rd/rd and rd/rd cl entrainment. No
difference was found between wildtype and rd/rd cl entrainment (Fisher’s exact test, p=0.55)
but the wildtype entrainment did differ significantly from the rd/rd (Fisher’s exact test,
p=0.015). The direct comparison between rd/rd and rd/rd c/ showed a difference that
approached statistical significance at the n numbers in this experiment. Opn4 " animals
(n=5) and controls (n=5) displayed very similar entrainment thresholds (Figure 3.4B). All of
the animals of both genotypes entrained to 11lux, and while one more of the wildtype
entrained to 0.1 lux than Opn4  (60% and 40% entrainment respectively) but there was not
a significant difference in proportions. Both genotypes had 1 animal (representing 20% of

the group) still displaying entrainment at 0.01 lux and all animals free-ran during 0.0011lux.

Time (hr)

10 lux

1 lux

Days

0.1 lux

0.01 lux

0.001 lux

Figure 3.2 Dim-entrainment protocol showing week long light-intensity steps White LED light (see
Methods Chapter 2) was set to 100lux and neutral density filter was used to make log-unit steps down to

progressively lower intensity to observe the light level at which free-running first appears
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Figure 3.3 Representative dim entrainment actograms of C3H wildtype, rd/rd, rd/rd cl, Opnd™ wildtype

and Opn4”" x-axis time (hr), y-axis days in all actograms.
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Figure 3.4 Percent of mice entrained to decreasing levels of white light was found to depend critically on

rods. The percent of mice entrained to steps of white light is presented for rd/rd, rd/rd cl and Opn4'/' relative to

their respective wildtype controls. (A) The threshold of entrainment, or the lowest light step at which at least

one animal of a particular genotype displayed stable entrainment was found to be 10 lux for rd/rd mice (n=6),

1lux for rd/rd cl (n=5) and 0.01 lux for C3H non-rd wildtype (n=6). A Fisher’s exact test of the proportion of

mice entrained at 1lux found a significant difference between rd/rd and the non-rd wildtype (p=0.015) but not

between rd/rd ¢l and non-rd (p=0.55). Direct comparison between rd/rd and rd/rd cl found the difference

approached significance at n values in this study (p=0.061) (B) For Opn4'/' (n=5) and Opn4

" controls the
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threshold of entrainment was found to be 0.01lux and there was no significant difference in proportions of

entrained and free-running at 0.11lux, the only step where the proportions differed between the genotypes.

3.7 Rodless, coneless but not rodless mice display increased error of

onset and early onset of activity under dim light

To determine if there were any other differences conferred by the loss of photoreceptors in
the rd/rd, rd/rd cl and Opn4 " mice, the timing of the onset of activity during stable
entrainment prior to free-running was examined. The activity onsets of Opn4 " (ZT 22.06
+/- 0.022 Std ER) and Opn4 ** wildtype (ZT 22.09 +/- 0.021) were not found to differ
significantly (Figure 3.5). Similarly, there was no significant difference between the average
ZT of activity onset between rd/rd (22.22 +/- 0.020), rd/rd cl (22.21 +/- 0.040) and wildtype
non-rd (22.23 +/- 0.022) (Figure 3.5B). However, it was noted that the standard error in the
onset of rd/rd cl mice was double that of the other genotypes and the actograms of rd/rd cl

mice appeared to display increased variation (Figure 3.6).
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Figure 3.5 No difference in the in activity onset during entrainment between genotypes The onset of
activity from ClockLab software (see Methods Chapter 2) was examined for each animal including the daily
onsets from all steps at which that animal was entrained. (A) No differences were observed between activity
onsets in Opn4 ”~ and Opn4 7" wildtype (2-tailed Student’s t-test, p=0.54). Similarly (B) no differences were
found between the activity onsets of rd/rd, rd/rd cl and non-rd wildtype (2-tailed Student’s t-test between each

genotype, in every case p>0.60). Bars represent mean values +/- SEM.
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Figure 3.6 Actograms of rd/rd cl (C) appeared to show increased onset variation (D) than seen in

wildtype (A) or rd/rd (B) animals. x-axis time (hr), y-axis days in all actograms.

To determine if this variation was due to an increase in general onset variability or if it only
occurred under lower intensity light levels in the rd/rd cl, the phase angle difference between
lights off and the start of activity for each light intensity where stable entrainment was
observed was determined for all strains of mice. In the Opn4 " and wildtype controls, as was
expected from the similar average onset timing, both genotypes had similar average phase
angles at every light level (Figure 3.7). There was also a trend of increasing phase angles
with decreasing illumination as has been found for the C57BL line previously (Ebihara and

Tsuji, 1980) but there were no significant differences and interpretation is complicated by
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the decreasing number of entrained animals contributing to the average at the lower light
levels. The phase angles of entrainment for the rodless, rodless-coneless and control animals
were generally near zero at each step but a greatly increased phase angle of entrainment was
observed in the rd/rd cl at the 1 lux illumination step (0.38hr) and the variability of the phase
angles was highest at each step in the rd/rd cl (Figure 3.8A). As llux light step was the
lowest intensity at which the majority of the rd/rd cl displayed entrainment, the phase angle
of entrainment of each animal at the lowest intensity step at which entrainment was observed
(that is the last step where the phase angle remained stable) was compared to the phase angle
for that animal in preceding 100lux intermediate step. Averages of these results for each
mouse line revealed that the rd/rd cl (2-tailed Student’s t-test, p= 0.00737) but not the rd/rd
or non-rd wildtype controls displayed significantly advanced activity onset compared to the

100lux step (Figure 3.8B).
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Figure 3.7 Phase angle of entrainment at each light intensity level for Opn4 " and Opn4 *"* wildtype The
phase angle of entrainment at each light irradiance step was determined using ClockLab software (see Methods
Chapter 2) and no significant differences was found between steps for Opn4 and Opn4 . wildtype (Note that
increasing SEM at each step is due to decreasing numbers of entrained animals and as only 1 animal of each

genotype was entrained at 0.01lux there is no SEM). Bars represent mean values +/- SEM.
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Figure 3.8 Phase angle of entrainment at each light intensity level for rd/rd, rd/rd cl and non-rd wildtype
shows advanced phase angle for rd/rd cl under low light (A) The phase angle of entrainment at each light
irradiance step was determined using ClockLab software (see Methods Chapter 2) and a large advancement
(0.38 of an hour +/- 0.14 SEM) of phase angle in the rd/rd cl was observed at 1lux (B) Comparing the phase
angles at the lowest step where entrainment was observed to the preceeding 100lux step again found only the
rd/rd cl displayed a significantly advanced phase angle relative to its entrainment to the brighter light (2-tailed

Student’s t-test, p= 0.00737). *=p<0.05, **=p<0.01, ***=p<0.005. Bars represent mean values +/- SEM.
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Finally, as variation of phase angle within each intensity step was observed to be greatest in
the rd/rd cl, the average error in phase angle difference for each animal at all entrained light
intensities was compared and the variability in onset for rd/rd c/ animals was found to be
significantly greater than both the rd/rd (2-tailed Student’s t-test, p=0.0025) and wildtype
(2-tailed Student’s t-test, p=0.00084) while there was no difference between the average
error of activity onset of 7d/rd and wildtype (2-tailed Student’s t-test, p=0.477) (Figure
3.9A). The same analysis in Opn4 ” and wildtype controls confirmed no differences in the

onset error (p=0.356) (Figure 3.9B).

Page | 111



Chapter 3 — Photoreceptor roles in determining the threshold of circadian entrainment

k%
1=
A — 0.09

-E 0.08
~— 0.07 S —
D
@ 0.06
§ oo
£ o004
£ oo03
Ll
b o] 0.02
=]
(7] 0.01

0

n-rd rd/rd rd/rd cl
Genotype

E 0.08
é 0.07
@ 006
(7]
< 0.05
o
c 004
t 0.03
w 0.02
s °
B oo

0

Opn4 */* Opn4 -
Genotype

Figure 3.9 Average error in phase angle of entrainment compared between all genotypes The onset of
activity from ClockLab software (see Methods Chapter 2) was examined for each animal including the daily
onsets from all steps at which that animal was entrained. (A) The phase angle variation was significantly
greater in rd/rd cl relative to both rd/rd (2-tailed Student’s t-test, p=0.00245) and non-rd wildtype (2-tailed
Student’s t-test, p=0.000835) (B) No differences were found between the variation in phase angle of Opn4 "
and Opn4 """ wildtype (2-tailed Student’s t-test, p=0.356). *=p<0.05, **=p<0.01, ***=p<0.005. Bars represent

mean values +/- SEM.
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Discussion

3.8 Rod input is critical for determination of the threshold of

entrainment in mice

From previous studies of photoreceptor roles in the entrainment response, the general view
has been that rods and melanopsin contribute to entrainment under normal conditions, with
rods being the primary drive at middle to low intensities and melanopsin under brighter light
(Altimus et al., 2010; Lall et al., 2010). There is evidence that cones can influence the clock
in response to short light pulses but these contributions are diminished by previous light

exposure (Brown et al., 2011; Dkhissi-Benyahya et al., 2007; Lall et al., 2010).

The results presented here support the view that rods provide the critical input to entrainment
under low intensity stimuli as the loss of rods in the rd/rd cl and rd/rd resulted in a higher
threshold of entrainment in this intensity-step assay while the loss of melanopsin in Opn4
did not result in any change of sensitivity. This is in agreement with similar entrainment
threshold studies in the rd/rd that found a higher entrainment threshold in the rodless mice
compared to wildtype, with a much lower percentage of rd/rd entraining to light levels
below 2lux (Mrosovsky, 2003). It is also consistent with a comparison of C3H mice
containing the rd/rd mutation to wildtype C57BL mice where the rd/rd mice were found to
be unable to entrain to light levels below 1 lux but some C57BL mice were still able to
entrain at 0.01lux (Ebihara and Tsuji, 1980). However, a study using phase-shifting to assess
the sensitivity of the rd/rd found un-attenuated sensitivity compared to wildtype controls

under 515nm light over a range of light intensities from approximately 10 lux to 0.0001 lux
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(Foster et al., 1991). These contrasting results may reflect differences in the mode of
assessing sensitivity between free-running thresholds and phase-shifting response in the
rd/rd model but more recent studies examining phase-shifting in different photoreceptor
mouse models have confirmed a major role for rods in contributing to this assay of

entrainment as well (Altimus et al., 2010; Lall et al., 2010).

3.9 Cone pathway may have inhibitory influence on melanopsin

sensitivity in the rd/rd

Intriguingly, rd/rd cl mice appeared to be more sensitive than rd/rd with 60% of rd/rd cl but
none of the rd/rd entraining to 1 lux. As the rd/rd and rd/rd cl both lack rods but rd/rd retain
a low number of cones even in the mature retina (see also Chapter 4 Figure 4.4 staining of
the rd/rd retina), this suggests that the loss of these residual cones is accompanied by higher
sensitivity to melanopsin signals, as melanopsin is the only photopigment remaining in rd/rd
c/ mice. Likely the simplest explanation for this change is an inhibitory signal from cones on
pRGC:s so that the loss of cones results in a disinhibition of pRGCs and a greater
melanopsin-based sensitivity. Melanopsin influence on cone signaling has previously been
suggested in Opn4 ™ mice where the absence of melanopsin results in the loss of circadian
regulation of sensitivity in the cone signaling pathway (Barnard et al., 2006). Interestingly,
studies of the macaque retina have found a subset of pPRGCs receive a SWS cone derived
OFF-input antagonistic to the standard LWS/ MWS cone-ON inputs (Dacey et al., 2005).
The authors suggested that the cone circuitry they observed might have evolved to more

precisely set the clock during large abrupt changes in light intensity at dawn and dusk which
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is an interesting link to the entrainment stability and phase angle changes we discuss in the
next section. There is also evidence from studies of melatonin regulation in humans that
cones might inhibit non-image forming responses (Figueiro et al., 2004) but no support for
this theory was found in the phase-shifting response of the red-shifted cone model (Lall et
al., 2010). It may be that our result is a reflection not of the loss of input from the few cones
remaining in the rd/rd but instead may be related to an increase in retinal sensitivity to
melanopsin signals as the only remaining photoreceptor in the rd/rd cl retina. Increased
phase-shifting compared to wildtype controls has previously been observed in mice without
rods and cones due to specific rod ablation using a rhodopsin targeted diphtheria toxin gene
(rdta) and the cl mutation (Freedman et al., 1999) but the rdta model has also been found to
display an altered circadian phenotype not seen in the rodless (rd) mouse, so these results are
likely not comparable (Lupi et al., 1999). That cone input could decrease threshold
sensitivity in the rd/rd would seem surprising given the scotopic light intensities at the
entrainment threshold but it is possible such an influence could exist without cone opsin
excitation. Whatever the basis, this data raises the possibility of a cone-signaling pathway
exerting a negative influence on aspects of the non-image forming system input through

pRGCs.

3.10 Cone loss in the rd/rd cl results in a significantly advanced phase

angle of entrainment and decreased stability of entrainment

Other potential effects of total cone-loss on entrainment in the rd/rd c/ mouse were observed

in the analysis of onset variability and phase angle changes between light intensities. The
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rd/rd cl began running significantly before lights off at the 1 lux light intensity and this low-
intensity activity advancement was not seen in either the rd/rd or wildtype. The variability in
the timing of activity onset from day to day, as determined from the standard error in phase

angles at each step, was also found to be greatest in the rd/rd cl across all light intensities.

Given that current evidence suggests cones are only be able to contribute to entrainment
activity responses such as phase-shifting under conditions of short light exposure (Dkhissi-
Benyahya et al., 2007; Dollet et al., 2010; Lall et al., 2010) and recordings from the SCN
have found cones are responsible for only phasic responses (Brown et al., 2011) the results
here may indicate that the circadian system is able to use these short phasic cone responses
to more precisely time activity onset to abrupt light changes. It is thought that rods and
melanopsin are primarily responsible for driving entrainment with long sustained responses
in the SCN (Altimus et al., 2010; Brown et al., 2011; Lall et al., 2010) but as melanopsin
signaling is slower than of cones (Berson et al., 2002), it may not be sufficient to encode
abrupt light in the absence of rods in the rd/rd cl. Thus the known response characteristics of
cones suggest that a contribution to entrainment precision is possible and our data indicates
that melanopsin alone is not sufficient for equal entrainment precision. If this is the case then
the inputs from the very few remaining cones in the rd/rd retina (Carter-Dawson et al., 1978)

are sufficient to maintain precise entrainment and do have a functional significance.

Specifically with regards to the advanced phase angle under dim light in the rd/rd cl, an
advanced phase angle of entrainment was previously observed in Rpe65 ”~ mice which have

a complete loss of cone function and severally impaired rod function (Doyle et al., 2006).
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This is intriguing as it is again with the total loss of cone function that this advance is
observed but it should be noted that, as there is also a reduction in the number of pRGCs in
the Rpe65 *, it is not an equivalent model to the rd/rd c/, and there are likely to be other
circadian abnormalities. In the case of the Rpe65 " mice the advance was suggested to be
due to enhanced light-dependent positive masking instead of a true phase angle change
(Doyle et al., 2006). It could be that this is also the case in the rd/rd cl but arguing against
this interpretation in both cases is the fact that positive masking has been found to depend on
outer retinal photoreceptor function (Mrosovsky and Thompson, 2008) and the loss of
positive masking, as well as enhancement of negative masking, has previously been found in
both rod ablated mice and rd/rd mice (Mrosovsky et al., 1999, 2000). The explanation for

this dim-light activity response is therefore unclear.

3.11 Conclusions

The results presented in this chapter confirm our expectation that rod input is the primary
factor that determines the threshold of entrainment in wildtype animals under white light. A
more surprising result was that we found several indications of cone influence in this assay
including potential inhibition of melanopsin sensitivity, helping to determine the precision of
entrainment and in an apparent advancement of phase angle under dim light with total rod
and cone loss in the rd/rd cl. Further evidence of the importance of cones to circadian
function may be seen in the blind mole rat where the LWS cone opsin has been retained in
subcutaneous eyes and fine-tuned for greater photon capture in an environment where the

only known ocular function is circadian entrainment (David-Gray et al., 1999). Thus, in
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summary, rods are the key photoreceptor for the threshold of entrainment but it appears that

cones may have a broader role in entrainment than previously assumed.
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Chapter 4: Non-image forming
responses to UV Light
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Introduction

4.1 Aims

The results presented in Chapter 3 supported a primary role for rods in determining the
threshold of entrainment under white light to an external light cycle while cones may have a
role in determining the onset of activity. While this is in agreement with the conclusions of
previous studies on the various photoreceptor contributions to clock photosensitivity and
locomotor activity control (Altimus et al., 2010; Brown et al., 2011; Dkhissi-Benyahya et al.,
2007; Dollet et al., 2010; Lall et al., 2010), phase-shifting responses have been found to
357nm UV light that are equal or greater than those to 515nm light and remained un-
attenuated in rd/rd mice (Provencio and Foster, 1995). As UV light used in these
experiments is far from the peak sensitivity of rods or melanopsin photopigments, it is
unclear if the established roles of rod, cone and melanopsin in phase-shifting could explain
these findings or if a different photoreceptor balance might drive entrainment responses to
UV. In this introduction we review the evidence for ultraviolet sensitivity in rodents. The
aim of this chapter is to examine the contributions of the various photoreceptors to
ultraviolet circadian sensitivity in the mouse using phase-shifting and

immunohistochemistry.
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4.2 Evidence for UV non-image forming sensitivity in rodents

As discussed in the general introduction Chapter 1, ultraviolet sensitivity is widespread in
rodents, and is found in rats (McGuire et al., 1973), hamsters (von Schantz et al., 1997),
mice, gophers and gerbils (Jacobs et al., 1991). Much of the investigation on this sensitivity
to date has focused on the potential roles for ultraviolet vision in rodents in territorial control
or color vision (Chévez et al., 2003; Desjardins et al., 1973; Jacobs et al., 2002, 1991).
However, many of the rodent species in which this UV sensitivity has been demonstrated are
nocturnal. Although ultraviolet light is present during the day and at dawn/ dusk, there is
little ultraviolet light available for vision over the majority of the time that nocturnal rodents
like rats are foraging and active (Jacobs et al., 2001). Indeed, in mice, ERG recordings
suggest that the sensitivity to the UVS cone input exceeds that of the MWS by factors from 3
to 9 times (Jacobs and Williams, 2007; Jacobs et al., 1991; Lyubarsky et al., 1999, 2004),
perhaps linked to the UVS opsin expression being three times that of the MWS in the mouse
(Applebury et al., 2000). Behavioral visual discrimination measurements, however, indicate
a much lower UV sensitivity than the ERG (Jacobs and Williams, 2007). This difference
may be due to the co-expression of MWS and UVS in the majority of mouse cones which
are M cones in terms of ganglion cell connections, and thus perhaps display muted UV
signals at the level of visual processing (Jacobs and Williams, 2007). Overall, the ecology
and visual system of mice and other rodents do not seem to have evolved to make use of UV
vision in such a way as to explain why rodents have regained a high degree of UV

sensitivity, and a UVS opsin where most mammals have lost it.
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Inputs to the non-image forming system provide another possible explanation for the
apparent importance of UV sensitivity in this group. There is significant evidence for UV
sensitivity in a wide range of rodent NIF behaviors from entrainment and phase-shifting
(Amir and Robinson, 1995; Dollet et al., 2010; Hut et al., 2000; Provencio and Foster, 1995;
von Schantz et al., 1997; Sharma et al., 1998, 2000) to melatonin suppression (Benshoff et
al., 1987; Brainard et al., 1994; Podolin et al., 1987), PLR (Yao et al., 2006) and body
temperature rhythms (Amir and Robinson, 1995; McGuire et al., 1973). The natural
environmental niche of rodents would also seem to lend itself to a non-image forming role
because, while rodents are nocturnal, they are also active around dawn/ dusk. It has been
demonstrated that, although UV intensity is highest at noon, it is relatively highly enriched at
both dawn and twilight, with a much higher ratio of 360:520nm light (Hut et al., 2000). If the
NIF sensitivity in rodents was the primary driver behind the evolutionary pressure leading to
the UV sensitivity in these species, then this might also explain the strong dorsal/ ventral
gradient of UVSS opsin expression in the mouse retina. The lower retina would be better
suited to capture UV light from above for input to circadian brightness detection, while it is a
seemingly poor arrangement for use of UVS opsin primarily in vision on the ground (Gouras

and Ekesten, 2004).

However, it should be noted that, although UV has been shown to influence all of these NIF
functions, differing sensitivities relative to visible wavelengths may indicate differing
mechanisms of input and photoreceptor involvement. For instance, while phase-shifting and
PLR sensitivities to UV have been found to be equal or greater than those to visible

wavelengths (Provencio and Foster, 1995; von Schantz et al., 1997; Yao et al., 2006),
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melatonin suppression required 10 times the light intensity at 360nm as compared to 500nm
in hamsters (Podolin et al., 1987) and body temperature rhythms were similarly less

influenced by ultraviolet wavelengths in rats (McGuire et al., 1973).

While the focus on the basis of UV visual sensitivity has naturally been on the UVS cone,
since cones are well established in the visual pathways, the role of the UVS cone in the NIF
system is less clear. There is debate about the extent of cone contributions to NIF functions.
It may be the B-band, the secondary shorter-wavelength absorption peak that all
photopigments possess, that allows non-cone photopigments to drive circadian sensitivity at
wavelengths far below their major a-band absorption peak (Hut et al., 2000). The case of
Syrian golden hamster would seem to support this view as, despite the lack of a UVS cone
photopigment (Calderone and Jacobs, 1999), this species has been found to display large
phase-shifting responses to bright (2.3 x10" quanta s m™) ultraviolet light (von Schantz et
al., 1997). However, these responses were found to be similar in magnitude to 515nm pulses
of the same intensity. Von Schantz et al. noted that this was hard to explain simply given B-
band involvement as the -band response in the UV should be much lower than the a-band
sensitivity for the same photopigment. An alternative explanation is that the bright light

pulses administered in the study were saturating.

Summary of Aims

In this chapter, we aimed to determine if cones play a major role in phase-shifting responses

to UV light using models of rod and cone loss. We also contrasted retinal responses to UV
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and white light to determine how photoreceptor gradients drive c-fos induction across the
retina, and particularly in pRGCs, to gain further insight into how the photoreceptors

combine under different wavelengths.
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Results

4.3 Phase shift responses in wildtype mice show equal sensitivity at

506nm and 365nm

Wildtype phase shift data from Stuart Thompson (Methods Chapter Figure 2.5) was
analyzed to compare circadian sensitivity at 506nm, close to the peak sensitivity of rods/
MWS cones and melanopsin, to that in the UV at 365nm. Irradiance response curves (IRCs)
were compared using a modified F-test as described previously (Peirson et al., 2005) and no
difference (F2,48=0.41, P=0.668) was found between sensitivity profiles at these two

wavelengths indicating high circadian sensitivity in the UV (Figure 4.1).
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Figure 4.1 Comparison of wildtype sensitivity to 365nm and 506nm monochromatic light. Comparison of
IRCs for C3H wildtype phase-shifting responses to 365nm light was not significantly different from responses

at maximal sensitivity (506nm IRC) (F,45=0.41, P=0.668). The IRCs were fit according to method of least
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squares (See Methods Chapter 2) and tested using a modified F-test as described previously (Motulsky and

Christopoulos, 2003).

4.4 Loss of phase-shifting sensitivity to UV light is associated with

complete loss of cones in the rodless/coneless mouse (rd/rd cl)

To investigate which photoreceptor is responsible for this significant ultraviolet sensitivity,
we conducted a series of phase-shifting experiments in rd/rd and rd/rd cl retinal mutants/
transgenic models to generate irradiance response curves to 365nm UV light (See UV LED
spectrum in methods) between 10.6 and 13.6 log photons/ cm?/ s (or 0.02 and 21.7 pW/cm®).
Comparison of the irradiance response curves revealed that »d/rd mice lacking rods and with
only few remaining cones did not differ in sensitivity from wildtype controls, but the rd/rd cl
showed a marked attenuation in response to UV light (Figure 4.2). The IC50s for each
genotype (half-sensitivity based on IRC fitting to individual animals, in all cases R*>0.89)
confirmed a significant decrease of sensitivity in the rd/rd cl compared to wildtype (~1.5 log
units, 2-tailed Student’s t-test p = 1.8x107) (Figure 4.3). It was also noted that, while there
was no significant differences between IC50 sensitivity of the rd/rd and wildtype, both of the
degenerate models had significantly lower phase-shifting at the lowest irradiance examined

(2-tailed Student’s t-test, p=0.03).
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Figure 4.2 UV Phase-Shifting Irradiance Response Curves in rd/rd, rd/rd cl and wildtype mice Irradiance
response curves (IRCs) for phase-shifting responses + SEM of wild-type C3H, rd/rd, and rd/rd cl mice to UV

light (15 min pulse at CT16, 365 nm UV LEDs).
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Figure 4.3 UV Phase-shifting IC50s for rd/rd and rd/rd cl sensitivity to UV light was assessed by IRC IC50
based on individual IRC fitting using Excel (Microsoft) to fit a four parameter sigmoid curve based upon the
method of least squares (See Methods Chapter 2). Mice lacking rods and retaining a reduced population of
cones (rd/rd) n=5 show no reduction in UV sensitivity compared to wildtype controls n=5. By contrast, mice
lacking all rods and all cones (rd/rd cl) n=5 show a significant attenuation of UV sensitivity, with an IC50 1.57
log units higher than controls (p=1.80E-05). All comparisons used Student’s 2-tailed t-test, *=p<0.05,

*#=p<0.01, ***=p<0.005. Bars represent mean values +/- SEM.
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Given the significant difference in sensitivity between the two mutant/transgenic models,
with rd/rd sensitivity appearing similar to wildtype and rd/rd cl significantly reduced, retinal
samples were taken from our rd/rd retinas at the ~ 80 days of age used in our experiments
(Figure 4.4) and over 200 days of age (Figure 4.5) to confirm the status of cone opsins in
retina considered fully degenerate in this line. The analysis of these samples revealed a
complete absence of rod outer segments. In contrast, in all of the retinas examined from
these highly aged mice, a small number of cones expressing UVS and MWS remain with
some cones retaining outer-segments even in retinas at approximately 230 days old. In the
flat mounted retina, it is clear that the UVS cone loss due to degeneration is much greater in
the central retina. Along with the normal dorsal-ventral gradient of UVS expression across
the mouse retina, this means that by far the greatest number of residual cones are present in
the most ventral part of the rd/rd retina (bottom right corner of Figure 4.4B). By comparison,
rd/rd cl retina of a similar age were not found to have any remaining UVS or MWS

expression (images not shown).
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Figure 4.4 UVS opsin expression in aged rd/rd retina Whole mounted retina from rodless rd/rd mice
between 75-95 days of age were examined for presence of UVS opsin. Flat mounted retina showed high level
of UVS (green) loss in the central retina but significant numbers of UVS expressing cones present in peripheral
retina (shown with DAPI in (A), and with increased brightness in (B)). Closer examination showed UVS
expression in cone outer-segments (indicated by arrows) both in peripheral, (C), and central, (D), retinal areas.

Scale bars are 500pum in A and B.
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Figure 4.5 UVS opsin expression in outer segments of highly aged rd/rd retina Sections from ~230day old
rd/rd retina stained for MWS (red) and UVS (green). The images above show both UVS and MWS staining in
cone cells bodies in the outer nuclear layer (ONL) and in outer segments (POS), although in the apparent

complete absence of supporting rod outer-segments these were lying horizontal on external limiting membrane

as indicated by the yellow arrows above.

