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“All we have to decide is what to do with the time that is given us.”

J.R.R. Tolkien
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Abstract

In mammals light is the principal timing cue for alignment of physiology to the
external environment. [llumination from the unrelenting 24-hour day-night cycle
enters the biological system and is communicated to the master pacemaker, the
suprachiasmatic nucleus (SCN) to drive circadian entrainment.

The decoding of light by the retina and the signalling pathways to and from the
SCN rely on neural excitation mechanisms, achieved through changes in membrane
potential from a resting state stabilised by Kzp channels. With TASK-3 being the
most abundant Kzp channel in the rodent SCN it is feasible this channel has a crucial
role in regulating SCN neural transmission for effective circadian entrainment. This
study investigates this role through the use of transgenic TASK-3 KO mice.

In the first experimental chapter I demonstrate the presence of TASK-3 mRNA in
the SCN and retina of wild type mice. Further, I reveal a circadian pattern in TASK-
3 mRNA expression with significant midday nadir which feasibly influences resting
membrane potential (RMP) supporting increased neuronal excitation reported at
this time.

The following three chapters explore TASK-3 conductance in behavioural output
rhythms via locomotor activity studies under light-dark cycles and in constant
darkness. This series of experiments highlights how TASK-3 is essential for
effective adjustment to changing light and how loss of this channel reduces light-
driven and endogenous activity intensity and rhythm amplitude.

With light entering the circadian system exclusively via the eyes, the role of TASK-
3 at the level of the retina is of upmost importance to entrainment. This is
investigated in chapter 6 using pupillary light reflex as a measure of retinal
sensitivity and decoding capacity. Through manipulation of intensity and
wavelength specific classes of photoreceptor are studied for their contribution to
this non-image forming response. These experiments show TASK-3 ablation
significantly attenuates retinal sensitivity to sub-saturating light in a mechanism
likely to be melanopsin-independent.

Finally examination of mRNA expression of core clock genes reveals the role of
TASK-3 at the level of the SCN. Here, loss of TASK-3 conductance is shown to alter
daily rhythms in several key genes thereby linking the properties of this
background leakage channel to the molecular clockwork.

Overall these experiments demonstrate some of the roles TASK-3 conductance
plays within the SCN and in output rhythms; and the requirement of this channel
within the retina for effective retinal decoding across the visible spectrum over a
range of light intensities.

Total Word Count: 38,579
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1. General Introduction

1.1 Circadian rhythms

1.1.1 Biological rhythms

Living organisms exhibit numerous physiological and behavioural patterns which
cycle with robust time periods. The length of cycle may be many months such as
the annual flowering of plants or the growing of a winter coat. Equally, events may
repeat within a substantially shorter time frame as in oestrous cycles for instance,
or even cycle several times per minute, such as breathing. When self-sustained
episodes occur with a time period of approximately 24 hours, they are said to

exhibit circadian rhythm (formed irregularly from Latin circa 'about’, dies 'day").

1.1.2 Mammalian circadian rhythms

Through time mammals have evolved to be active (or indeed, inactive) at
particular times of day and night, to suit their needs. Success in the essential roles
of hunting, prey avoidance and raising offspring are key determinates in species
survival. Optimal timing of behaviour leads to distinct activity-sleep patterns
emerging such as nocturnal, diurnal or crepuscular which may progress over time

into physiological adaptation.

With life on Earth centred on the celestial day, many biological episodes occur with
a circadian time period, close to 24 hours in length (Herzog, 2007). These include
relatively simple biological cycles such as hormone release through to complex
mechanisms of metabolism and physiological traits of alertness and reaction time.

These cycles are driven by the planetary day-night cycle and yet have been shown

[15]



to persist in the absence of light, confirming the presence of a biological pace-

maker within the organism to maintain time-keeping.

1.1.3 Synchronising rhythms to environmental light

Light has the greatest influence on circadian rhythms, driving temporal changes in
behaviour and physiology daily to synchronise with environmental illuminance.
Natural light transitions at dawn and dusk are particularly potent cues for clock

adjustment (Daan, 2000).

In circadian biology timing cues are referred to as ‘zeitgebers’ and under any
controlled regime, time is referred to as Zeitgeber Time (ZT). Each ZT unit is equal
to one conventional hour with the timing of the cue, zeitgeber, set according to the
physical day. The usual convention has ZT12 as the time of lights off or, under
non-light paradigms, the expected time when nocturnal animals will be driven by
the cue to become active. For diurnal models the onset of activity will coincide

with ZTO.

Laboratory rodent behaviour is often studied through observation of patterns in
locomotor activity and rest, with activity onset providing a marker of cycle length.
The mechanism of synchronisation could be described as successive, discrete daily
shifts in activity onset as the presence of light drives the clock towards the external
light-dark cycle (Pittendrigh and Daan, 1976a). This non-parametric theory has
been described in detail over a number of years and is widely accepted. However,
an alternative theory has long been held that entrainment occurs parametrically
with a continuous process of adjustment in clock velocity producing alignment of

intrinsic and extrinsic timing (Daan, 2000).

[16]



Recorded locomotor activity may be plotted graphically as an actogram to
demonstrate timing of daily activity onsets and offsets relative to the external day
along with the intensity and duration of activity bouts. By convention the duration
of the active state (from onset to offset) is referred to as alpha, a, with the length of
inactive state referred to as rho, p. In order to demonstrate the whole circadian
cycle actograms are frequently double-plotted thereby displaying two circadian

cycles per horizontal line, with the second cycle plotted again, beneath the first.

A standard regime of 12 hours light/12 hours dark results in a nocturnal rodent
becoming entrained to the cycle with episodes of activity largely confined to the
dark hours with an absence of activity during the light. Within a few days the

behaviour fully takes on the 24-hour cycle with a stable pattern of activity onset

and offset becoming evident on the actogram. See Figure 1.1.

[17]
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Figure 1.1: Schematic and representative actograms displaying synchronised nocturnal
activity.

A: Schematic figure illustrating synchronisation to 12:12 hour light-dark (LD) cycle in
nocturnal rodents. Broad dark bars within the body of the graph represent periods of
activity daily over 7 days.

B: Representative double-plotted actogram of nocturnal activity in a mouse demonstrating
successful synchronisation to the environmental 12:12 hour LD cycle. Dark vertical plots
represent percentile distribution of wheel-running activity bouts.

Note in A and B activity is largely confined to dark hours with activity onset occurring just
after the dusk transition. Elapsed time between lights off (black dotted line) and activity
onset (red dashed line) is the phase angle. Measurement from activity onset to offset (dotted
blue arrow) allows measurement of active state alpha, a.

Black/White bar at top of graphs A and B denotes LD cycle.
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1.1.4 Endogenous rhythms

In the absence of light and indeed, all other environmental timing cues, daily
behavioural and physiological cycles are determined solely by the endogenous
circadian clock. In this state the subject is described as ‘free-running’.
Examination of the overt circadian rhythm under constant conditions by
observation of locomotor activity and rest cycles reveals the natural, endogenous
period of the biological clock. The rate of this natural rhythm is referred to as the
‘free-running period' or tau (t) of the organism, and will have a value close to, but
not exactly 24 hours in length (Pittendrigh and Daan, 1976a, Dunlap, 1999). The
actual value is species-specific with a small degree of biological variation within

mammals.

Measurement of tau, 1, in an experimental rodent can be performed through
assessment of locomotor activity by actigraphy. Identification of daily activity
onset allows rate of drift from 24 hours exhibited daily to be calculated. See Figure

1.2.
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Figure 1.2: Schematic and representative actograms displaying free-running activity
rhythms in two species of nocturnal rodent

A, B: Schematic figures illustrating tau, t, being less than, and greater than, 24 hours
respectively. Broad dark bars within the body of the graph represent periods of activity
daily over 7 days.

C, D: Representative double-plotted actograms in a species where tau, T, is less than, and
greater than, 24 hours respectively. Dark vertical plots represent percentile distribution of
wheel-running activity bouts.

Note in A and C there is a constant drift to the left as the animal begins activity earlier each
day by a set amount, whilst in B and D there is a constant drift to the right as activity is
delayed. Gradient of line placed through daily activity onsets (red line) provides
measurement of tau, . Measurement from activity onset to offset (dotted blue arrow) allows
measurement of active state alpha, a (as described previously). Solid black bar at top of all
graphs A-D denotes Dark: Dark (DD) cycle.
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By convention, under constant conditions time is referred to as Circadian Time
(CT). Where no external stimulus is influencing the intrinsic time-keeping
mechanism the endogenous clock-driven period of the animal dictates daily sleep-
wake cycles. Therefore timing taken from the animal’s daily activity onset is a
reliable marker for cycle length. For nocturnal animals the start of activity is
considered to be the start of the ‘subjective night’ and is given the value of CT12,
with ‘subjective day’ given as CT 0. In contrast, activity onset in diurnal species

marks the start of subjective day, and is denoted CTO.

As the endogenous cycle is not exactly equal to 24 hours, the circadian ‘hours’ are
in fact units diving up the whole circadian day into 24 divisions (Pittendrigh and
Daan, 1976a). For instance; mice with a period length of approximately 23.7

hours, will have each CT unit equal to 59.25 minutes, calculated as follows:

Circadian unit: 23.7x60 /24 = 59.25 minutes

Thus in mice, each circadian unit of CT is marginally less than a conventional hour.
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1.2 The Master Circadian Clock

1.2.1 Evidence for a master pacemaker

The location and confirmation of a master circadian pace-maker in mammals was
established over 40 years ago through lesion experiments in rats. Bilateral
electrolytic destruction of the SCN (and closely associated tissue) was
demonstrated to permanently eliminate the previously observed circadian
behavioural rhythms in drinking and locomotor activity. In contrast, unilateral
SCN lesions merely disrupted the pattern of behaviour, whilst lesions of the medial
preoptic area, rather than the SCN, showed no change in free-running behavioural
rhythms (Stephan and Zucker, 1972). This seminal work led on to further studies
to investigate the autonomous actions of the SCN. Surgical interposition to
produce isolated ‘islands’ of hypothalamic brain tissue containing the intact SCN
allowed multiple electrode recording of the circadian clock in the absence of
afferent projections. On recovery, robust circadian rhythmicity was shown to
persist in brain tissue within the island, whilst circadian rhythms in additional
brain regions and locomotor activity were eliminated (Inouye and Kawamura,
1979). This study clearly confirms both the role of the SCN as the master pace-

maker but also the ability to maintain time-keeping autonomously.

More recent research has focussed on SCN tissue transplantation to restore
rhythmicity in arrhythmic hamsters. The intact host with a stable locomotor
activity pattern becomes totally arrhythmic following ablation of the SCN. Then,
on implantation of a donor clock, becomes rhythmic once more. Moreover, by
transplanting SCN tissue from a transgenic hamster strain (tau mutant) with a

significantly shorter natural period length, the characteristics of the restored
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rhythm was shown to correspond to the donor phenotype rather than the host
(Ralph and Lehman, 1991). This finding demonstrates that grafted SCN tissue is

able to both elicit and drive the overt rhythm of the host.

Further clock transplant studies have considered the induction of circadian
rhythms in genetically arrhythmic mice through allograft of foetal SCN tissue.
Once again the circadian phenotype post-allograft reflected that of the donor and
interestingly, this study demonstrates that robust rhythms are able to be restored

in mice previously lacking key circadian components (Sujino et al., 2003).

1.2.2 The suprachiasmatic nucleus

In mammals, the master circadian pacemaker resides within the suprachiasmatic
nucleus (SCN) (Ralph and Lehman, 1991). Anatomically, this is a paired structure
located in the anterior hypothalamus, just above the optic chiasm and below the
third ventricle. See Figure 1.3. The two densely-packed nuclei contain around
20,000 neurons and receive direct and indirect signalling from a number of neural
pathways (Reppert and Weaver, 2001). The location of the SCN, in close proximity
to the optic chiasm, allows for optimal retinal innervation from environmental

light (Reppert and Weaver, 2001).
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Figure 1.3 Graphic representation of a coronal slice of rodent brain depicting location of the
suprachiasmatic nuclei (SCN).

The location of the SCN is directly above the optic chiasm (oc), each side of the base of the
third ventricle (V3). The small additional schematic, top right, shows a sagittal plane for
rostral-caudal location. [Adapted from The regulation of neuroendocrine function: Timing is
everything (Kriegsfeld and Silver, 2006)].

The nuclei are considered to have two distinct zones - a dorsomedial shell and
ventrolateral core with distinct differences in afferent projection and
neurotransmitter release (Morin et al., 2006, Reghunandanan and Reghunandanan,

2006). See Figure 1.4.
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Figure 1.4: Diagram depicting the two major regions of the suprachiasmatic nuclei (SCN).

The upper, region known as the dorsomedial area (DM) and the lower, region known as the
ventrolateral area (VL) comprise the two major divisions of the SCN. Directly above,
centrally, is the third ventricle (3V).

Communication between regions occur predominantly from core to shell with
numerous projections, yet very few efferent projections from the shell innervate
the core region (Mohawk and Takahashi, 2011). However, the SCN is infinitely
more complex than two cooperating regions and is dependent on communication

at a cellular level (Morin, 2007, Morin et al., 2006).

1.2.3 Electrical properties of the SCN

The SCN is densely populated with excitable cells which, through changes in neural
activity, drive the internal time keeping mechanism. The use of electrophysiology
recording techniques has provided an invaluable method of studying the electrical
properties of SCN neurons. Examination of electrical properties in SCN neurons in

vitro and in vivo has brought about greater understanding of SCN afferent
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innervation, as well as efferent projections and importantly, communication
between neurons within the clock itself. Previously the SCN was reported to
consist of a monophasic cell population producing a single output rhythm (Liu et
al., 1997). However additional studies have shown the thousands of neurons
within the SCN to have individual rhythms. Together, through intercellular
coupling, they contribute to the production of the single overt rhythm (Bernard et
al., 2007). This mechanism of cellular coupling creates a stable and robust rhythm,

resistant to perturbation (Mohawk and Takahashi, 2011).

The rhythmic firing of SCN neurons and associated changes in membrane potential
regulates cytoplasmic intracellular pathways. These in turn drive gene expression
within the molecular clock to ultimately produce the clock output firing rhythm
(Colwell, 2011). Numerous SCN efferent pathways innervate tissues and organ
systems within the brain and periphery, which respond according to their specific

physiological role.