To highlight the difference in sensitivity between wildtype and rd/rd c/ mice, wildtype IRC
data from Stuart Thompson and previously published rd/rd cl data from our group (Hattar et
al., 2003), were plotted along with our data at 365nm against absorption templates for the
photoreceptors remaining in the respective transgenic retinas. Thus wildtype (Figure 4.6A,
full IRCs in methods Figure 2.5) and rd/rd cl mice (Figure 4.6B, IRCs from 4.2 and (Hattar
et al., 2003)) are compared across 8§ wavelengths. It is clear that, in the UV range where the
rd/rd cl has substantially lower sensitivity, melanopsin is unable to compensate for the

absence of outer retina photoreceptor input as it does for longer wavelengths.
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Figure 4.6 Action spectrum for circadian phase-shifting in wildtype and rd/rd cl mice. (A) Full irradiance
response curves were constructed by Stuart Thompson for eight monochromatic wavelengths (365, 420, 460,
471, 506, 540, 560 and 580nm; see Methods 2.5) in wildtype C3H mice. Action spectrum data are plotted here
against the known photopigments of the mouse retina (UVS cone Ap,=360nm, Opnd Ap,,x=480, Rod Apyax
=498nm, LWS cone An.x =508nm) with standard absorption templates based on the Govardovskii model
(Govardovskii et al., 2000). (B) Action spectrum for circadian phase-shifting in »d/rd cl mice. The irradiance
response curve from Figure 4.2 was used to determine the sensitivity at 365nm. For comparison, we have used
our previously published data for 420, 460, 471, 506, 540, 560 and 580nm by Hattar et al., 2003 (Hattar et al.,
2003). Action spectrum data are plotted against the known absorption spectrum for the Opn4 photopigment

(AMnax=480), the only photopigment remaining in the rd/rd cl retina.

While rd/rd cl mice displayed a significant reduction in UV sensitivity, they displayed
phase-shifting responses similar to wildtype at the brightest UV irradiances. This was
expected to arise from absorption of the short wavelength limb of melanopsin as that is the
only photopigment remaining in the rd/rd cl retina. If both a and 3 absorption peaks

contributed to melanopsin’s absorption of UV, we would predict a residual sensitivity
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relative to the wildtype of 25%, as compared to 4% if only the a-band contributes to
absorption (See Table 4.1 for photoreceptor absorptions at 365nm). The measured response

of 3% is plotted against the a and 3 absorption peaks for melanopsin (Figure 4.7).
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Figure 4.7 Residual absorption in rd/rd cl shows no evidence of f-band involvement in phase-shifting The
full absorbance spectrum of any opsin/vitamin A visual pigment consists of an alpha-band in the visual range
(e.g. the alpha band Amax for melanopsin is at 480nm) and a smaller amplitude and significantly shorter
wavelength absorbance beta-band (e.g. the beta band Amax for melanopsin is at 345nm). Normally only the
alpha-band is shown. Both the alpha- and beta-bands are shown here. Absorption by the beta-band has been
proposed as one mechanism whereby a photopigment with an alpha-band in the visual range might still show
relatively high sensitivity to UV light (Hut et al., 2000; von Schantz et al., 1997). However, the strong match
between the alpha-band absorbance for melanopsin at 365nm and UV sensitivity of rd/rd cl at 365nm (3% of

wildtype sensitivity) provides no evidence for beta-band involvement.
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Table 4.1 Absorptions of mouse photopigments at 365nm Based off the standard Govardovskii model for
photopigment absorption (Govardovskii et al., 2000), the residual sensitivity of the mouse photopigments at
365nm is shown relative to maximal absorption at their respective A-max. As shown here, Rhodopsin, MWS
opsin and melanopsin all absorb at low levels at 365nm (the wavelength of UV light produced by UV LEDs
used in this thesis, see Methods Chapter 2) and so, given a sufficiently bright UV stimulus, would potentially

be able to contribute to UV sensitivity.

Photopigment A-max Relative absorption at 365nm
MWS opsin 508nm 1%
UVS opsin 360nm 98%
Melanopsin 480nm 4%
Rhodopsin 498nm 2%

4.5 UV light but not white light pulses produces a dorsal-ventral retinal

c-fos gradient in wildtype retina

Although phase-shifting responses suggested cones as being primarily responsible for the
UV circadian sensitivity in mice, it did not separate the cone classes. To further investigate
the photoreceptor classes, we used the inherent opsin gradients in the mouse retina. Double
labeling with melanopsin and UVS opsin antibodies demonstrated the opposing gradients of
these two photopigments in the mouse retina (Figure 4.8). Melanopsin is most highly
expressed in the upper (dorsal) retina, where the highest density of M1 and M2 pRGCs are
found (Hughes et al., 2013), while the greatest expression of UVS is in the lower (ventral)

retina, resulting in significantly varying ratios of melanopsin:UVS across the retina. Due to
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antibody species limitations, separate staining was necessary to highlight the UVS: MWS
retinal distribution (Figure 4.9A and B). This also highlights how large the dorsal ventral
UVS gradient is, with a severe drop of UVS expression in the mid-dorsal retina (Figure
4.9A). The MWS gradient is less significant but, like that of melanopsin, opposes the UVS

gradient with maximal expression in the dorsal retina (Figure 4.9B).

Melanopsin uvs Merge

Upper

Central

Lower

Figure 4.8 Melanopsin and UVS gradients in the wildtype mouse Whole-mount retinal images showing
expression of melanopsin (red) and UVS (green) in the upper, central and lower retina of wildtype C3H mice

illustrating opposing gradients: dorsal-ventral for UVS and ventral-dorsal for melanopsin. Scale bar=100um.
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Figure 4.9 Opposing gradients of cone opsins in the wildtype mouse (A) Whole mount retinal images
courtesy of Dr Steven Hughes to show gradient of UVS across the retina from ventral (bottom) to dorsal (top)
with dramatic cut-off in the mid-dorsal retina (B) Double labeled images of MWS (red) and UV'S (green) opsin
antibodies in the upper, central and lower retina. The majority of cones in the mouse retina are m-cones and
express both UVS and MWS cone opsins (95% of all cones) with dorsal m-cones expressing mainly MWS and
ventral m-cones mainly UVS. This range of co-expression can be seen in change from red through orange to
green seen in merged panels above. Only a minority of cones express the UVS opsin alone and are identifiable
as the green cones in the merged images of the central and upper retina as they lack any red MWS labeling.

Scale bars= 100um is all images but magnified column where scale bars=25um.
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To utilize these gradients to gain information regarding retinal UV responses, retinas of mice
exposed to pulses of UV (monochromatic 365nm) or white light (containing no significant
irradiance below ~425nm, see Methods for spectral data) were stained for c-fos to determine
the difference in the pattern of c-fos under these different wavelengths. After pulses of UV
light, the pattern of c-fos positive cells displayed a dorsal-ventral gradient like that of UVS
opsin (Figure 4.10B) while a largely even gradient was observed following white light
pulses (Figure 4.10C). No specific c-fos staining was observed in the retina of a mouse
exposed to a sham light pulse (Figure 4.10A). To determine if this gradient represented a
significant difference in activation of the melanopsin-containing pRGCs, the wildtype retina
flat-mounts were co-labeled for melanopsin and c-fos by Dr. Steven Hughes and the
percentage of c-fos positive, melanopsin positive cells in the dorsal and ventral retina were
determined (Figure 4.10D). Light pulses and tissue collection was performed by Thomas
Watson, co-labeling procedure with melanopsin and c-fos antibodies by Dr. Steven Hughes
and both parties were involved in the imaging and retinal counts. Retina that had been pulsed
with white light displayed a ventral-dorsal expression gradient trend (dorsal 87.9% +/- 1.9%
SEM, ventral 77.0 +/- 3.9% SEM, 2-tailed Student’s t-test p=0.07) while a significant dorsal-
ventral gradient was found for UV pulsed retina (dorsal 54.3% +/- 4.0% SEM, ventral 72.7
+/- 3.7% SEM, 2-tailed Student’s t-test p=0.01). These results are consistent with
melanopsin/MWS driven input to these pRGC under bright white light and UVS input under

UV light based on the opposing gradients seen in Figure 4.9.
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Figure 4.10 Retinal c-fos induction following UV and white light pulses in wildtype mice. (A) No
significant c-fos expression was seen in the retinal sections of C3H wildtype mice following a sham light pulse
involving movement of the mice but no light exposure while 100lux white light was found to induce c-fos
expression mainly in the Ganglion cell layer (GCL) and to a lesser extent in the Inner-nucleur layer (INL) (B)
Following a 30 minute UV light pulse at Z16 of 12.6 log photons/ cm?/ s (2.2 pW/cm?), immunostaining of
retinal whole mounts co-labeled for c-fos (red) and UVS (green) revealed c-fos expression in the wildtype
retina followed a dorsal-ventral expression gradient mirroring the UVS gradient. A severe reduction in c-fos
and UVS expression was observed the mid dorsal retina with limited expression present in the upper dorsal
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retina. (C) Following a bright 500lux white light pulse (approximately 14.7 log photons/ cm*/ s, 155.4
uW/cm?), high levels of c-fos expression were found across the retina and did not show an obvious gradient in
response. (D) Whole-mounted wildtype retina (n=3) that had been pulsed with white or UV light as in (B) and
(C) were co-labeled with c-fos and melanopsin antibodies by Steven Hughes using extra steps outlined in
methods for these antibodies both raised in rabbit and manual counts on 8-10 retinal regional sections (25mm?)
were performed in retina for melanopsin positive, c-fos positive cells. Gradients in the percentage of c-fos (+),
melanopsin (+) pPRGCs were observed in different directions to white (dorsal 87.9% +/- 1.9% SEM, ventral
77.0 +/- 3.9% SEM, 2-tailed Student’s t-test p=0.07) and UV (dorsal 54.3% +/- 4.0% SEM, ventral 72.7 +/-
3.7% SEM, 2-tailed Student’s t-test p=0.01) but was only significant for the dorsal-ventral gradient under UV
light. Retinal orientation was performed using UVS gradient. *=p<0.05, **=p<0.01, ***=p<0.005. Bars

represent mean values +/- SEM. Scale bars=25pum whole-mount images, scale bars=100pm in sections.

4.6 M1 and M2 gradients to UV light are lost in the rd/rd cl

To examine the spectral tuning of specific pRGC subtypes, we pulsed retina of rd/rd c/ mice
using the same conditions (30 minute pulse, 500lux white light pulse, ~14.7 log photons/
cm?/ s, 155.4 uW/em?® ; UV light (12.6 log photons/ cm*/ s, 2.2 pW/cm?) and co-labeled with
melanopsin and c-fos antibodies (Figure 4.11A). These retinas were imaged and, along with
the wildtype retina from 4.10D, the number of c-fos positive and negative M1 and M2 cells
(melanopsin positive) was determined with pPRGC subtype identified based on levels of
melanopsin expression and the location of their dendrites in the OFF (M1) or ON layers
(M2) of the IPL. The percentage of c-fos positive M1 and M2 cells in the dorsal and ventral
retina were compared for each light condition (Figure 4.11B). As before, light pulses and
tissue collection was performed by Thomas Watson, co-labeling procedure with melanopsin

and c-fos antibodies and idenfication of M1 verus M2 cells by Dr. Steven Hughes with both
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parties were involved in the retina imaging and data analysis.

Near-saturating M1 responses were found for both wildtype (dorsal retina, 96.7% + 1.4%
SEM and ventral retina, 92.8% = 3.7% SEM, 2-tailed Student’s t-test, p = 0.31) and rd/rd cl
(dorsal, 81.5% + 1.0% SEM and ventral, 86.8% + 1.7% SEM, 2-tailed Student’s t-test, p =
0.54) under white light but no significant dorsal-ventral gradients were found. In contrast,
UV light induced a significant dorsal-ventral gradient in c-fos positive M1 cells in the
wildtype (dorsal, 56.0% + SEM 5.4% and ventral, 71.9% + 6.8% SEM, 2-tailed Student’s t-
test, p = 0.03) while again no gradient was found in the rd/rd cl. Interestingly, a significantly
higher percentage of M1 c-fos induction was found in the dorsal retina of rd/rd cl mice
compared to wildtype mice under UV light (WT versus rd/rd cl 2-tailed Student’s t-test,

Dorsal retina comparison p = 0.03, Ventral retina p = 0.21).

For M2 pRGCs, significant retinal gradients were found for both white and UV light
conditions but while white light induced a ventral-dorsal gradient (Dorsal retina, 84.4% +
1.7% SEM and Ventral, 56.9% =+ 6.5% SEM, 2-tailed Student’s t-test, p = 0.0032), UV light
induced a dorsal-ventral gradient as was observed in M1 cells (Dorsal, 50.8% =+ 8.4% SEM
and ventral, 75.0% + 9.3% SEM, 2-tailed Student’s t-test, p = 0.038). Again neither white

nor UV light resulted in gradients in c-fos positive M2 cells in the rd/rd cl.

These responses are consistent with UV'S opsin driving responses in both M1 and M2 cells
under UV light along with MWS expression in m-cones driving M2 responses under white
light. The greater percentage of c-fos positive M1 cells in the rd/rd cl dorsal retina compared

to the wildtype may indicate a level of inhibition.
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Figure 4.11 Percentage of c-fos positive M1 and M2 pRGC:s in the wildtype and rd/rd cl retina following

UV and white light exposure (A) Whole-retina flatmounts from wildtype and rd/rd c/ mice pulsed with 30

minutes of white (500lux white light pulse, ~14.7 log photons/ cm?/ s, 155.4 pW/cm?) or UV light (12.6 log

photons/ cm?/ s, 2.2 pW/cm?) at Z16 and collected 30 minutes after the pulse were co-labeled with melanopsin

(green), c-fos (red) antibodies as detailed in Methods Chapter 2. The orientation of the retina was typically

determined by staining of UVS cone opsin (wildtype), or through melanopsin gradient and/or marking the

orientation of retina during dissection (rd/rd cl). (B) The number of c-fos positive M1 and M2 pRGCs was

determined by manual counting of images from non-overlapping regions, typically n=8-12 0.25mm’ regions,

from n=3-4 retina per group with pRGC subtype based on levels of melanopsin expression and the location of

their dendrites in the OFF (M1) or ON layers (M2) of the IPL. Significant dorsal- ventral gradients in the
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percentage of c-fos positive pRGC subtypes were observed for both M1 and M2 cells in the wildtype under UV
light (M1: dorsal, 56.0% + SEM 5.4% and ventral, 71.9% + 6.8% SEM, n = 3 retina, 2-tailed Student’s t-test,

p =0.03; M2 Dorsal, 50.8% =+ 8.4% SEM and ventral, 75.0% + 9.3% SEM, n = 3 retina, 2-tailed Student’s t-
test, p = 0.038). White light also induced a significant ventral-dorsal gradients in M2 cells in the wildtype
(Dorsal retina, 84.4% + 1.7% SEM and Ventral, 56.9% =+ 6.5% SEM, n = 3 retina, 2-tailed Student’s t-test, p =
0.0032). Neither white nor UV light resulted in gradients in c-fos positive M1 or M2 in the rd/rd cl but it was
observed that UV light resulted in a significantly higher percentage of M1 c-fos induction in the dorsal retina of
rd/rd cl mice compared to wildtype (WT versus rd/rd cl 2-tailed Student’s t-test, Dorsal retina comparison p =
0.03, Ventral retina p = 0.21). Note: pRGC subtype quantification and co-labeling procedure of c-fos and
melanopsin antibodies, both raised in rabbit was done by Dr. Steven Hughes who separately assessed response
in Opn4 "~ and an Opn4.Cre line containing an EYFP reporter to examine M4 and M5 responses as these
subtypes do not show appreciable staining with the melanopsin antibody. This data is published along with the
Opn4 ™", EYFP data in (Hughes et al., 2013). *=p<0.05, **=p<0.01, ***=p<0.005. Bars represent mean values

+/- SEM. Scale bars in all images=20um.

4.7 Phase-shifting responses to UV light in cone-deficient cl mouse

lacking MWS cones do not significantly differ from wildtype

The pattern of c-fos activation following UV light pulses indicated UVS cones as being
primarily responsible for UV responses. To test the importance of cones to UV sensitivity in
a further animal model, a ‘coneless’ mouse containing only the ¢/ transgene was bred from
our rd/rd cl mice to compare these responses to those of the rd/rd and rd/rd cl. The retinas of
these mice were found to have normal rod outer segments and very reduced numbers of
cones. Indeed, MWS cones were almost completely absent with only a few observed across

the entire retina (Figure 4.12). UVS cone numbers were severely reduced across the retina
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with almost no UVS cones in the upper dorsal retina and highly reduced expression across
the central and lower retina (Figure 4.12). Retinal sections revealed that the remaining UV'S
expression was in the outer segments of cones and the general histology of the ¢/ retina
remained intact (Figure 4.13). While this model retained a small number of UVS cones, the
lack of MWS cones allowed an opportunity to examine any involvement from MWS
photopigments in the observed UV circadian sensitivity. The phase-shifting of the ¢/ model
was examined under a series of UV light pulses to generate an irradiance response curve
(IRC) as was done for the rd/rd and rd/rd cl. The IRC was fitted in the same manner as the
other models (Figure 4.14) and IC50s compared (Figure 4.15). The average IC50 for the ¢/
was slightly higher at 11.99 log photons/ cm®/ s versus 11.24 for the wildtype and 11.34 for
the rd/rd but all three models were much lower than the rd/rd ¢l at 13.32 log photons/ cm”/ s.
Based on the IC50 data, the UV sensitivity of the ¢/ was found to not differ significantly
from wildtype (2-tailed Student’s t-test, p=0.158) or rd/rd (2-tailed Student’s t-test, p=0.171)
but was significantly more sensitive than the rd/rd cl (2-tailed Student’s t-test, p=0.0334). At
the lowest irradiance, the ¢/ matched wildtype values and was higher than both rd/rd and
rd/rd cl. Together, these results support the UVS opsin as being responsible for the

significant UV phase-shifting sensitivity in the mouse.
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UvsS MWS Merge

Upper

Figure 4.12 Cone survival in the ¢/ mouse Double labeling of whole-mounted ¢/ retina (~80 days old) with
UVS (green) and MWS (red) antibodies found highly reduced levels of UVS across the normal expression
gradient but with a significant number of cones remaining in the ventral retina. MWS expression was almost

completely absent with very few cones showing co-expression (orange) of MWS and UVS. Scale bars=20um.
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DAPI + UVS + MWS uvs MWS

Dorsal retina

Figure 4.13 Retinal sections of ¢/ Immunostained sections from the dorsal and ventral retina of ~80 days old
cl mice double labeled with UVS (green) and MWS (red) antibodies found UVS expression in outer-segments
of cones in both the upper and lower retina. No cones were observed in these sections with MWS expression.

Blue nuclear staining is DAPI, scale bars=20um.
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Figure 4.14 Phase-shifting IRC of ¢/ mice Irradiance response curve of coneless (c/) mice (n=5) to 365nm

UV light (15 min light pulses, 365nm UV LEDs) plotted along with rd/rd and rd/rd cl data from Figure 4.2.
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Figure 4.15 Phase-shifting IC50 comparison in ¢/, rd/rd, rd/rd cl and wildtype. Sensitivity to UV light was
assessed by IRC IC50 fit as previously described to individual animal IRCs (see Methods Chapter 2) and
compared between wildtype, rd/rd, rd/rd cl and cl. No significant difference in IC50 was found between
wildtype (p=0.158) or rd/rd (p=0.171) and the c/ but the coneless IC50 was significantly lower than the rd/rd cl
(p=0.0334), indicating significantly greater UV sensitivity. All comparisons using 2-tailed Student’s t-test,

*=p<0.05, **=p<0.01, ***=p<0.005. Bars represent mean values +/- SEM.

4.8 Triple knockout mice do not display any phase-shifting responses to

UV light

As confirmation that the observed phase-shifting to UV light was due to the known
photoreceptor classes and not an aspect of the pulsing methodology, we obtained triple
knockout mice (TKO) containing Gnat! ", Cnga3 *~and Opn4 " knockout mutations known
to affect functions of rod (Miyamoto et al., 2010), cone (Xu et al., 2012) and melanopsin

photopigments respectively. Given the bright UV pulses (13.6 log photons/ cm?/ s) the TKO
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mice did not display a significant phase shift response (average 1.80 min +/- 2.01) (Figure
4.16). It should be noted that light aversion responses have been found in these triple
knockouts previously (Semo et al., 2010) perhaps due to partial compensation for the loss of

Gnatl but these responses are not strong and did not result in a phase-shifting response in

this experiment despite the bright stimuli.
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Figure 4.16 Lack of phase-shifting in the Triple-Knockout Bright UV light pulses of 15 minutes, 13.6 log
photons/ cm?/ s failed to produce any significant phase-shifting in (n=5) triple-knockout (Gnat! ", Cnga3 " and
Opn4 ") mice. Two representative actograms are shown from triple knockout mice where light pulses given at

CT16 on the days indicated by arrows produced no observable phase delays (average based on onsets before

and after pulse, 1.80 min +/-2.01 SEM).
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Discussion

4.8 Mice display phase-shifting responses to ultraviolet light which are

comparable to visible light

It is clear that, in many rodent species, UV light influences a number of NIF functions
including circadian entrainment, temperature, PLR and melatonin to differing degrees of
sensitivity (Amir and Robinson, 1995; Benshoff et al., 1987; Brainard et al., 1994; Dollet et
al., 2010; Hut et al., 2000; McGuire et al., 1973; Podolin et al., 1987; Provencio and Foster,
1995; von Schantz et al., 1997; Sharma et al., 1998; Yao et al., 2006). Work in our group in
collaboration with colleagues from the University of Leiden has sought to more closely
examine the effect of UV light on phase-shifting in mice. The key objective was to see if the
behavioral outputs have the same characteristics as visible light responses. In particular,
members of our group generated a full phase response curve to UV light pulses (12.9 log
photons/ cm?/ s, 45min) that displayed greatest phase delays early in the subjective night
(~CT13.5-16.5), smaller phase advances late in the subjective night (~CT 19.5-22.5) and no
responses during the subjective day (CT0-12) (van Oosterhout et al., 2012). These response
patterns matched those found for wildtype mouse responses to white light (Pittendrigh and
Daan, 1976; vanderLeest et al., 2009). Similarly, the magnitude of phase shifts in response to
changing UV light pulse duration also followed the pattern found for white light (Nelson and
Takahashi, 1999; Pittendrigh and Daan, 1976). Finally, previous studies have found phase

shifts to visible and UV wavelengths to be of a similar magnitude but in each case this was
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only investigated at a single irradiance (Dollet et al., 2010; Provencio and Foster, 1995). To
more closely examine the relative sensitivities, we compared full irradiance response curves
of C57 wildtype mice to pulses of 365nm and 506nm light. Surprisingly, there was no
significant difference between the irradiance response curves to UV and visible light close to
the peak absorptions of rods, melanopsin and MWS cones, as it might be expected that the
circadian system would be tuned to wavelengths most important for clock adjustment. These
wavelengths have been thought to be those in the visible spectrum to input to rods and
melanopsin as discussed in Chapter 3. Our results confirm that UV input to clock phase-
shifting responses is comparable to that of the visual range and suggests there must be a

significant biological role for UV input.

4.9 Phase-shifting sensitivity to ultraviolet light is cone dependent

That UV input to circadian responses in the mouse is so strong, despite the limited
sensitivity of rods and melanopsin in the UV, suggests that another photoreceptor may be
responsible for primary input to the SCN at these wavelengths. Our data showed that mice
lacking all rods do not differ in UV IC50 sensitivity from wildtype animals. This suggests
that rods do not play a major role in responses to these wavelengths. With the further loss of
cones in the rd/rd cl, the resulting ~37 fold drop in sensitivity indicates that cones are
responsible. The residual sensitivity in the rd/rd c/ was found to precisely match that which
would be expected given a-band absorption of melanopsin at 365nm. So while melanopsin is
able to provide some sensitivity to UV, this is very limited due to the wavelengths being so

far removed from the maximal absorption peak. The B-band does not seem to be able to
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drive behavioral responses which resolves this question posed by previous studies (Hut et al.,
2000; Jacobs et al., 2001; von Schantz et al., 1997). The lack of any significant phase-
shifting response to bright UV in TKO animals demonstrates the observed effects are
entirely due to known photoreceptors’ input to the clock, rather than handling effects or

extra-retinal photosensitivity.

That the rd/rd sensitivity did not differ from wildtype is even more surprising given that the
rd/rd mutation results in gradual cone degeneration (Carter-Dawson et al., 1978) leaving
only a small population in the fully degenerate retina of the adult mice used in our study
(Foster et al., 1991). Yet this small number of cones is apparently sufficient to drive a full
response. Phase-shifting responses to UV light equal to those of wildtype have previously
been seen in the rd/rd (Provencio and Foster, 1995) and our results in the coneless (c/) model
support this result, as the small population of UVS cones remaining in these mice was also
able to drive a UV response that was not significantly different from wildtype. The number
of cone perikarya remaining in the peripheral retina of the 4 month old rd/rd (where the
ventral retina will contain predominantly UVS opsin) is 14% (Carter-Dawson et al., 1978)
while the ¢/ retina contains less than 5% of the normal number of UVS cones (Freedman et
al., 1999). Our own immunohistochemical examination generally supported these previous
observations as both models retained UVS staining (in some cases it appeared 80 day old
rd/rd had more expression than the c/, perhaps explaining what the ¢/ had slightly lower
sensitivity). We also found that our rd/rd mice retained UVS cones even when highly aged
(~230 days). Some of these UVS cones appeared to retain outer-segments which differed

from original observations of this model (Carter-Dawson et al., 1978). The pattern of cone
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degeneration in the flat mounted rd/rd retinae we examined was strikingly high in the central
retina with much greater numbers of cones, and particularly cones retaining outer-segments,
remaining in the peripheral retina. If only sections of the central retina were sampled in a
particular study then there would be the appearance of a much higher level of cone loss than
has actually occurred, which may have contributed to an assumption by some authors that
the rd/rd is a close match for the rd/rd cl. The cones observed in our study were abnormal in
appearance and lying horizontal in the absence of the rod outer segments to provide structure
but our results strongly suggest that these cones are still able to provide functional circadian
input at 80 days of age. Even though small numbers of cones remain in both models, pPRGCs
projecting to the SCN are known to form a dendritic net across the retina, each contacting
many bipolar and amacrine cells, and thus each cell receives input from many rods and cones
(Belenky et al., 2003; Sekaran et al., 2003; Tu et al., 2005). This net may be key to
explaining our results as it would allow pRGCs to gather the responses from remaining UVS
cones in these models and apparently generate a sufficiently strong signal for a normal
response over these UV light intensities. Interestingly, we also observed over the course of
our experiments that there is variation in the speed of cone degeneration in the rd/rd so that
some animals at 80 days of age appear to have greater numbers of cones remaining than
others. As this has not been noted in other rd/rd studies it could be unique to our line but, if
it is a general feature of rd/rd that has not been recorded previously, it may provide an

explanation for the variation in the observed cone responses of different rd/rd mice.

Despite the focus on cones, our results have also highlighted a role of rod input at low light

intensities. This has previously been shown for visual wavelengths (Altimus et al., 2010;
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Lall et al., 2010) but the significant difference between the wildtype and cl, both of which
have rods, as compared to the rd/rd and rd/rd cl, lacking rods, at the lowest UV irradiance
indicates that this rod role at low irradiances appears to be maintained at UV wavelengths.
Rods do have a minimal residual sensitivity at 365nm, which can be estimated at around 2%
of maximal using the standard photopigment absorption template. An alternative explanation
might be that the cone response at these intensities requires interaction with the rod pathway.
Rods have been found to require the gap-junction connections to cones that drive
entrainment at higher white light levels (Altimus et al., 2010) and, in a recent study using
mice, dim flash sensitivity in patch recordings of cones was found with a shift towards what
was called a ‘rod-like phenotype’ highly variable among the cone population. This appeared
to depend on gap junction connections to rods (Asteriti et al., 2014). Gap junctions at the
synaptic pedicles of cones contact adjacent photoreceptors and allow signal transmission
between the photoreceptor classes (O’Brien et al., 2012). This coupling is known to allow
rod signals to enter the cone pathway (Soucy et al., 1998) but this new evidence suggests
that this connection may also allow rod influence to modulate cone signals. The degree of
coupling may be both circadian and light-dependent regulated by phosphorylation of gap
junction protein connexin36 by kinases such as calmodulin-dependent protein kinase 11
(Asteriti et al., 2014). How this connection might work to increase the sensitivity range of
cones is not clear but could explain our results if the sensitivity range of cones is increased in
the presence of rods. Further experiments are needed to determine if this low intensity
response is dependent on cones as none of our models eliminated the cone response while

retaining the rod.
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4.10 Retinal responses to ultraviolet light follow the UVS expression

gradient

Behavioral experiments seeking to untangle the various photoreceptor contributions to NIF
responses are significantly complicated by the overlapping absorbance of the rod, cone and
melanopsin photopigments. While UV responses are better suited in this regard being further
away from the absorbance maxima of most of the mouse photopigments, there is still
residual sensitivity of these opsins in the UV and photoreceptor degeneration and knockout
models are not conclusive proof of what the relative photoreceptor contributions are under
natural conditions in the wildtype system. Thus, to examine responses to UV light using a
different approach, we examined retinal expression of the immediate-early gene c-fos. In the
SCN, c-fos is strongly linked to light induced phase-shifting responses as the expression of
c-fos mRNA and the protein FOS follows the phase response curve, only occurring when
light input phase shifts the clock (Colwell and Foster, 1992; Kornhauser et al., 1990; Morin
and Allen, 2006; Rea, 1992; Rusak et al., 1990). Inhibition of c-fos expression also inhibits
light responses (Abe et al., 1991; Colwell et al., 1991; Vindlacheruvu et al., 1992; Wollnik et
al., 1995). Key to our experiments, retinal c-fos expression following light exposure occurs
in both the GCL and INL (Chambille et al., 1993; Dkhissi-Benyahya et al., 2000; Earnest et
al., 1990; Huerta et al., 1997, 1999; Koistinaho and Sagar, 1995; Lupi et al., 1999; Sagar and
Sharp, 1990) and further studies have shown expression in RGCs is the result of

photoreceptor activation (Hannibal et al., 2001; Pickard et al., 2009; Semo et al., 2003).
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Thus c-fos is a well-established marker for light activation of RGCs and, given the differing
photopigment expression gradients in the mouse retina, this can be used to gain information
concerning which photoreceptors are driving light responses to particular irradiances or
wavelengths of light. Rod distribution across the retina is relatively even when, as our
staining demonstrates, UVS and MWS opsins have opposing expression gradients
(Haverkamp et al., 2005; Hughes et al., 2013; Sz¢l et al., 1993). We found that UV light
pulses in wildtype mice induced a dorsal-ventral gradient of c-fos expression while white
light, that contained almost no wavelengths below ~425nm, did not induce an obvious
gradient. That the gradient of c-fos positive cells follows the UVS gradient in response to
UV light, and not the opposing MWS or melanopsin gradients, points to the UVS cone

population as the critical photopigment of UV detection in the mouse retina.

To quantify these differences and see if the observed c-fos positive cell gradient is indicative
of gradients in pRGC response, the retina of wildtype and rd/rd c/ mice were stained for both
melanopsin and c-fos following UV and white light exposure. As melanopsin staining in the
retina allows the quantification of M1 and M2 type pRGCs, with the melanopsin expression
in other subtypes too low for visualization, these subtypes are expected to be included in the
counts of c-fos positive, melanopsin positive cells. We found a significant dorsal-ventral
gradient in c-fos positive pRGCs following UV light that was mirrored by significant dorsal-
ventral gradients in the percentage of c-fos positive cells for both M1 and M2 subtypes.
While white light did not induce a significant gradient in overall c-fos positive cells, there
was a trend of higher dorsal responses and, when the M1 and M2 subtypes were separated

with help of Dr. Steven Hughes, a highly significant ventral dorsal gradient was found for
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M2 pRGCs but not M1s. No significant gradients in c-fos positive M1 or M2 pRGCs were
found in rd/rd cl under UV or white light pulses. Further analysis of this data by Steven
Hughes examined Opn4 " mice and an Opn4.Cre line containing an EYFP reporter to
examine M4 and M5 responses. This work indicated greater spectral tuning of M2-M5
pRGC subtypes by the opposing cone opsin gradients in m-cones. These subtypes may be
more susceptible to cone influence due to their lower endogenous sensitivity with lower
levels of melanopsin expression (Hughes et al., 2013) and, given pRGC subtypes project
differentially to NIF brain regions (Baver et al., 2008), the differences in spectral tuning has
implications for the spectra sensitivity of NIF behaviors. Intriguingly, the separate analysis
of M1 and M2 responses also suggested an inhibitory input from outer retinal photoreceptors
to M1 type pRGCs following UV light exposure as a greater number of M1 cells were found
to be c-fos positive in rd/rd cl dorsal retina than in wildtype retina which is un-expected
given the loss of UVS cone input (Hughes et al., 2013). This is an interesting result
considering the entrainment data presented in Chapter 3 also suggested an inhibitory
influence of cones on melanopsin. Further discussion of the theory of cone inhibition can be

found in the final discussion in Chapter 9.

4.11 Conclusions

The phase-shifting results from the rd/rd and rd/rd cl models support cones as the major
photoreceptors involved in driving UV photic-entrainment responses. The strong responses
of the ¢/ mice, lacking MWS cones, as well as the strong dorsal-ventral gradient of c-fos

pRGC activation by UV light in wildtype mice, support the hypothesis that UV light
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responses in mice are due to UVS cone input. While it may not seem surprising that the
ultraviolet sensitive photopigment would be responsible for UV sensitivity, the short
transient responses of cones have been considered restricted as drivers of specific NIF
functions. These results suggest responses to UV light pulses of a duration at which cones
have been shown to play limited role under visible light (Altimus et al., 2010) are driven by
UVS photopigments rather than rods or melanopsin. This supports a distinct role for UVS
cones in circadian responses. However, final confirmation of UVS cone contributions to NIF

responses requires a more specific model of UVS cone loss.
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Introduction

5.1 Aims

Phase-shifting responses to UV light suggest a key role for UVS cones in entrainment,
supporting the hypothesis that input to the NIF system reflects an important contribution of
UV sensitivity in mice. This may explain the particular emphasis on short-wavelength
sensitivity in this species. However, the presence of a UVS photopigment in rodents was
first discovered in visual experiments (Jacobs et al., 1991). Therefore, to determine the role
of UVS cones in image-forming vision, an optokinetic drum system was developed to assess
the visual acuity in mice. In addition, a modified version of the novel object recognition
(NOR) test was also investigated as a further test of cortex-dependent vision. This chapter
will review the study of the visual pathways of mice and the most common methods used to
assess mouse vision. Our aim was to confirm the function of our OKR drum, to examine the
relative contributions of rods and cones to the optokinetic reflex using retinal photoreceptor
mutants/transgenics, and to develop a test of cortical visual function for further UV visual

testing in an Opn/sw mutant line.

5.2 The mouse visual system as a model for mammalian vision

Despite the importance of mouse models in the study of cellular and physiological elements

of the visual pathway, behavioral studies of vision have generally preferred other animal
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models as the mouse was considered to be a poor correlate to primate (including human)
visual systems (Prusky and Douglas, 2008). However, as the ability to generate mouse
models with specific genetic manipulations becomes more refined it has become clear that, if
the limits of possible comparison are understood, the mouse can play a vital role in
understanding mammalian vision and human visual diseases (Baker, 2013). Thus, significant
recent research has focused on developing effective tests of mouse vision to screen new

mutant models and to determine how the mouse visual system compares to our own.

Brain pathways and visual areas

In the mouse, as in other mammals, vision begins with light information being transmitted
through the retina to the retinal ganglion cells. Almost all of the mouse ganglion cells have
projections along the retinogeniculate path to the dorsal LGN (dLGN) (Hotfbauer and
Driger, 1985), which has been shown to contain significant elements homologous with the
dLGN of primates (Huberman and Niell, 2011). Signals are then passed from the dLGN to
the primary visual cortex (V1) (Figure 5.1 shows primary visual pathway in mice).
Examination of higher visual processing in the visual cortex has suggested that mice again
share many key visual properties with other mammals, just at a size-restricted lower spatial
resolution (Glickfeld et al., 2014; Huberman and Niell, 2011). For instance, mice have been
found to maintain a functional segregation of information passing from the V1 to
downstream target areas (Andermann et al., 2011; Marshel et al., 2011) and the normal
elements of cortical visual processing across the V1 involved in spatial summation,

directional sensitivity, contrast gain control and contrast-invariant tuning (Niell and Stryker,
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2008). There are obvious differences in the complexities of organization and resolution
between the mouse visual system and that of other mammalian models such as primates due
to size differences in brain areas. For example, fewer visual cortex neurons are present per
area of the visual field in the mouse (Sirotin and Das, 2010). That said, the eventual use of
integrated visual information to drive responsive motor outputs is through the same
structures as in the primate including the superior colliculus (SC), motor cortex and

amygdala (Glickfeld et al., 2014).

There are also suggestions that the division of processing between the cortex and other
visual areas might differ between the mouse and mammals like cats and primates. Apart
from the primary visual pathway to the cortex, like those of most mammals mouse RGCs
also project directly to visual areas in the midbrain pretectal area, involved in the reflex
control of the pupil adjustment to light, and the SC, which controls movements of the eyes
and head needed to maintain visual orientation (Hofbauer and Driger, 1985; Provencio et al.,
1998b). While in primates, only about a tenth of RGCs have been found to project to the SC
(Rodieck and Watanabe, 1993), almost all mouse RGCs have projections to the SC
(Hofbauer and Driger, 1985). Again studies have found the basic receptive field
organization of the SC to be similar to other mammals. However, single-unit extracellular
recordings suggested that some of the basic functions of the SC, such as orientation
selectivity, were independent of input from the visual cortex in the mouse indicating that the
SC may be able to process directional information from RGCs themselves (Wang et al.,
2010). This is supported by the previous discovery that mice with visual cortex lesions were

still able to complete some basic directional tasks (Prusky and Douglas, 2004). Whether this
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means that the SC of mice has retained functions found in non-mammalian vertebrates where
the SC/ optic tectum is the main visual processing area or that the role of the SC in other
mammals has been underestimated will be an intriguing area for further study (Lovejoy and

Krauzlis, 2010).

TRENDS in Neurosciences

Figure 5.1 Representation of the major visual pathways in the mouse The majority of mouse RGCs project
both down the retinogeniculate pathway to the LGN (where signals are relayed to the primary visual cortex V1)
and to the SC. Mouse head representation from (Wilks et al., 2013), visual pathway diagram adapted from

(Huberman and Niell, 2011).

Functional abilities of mouse vision limited by structure

In terms of the function of mouse vision, despite having similar photoreceptor densities as
primates like the macaque (Jeon et al., 1998; Packer et al., 1989) and peak RGC densities
similar to carnivores like the cat (Stone, 1978), mouse vision has very poor spatial acuity,

more than 50 times worse than in humans (Prusky and Douglas, 2008). Mice have a rod

Page | 160



Chapter 5 — Optokinetic responses and novel object recognition as tests of visual function

dominated retina with 97% of photoreceptors being rods (Jeon et al., 1998) and also lack the
foveal region of primates which, at only 1% of the retinal area, contains 99% of all cones
and is vital for high contrast and acuity vision (Perry and Cowey, 1985). In fact, the average
cone density of the mouse is similar to that of the human eye only 3 mm away from the
fovea region (Jeon et al., 1998). Other structural differences include the higher number of
RGC classes in mice compared to primates (Field and Chichilnisky, 2007; Volgyi et al.,
2009) and the laterally placed eyes in the mouse which lead to large disparities in the
contralateral and ipsilateral retinofugal pathways and evidently to binocular vision (Dréger

and Olsen, 1980).

However, the lack of acuity does not mean that mouse vision is functionally useless. As
mentioned above, the mouse retina is comparable to the peripheral primate retina in terms of
photoreceptor ratio and density (Huberman and Niell, 2011) and there is behavioral evidence
that mice are indeed able to use cone visual sensitivity at a level similar to that in the human
retinal periphery (Naarendorp et al., 2010). As such, acuity over the short distances in which
most locomotion and interaction decisions would occur may be more than adequate for the
mouse’s requirements (Prusky and Douglas, 2008). From a processing standpoint, there is
evidence that a significant limitation to the mouse visual system’s capacity to incorporate
more information is its photoreceptor compliment. Mice have dichromatic vision but, when a
third cone photopigment was introduced using a relatively simple manipulation, the result
was trichromatic vision, demonstrating that the basic circuits for this more advanced visual
discrimination are present in the mouse and this ability is only hindered by the normal opsin

complement (Jacobs et al., 2007).

Page | 161



Chapter 5 — Optokinetic responses and novel object recognition as tests of visual function

In summary research has shown that the organization and many of the key properties of
vision in primates and other more visually dependent mammals are present in the mouse
visual system. This supports the use of the mouse as an experimental model to provide
relevant insight into human visual processing. Also, the level of sophistication in the mouse
visual system is sufficient to allow vision to be of significant use to the mouse, despite a
general perception of mice as nocturnal creatures that are virtually blind (Prusky and

Douglas, 2008).

5.3 Behavioral visual assessments

Any study of the mouse visual system is dependent upon appropriate assays to measure
visual performance. There are several different ways to assess visual performance in mice
and other animals. One method involves the assessment of the electrical activity of
photoreceptors or visual pathways in the brain. Electroretinography (ERG) assesses field
potential on the surface of the eye, which changes as light excites photoreceptors. As ERG is
non-invasive, it can be widely applied as a diagnostic tool in determining retinal function of
human patients as well as for live experimental animals (Cameron et al., 2008). As described
in Cameron et al’s review, the approach of modifying the light stimuli and testing under dark
and light conditions can be used to isolate rod and cone ERG responses. Electrical potentials
resulting from visual stimulation can also be examined in the brain through visual evoked
potentials (VEP). The VEP is recorded using electrodes placed on the skin over the visual

cortex and is another valuable diagnostic tool used to determine the function of visual
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pathways from the retina (Pinto and Enroth-Cugell, 2000). As both ERGs and VEPs show
circadian variation, they can also be used to examine daily changes in the visual system
(Cameron et al., 2008; Stolz et al., 1987). However, while ERG and VEP are both useful
methods of assessing the basis of visual signals and visual system function, there are limits
to what can be learned about the visual system solely through the use of electrical signals.
Furthermore, these methods often involve the use of anesthetized animals, which may
influence system sensitivity. Because the core function of vision is in functional visual
performance to inform behavioral decisions, behavioral visual assays are able to assess

vision at a different level from the ERG and VEP.

For complete assessment of visual function, assays that involve visual processing and
integration may offer different insights than those examining electrical potentials. However,
these tests are complicated by the challenge of training mice to perform more complex visual
tasks (Whishaw, 1995). Some of the most common trained behavioral tasks include the
adapted forced-choice discrimination task, which has been instrumental in studies of mouse
ultraviolet sensitivity and color vision (Jacobs, 1983; Jacobs et al., 1991, 1999, 2001, 2007)
and the Morris water maze (Morris et al., 1982), a spatial memory and navigation task that
has been adapted for visual acuity (Robinson et al., 2001, 2004). Based on these original
assays, adaptations and novel tests continue to be developed to investigate visual thresholds
and behavior in the mouse. An adapted swimming forced-choice Visual Water Task has
been shown to involve cortical function (Prusky and Douglas, 2004), while a recent novel

method trained mice to halt wheel running for a water reward when given a visual stimulus
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and thus is able to assess visual function and thresholds in naturally behaving mice

(Naarendorp et al., 2010).

As motivation is a major issue in training mice to the visual tasks, the examination of
reflexive visual behaviors is another common way to assess mouse visual function with no
training requirement. Two examples of ocular reflexes that have been utilized in assays are
the pupil reflex, which examines the non-image forming visual system being driven by rods,
cones and pRGCs, and the optokinetic stabilizing reflex, which involves rapid movement of

the eye or head in response to a moving stimulus (Pinto and Enroth-Cugell, 2000).

We aim to assess ultraviolet vision in a mouse model lacking UVS opsin in later chapters
and thus, as potential visual testing methods, we consider the optokinetic reflex and examine
the basis for a modification of an object recognition task to examine cortex-dependent

vision.

The Optokinetic Reflex

The optokinetic reflex/response (OKR) is a stabilization reflex that involves a series of rapid
tracking movements (saccades) and slower movements that follow moving stimuli to keep
an image stabilized on the retina. In mice, this results in head movements to track the
direction and velocity of a stimulus (See Figure 5.2) and the use of an apparatus with varying
grating frequencies can be used to assess the function of the visual system (Cowey and

Franzini, 1979).
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Figure 5.2 The Optokinetic reflexive response in mice A rotating grating stimulus (A) in a mechanical or
virtual (projected) drum will cause a mouse (B) to reflexively follow the speed and direction of rotation using
rapid tracking movements with its head. From (Prusky et al., 2004). In (A), we see the projected stimulus
circle. The cycles per degree of the stimulus is the portion of the light/dark cycle pattern present in each degree
of this circle centered on the animal and is thus a measure of grating frequency that can be maintained between

studies using different drum sizes.

The neural pathway mediating the OKR involves the pretectal nucleus of the optic tract
(NOT) and the terminal nuclei of the accessory optic tract in the midbrain (Simpson, 1984).
Indeed, the horizontal and vertical components of the optokinetic response have been
associated with different nuclei in the accessory optic system in birds (Burns and Wallman,
1981; Montgomery et al., 1982). There is also significant evidence that the superior
colliculus, which is a target of projections from the NOT, plays a central role in supporting
optokinetic tracking while the OKR has not been found to depend on input from the visual

cortex (Biral et al., 1982; Douglas et al., 2005; Hobbelen and Collewijn, 1971). Visual acuity
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thresholds as determined from cortex dependent tasks (eg Visual Water Task) have also
been found to be slightly higher than those based on optomotor responses (Prusky and
Douglas, 2004). However, while the reflex itself may be subcortical, it seems the cortex is
able to influence and modulate the OKR as monocular deprivation by eye covering was
found to result in an enhanced OKR visual acuity threshold (Prusky et al., 2006). Exposure
to optomotor testing during early postnatal development has also been found to improve
thresholds, demonstrating cortex-dependent regulated plasticity of this visual response

(Prusky et al., 2008).

The standard OKR apparatus is a rotating drum placed around an animal where the tracking
responses are recorded as the stripe frequency of gratings is modified. The spatial frequency
grating of the stimulus is commonly expressed as cycles per degree (cpd) as this describes
the portion of the alternating stripe pattern (cycle) that is present in each degree of the circle
centered on the test subject (see Figure 5.2) and thus can be adjusted to a given drum size to
keep measures of visual acuity meaningful between different test apparatus. There are
several variations of the OKR assay, firstly in what part of the animal is assessed as different
studies of mouse OKR have used the tracking movements of the eye (Faulstich et al., 2006),
head (Abdeljalil et al., 2005) and whole body (Schmucker et al., 2005). Determination of the
tracking movements may be automated or manual and a virtual system has been developed
that allows improved control of variables such as animal movement in relation to the stripe
gratings, as well as allowing more precise control of the grating cpd and variation of contrast

(Prusky et al., 2004).
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As a method of genetic research, it is now possible to generate mice with unknown
mutations using techniques such as N-ethyl-N-nitrosourea (ENU) mutagenesis then select
those with specific phenotypes of interest before determining the gene responsible
(Acevedo-Arozena et al., 2008). Such methods have the potential to give new insights into
the mechanisms of known pathways and into the basis of human diseases but require
effective and fast screening methods to identify the desired phenotypes. With the ability to
rapidly determine visual threshold, the OKR system has been identified as a method well
suited to screen for visual mutations (Abdeljalil et al., 2005; Prusky et al., 2004). Indeed,
OKR is able to assess each eye independently simply by changing the rotation direction as
clockwise rotation, from left to right, relies on left eye response while counter clockwise
rotation tests the right eye (Douglas et al., 2005). Such screening may not be able to assess
the cortical aspects of vision but it is a reliable method of determining photoreceptor
degeneration as animals with outer retinal degeneration are unable to head track in response

to any grating frequency (Thaung et al., 2002).

With the increased application of this assay, there has been interest in which photoreceptors
contribute to the OKR. Studies on mice lacking rod and/ or cone function have found
somewhat contradictory results. One study used mice lacking rods (Rho”™ and Cngbl™”
models), cone (Cnga3™) or both found that the loss of rods resulted in mice only displaying
tracking responses to large gratings (up to 0.1 cpd) under the brightest illuminance levels
(30cd/m2 or about 400lux), and loss of rods and cones resulted in total absence of tracking
responses (Schmucker et al., 2005). However, they also observed mice lacking cone

response due to the cyclic nucleotide-gated (CNG) cation channel knockout displayed
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responses similar to the wildtype. These results suggested that the OKR is primarily driven
by rods and that the rod response is not saturated even under illuminance entering the
phototopic range. However, another study using different rod (Gnat/ ™) and cone
(Gnat2®™) mutant models found loss of cones resulted in photopic tracking deficits while
the mice lacking rods could not track at scotopic intensities (Umino et al., 2008). Whether
these inconsistencies represent differences in methodology or in these specific mutants is not

clear.

Novel Object Recognition Test of visual stimuli

Novel object recognition tasks are a well-established behavioral method of assessing aspects
of memory performance in rodents (Bevins and Besheer, 2006; Ennaceur and Delacour,
1988). These tests rely on a natural tendency to explore novel stimuli as an animal is allowed
to freely explore two identical objects for a given period then, after a delay during which one
object is replaced with a different one, the animal is again allowed to freely interact with
both the familiar and the novel object for a set interval. If the recognition memory
performance has been successful, the animal will spend a greater proportion of its time
exploring the novel object, demonstrating recognition of the familiar object (Ennaceur,
2010). This is considered a particularly useful assay of cognitive recognition memory
performance as the exploratory behavior is a natural spontaneous one and requires only a

small amount of time for habituation and training (Silvers et al., 2007).
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Performance in the NOR task has been found to be impaired by lesions of both the
hippocampus and cortex, specifically being tied to the entorhinal and perirhinal cortex
regions in the medial temporal lobe with roles in many aspects of memory and visual
perception (Aggleton et al., 2010; Albasser et al., 2009, 2011; Buckmaster et al., 2004; Clark
et al., 2000; Hammond et al., 2004). The NOR task can be modified to test a wide range of
specific memory types (Taglialatela et al., 2009) and also tuned to test recognition memory
in a specific sensory mode by restricting the classically complex stimuli to target only one of
the olfactory, somatosensory or visual systems (Albasser et al., 2011; Winters and Reid,
2010). The potential for visual and non-visual cue use has been illustrated through use of a
transparent barrier between the mouse and objects to prevent object contact (Whitt and
Robinson, 2013; Winters and Reid, 2010). Recognition performance was maintained above
chance even with this barrier in place but, without the barrier in place, successful recognition
has also been obtained when the task was run in complete darkness (Albasser et al., 2011;
Winters and Reid, 2010). Thus a modified NOR task restricted to visual stimuli could
represent a novel method of behavioral screening for more complex visual system function

in mutant mice but requires further validation of photoreceptor involvement.

5.3 Chapter aims summary

In this chapter we characterize OKR responses in retinal degeneration and melanopsin
knockout models to examine the relative contributions of rods, cones and melanopsin
pRGCs, given the previous contrasting conclusions regarding the role of cones in this visual

assay. We also examine OKR responses under UV light and characterize a novel visual
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modification of the novel-object recognition (NOR) task to evaluate use of these visual

assays in the assessment of a UV'S opsin knockout model.

Page [ 170



Chapter 5 — Optokinetic responses and novel object recognition as tests of visual function

Results

5.4 Wildtype OKR threshold and sensitivity

Wildtype C3H mice were tested on our OKR drum system at 200 lux (59.4pW/cm®) to
confirm its function using stripe gratings with a range in cpd from 0.1 to 0.6. The threshold
acuity (2 or more head tracking responses per minute, see Methods: Chapter 2 for testing
procedure and definitions) of head-tracking response was 0.5 cpd with the maximal
responses per minute occurring at 0.2 cpd (Figure 5.3). None of the animals displayed head
tracking response to a sham completely white background (0 cpd). One wildtype animal was
discovered during initial pupillometry testing of our UVS opsin Opnlsw KO (data discussed
in Chapter 6) that appeared to have corneal damage in its right eye (Figure 5.4). This animal
was tested on the OKR drum to confirm its ability to assess individual eye responses and
over 8 trials at 200lux and 0.2 cpd, chosen as the grating which produced maximal responses
in our wildtype tests, head-tracking was only observed during clockwise rotation

corresponding to the left eye responses (Figure 5.4).
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Figure 5.3 Optokinetic responses in wildtype C3H mice The optokinetic reflex (OKR) of wildtype C3H
mice (n=6) was measured in our mechanical drum under 200lux (59.4pW/cm2)white light over spatial gratings
from 0.1 to 0.6 cycles per-degree (cpd). Threshold of acuity was defined as the smallest cpd stripe grating at
which an average equal or greater than 2 responses per minute was observed. Acuity threshold for the C3H was
found to be 0.5cpd and maximal responses of 8.8 head tracking responses/ minute was found at 0.2cpd. A sham
trial (shown here as 0 cpd) used a completely blank white sheet in the drum. No head-tracking was observed to

sham stimulus.
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Figure 5.4 Evidence of independent eye OKR assessment in cornea-damaged mouse A wildtype mouse
with apparent severe corneal damage to its right eye was found during pupillometry and tested to examine the
ability of our drum to differentiate left and right eye tracking. Images of the left and right eye showing
abnormal cornea in right eye are shown. Over 8 two-minute trials, the mouse displayed an average of 3.4 head-
tracks per minute when the drum rotated clockwise but no head-tracking during counter-clockwise rotation.
This response is consistent with the ability of OKR drums to assess independent eye acuity (Douglas et al.,

2005).

5.5 Photoreceptor contribution to OKR using rd/rd, rd/rd cl, cl and

Opn4 -/I- models

The OKR response of mouse models of retinal degeneration and photoreceptor loss were

examined in rd/rd c/ mice lacking all rods and cones, rd/rd mice with no rods and limited
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cones, ¢/ mice with rods and a small number of UVS cones and finally Opn4 " mice lacking

melanopsin in pRGCs.

For the rod and cone models, responses were tested at both at moderate (~100lux,
29.72uW/cm?) and bright (~600 lux, 178.2uW/cm?) white light intensities. Neither of the
models with the rod degeneration d mutation displayed head tracking responses at any cpd
grating under the low or high light stimulus while C3H wildtype thresholds were ~0.5cpd
under both moderate and bright light (Figure 5.5). The spatial grating of maximum
sensitivity, as determined by average responses per minute, was unchanged for the wildtype
though there was a slight trend for lower responses under the bright condition (Figure 5.6).
Cone deficient ¢/ mice had identical threshold to the non-rd wildtype under the moderate
light but the acuity threshold was reduced to ~0.4 cpd under bright light (Figure 5.5). As
suggested from the threshold reduction, there was an overall trend of decreased sensitivity to
all stripe gratings under bright light in the ¢/ and a significant decrease in responses/ min at

the 0.5 cpd grating under bright light (2-tailed Student’s t-test, p=0.0054) (Figure 5.7).
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Figure 5.5 Acuity thresholds for models of rod and cone loss under moderate and bright light OKR
responses of wildtype, rd/rd, rd/rd cl and cl mice, all n=6, were examined under moderate (~100lux,
29.72uW/cm?) and bright (~600lux, 178.2uW/cm?) white light. Every animal had two trials at each light
intensity and one trial for a cl-animal under bright light was excluded, as it appeared distressed when placed
into the apparatus and did not track at any cpd. The average threshold calculated from individual animal
thresholds (lowest cpd at which 2 or greater head-tracking movement were observed/ minute) are represented
in the graph along with +/- SEM. No head tracking was observed for rd/rd or rd/rd cl animals at either light
intensity. Wildtype head tracking showed no significant change between the light intensities but ¢/ threshold
was significantly reduced (2-tailed Student’s t-test, p=0.037) under bright light. *=p<0.05, **=p<0.01,

*#%*=p<(.005. Bars represent mean values +/- SEM.
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Figure 5.6 OKR responses of wildtype mice under different intensities of white light The OKR responses
of wildtype mice (n=6) under ~100lux and ~600lux was unchanged in terms of both cpd of maximal sensitivity
(0.2cpd) and threshold (0.5cpd). No significant differences were found for comparisons between light

conditions at any spatial gratings.
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Figure 5.7 OKR responses of ¢/ mice under different intensities of white light The OKR responses of ¢/
mice (n=6) under ~100lux and ~600lux was unchanged in terms of cpd of maximal sensitivity (0.2cpd) but a
reduction in threshold was observed under the brighter light with a significant difference in responses to the

0.5cpd spatial grating (2-tailed Student’s t-test, p=0.0054). **=p<0.01
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+/+

Along with the wildtype C3H mice presented in Figure 5.3, C57BL/6 Opn4 ™" wildtype mice
were also tested along with Opn4 "™ to look for a melanopsin contribution under 200 lux
(59.4uW/cm?) white light and there was no significant difference between knockout and
wildtype animals at any grating cpd (Figure 5.8). The acuity threshold of both genotypes was
found to be 0.5cpd. A few animals of both genotype displayed limited responses at 0.6 cpd
but the average was less than 2 responses/ min, which was our defined criteria for a positive
result at any spatial frenquency. Interestingly, although threshold acuities were the same, we
observed maximum response frequencies per minute to be slightly higher (around 2-3 head-

tracks per minute) in these mice on the C57BL/6 background than was observed for any of

the C3H background mice including the rd/rd, rd/rd cl and cl.