Electrophysiology performed in vivo over 30 years ago demonstrated neurons of
the nocturnal rodent SCN to have a diurnal pattern of firing with higher
spontaneous activity occurring during lights on compared to lights off. This
pattern in electrical activity was shown to persist in the absence of a light-dark
cycle, under constant conditions, thereby indicating a clock-driven rhythm as
opposed to a passive response to light (Inouye and Kawamura, 1979). Later
research using an in vitro hypothalamic brain slice preparation was able to provide
more information on the timing of SCN activity. The peak spontaneous firing in the
SCN was recorded around the middle of the projected day with a nadir occurring
approximately 12 hours later. This pattern of activity continued for the full three

days of recording in a consistent manner, thereby demonstrating the ability of the
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clock to maintain time keeping in vitro (Brown and Piggins, 2007, Green and

Gillette, 1982).

1.2.4 Principal circadian neurotransmitters

Innervation of the SCN occurs by three major afferent pathways, allowing both
photic and non-photic information to be conveyed to the central biological clock
for integration. This information may include food availability, social interaction

and novel environmental stimuli in addition to irradiance.

The retino-hypothalamic tract (RHT) is the principal afferent projection to the SCN
delivering photic information directly from the retina. A secondary branch of this
tract extends to the intergeniculate leaflet (IGL) of the thalamus where photic and
non-photic information interact for communication to the SCN via the geniculo-
hypothalamic tract (GHT). Both the RHT and GHT pathways terminate in the
ventrolateral zones of the SCN (Morin et al., 2006, Abrahamson and Moore, 2001).
Additional non-photic information from behavioural stimuli is delivered to the
central clock from the dorsal and median raphe nuclei of the mid-brain

(Abrahamson and Moore, 2001). See Figure 1.5.
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Figure 1.5: Major innervation pathways of the SCN.

Photic information from the retina is directly signalled to the SCN via the retino-
hypothalamic tract (RHT) whilst photic and non-photic information is delivered from the
intergeniculate leaflet via the geniculo-hypothalamic tract (GHT). Additional behavioural
information is conveyed from the dorsal and median raphe nuclei. Major neural pathways
are shown in italics, with key neurotransmitters highlighted in red.

Many different neurotransmitters have been described for their role in biological
rhythm regulation. Within the circadian system, neurotransmitters act in either an
excitatory or inhibitory manner for afferent projection to the master clock for
entrainment, intra-SCN communication for integration, and in efferent projections
from the clock to the periphery to produce coherent circadian rhythms

(Reghunandanan and Reghunandanan, 2006). Further, neurotransmitters are not

[28]



produced in isolation but co-localised within single neuronal nuclei to afford

additional signalling properties.

Signalling from the retino-hypothalamic tract (RHT) to the SCN and IGL is
primarily mediated by excitory neurotransmitter glutamate. This abundant amino
acid acts in conjunction with pituitary adenylate cyclase-activating polypeptide
(PACAP) to deliver the essential photic information decoded by the retina directly
to the master circadian clock. Exogenous application of specific
agonists/antagonists of glutamate and PACAP have confirmed their roles as photic
neurotransmitters as not only are they located in nerve terminals of the RHT, they
have also been shown to be released by light stimulation and phase shift the clock

in a similar fashion to light (Hannibal, 2002, Harrington et al., 1999).

During light exposure, co-stored glutamate and PACAP are released from nerve
terminals of a sub population of retinal ganglion cells (RGCs) whose axons make up
the RHT (Reghunandanan and Reghunandanan, 2006). This tract terminates
directly in the ventrolateral area of the SCN with a subset of vasoactive intestinal
polypeptide (VIP) containing cells propagating photic information to neighbouring

cells for clock resetting (Albrecht, 2012, Morin et al., 2006).

The release of glutamate from presynaptic vesicles activates postsynaptic
ionotropic (ligand-gated) receptors to provide a fast route of synaptic
transmission. These include N-methyl-D-aspartate (NMDA), Alpha-Amino-3-
Hydroxy-5-Methyl-4-Isoxazole Propionic Acid (AMPA) and kainate receptor
groups. Additionally, metabotropic (G-protein coupled) receptors, referred to as
mGluRs, are activated which modulate the presynaptic release and post-synaptic

response of this amino acid transmitter (Acher, 2006). PACAP receptors are also
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subject to G-protein coupled action and fall into two distinct classes: PAC1 is
widely distributed in nerve terminals of the RHT and activates adenylate cyclase
and phospholipase C with higher affinity than VIP. In contrast VPAC1 and VPAC2
receptors have a limited distribution, coupling to adenylate cyclase with similar
affinity to VIP (Hannibal, 2002). It has been suggested that the cooperative role of
PACAP in RHT projection is to generate prolonged postsynaptic activity as opposed
to the more rapid release action of glutamate (Morin and Allen, 2006). PACAP is
also considered to have a modulatory role in glutamatergic signalling in the early

night when light has the greatest phase shifting capability (Michel et al., 2006).

Communication of non-photic information from the IGL to the SCN via the GHT,
primarily utilises neuropeptide Y (NPY) in conjunction with neurotransmitter
gamma amino butyric acid (GABA) (Lall and Biello, 2003). As this non-photic
information is subject to photic interaction, the GHT terminates in a similar area of
the SCN to the RHT, with some overlap (Morin et al.,, 2006). Integration of photic
and non-photic information is critical for normal clock function where all
entraining stimuli need to be taken into account for effective synchronisation of

the clock.

The third input to the SCN from the raphe nuclei utilises serotonin in
communicating information from the mid-brain. It is thought that the major role of
this projection is in modulating the actions of the pace-maker in response to

extrinsic stimuli (Morin, 2007).

However, the most common neurotransmitter found in almost all SCN neurons, is
GABA (Reghunandanan and Reghunandanan, 2006). The role of this key

transmitter has been researched extensively, with recent findings suggesting that
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GABA is capable of dual effects on the SCN - excitory during the day and inhibitory
during the night through having both depolarising and hyperpolarising abilities

(Reghunandanan and Reghunandanan, 2006).

Communication within the clock is achieved through a combination of
neurotransmitters acting to both propagate signals and modulate
neurophysiology. Glutamate has been shown to play a major role in bilateral
communication between left and right SCN in association with GABA, VIP and
arginine vasopressin (AVP) (Michel et al,, 2013). However, it is VIP mediated
signalling which is responsible for cell to cell communication within SCN neurons
via the VPAC2 receptor. This neurotransmitter and receptor are essential for
rhythm maintenance as confirmed by transgenic studies revealing genetic ablation
of the VPAC2 receptor results in arrhythmia of the clock at all levels (Cutler et al.,

2003).

The synchrony and amplitude of the SCN are also subject to neurotransmitter
governance, largely by AVP containing cells of the dorsomedial SCN. Studies have
shown a high proportion of SCN neurons express AVP receptor V1a, with a
majority responding during projected night and a minority during projected day.
Genetic ablation of the V1a receptor has a consequence of low amplitude

locomotor activity rhythms (Kalsbeek et al., 2010).

The overall expression of any neurotransmitter comes as a result of concentration
in conjunction with receptor availability /specificity in a given cell or tissue. Both
the neurotransmitter itself and the associated receptors are subject to post-
transcriptional modification, providing further mechanisms for regulation and

governance.
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1.3 Environmental Stimuli for Entrainment

1.3.1 The process of entrainment

Entrainment is the process by which the endogenous biological clock aligns phase
and cycle length with the external day. For successful entrainment all stimuli -
photic and non-photic - must be integrated by the clock to ensure true alignment of

daily rhythms to the environment.

The process of entrainment is not the same as synchronisation, which may occur
as a result of alignment to a single timing cue. Moreover, the entrained
endogenous clock may drive rhythms with different phases throughout the 24
hour cycle. For instance, an entraining cue indicating dawn will be perceived
differently by nocturnal and diurnal species. Due to the variation in sleep-wake
cycle, these groups will be in opposing stages of their day - diurnal species
becoming active, nocturnal species preparing for sleep. Both of these examples
show entrainment if they occur at the same time daily, relative to the solar day, but
in opposite phase. Due to the process of entrainment they have each adopted a
cycle length similar to the external physical day, and so will cycle at the same rate

(period) as the external celestial day.

With mammals having a natural period close to, but not exactly 24 hours, there is a
need for frequent clock adjustment in order to maintain alignment to the daily
solar cycle. Thus, under an entrained system the observed rhythms in activity will

reflect the external day rather than the endogenous rhythm of the clock.
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1.3.2 Photic stimuli

Photic stimuli are the principal cues for circadian entrainment, whether from
natural or artificial light sources. The daily solar cycle provides the most potent
signal to the biological clock with immense changes in light intensity occurring
daily in the range of 10 orders of magnitude (Cameron et al., 2008). This huge
variability in illumination has such profound effects on physiology making
detection of environmental light intensity changes at dawn and dusk key to central

time-keeping.

In mammals, light can only enter the biological clock via the eyes. Previous studies
to investigate extra-ocular photoreception have been strongly refuted by other
researchers thereby affirming photoentrainment to occur exclusively through
retinal signalling. (Campbell and Murphy, 1998, Foster, 1998). This retinal
innervation serves only to entrain the clock, with time-keeping remaining an

autonomous property of the master clock (Hastings et al., 2014).

Once detected and decoded by the retina, light information is communicated
directly to the central clock via the RHT resulting in glutamate and PACAP release
to the SCN (Reghunandanan and Reghunandanan, 2006). In this way transmission
of light information is brought about through changes in neurotransmitter
concentrations in the SCN with subsequent adjustments by the clock mechanism to
alter the expressed rhythm of the clock. On a daily basis, this process of frequent
clock adjustments to maintain synchrony with the exogenous light-dark cycle is

known as photoentrainment.

Many studies to explore the circadian role of glutamate in photic resetting of the

clock have centred on the ionotropic N-methyl-D-aspartate (NMDA) receptor.
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Application of agonist NMDA directly to the SCN in vivo, at set circadian timings
have been shown to induce clock-driven changes in behaviour consistent with
those seen by acute light stimulation at similar times (Morin and Allen, 2006, Mintz

etal, 1999).

In addition to ionotropic receptor signalling, glutamate also activates several
classes of metabotropic receptor (mGluR). However, the role of mGluRs in driving
clock adjustment and behaviour has not been fully resolved. Application of an
mGluR agonist has been shown to potentiate clock delays following acute light
exposure whilst the use of antagonists has resulted in potentiated clock advances
and inhibition of delays (Haak et al., 2006, Gannon and Millan, 2011). Therefore it
would appear this group of glutamate receptors play a temporal modulatory role

in light-driven clock re-setting.

1.3.3 The photic phase response curve

Photic information reaches the central circadian pacemaker and adjustments are
made by the clock to align the daily rhythm with the external environment. This
area can be explored within the laboratory setting in ‘perturbation experiments’
where discrete pulses of light are applied for investigation into the light-induced

effects on wheel-running behaviour of rodents (vanderLeest et al., 2009).

Typically a group of nocturnal rodents under constant environmental conditions
demonstrating a free-running activity pattern in wheel-running are subjected to a
discrete light stimulus of fixed duration (such as 15 minutes) at one specific
circadian hour. This process is repeated in additional similar groups with pulses

applied at each of the circadian hours thereby building a complete picture over all
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24 circadian hours. The subsequent 10 days of wheel-running activity can then be

examined to determine any change in activity start time following a pulse.

Generally, where pulses are applied during the subjective night (CT 12-0), there is
a notable change in activity start time in the following cycle. Where applied during
the subjective day portion of the cycle (CT 0-12, when light is not novel) there is
little reaction. Any advance or delay in commencement of activity is referred to as
a ‘phase shift’ and can be measured as deviance from the predicted start time from

the free-running activity rhythm.

Application of light in the early portion of the subjective night results in the animal
waking later, which can be visualised as a delay phase shift. When light is applied
to the latter portion of the subjective night, the animal will wake earlier the
following day and an advance phase shift will be observed. (Antle et al,, 2009). The
animal will maintain the predicted waking times with no phase shifts where pulses
are applied during the subjective day. This expressed change in behaviour occurs
as a result of the light-driven adjustment of the central clock, to the light
information received (Dibner et al., 2010). Despite the alteration in activity
commencement, these brief light stimuli do not cause a change in tau, T or alter the

length of time the animal is active (Dibner et al., 2010).

The resultant magnitude of the phase shift is dependent on the light applied in
addition to the circadian timing of the light stimulus. The light intensity, spectral
composition and duration are all factors in the degree of shift observed, whilst
both the circadian timing of the stimulus and the photoperiod of the cycle will also

affect phase shifting capacity (vanderLeest et al., 2009).
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By exploring the behavioural response from light pulse application throughout a

24 hour period, a phase response curve (PRC) can be constructed. See Figure 1.6.

3.0 -
Advance
2.0

-
o
|

/

1

e

o
|

Phase Shift (hours)

Delay
-3.0 - Circadian Time (hours)

Figure 1.6: Representation of a Phase Response Curve (PRC) for a photic stimulus applied to
a free-running mammalian system.

Demonstrated phase shifts in activity are measured and plotted as a function of circadian
time.

Pulses applied during late subjective night: activity commenced early, measurements of
phase shifts are given a positive value and described as advancements.

Pulses applied during early subjective night: activity postponed, measurements of phase
shifts are given a negative value and described as delays. Pulses applied during subjective
day: No measured change in activity start time.

The precise shape of the curve varies by species studied, with hamsters showing
greater advances compared to delays, with the reverse being true for the mouse.
This variance is a reflection of the free-running period, tau, of the animal
(Pittendrigh and Daan, 1976Db).
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In hamsters tau is greater than 24 hours, thereby requiring daily advances of the
clock to achieve a state of entrainment to the Earth’s rotational day. Therefore
additional light at the end of the subjective night results in large phase advances in
an attempt to adjust the clock to this unpredicted light pulse. In the mouse, with
tau less than 24 hours, daily delays in the clock facilitate successful entrainment to
a 24 hour day therefore additional light at the beginning of the subjective night

results in large phase delays to correct to this unexpected light stimulus.

However, regardless of species, the early subjective night is always the time of
delay phase shifting, the latter portion of the subjective night, the time of

advancement (Refinetti, 2006).

A similar PRC can also be observed following microinjection of NMDA directly to
the rodent SCN at intervals across the circadian cycle. The photic-like phase shifts
in behaviour follow the same pattern as light stimulation with delays observed
following application during early subjective night and advances following late

night treatment (Mintz et al., 1999).

1.3.4 Non-photic stimuli

The ability to alter the phase of the clock is not strictly limited to light. Non-photic
stimuli, largely behavioural in nature, are able to influence the circadian clock.
Examples include food availability, social interactions, induced locomotor activity
and novel environments (Mistlberger and Skene, 2004, Mistlberger, 1994, Reebs

and Mrosovsky, 1989, Mrosovsky, 1988).