21 —'— Opn4*/+
10 _O_ Opn4”

Head tracks responses / min

sham 0.1 0.2 04 0.5 0.6

Cycles per degree

Figure 5.8 OKR responses of Opn4 ™ indicate no role for melanopsin Visual acuity performance of
Opn4 " (n=6) and wildtype C57BL/6 mice (n=5) was assessed along with the wildtype C3H mice presented in
Figure 5.3 under 200lux white light between 0.1 and 0.6¢cpd. No difference was found in either threshold (0.5

cpd) or spatial grating of maximal responses (0.2cpd).
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5.6 Coneless but not rd/rd or rd/rd cl show visual tracking under

ultraviolet light

As we could not find any previous study of OKR under UV light, wildtype non-rd, rd/rd,
rd/rd cl and cl mice were tested under 250 lux white (74.3 uW/cm?) and bright UV light
(13.6 log photons/ cm?/ s, 21.7 pW/cm?) at the maximally responsive 0.2 cpd stripe grating
to assess UV responses in this visual assay. None of the rd/rd or rd/rd cl mice displayed
head tracking responses (data not shown). Non-rd wildtype mice responded at similar levels
to white and UV light, as did the ¢/ mice (Figure 5.9). Neither displayed any head tracking
under a dark ‘lights off” conditions tested at 0.2 cpd. This confirms that the observed head
tracking responses were due to the UV light stimulus rather than any background

illumination or infra-red light from the camera.
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Figure 5.9 Head tracking to ultraviolet light in both ¢/ and wildtype mice OKR was assessed at 0.2cpd
under 250 lux white (~14.3 log photons/ cm?/ s, 74.3uW/cm?) and bright UV light (13.6 log photons/ cm?/ s,
21.7 uW/em?) in ¢l (n=4) and C3H wildtype mice (n=6). Head tracking responses at similar frequencies to
white light were observed for UV light in both genotypes at 0.2cpd. A dark control with no illumination was
used to assess if background room illumination or other influences such as infra-red light from near infrared
(NIR) video camera was sufficient to allow head-tracking. There were no significant differences in responses
either between white and UV light or between genotypes. No responses were observed under the dark condition
at 0.2cpd, the grating to which wildtype mice have displayed the greatest frequency of response. Bars represent

mean values +/- SEM.

5.7 Novel object recognition is able to assess outer retinal degeneration

A visuospatial adaptation of the one-trial spontaneous novel object recognition (NOR) task
was assessed using 9 retinal degenerate rd/rd cl and 8 wildtype C3H non-rd control mice.
The experiment used an arena where star and checked patterns on two of the walls allowed

visual discrimination of the four corners of the cube as distinct areas. A mouse was placed in
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the arena with identical objects in two of the four corners and allowed to freely explore for a
10-minute sample phase (See Figure 5.10 for pictures of the test arena during the sample and
test phases). After a 5S-minute delay, the mouse was placed back into the arena where one of
the objects had been moved to an adjacent corner and its movements recorded during a 3-
minute test phase (Figure 5.10). This video was then analyzed and the recognition
performance for each animal was calculated as the ratio of time spent with the object in the
familiar (f) versus the new (n) location given by the ratio: n/(n+f). If this ratio was greater
than 0.5 then the animal had demonstrated increased interaction with the new object and the
higher above 0.5 the stronger the visuospatial recognition performance. As the objects were
identical with regards to tactile and olfactory stimuli (being carefully cleaned between
sample and test phases), the visual cues on the walls of the arena were the only ones
available to the animal to distinguish the object as being in a new location and therefore to
result in increased interaction. As long as the animals are forced to rely on the visual cues,
recognition of the movement of one of the identical objects was hypothesized to be possible
only for the wildtype animals as the rd/rd c/ mice, lacking the classical visual

photoreceptors, should be unable to use the visual stimuli.

Different batches of animals were used in 2 trials under 200lux (62.2 pW/cm?®) white light
and the mean time spent with the moved or stationary object during the test phase was
averaged for each animal. The wildtype C3H non-rd spent significantly more time exploring
the object in the new context during the test phase, resulting in a recognition ratio of 0.7804
with a SEM +/- 0.053 that was significantly above chance (2-tailed 1-sample, p=0.010)

while the rd/rd cl did not perform differently from the chance level of 0.5 (2-tailed 1-sample
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t-test, p=0.086) with a recognition ratio of 0.4306, SEM +/- 0.063 (Figure 5.11). A
significant difference in performance was found between genotypes (genotype by batch

ANOVA, F 5, p=0.002)

Sample Phase

Test Phase

Figure 5.10 NOR test arena showing position of object replicates in sample and test phases during the

visuospatial task
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Figure 5.11 Visuospatial Object Recognition trial with rd/rd cl and wildtype mice Recognition
performance of wildtype non-rd (n=9 in batches 1 and 2) and rd/rd ¢/ (n=8 in batches 1 and 2) mice was
examined in a visuospatial adaptation of the novel object recognition task. WT animals were found to perform
significantly above chance level of 0.5 (2-tailed 1-sample t-test p=0.010) while the rd/rd c/ did not (2-tailed
Students’s t-test, p=0.086). ANOVA analysis found a significant difference between genotypes performance
(genotype by batch ANOVA F, ;5, p=0.002). *=p<0.05, **=p<0.01, ***=p<0.005. Bars represent mean values

+/- SEM.
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There was no difference in the overall amount of exploratory behavior between the
genotypes during the sample or test phase thus the observed effect was not due to increased

sampling behavior in the wildtype mice (Table 5.1).

Table 5.1 Analysis of overall exploratory behavior during sample and test phases for rd/rd cl and

Wildtype non-rd controls in visuospatial NOR task

Mean total object exploration (and standard error of mean) during sample phases

White Light
Genotype Comparison

Visuospatial
WT 241.99 s (25.67 s)
rd/rd cl 223.06 s (20.73 s)
p= 0.074

Mean total object exploration (and standard error of mean) during test phases

White Light
Genotype Comparison

Visuospatial
WT 11.90s (1.62s)
rd/rd cl 15.99 s (1.65s)
p= 0.358
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Discussion

5.8 The OKR drum assay produces threshold values consistent with

previous studies

The OKR drum used in these studies was found to produce results consistent with published
data, but we also found limitations of a simple drum set-up. The threshold of acuity
measured for wildtype mice using our system was about 0.5 cpd for both C3H and C57BL/6
strains, which is slightly higher than the 0.3-0.4 found by Schmucker et al. (2005), who used
an automated whole body analysis of C57BL/6 in a mechanical rotating drum, as well as the
~0.4cpd found by both Prusky et al. (2004) and Pinto et al. (2007) for C57BL/6 mice using a
virtual drum system (Pinto et al., 2007; Prusky et al., 2004; Schmucker et al., 2005). The
response sensitivity (as determine by responses/ min) peaked at a spatial frequency of 0.2
cpd then decreased toward the threshold acuity which closely matches the 0.1-0.2 cpd peak

found previously (Schmucker et al., 2005).

The reason for the slightly higher acuity threshold found using our OKR set-up is likely due
to the ability of mice to freely roam the central platform of our rotating drum during
experiments. We did not use any method of restraint for the mouse, relying on the height of
the central platform to keep the animal in place. This was intended to make the procedure
less stressful for the animal and avoid any filtering effect on the spectrum of light (of

concern for the later UV experiments) that would be caused by a clear perspex cylinder such
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as was used to restrain mice in other OKR systems. However, as the grating cpd is set to the
center of the drum, movement of the mouse to the edge of the platform would increase its
viewing angle. This would have the effect of reducing the spatial frequency, resulting in
tracking to a slightly higher cpd then the true threshold. This effect was previously found for
a small drum set-up where the mouse could move on a central platform (Schmucker et al.,
2005). Differences in measured acuity are also tied to the light level in a given experiment as
acuity has been found to increase with irradiance (Schmucker et al., 2005; Umino et al.,
2008) and acuity values of up to ~0.6 cpd have been found under very bright irradiance
(Umino et al., 2008). Despite this slightly higher spatial threshold, our mechanical drum and
method of manual assessment of video recordings allowed for consistent repeatable

threshold assessment.

5.9 The mechanical drum OKR assay appears to be primarily rod-driven

Given the previous conflicting conclusions concerning the relative contributions of rods and
cones to OKR, we examined the responses of retinally degenerate mice lacking all rods and
cones (rd/rd cl) and those with only a small population of cones remaining (rd/rd). We also
examined responses of ¢/ mice with rods but lacking virtually all MWS cones. There is
agreement in the existing literature that rods drive responses at low light levels while there is
inconsistency concerning the importance of cones (Altimus et al., 2010; Schmucker et al.,
2005; Umino et al., 2008). Given that our interest is particularly in using the OKR to
examine UV vision and UVS cones, we examined the responses of our mice at ~100 lux and

~600 lux, in the photopic range where any cone response should be evident.
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Interestingly, our results indicated that rods were the primary photoreceptor responsible for
the OKR response in photopic irradiances. Neither of our retinally degenerate mice, rd/rd cl
and rd/rd, displayed head tracking responses to any spatial frequency. Previous studies have
found rd/rd mice lack any OKR in a similar drum assay to ours (Thaung et al., 2002) and our
result indicates that, although the remaining cones in the rd/rd were able to drive phase-
shifting response to UV light, they were not sufficient to drive OKR. The response of the ¢/
is more interesting as we found only a very modest change in threshold between the light
intensities and overall performance similar to wildtype despite almost complete loss of
MWS cones, the cone type most sensitive to white light stimulus. This supported the results
of Schmucker et al. (2005) that rods are responsible for driving the OKR response even into
photopic intensities above 400lux (Schmucker et al., 2005). Rods have been found to signal
through the cone-pathway at mesopic light intensities (Sharpe and Stockman, 1999; Smith et
al., 1986) and it may be rods are able to continue to signal through cones to contribute to
brighter conditions than was considered possible for the primary rod pathway. It has been
suggested that the reason cones seem unable to play a major role in OKR in mice is that as
they represent less than 3% of the total photoreceptors in the mouse retina (Jeon et al., 1998)
and are not organized into a fovea or other concentrated central area (area centralis) seen in
other mammalian species. It was therefore concluded that the cones were not present in a

sufficient density in the mouse to be useful in spatial vision (Schaeffel, 2008).

However, it is also worth noting that the study by Schmucker et al. (2005) and our results

which concluded that cones make very limited contribution to OKR, both used a mechanical
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drum while two studies with a virtual OKR set-up have found significant OKR deficits in
cone mutants under photopic light conditions (Altimus et al., 2010; Umino et al., 2008). It is
therefore possible that the fine control of spatial frequencies and contrast provided by the
virtual set-up are necessary to detect cone responses and/ or that computer screens used for
the virtual drum provide a better stimulus display for cones responses compared to the

grating prints used in mechanical drums.

Under bright ultraviolet light, again neither of the retinal degeneration models (rd/rd and
rd/rd cl) showed any tracking responses when tested with the spatial frequency we found
elicited the greatest responses in wildtype mice. However, both wildtype and ¢/ mice with
rods and a number of residual UVS cones demonstrated UV responses comparable to white
light tracking at 250 lux. The observation that head tracking is similar between the UV and
white light condition is interesting considering there is a clear difference in irradiance
between the white light (74.3 pW/cm?) and UV light (21.7 pW/cm?), though care must be
taken in comparing mono-chromatic to white light stimuli. Indeed, rather than the OKR
sensitivity to these two types and levels of light happening to be equal, the similar result
likely reflects a limiting factor on response rates inherent our assay, perhaps due to the
tendency of mice to explore the platform instead of watching the gratings, which prevents
finer resolution. This may explain why we did not observe an increase in performance with
increasing irradiance as has been observed in other studies (Schmucker et al., 2005) or it
may simply be that the range of our white light intensities was not sufficient to observe such
a change. Thus, while our OKR drum is able to determine the presence or absence of acuity

for a given cpd, it is likely not the best method to assess finer points of spatial response rates.
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5.10 The Novel Object Recognition Test represents an effective test of

visual stimuli

To test the visual-dependence of the recognition responses in our adaptation of the NOR task
we examined the responses of visually blind mice with total outer-retinal degeneration and
our results suggest that this assay represents an effective test of image-forming pathways in
mice. Visuospatial recognition performance by wildtype but not retinal degenerate rd/rd c/
mice was not due to differences in exploratory behavior or stimulus sampling as time spent
interacting with objects was comparable between the genotypes. Further experiments by Eric
Tam in our lab demonstrated that rd/rd c/ were able to demonstrate successful recognition
performance comparable to wildtype when the stimuli could be distinguished by tactile or
odour cues, giving further support that the visuospatial adaptation of this test assesses image
forming system function (Tam et al., 2014, manuscript in preparation). As reported in this
manuscript, visuospatial recognition performance was also found to be unaffected by

melanopsin knockout.

5.11 Conclusions

The OKR assay was found to give consistent threshold responses for wildtype mice that are
comparable to previous OKR acuity studies while responses to UV light indicate that this
test can be used to examine responses in a UVS opsin mutant. The visual adaptation of the

NOR task was also found to depend on outer-retinal function and represents a novel method
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of assessing more integrated vision-dependent behavior in mice. This technique is also used

to assess the UVS opsin knockout model characterized in Chapter 6.
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Chapter 6: Characterisation of a novel
UV cone knockout
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Introduction

6.1 Aims

UVS opsin expression in mouse cones allows for a high degree of UV sensitivity and has
been shown to contribute to vision (Jacobs et al., 1991). Previous studies and data presented
in this thesis (Chapter 4) suggest UVS cones also make an important contribution to
circadian responses to UV light. To further the investigation into the role of UV sensitivity
in both image and non-image forming visual pathways in the mouse, we recovered a novel
Opnlisw (UVS) complete gene knockout (KO) mouse model from an ES cell line. In this
chapter we aim to confirm the loss of UVS expression in this Opnlsw complete gene KO

and characterize the normal function of the non-image forming system to white light.

6.2 Data from previous Opnlsw targeted mutants

A significant challenge in determining the specific contributions of photoreceptors is
separating the absorption spectra of individual photopigments. In the mouse, overlapping
absorption specta of melanopsin, rod and MWS cone opsins mean that even monochromatic
light pulses will not target individual photoreceptor responses. Recent advances in genetic
manipulation techniques have allowed both for targeted knock-in models and knock-out
models of different opsins, as demonstrated by Smallwoood et al. (2003) who replaced the

mouse ‘green’ cone opsin with the human long-wavelength ‘red’ cone opsin (Smallwood et
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al., 2003). With maximal sensitivity at longer wavelengths, this construct separated the cone
responses and allowed for more detailed analysis of cone contribution to visual systems and

behaviors (Allen et al., 2011; Jacobs et al., 2007).

The mouse also contains a UVS opsin maximally sensitive to 360nm UV wavelengths
(Jacobs et al., 1991) and, although its absorbance is farther from the other mouse
photopigments, questions remain about which of the UV sensitive behaviors are driven by
the UVS cone, as opposed to the extension of the sensitivity of rod or melanopsin
photopigments into the UV. A UVS (or S-opsin) knockout would provide significant insight.
There are two previous studies involving models of S-opsin knockout/ disruption, with one

of these being published as this thesis was being written.

The model of Daniele et al. (2011) inserted a neomycin resistance gene between exons 3 and
4 of the mouse Opnlsw gene to disrupt transcription of the S-opsin (see Figure 6.1 for
illustration of the Opnlsw gene in this model). This resulted in a severe reduction in Opnlsw
transcription and western blotting could not detect any OPN1SW protein (Daniele et al.,
2011). In this study it was noted that, based on the analysis of tissue from mice 1.5 to 8
months of age, the hypomorphic UVS S-opsin allele resulted in elevated MWS m-opsin
protein levels by an average of 1.6 fold, though there was no observed change in Opnlmw
mRNA. This increase appeared to be especially pronounced in the ventral retina, given
observed light-evoked changes in membrane current following light flashes. There was no
change in the expression of thodopsin however, indicating that there was not a global

increase in opsins levels in the Opn Isw™™* animals. The kinetics of individual cone light
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. Neo/N .
responses were found to be normal as was cone density across the Opnlsw “°"° retina.

However, while cones in the dorsal and middle retina exhibited normal morphology, cones
in the ventral retina were often found to have abnormal outer-segments. Outer-segments in
these ventral cones were less substantial with mis-aligned discs and sometimes outer-
segments were found to completely absent in the far-ventral retina. Inner segments, cell

bodies and axons were normal across the retina.

Recently, a second mouse model of Opnlsw knockout was published by Greenwald et al.
(2014) in which complete deletion of exons 2, 3 and 4 of the Opnlsw gene was combined
with targeted replacement of Opn/mw gene with a human long-wavelength opsin
(Greenwald et al., 2014) (see Figure 6.1 for illustration of the Opnlsw gene in this model).
Immunohistochemical analysis of retinal sections indicated a complete loss of s-opsin
expression in the Opnlsw knockout mice. ERG responses of 3-month-old animals given
light targeted to stimulate the s-opsin were absent in the Opn/sw knockout. It was also noted
that light targeted to m-opsin showed increased sensitivity at lower light levels in the
knockout animals while responses at higher light intensities were similar to wildtype. ERGs
collected over 16 months also indicated a much greater age-dependent decrease in m-opsin
sensitivity associated with the Opnlsw knockout. Interestingly, this effect was rescued in
animals in which the Opnlsw knockout was combined with the replacement of the m-opsin
with the human LWS opsin. qRT-PCR of ventral retinal tissue from 12 month old mice
found 44% lower m-opsin expression in the UVS knockouts and staining sections from 16
month old mice found a reduction of m-opsin in both Opnlsw knockout lines, particularly in

the ventral retina. Again the LWS opsin knock-in appeared to rescue the m-opsin loss to an
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extent. Counts of outer segments in the retinas of the 16-month-old mice found that, while
there were no differences in dorsal retina counts, there were major reductions in the number
of cone outer-segments in the ventral retina of both strains of Opnlsw knockout mice (with

and without LWS opsin replacement).

Summary Aims

Here we characterize the opsin expression and white light NIF responses of a novel Opnlsw
KO model containing a complete knockout of the coding region of the Opnlsw gene and
relate our results to previous Opnlsw models. With this model we intend to examine the
visual system UV sensitivity in mice so identifying any unexpected effects of the Opnlsw

mutation is vital for correct interpretation of results in further experiments.
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Results

6.3 Generation of Opnlsw knockout

A transgenic Opnlsw gene knockout was generated using ES cell material from the
Knockout Mouse Project (KOMP) with help from Dr. Ben Davies and The Wellcome Trust
Center for Human Genetics (University of Oxford) who generated chimeric animals that
contained a targeted deletion of all coding material of the mouse Opnlsw gene on
Chromosome 6 (exons 1-5) achieved through homologous recombination with a target
vector (See Methods Chapter 2 for a full description of construct and deleted sequence).
Mice were healthy with no overt phenotype and were maintained as het/het breeding pairs so
Opnlisw wildtype (WT) used were littermate controls. Figure 6.1 shows a representation of
the deletion in the Opnlsw gene of this model compared to the previous Opnlsw models

discussed in the introduction.

Page | 195



Chapter 6 — Characterisation of a novel UV cone knockout
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Figure 6.1 Schematic of the mouse Opnlsw gene on chromosome 6 consisting of 5 exons. The deletion in
our Opnlsw KO model is compared to the changes to the Opnlsw gene in the previous models of (Daniele et

al., 2011) and (Greenwald et al., 2014) discussed in the introduction to this chapter.

6.4 PCR quantification of opsin expression in Opnlsw KO

To determine the change in opsin gene transcription in the KO, heterozygous (het) and WT,
quantitative real-time PCR (qRT-PCR) was performed on total RNA extracted from
manually homogenized whole-eyes. At the time of collection, the ages of the mice were all
between 6 and 10 months of age and eyes were collected between ZT3 and 5. For
comparison, mean ages for each genotype were KO, 8.2 months, WT, 7.5 months and het,
7.3 months with Student’s t-tests finding no difference in mean ages (2-tailed Student’s t-test
comparisons, in all cases p>0.6). The messenger RNA levels were compared for all opsins in

the mouse retina including Rho (Rhodopsin), Opnimw or M-opsin (MWS cone opsin),
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Opnlisw or S-opsin (UVS cone opsin) and Opn4 (melanopsin). Expression levels were
normalized to the geometric mean expression of three housekeeping genes: Gapdh
(Glyceraldehyde 3-phosphate dehydrogenase), B2M (3, Microglobulin) and ARP (acidic
ribosomal protein). Comparison of normalized expression revealed UVS opsin mRNA was
reduced over 8000 fold in the KO eye representing a highly significant reduction (2-tailed
Student’s t-test p= 0.000542) (Figure 6.2). In the het eyes, UVS expression levels were
significantly reduced (2-tailed Student’s t-test p= 0.030) to around half of wildtype
expression. There were no significant differences in the expression of Rho, MWS or Opn4
between the genotypes, although there was a noted reduction in KO MWS opsin (2-tailed

Student’s t-test p= 0.169) to 69.1% +/- 12.4% of wildtype expression.

. WT
D KO
160.0% 1 % I:I het

140.0% A

120.0% A

—
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80.0% 1
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40.0% A
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0.0% -

rod uvs MWS
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Figure 6.2 Real-Time PCR quantification of opsin levels in Opnlsw transgenic mice RNA was extracted
from whole eyes of Opnisw KO, WT and het animals between 6 and 10 months of age. Opsin expression of
Rhodospin, Melanopsin, MWS and UVS was compared against the geometric mean of 3 housekeeping genes

(Gapdh, B2M and ARP). Relative to WT, there was a significant reduction in mRNA of UVS to 0.012% (2-
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tailed Student’s t-test p= 0.000542) and 49.9% in the het (2-tailed Student’s t-test p= 0.030). Note that UVS
expression is plotted in the above for each genotype but is too low to appear on the given scale in the KO. Full
primer sequences in Methods Chapter 2, n=3 for each genotype. *=p<0.05, **=p<0.01, ***=p<0.005. Bars

represent mean values +/- SEM.

6.5 UVS staining is absent in the retina of OpnlIsw KO mice

We examined retinal sections from ~5-6-month-old wildtype and Opnlsw KO mice to
confirm loss of UVS opsin protein from the Opnlsw KO and look for any other retinal
effects of the deletion. Figure 6.3 shows mid-retinal sections stained with nuclear DAPI stain
as well as antibodies against both UVS and MWS cone opsins. We found that, while retinal
histology appeared normal (all retinal layers observed, no obvious disruptions or differences
in KO compared to WT sections), no UVS staining was observed in any of the KO sections
while MWS staining was normal. Quantification of specific cell-type densities was not
preformed and, particularly in the case of cone photoreceptors as will be mentioned later in
this chapter, this is an area for future work with this model. Whole-mount retinas stained for
UVS opsin found a strong dorsal-ventral expression gradient in both Opnlsw wildtype and
het animals while a complete lack of UVS opsin was again observed across the retina of KO
mice (Figure 6.4). Finally, to confirm that normal cone morphology was maintained in
knockout mice we stained retinal sections for B-galactosidase (-gal), which is the protein
product of the Lac-Z reporter gene in the target construct that replaced the Opnlsw gene. 3-
gal expression followed the dorsal-ventral gradient expected for UVS opsin (see whole
mount images in Chapter 8) and was also used to confirm that s-cones in the dorsal retina are

still present despite the loss of UVS opsin and do not contain compensatory MWS
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expression (Figure 6.5). Figure 6.6 shows B-gal staining throughout cones of the mid-ventral

retina of the Opnisw KO and the cone structure appears intact.

UVS MWS DAPI/ UVS/ MWS

VR A WO Tty Oy e i "'t-‘m,:{\_;“\\i Vald jv e

WT

KO

Figure 6.3 Immunostaining of Opnlsw KO and WT retinal sections Opnlsw KO and WT retinas were
sectioned and stained with UVS (green) and MWS (red) antibodies to examine expression in ~6-month old
animals. OS-outer segments, ONL-outer nuclear layer, INL-inner nuclear layer. Blue nuclear stain is DAPI.

Scale bars=50um.
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MID-DORSAL DORSAL

VENTRAL

Figure 6.4 Opsin expression in Opnlsw KO whole-mounted retinas Retinal whole-mounts from Opnlsw
KO, WT and heterozygous animals were stained for UV'S opsin (green). While the gradient in het animals
closely resembled the expected dorsal-ventral gradient seen in the WT (Szél et al., 1996), no UVS opsin was

detected in the KO retina. Scale bars=50pm.
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Figure 6.5 B-gal and MWS expression in retina of Opnlsw KO confirms S-cones still present Retina of
Opnlsw KO stained for MWS (red) and B-gal (green) (LacZ reporter in target cassette inserted in place of the
Opnlsw gene, see Methods Chapter 2 for full details). Dorsal retina sections show expected high level of MWS
staining in outer-segments of m-cones with only a few isolated cones expressing -gal. Magnified image of
dorsal retina shows that the B-gal-expressing cones are s-cones that have no MWS expression in outer
segments. No m-cones co-expressing 3-gal and MWS opsin were observed in the dorsal retina. In the central
retina, B-gal expression is seen throughout m-cones, as indicated by MWS expression in outer-segments of j3-
gal-expressing cones. Retina were collected from ~5 month old KO mice. Scale bar top left image=50um, top

right =20pm, bottom row images scale bars=5um.
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Figure 6.6 Cone morphology in ventral cones of Opnlsw KO Expression of -gal is due to LacZ reporter in
target cassette inserted in place of the Opnlsw gene (See Methods Chapter 2 for full details) and B-gal staining
(green) is found throughout UVS expressing cones as seen here in middle of the ventral retina. Retinal position
was determined using f-gal gradient, which follows UVS gradient as shown in Chapter §, and the presence of
the optic nerve in sections through the eye. In these cones that normally express a majority of UVS opsin,
structure appears intact, including outer-segments, despite lack of UVS. Sections were from the retina of a ~5

month old KO animal. Scale bar=20um.

6.6 Non-image forming screen of Opnlsw animals under visible light

Given that the qRT-PCR and immunohistochemical analysis indicated no significant
abnormalities other than the absence of UVS opsin in the Opnilsw KO mice, we expected
basic visual and non-visual system functions of the KO would be indistinguishable from WT

under white light as these functions rely on input from a combination of rhodopsin,
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melanopsin and MWS opsin with little input expected from the UVS opsin. Two functional

tests were conducted: circadian screen and pupillometry.