A regular external stimulus (zeitgeber) other than light, when applied to a free-
running system, may become an entraining cue, leading to regular daily activity
onsets and offsets. This pattern of activity indicates a stable relationship between
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the expressed rhythm being driven by the clock and the zeitgeber (Reebs and

Mrosovsky, 1989).

Non-photic signalling to the SCN occurs largely from the IGL and is communicated
via the GHT resulting in the release of GABA, NPY and in many rodent species,
enkephalins to the SCN (Morin and Blanchard, 1995, Morin and Allen, 2006). An
additional serotonergic projection from the Raphe nuclei provides further
innervation from social/behavioural stimuli (Abrahamson and Moore, 2001).
Along with non-photic communication, the IGL imparts photic information derived
from the RHT projection, allowing interaction between both types of stimulus

(Abrahamson and Moore, 2001, Morin and Blanchard, 1995).

Through in vivo and in vitro studies, the role of NPY has been investigated, where
direct application of NPY to the SCN produced phase shifts similar to those
produced by induced activity. The use of an NPY antagonist resulted in an
attenuation of phase shifts, with no compensation by GABA (Lall and Biello, 2003).
Despite the abundance of GABA in the SCN, NPY is considered to be one of the

primary neurotransmitters in non-photic phase shifting.

1.3.5 The Non-photic phase response curve

An acute application of a non-photic stimulus is able to shift the phase of the clock
in a predictable manner according to the circadian timing of the stimulus. When
applied to a free-running system at different timings throughout the circadian
cycle, a PRC may be constructed, in a similar manner to photic response. See

Figure 1.7.
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Figure 1.7: Representation of Phase Response Curve (PRC) for a non- photic stimulus applied
to a free-running mammalian system.

Demonstrated phase shifts in activity are measured and plotted as a function of circadian
time.

Stimulus applied during subjective day: activity commenced early, measurements of phase
shifts are given a positive value and described as advancements.

Stimulus applied during subjective night: activity postponed, measurements of phase shifts
are given a negative value and described as delays.

However, in contrast to the photic PRC, the non-photic PRC demonstrates maximal
advance phase shifts in the middle of the subjective day rather than during the
subjective night. In addition, with light being the most prominent of entraining
agents, the response to weaker non-photic zeitgebers may produce less reliable
results as the clock may not fully adjust to these signals (Reebs and Mrosovsky,

1989, Mrosovsky, 1988)

To ensure the observed behaviour is not a result of cognitive learning, all external

signals other than the cue under investigation are avoided (Fuller et al., 2009).
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This is achieved by having all environmental surroundings constant including
lighting which is usually maintained as 24 hour darkness (DD) in these
experiments, to fully eliminate any photic influence to the system under

investigation.

In nature however, non-photic stimuli are often accompanied by photic cues, such
as feeding or social relations at dawn/dusk rather than occurring in isolation. Itis
therefore crucial for the SCN to be able receive and resolve interacted signals from

behaviour and light.

From laboratory experiments conducted into photic and non-photic signalling,
induced activity has been shown to attenuate light effects on the clock whilst light
pulses have been able to attenuate activity-related effects, clearly demonstrating a
complex interaction between the two types of input to the clock (Lall and Biello,
2002). The neurotransmitter NPY has been shown to act in a modulatory role in
these interactions, attenuating direct effects of light on the clock and in doing so,
providing a method of control and regulation of circadian rhythms (Lall and Biello,

2002).
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1.4 The Visual System

1.4.1 Retinal physiology
The mammalian retina is a sheet of tissue approximately 200pm thick which lines

an extensive area of the eyeball (Masland, 2012). See Figure 1.8.
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Figure 1.8 Schematic cross-section of the mammalian eye showing location of major tissues.

Light enters the eye via the pupil, travels through the lens and is ultimately absorbed and
decoded by the retina. Note the large area of the retina which lines the majority of the eye.
[Adapted from Tortora et al., 2006].

The retina has a dual physiological role in producing both a high resolution
pictorial map of the surroundings and conducting a separate non-image-forming
(NIF) function of detecting ambient light intensity (irradiance) (Lucas and Foster,
1999). These functions are achieved by a combination of sensory neurons and
intricate neuronal circuitry for the beginnings of image processing (Kolb, 2003).
Ultimately all signals are communicated via the optic nerve for further processing

and interpretation within specific regions of the brain.
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The bodies of retinal neurons, including bipolar, amacrine, horizontal and ganglion
cells, are arranged in layers according to function and interspersed with a network

of synaptic connections (Masland, 2012, Kolb, 2003). See Figure 1.9.
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Figure 1.9 Diagram showing neuronal cells of the retina.

Classic photoreceptors, rods and cones, lie at the very back of the retina in contact with the
retinal pigment epithelium (RPE). Following phototransduction, light information in
communicated via bipolar cells (BC) to retinal ganglion cells (RGC). Additional interneural
communication occurs via horizontal cells (HC) across the outer plexiform layer whilst
amacrine cells form synaptic connections throughout the inner plexiform layer (AC). A small
subset of RGCs is intrinsically photoreceptive (ipRGCs), the axons of which make up the
retino-hypothalamic tract (RHT) of the optic nerve. [Adapted from ‘How the Retina Works’
(Kolb, 2003)].
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Light enters the eye via the pupil, travelling through the lens to reach the retina
where classic photoreceptors rods and cones are situated in contact with the
retinal pigment epithelium. This locality ensures a supply of retinal (Vitamin A),
essential for phototransduction (Kolb, 2003). Additionally, within the inner retina,
intrinsically photoreceptive ganglion cells (ipRGCs) decode irradiance for NIF
responses (Lucas etal.,, 2001, Lucas, 2013).

Communication from rods and cones to bipolar cells, and subsequently, ganglion
cells, occurs largely by release or absence of the neurotransmitter glutamate (Kolb,
2003). Other accessory retinal cells, including horizontal and amacrine cells, use a
variety of neuropeptides and nitric oxide.

During darkness photoreceptor membranes are depolarised with glutamate
release and free-flowing Na* ions. On light activation they become hyperpolarised
from closure of Na* channels, resulting in cessation of glutamate release. On
reaching bipolar cells, the variation in receptors - some excitory, some inhibitory -
produce ON and OFF pathways for accurate light signalling to ganglion cells

(Masland, 2012, Kolb, 2003, Snellman et al., 2008).

1.4.2 Phototransduction: retinal decoding of light

When light reaches the back of the retina rod and cone ‘classic’ photoreceptors
begin a series of cellular molecular processes known as the phototransduction
cascade. This begins with the activation of retinal-bound chromophore proteins,
opsins, which undergo a light-induced transformation in chemical structure. All
rods contain an identical rhodopsin pigment whilst cones contain one of three
types of photopsin, which vary in sensitivity to wavelength of light and form the

basis of colour vision (Masland, 2012).
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The light-evoked structural change, photoisomerisation, brings about a
conformational change within the opsin protein, which in turn activates transducin
proteins to bind guanosine triphosphate (GTP) in place of the original guanosine
diphosphate (GDP). The presence of GTP bound transducin subsequently triggers
the enzyme phosphodiesterase (PDE) to break down a small molecule, cyclic
guanosine monophosphate (cGMP), thereby lowering the concentration of this

molecule.

The level of cellular cGMP acts on specialised ion channels in the outer membrane
with high levels required to open channels for influx of sodium and calcium ions.
Therefore during light absorption, low levels of cGMP result in sodium channel
closure and subsequent hyperpolarisation of the photoreceptor cell (Korenbrot,
2012, Blumer, 2004). Any change in the flow of ions through the photoreceptor
membrane by alteration of cGMP levels produces an electrical signal and therefore
a change in cellular excitability. This signal is conveyed through the many layers of

the retina to the ipRGCs, the axons of which form the RHT (Guler et al., 2008).

To effectively turn off this light-induced phototransduction, such as under dark
conditions, the transducin molecules hydrolyse the bound GTP molecules to GDP.
In contrast to GTP, the GDP molecule has low affinity for PDE which results in
deactivation of the enzyme, a consequent increase in cGMP levels which in turn
leads to the opening of GMP-gated Na* ion channels and, subsequently, cellular

depolarisation (Blumer, 2004).

Once more this change in membrane potential is transmitted through the retinal

layers to the ipRGCs. See Figure 1.10.
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Figure 1.10: Graphic representation of the phototransduction cascade within the retina.

Top: Light detection by rods and/or cones results in photon absorption by chromophore
protein beginning the cascade. The subsequent activation of transducin, results in binding of
guanosine triphosphate (GTP), leading to phosphodiesterase (PDE) activation of cyclic
guanosine monophosphate (cGMP) breakdown. The consequent low levels of cGMP prevent
outer membrane GMP-gated Na* ion channels from opening and cellular hyperpolarisation
results.

Bottom: Darkness prevents the rod/cone absorption of photons and therefore chromophore
protein remains deactivated. Transducin binds guanosine diphosphate (GDP) under these
conditions, which in turn maintains PDE in an inactive state and cGMP molecules intact. As
the level of cGMP increases sufficient GMP-gated Na* ion channels open leading to cellular
depolarisation.
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The ipRGCs relay all photic information from the retina to the SCN, acting as
conduits via the multisynaptic circuitry of the retinohypothalamic tract with
additional monosynaptic projections extending to the intergeniculate leaflet (IGL)
and olivary pretectal nucleus (OPN) (Guler et al., 2008, Berson, 2003, Hattar et al.,
2006). Additionally, this small, specific population of retinal ganglion cells (RGCs)
containing retinaldehyde-based photopigment melanopsin are intrinsically-
photoreceptive and are able to directly detect and communicate environmental

light via the RHT (Lucas et al., 2001, Ecker et al., 2010).

1.4.3 Non-image forming responses to light

The light-evoked innervation from the complimentary actions of all classes of
photoreceptors, rods, cones and ipRGCs, drive NIF behavioural and physiological
mechanisms including circadian photoentrainment, pupillary light reflex, masking
and pineal melatonin suppression for sleep propensity (Guler et al., 2008, Lall et

al,, 2010, Peirson et al,, 2009, Hattar et al., 2003).

The role of each photoreceptor class involved in NIF function has been studied by
the use of transgenic KO murine models over a range of light intensities to fully
establish limits of photosensitivity. Research has been shown that illumination far
too dim to elicit one particular NIF response, such as pupillary constriction, may

still contribute to entrainment (Butler and Silver, 2011).

Under dim light (scotopic levels), rods are considered to be solely accountable for
retinal light detection and NIF response with high-sensitivity rhodopsin signalling
through the rod-bipolar pathway. At these minimal intensities of light both cones
and ipRGCs are far too insensitive to contribute (Altimus et al., 2010, Lall et al.,

2010). As ambient light increases to photopic levels all classes of photoreceptor
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become involved with outer retinal cone and rod signalling via the cone pathway

and significant inner retinal ipRGC signalling (Lall et al., 2010).

At the highest light intensities the ipRGCs are the only photoreceptor class capable
of driving a photic response as rods, and eventually cones, become fully saturated

(Altimus et al., 2010).

Further studies into the role of melanopsin have revealed that in its absence, NIF
function is reliant purely on rod-cone light detection at sub-saturating intensities
which results in reduced pupillary light reflex (PLR) and entrainment capabilities.
Moreover, ordinary RGCs can become intrinsically photoreceptive by viral
transduction of the melanopsin photopigment (Xue et al., 2011, Guler et al., 2008).
Conversely, removal of the melanopsin pigment from ipRGCs renders them no

longer intrinsically photosensitive (Lucas et al., 2003, Hattar et al.,, 2003).

Although initially thought to be a homogenous class of cells, evidence from studies
using reporter genes within mouse models has revealed several morphologically-
distinct subtypes of melanopsin-containing ipRGC denoted as M1-4 subtypes
(Baver et al., 2008, Ecker et al., 2010, Schmidt et al., 2011). In addition to
differences in structure and form, the individual subtypes are diverse in their
projections, with both NIF and visual regions of the brain targeted (Ecker et al.,

2010).

The conventional ipRGCs, now known as M1 cells, are the most light-sensitive
subtype of ipRGCs primarily involved in signally for NIF responses to light
(Schmidt and Kofuji, 2009). These cells are the principal innovators of the SCN for
photoentrainment via the RHT and, additionally, project to the shell of the olivary

pretectal nucleus (OPN) to drive PLR (Ecker et al., 2010). Conversely, the M2
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subtype exhibit much smaller responses to light; are at least one log unit less
sensitive and have minimal projections to the SCN (Schmidt and Kofuji, 2009,
Baver et al., 2008). Generally much less is known about the non-M1 subtypes of
ipRGC, with M3 target regions still to be discovered. They are considered to have a
similar role to M2 and M4 cells which innervate visual areas of the brain including
the dorsal lateral geniculate nucleus and superior colliculus and are likely to play a

role in pattern vision (Ecker et al., 2010, Schmidt et al,, 2011).

Throughout the circadian cycle, photosensitivity and the associated retinal output
has been studied and shown to be subject to variation. However, there is a need to
ascertain whether this variation is due to clock gene expression or photoreceptor
sensitivity changes. A study into the role of clock gene cryptochrome, a potential
blue-light photopigment mediating photosensitivity, compared the effects of
ablation of cryptochrome in isolation and also with additional photoreceptor loss.
The conclusion from this research was that any sensitivity loss was due to clock
malfunction thereby confirming that the circadian clock modulates the sensitivity

of NIF photoreception (Owens et al.,, 2011).

1.4.4 Pupillary light reflex

The mammalian eye is able, in part, to control the amount of light entering the eye
by adjustment of pupil size. The surrounding iris contains circular and radial
muscle fibres which bring about a dilation or constriction of the pupil in response
to environmental light, irradiance. This autonomic function is known as the

pupillary light reflex (PLR).

Photic information is communicated from the retina to the SCN via glutamatergic

neurons of the RHT. Furthermore, a branch of the RHT projects directly to the
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olivary pretectal nucleus (OPN) area of the brain in order to mediate PLR through
communication with the iris muscle fibres to constrict/dilate the pupils
consensually (McNeill et al., 2011, Hattar et al.,, 2002). During high light intensities,
parasympathetic innervation and contraction of circular muscle fibres (sphincter
pupillae) results in pupillary constriction whereas during dim lighting conditions
sympathetic innervation and contraction of radial muscle fibres (dilator pupillae)

produces pupil dilation (Tortora etal., 2006).

The firing rate of OPN neurons is linearly proportional to the level of light falling
on the retina, which in turn produces a proportionate response in the iris thereby

regulating the level of light reaching the retina (Campbell and Lieberman, 1985).

PLR is a non-image-forming (NIF) response brought about by ipRGC signalling to
the OPN. This action occurs independently of pictorial vision as demonstrated by
research conducted on mice lacking this cell population through genetic ablation -
These animals showed an attenuated NIF response of PLR, but remained capable of
forming visual images (Guler et al., 2008). The detection of light by rods and cone
phototransduction also contributes to the PLR. These classic photoreceptors are
activated at lower levels of illumination than the melanopsin-expressing RGCs,
thereby allowing functionality at all intensities of light encountered during the

natural day-night cycle (Altimus et al., 2010).

Under very dim light, rods provide extremely sensitive irradiance detection with
cones providing a limited contribution at higher intensities (Lall et al., 2010).
However, for typical pupil constriction at all irradiances, the ipRGCs are required

to relay rod-cone signalling to the OPN (Guler et al., 2008).
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Temporal properties of ipRGCs also differ from rods and cones in that they have a
slow onset with sustained depolarisation which may last up to 30 seconds after
lights off, unlike rods and cones which show a rapid, short-lived response to light
(Markwell et al., 2010). The distinct differences in temporal properties between
melanopsin, rods and cones extends the dynamic range over which a retinal
response may be elicited. Moreover, within the cones there are short and medium
wavelength subtypes (and in some mammalian species, long) which extend the

spectral range of sensitivity (Kolb, 2003).

1.4.5 The irradiance response curve

Measurement of pupil area as a function of irradiance provides a method of
assessing the NIF response of PLR and the relative contribution and sensitivity of
different classes of photoreceptor in detecting and signalling light information to
the SCN and OPN. This technique therefore is extremely valuable in researching

light-driven regulation of the circadian clock. See Figure 1.11.
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Figure 1.11: Retinal signalling pathways for NIF responses of PLR and photoentrainment

Schematic of retinal photoreception being transmitted to the olivary pretectal nucleus (OPN)
for regulation of pupillary light reflex (PLR) whilst signalling light information to the
suprachiasmatic nucleus (SCN) for photoentrainment.

Fully dark-adapted pupils are measured prior to light exposure to provide a base-
line for normalisation of constricted pupil areas. As light is applied to one eye, the
consensual constriction of the pupil of the other eye is recorded and measured

over time to establish the maximum constriction achieved.

The intensity of light entering the eye is manipulated by the use of neutral density
(ND) filters, thereby allowing a range of lighting conditions from very dim
conditions indicative of highly-sensitive rod signalling, through to high daytime
illumination signalled by the ipRGCs (Lall et al., 2010). Normalised pupil areas are
plotted against irradiance to allow the construction of an irradiance response

curve. See Figure 1.12: A.

[51]



0.8+

0.6

0.24

Normalised Pupil Area

-~ WT

0.0 T T T L] T T T T 1
7 8 9 10 11 12 13 14 15 16

Relative Irradiance log(photons/cm?/sec)

1.01

0.6+

0.4+4

0.2+

Normalised Pupil Area

-~ rd/rd cl

0.0 L L L L L L L L]
7 8 9 10 11 12 13 14 15

Irradiance log(photons/cm?/sec)

Figure 1.12: Example Irradiance Response Curves (IRC) for murine Pupillary Light Reflex
(PLR) in WT and rd/rd cl transgenic mice.

Normalised pupil area calculated and plotted against the log value of irradiance in A, WT
mice (Atkinson, 2014) and B, transgenic mice lacking functional rods and cones (rd/rd cl,
Lall, 2007).

Note the dissimilarity of IRC shape between strains and the differences in normalised pupil
area at sub-saturating irradiances.

Additionally, alteration of the spectral composition of the light source can also
target a specific population of photoreceptors according to their peak sensitivity.
For instance in the mouse: rod has a peak sensitivity of 498nm, s-cone 360nm, m-

cone, 511nm, and melanopsin, a peak sensitivity of 480nm (Lall et al., 2010).
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Transgenic knock-out (KO) mouse models for specific photoreceptors have
demonstrated significant alterations in their IRCs according to the class of receptor
ablated and properties of the light source. Research conducted on mice lacking
only the melanopsin protein (Opn7-) demonstrated a shift in sensitivity compared
to wild type mice of similar background strain. This difference is apparent at high
levels of intensity where there is an attenuated response, highlighting the critical
role of melanopsin for full pupillary constriction to saturating light (Lucas et al.,
2003). However, at sub-saturating light intensities the combined normal action of
rods and cones produced a pupillary response similar to that of wild type mice.
Furthermore, mice lacking functional rods and cones with intact ipRGCs (rd/rd cl)
demonstrate significant reduction in pupillary constriction over a range of
irradiances, whilst still being able to achieve a full constriction at saturating light
levels. See Figure 1.12: B. This study provides additional evidence that under sub-
saturating light conditions, PLR is a function reliant on rod and cone action, with
ablation resulting in attenuated response even in the presence of ipRGCs.
However, when light reaches saturating levels, it is the action of melanopsin-
containing ipRGCs which produce the PLR independent of rods and cones (Lall et
al., 2010). Additionally, disabling of all three classes of photoreceptor - rods, cones

and ipRGCs, essentially eliminates all PLR action (Hattar et al., 2003).

The importance of ipRGCs in PLR has been explored thoroughly, and has been
shown to extend to maintenance of the pupil diameter in light conditions and also

post-illumination recovery (Markwell et al., 2010).
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1.4.6 Intrinsic pupillary light reflex

Some nocturnal and crepuscular mammals including mouse, rat, hamster, rabbit,
cat and dog have been shown to exhibit an intrinsic PLR independent of neuronal
innervation via the optic nerve. Research has demonstrated intact freshly isolated
eyes from these species to be capable of a pupillary constriction when subjected to
illumination for up to a minute after removal (Xue et al., 2011). Moreover, the
pupillary response was found to have a linear relationship to light intensity with
maximum sensitivity (Amax) at 480nm, a wavelength characteristic of melanopsin
photopigment. Further investigations with transgenic mice have confirmed the
intrinsic response to be absent in melanopsin KO models (Xue et al., 2011, Semo et

al, 2014).

Additional KO models for photopigment rhodopsin and clock gene cryptochrome
found these models able to maintain an intrinsic PLR, ruling out rod or
cryptochrome involvement, attributing this intrinsic property entirely to the
melanopsin system (Xue et al., 2011). Recent studies to further characterise the
intrinsic PLR have found the response to be sensitive to cholinergic
neurotransmission blockade, and propose this to be a melanopsin-driven
constriction of the iris by cholinergic-dependant relaxation of the dilator muscle

(Semo et al., 2014).

To date, this autonomic response has not been found in any primate species,
suggesting this property provides an advantage to nocturnal and crepuscular
mammals active during dawn and dusk transitions. The ability of the iris to
constrict with almost immediate effect would feasibly protect the eyes from

sudden high levels of irradiance. Moreover, this constriction would enable greater
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visual resolution by reducing bleaching of classic photoreceptors during pupillary

adaptation to changing environmental illuminance.

1.4.7 Masking to light

In bright light nocturnal rodents exhibit an acute suppression of activity known as
negative masking. In conjunction with circadian photoentrainment, this NIF
retinal response, acting independently of the circadian pacemaker, serves to
confine activity to hours of darkness (Mrosovsky et al., 2001). In circadian biology
the examination of masking behaviour provides an additional marker of irradiance
detection by the retina, with amount of activity cessation demonstrating sensitivity

to the given light stimulus.

In order to establish the origin of the masking at the level of retina, several studies
have examined this response using retinal transgenic mice with specific
photoreceptor ablation. Research into classic photoreceptor contributions to
masking concluded that negative masking is spared in the retinally degenerate
mouse, rd/rd, rd/rd cl, with virtually complete ablation of rods and cones
resulting in similar masking behaviour to wild-type controls (Mrosovsky et al.,
1999, Thompson et al.,, 2008). In stark contrast, loss of melanopsin in mutant
Opn”/- (mop”-) mice significantly impaired negative masking in both intensity and
duration during prolonged light pulses (Mrosovsky and Hattar, 2003). Taken
together, these studies indicate that negative masking is a melanopsin-dependant
mechanism, acting independently of outer photoreception. Further research
conducted on triple knock-out mice lacking all known photo detection systems,

Opn7/-Gnat/-Cnga3/-, found no evidence of masking with approximately equal

[55]



amounts of activity during light and dark phases of the cycle, suggesting all major

contributors to masking have been accounted for (Hattar et al., 2003).

In opposition to negative masking dim light exposure has been shown to increase
nocturnal rodent activity, in a response referred to as positive masking. This
phenomenon is thought to occur as a result of increased visual guidance during

movement enabling greater locomotor activity (Thompson et al., 2008).
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1.5 The Molecular Clock

1.5.1 Clock genes

The molecular control of the biological clock is brought about by levels of
translated clock gene products acting in an auto-regulatory manner. This is
achieved through interacting negative and positive feedback loops inhibiting or
promoting transcription respectively (Dunlap, 1999, vanderLeest et al., 2009,

Colwell, 2011).

In mammals, one of the most studied molecular clock mechanisms is that of the
mouse where the transcription/translation cycle of three Period genes (mPer1, 2,
3), with ‘m’ denoting murine genes, and two Cryptochrome genes (mCry 1, 2) are
mediated by the transcription of Clock (Circadian Locomotor Qutput Cycle Kaput)
and Bmall (Brain and Muscle ARNT-Like 1)(Reppert and Weaver, 2001,

Sukumaran et al., 2010).

This complex mechanism within circadian oscillators begins with the association
of a CLOCK: BMAL1 complex activating mPer, mCry, mRev-erba and mRORA gene
transcription through binding to a promoter region ‘Ebox’ (CACGTG). The
resulting accumulation of mPER and mCRY proteins within the cytoplasm form
heterodimers which are able to translocate to the nucleus of the cell along with the
generated mREV-ERBa and mRORA proteins. Once inside the nucleus, mCRY
proteins act directly to inhibit the function of heterodimers CLOCK: BMAL1.
Addition regulation of CLOCK: BMAL1occurs via mREV-ERBa and mRORA
products within the nucleus which act in opposition to inhibit and up regulate
transcription respectively. Conversely, the produced mPER2 proteins accrue

within the nucleus where they directly contribute towards Bmall gene
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transcription in a positive feedback loop (Edery, 2000, Schwartz et al., 2011). The
resultant increased level of BMAL1 proteins facilitates further CLOCK: BMAL1
dimerisation, which in turn inhibits the transcription of Per in a negative feedback
loop. This reduction in mPER protein production results in lower availability of
mPER: mCRY dimers which in turns results in less inhibition of CLOCK: BMAL1 -
thereby restarting the transcription-translation cycle once again (Reppert and

Weaver, 2001, Shearman et al., 2000). See Figure 1.13.

The role of casein kinase € enzyme in the molecular mechanism of the clock is a
complex one. Excess mPER proteins accumulating within the cytoplasm are
phosphorylated marking them for degradation, which is thought to influence
circadian timing. The destabilisation of mPER by this method prevents mPER
accumulation other than when mCRY proteins are rising and also serves to
modulate the formation of mPER: mCRY dimers which in turn regulates the
inhibition of CLOCK: BMAL1 complex (Reppert and Weaver, 2001). Further, the
phosphorylation of mPER1 protein by casein kinase ¢ is also thought to play a role
in allowing this protein to enter the nucleus of the cell without CRY interaction

(Reppert and Weaver, 2001).
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Figure 1.13: Simplified schematic of the mammalian molecular clock.

Transcription of Clock and Bmall genes result in high availability of CLOCK and BMAL1
protein products within the cytosol. These heterodimerise, re-enter the nucleus, and up-

regulate transcription of genes mPer , mCry, mRev-erba, and mRORA. The produced mREV-

ERBa proteins re-enter the nucleus to inhibit BMAL1 function whilst the generated mRORA
up-regulate transcription of BMAL1. Cytosolic mPER proteins heterodimerise with mCRY

which, on reaching the nucleus, down-regulate the CLOCK:BMAL1 complex acting on their
own promoters. Excess PER proteins within the Cytosol are phosphorylated by CKe leading
to degradation.
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1.5.2 Photic re-setting of clock phase

As aresult of neuronal innervation from photic and non-photic stimuli,
adjustments occur at a molecular level within the SCN to bring about necessary
changes in both clock period and phase (timing of peak/trough)of the cycle. These
adjustments are the method by which the clock adjusts in order to synchronise
with the detected environmental condition. When tau is perceived as being too
long, the clock will adjust to bring about a decrease in cycle length, presenting as a
phase advance. When the reverse condition occurs and tau is considered too short,
the clock corrects by lengthening the cycle and a phase delay results (Schwartz et
al., 2011). This phenomenon of phase shifting is achieved by the switching on and
off of the clock genes within the SCN which in turn lead to behavioural changes and

differences in the overt rhythm.

Light provides the principal cue for clock resetting which is primarily brought
about through changes in expression of period genes within the molecular clock
which, in turn, lead to phase resetting. Both Perl and Per2 genes are up-regulated
as an acute response to light, with Per 3, contrastingly, being unresponsive to
photic stimuli (Reppert and Weaver, 2001). Light exposure at night is known to
result in a rapid increase in Per1 transcription in as little as 10 minutes. Per2
induction however is largely confined to early night light exposure, with little
reaction seen during the late night, highlighting the role of this gene in delay

phase-shifting (Reppert and Weaver, 2001).

The use of Per mutant mice has facilitated genes to be studied individually, with
Per2 mutant mice exhibiting phase advances following late night light exposure but
a lack of delay phase-shifting to light exposure early night (Albrecht et al., 2001,

Spoelstra et al., 2004). Studies on Per1l mutant mice have shown ablation of this
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gene attenuates advance phase-shifting whilst maintaining full capability to delay
following light exposure at times when WT mice would demonstrate these

responses (Albrecht et al., 2001, Spoelstra et al,, 2004).

1.5.3 Peripheral clocks

Although mammalian circadian rhythms are controlled centrally by the SCN,
tissues throughout the body have oscillators located within them for local control
of daily rhythms and physiology. This hierarchal arrangement allows specific
demands of organs and systems to be met fully whilst maintaining alignment with
the external day. These local time-keepers are referred to as peripheral clocks, and

are located in all major organ systems (Tahara et al.,, 2012, Hastings et al., 2014).