Circadian Screen

To test entrainment clock function, we completed an entrainment screen that compared
wheel-running behavior of the Opnisw KO and WT and tested a number of key circadian
parameters under 100lux (31.1 pW/cm®, 13.9 log photons/cm?/s) white light. Figure 6.7
gives an example of a double-plotted actogram outlining the light schedule used in the
circadian screen. No difference was found between Opnlsw WT and KO mice in any of the
tested parameters as outlined in Table 6.1. To highlight some of the most important
comparisons, average free-running period length (Tau) shown in Figure 6.8 was 23.55 hr in
the KO and 23.57hr in the WT (2-tailed Student’s t-test p=0.861). Days taken to re-entrain to
a six-hour phase advance (Figure 6.9) and length of phase shift to a one-hour light pulse at
CT16-CT17 (Figure 6.10) were also not found to differ with p-values of 0.183 and 0.634

respectively.
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A Time (hr)
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6-hour phase
advance

DD

Days

12/12 LD

ZT16 Light
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Opnilsw */*WT Opnlsw /- KO
Time (hr) Time (hr)

Days

Figure 6.7 Circadian screening protocol (A) Double-plotted actogram showing circadian screening protocol
to examine key measures of locomotor clock function under 100lux white light. Un-labeled representative

actograms are shown for (B) Opnilsw “"WT and (C) Opnlsw +KO.
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Figure 6.8 Free-running period length (tau) in Opnlsw KO and WT animals Free-running period was

determined from the first DD portion of the circadian screen (left above shows example of protocol taken from

Opnlsw WT actogram). There was no difference in free-running period length between Opnlsw KO and WT

mice (2-tailed Student’s t-test p=0.861), n=6 for both genotypes. Bars represent mean values +/- SEM.
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Figure 6.9 Re-entrainment to phase advance in Opnlsw KO and WT animals There was no difference in

days taken by Opnlsw KO and WT mice to re-re-entrain following a 6-hr phase advance (left above shows

example of protocol taken from Opnisw WT actogram) in a 100lux white light 12/12 LD cycle (2-tailed

Student’s t-test p=0.183), n=6 for both genotypes. Bars represent mean values +/- SEM.

Page |205



Chapter 6 — Characterisation of a novel UV cone knockout

140 A

120
100 -
80 -
60 -

Phase shift (min)

KO

Figure 6.10 White light phase-shifting in Opnlsw KO and WT animals There was no difference in the

magnitude of phase shifts to a lhr 100lux white light pulses delivered between ZT16-17 (left above shows

example of protocol taken from Opnisw WT actogram) in Opnlsw KO and WT mice (2-tailed Student’s t-test

p=0.634), n=6 for both genotypes. Bars represent mean values +/- SEM.

Table 6.1 Opnlsw circadian screen summary Circadian measures assessed are listed along with p-values

(n=6 for both genotypes)

Light

schedule
12/12 LD

Capacity under

investigation
Accuracy of

Specific circadian
parameter analysed
Onset Error to lights-

Result (2 tailed T-Test p
value)
No difference (p=0.431)

entrainment on
Activity Average bout length No difference (p=0.187)
characteristics
Total activity No difference (p=0.187)
Light phase activity No difference (p=0.341)
Dark Phase activity No difference (p=0.180)
Length of active phase | No difference (p=0.714)
(alpha)
6hr phase | Speed of re- Days to activity No difference (p=0.183)
advance | entrainment starting at new light-
on
DD Free-running Free-running Tau No difference (p=0.861)
period length
Phase Size of phase Size of phase delay No difference (p=0.634)
shifting | delay
light
pulse
LL Period Tau under LL No difference (p=0.397)
lengthening
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Pupillometry

To examine another assay of non-image forming system function, we performed
pupillometry under bright 480nm light in Opnlsw KO and WT. This was again expected to
show no difference given the light was far from the maximum sensitivity of UVS opsin and
indeed the pupil light response (PLR) profiles of the two genotypes did not show any
differences in response (Figure 6.11) and maximal constriction was found to be similar (2-
tailed Student’s t-test, p=0.213). Constriction to ~10% of dark adapted value is consistent
with previous values found for bight 480nm stimulus in wildtype animals and greater than
that seen in rd/rd cl animals suggesting some MWS cone involvement in this response
(Hughes et al., 2012c).

. Opnlsw**WT

e O Opnlsw” KO

80% A

0, -
60% dilated

40% constricted
6 -

20% A

Percentage Constriction

0% : : ; . ; .
Time (s)

Figure 6.11 480nm pupillometry in Opnlsw KO and WT The PLR to bright 480nm light (~14.3 log
photons/ cm?/s, 82pW/cm?) was examined in Opnlsw WT (n=5, was n=6 but one animal found to have
cataract/ eye defect and used for OKN in Chapter 5) and KO (n=6). No difference was observed in the

constriction profiles or in maximum constriction values (2-tailed Student’s t-test, p=0.213).
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Discussion

6.7 Complete loss of UVS opsin in novel Opnisw KO

Given the difficulties involved in separating the specific contribution of photopigments to
visual functions in the wildtype mouse, we aimed to generate a mouse lacking UVS opsin in
order to examine effects on ultraviolet visual responses. Our Opnisw KO mouse was found
to have an approximately 8000-fold reduction in UVS transcript levels while the levels of
rhodopsin and melanopsin were unaffected and no UVS protein was observed in the KO
retinal sections or whole-mount staining. These results support the conclusion that the
deletion has successfully targeted the UVS opsin. In the wildtype littermates of the knockout
mice, the UVS expression gradient in whole-mount retinas exhibited the expected dorsal-
ventral pattern (Applebury et al., 2000; Sz¢l et al., 1992, 1996). In both genotypes, the

general retina structure and morphology appeared normal.

6.8 Absence of UVS opsin results in slightly lower MWS expression but

not broader M-opsin protein effects

While at the time we generated our Opn lsw knockout there were no other studies of
complete gene s-opsin knockouts as the Daniele el al. (2011) knock-down model uses a
neomycin insert, the recently published study by Greenwald et al. (2014) involves a deletion

method similar to that reported here and thus offers an opportunity for closer comparison
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with our model. Both studies reported a complete loss of UVS protein and both noted effects
of the UVS loss on the M- or MWS opsin in the knockout retinas but specifics of this effect

/ .
€0 model was found to have increased

appeared to be distinct. The Daniele et al Opnisw
MWS expression and increased sensitivity to middle wavelengths in the ventral retina
(Daniele et al., 2011). By contrast, Greenwald et al. reported a significant reduction both in
MWS expression and sensitivity to ERG stimulus (Greenwald et al., 2014). This differences
could be tied to differences in the method of Opnlsw gene disruption by neomycin insert
versus the deletion of several exons but an alternative explanation for the disparity can be
found in the ages of the mice. Greenwald found the loss of m-opsin ERG sensitivity was
age-dependent and determined m-opsin levels from the retina of mice at or above 12 months
of age while Daniele et al. only used mice between 1.5 and 8 months of age for their study.
Considered with the age of test animals, these results suggest that s-opsin loss initially
causes an increase in M-opsin expression in young animals but that this drops off in older
animals so that expression and sensitivity is lower than wildtype controls. Both studies also
reported effects on cone-outer segments in the ventral retina, where UVS expression would
normally be highest. Although cone densities were normal across the retina, abnormal out-
segments were observed in ventral cones in both models and, in mice 16 months of age,

significant numbers of ventral cones were observed have completely lost their outer-

segments in the Greenwald et al. model (Greenwald et al., 2014).

As another point of comparison, a mouse model of disrupted MWS opsin function through
knockout of thyroid hormone receptor TR~ was found to have a total absence of MWS

opsin and up-regulation of both UVS and melanopsin but not rhodopsin (Dkhissi-Benyahya
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et al., 2007). They do not state of ages of mice from which RNA is collected, however, so it

is not clear how this result compares to the opsin changes seen in the Opnlsw models.

In our Opnisw KO model, we observed a trend towards reduction of MWS transcript in the
RT-PCR of knockout retinas from 6-10 month old animals but levels of MWS expression
did not appear to differ from wildtype in retinal sections. Indeed, Greenwald et al. included
mid-retinal/ near ventral sections, very near the region that was stained in Figure 6.3, and
showed a significant reduction in the number of m-opsin expressing outer segments and
those remaining displayed more variation in structure than the wildtype (Greenwald et al.,
2014). One explanation is that this difference is due to the age of animal tissue used for the
sections, given the data from both previous models. However, Greenwald et al. do not state
the age of the retina used for sectioning so a direct comparison of age-matched sections is
not possible. Our B-gal staining showed both s-cones in the dorsal retina and m-cones in the
ventral retina retained outer-segments and appeared to have normal morphology. Again, this
was done using retinas of Opnlsw KO animals around 5-6 months of age. Given the recent
results of Greenwald et al in their study, it would be interesting to use -gal to model ventral
m-cone and dorsal s-cone structure in progressively aged KO animals as well as whole

mount MWS staining in those animals in a future investigation.
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6.9 Implication from OpnlIsw KO models of minimum opsin threshold

for outer-segment function

The observations of the retinal effects of UVS opsin loss have interesting implications for
both the mechanisms of opsin regulation in the mouse retina and on the importance of the
opsin protein for normal-cone health. Firstly, despite the abnormal and eventual loss of
ventral cone outer-segments following the loss of the UVS opsin, no effect on the rod
photoreceptors or any of the other retinal layers was observed in our model nor in either of
the two previous Opnlsw gene disruptions even out to 16 months of age (Daniele et al.,
2011; Greenwald et al., 2014). This contrasts with the observed effects of loss of rod outer-
segments in the rhodopsin knockout. In the Rho™ animal, loss of opsin leads to degeneration
and outer-segment loss as seen in older UVS opsin knockouts. However, the effect is more
immediate with no rod outer-segments observed after birth despite normal numbers of rod
cell nuclei (Jaissle et al., 2001). The loss of rod outer-segments also leads to significant cone
degeneration so that no cone outer-segments remain by 1.5 months of age (Toda et al., 1999)
and in 3 month-old animals, in addition to the loss of the photoreceptor layer, the ONL of the
retina displayed greatly reduced thickness (Jaissle et al., 2001). The explanation for why the
loss of rod opsin results in faster outer-segment degeneration may be related both to MWS
opsin partly compensating for UVS loss in mid-retinal cones as discussed below, and to
structural differences between the outer-segments of rods and cones. In rods, the
photopigment-containing discs (or lamellae) are bound within the plasma membrane, stacked
within the thin outer-segments, while those of cones are not membrane bound in the

generally much shorter cone outer-segments (Forrester et al., 2002b). Thus the rod lamellae
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are more integral to outer segment structure. The wider retinal effect of rod loss is indicative
of the greater relative importance of rods to mouse retinal structure. As cones make up only
3% of mouse photoreceptors (Jeon et al., 1998), the stability of the outer-segment layer is
largely due to the support of rod-outer segments. Loss of rod-outer-segments in the
rhodopsin knockout results in significant structural changes to the retina and its interaction
with both the RPE and outer limiting membrane (Yu et al., 2004). As close association with
the RPE is necessary for the RPE-visual cycle that replenishes photopigments of both rod
and cone photoreceptors, it is not surprising that the observed loss of cone function should

follow this changes (Travis et al., 2007).

The effects on ventral cone outer-segments in the UVS opsin disrupted models also indicate
the importance of opsin expression to the maintenance of the outer-segments. The
observation that the outer-segment effects were only seen in those cones which would have
little or no MWS expression in the wildtype points to a minimum threshold level of opsin
being required for outer-segment viability. Daniele et al suggest that the increased level of
OPNIMW they observed, despite finding no changes to OpnImw gene transcription levels,
is due to the competition of cone opsin transcripts for translation in wildtype animals
(Daniele et al., 2011). The impact of the loss of UVS opsin on the system equilibrium
follows La Chatelier’s principle and allows a greater proportion of the MWS mRNA to be
turned into protein. From modeling the observed M-opsin increase against the loss of cone-
outer segments, they determined that a minimum of 20% of normal opsin level was required
for outer-segment maintenance. As the level is lower than this in ventral cones that normal

express almost entirely UVS, these cones would show progressive outer-segment
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abnormality and then loss in the knockout (Daniele et al., 2011). The presence of a required
threshold opsin level for outer-segments has previously been found for rods (Sakurai et al.,

2007; Shi et al., 2007).

6.10 Further investigation of opsin regulation in OpnIsw model

Our main aim for generation of the Opnlsw KO in this study was to investigate UVS cone
contributions to image and non-image forming system functions. However, it is clear that
with B-gal expression in the KO occurring throughout all cones that would normally express
UVS, this model provides an excellent opportunity to further investigate the age-related cone
changes recently described by Greenwald et al. in their model of Opnlsw KO (Greenwald et
al., 2014). We did not examine aged animals here but, if similar outer-segment loss did occur
in our model, the presence of B-gal would allow modeling of cone-anatomy changes over
time where we might expect increasing abnormality in ventral cones relative to dorsal cones.
Indeed, detailed co-labeling of B-gal and MWS, similar to that in Figure 6.5, would allow
specific examination of s-cones in the dorsal and central retina which could be extremely
interesting in a number of different aspects as little is known about the less common cone
class in the mouse. This is despite the discovery of sustained s-cone mediated responses in
the PON suggesting fundamental difference in signaling between s- and m-cones (Allen et

al., 2011).
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6.11 Conclusions

Our characterization of a novel Opnlsw knockout model demonstrated a complete loss of
UVS opsin in the knockout retina while the retina structure and other opsin levels were not
different from wildtype in the ages of animal used in this study. It is possible that our model
would show loss of MWS opsin in aged animals as was observed by Greenwald et al in their
Opnlsw knockout. Animals around or under 8 months of age were used for all experiments
in this study and significant changes were only observed after this age in the previous
studies. Furthermore, our data indicates both opsin levels and general cone morphology,
even in the ventral retina of Opnlsw KO mice, are not significantly different from wildtype
at the ages examined in this study. White light control tests were included for each
behavioral assay and these would have revealed any m-cone dysfunction discrepancies
between the knockout and wildtype control animals. As anticipated, our UVS model
demonstrated normal non-image forming responses to white light and is well suited for
investigation of the role of UVS opsin in mediating UV sensitivity of image and non-image

forming visual systems.
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Chapter 7: Image-forming responses in
Opnlsw KO
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Introduction

7.1 Aims

The presence of high levels of UVS opsin and the unique profile of cone opsin expression in
the mouse retina remains to be fully explained in terms of its significance for visual function.
Having characterized our novel UVS knockout in the previous chapter, we have laid the
necessary foundation to use this model to examine UV visual sensitivity in various visual
assays. Here we have aimed to assess the impact of the loss of UVS opsin dependent
sensitivity in the UV on a range of image forming visual responses from basic light

preference to cortex-dependent tasks.

7.2 ERG versus behavioral assessments of UV vision in mouse

The presence of a UVS photopigment in the mouse is well established but the assessments of
the degree of UV visual sensitivity in mice have been limited. This is no doubt related to the
fact that only relatively recently has the mouse been widely used as an experimental model
for visual research (as discussed in Chapter 5), but with the increased use of mice in studies
of the mammalian visual system and ocular diseases it is important to understand the full

extent of its visual capabilities.

The initial indication of the UVS opsin and UV visual sensitivity in mice was derived from

ERG recordings that found a second sensitivity maxima, in addition to the one at 510nm, at
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370nm in the UV. Even more surprising was that this UV peak was higher than that in the
visible light range (Jacobs et al., 1991). Mice are known to have three times more UVS
expression than MWS (Applebury et al., 2000) and the translation into such high retinal UV
sensitivity led to speculation concerning why UV vision might be so important for mice in
their natural habitats (Chavez et al., 2003; Desjardins et al., 1973; Jacobs et al., 2002).
However, while more recent ERG recordings confirmed the higher UV peak by this
measure, a behavioral assay of vision found the UV visual sensitivity peak was significantly
smaller than that in visible wavelengths (Jacobs et al., 2004). The assay used was the three-
alternative, forced-choice discrimination task, a modification of a common forced-choice
reinforcement assay (Prusky and Douglas, 2008), where mice are trained to indicate which
of three identical test panels is lit by a particular test light to receive a food reward. Through
changing the lit panel location and characteristics of test stimulus over hundreds of trials, a
measure of visual detection threshold can be obtained. The difference between the field
potential on the eye surface measured by ERG and the integrated use of visual sensitivity
examined by behavioral assessments was discussed in Chapter 5. Interestingly, the
relationship between ERG and behavioral measurements found in mice contrasts with data
from other mammals, including the closely related rat, where ERG has been found to under-
estimate short-wavelength sensitivity compared to increment-threshold measurements
(Jacobs et al., 2001; Sperling and Mills, 1991). One possible explanation for this difference
is linked to the co-expression and wiring of the mouse cones. Only 3-5% of mouse cones
have been identified as true s-cones expressing only UVS and contacted by a dedicated blue
cone bipolar cell (Haverkamp et al., 2005). It has been suggested that the rest of mouse

cones are m-cones in which a developmental switch that is observed to turn off early UVS
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expression in favor of MWS in rat m-cones has been lost (Jacobs et al., 2004; Neitz and
Neitz, 2001). In this case then the majority of mouse cones possess m-cone connections and
the opposing influence with respect to the spectral response of ganglion cells and their
connections in the visual system might result in some cancellation of the UVS signal from
the m-cones and explain the lower behavioral measurements (Jacobs and Williams, 2007;
Jacobs et al., 2004). Thus, while there is no doubt that a particularly high retinal UV
sensitivity is reflected in ERG measurements, to date visual behavior experiments have not
found that the processing of UVS signals in the mouse allows for especially great visual

sensitivity.

It could also be that the behavioral assay used to assess UV vision in the mouse (three-
alternative, forced-choice discrimination task (Jacobs and Williams, 2007; Jacobs et al.,
1991, 2004)) did not capture the full extent of its sensitivity or that the high level of UV
sensitivity is adapted to perform non-visual functions where different retinal circuitry exists.
We examine UV vision using OKN and a visuospatial task in this chapter and examine the

UVS contribution to the NIF system in the next chapter.

7.3 Mouse Colour vision and UVS opsin

Another way of looking at the utility of ultraviolet sensitivity in the mouse, beyond the direct
quantification of sensitivity in various assays, is in terms of visual capabilities that are
gained through the presence of a second cone opsin in the retina. Perhaps the most obvious

potential advantage is the capacity for colour vision that would allow greater visual detail
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and discrimination. Using stimuli where spectral differences were the only cues, mice could
be trained to discriminate successfully between visual displays suggesting that wildtype mice
have the capacity for limited color vision (Jacobs et al., 2004). However, significant
performance in this assay required 6,000-10,000 training trials for each animal and simply
identifying the capability for discrimination does not mean that it is at a physiologically
significant level and sufficient to be useful in a natural environment or reflective of how the
mouse naturally uses its visual system. Indeed, co-expression of two opsins in the same cone
photoreceptor is a poor mechanism for a widespread comparison of spectral signals from
different cones to distinguish color and the UVS expression gradient is heavily biased
towards the ventral, sky-facing retina instead of the mid or upper retina that would be
directly useful for visual tasks in front of the mouse (Applebury et al., 2000; Rohlich et al.,
1994; Sz¢él et al., 1992). As regional sensitivity measurements across the mouse retina have
found that retinal responses follow that expected from the UVS gradient, with the greatest
UV sensitivity in the ventral retina (Calderone and Jacobs, 1995), it does not seem that the
cone-opsins in the mouse are arranged for color-discrimination visual ability. This leads
again to the debate as to the functional role of UV visual signals in mice that conferred

selective advantage to the dorsal-ventral expression gradient and high level of UVS opsin.

Summary of aims

In this chapter, we use three visually dependent assays, a light/dark box, the OKR and a
visuospatial variant of the NOR task to examine the effects of UV sensitivity and UVS opsin

loss on aspects of visual system response. In the light/dark box we expected a similar level

Page [219



Chapter 7 — Image-forming responses in Opnlsw KO

of white light aversion response in the Opnlsw KO but that under UV light the Opnlsw KO
would display a reduced response to the UV light. We also investigated if UVS expressing
cones played roles in the OKR response and visuospatial object recognition performance
under UV light. ERG was not assessed here as we aimed to obtain behavioral measures of
the use of UV light in the mouse visual system to expand on the results of the three-
alternative forced-choice assay, the only previous assay of this type to find evidence in

support of UV vision in mice.
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Results

7.4 Wildtype mice spend more time under UV than Opnlsw KO in Light-

Dark box

As one of the most basic light responses, preference for avoidance of light stimulus was
examined in a light/dark box where animals could choose to spend time in an open lighted
half of clear Perspex area or in an equally sized area of opaque black Perspex (Figure 7.1).
Time spent in the dark versus the light half of the light-dark box arena was analyzed over a
10-minute trial in Opnlsw KO and wildtype control mice. Analysis for each animal began at
the time of the first dark entry or crossing from lighted half into the dark to avoid variation
due to the observed freezing response of animals when first introduced to the open lighted
half of the arena. All animals were tested in the naive state, having never been exposed to the

light-dark environment before so prior experience in the arena could not influence behavior.

Figure 7.1 Light-Dark Box apparatus Side and corner views of light/dark box used for test of light avoidance

behavior to white and UV light in the Opnlsw transgenic model
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Both genotypes demonstrated significant aversion to the open half of the light-dark box
under 500 lux (14.6 log photons/cm?/s, 148.5 pW/cm?) white light, with significantly more
than 50% of the trial spent in the dark half of the arena for both Opnlsw KO and wildtype
animals (Figure 7.2). But there was no difference between the genotypes in this dark half

preference (2-tailed Student’s t-test, p=0.21).

The test for aversion was repeated under 10pW/cm” or approximately 13.3 log
photons/cm?/sec (10.86 pW/cm?) UV light. In this case a difference was observed between
the genotypes with wildtype animals spending a significantly smaller percentage of time
than the Opnlsw KOs in the dark half of the light-dark box (2-tailed Student’s t-test
p=0.036) (Figure 7.2). Compared to the non-preference level of 50%, the Opnisw KO
animals again were found to spend a significantly greater portion of time in the dark half (1-
sample t-test compared to no-preference 50%, t(6), p=0.011), while wildtype animals were
not (1-sample t-test compared to no-preference 50%, t(5) p=0.21). Further analysis
compared the aversion between the light conditions within each genotype and the wildtype
mice were found to have spent significantly more time in the dark half under white light
when compared to UV conditions (78.0% +/-5.49% SEM in white versus 55.8% +/-3.71%
SEM in UV, 2-tailed Student’s t-test p=0.0067). While the Opnlsw KO animals also spent a
greater percentage of time in the dark area for the white light condition than they did for UV
(87.3% +/- 4.46% compared to 76.8% +/- 7.42%) this difference was not significant (2-

Tailed Student’s t-test p=0.27).
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Figure 7.2 Light aversion behavior in Opnlsw KO and WT under white and UV light The amount of time
spent in the dark half of a light-dark apparatus was analyzed in Opnlsw KO and WT under 500lux (14.6 log
photons/cm?/s, 148.5 uW/cm?) white light and 13.3 log photons/cm?/sec (10.86 pW/cm®) UV light. 1-sample t-
tests comparing the percentage of time in the dark half to the no-preference level of 50% found both Opnlsw
KO (p=0.0004) and WT (p=0.0034) spent a significantly greater proportion of time in the dark half under white
light but only the Opnlsw KO maintained a significant preference for the dark half under UV light (p=0.011 for
KO and p=0.179 for wildtype). Comparing between the light conditions, wildtype mice were found to spend a
significantly smaller percentage of time in the dark half of the box under UV light than they did under white
light (2-Tailed Student’s t-test p=0.0067) but, while the KO did spend less time in the dark half this difference
was not significant (2-Tailed Student’s t-test p=0.27). Finally, only for UV (2-tailed Student’s t-test p=0.036)
but not white (2-tailed Student’s t-test p=0.221) was there a difference between the genotypes. Different
batches of mice were used in white and UV light tests, for white light, n=6 for WT and n=6 KO, for UV light
n=6 WT and n=7 KO. *=p<0.05, **=p<0.01, *** =p<0.005, *=2-tailed t-test comparison between genotypes or

light conditions, *=1-sample t-test comparing to no-preference level of 50%. Bars represent mean +/- SEM.
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7.5 Optokinetic responses of Opnlsw KO match wildtype responses

under white and UV light

The optokinetic reflex responses of wildtype and Opnlsw KO animals were tested using a
mechanical OKR drum (Methods Chapter 2 for testing procedure) under 200 lux white light
to confirm the normal performance of the KO under visible-wavelengths. KO responses
closely matched those of littermate wildtype controls at all spatial gratings (Figure 7.3).
Acuity threshold (defined as the lowest cpd grating where an average of 2 or more head-
tracking responses were observed) was 0.5 cpd and maximal sensitivity was found at 0.2-0.3

cpd. No responses were observed in the control condition with 0.2cpd but lights off (dark).
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Figure 7.3 OKR assessment of Opnlsw KO and WT under white light OKR responses of Opnlsw KO
(n=8) and WT (n=8) mice, were examined under 200lux (14.2 log photons/cmz/s, 59.42 uW/cmz) white light.
The threshold acuity (lowest cpd at which 2 or greater head-tracking movement were observed/ minute) was
0.5cpd for both KO and WT animals while maximum sensitivity was between 0.2 and 0.3 cpd for both

genotypes. Dark control was run with lights-off and 0.2cpd grating. Bars represent mean values +/- SEM.
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OKR responses were tested under dim (11.6 log photons/ cm”/ sec, 0.2 pW/cm?) and bright
(13.9 log photons/ cm?/ sec, 40 pW/cm?) UV light conditions. Responses did not differ
between the genotypes at any cpd in the dim (Figure 7.4A) or bright (Figure 7.4B) UV
conditions. However, there was an effect of light intensity on the performance of both
genotypes. The number of responses per minute was significantly higher under bright UV
for every spatial grating (Figure 7.5) and acuity threshold dropped from ~0.5 cpd to 0.3 cpd

for both genotypes.
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Figure 7.4 OKR assessment of Opnlsw KO and WT under UV light OKR responses of Opnlsw KO (n=8)
and WT (n=8) mice, were examined under (A) dim (11.6 log photons/ cm?/ sec, 0.2 uW/cmz) and (B) bright

(13.9 log photons/ cm?/ sec, 40 pW/cm?) UV light conditions. No significant differences were found between
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the genotypes at any cpd (2-tailed student t-tests in each case p>0.05). The threshold acuity (lowest cpd at
which 2 or greater head-tracking movements were observed/ minute) was 0.5cpd for both Opnisw KO and WT
animals under the bright UV condition but dropped to 0.3 cpd in dim UV (significant drop in thresholds for
both genotypes, p<0.005). Maximum sensitivity was 0.2-0.3 cpd under bright UV and under dim UV similar

levels of responses were seen for 0.1, 0.2 and 0.3 cpd gratings. Bars represent mean values +/- SEM.
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Figure 7.5 Response frequency is intensity dependent under UV light. Data from Figure 7.4 A and B is
replotted together to illustrate the changes in the frequency of head-tracking responses/minute between the dim
and bright UV condition. Responses were higher under bright UV light at every cpd irrespective of genotype

(2-tailed Student’s t-tests for each cpd found p<0.05).
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7.6 Visuospatial recognition performance is impaired in Opnilsw KO

animal under UV light

The visuospatial adaptation of the novel object recognition (NOR) task described in Chapter
5 was used to test for visual performance differences between Opnlsw KO and WT animals
under white and UV light. Animals were given a 10-minute sample phase to interact with
two identical objects in an arena where the walls could be distinguished by visual patterns.
Following a 5 minute delay, the animals were again introduced to the arena for a 3 minute
test phase where one of the identical objects had been moved to an adjacent corner (Figure
7.6). As objects were chosen such that they did not differ with respect to tactile or olfactory
stimuli, recognition of the novel object location requires the use of visual stimuli on the wall
of the arena to recognize that one object is in a new location. Recognition ratio above 0.5
indicates success in the task and the more the ratio is above 0.5 the stronger the performance

(ratio of time with object in familiar (f) versus the new (n) location given by n/(n+f) ).

Sample Test

Visuospatial

Figure 7.6 Representation of Visuospatial Object Recognition Task showing object movement between

sample and test phases.
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To confirm the expected normal visual performance under visible wavelengths of the KO
animals lacking UVS opsin, we tested Opnlsw KO and wildtype mice under 100 lux white
light. A significant recognition performance was observed for both WT (2-tailed 1-sample t-
test p=0.007) and KO (2-tailed 1-sample t-test p=0.002) (Figure 7.7). There was no
difference between the WT and KO performance, (ANOVA, p=0.945). There was also no
difference found between genotypes in general exploratory activity during sample or test

phases (Table 7.1).

An identical testing set-up was used to examine recognition performance under low (11.6
log photons/cm?/s, 0.22 pW/cm?) and high (13.6 log photons/ cm*/s, 22 uW/cm?) UV light.
Visuospatial recognition performance was examined both separately and by combining the
performance across both UV light intensities. Under low light, neither Opnlsw KO (2-tailed
I-sample t-test p=0.759) or WT (2-tailed 1-sample t-test p=0.158) performed above the
chance level of 0.5 although the WT performance of 0.606 was higher than the KO ratio of
0.525 (Figure 7.8A). Under bright UV, both groups were able to perform above chance (WT,
p<0.0005; KO p=0.002) again with WTs outperforming KO with ratios of 0.756 and 0.662
respectively (Figure 7.8B). When the data for UV light was combined, overall Opnisw WT
displayed significantly higher visuospatial recognition under UV light with a genotype by
batch ANOVA finding a significant difference in recognition ratio p=0.033 (Figure 7.8C).
The overall performance of both genotypes was also above chance when the combined data
was analyzed (WT p<0.0005; KO, p=0.0013) and there was no genotype difference in total

exploration time during sample or test phase (Table 7.1).
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The recognition ratios of wildtype Opnlsw control animals were higher for the visuospatial
task under white light (0.828) than under bright UV (0.756) but this difference was not

significant.

. Wildtype
Opnlsw KO
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Figure 7.7 White light visuospatial Object Recognition trial with Opnlsw KO and wildtype mice
Recognition performance of KO (n=7) and WT(n=6) Opnlsw mice was examined in a visuospatial adaptation
of the novel object recognition task under 100lux white light (13.94 log photons/cm?/s, 31.1 pW/cm?). WT
animals were found to perform significantly above chance level of 0.5 (2-tailed 1-sample t-test p=0.007) as
were KO (2-tailed Student’s t-test p=0.002). ANOVA analysis found no difference between genotypes
performance (F ;;, p=0.945). *= significantly above chance, *=p<0.05, **=p<0.01, *** =p<0.005. Bars

represent mean values +/- SEM.
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Figure 7.8 UV light visuospatial Object Recognition trial with Opnlsw KO and wildtype mice
Recognition performance of Opnlsw mice was examined in a visuospatial adaptation of the novel object
recognition task under low (11.6 log photons/cm?/s, 0.22 uW/cm?) and high (13.6 log photons/ cm?/sec, 22
uW/cmz) UV light intensities. (A) Under dim light trial in KO (n=7) and WT (n=7), neither genotype
performed above chance recognition level, KO (2-tailed 1-sample t-test p=0.759) or WT (2-tailed 1-sample t-
test p=.158). (B) Under the bright UV light both animals from the dim light batch and a further batch were
tested creating overall group sizes as follows; KO n=14 and WT n=13. Both WT and KO animals were found
to perform significantly above chance level of 0.5 (WT, p<0.0005; KO p=0.002). (C) Combined UV light data
for non-overlapping animals (WT n=12, KO n=13) found overall both genotypes performed above the chance
recognition level of 0.5 (WT p<0.0005; KO, p=0.0013) while ANOVA analysis showed WT animals
performed significantly better than KO (F1,23, p=.033). *=p<0.05, **=p<0.01, *** =p<0.005; *= significant

genotype difference, *= significantly above chance. Bars represent mean values +/- SEM.
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Table 7.1 Overall activity/ explorations for Opnlsw animals in Visuospatial and Olfactory recognition

tests (all tests 2-tailed Student’s t-test)

Mean total object exploration (and standard error of mean) during sample phases

UV Light White Light
Genotype Comparison

Visuospatial Olfactory Visuospatial
WT 160.17s(17.39s) 151.16 s (15.21 s) 141.17 s (23.65 s)
Opnl sw 152.07s(10.36s) 129.60 s (15.80 s) 138.96 s (16.03 s)

p=0.72 p=0.22 p=0.74

Mean total object exploration (and standard error of mean) during test phases

UV Light White Light
Genotype Comparison

Visuospatial Olfactory Visuospatial
WT 23.025(2.405) 17.38 s (2.05 s) 13.50s(2.19s)
Opnl sw 17.21 s (1.90s) 17.63s(1.23s) 12.71 s (2.95s)

p=0.078 p=0.85 p=0.36

7.7 Olfactory recognition performance shows genotype difference

under UV light

Given the observed genotype effect on visual performance under UV light, we examined
whether differential sensitivity to UV light would affect recognition performance of other
sensory modalities like olfactory responses if these were performed under bright UV light

(13.6 log photons/ cm?/sec, 22 pW/cm?). We hypothesized that OpnIsw KO animals, having

Page |231



Chapter 7 — Image-forming responses in Opnlsw KO

decreased visual sensitivity to UV light, might rely more heavily on other sensory cues like
scent and so display higher olfactory recognition relative to wildtype where the visual
stimulus did not change. For this experiment, the times of sample and test phases remained
the same but instead of moving a visually identical object with respect to the arena visual
cues, the objects remained in the same place but the scent of one object was changed (Figure

7.9).

We found that the recognition ratio for Opnlsw KO was significantly higher than that for
WT animals (by batch ANOVA p=0.048), however neither of the groups displayed a
recognition ratio significantly different from the chance level of 0.5 (2-tailed 1-sample t-test,
WT p=0.184; KO p=0.203) (Figure 7.10). There was no difference in general activity or

exploratory time between the genotypes (Table 7.1).

Olfactory

Figure 7.9 Representation of Olfactory recognition task showing object movement between sample and

test phases
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Figure 7.10 Olfactory recognition performance in Opnlsw KO and wildtype mice under UV light
Olfactory recognition performance of KO (n=14) and WT (n=13) Opnlsw mice was examined under (13.6 log
photons/ cm?/s, 22 nW/cm?) UV light. Neither group displayed recognition significantly different from the
chance level of 0.5 (2-tailed 1-sample t-test, WT p=0.184; KO p=0.203) but the KO performance was
significantly higher than the WT (by batch ANOVA p=0.048). *=p<0.05, **=p<0.01, *** =p<0.005; *=

significant genotype difference, *= significantly above chance. Bars represent mean values +/- SEM.
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Discussion

7.8 Wildtype mice show preference for UV light

One of the most basic light responses is the natural aversion behavioral response to acute
visible light found in nocturnal rodents such as rats (Crozier and Pincus, 1927) and mice
(Crawley and Goodwin, 1980; René Misslin, 1989). This response can be assessed through
the use of a light-dark box consisting of dark and lighted chambers that the animals are able
to cross between to show a preference or aversion to the light condition. As the behavior is
also related to the level of anxiety of an animal, this test has been widely used in anti-anxiety

or anxiolytic drug development (Bourin and Hascoét, 2003).

The photoreceptor basis for the light response has been found to depend on both the outer
retinal rods and cones as well as melanopsin containing pRGCs. In light/dark box tests,
studies had found differing results to the question of whether rd/rd mice retain (Mrosovsky
and Hampton, 1997) or lack (Lin et al., 2008) a residual light aversion response. The
difference could be due to testing methodology or due to variation in the incomplete cone
degeneration we saw in rd/rd retinas (Chapter 4). In recent evaluations using rd/rd cl mice as
a more complete model of retinal degeneration to compare to a triple knockout (TKO) mouse
with mutations affecting all the photoreceptors classes in the mouse retina, it was found that
while rods and cones are responsible for the majority of the aversion response, melanopsin is
also able to contribute a clear light preference over a 22 hour time-period (Semo et al.,

2010).
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The light-aversion response represents one of the most basic visual responses to light as
albino mice with visual deficits that are unable to display any head-tracking OKR response
under scotopic or photopic conditions were found to display a clear preference for the dark
in a light/ dark box test (Abdeljalil et al., 2005). Similarly, the triple-knockout mouse with
disruption of melanospin and rod/cone function (Gnatl ”°, Cnga3 *~ and Opn4 ) has not
been found to display PLR, entrainment, masking (Hattar et al., 2003) or phase-shifting
(Chapter 4, this study) responses but did display a light aversion response in a light/dark box
test using retinal signals (Semo et al., 2010), perhaps due to compensation for part of the rod
mutation. Thus, this test provides a basic level on which to examine the contributions of the

UVS cone to UV sensitivity.

The results we observed under white light showed a strong preference for the dark half of the
light/ dark box arena in both the wildtype control and UVS KO animals. This is consistent
with the expected aversion response being maintained in the Opnlsw KO as would be

anticipated given the limited UVS absorption under visible wavelengths.

Interestingly, under UV light, the Opnlsw KO again spent more time in the dark half of the
arena while the wildtype animals no longer demonstrated the preference for the dark half that
they showed under white light. This result was unexpected and the opposite trend to our
prediction that the loss of UV sensitivity in the Opnlsw KO would result in a reduction in
the light aversion response. Our prediction was based on the assumption that UV light would
result in an aversion response like that seen to visible wavelengths. While the UV light level

used was certainly bright enough to generate responses from a combination of the rods,
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melanopsin and MWS cones remaining in the Opnlsw KO (see residual photopigment
responses to UV light in Chapter 4 Table 4.1), we expected that the loss of the sensitivity
provided by the unique UV sensitivity of UVS cones would result in the Opnlsw KO
showing a lower level of aversion than the wildtype. The Opnisw KO animals did spend a
smaller percentage of time in the dark portion of the arena during the UV light trial but this
trend was not significant and the wildtype animals showed a much greater drop in the time

spent in the dark half of the arena.

The results we observed in wildtype mice suggest that UV light does not cause aversion like
visible wavelengths. This result is not without precedent as a previous study of mole-rats,
which also retain a UVS cone opsin, found they avoided blue but not UV light in a
comparison of monochromatic stimuli (Kott et al., 2010). Several species of bird have also

been found to prefer UV lit areas (Ross et al., 2013).

It could be that there is a significant innate preference for the dark half of our arena and also
a preference for UV visual environments in the mouse. This would explain why the Opnlsw
KO, unable to ‘see’ the UV light to the same degree at the wildtype, spent more time in the
dark-half under UV light. However, as we were focused on the Opnlsw KO and wildtype
aversion comparison under UV light, all of our animals were placed in one or other light
group during the experiment with white light regarded as the control given the expected
aversion response. We did not compare Opnlsw KO and wildtype preference for one or
other side of the light-dark box in ‘dark’ conditions without a light stimulus. In hindsight this

experimental design could have been improved as the light/dark box is also an established
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test of anxiety and there could be confounding factors between the genotypes other than the

presence or absence of UVS opsin that caused the observed effect.

7.9 OKR response to UV light is not dependent on UVS cones

We had previously examined the responses of rd/rd, rd/rd cl, Opn4 ”~ and ¢l models using
our OKR drum and found that white light responses were primarily driven by rods even
under light levels where cones would be expected to make a significant contribution to
vision. A preliminary test of UV responses at spatial grating of maximal sensitivity found
that both wildtype and ¢/ mice (which lack MWS cones but retain a population of UVS
cones and rods) displayed strong head tracking while neither rd/rd or rd/rd cl showed any
response (Chapter 5, Figure 5.7). This experiment did not preclude the possibility of UVS
cones contributing to OKR and this was investigated here using the Opnlsw model. The
finding that there was no difference between the wildtype and Opnlsw KO responses, even
under the high UV condition, again suggests that the OKR response here was primarily rod-

driven, supporting the conclusions in Chapter 5.

However, one aspect of these results that we did not find in the examination of white light
responses in Chapter 5 was intensity dependent changes in acuity. These have previously
been reported both where photopic conditions resulted in higher response rates than scotopic
(Abdeljalil et al., 2005) and in a study where a step-wise decrease in light irradiance was
mirrored by a decrease in relative responses (Schmucker et al., 2005). We found acuity

threshold and response rates were decreased at the lower intensity of UV light for both the
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wildtype and KO genotypes. The 0.5 cpd threshold acuity value at the brighter UV light
level as well as the 0.2-0.3 cpd spatial grating level of maximal response rate both matched
what we had found under white light conditions (Chapter 5 Figure 5.1) which demonstrates
that UV light can be used by the mouse to similar levels of acuity as white light so long as
the UV light is sufficiently bright. Given that our results indicate rod absorption is key to the
OKR assay, we would predict that bright light would be required to generate equivalent
responses to white light given the low level of rhodopsin sensitivity in the UV (see Chapter

4, Table 4.1).

7.10 UV light sensitivity through UVS cones is used for cortical visual

tasks

Our results indicate that UV sensitivity through UVS cones allow mice a greater visuospatial
recognition performance as evidenced by the fact that wildtype mice outperformed KO mice
under UV but not white light in the object-recognition task. Significant levels of
performance under UV light were reached for the high but not low UV light level and while
the performance of the Opnisw KO and wildtype did not differ under 100 lux (13.94 log
photons/cm?/s, 31.1 pW/cm?) white light, the performance of both genotypes under this
white light condition was higher than even bright UV light performance. It should be noted
that this is a comparison of monochromatic light to white light and 100 lux white light
represents a slightly higher total irradiance than the bright UV (13.9 versus 13.6 log
photons/cmz/s), but, similar to the results of the forced-choice discrimination behavioral test

(Jacobs et al., 2004), we did not see any evidence for the significant enhancement of UV
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sensitivity over visible wavelengths in the mouse visual system suggested by ERG results
(Jacobs et al., 1991, 2004). As cortex involvement has been implicated in rodents for both
the NOR (see Chapter 5 introduction of NOR assay) and the forced-choice discrimination
task (Petruno et al., 2013) they represent assessment of integrated use of visual sensitivity
for learning and behavioral environmental interaction that differs from the information
derived from photoreceptor function measured by ERG. These results support the suggestion
that the organization and pattern of opsin co-expression may reduce the signal from UVS
opsin to the image-forming system in the mouse (Jacobs and Williams, 2007; Jacobs et al.,

2004).

It is also clear that, while recognition performance in the NOR visual task under UV light
was reduced in the KO model lacking UVS opsin, successful recognition was still found in
the KO under bright UV. Though it is possible that tactile or other non-visual cues could
have resulted in successful recognition, as we found retinally degenerate rd/rd cl mice were
unable to perform this assay (Chapter 5 Figure 5.9), it was concluded that successful
performance is dependent on the use of visual context cues. Thus the limited sensitivity of
rod and MWS cone photopigments in the UV may be sufficient to allow visual performance
in this assay given bright UV light (again see Chapter 4, Table 4.1 for residual photopigment
sensitivities at 365nm). This performance could also be due to UV-induced visible
fluorescence of the test objects or arena where the high levels of UV light are absorbed and
result in fluorescence in the visible wavelengths that could then excite non-UVS
photopigments and thus allow for visual recognition. This is another reminder that while we

are investigating the UVS opsin as the primary UV-sensitive photopigment in the mouse,
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other photopigments may mediate UV sensitivity in animals when UV is at sufficiently high

levels of irradiance.

7.11 Difference in olfactory recognition between genotypes but it is

unclear if this reflects true variation in sensory integration

Finally, we examined whether the deficit in UV light sensitivity due to the loss of UVS
cones would cause other changes to sensory performance. Given a background UV
illumination we thought that Opnlsw KO animals, having decreased visual sensitivity to UV
light, might rely more on other sensory input and so display higher olfactory recognition
relative to wildtype when the scent but not visual stimuli was changed. While we did find the
Opnlsw KO significantly outperformed the wildtype, this analysis is complicated by the fact
that neither genotype performed at a level significantly different from chance. In addition,
the wildtype animals showed a slight, though non-significant, preference for the familiar
scent even though two trials were conducted with different combinations of scent stimuli and
all experiments were counterbalanced with respect to stimulus presentation. Thus it is not
clear from this data whether the visual deficit influenced performance in a different sensory
modality but this would be an interesting area for further investigation with regards to

sensory integration in mice.
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7.12 Conclusions

We examined the mouse visual sensitivity to UV light in a UVS opsin knockout using three
different visual assays, a light/dark box test of aversion, an OKR drum and a visuospatial
adaptation of the NOR task. Our results suggest that UV light does not necessarily cause the
light-avoidance response seen to visible light in the mouse but the basis for the observed
difference between Opnlsw KO and wildtype remains unclear. We also found that the OKR
response to UV light is not dependent on UVS cones. However, we found that loss of UVS
opsin does impair visuospatial object-recognition performance under UV. The demonstration
of visual deficit in this spontaneous visual task has further importance as it is only the
second behavioral test, following a number of studies involving the 3-alternative forced-
choice discrimination task by Jacobs et al., to show UV visual performance in the mouse. As
the forced-choice discrimination test requires training over hundreds of trials, this adaptation

of the NOR task provides a valuable new assay to test visual sensitivity in mice.
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Chapter 8: Non-image forming
responses in Opnlsw KO
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Introduction

8.1 Aims

In Chapter 4, we investigated the circadian sensitivity to UV light present in the mouse and
our results suggested that UVS cones played a major role in mediating this sensitivity. In this
chapter, we aimed to utilize our Opnlsw KO model, specifically lacking UVS cone opsin, to
examine circadian activity regulation under UV light to confirm the central role of UVS
cones suggested by our previous work. We also aimed to determine if a role for UV'S cones
in the non-image forming system was restricted to entrainment or if there was also an impact
on pupillary light responses. Finally, to follow up on the study of the c-fos induction in
pRGCs presented in Chapter 4, we examined c-fos expression in the retina following UV
light exposure to determine how this was affected by the presence and absence of the UVS
opsin. Comparing non-image forming roles for UV sensitivity to the image-forming data
presented in the previous chapter should provide an indication of the role UV light plays in

mouse physiology.

8.2 Evidence suggests varying balances of rod, cone and melanopsin

contributions to different non-image forming system outputs

In the investigation of photoreceptor roles in mediating UV sensitivity, it is important to
realize that the contributions of the photoreceptor classes are not uniform across the NIF

system. Even within the same wavelength range, there is abundant evidence that the relative
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contributions of rods, cones and melanopsin under visible light is dependent on which aspect
of the non-image forming visual system is being examined. Thus, comparison of UV light
responses to those under visible light should be restricted to the same NIF behavior. Here we
summarize the current evidence for photoreceptor contributions to major parts of the NIF

system and compare the established roles for rods, cones and pRGCs.

The Pupil Light Reflex

Pupil constriction and dilation are controlled by contraction of the ring of iris sphincter
muscle fibers around the pupil margin and the dilator muscle fibers spreading from the pupil
aperture respectively. The sphincter muscle, and thus constriction, is controlled by the
parasympathetic nervous system while dilation is controlled by the sympathetic system. In
the pupillary light reflex (PLR), light detection in the retina results in signals down RGC
axons terminating in the olivary pretectal nuclei (PON) which itself innervates the Edinger-
Westphal nucleus (EWN) of the third cranial nerve (Grozdanic et al., 2003; Klooster et al.,
1995). Oculomotor nerves from the EWN are sent to the ciliary ganglion and from there
parasympathetic postganglionic axons project to the sphincter muscle (Klooster et al., 1993).
In the dark, RGC projections pass signals to hypothalamic neurons projecting to the spinal
cord (segments T1-T3). Sympathetic neurons from there project to the superior cervical
ganglion which in turn signals down the ciliary nerve to the iris dilator which contracts to

result in pupil dilation (Barlow and Root, 1949).
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The PLR is dependent on light detection by the retina by some combination of rod, cone and
melanopsin as mice with disruptions to all three photoreceptor classes showed no
constriction response (Hattar et al., 2003). Under low light intensity or short light durations,
PLR appears normal in mice lacking melanopsin but bright light intensities and longer light
exposure show significant deficits including attenuated maximal constriction (Lucas et al.,
2003). Meanwhile, rd/rd cl have greatly reduced sensitivity under low light but are still
capable of maximal constriction at high light intensities (Lucas et al., 2003), with peak
sensitivity at 479nm consistent with melanopsin responses (Lucas et al., 2001). Another
study of Opn4 "~ melanopsin knockout mice found they were unable to sustain constriction
under bright light, losing constriction after only 20 seconds, and responses were also reduced
following bright light exposure (Zhu et al., 2007). These results suggest that melanopsin is
critical for responses during high intensity light, especially under conditions of long-term

exposure.

Detailed studies in human patients and further mouse models have supported and expanded
on these conclusions. Lall et al. (2010) recorded pupil reflex responses in Opnlmw® mice
where the human long-wave opsin replaced the Opn/mw gene and thus red-shifted the MWS
cone population to distance its absorption from that of melanopsin (Smallwood et al., 2003).
Comparisons of the OpnImw® and wildtype mice revealed cones and melanopsin combine to
drive constriction over a wide range of irradiance from about 10® to 10" photons/cm*/s (Lall
et al., 2010), presumably with rods primarily driving responses to lower irradiances although
exact estimates of thresholds differ (Yao et al., 2006). The red shifted cones were found to

make major input up to about 10'" photons/cm?/ s, above which melanopsin makes a major
1 put up p Y 1
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impact due to its resistance to bleaching (Zhu et al., 2007). Similar to kinetics observed in
human studies (Gooley et al., 2012), cones were found to be critical in driving initial
constriction with the contribution from melanopsin apparent only after a delay of around
0.8s (Lall et al., 2010). Studies of blind human patients lacking rods and cones have found
similar contributions with melanopsin driving constriction in these individuals (Zaidi et al.,
2007) and patients unable to track short-intermittent light stimuli at 480nm, even when it
was relatively bright (13 log photons/cm?/s), due to melanopsin’s slower response kinetics

(Gooley et al., 2012).

Aside from the evidence from pupillometry, Allen et al. (2011) recorded light responses in
the PON of Opn4 " mice and the OpnImw® red-shifted cone model. They found that long-
wavelength stimulation targeted to the red-shifted cones could support phasic responses to
abrupt light intensity changes but not sustained responses to continuous light (Allen et al.,
2011). However, comparing Opn4”~ and rd/rd ¢l mice, melanopsin and rods did not account
for all of the tonic activation recorded in the PON. This result was surprising given the
evidence of only phasic responses from red-shifted MWS cones as it indicated that at least
some cones were able to support sustained responses. In further testing in Opn4 "~ they found
that 460nm light over 13 log photons/cm?/s (corresponding to 10 log photons/cm?*/s
corrected for UVS absorbance) resulted in tonic responses with a distinct OFF-inhibition that
must originate from the relatively rare UV S-only s-cone population (Haverkamp et al., 2005)
as the only other known distinct cone population in the mouse retina (Allen et al., 2011).
Their general conclusion was that, while the PON relied heavily on melanopsin to encode

absolute irradiance, s-cones could respond to significantly slower changes in light than the
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UVS/MWS co-expressing cone population and that the s-cones support tonic response in the
PON, thought previously to be a property only of the melanopsin expressing pPRGCs and

rods (Allen et al., 2011).

Masking

Light exposure can result in acute effects on locomotor activity that may either suppress
activity (negative masking) or enhance activity (positive masking) (Mrosovsky, 1999).
Whether light causes positive or negative masking effects is phase (Pendergast and
Yamazaki, 2011) and irradiance dependent. In wildtype mice negative masking occurs under
high irradiance, whereas positive masking occurs under low irradiance. The range of white
light irradiance which effectively, defined as between 90-10% activity suppression, induces
negative masking in mice was found to be around 1 log unit from 16.5-3.4 pW/cm®
(Thompson et al., 2008). Photoreceptor input to masking has been shown to depend on a
balance of rod, cone and melanopsin input. Negative masking in Opn4 ”~ mice is lost given
long-durations of light exposure, indicating an important role for melanopsin in maintaining
masking effects (Mrosovsky and Hattar, 2003). Negative masking has also been found to be
equivalent under exposure to 500nm and 365nm light, providing some evidence for both
MWS and SWS contributions (Thompson et al., 2008). Finally, positive masking was absent
in rd/rd cl mice and the range of white light intensity that induced negative masking of
between a 90 and 10% activity reduction increased to over 2 log units (121.9-0.56 pW/cm?)
suggesting that rods and cones are responsible for controlling the balance of negative and

positive masking effects over a range of irradiances (Thompson et al., 2008).
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Entrainment/ phase-shifting

The evidence for photoreceptor contributions to entrainment responses is discussed in detail
in the introduction to Chapter 3 in this thesis. To briefly summarize the existing conclusions,
from behavioral studies of mouse models with various photoreceptor mutations and SCN
recordings it seems that rods and melanopsin are the dominant photoreceptors in the
sustained responses that drive entrainment (Altimus et al., 2010; Brown et al., 2011; Lall et
al., 2010). Melanopsin has a central role under long-durations of bright light while rods have
been found to be able to drive entrainment through cones even into the lower photopic range
(Altimus et al., 2010; Freedman et al., 1999; Panda et al., 2003). Although there is
contradictory data, evidence thus far has generally suggested that cones support mainly
phasic responses in the SCN under visible light (Brown et al., 2011) and although they
support phase shifts to short pulses of bright light (Dkhissi-Benyahya et al., 2007), given
longer light pulses or previous light exposure, MWS cones are not able to make a significant

contribution to phase-shifting responses (Lall et al., 2010).

Sleep Regulation

The role of the non-image forming system in sleep appears to be through at least two
pathways. Entrainment of the circadian clock, relying on rods, melanopsin and to some
extent cones as mentioned above, helps to time the sleep/wake cycle (Saper et al., 2005) but
there are also phase-dependent acute effects of light exposure on sleep and wakefulness.
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Acute light exposure leads to increased alertness in diurnal species including humans
(Lockley et al., 2006) but induces sleep in nocturnal rodents (Borbély, 1976). Regulation of
the timing of sleep has been shown to be a property of the non-image forming system as
melanopsin aDTA mice with targeted ablation of melanopsin pRGCs have intact vision and
free-running circadian rhythms but no entrainment of sleep rhythm or impact of acute light

on sleep (Altimus et al., 2008).

The induction of sleep bouts due to light exposure during the dark period in wildtype mice
was shown to be almost entirely melanopsin-dependent for 1hr pulses of white light, not
relying on significant outer retinal input, and involves activation of known sleep areas such
as the ventrolateral preoptic nuclei (VLPO) and superior colliculus (Lupi et al., 2008; Tsai et
al., 2009). In a study using longer periods of light (3hrs), rods and cones were found to play
a role in sleep maintenance over the longer light pulse but again melanopsin was dominant in
the initial sleep induction immediately following the start of the light exposure (Altimus et
al., 2008). As to how melanopsin might support a response independent of outer retinal
input, there is evidence from SCN recordings that a population of pRGCs projecting to the
hypothalamus do not receive any rod or cone input as they responded only to melanopsin
activity (Brown et al., 2011). Brown et al. also found a minority of SCN neurons lacked a
melanopsin-derived signal so, while a majority of pRGCs certainly receive outer retinal

signaling, this is not an absolute rule.

Apart from the acute regulation of sleep, the accumulation of ‘sleep drive’, as assessed by

EEG delta power, during wakefulness was significantly reduced in Opn4 "~ mice suggesting
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there is also an important role for melanopsin in the homeostatic regulation of sleep (Tsai et

al., 2009).

Melatonin Induction

Melatonin is a hormone synthesized and released by the pineal gland of many mammals and
provides a physiological signal of darkness widely used as a phase marker of the circadian
system in human studies (Sack et al., 1998). Its release is under control of the sympathetic
nervous system and synthesis is regulated both by the central clock (Shanahan and Czeisler,
1991) and acute light exposure with bright light inhibiting its production in humans (Lewy et
al., 1980). The daily rhythm of melatonin is tightly linked to the circadian clock and regular
melatonin administration is able to entrain free-running rats (Redman et al., 1983).
Melatonin has also been found to have some sleep-promoting influence as release in the
biological night helps facilitate sleep and administration of exogenous melatonin to humans
has phase-dependent sleep inducing effects (Hughes and Badia, 1997; Rajaratnam et al.,
2004; Wyatt et al., 2006). One of the initial pieces of evidence supporting the presence of a
further class of photoreceptor to the rods and cones was that rd/rd cl mice, lacking both
classical photoreceptors, showed normal melatonin suppression by light (Lucas et al., 1999).
However, evidence from the study of human melatonin suppression under different
wavelengths of light suggests that regulation is not solely dependent on melanopsin (Revell
and Skene, 2007). In a later human study, long-duration exposure to bright light at 460nm
and 555nm indicated that cones are initially able to suppress pineal melatonin release to the

same extent as melanopsin. However the 555nm response decays quickly under continuous
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illumination and melanopsin serves as the critical photopigment under bright-sustained light
(Gooley et al., 2010). The study of melatonin in mice is complicated by the fact that not all
strains of laboratory mice (eg C67Bl/6) secrete melatonin (Ebihara et al., 1986) which
indicates that its presence is not critical for the control of sleep and wakefulness in all

mammals.