The multiple oscillators of the SCN generate a synchronised circadian output
rhythm which is communicated through neural, behavioural and endocrine
pathways to the peripheral oscillators (Shearman et al.,, 2000, Hastings et al.,
2014). However, the control of peripheral rhythm synchronisation remains under
the control of the central pace-maker. Cell culture experiments have demonstrated
SCN neurons are able to express a self-sustained circadian rhythm for weeks in
vitro whilst peripheral tissue cells lose this ability after just a few cell cycles,
indicating SCN innervation is required to both generate and synchronise cell
cycles (Richter et al,, 2004). However, in vivo studies using a luciferase-based
fusion protein have revealed peripheral tissues in mice can exhibit self-sustained
oscillations for 20 cycles or more (Yoo et al., 2004). Further, SCN lesion studies in
these mutant mice did not eliminate rhythms, merely bringing about phase

desynchrony (Yoo et al,, 2004). Together these findings suggest the role of the SCN

[61]



is that of an orchestrator of rhythms with peripheral clocks being self-sustaining

oscillators under both local and central governance.

The autonomic nervous system enables regulation of circadian rhythms in
peripheral tissues by receiving information directly from the hypothalamus and
then imparting this onto nearly all peripheral organs and tissues including liver,
kidney, pancreas, muscle etc. (Sukumaran et al., 2010). It is therefore not
surprising that the neuronal activity of the autonomic nervous system changes

according to the light/dark cycle.

An additional mechanism for peripheral tissue rhythm control occurs by the
innervation of the pineal gland by the sympathetic nervous system and the
subsequent release of the hormone melatonin. This hormone, known to play an
important role in sleep-wake cycles, reaches a peak level during the night, with
only very low levels during the day as production is suppressed by light. Melatonin
receptors are expressed in cells of the SCN where a feedback mechanism exists to
further covey day-length information. There are also melatonin receptors in many

key peripheral tissues (Sukumaran et al.,, 2010)

1.5.4 Retinal clocks

The retina is a specific example of a peripheral clock with oscillators controlling
local physiology including retinal sensitivity, rod disc shedding, electroretinogram
waveform and gene expression (Guido et al.,, 2010). This regulation is vital for full
retinal function, in particular in anticipation of light intensity changes occurring

daily.

One defining factor that these retinal clocks are genuinely peripheral oscillators is

that they are able to exhibit sustained gene rhythms out of phase to that of the
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master pace-maker. However, this independence is limited as demonstrated by in
vitro studies where rhythms dampen rapidly following isolation from the SCN

innervation (Green and Besharse, 2004).

The period of the retinal clock has been shown to reflect the circadian period of the
master pacemaker with cultured retinas from tau mutant hamsters exhibiting the
same short period in melatonin expression rhythm as the locomotor activity

rhythm under the direct control of the SCN (Green and Besharse, 2004).

Studies within different retinal cell types have shown clock gene expression of
Per1, Clock and Bmall mRNA within the inner retina of the mouse along with Cry1
and CryZ in retinal ganglion cells, suggesting retinal oscillators may impact deeply
on the circadian system as a whole through retinal clock/SCN clock ‘cross-talk’

(Green and Besharse, 2004, Guido et al., 2010).
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1.6 Potassium lon Channels

1.6.1 Potassium channels in neuronal excitability

In animal cells, ions cannot move freely across the cell membrane, requiring ion-
specific pores and dedicated pathways in order to traverse the lipid bilayer.
Potassium channels are transmembrane proteins structured to form a potassium
ion (K*) selective pore to facilitate the necessary passage of K* in and out of the cell
under tight regulatory conditions. Physiologically, the potassium ion channels play
a fundamental role in the maintenance of neuronal RMP. In addition to potassium,
sodium and chloride ions also play a key role in membrane potential, with many

channel types and subtypes reported (Goldstein et al., 2001).

There is selective permeability of K* across the cell membrane at RMP, producing a
chemical gradient across the membrane with resultant movement of K*in an
outward direction, down this gradient. In opposition, an electrical transmembrane
gradient builds from the movement of charged ions generating a potential
difference. Together, this is referred to as the electrochemical gradient of the ion,
and is quantified by the Nernst equation. In mammalian cells, the voltage is
typically around -60 to -90 mV, classed as negative by convention due to the
increased negativity inside the cell relative to the outside. For the generation of
action potentials, neuronal membranes must reach a minimum threshold of

around -40mV in order to activate voltage-gated channels (Goldstein et al., 2001).

During neuronal action potential firing, the RMP increases to a level where voltage-
gated sodium channels open, leading to rapid membrane depolarisation as sodium
moves into the cell, known as the depolarising phase. At maximum depolarisation,

sodium channels inactivate and voltage-gated potassium channels open to
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facilitate the repolarising phase through potassium leaving the cell. The re-
establishment of the RMP follows an afterhyperpolarisation (AHP) where
potassium channels inactivate due to the membrane potential temporarily
dropping to a lower value than the resting state (Bean, 2007). Once stabilised, the
resting state is restored with both sodium and potassium channels closed, allowing

further action potential firing to occur. See Figure 1.14.
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(2) - Depolarisation beyond threshold level
(3) - Maximum depolarisation

(4) - Over-repolarisation

(5) - Resting membrane potential

Figure 1.14: The actions of voltage-gated sodium (Na+) and potassium (K+) channels during
action potential firing.

1- At resting membrane potential -Na+ and K+ channels remain closed 2- Depolarisation
beyond threshold level - Na + channels open, K+ channels remain closed 3- Maximum
depolarisation - Na+ channels close, K+ channels open 4- Afterhyperpolarisation - Na+
channels remain closed, K+ channels close 5- Atresting membrane potential - Na+ and K+
channels remain closed, further action potentials may occur
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The concentration of sodium and potassium ions in cytosol and extracellular fluid
is restored through subsequent active transport mechanisms such as the sodium-
potassium pump, utilising ATP to restore internal concentrations of low Na* and
high K+ (Goldstein et al., 2001).The shape, rate and firing patterns of action
potentials vary according to neuronal type and physiological role with many

variations reported within the mammalian brain (Bean, 2007).

In mammals potassium channel proteins may contain 6, 4 or 2 transmembrane
domains and combine as either tetramers or dimers to form a functional ion-
selective pore. These structural differences are associated with the distinct
properties of the channel such as being voltage-gated, ligand-gated or background

‘leak’ channels.

1.6.2 Two-pore domain background ‘leak’ potassium channels

Background ‘leak’ conductance is used to describe the current maintaining RMP
whilst a cell is at rest. The existence of background leak currents was proposed by
Hodgkin and Huxley in 1952, but it wasn’t until 1995 that the first two-pore-
domain potassium (Kzp) channel was fully characterised by cloning studies of the
budding yeast Saccharomyces cerevisiae. (Goldstein et al., 2001). The discovered
‘TOK-1’" subunit, predicted to have two pore regions and eight transmembrane
domains, was revealed in the sequence database leading to further investigations
into the presence of Kzp background leak channels elsewhere. (Goldstein et al.,

2001).
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Further research has shown an individual subunit of a mammalian Kzp channel to
consist of four transmembrane domains (known as M1-M4) along with the two
pore loops (P1 and P2). See Figure 1.15. From these subunits, functional channels
are formed by dimerisation - either homo or hetero, to give a single potassium-
selective conductance pore (Czirjak and Enyedi, 2002, Aller et al., 2005). This
configuration is unusual in comparison with other groups of potassium channels
with single pore (P) loop subunits, combining as a tetramer to produce the

functional pore (Bayliss and Barrett, 2008).

Extracellular

N-terminus Intracellular

C-terminus

Figure 1.15: The generalised structure of a two-pore-domain potassium (K;p) channel
subunit.

Transmembrane domains are shown numbered M1-M4, with pore regions P1 and P2.
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In contrast to voltage-gated K+ channels, all members of the Kzp family lack the
voltage-sensing S4 transmembrane domain thereby having open probability which
is largely voltage-independent. This property allows outward leak currents at
resting potential conditions (Brown, 2000). However, the leak conductance is not
simply seepage of ions, but a deliberate flux through selective pathways to allow
control of cellular excitability by stabilisation of membrane potential (Goldstein et

al, 2001).

The presence of Kzp channels is widespread in mammalian tissue from early
development through to maturity with essential roles in regulating neuronal
transmission and function (Aller and Wisden, 2008, Talley et al., 2001, Goldstein et
al,, 2005). The ability of Kzp channels to activate instantaneously over a wide
voltage range facilitates the shaping of action potential duration, frequency and

amplitude (Goldstein et al., 2001, Zanzouri et al., 2006).

Increased background leak currents result in stable, hyperpolarised cells below
firing threshold through potassium leaving the cell - in some respects this action is
similar to the repolarisation stage of action potential firing. Decreased leak current
is associated with depolarisation and excitation of neurons, as prevention of
potassium efflux leads to a build-up of potassium within the cell. Under usual
physiological conditions, ionic gradient is maintained at a level of low intracellular
sodium/high intracellular potassium through active transport via the sodium-
potassium pump. However, when intracellular potassium concentration is very
high and extracellular low, alarger outward current of potassium ions results to
regulate excitability as the RMP is drawn closer to the threshold for action

potential firing (Goldstein et al., 2001).
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Similar to other ion channel currents, regulation of background leak conductance
is achieved through expression levels and probability of pores being open. Far
from being constitutively active, Kzp channels are dynamic modulators of
membrane potential (Talley et al., 2003). Under physiological conditions of high
intracellular/ low extra cellular potassium levels, Kzp channels show greater
outward rather than inward current through movement of K* movement down the
concentration gradient. The resultant negative charge within the cell eventually
limits further K* flux, leading to a state of equilibrium where efflux equals influx
(Goldstein et al., 2001). The functionality of Kzp channels is kept under strict
regulation by a number of physiological mediators. These include pH, lipids, heat,
mechanical stretch, nitric oxide and calcium levels and the actions of G-protein-
coupled-receptors (Goldstein et al., 2005, Lotshaw, 2007). These properties alter
the open probability of the channels and therefore affect processes as diverse as
neuroprotection, depression, regulation of aldosterone production and pulmonary

vasoconstriction (Mathie et al., 2010a).

Additionally, chemical stimuli such as general anaesthetic agents, cannabinoids,
zinc, barium and ruthenium red have also been demonstrated to regulate Kzp
channels (Mathie et al.,, 2010a, Linden et al., 2007, Lotshaw, 2007, Mathie and

Veale, 2007).
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1.6.3 The Kzp channel family
To date, there are 15 mammalian genes encoding Kzp channels, divided into seven
subfamilies based on similarity of structure and/or function along with common

evolutionary development. See Figure 1.16.

TRAAK (K;p 4.1, KCNK4)

TREK-2 (K,p 10.1, KCNK10)
TREK-1 (Kop 2.1, KCNK2)

TALK-2 (Kop 17.1, KCNK17)
TALK-1 (Kpp 16.1, KCNK16)

TASK-2 (Kop 5.1, KCNK5)

TRESK-1/2 (Kop 18.1, KCNK18)

TWIK-2 (Kop 6.1, KCNKB6)
Unnamed (K,p 7.1, KCNK7)

TWIK-1 (Kpp 1.1, KCNK1)

TASK-3 (Kyp 9.1, KCNK9)
TASK-1 (Kop 3.1, KCNK3)

TASK-5 (Kyp 15.1, KCNK15)

THIK-1 (Kop 13.1, KCNK13)
THIK-2 (Kop 12.1, KCNK12)

Figure 1.16: The evolutionary tree of the K;p family

The 15 members of the K;p family are shown with common nomenclature from phylogenetic
analysis (adapted from Goldstein et al., 2005). Close members of the TASK subfamily are
shown in black with TASK-3 highlighted in red.

Note: TASK-2 is not considered a ‘true’ member of the TASK family due to AA sequencing and
physiological properties and is therefore shown in grey.
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During the discovery of Kzp channels many different notations were used, but now
they are commonly known as the TWIK (Tandem of pore domains in a weak
inward rectifying K* channel) , TREK (TWIK-related K* channel), THIK (tandem-
pore domain halothane inhibited K +channel) , TALK (TWIK-related alkaline pH
activated K* channel) , TRESK (TWIK-related spinal cord K* channel), TRAAK
(TWIK-related arachidonic acid-stimulated K* channel) and TASK (TWIK-related

acid-sensitive K* channel) subfamilies (Enyedi and Czirjak, 2010).

Kzp family members have been shown to exhibit distinct differences in their
inhibition, excitation and distribution in tissues, thought to directly relate to their
specific physiological roles (Lotshaw, 2007). As yet, not all Kzp channels have
functional roles assigned to them, but from those that have, there is much

physiological diversity (Duprat et al., 2007).

In addition to differences in their roles and tissue distribution, subfamilies also
show differences in their amino acid sequences. Some members of the same family
share much homology, for example TASK-1 and TASK-3 sharing 54% identity in
amino acid sequence, whilst TASK-3 and TASK-2 share only 30%, a similar amount

to that with members of other subfamilies (Kim et al., 2000).
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1.7 The TASK-3 Channel

1.7.1 The TASK family

The name ‘TASK’ is a widely-adopted acronym for TWIK-related Acid-Sensitive K*
reflective of the high sensitivity of this Kzp subfamily to extracellular pH. Following
much characterisation of channel properties through electrophysiological studies,
the mammalian TASK family is currently limited to TASK-1, TASK-3 and TASK-5.
Previous members, TASK-2 and TASK-4 are now considered to be a closer match to
the TALK subfamily (Czirjak and Enyedi, 2002, Goldstein et al., 2005, Lotshaw,
2007). Despite an initial lack of consistency in naming Kzp channels in early
investigations, the standardised formal nomenclature for TASK-1, 3 and 5 have
now been defined as K2p3.1, K2p9.1 and Kzp15.1 respectively (Goldstein et al.,

2005).

Functional channels comprise two subunits and may be formed from two TASK-3
subunits, a TASK-3 homomer, or alternatively with a TASK-1 subunit to form a
TASK-1/TASK-3 heteromer (Czirjak and Enyedi, 2002, Goldstein et al., 2005,

Lotshaw, 2007).

1.7.2 Structure and properties of TASK-3

Structurally the TASK-3 subunit has a short N-terminus, and long C-Terminus
typical of Kzp channel proteins with a long extra-cellular pre-core region within the
subunit known as the M1P1 loop (Kim et al., 2000). TASK family members contain
a conserved histidine residue (His98) immediately after the first pore sequence for
channel inhibition by extracellular acidification (Sabbadini and Yost, 2009).
Mutation studies have confirmed that in TASK channels, the His-98 residue is also

involved in channel regulation by zinc, in a mechanism referred to as the zinc block
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(Clarke et al., 2008, Sabbadini and Yost, 2009). This unusual action, which differs
between TASK-3 and TASK-1 according to extracellular pH, has been shown to
directly regulate channel activity (Clarke et al., 2004, Clarke et al., 2008). The
binding of zinc is most potent when residues from both subunits of a TASK-3
homomer form the binding site in conjunction with Glu 70 residues, with TASK-
1/TASK-3 chimeras showing insensitivity to zinc ions (Clarke et al., 2008).
Further, the Glu 70 residue within the M1P1 loop is thought to be responsible for

the selective inhibition of TASK-3 channels by ruthenium red (Duprat et al., 2007).

Contrary to other TASK family member’s voltage-independence, TASK-3 has been
shown to exhibit voltage-dependent gating (Mathie et al., 2010a). However, under
mammalian physiological states, this channel maintains an outwardly-rectifying
steady-state current/voltage relationship with instantaneous activation (Lotshaw,

2007).

With the TASK-3 protein having the role of an ion channel, membrane surface
expression is essential for functionality. The transport of the protein is reliant on
an association with 14-3-3 protein in order to be released from the endoplasmic
reticulum, following translation. Conversely, interaction of TASK-3 with COP1
leads to a decreased surface expression level and accumulation of this protein in
the endoplasmic reticulum. The advancement/detainment provides an additional,

specific mechanism for TASK-3 regulation (Mathie et al., 2010b).
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1.7.3 Regulation of TASK-3 currents

K2p channels are strictly regulated by a variety of physiological agents including G
protein-coupled receptor (GPCR) pathways and protein kinases. The most
commonly occurring G-protein mediated regulation appears to be Gag inhibition of
TASK and TREK subfamilies (Mathie, 2007). Inhibition of TASK conductance by a
variety of Gag-coupled receptors has been reported including glutamate, serotonin
and acetylcholine (Kettunen et al., 2003, Hopwood and Trapp, 2005, Mathie, 2007).
The exact mechanism of TASK-3 inhibition by Gogq mediated pathways remains
unclear but is thought to occur either through direct binding to the TASK-3 channel
or indirectly through second messenger action of phospholipid PIP2 from
phospholipase C (PLC) activity (Mathie, 2007, Kettunen et al., 2003, Chen et al,,

2006).

Further, sequence analysis of the TASK-3 protein has revealed several sites for
protein kinase C (PKC) phosphorylation within the C terminus (Veale et al., 2007).
PKC activity has been demonstrated to inhibit TASK-3 current in a calcium-
dependant manner in vitro thereby revealing an alternative regulatory mechanism

in addition to Gaq action (Veale et al.,, 2007, Chen et al., 2006).

1.7.4 Physiological roles of TASK-3

In contrast to early reports stating a general wide expression of TASK-3 channels
in mammals, including kidney, liver, lung, colon, stomach etc., later studies have
confirmed variation in this protein distribution by species, with TASK-3 being
almost exclusively confined to the central nervous system in mice (Kim et al., 2000,
Goldstein et al,, 2005). During murine foetal development, TASK-3 is strongly

expressed in the CNS from an early stage (Aller and Wisden, 2008). Furthermore,
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postnatally, TASK-3 is one of the genes dominating development of the brain and
spinal cord where it is thought to influence brain/nervous system development

through control of membrane potential (Aller and Wisden, 2008).

Studies in cerebellar granule neurons (CGNs) have shown TASK-3 expression to
increase during maturation following migration of to their adult position (Zanzouri
etal, 2006). This governance in TASK-3 expression is considered to play a role in

the transition of immature neurons to their mature state during development.

The presence on TASK-3 channels within the CNS is essentially to set neuronal
RMP. Under physiological conditions the increased potassium permeability of the
cell membrane results in a net outward flow of K*. This in turn leads to
hyperpolarisation of the neuron away from action potential firing threshold and
subsequent reduced cellular excitability (Goldstein et al., 2001, Patel and Honore,
2001). In vitro studies in CGNs have demonstrated TASK-3 ablation results in RMP
being on average 10 mV more depolarised than Wild Type controls (Brickley et al.,
2007). In the absence of TASK-3, cells were incapable of supporting sustained
high-frequency action potential firing and exhibited marked accommodation
(Brickley et al,, 2007). Further, this study reveals TASK-3 currents play a role in
shaping action potentials in addition to firing regulation, with ablation of
functional channels resulting in a reduction in AP amplitude with increased width.
These properties were not observed following TASK-1 ablation (Brickley et al.,

2007, Aller et al., 2005).

Reduced neuronal excitability from TASK-3 conductance also has a major effect on
transmission of excitory neurotransmitter glutamate. Hyperpolarisation of RMP

increases the voltage-dependant Mg2* block on postsynaptic ionotropic NMDA
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receptors, thereby attenuating NMDA-mediated transmission (McBain and
Traynelis, 2006). Moreover, the metabotropic glutamate receptors (mGluR) acting
as modulators of glutamate-induced responses have been shown to act through
TASK-3 channels. Following glutamate release, the activation of Gq-coupled Group
I mGluRs inhibit TASK-3 conductance which leads to potentiation of glutamate-
mediated depolarisation and consequently, increased action potential firing
(Chemin et al,, 2003). The mechanism involved in the block of TASK-3 channels is
thought to be through second messenger PIP; depletion within the PLC signalling
pathway as TASK-3 has been demonstrated to be sensitive to levels of this

phospholipid (Chemin et al., 2003).

Along with expression within the brain, Kzp channels have been identified within
retinal glial cells, exhibiting a “TASK-like’ conductance during electrophysiological
recordings. Despite low levels of TASK-3 mRNA detected within the rat glial cells
the role of TASK currents, comprising TASK-1, TASK-2 and TASK-3, within these
cells are considered to be diverse and significant. Suggested contributions include
reduction of osmotic swelling and clearance of excess extracellular K* in addition

to maintenance of RMP (Skatchkov et al., 2006).

Aside from influencing neural excitability through stabilisation of RMP, TASK-3 is
also known to have a role in cell apoptosis. High expression of this channel leads
to K* dependent apoptosis through excess efflux of K*, resulting in low
intracellular levels (Zanzouri et al., 2006). TASK-3 has been found to be over-
expressed in several cancerous conditions including breast, lung, colon and

metastatic prostate tumours (Zanzouri et al., 2006).
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Much research into the distribution and functionality of mammalian TASK-3
channels has centred on the murine gene, located on chromosome 15 (Talley et al,,
2001, Goldstein et al.,, 2005, Brickley et al., 2007, Aller et al., 2005). The production
of a specific knock-out model for this gene has facilitated further examination and
understanding of the role of this potassium background leak channel in isolation

(Brickley et al., 2007, Mulkey et al., 2007, Sabbadini and Yost, 2009).

1.7.5 TASK-3 knock-out mouse models

To date, two TASK-3 KO murine models have successfully been produced through
homologous recombination targeting either the first or second exon of
chromosome 15 to eliminate channel structure and function (Brickley et al., 2007,
Mulkey et al., 2007). The production of these global KO models has facilitated in
vivo investigations into behavioural and pharmacological properties of this

channel in isolation.

Due to the known presence of TASK-3 in the CNS, with high expression within the
cerebellum and regions of the thalamus, research has largely been centred on
balance and behaviour (Talley et al.,, 2001, Marinc et al.,, 2014, Linden et al., 2007,
Gotter et al,, 2011). Research has revealed the behavioural phenotype of the TASK-
3 KO mouse to include impairment in working memory, cognitive ability and
balance despite behaviour being generally unremarkable (Linden et al., 2007,
Brickley et al.,, 2007, Gotter et al,, 2011). Assessment of mood through tail
suspension and forced swim tests also exposed a lack of immobility indicative of

decreased despair in the absence of TASK-3 (Gotter et al., 2011).

Measurement of locomotor activity by infra-red beam break analysis has revealed

TASK-3 KO mice to have significantly greater nocturnal activity than wild type
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controls (Linden et al.,, 2007, Gotter et al., 2011). This increase in motion, along
with reported fragmented sleep episodes, may be suggestive of TASK-3 currents
contributing to circadian rhythm control (Linden et al., 2007, Pang et al., 2009).
The behavioural differences seen in these studies are thought to be a consequence
of altered membrane potential creating a change in neuronal excitability within the

regions of the brain where TASK-3 is expressed (Sabbadini and Yost, 2009).

Pharmacologically, the TASK-3 KO mouse has been shown to have a reduced
sensitivity to inhalational anaesthetics halothane and isofluorane at clinically
relevant concentrations whilst the sensitivity to local anaesthetic agent lidocaine
remains unaltered (Linden et al., 2007). These findings tie in with previous
reports where activation of Kzp channels by volatile anaesthetics such as halothane
lead to hyperpolarisation of relay neurons (Meuth et al., 2003). The shift in
membrane potential out of functional range for action potential firing results in a
block in transfer of sensory and motor activity which in turn leads to a state of

analgesia, loss of awareness and suppressed motor activity (Meuth et al., 2003).

Additional research exploring potential targets for depression has demonstrated
an absence of antidepressant effects from the drug fluoxetine in TASK-3 KO mice,
indicative of TASK-3 channels being directly involved in this therapeutic pathway

(Gotter etal.,, 2011).

1.7.6 The Role of TASK-3 in mammalian circadian rhythm regulation
TASK-3 K* channels are present in high concentration in several areas of the
mammalian brain, particularly the cerebellar granule neurons, the SCN and raphe
nuclei (Talley et al., 2001, Marinc et al,, 2014). With the SCN being the confirmed

site of the master pacemaker, it is plausible therefore that these channels may play
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a crucial role in the regulation of neural excitability within the biological clock and

in doing so, have major effects on circadian rhythm regulation.

Electrophysiology studies have demonstrated SCN neurons to exhibit robust
rhythms in RMP in constant darkness. However, following application of tetraethyl
ammonium (TEA), a block of traditional K* currents, a rhythm in K* current
amplitude persists (Kuhlman and McMahon, 2006). As Kzp channels are insensitive
to traditional K+ blockers including TEA it is likely that this current within the SCN
is due to leak conductance via Kzp channels (Lotshaw, 2007). Additionally, TASK-3
is known to be expressed highly in this region, suggesting this channel may play an

essential role in the regulation of SCN RMP and subsequently, neural excitability.

Additionally, a recent study has considered the role of background leak channels in
regulating SCN neuronal activity through neuronal redox state. As transcription of
clock genes is known to be sensitive to metabolic changes in reduction and
oxidation, it follows that the circadian clock maybe subject to the redox state of
neurons within the pacemaker. The findings from this investigation conducted in
rodents, found a circadian pattern of daytime reduced state/depolarised RMP with
a contrasting night time oxidised state /hyperpolarised RMP (Wang et al., 2012).
These findings were further characterised through the use of a transgenic KO for
clock gene Bmall, demonstrating the role of this gene in circadian redox state
oscillations. The use of specific potassium current blockers supports the

background leak channels as a target for this regulation (Wang et al.,, 2012).

Studies isolating individual Kzp channel types have revealed TASK-1/TASK-3
channels provide the principal constituents of sleep-wake response through

conductance (Meuth et al., 2003). During the sleep process, oscillatory activity is
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of low frequency with rhythmic bursts of action potentials in thalamocortical relay
neurons. In contrast, during wakefulness, the frequency is high with sequences of
single action potentials (Meuth et al,, 2003). During transition from sleep to
wakefulness there is a characteristic change in frequency of oscillatory activity by
electroencephalogram (EEG) accompanied by a depolarisation of membrane
potential brought about by a decrease in leak conductance (Meuth et al., 2003).
But where decreased leak currents exist, for instance in the TASK-3 KO mouse, it is
likely that distinct differences in sleep-wake transitions will be observed due to
lack of ability to decrease the already low background leak current. This
hypothesis was explored using electroencephalogram (EEG) recordings from a
TASK-3 KO mouse model. Here a disrupted, fragmented sleep behaviour with

changes in REM sleep patterns was reported (Pang et al., 2009).

However, this movement from sleep to wakefulness (and vice versa) is brought
about via SCN neural output rhythms which present as the overt circadian
phenotype in locomotor activity studies. The timing of sleep and activity are
driven by the circadian clock and reflect either entrainment to exogenous stimuli
or, where conditions are held constant, are driven by endogenous clock signals.
Therefore it is feasible TASK-3 channels may play a role in the process of sleep

itself, but also the circadian behavioural output rhythm.

Additionally, several neurotransmitters, known to play a role in the regulation of
sleep and arousal, have been shown to alter their release as a consequence of
TASK-3 channel modulation (Gotter et al., 2011). Itis clear, therefore, that the role

of this channel in the regulation of sleep-wake rhythms is multifactorial.
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The Present Study
This project examines the role of TASK-3 Kzp channels in the regulation of

circadian rhythms through the use of a transgenic KO mouse model.

With a focus on light, this research investigates retinal decoding of irradiance and
subsequent molecular changes within the SCN, through to the behavioural output
rhythms representative of the overt circadian rhythm. Additionally, behaviour has
been studied in the absence of light, DD, for examination of free-running circadian
rhythms dictated purely by the biological clock. Together, these investigations
explore the physiological consequence of global TASK-3 ablation in relation to

photic and endogenous regulation of the biological clock.

Several in vivo studies have highlighted alterations in sleep cycles and nocturnal
activity following TASK-3 loss, but have fallen short of elucidating the role of this
channel in circadian photoentrainment (Linden et al.,, 2007, Pang et al., 2009,
Gotter et al., 2011). Therefore the contribution of this channel in producing
adaptive, predictive, robust daily rhythms, either aligned to environmental stimuli
or intrinsically-generated, is yet to be uncovered. Further, in vitro studies have
revealed the extent to which TASK- currents contribute to maintaining control of
neuronal excitability and the impact on action potential firing properties in the

absence of this channel (Aller et al., 2005, Brickley et al., 2007).