Summary of trends and aims

In summary, for PLR and melatonin induction, rods contribute under dim light with cones
supporting across moderate to bright light and melanopsin is critical for sustaining responses
under bright light. Negative masking is similar, occurring under bright light, and as such
dependent on a balance of cones and melanopsin. By contrast, evidence suggests positive
masking is entirely dependent on rod and cone input. Entrainment and sleep behaviors seem
slightly more complicated; as discussed above, rods play a wider role in entrainment
responses into moderate light intensities with melanopsin supporting bright light entrainment
and only a limited role is found for cones under natural light conditions. Acute sleep
regulation is largely melanopsin-dependent with evidence also suggesting an important role

for melanopsin in the accumulation of sleep drive during waking.

It should not be surprising that studies have found slightly different balances in
photoreceptor contributions to the various NIF outputs as a study of photic thresholds of
entrainment, masking and PLR, found that the threshold for circadian entrainment was

between 1-2 log units lower than the light intensity required to elicit a masking or PLR
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response and that the spectral sensitivities also differed (Butler and Silver, 2010). This result
supports the idea that different mechanisms are responsible for these NIF behaviors as does
indications of different balances of rod and cone input to M1 and M2 pRGC subtypes
(Schmidt and Kofuji, 2010) given these subtypes project differentially to the SCN and PON
(Baver et al., 2008). Butler and Silver also found that spectral sensitivity at the entrainment
threshold pointed to rods as the primary photoreceptor in determining the threshold intensity.
This is consistent with our examination of threshold of entrainment in Chapter 3 that also

found rods to be the dominant photoreceptor.

In this chapter we examine the impact of UVS cone loss on UV sensitivity of the PLR and
phase-shifting light responses in the context of expected cone-contributions to these NIF
functions. We also examine retinal c-fos induction to determine if there is a loss of response

gradient in the Opnisw KO as would be predicted by the wildtype c-fos results in Chapter 4.
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Results

8.3 UV phase-shifting sensitivity in Opnlsw KO mice

To examine the impact of UVS cone loss on phase-shifting responses to UV light we
generated irradiance response curves (IRCs) to UV light pulses as was done with retinal
degeneration models in Chapter 4. Opnlsw wildtype controls and knockout animals were
given 15 minute pulses of 365nm light at CT16 over a range of 5 light intensities and the
light induced phase delay was determined for each animal (Figure 8.1). The responses of the
Opnlisw KO indicated a significant attenuation of UV sensitivity associated with the absence
of the UVS opsin (Figure 8.2). When the average IC50 for each genotype was determined
(half-sensitivity based on IRC fitting to individual animals, in all cases R*>>0.82), the IC50
for the Opnlsw KO was significantly lower than the wildtype (2-tailed Student’s t-test, p =
6.2 x10°) representing a drop of ~15 fold in the KO (Figure 8.3). Residual sensitivity of
6.8% in the Opnlsw KO, as determined from IC50 comparison to wildtype, is close to the
combined residual sensitivity expected from melanopsin and rhodopsin a-band absorbance at

365nm (4% and 2% respectively, see Chapter 4, Table 4.1).
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Days

Figure 8.1 Generation of irradiance response curve Free running animals in DD are exposed to light pulses
(indicated by yellow stars) of increasing intensity. Using ClockLab software, lines fit to activity onset pre and
post light pulse (lines in red, these are examples to illustrate fit and not onset fits done using ClockLab for

analysis) indicate the change in onset due to the light exposure and allows comparison of the effect of light on

the activity rhythm set by the SCN based central clock.
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Figure 8.2 UV Phase-shifting Irradaince Response Curves in Opnlsw KO and WT mice Irradiance
response curves (IRCs) for phase-shifting responses = SEM of wild-type (n=6) and Opnlsw KO (n=6) mice to

UV light (15 min pulse at CT16, 365 nm UV LEDs). Details of methods provided in Methods Chapter 2.
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Figure 8.3 UV Phase-shifting IC50s for rd/rd and rd/rd cl Sensitivity to UV light was assessed by IRC IC50
based on individual IRC fitting using Excel (Microsoft) to fit a four parameter sigmoid curve using the method
of least squares, in all cases R>>0.82 (See Methods Chapter 2). Opnlsw KO mice lacking UVS opsin show a
significant attenuation of UV sensitivity compared to wildtype (2-tailed Student’s t-test, p=6.2 x10°°).

*=p<0.05, **=p<0.01, ***=p<0.005. Bars represent mean values +/- SEM.
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As seen in Figure 8.2, the range of intensity for the light pulses was between 9.2 and 13.6
log photons/ cm*/ s, over a log unit lower minimum than was used for the rd/rd and rd/rd cl
IRC. Both the KO and wildtype displayed a significant phase shift to the 10.6 log photons/
cm?/ s light intensity and the magnitude of the phase-shift was not different between the
genotypes (2-tailed Student’s t-test p=0.46). This result could be due to an amount of phase
delay generated from our method of light pulsing as, if this was the case, then there would be
a residual phase shift no matter how low the light pulse intensity that would be expected to
be independent of genotype. To resolve this question, we performed a further light pulse at a
lower light level. As neither genotype displayed a significant phase-shifting response at 9.2
log photons/ cm?/ s, this suggests that the responses at 10.6 log photons/ cm?/ s did represent
phase-shifting responses to only the light pulse and further that this responses was not

dependent on UVS cone opsin.

8.4 Intensity dependent impairment of pupil constriction under UV

light in Opnisw KO

In Chapter 6 we found no difference in the pupil response of Opnisw KO and wildtype to
480nm light. We investigated if there were any differences in pupil constriction responses to
UV light at a low (0.5 pW/cm?® or ~11.9 log photons/cm*/s), medium (6 pW/cm” or ~13.0 log
photons/cm?/s) and high (35 pW/cm® or ~13.8 log photons/cm?/s) intensity UV light.
Constriction and recovery curves appeared most different under low UV (Figure 8.4A) with

the pupil constriction occurring at a similar rate initially but then leveling off quickly to a
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lower maximal constriction in the KO before recovering after the light pulse at a similar rate
to the wildtype through to the end of the 30-second recording. Under the medium light
condition, the KO again appeared to constrict to a lesser extent than the wildtype but the
difference was much smaller (Figure 8.4B). The pupil response to high intensity UV light
showed very similar constriction for KO and wildtype animals (Figure 8.4C). When
maximal constriction was examined at the timepoint just before the light turned off (12s), a
significantly higher constriction was found for the wildtype animals for low UV (2-tailed
Student’s t-test p=0.0066) while no difference was found between the genotypes for the
medium (2-tailed Student’s t-test p=0.49) or high (2-tailed Student’s t-test p=0.98) UV
conditions (Figure 8.5). The pupil constriction increased for both genotypes from the low to
medium to high light intensities with the KO increasing from 41.8% to 19.1% from low to
high UV intensities (percentage indicating % pupil area relative to full dilation before light-
on) and the WT from 26.2% to 19.2%. The constriction data for high and low UV one
second each side of the point of light exposure start was examined to look for differences in
response latencies but no significant differences in the time of initial constriction were noted

(Figure 8.6).
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Figure 8.4 Pupillary constriction in response to increasing intensities of UV light in the Opnlsw KO PLR
was examined in 2 batches of Opnlsw KO (n=6) and wildtype (n=6) at three different intensities of UV light:
(A) low (0.5 uW/cm? or ~11.9 log photons/cm?/s), (B) medium (6 pW/cm? or ~13.0 log photons/cm?/s) and (C)

high (35 pW/cm® or ~13.8 log photons/cm?/s).
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Figure 8.5 Irradiance dependent differences in maximum pupil constriction in Opnlsw KO Comparison
of maximum pupil constriction at the end of the 10sec light exposure (12 sec on constriction profiles in Figure
8.4) relative to dilated dark state pre-light found difference between mean constriction at this point increased
with decreasing irradiance with a significant difference at the lowest UV light intensity (2-tailed Student’s t-test

p=0.0066). **=p<0.01
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Figure 8.6 No difference in initial constriction kinetics between Opnlsw KO and WT Closer examination

of the first second of light exposure found no obvious differences in initial constriction profiles of KO and WT

animals (connected scatter-plots shown above) under the low or high UV irradiance condition from Figure 8.4.
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8.5 Retinal c-fos expression follows UVS opsin gradient under UV light

in wildtype but not Opnlsw KO

We previously observed that UV, but not white light, pulses induced a dorsal- ventral
expression gradient of the immediate-early gene c-fos in the wildtype mouse retina that
mirrored the gradient of the UVS cone opsin expression (Chapter 4 Figure 4.10). We
expected that we would see a similar result in the wildtype, but not Opnlsw KO animals due
to the absence of UVS opsin. Without UVS, the pattern of c-fos expression in the KO retina
must be due to absorption by some combination of thodopsin, MWS cone opsin and
melanopsin. Indeed, we observed that, following white light pulses, the c-fos expression was
largely even across the retinas of both wildtype and KO animals (Figure 8.7A) while
following UV light pulses, only the retina of wildtype mice showed a strong gradient of c-
fos as would be expected from UVS opsin being the major contributor to c-fos activation in

the RGCs (Figure 8.7B).
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Figure 8.7 c-fos induction in Opn1sw following UV light shows no gradient Whole-mounted Opn/sw KO

and WT retina were stained with UVS (green) and c-fos (red) antibodies following (A) a 30-minute bright

500lux white light pulse (approximately 14.7 log photons/ cm?/ s) and (B) a 30 minute UV light pulse at Z16 of

12.6 log photons/ cm?/ s. After the white light pulse, high levels of c-fos expression were found across the

retina of both genotypes and did not show a significant gradient in response. Contrastingly, UV light resulted in

a clear dorsal-ventral gradient of c-fos induction in the WT but not KO retina. Scale bars=50um.
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8.6 Dorsal ventral gradient of c-fos positive cells in wildtype retina

following different intensity UV light pulses

To quantify the effects of UV and white light pulses on the number and distribution of c-fos
positive (+) cells in Opnlsw KO and wildtype mice we performed counts on the retinas of
mice pulsed with one of two light intensities. Retina from three different mice for each
genotype were collected following pulses of high UV (5.0 uW/cm?, ~13 log photons/ cm?/s),
low UV (0.05 uW/cm?, ~11 log photons/ cm?/s), high white (100 lux, ~31 pW/cm?, ~14 log
photons/ cm*/s) or low white light (1 lux, ~0.31 pW/cm?, ~12 log photons/ cm?/s) at CT16.
The values of UV light intensity were chosen based on our phase-shifting IRC to UV light to
be at points of high and lower circadian response (Figure 8.2) while the white light values
were chosen using literature white light wildtype mouse IRCs to be at roughly similar points
of the white light phase-shifting curve (Foster et al., 1991; Sharma et al., 1999). For each
retina collected, 3 confocal Z-stack images were taken of non-overlapping areas in each of
the dorsal and ventral retina with the retinal location identified by the UVS gradient in the
case of Opnlsw wildtype or the equivalent B-gal staining in the case of the Opnlsw KO
(Figure 8.8). We were unable to successfully co-label retina with c-fos and melanopsin
antibodies. Both antibodies were raised in rabbit and the alternative antibodies we tested did
not result in comparable staining. In Chapter 4, a blocking process developed by Dr. Steven
Hughes did allow co-labelling to specifically count c-fos positive pRGC but this was not
successful with the Opnlsw retina thus only general c-fos positive cells were analysed. Two
layers of c-fos positive cells were observed in each retina and these were combined in the Z-

stacks for total retinal c-fos expression. Automated counts of c-fos positive cells in each
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image were found using ImagelJ software and verified by manual counts of randomly chosen
areas. Coloured pixel area data was also collected for each image and trends in this data

matched those found in cell counts (data not shown).

There were significant differences in the average number of c-fos (+) cells in the dorsal
compared to ventral retina for Opnlsw wildtype mice for both high (2-tailed Student’s t-test
p=0.0099) and low (2-tailed Student’s t-test p=0.00046) UV light conditions but not for high
(2-tailed Student’s t-test p=0.085) or low (2-tailed Student’s t-test p=0.31) UV in the
Opnlisw KO (Figure 8.9). Under white light, dorsal and ventral retina counts were similar in
both wildtype and KO for both light intensities (Figure 8.10). Total numbers of c-fos
positive cells were higher for both light intensities under white light compared to the UV
intensities with high intensity white light counts much higher. In both genotypes, there was
an obvious trend of high intensity pulses resulting in higher total c-fos positive cell counts
than the low intensity pulses, although this trend was only near significance in all cases other

than between white light in the wildtype (2-tailed Student’s t-test p=0.048).

Comparing counts in the upper or lower retina between KO and wildtype within the same
light type and intensity found no differences under white light but under low UV light,
ventral counts were significantly higher (2-tailed Student’s t-test p=0.023) and dorsal counts
significantly lower (2-tailed Student’s t-test p=0.024) in the wildtype compared to the KO.
Under the high UV condition, ventral counts were very similar (2-tailed Student’s t-test
p=0.99) but again dorsal counts were lower in the wildtype although this trend was not

significant (2-tailed Student’s t-test p=0.099).
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Across all genotypes and conditions there was a general trend of higher ventral counts than
compared to the dorsal counts, ignoring the large significant difference for wildtype
following UV exposure already mentioned. This trend was non-significant except for a weak
significance for the KO under low white light (2-tailed Student’s t-test p=0.44). As it is such
a general trend across the data set, this is very likely due to the light used to pulse the mice
being situated above the cages. From above, more of the light would be expected to hit the
bottom of the mouse retina than the top resulting in the observed consistent small difference

in activated cells irrespective of genotype or light type.

uvs

Dorsal

Ventral

Figure 8.8 B-gal expression in UVS-expressing cones of the Opnlsw KO B-gal expression due to the LacZ
reporter in the target vector inserted in place of the Opnlsw gene allows determination of retinal position in KO

retina against the dorsal-ventral gradient as the UVS gradient allows in the WT. Scale bars=20pm.
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Figure 8.9 Patterns of c-fos induction differ between Opnlsw KO and WT animals following low and
high irradiance light pulses of UV light Opn/sw KO and WT animals were exposed to 30-minute light pulses
of higher irradiance UV light (5.0 uW/cm?, ~13 log photons/ cm?/s) or lower irradiance UV light (0.05
uW/cm?, ~11 log photons/ cm*/s) at CT16. Retina’s were collected 30-mintues following the end of light pulse,
whole-mounted and stained with UVS (green, WT) or B-gal (green, KO) and c-fos (red, both genotypes). n=3
for both genotypes at each light intensity and 3 images where taken of both upper and lower retina for cell
counting in every retina. UV light induced significant greater c-fos induction in the ventral retina of WT mice
under both high (2-tailed Student’s t-test p=0.0099) and low (2-tailed Student’s t-test p=0.00046) irradiance.
No significant difference was found for KO retina. Comparing between light irradiances, ventral counts were
significantly higher (2-tailed Student’s t-test p=0.023) and dorsal counts significantly lower (2-tailed Student’s
t-test p=0.024) in the wildtype compared to the KO under low UV. Under the high UV condition, ventral

counts were very similar (2-tailed Student’s t-test p=0.99) but again dorsal counts were lower in the wildtype
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although this trend was not significant (2-tailed Student’s t-test p=0.099). *=p<0.05, **=p<0.01, ***= p<0.005.

Bars represent mean values +/- SEM. Scale bar=20um for all images.
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Figure 8.10 Similar patterns of c-fos induction in retina of OpnIsw KO and WT animals following low
and high irradiance light pulses of white light Opn/sw KO and WT animals were exposed to 30-minute light
pulses of higher irradiance white light (100 lux, ~31 pW/cm?, ~14 log photons/ cm?/s) or lower irradiance
white light (1 lux, ~0.31 pW/cm?, ~12 log photons/ cm?/s) at CT16. Retinae were collected 30-mintues
following the end of light pulse, whole-mounted and stained with UVS (green, WT) or B-gal (green, KO) and
c-fos (red, both genotypes). n=3 for both genotypes at each light intensity and 3 images where taken of both
upper and lower retina for cell counting in every retina. The only significant difference in c-fos positive cell
counts was found between dorsal and ventral retinal counts in KO mice under low white light (2-tailed

Student’s t-test p=0.044). *=p<0.05, **=p<0.01, ***= p<0.005. Bars represent mean values +/- SEM. Scale

bar=20um for all images
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Discussion

8.7 UVS cones are critical for phase-shifting responses to UV Light in

mice

The significant difference in phase-shifting sensitivity to UV light between the Opnlsw KO
lacking UVS opsin expression and wildtype littermate controls confirms a central role for
UVS cones in driving this NIF response. This is an intriguing result given that there is

significant evidence that MWS cones do not make a large contribution to phase-shifting.

Mice with the ¢/ mutation lose almost all MWS opsin as well as much of the UVS as seen in
our staining of the ¢/ (Chapter 4, Figure 4.11). However, 15 minute light pulses of 509nm
light in the c/, the same duration of light pulse used to examine UV phase-shifting here, were
found not to differ from wildtype mice up to response-saturating light intensities (Freedman
et al., 1999). More recently, in the red-shifted mouse model with human LWS opsin in place
of the mouse MWS, significant phase shifts to 15-minutes of 650nm light targeted to the
shifted cone opsin were only generated for intensities greater than 13 log photons/cm?/s (Lall
et al., 2010). Compared to responses to light pulses at 500nm, this represented a 1000 fold
drop in sensitivity suggesting very little role for cones in this response and examination of a
cone-only Gnatl”~ Opn4”” mouse model confirmed that cones could not reliably drive stable
activity entrainment responses even to very bright irradiances (Lall et al., 2010). However,
when a 15-minute pulse was presented as fifteen 1 minute pulses with 2 minutes of dark

separating each, the phase-shifting response to long-wavelength light was greatly enhanced
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suggesting that it is the length of continuous light that prevents cone responses from
resulting in significant responses under most intensities (Lall et al., 2010). Somewhat
contradictory evidence was found in a MWS coneless mouse model, in addition to being
slower to adjust to light-cycle delays, phase shifts were attenuated under bright 530nm light
though very little difference was found at 480nm (Dkhissi-Benyahya et al., 2007). A follow-
up study in the same model again found phase-shifting deficits to short pulses of very bright
light (2.8 x 10" photons/cm?*/s) (Dollet et al., 2010). The results of this model are therefore
in somewhat contradiction to those of the red-shifted cone model which may be model
dependent as effects on the other opsins were reported in the TR MWS-model (Dkhissi-
Benyahya et al., 2007). However, even in the MWS coneless model, the differences in light
pulses to 530nm were relatively minor and, when modeled, indicated a relative contribution
ratio of melanopsin: MWS of 1:1.12 at longer wavelengths in wildtype mice (Dkhissi-
Benyahya et al., 2007). Therefore, the bulk of evidence supports the idea the MWS cones
make fairly limited photoentrainment except for short-duration pulses. Providing a good
explanation for these results, recordings in the SCN have found prior light exposure greatly
diminishes cone responses (Brown et al., 2011; Drouyer et al., 2007), thus it is likely that
longer duration light pulses would similarly limit cone contribution but short pulses with
darkness in-between would allow cones to recover to make contributions at each intermittent

pulse.

It had been assumed, given the co-expression of cone opsins in the mouse, that UVS opsin
would follow a similar pattern to MWS in terms of entrainment contribution. Our data,

however, suggests that UVS cones are the primary factor in driving phase shifts to 15-minute
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pulses of UV light. It is not immediately clear how UV'S opsin could drive phase shifts in the
co-expressing cones to a much greater extent than MWS in the same cones. One explanation
is related to expression levels as it is established that UVS expression is higher than MWS in
the mouse (Applebury et al., 2000; Sz¢1 et al., 1996) and it could be that this high opsin level
results in greater relative SCN signals from UVS than MWS. The role of UVS indicated by
our data is much greater than the about 3x greater expression levels seen in the retina or the
nearer to 4x higher sensitivity measured at the cornea (Lyubarsky et al., 1999) which argues
against this explanation. Another possibility is that the phase-shifting response is due to the
UVS-only s-cones which make up around 4% of total cones (thus ~8000 across retina
(Lyubarsky et al., 2008)) and connect to a dedicated bipolar cell (Haverkamp et al., 2005).
These cones thus represent a separate cone pathway to the larger cone population expressing
UVS and MWS to varying extents across the retina. There is evidence that s-cones drive
tonic responses to light in the PON different from the normal phasic cone responses (Allen et
al., 2011). Sustained responses of melanopsin in the SCN are thought to be indicative of its
ability to support entrainment (Brown et al., 2011) and, if s-cones were also able to drive
more sustained responses in the SCN as well as the PON, would be well suited to support
entrainment in a way that the phasic responses of the majority of cones could not. A
potential objection to the s-cone theory for the basis of UVS phase-shifting is the rarity of
the s-cones in the mouse as they are such a small proportion of cones which themselves are
only ~3% of the total retinal photoreceptors (Jeon et al., 1998). However, it is clear from our
study of rd/rd and cl phase shifting that large populations of cones are not required to drive

aDTA/+

robust responses and a study of Opn4 mice found that only a small population of

functional pRGC:s is sufficient to drive full pupil constriction (Giiler et al., 2008). A more
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significant issue is that it is not confirmed if the s-cone/ blue-cone bipolar cell pathway
drives significant sustained responses in the SCN (Brown et al., 2011). It may also be that
UVS cones form specialized connections with different sub-populations of pRGCs, as there
is evidence of differential input of photoreceptor classes to specific types of pRGC (Schmidt
and Kofuji, 2010), or that UVS opsin input results in different pRGC signals to the SCN than
those from MWS opsin. Our UVS knockout certainly affects s-cones in addition to the co-
expressing m-cone population but without more evidence of pRGC input or SCN signaling it
is not possible to determine if s-cones are indeed responsible for the very high UVS

contribution we observed.

8.8 Rods may support UV phase-shifting a low light intensities

Our data also indicated that, while UVS absorption is responsible for the majority of phase-
shifting sensitivity at 365nm, the 10.6 log photons/cm?/s light intensity did not result in
significantly different phase shifts between Opnlsw wildtype and KO mice. We previously
observed that both rd/rd and rd/rd cl mice lacked phase-shifting responses at the 10.6 log
photons/cm?/s although wildtype mice could respond (Chapter 4 Figure 4.2). This was
despite there being no significant difference between rd/rd and wildtype IC50s fit to UV
phase-shifting IRCs. This suggested that, while rods were not the dominant photoreceptor in
UV phase-shifting sensitivity, the presence of rods was the important factor in phase-shifting
to low intensity UV light. This conclusion would also explain why the loss of UVS did not
result in lower responses to the 10.6 log photons/cm®/s light intensity in this experiment as

the rhodopsin levels and rod structure in the Opnlsw KO are unaffected (Chapter 6, Figure
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6.1). Even though this explanation fits the data from both sets of mouse models, as
mentioned in the Chapter 3 discussion of the rd/rd cl and rd/rd, the residual sensitivity of
rods at 365nm is only about 2% based on the standard photopigment absorption template so
even the ~20min phase shifts observed in the wildtype and KO at the 10.6 log photons/cm*/s

here are quite large if only this low residual sensitivity is responsible.

8.9 UVS cones extend cone contribution to PLR into UV

While the major role of UVS cones in supporting phase-shifting response is fairly surprising,
the role of UVS cones in supporting PLR indicated here is consistent which the general view
of cone contributions to PLR. We found a significant difference between KO and wildtype
under moderate UV light of about 12 log photons/ cm?/s at the position of the mouse’s eye,
the lowest irradiance that we could examine with the UV LEDs in our pupillometry set-up,
but this difference in maximal constriction disappeared as the intensity was increased
towards very bright 13.7 log photons/ cm?/s. Bright white light produces maximal
constriction in the rd/rd cl lacking rods and cones (Lucas et al., 2003) and melanopsin and
MWS cones have been shown to combine to support pupil responses over a wide range of
intensities, with melanopsin important in brighter light (Lall et al., 2010). Given the
established co-expression of UVS and MWS in the majority of mouse cones (Applebury et
al., 2000), UVS would be expected to be drive similar contributions to those found for cones
in the visible wavelengths. In a previous study, the point where melanopsin was found to
begin to dominate over cone contribution was around 11 log photons/cm®/s (Zhu et al., 2007)

but this was in the visible wavelengths where melanopsin sensitivity is much higher than at
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365nm light used here. It is therefore not surprising that melanopsin could not fully
compensate for UVS cone loss at 12 log photons/ cm?/s of UV light but, as the intensity was
increased to very bright levels, the residual sensitivity of melanopsin was sufficient to drive
similar responses in both wildtype and KO animals. Our results differ from a previous study
that reported the magnitude of PLR to UV light matched that of green light and was not
dependent on cone loss (Yao et al., 2006). However, there are several issues with this study
including that the model of cone loss (cpf! 1) has also been reported to also contain very
abnormal retinal morphology from early in developmental (Chang et al., 2009) and that their
results appear to discount any role for melanopsin in the PLR which is in disagreement with

the vast majority of other literature.

We were not able to observe any differences in response kinetics with our pupillometry set
up. Given the loss of UVS cones, it might be expected that the KO mice relying only on
residual melanopsin absorption rather than a cone response for constriction would begin to
respond slightly slower following the start of light exposure as the melanopsin response is
thought to be significantly slower than that of cones (Berson et al., 2002). Differences in
initial PLR kinetics between cone and melanopsin responses have been observed previously
for both human and mice (Gooley et al., 2012; Lall et al., 2010). However, given the PLR
response latency of melanopsin in the mouse has been estimated at less than a second (Lucas
et al., 2001), it is possible that the resolution of our experiment was not sufficient to pick up
this difference. It is also possible the MWS cone opsin, which is expected to be present and
functional in the UVS KO and also has very low residual sensitivity at 365nm, is able to

contribute the faster cone response kinetics in the KO.
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8.10 UVS cones drive retinal c-fos induction to UV light in the mouse

In Chapter 4, we described that white light pulses in the wildtype mouse produced an even
gradient of c-fos expression but UV light exposure resulted in a strong dorsal-ventral
gradient of c-fos positive cells that followed the UVS opsin expression. To confirm the
association between UVS opsin and the observed expression gradient, we performed light
pulses in the Opnisw KO. Supporting the previous results, UV light resulted in a fairly even
distribution of c-fos in the KO retina while UV light in littermate wildtype controls again
showed a dorsal-ventral gradient. Quantifying the number of c-fos positive cells, the
wildtype retinas had significantly more c-fos positive cells in the ventral relative to dorsal
retina following both high and low intensity UV pulses, while counts across the knockout

retina did not find significant regional differences.