This work provides a further insight into the role of Kzp channels - highlighted as
having therapeutic potential for pathologies as diverse as stroke, depression and
migraine (Mathie and Veale, 2007, Lafreniere et al., 2010). TASK-3 specifically has
been implicated in Birk Barel syndrome and the sleeping sickness associated with

African trypanosome infections (Barel et al., 2008, Kristensson et al,, 2010).
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Through furthering our understanding of the role of this channel in physiology and
behaviour it is hoped targeted therapies for these conditions may be developed

with health, social and economic benefits.
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2. TASK mRNA Expression in Wild Type Mice

2.1 Introduction

Potassium background leakage currents are known to exist across mammalian cell
membranes when the cell is at rest. Under typical physiological conditions two
members of the Kzp TASK subfamily of leak channels, TASK-1 and TASK-3, produce
outwardly rectifying currents which influence neural excitability by the setting
RMP (Goldstein et al., 2001, Patel and Honore, 2001, Lotshaw, 2007). In addition
to forming homomers, TASK-1 and TASK-3 combine as heteromers in regions of

co-localisation (Czirjak and Enyedi, 2002, Brickley et al., 2007)

In mice TASK-3 expression occurs almost exclusively within regions of the CNS
where there is abundance within the cerebellum and a presence within many
nuclei including the SCN (Talley et al.,, 2001, Lotshaw, 2007, Goldstein et al., 2005).
Contrastingly, TASK-1 expression has a much wider distribution including high
levels reported within heart, lungs, kidney and gastrointestinal tract in addition to
specific regions of the CNS, but has low expression within the SCN (Talley et al.,

2001, Aller et al., 2005, Lotshaw, 2007, Goldstein et al., 2005).

This work sets out to confirm the presence and relatively quantify TASK mRNA in
tissues of interest by reverse-transcriptase real-time polymerase chain reaction
(RT-PCR) in WT mice. The chosen tissues of SCN and retina are imperative to
light-driven circadian rhythm regulation, with cerebellum and heart selected for
TASK-3 detection sensitivity as these tissues are known to have high and low
expression respectively (Talley et al.,, 2001, Kim et al,, 2000). For TASK-1, the
heart is reported to have very high expression with CNS expression generally low.

Together, these expression assays will provide confirmation of variance between
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TASK-3 and TASK-1 gene expression within the circadian clock whilst determining
presence of specific TASK transcripts within the retina. In the event of both TASK
genes being present within a given tissue, it is plausible heteromers are
performing a physiological role in WT mice which would fall on TASK-1 homomers

to perform in the TASK-3 KO mouse model.

Additional investigations will establish whether TASK-3 gene transcription within
the SCN of WT mice exhibits a circadian pattern or is constitutively expressed over
the 24 hour cycle. TASK-3 has been shown to be the most abundant Kzp channel
within the master pacemaker in rodents and therefore the expression of this
channel throughout the circadian cycle is of great relevance to the study (Goldstein

etal., 2005, Talley et al., 2001, Marinc et al.,, 2014).
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2.2 Experimental methods

2.2.1 Subjects

Wild Type (C57 BL/6]) mice were obtained from Charles River Laboratories
(Kent). Mice 3-6 months of age were housed in polypropylene cages measuring
approximately 34cm (1) x 16cm (W) x 13cm (h), either individually or in litter
groups under 12:12 LD cycle (7am-7pm) for a minimum of 7 days prior to start of

experiment. Food and water were available ad libitum.

All experimental procedures were performed with approval from the University of
Kent Animal Welfare Ethics Review Board (AWERB) and in accordance with the

Animals (Scientific Procedures) Act 1986.

2.2.2 Tissue retrieval

TASK gene expression: Mice were sacrificed by cervical dislocation at ZT 2-4
(where ZT12 corresponds to lights off). Eyes, brains and hearts were removed into
chilled nuclease-free water, rinsed and dissected. Coronal brain slices revealed the
SCN which was extracted by bespoke tissue punch and placed into RNAlater
(Sigma, Gillingham, UK) along with isolated retinas, cerebellar tissue and heart

tissue.

TASK-3 time course: Mice were sacrificed by cervical dislocation at selected time
points of ZT 2, 6, 10, 16, 22. Brains were removed under room light for day
sampling, or dim red light if during the night (ZT16, 22) and placed into chilled
nuclease-free water with SCN extracted and placed into RNAlater as detailed

above.
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Samples were stored frozen at -80 C for subsequent preparation for measurement

of TASK-1 and TASK-3 expression by real-time quantitative RT-PCR.

2.2.3 RNA isolation and cDNA synthesis

Total RNA was isolated from tissue extracts using TRI Reagent (Applied
Biosystems, Warrington, UK). 400ng total RNA isolate was subjected to DNase
treatment (Primerdesign, Southampton, UK) before being reverse transcribed by

Nanoscript reverse transcription kit (Primerdesign, UK).

2.2.4 Gene expression analysis by Real-Time PCR

20 pL reactions were prepared in triplicate in a 96-well white plate (Alpha
Laboratories, Hants, UK) comprising 10uL 2x SYBR Green Mix (Primer design, UK),
7uL nuclease-free water, 1uL. sample cDNA and 1pL of each 0.5uM forward and

reverse primers for gene of interest (Aller et al., 2005). See Table 2.1.

Gene ID Primer sequence

TASK-1 F: 5’-CGGCTTCCGCAACGTCTAT-3’

R: 5-TTGTACCAGAGGCACGAGCA-3’

TASK-3 F: 5’-GACGTGCTGAGGAACACCTACTT-3’

R: 5’-GTGTGCATTCCAGGAGGGA-3’

18S rRNA F: 5’CGCCGCTAGAGGTGAAATTC-3’

(Reference) | p. 5:CGAACCTCCGACTTTCGTTCT-3'

Table 2.1: Primer sequences used for TASK gene expression by RT-PCR.
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Reactions were run on a LightCycler 480 instrument (Roche Applied Sciences,
Sussex, UK) with pre-incubation at 95°C for 5 minutes before 50 cycles of 95°C for
10s, 60°C for 30s, 72°C for 10s. Detection of fluorescence occurred at 80°C after

each cycle.

Relative quantification of mRNA levels was determined using the 2-22¢t method
where crossing point (Cr) of target gene in each sample is normalised to reference
value (18S rRNA) to give a ACr value (Livak and Schmittgen, 2001). For the time
course comparison of ACT values between time-points relative to ZT2 (zero
baseline value) provides the AACr value. See appendix I. Statistical significance
was determined using GraphPad Prism 5 software (San Diego, CA) by one-way
analysis of variance (ANOVA) with Tukey’s multiple comparison post hoc test. All
data presented as mean * SEM (standard error of mean) and statistical significance

defined as being P < 0.05.
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2.3 Results

2.3.1 TASK gene expression in WT mice

Quantification of TASK-3 mRNA by RT-PCR within SCN, retina and cerebellum of
WT mice relative to heart demonstrated a higher expression within the CNS
compared to heart. The highest level of expression occurred in the cerebellum
(ACr=2.705 * 0.549), with strong expression in the SCN (ACt=1.201 * 0.498) and
a weaker expression within the retina (ACr=0.327 * 0.455, n = 5). See Figure 2.1:
A. In contrast, TASK-1 mRNA expression within the same samples showed lower
levels of expression in each of these tissues relative to heart with cerebellum
closest in expression (ACt=-2.301 £ 0.476) followed by retina (ACt=-3.889 +
0.267) and very low expression detected in the SCN (ACt=-4.293 £ 0.423, n = 5).

See Figure 2.1: B.
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Figure 2.1: TASK mRNA expression in WT mice.

(A) Real-time PCR analysis of WT mouse TASK-3 mRNA expression in the SCN, retina and
cerebellum relative to heart, where expression is typically low (n=>5).

(B) Real-time PCR analysis of WT mouse TASK-1 mRNA expression in the SCN, retina and
cerebellum relative to heart, where expression is typically high (n=5).
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2.3.2 TASK-3 mRNA time course in WT mice

SCN sampling at specific time points over 24 hours with relative quantification by
RT-PCR demonstrated a circadian variation in TASK-3 mRNA expression within
WT mice. Relative to early morning (ZT2) expression, a nadir was observed at
midday, ZT6 (AACt=-2.590 + 0.184) before a return to similar levels of expression
late morning ZT10 (AACtr=0.911 *+ 0.238), early night ZT16 (AACr=1.463 + 0.154)
and late night ZT22 (AACr=1.261 = 0.522). ZT6 expression was significantly

lower than all other time points (one-way ANOVA: P < 0.01, n=5). See Figure 2.2.

-17 ZT (h)

Relative Expression, AACy
5

-3- k%

Figure 2.2: Time course of TASK-3 mRNA expression within the WT mouse SCN.

TASK-3 mRNA expression in the WT mouse SCN over 24 hours relative to early morning
(ZT2) expression. Expression shows midday (ZT6) nadir, significantly lower than all other
time points, one-way ANOVA P < 0.01. White and black bar represents hours of light and
darkness respectively (n=>5).
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2.4 Discussion

These findings support published research on the distribution of TASK-1 and
TASK-3 channels within the rodent CNS and periphery whilst revealing the
presence of TASK-3 mRNA within the murine retina (Talley et al., 2001, Goldstein

et al., 2005, Marinc et al., 2014, Kim et al., 2000).

The high levels of TASK-3 mRNA expressed within the SCN with very low levels of
TASK-1 are indicative of the prominence of this potassium leak channel in
regulating the excitability of the circadian master clock. The circadian variation in
TASK-3 expression observed under photoentrainment suggests a phasic role for
this channel in governing RMP. With TASK-3 outwardly rectifying potassium
current, and subsequently hyperpolarising RMP, a reduction in this conductance
would lead to depolarisation and increased cell excitability (Brickley et al., 2007,
Goldstein et al,, 2005). Therefore this finding raises the question whether a
midday nadir in TASK-3 expression is essential for maintaining increased daytime

action potential firing within the SCN.

The next chapter considers the role of TASK-3 in light and clock-driven behaviour.
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3 Examining Locomotor Activity in TASK-3 KO mice

3.1 Introduction

Mammals housed under a stable LD cycle adopt robust rhythms in activity and
rest. The expressed behaviour arises through light-driven synchronisation of the
clock to the light signal. In the absence of all time cues, including both light and
non-light stimuli, daily cycles of activity and rest are driven endogenously by the

circadian clock and the circadian rhythm is described as free-running.

In the laboratory environmental light can be manipulated to fully examine the
effects of light on behavioural activity whilst all other environmental conditions

are kept constant. This allows photoentrainment to be studied in relative isolation.

The experiments in this chapter will examine locomotor activity rhythms in TASK-
3 KO and WT mice under a stable light-dark cycle and in constant darkness. With
TASK-3 being highly expressed in the WT mouse SCN it is feasible to hypothesise
the change in neuronal excitability within the biological clock will lead to

disturbances in circadian rhythms (Talley et al., 2001).

The use of a stable 12:12h LD cycle will assess the impact of TASK-3 loss on light-
driven behaviour and determine whether TASK-3 channels are essential for
photoentrainment. Previous research under this lighting regime has shown the
absence of TASK-3 to result in nocturnal hyperactivity, examined by the breaking
of photo-beams (Linden et al,, 2007, Gotter et al.,, 2011). Here locomotor activity
will be examined in detail by wheel-running with measurement of intensity and
phase angle of entrainment along with assessment of rhythm robustness and

distribution of activity.
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Following investigations under a stable LD cycle, a similar set of experiments will
be conducted in the absence of light to fully explore the endogenous, free-running
activity rhythm following TASK-3 ablation. Comparison of WT and TASK-3 KO
activity intensity, endogenous period (tau) and rhythm robustness will
demonstrate the contribution of TASK-3 Kzp channels in initiating and maintaining

endogenous circadian rhythms.

The final investigations in this chapter explore re-setting of the clock by acute light
stimuli. A light pulse delivered early in the subjective night when light is novel is
known to induce a delay shift in clock phase in WT mice, clearly identifiable by a
change in timing of activity onset (Pittendrigh and Daan, 1976b, Antle et al., 2009).
These experiments use different light intensities to examine both clock resetting

capability and sensitivity of TASK-3 KO mice relative to WT.
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3.2 Experimental methods

3.2.1 Subjects

Male WT (C57 BL/6]) mice were obtained from Charles River Laboratories (Kent),
with transgenic TASK-3 KO (TKO) mice bred and maintained as homozygotes
under license. For genotyping see Appendix II. Mice were housed individually in
polypropylene cages measuring approximately 34cm (1) x 16cm (W) x 13cm (h)
fitted with a running wheel. Wheel revolutions were recorded in 1-minute bins
using Chronobiology Kit (Stanford Software Systems, Santa Cruz, CA, USA) to
produce actograms with percentile distribution. Food and water were available ad

libitum. All mice were aged 2-4 months at start of each protocol detailed below.

All experimental procedures were performed with approval from the University of
Kent Ethical Review Committee and in accordance with the Animals (Scientific

Procedures) Act 1986.

3.2.2 Behavioural activity recording under 12:12 LD cycle

Experiments were conducted under controlled LD conditions to investigate light-
driven locomotor activity by wheel running. [llumination within animal room
provided by 2 fittings with paired T5 (152cm) fluorescent tubes producing light
levels of approximately 350 lux/relative irradiance 3.0 x 1014 photons/cm?/s at
cage level. See Appendix IIl. Light intensity was measured by lux meter (R S
Components, Corby, UK) and optical power meter (Thorlabs, Ely, UK). Lighting
was controlled by timer to allow 12:12 programming of LD cycle with lights on
between 7am and 7pm. All subjects were maintained under a standard 12:12h

light-dark (LD) cycle for a minimum of 7 days prior to beginning of experiment.

Measurements for analysis were as follows:
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(i) Daily locomotor activity: Means calculated from measurement of total daily

revolutions for 10 days.

(ii) Percentage of activity in dark and light portions of 12:12 LD cycle: Percentage of
total daily activity conducted during the light phase calculated from total daily

revolutions completed within light and dark portions of the LD cycle for 10 days.

(iii) Phase angle of entrainment: Activity onsets measured for 14 days by eye-fit
from timing of lights off on single-plotted actograms, with distance of onset from

position of lights off converted into minutes. See Appendix IV.

(iv) Chi square periodogram amplitude: Mean Chi square periodogram amplitude
calculated for 10 days using Chronobiology Kit auto-correlated data. See Appendix

V.

(v) 24hr locomotor activity profile: 24-hour profile constructed from mean

revolutions collected in 10-minute bins for 10 days.

Statistical significance was determined using GraphPad Prism 5 software (San
Diego, CA) by student’s ¢t tests. All data presented as mean + SEM (standard error

of mean) and statistical significance defined as being P < 0.05.

3.2.3 Behavioural activity recording under DD cycle

To investigate behaviour in the absence of light, the animal room was maintained
in constant darkness, DD, with health checks and feeding carried out under dim
red light. All subjects were given a minimum of 7 days in DD for free-running

behaviour to be established prior to beginning of experiment.

Measurements for analysis were as follows:
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(i) Daily locomotor activity: Means calculated from measurement of total daily

revolutions for 10 days.

(ii) Tau: Free-running period, tau, determined by linear regression lines placed by

eye through daily activity onsets for 10 days.

(iii) Chi square amplitude: Mean Chi square periodogram amplitude calculated for

10 days using Chronobiology Kit auto-correlated data.