Interestingly, comparing the dorsal retinal counts of c-fos positive cells in wildtype and KO
animals under both high and low UV light revealed a trend of lower dorsal counts in the
wildtype compared to the KO. The higher ventral counts in the wildtype under low UV is
unsurprising given the presence of UVS opsin in these animals resulting in increased
sensitivity but why the presence of UVS opsin might result in lower dorsal counts under UV
light in the wildtype is less clear. The lower dorsal count trend was not observed under either
of the white light conditions suggesting it is a UV specific response tied to the UVS opsin. A
negative inhibition by cones was suggested in human melatonin regulation (Figueiro et al.,

2004), by our examination of dim entrainment threshold and in our analysis of c-fos positive
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M1 and M2 cells where a greater percentage of dorsal retina M1 pRGCs responded in the
rd/rd cl relative to the wildtype under UV light (see Chapter 4). However, examination of
the phase-shifting response in the red-shifted MWS cone model did not find any indication
of m-cone related inhibition (Lall et al., 2010). As with the M1 pRGC data in Chapter 4, the
change in dorsal c-fos positive cell counts between KO and wildtype under UV light could
again be explained by a level of UVS cone inhibitory signalling. In the dorsal retina of KO
mice, the lack of UV'S means that c-fos activation in response to UV light must be due to
residual MWS, rod and melanopsin absorbance and it is more likely due to melanopsin or
rods given the even gradient seen across the retina. In wildtype animals, the level of UVS
expression in the dorsal m-cones is very low and s-cones expressing only UVS are rare
(Applebury et al., 2000; Haverkamp et al., 2005; Sz¢l1 et al., 1996). This balance means, as
opposed to the ventral region, the dorsal retina of wildtype mice have a much greater
proportion of c-fos activation due to residual melanopsin and rod sensitivity in the UV light
condition, as occurs in the KO. If UVS activation, perhaps in s-cones, inhibits one of the
other photopigment pathways then this would offer a reasonable explanation as to why the
dorsal retina of the wildtype has fewer c-fos positive cells than the KO. This inhibition
would be insignificant in the ventral wildtype retina due to the positive contribution of very
high UVS expression in m-cones. That this response consistent with the observed response
in M1 pRGCs (Chapter 4 Figure 4.11), both in terms of the trend being in the dorsal retina
and only under UV light, is strong evidence this is not an artefact of the Opnisw KO model
and indeed tied to the loss of the UVS cone opsin. A model of cone inhibition based on the

evidence in this thesis is presented in Chapter 9.
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We observed two layers of c-fos positive cells in the retina (also seen in sham pulses in
wildtype, Figure 4.10A) which is consistent with previous reports of light-induced c-fos
expression in amacrine and RGCs in the INL and GCL respectively (Hannibal et al., 2001).
c-fos expression in the SCN has been strongly linked to circadian phase-shifting sensitivity
and occurs in locations linked to the projections of the retino-hypothalamic tract (RHT)
(Colwell and Foster, 1992; Kornhauser et al., 1990; Morin and Allen, 2006; Rea, 1992;
Rusak et al., 1990). In the retina, c-fos expression has been found at dawn and following
light stimulation in the dark (Yoshida et al., 1993). Light stimulation was found to activate
both PACAP and non-PACAP containing RGCs in the mouse retina, though expression in
the PACAP-containing RGCs persisted longer in the light (Hannibal et al., 2001). As the
PACAP-containing RGC population was later identified as the melanopsin-expressing RGCs
(Hannibal et al., 2004) c-fos induction is a strong marker of light activation leading to non-
image forming sensitivity. It should be noted, however, as we were not able to successfully
co-label retina with c-fos and melanopsin as was done with wildtype and rd/rd cl in Chapter
4, pPRGCs will make up only a fraction of the c-fos positive cells we counted in our analysis.
Thus there may be differences in patterns and trends in response of pRGCs that were missed
in this study. However, as the pRGC trends in Chapter 4 mirrored the observed gross retinal

c-fos gradient, the c-fos counts here are likely to be consistent with the trends of pRGCs.

8.11 Conclusions

We found that UVS opsin is the critical photopigment in the UV sensitivity of the mouse

phase-shifting response, able to drive responses to a much greater extent than the established
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model for MWS contributions under visible light. In contrast, the contribution of UVS opsin
to the PLR under UV light is consistent with known MWS contributions. Finally, we
determined UVS opsin is the dominant photopigment responsible for c-fos activation under
UV light in the wildtype retina. These results all indicate a broad and important role for UVS
opsin in NIF UV sensitivity in the mouse but while this UVS contribution is likely to come

from m-cones for the PLR, phase-shifting responses may involve an s-cone input.
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Chapter 9: Discussion and Conclusions
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9.1 The basis of non-image forming UV sensitivity in mice

The influence of UV light on the circadian system of rodents has been the subject of
considerable investigation and contradictory results. NIF UV sensitivity has an influence on
a range of behaviors including regulation of the reproductive system, phase-shifting,
melatonin suppression and body temperature rhythms in rats, hamsters and in mice (Brainard
et al., 1986, 1994; McGuire et al., 1973; Provencio and Foster, 1995; von Schantz et al.,
1997) while retinal sensitivity in the UV has been identified in further rodent species
including gerbils and gophers (Jacobs et al., 1991). These results were of particular interest
to investigators as UV sensitivity was long thought to be absent in mammals (Goldsmith,
1994; Jacobs, 1992). Furthermore, the UV responses found in these species of rodents were
of similar or even greater magnitude relative to responses under visible wavelengths (Jacobs
et al., 1991; Provencio and Foster, 1995; von Schantz et al., 1997). This widespread
sensitivity was thought to potentially indicate unique and important roles for UV light in the
natural environment of rodent species (Chéavez et al., 2003) and perhaps a common
mechanism of retinal UV input. An obvious candidate was the UVS cone class, found to be
present along with the known MWS opsin in the eyes of many rodents including rats (Sz¢l
and Rohlich, 1992) and mice (Sz¢€l et al., 1992) with absorbance maxima around 360nm
(Deegan and Jacobs, 1993; Yokoyama et al., 1998). However, while the UVS opsin was the
candidate for the NIF UV behavioral sensitivity of rats and mice, the Syrian Golden Hamster
was also found to show significant UV phase-shifting responses despite the fact that this
species lacks a UVS cone opsin (von Schantz et al., 1997). The finding of photic-

entrainment responses of equal magnitude to 357nm and 515nm light in the Syrian hamster
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introduced considerable doubt as to whether the UVS cone was responsible for UV phase-
shifting or indeed any of the other UV NIF behavioral responses in rodents. An alternative
mechanism was then proposed by which one of the photopigments known to drive NIF
function, such as rhodopsin or melanopsin, might provide UV sensitivity through absorption
of the secondary B-band peak. The B-band is known to extend into the short-wavelength
range as part of the absorption spectrum of vertebrate photopigments but had not been

shown to drive behavioral responses (Hut et al., 2000; von Schantz et al., 1997).

Here we resolve the question concerning the basis of UV NIF phase-shifting sensitivity in
mice through examination of phase-shifting responses of mice with varying degrees of rod
and cone degeneration in the rd/rd, rd/rd cl and cl, as well as in a novel Opnlsw knockout
model lacking UVS opsin. Our results indicate that the UVS opsin is the dominant
photoreceptor driving these responses to UV light in the mouse. Although the loss of UVS
was accompanied by a ~15 fold decrease in sensitivity, the residual phase-shifts in both the
rd/rd cl (3% residual sensitivity) and Opnilsw KO (6.8% residual sensitivity) demonstrate
that melanopsin, and likely rhodopsin, are able to contribute some degree of UV sensitivity
through the residual absorption of the a-band but there is no indication of B-band
contribution to phase-shifting behavior. Mouse PLR was also demonstrated to receive a
strong input from UVS opsin sensitivity that, combined with melanopsin input, drives PLR

responses to UV light.

Furthermore, we find that the UVS opsin is primarily responsible for driving retinal c-fos

induction to UV as the distinct dorsal-ventral gradient seen in the wildtype mouse retina
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following UV light pulses is dependent on the presence of the UVS opsin. c-fos expression
in the retina is induced in pRGCs following light exposure in a manner that follows circadian
system sensitivity to light and is dependent on photoreceptor input (Hannibal et al., 2001;
Masana et al., 1996; Pickard et al., 2009; Semo et al., 2003). Thus, while expression also
occurs in other RGCs and amacrine cells as a result of rod and cone signaling, c-fos
activation is a well established indicator of retinal sensitivity and cellular activation by light

as well as being linked to NIF responses in the SCN (Kornhauser et al., 1990).

As expected with its absorption mainly in the UV we did not observe any significant role for
UVS in IF or NIF responses to white light. No differences were found between Opnlsw KO
and wildtype in a circadian activity screen or in pupil responses to 480nm light. White light

c-fos inducation was also similar between the genotypes.

Work in conjunction to that presented here was completed by others in our group and
describes expanded NIF UV sensitivity. Published alongside this data on phase-shifting in
retinal degenerate models, UVS is further shown to drive acute sleep responses to UV light
and is linked to distinct SCN input (van Oosterhout et al., 2012). In a comparison of acute
sleep induction during a 1hr pulses of 363nm UV light at ZT16, analysis of EEG/ EMG
recordings found UV light was as effective as white light in inducing sleep (Lupi et al.,
2008). Also, despite studies of visible wavelengths that find that melanopsin is the dominant
photopigment (Lupi et al., 2008; Tsai et al., 2009), under UV light, comparable levels of
NREM sleep were induced in Opn4 " and Opn4”" animals (van Oosterhout et al., 2012).

Furthermore, UV light was found to drive intensity and phase-dependent increases in firing
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in the SCN that are retained in the melanopsin knockout. Both transient and sustained
components were observed in the SCN response under UV light. When a stimulus was
superimposed on a level of white light (lacking UV wavelengths) intended to saturate rods
and all other photoreceptor classes excepting UVS cones, additional blue light elicited no
further increase in SCN response but UV light resulted in a marked increase in the
magnitude of both the transient and sustained responses (van Oosterhout et al., 2012). While
there is growing evidence pointing to the difficulty of fully saturating photoreceptors, with
rods found to signal through cones at levels thought to be saturating to support entrainment
(Altimus et al., 2010), the lack of melanopsin dependence in both sleep and SCN responses
suggests further UVS cone involvement. However, conclusive evidence that these responses
are due to UVS opsin awaits future experiments in the Opnisw KO. We are now in the
process of examining acute sleep induction in the Opnlsw KO and have also sent animals to

our collaborators in Leiden, Netherlands for in-vivo SCN recordings in this model.

9.2 Resolving contradictory indications of cone contributions —evidence

of distinct roles for m- and s-cones in the mouse NIF system

As UVS opsin is expressed in m-cones, which co-express MWS and UVS to varying extents
across the retina, and s-cones, which express only UVS, the question remains whether one or
both of these classes of cones contribute to those UV sensitive behaviors that have been
shown to have significant UVS opsin input. Our data indicates that the contributions of
cones to NIF behaviors are not homogenous and there may be specific roles for each cone

class.
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Differences in UVS and MWS phase-shifting responses

Our investigation of phase-shifting sensitivity under UV light supports a role for UVS cones
in this response that greatly exceeds that previously established for MWS cones (Altimus et
al., 2010; Dkhissi-Benyahya et al., 2007; Freedman et al., 1999; Lall et al., 2010). As
melanopsin overlaps to a great extent with MWS absorption, a greater contribution from
MWS cones may not be necessary for the mouse under visible wavelengths. In this view, as
the sensitivity of melanopsin, and indeed rhodopsin and MWS opsin, are so limited in the
UV, mechanisms for greater sensitivity to UVS input may have evolved that would explain
the large contribution from UVS to this response. This in turn suggests significant selection
pressures favoring UV sensitivity in mice at similar levels to visible light, leading to the high
levels of UV phase-shifting observed in a number of rodent species with and without UVS
cones (Provencio and Foster, 1995; von Schantz et al., 1997). Similarly, although analysis of
outer retinal contributions to the maintenance of acute sleep is complicated by many factors
including the length of light exposure and individual response variation between mice (for
recent review see (Muindi et al., 2014)), for 1hr light pulses current evidence suggests that
UVS cones provide a greater input to acute sleep induction for UV light than does MWS in
m-cones under visible wavelengths (Lupi et al., 2008; van Oosterhout et al., 2012). As with
phase-shifting, this does not in and of itself necessarily require different cone class roles, as
it could be that melanopsin is able to drive nearly maximal or saturating responses to bright
light. Thus additional input from MWS in m-cones processing a similar absorption spectrum

has limited impact on sleep induction. Under UV light, however, melanopsin sensitivity is
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much lower and the UVS signals from m-cones might contribute a larger proportion of the

total signal response.

Cone mediated inhibition

Apart from the UVS inputs to behavioral outputs, we also found a number of indications of a
cone inhibition effect that is inconsistent with previous results from studies focused on MWS
opsin responses. We observed UV light in the presence of UVS cones resulted in lower
dorsal retinal c-fos induction than in their absence in the Opnlsw. Even though overall
retinal response was greater with UVS opsin present due to larger increases in ventral
responses, the unexpected decrease in dorsal retina response suggested that an inhibitory
input from one of the UVS expressing cone-classes is exerted on one or more of the residual
photopigments in the Opnlsw KO retina. Further evidence of this inhibitory influence under
UV light was found in analysis of c-fos responses of different pRGC subtypes in light-pulsed
retina presented in Chapter 4. We observed greater dorsal responses in M1, but not M2,
pRGCs in rd/rd cl animals relative to wildtype following UV light exposure, indicating
greater melanopsin responses in the absence of outer-retinal signals (Hughes et al., 2013). A
third piece of evidence that did not emerge under UV light conditions, but may still be
connected to this issue, was the lower entrainment threshold we observed with complete loss
of cones in the rodless, coneless rd/rd cl mice relative to the rodless. This yet again
implicates an inhibitory signal from cones acting on melanopsin signals from pRGCs. Such

inhibition has also been previously suggested for NIF responses (Figueiro et al., 2004) but,
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despite the considerable evidence in our studies, no similar evidence was found for m-cone

related inhibition under visible wavelengths in the red-shifted cone model (Lall et al., 2010).

While the presence of distinct pathways or differential influence of UVS and MWS signals
from m-cones on pRGCs may be possible, a simpler explanation both for UVS contributions
beyond those of MWS and the contradictory indications for cone-based inhibitory influences
is that they are related to the UVS only s-cones and a separate blue-cone signaling pathway
in the retina (Haverkamp et al., 2005). Such a pathway might provide input to the pRGCs to
drive sustained signals in the SCN (van Oosterhout et al., 2012) and other NIF areas, as they
have been found to do in the PON (Allen et al., 2011), and thus support NIF functions in a
manner distinct from m-cone input. In terms of inhibitory signals, that the presence of the s-
cone pathway, even un-activated, might have an inhibitory influence on pRGCs is supported
by primate data from the macaque. In this model a population of pRGCs were found to
display ON- signals from MWS and LWS cone classes but OFF signals from SWS cones
(Dacey et al., 2005). Dacey et al., suggested that the cone circuitry they observed might have
evolved to more precisely set the clock during the large and abrupt changes in light intensity
at dawn and dusk. Recently recordings in the mouse PON found evidence that pRGCs
received excitatory inputs from s- and m-cones but that s-cones also drive a clear OFF-
inhibition of some pRGC responses (Allen et al., 2011). Combined with our data here, a
model (Figure 9.1) where intrinsic melanopsin-derived signals in a subtype of pRGCs (likely
M1 from the analysis of our c-fos rd/rd c/ data) are inhibited by the s-cone pathway fits well
with the evidence. Unfortunately our UVS knockout lacks UVS expression in both m and s-

cone classes, making it difficult to separate m- and s-cone influence. Further investigation,
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perhaps including discovery of S-cone specific markers in the mouse to allow better
characterization or targeted ablation of individual cone classes, will be a fascinating area for

future research in understanding the mouse visual system and how it might relate to our own.

S-cones M-cones
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%
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MZ' M3-5? M3'5?

Figure 9.1 Model for s-cone mediated inhibition of melanopsin expressing pRGC Based on the three lines
of evidence of cone-derived inhibitory influence on melanopsin signaling discussed in this thesis from
threshold of entrainment (Chapter 3) and c-fos induction changes in rd/rd ¢/ (Chapter 3) and Opnlsw KO
(Chapter 8) as well as existing evidence of s-cone based OFF-inhibition (Allen et al., 2011; Dacey et al., 2005),
we suggest a model of s-cone inhibitory influence of M1 type pRGCs in the mouse. Here m-cone co-expressing
MWS (green) and UVS (violet) opsins provide excitatory input while s-cones provide both excitatory input to
M2 and inhibitory signals to M1 pRGCs. Included in this model are the differential projections of M1 and M2
subtypes to the SCN and PON (Baver et al., 2008) to illustrate the implications that this inhibition would have

different effects on various NIF outputs based on the balance on pRGC subtype projection.
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9.3 Summary of photoreceptor contributions to UV light NIF input

compared to visible light

To summarize the similarities and differences in photoreceptor contributions under visible
and UV wavelengths as well as indicating areas that require further investigation, we have
generated the following figures to illustrate the situation for visible (Figure 9.2) and UV
(Figure 9.3) light respectively. The primary sources used for conclusions regarding

photopigment contribution are listed with each NIF output.

White Light

S-cone UVS
M- cone MWS/UVS

Rod
Acute Sleep |:| ‘ “
Induction PLR
Primarily melanopsin pRGC \ l / Combination of MWS
at first induction then rod/ ‘ m-cone, melanopsin

MWS m-cone input for sleep PRGC across wide
maintenance (Lupi et al., range with rod input
2008, Tsai et al., 2009, under low light (Lucas
Altimus et al., 2008) : etal., 2003, Zhu et
Entrainment al., 2007, Lall et al,,

Primarily rod and melanopsin 2010, Gooley et al,,
Primarily melanopsin pRGCand  With potential for cone roles 2012)

rod, with limited MWS under in entrainment accuracy, re-

short duration bright light entrainment speed (This

(Dkhissi-Benyahya et al., 2007, thesis, Dkhissi-Benyahya et al.,
Lall et al., 2010, Altimus et al., 2007, Lall et al., 2010, Altimus

2010) et al., 2010)

Phase Shifting

Figure 9.2 Photoreceptor contributions under white light to NIF functions A summary of the contributions
to various NIF behaviors in the mouse under white light (<440nm light spectrum of most white light sources)
including acute sleep induction, phase-shifting, entrainment and the PLR are presented along with the lines of
evidence used to categorise rod, melanopsin and cone class roles. These differ from suggested roles under UV

light in terms of acute sleep induction and phase-shifting but not PLR (Figure 9.3 below).
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- UV Light

S-cone UVS

Rod M- cone MWS/UVS

Acute Sleep —‘ > PLR

Induction

UVS opsin from m-
and/or s-cones with
melanopsin pRGC/

Primarily UVS opsin from m- and/
or s-cones (van Oosterhout et al.,

2013) rod (this thesis)
Phase Shifting Entrainment
Primarily UVS opsin from Entrainment to a
m- and/or s-cones, with pure UV light cycle
contributions from has not been
melanopsin pRGC and examined as would
rod input (this thesis) likely be damaging to

animals

Figure 9.3 Photoreceptor contributions under UV light to NIF functions A summary of the contributions to
various NIF behaviors in the mouse under UV wavelengths including acute sleep induction, phase-shifting and
the PLR are presented along with the lines of evidence used to categorise rod, melanopsin and cone class roles.
These differ from suggested roles under UV light in terms of acute sleep induction and phase-shifting but not

PLR (Figure 9.3 below).

9.4 Explaining the UVS expression in the mouse: Image versus non-

image forming functions

The discovery of UV sensitivity in rodents was unanticipated. This was a surprise both

because it was thought that UVS pigments were absent from mammalian species and
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because the lenses of mammals were thought to all possesses a wavelength filter (identified
in human eyes) to protect the retina against the harmful impacts of UV radiation. However,
while the retinas of primates and a number of other diurnal species do indeed possess
molecular compounds to stop UV transmission (Bova et al., 1999), having lenses that
transmit wavelengths well into the UV is not at all uncommon, especially amongst rodents
(Cooper and Robson, 1969; Gorgels and van Norren, 1992; Lei and Yao, 2006) and UV
transmission sufficient for vision has also been found in many species including reindeer
(Hogg et al., 2011), hedgehogs, dogs, cats and ferrets (Douglas and Jeffery, 2014). Specific
UVS cone photopigments have been identified in species of bats (Fujun et al., 2012) and
marsupials (Arrese et al., 2005, 2006) in addition to those in many rodents but
photopigments with A-max above the UV can still allow UV sensitivity given lens

transmission.

Examination of which species have lenses transmitting significant amounts of UV light
reveals patterns that help to explain some of the major costs and benefits influencing the
selection pressures that drive evolution either towards or away from UV sensitivity in a
species. As a general trend, nocturnal species generally possess UV sensitivity, as wide
spectral sensitivity is important, while diural species that rely on high acuity vision from
cone-rich retina would be more affected by the increased chromatic aberration of shorter
wavelengths and so UV transmission is more costly (Douglas and Jeffery, 2014). Of course,
nocturnal animals would be exposed to far less intense UV radiation during their active
period and thus would also be less likely to experience ocular damage due to UV light.

However, the sensory trade-offs may be a more important factor as nocturnal species of bat
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with more specialized auditory abilities have lost UVS photopigments whilst those that rely

more on visual abilities have not (Fujun et al., 2012).

The discussion of trends in UV sensitivity is relevant to our question of what pressures have
primarily led to the cone opsin gradients and extensive ultraviolet sensitivity in the mouse.
Care must be taken not to focus too much on the UV sensitivity as a specialized ability given
its demonstrated prevalence across the animal kingdom (see Chapter 1). Also considering,
where it has been viewed as a special channel for example in bird mate choice, sensitivity in
other parts of the spectrum has often been found to be at least equally important (Hunt et al.,
2001b). However, there can be little doubt that, compared to closely related species in
similar environmental niches like the rat, the increased level of UVS opsin expression
(Applebury et al., 2000) and sensitivity in the mouse, as well as the presence of such a strong
dorsal ventral gradient of UVS, raise the question of which factors have led to selection

pressure in this species.

Given previous reports of ERG recordings and behavioral assays (Jacobs et al., 1991, 2004)
in addition to the data from visual tasks presented in this thesis, it is clear that mice are able
to use UV light for visual perception. While we did not find any role for UVS cones in the
optokinetic response, there was an impairment of performance in the visuospatial
recognition task under UV light associated with the loss of UVS opsin. However, similar to
the findings from the previous behavioral assays of Jacobs et al., we did not find any
indication of the particular enhancement of UV visual sensitivity suggested by ERG data

with stronger performance of the task under white light in both Opnlsw KO and wildtype
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genotypes. With most mouse cones being m-cones co-expressing MWS and UVS, only very
limited colour discrimination abilities have been found in the mouse (Jacobs et al., 2004). So
there is no current evidence that spectral sensitivity into the UV range is particularly useful
for the mouse in its natural habit with the majority of its active time occurring during the

night when the amount of UV irradiance is extremely low (Hut et al., 2000).

While there might be a role for UV visual sensitivity yet to be observed in mouse ecology,
the evidence for NIF functions seems to provide a better explanation for the observed opsin
organization in the mouse. With effects of UV light demonstrated for many NIF behaviours
including phase-shifting/ photic entrainment, PLR and sleep induction there is little doubt of
a strong role of UV sensitivity in this species. As to the particular importance of one of these
factors, the Syrian hamster is an interesting point of comparison as a related rodent species
without UVS cones that was found to possess a retinal mechanism capable of driving phase-
shifting responses to UV light equal in magnitude to visible wavelengths (von Schantz et al.,
1997). However, the UV impact on another NIF function in this species, suppression of
melatonin, has a 10x lower UV sensitivity compared to visible light, a reduction that would
be expected in an animal possessing only photopigments with maximal absorption far from
the UV (Podolin et al., 1987). This particular enrichment of UV phase-shifting sensitivity
suggests that UV sensitivity is of particular importance for entrainment. In mice, we also
observed that phase-shifting sensitivity to UV light matched that of visible wavelengths and
that the UV'S opsin seems to play a greater role in this response than the MWS opsin. While
primarily nocturnal, mice are active around dusk and dawn when there is a relative

enrichment of UV wavelengths (Hut et al., 2000) and it is plausible that sensitivity to UV
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wavelengths is of particular importance to stable entrainment in mice. The importance of
entrainment to coordination of gene expression, physiological processes and behavior is
clear and indeed the retina of the mouse with an expression gradient and UV sensitivity
biased towards the upwards-facing ventral retina (Applebury et al., 2000; Calderone and
Jacobs, 1995) appears ideally suited to gather UV irradiation to input to the circadian system
in a way that it is not for visual perception. Interestingly, the disruption of the central clock
through loss-of function mutations in both Per/ and Per2 genes was found to disrupt UVS
expression and in particular affect the dorsal-ventral gradient, implying that clock function

has a role in driving the establishment of the UVS cone gradient (Ait-Hmyed et al., 2013).

While photo-entrainment thus seems a plausible explanation for selection pressure that
would favor a retina with greater UVS expression than MWS and the dorsal-ventral
expression, there remain several arguments against this theory. Firstly, the question arises of
why a similar organization is not observed in rats with similar activity timing and natural
visual environments (Sz¢l et al., 1996). In addition, if s-cones are responsible for driving
sustained responses to UV light seen in the PON and SCN (Allen et al., 2011; van
Oosterhout et al., 2012), thus explaining the particularly large UVS contribution to
entrainment responses as we suggested in Chapter 8, one would expect s-cones to also show
a dorsal-ventral gradient instead of their even pattern across the retina (Haverkamp et al.,
2005). This could be because s-cones do not have any particularly important adaptation for
NIF input or that there are other advantages to even sampling across the retina. Finally, it
should be noted that the presence of a particular trait in a species might not be due to strong

positive selection pressure but the lack of negative selection against a given mutation.
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Genetic linkage to some other positive trait can result in the propagation of such a neutral
mutation. Given the demonstrated potential negative impacts of UV light sensitivity and

strong expression gradients this seems unlikely in this case.

While it is clearly not conclusive, the current evidence points to the importance of circadian
entrainment input as a plausible explanation for the unique UVS cone opsin organization in

the mouse.

9.5 Conclusions and Future Work

In this work the first of our primary aims was to confirm the basis of ultraviolet sensitivity in
mice and our examination has confirmed roles for UVS cone mediated sensitivity in both

image and non-image forming behaviors.

We further investigated the role of UV in both IF and NIF visual systems. Ultraviolet
sensitivity was found in image forming assays of light/dark box, OKR and in a novel visual
application of the object recognition task. This adds to the forced-choice discrimination task
used by Jacobs et al. (Jacobs et al., 2004) as behavioral proof of ultraviolet vision in mice.
While the light/dark box and visuospatial task were affected by the loss of UVS cones, the
performance in the OKR drum assay was found to depend primarily on rod performance
under the conditions examined here. Performance of the OKR was comparable to white light
under bright UV irradiance while visuospatial performance was slightly lower under the

brighter UV irradiance condition.
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While a primary role for rods was confirmed in determining entrainment threshold under
white light, a primary role for UVS cone input was identified as driving phase-shifting to
ultraviolet light by comparing phase-shifting IRCs of rod and cone mutants and then of a
novel Opnlsw KO model lacking UVS expression. No role was found for -band
involvement from other photopigments although residual a-band expression from
melanopsin was able to drive limited phase-shifts in the rodless-coneless model and rods
appeared to make a significant contribution to phase-shifting under low intensity UV light.
UV phase-shifting sensitivity was determined to be at the same level as that of visible
wavelengths and the contribution of UVS cones was at a level inconsistent with recent
evidence of MWS cone input. With data suggesting that the UVS cones are also capable of
acute sleep induction thought to be determined largely by melanopsin under white light,
there are indications of differences in MWS and UVS input despite widespread co-
expression in cones of the mouse retina. The greater input from UVS opsin may indicate the
use of different pathways or processing of UVS signals from m-cones or of a distinct role for
UVS-only s-cones. We further found UVS contributions to PLR under UV light and that
UVS cones were primarily responsible for driving c-fos induction in the retina under UV

light.

The final major aim of this work was to support a hypothesis as to why the mouse retina

contains such unique UVS opsin expression and UV sensitivity. Combined, our results

support the view that the strong dorsal-ventral expression gradient and relative enrichment of
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UVS opsin compared to related species are best explained by a critical input to entrainment
responses.

Much of the focus of our work and the interpretation of the results has considered the
significance of the data from the behavioural perspective. To expand on these results, one of
the key areas for future study is further investigation and separation of the cone classes in the
mouse. If a specific marker of s-cones was identified it may be possible to perform a targeted
ablation of s-cones and examine if the sustained responses to UV light in the PON and SCN
are lost. This could also be used to further characterize the s-cone retinal signaling pathway
and examine the evidence of cone-inhibition we observed. Given the gradual loss of cone
outer-segments reported in a different Opnsw”™ model published as this work was written
(Greenwald et al., 2014), the B-gal reporter expression throughout the normally UVS-
expressing cones in our Opnlsw KO would also provide an excellent tool to examine cone
structural changes in aged animals and gain insight into the impact of opsin loss on

photoreceptors.

With mice currently employed as the most common mammalian research model, and with
the growing application of mice in the investigation of the visual system and ocular disease,
it is vital to fully understand the spectral sensitivity and photoreceptor input to both image

and non-image forming visual systems to allow accurate interpretation of results.
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