(iv) 24hr activity profile: 24-hour profile constructed from mean revolutions

collected in 10-minute bins for 10 days.

Statistical significance was determined using GraphPad Prism 5 software (San
Diego, CA) by student’s t tests and One-way ANOVA with Tukey’s multiple
comparison post hoc test. All data presented as mean + SEM (standard error of

mean) and statistical significance defined as being P < 0.05.

3.2.4 Phase re-setting of the clock by acute light stimuli
(i) Aschoff type I protocol: Wheel running activity recorded and analysed for 7
days in DD to provide accurate individual circadian timings during established

free-running.

On day 8, WT and TKO experimental groups were placed individually in a light-
tight box at calculated CT14 (2 hours after activity onset from actogram) whilst
remaining in home cage. A single 10 minute light pulse generated from 96 x white
LEDs generating approximately 1000lux/6.7 x 1014 photons/cm?2/s relative
irradiance was delivered before replacing mice into animal room under DD

conditions for a further 14 days wheel running data collection. See Appendix III.
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WT and TKO control group treated as per experimental group but with LEDs

switched off throughout the pulse.

(ii) Aschoff type Il protocol: Wheel running locomotor activity recorded for 7 days
under a 12:12 hour LD for a stable synchronised rhythm with illumination
provided by LED lighting generating approximately 2500lux/relative irradiance
1.83 x 1015 photons/cm?/s at cage level. See Appendix IIl. On day 8 WT and TKO
mice received a 20 minute light pulse at ZT14 from LEDs before being placed into
DD for 14 days, followed by 14 days in 12:12 hour LD for re-entrainment. This
protocol was repeated with reduced light intensities by neutral density filter at
approximately 250 lux/relative irradiance 1.83 x 1014 photons/cm?/s, and 25
lux/relative irradiance 1.83 x 1013 photons/cm?2/s. A final ‘non-light’ control pulse

was conducted with LEDs switched off during the pulse.

Phase shifts for Aschoff type I protocol determined by linear regression lines fitted
by eye through activity onsets on actograms before and after light/non-light pulse.
For Aschoff type Il protocol phase shifts determined by linear regression lines

fitted through timing of lights off and activity onsets on actograms after light/non-

light pulse. See Appendix IV.

For both protocols the first three days following pulse were disregarded as
transients, with extrapolation of regression lines allowing distance between lines
to be measured on day of pulse. Statistical significance was determined using
GraphPad Prism 5 software (San Diego, CA) by student’s t tests, one-way analysis
of variance (ANOVA) with Tukey’s multiple comparison post hoc test and two-way
ANOVA. All data presented as mean + SEM (standard error of mean) and statistical

significance defined as being P < 0.05.
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3.3 Results

3.3.1 Altered locomotor activity in TASK-3 KO mice under 12:12 LD cycle
When housed under a stable 12:12h LD cycle TKO mice exhibited marked
differences in wheel-running behaviour compared to WT controls with a
significantly lower number of revolutions being completed daily (WT = 7902
revolutions * 1026, TKO = 1066 revolutions + 454, student’s ¢t test: P < 0.0001) and
an increased daytime activity, expressed as a percentage of total daily activity (WT
=5.33% +1.23, TKO = 17.60% + 2.83, student’s t test: P = 0.0006, n=12). See
Figures 3.1: A-C, The phase angle of entrainment was similar in WT and TKO mice
with no significant difference in timing of activity onset relative to lights off (WT =
-9.64 minutes * 1.59, TKO = -3.61 minutes * 4.11, student’s ¢t test: P > 0.05).
However Chi-square analysis of locomotor activity, a marker of rhythm robustness
by stationarity, revealed a significant reduction in rhythm amplitude in TKO mice
relative to WT =5917 # 126.5, TKO = 3243 * 469.3 (student’s t test: P < 0.0001,

n=12). See Figures 3.1: D, E.

A profile of locomotor activity over the 12:12h LD cycle highlights rhythm
alteration and reduction in intensity in the absence of TASK-3 KO compared to the

intact WT mouse (n=12). See Figure 3.2.
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Figure 3.1: Locomotor activity under 12:12 LD cycle

(A) Representative actograms of WT and TKO mice demonstrate differences in intensity of
wheel running activity under photoentrainment. Data presented as percentile distribution
over 14 days, with horizontal bar signifying hours of light (white) and darkness (black).

(B) Mean wheel revolutions completed daily are significantly lower in TKO mice compared
to WT, student’s t test: P < 0.0001 (n=12), with (C) an exaggerated percentage of total
activity completed within the light portion of the 24 hour cycle, student’s t test: P = 0.0006
(n=12).

(D) Onset of activity relative to light cycle demonstrates there is no significant difference in
phase angle of entrainment between TKO and WT mice, student’s t test: P > 0.05 (n=12),
whilst (E) analysis of daily locomotor activity by chi-square analysis reveals a significant
reduction in TKO amplitude, student’s t test: P < 0.0001 (n=12).
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Figure 3.2: Locomotor activity profile over the 12:12h LD cycle

Wheel-running activity double-plotted over 24hours for TKO (red) and WT (black) mice
under a stable LD cycle highlights distribution of activity relative to LD cycle. Data points
represent mean values collected in 10 minute time bins (n=12).
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3.3.2 Loss of TASK-3 impacts activity intensity and rhythm in constant

darkness
In the absence of light TKO mice displayed an attenuated locomotor activity
pattern relative to WT controls, producing significantly less wheel revolutions per
day (WT =5549 revolutions + 1057, TKO = 474 revolutions + 115, student’s t test:
P <0.0001, n=12). Furthermore, TKO mice exhibited differences in their
behavioural rhythms with a significantly lengthened free-running period, tau (WT
= 23.89 hours * 0.02, TKO = 23.96 hours * 0.01, student’s ¢ test: P = 0.006) and
diminished Chi-square amplitude (WT = 5026 + 292.9, TKO = 1679 + 175.3,
student’s t test: P < 0.0001, n=12). Comparison of Chi-square amplitude under
12:12h LD and DD conditions reveals a significant reduction in TKO amplitude
when free-running compared to values under entrainment (One-way AVOVA with
Tukey’s post hoc test, P < 0.01). Contrastingly, there is no significant different in
WT Chi square amplitude under LD and DD conditions (One-way AVOVA with

Tukey’s post hoc test, P > 0.05). See Figures 3.3: A-E.

A profile of locomotor activity over the circadian cycle in DD demonstrates the
extent of reduction in activity in the absence of TASK-3. On resizing axes, the TKO

rhythm is revealed. See Figure 3.4.
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Figure 3.3: Locomotor activity in constant darkness, DD

(A) Representative actograms of WT and TKO mice showing differences in wheel running
activity in the absence of light. Data presented as percentile distribution over 10 days, with
horizontal black bar signifying continuous darkness.

(B) Mean wheel revolutions completed in 24 hours cycles of darkness are significantly lower
in TKO mice compared to WT, student’s t test: P < 0.0001 (n=12), with (C), a significantly
lengthened free-running period, student’s t test: P < 0.01 (n=12).

(D) Analysis of endogenous locomotor activity rhythms by reveals significant reduction chi-
square amplitude in TKO mice relative to WT, student’s t test: P < 0.0001 (n=12). (E)
Comparison of WT and TKO chi square amplitude under 12:12h LD and DD reveals a
significant drop in TKO endogenous rhythm amplitude compared to light-driven
entrainment, one-way ANOVA with Tukey’s post hoc test, P < 0.01, which is not seen in WT
mice, P> 0.05.
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Figure 3.4: Locomotor activity profile over the circadian cycle under DD

Wheel-running activity double-plotted over 24hours for free-running TKO (red) and WT
(black) mice in DD highlights inter-strain differences in activity intensity, and WT
distribution of activity. TKO activity is only apparent when plotted on re-sized Y- axis. Data
points represent mean values collected in 10 minute time bins (n=12).
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3.3.3 TASK-3 ablation diminishes phase shifts to highest intensity light

The application of an acute saturating light pulse 2 hours after activity onset in
free-running WT and TKO mice (Aschoff type I paradigm) produced a significantly
greater phase shift in experimental groups compared to non-light controls.
Following correction for non-light controls by deduction of non-light phase shift
values (WT = 8.93 minutes * 2.01, TKO = 14.88 minutes * 4.65), WT and TKO mice
exhibited light-induced phase shifts which were not significantly different (WT =
48.81 minutes + 3.38, TKO = 30.36 minutes + 7.59, Student’s t test P = 0.0506, n =

6/group). See Figures 3.5: A-C.

Acute light pulses applied 2 hours after lights off in WT and TKO mice
synchronised to the LD cycle (Aschoff type Il paradigm) resulted in intensity-
dependant delay phase shifts in experimental groups, with smaller shifts observed

in non-light controls.

Following correction for non-light controls by deduction of non-light phase shift
values (WT = 49.52 minutes + 4.47, TKO = 47.14 minutes + 5.37), WT mice
exhibited significantly greater shifts in activity onset to saturating and low
intensity light compared to TKO (2,500 Lux: WT = 72.19 minutes * 3.33, TKO =
46.36 minutes * 4.69, Student’s t test P = 0.0003; 25 lux WT = 37.91 minutes *
3.57, TKO minutes = 6.00 + 5.83 Student’s t test P = 0.0002). In contrast sub-
saturating light resulted in shifts which were not significantly between WT and
TKO mice (WT = 48.19 minutes * 4.08, TKO = 37.86 minutes + 5.63 Student’s ¢ test
P> 0.05) n=8-12/group). Taken together, these results show significant variation
by light intensity and within strains (Two-way ANOVA: Strain of mouse P < 0.0001,

Light intensity P < 0.0001. See Figures 3.6: A-C.
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Figure 3.5: Phase shifts to saturating light by Aschoff type I paradigm.

(A)Representative actograms for WT and TKO mice demonstrating delay phase shifts in
activity onset following an acute light pulse or non-light control pulse at CT14. Vertical
black and red lines represent linear regression lines fitted by eye through WT and TKO
activity onsets respectively, pre and post pulse.

(C) WT and TKO phase shifts to an acute saturating light pulse at CT14 by Aschoff type I
paradigm are significantly greater than their respective non-light controls, One-way ANOVA
with Tukey’s post hoc test, P < 0.01 (n=6). (C) Data normalised to non-light control values
reveals WT and TKO phase shifts are not significantly different, student’s t test: P > 0.05.
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Figure 3.6: Phase shifts to saturating and non-saturating light by Aschoff type II paradigm.

(A)Representative actograms for WT and TKO mice demonstrating delay phase shifts in
activity onset following an acute light pulse of 2,500, 250, 25 lux or non-light control pulse at
ZT14. Vertical black and red lines represent linear regression lines fitted by eye through WT
and TKO activity onsets respectively, pre and post pulse.

(B) Measured phase shifts in WT and TKO mice to acute light pulses at ZT14 by Aschoff type
II paradigm show significant difference by strain and intensity, two-way ANOVA: P < 0.0001
(n=8-12). (C) Normalising data to non-light control values does not change the significant
difference by strain and intensity, two-way ANOVA: P < 0.0001. Note WT mice exhibit a dose
response to light intensity whilst TKO mice responses saturate at lower intensity light,
Student’s t test: 2,500 and 25 Lux, P < 0.001; 250 Lux, P > 0.05.
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3.4 Discussion

This chapter has revealed significant alteration in TASK-3 KO locomotor activity
under standard 12:12h LD cycles and in constant darkness. Surprisingly, under
stable photoentrainment, TKO mice exhibited significantly reduced wheel-running,
which was totally unexpected as this finding is in stark contrast to previously
published data with significantly increased activity following global TASK-3 loss
(Linden et al., 2007, Gotter et al.,, 2011). This outcome may be a consequence of
differences in methodology, with previous research measuring activity by breaking
of photo-beams as opposed to wheel-running. These two approaches are
dissimilar in that beam-breaking will measure general movements within the cage

including feeding and exploration, whereas wheel-running is a voluntary activity.

In addition to low intensity activity, TKO mice demonstrated exaggerated daytime
activity which, again, differed to previous findings of increased nocturnal activity
(Linden et al., 2007). Yet the loss of TASK-3 did not prevent synchronisation to
the LD cycle as demonstrated by a similar phase angle of entrainment to WT mice.
On closer inspection of activity distribution over the 24-hour cycle these results
are suggestive of accurate detection of lights going off at dusk, but a lack of

inhibition of activity at dawn.

Further examination of light-driven activity under by Chi-square analysis
highlighted significantly reduced rhythm amplitude in TKO mice relative to WT.
With Chi-square periodogram quantifying any extent of non-stationarity within a
rhythmic process, this analysis suggests TASK-3 loss impacts the stationarity of the
rhythm. However, the Chi-square periodogram evaluates robustness through

variance in daily means and variance in daily variances (Refinetti, 2006).
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Therefore any noise within the daily rhythm (variation in daily mean, amplitude or
period) will decrease the maximal value. With TASK-3 mice having significantly
reduced activity intensity, small daily variations in mean and amplitude are more
pronounced than in WT mice where intensity is far greater. However, this statistic
has been demonstrated to be dependent on the parameters of period, amplitude
and waveform of the rhythm rather than mean levels per se, providing mean levels
are stable over time (Refinetti, 2004). Therefore the results from this analysis

suggest the absence of TASK-3 results in deterioration of rhythm robustness.

Studies of the endogenous rhythm under constant darkness revealed TASK-3 KO
activity intensity to be lowered further in the absence of light suggesting light may
act as a driver of activity in these transgenic mice. Interestingly the TKO free-
running rhythm, tau, is lengthened compared to WT, indicating an alteration in the
speed of the clock. Examination of TKO activity rhythm in DD by Chi-square
analysis displays significantly lower amplitude to that under entrainment, whilst in
WT mice the results are similar. It would seem, therefore, that TASK-3 loss has a
greater impact on the stationarity and robustness of endogenous circadian

rhythms compared to light-driven rhythms.

After exploring light-driven and endogenous locomotor activity, it is of interest to
study the method by which light resets the biological clock. It is well established in
mammalian circadian biology that the application of light at a time when light is
novel leads to shifts in clock phase observed through changes in activity onset over
the following days (Antle et al., 2009). Here, initial investigations in free-running
WT and TKO mice in constant darkness (Aschoff type I paradigm) resulted in
similar phase shifts following an acute light pulse delivered at ZT14. This data,

therefore, suggests loss of TASK-3 does not impact clock resetting to light.
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However, this paradigm relies on exact timings of light pulse delivery according to

individual free-running rhythms, which can be challenging in TKO mice.

To overcome this difficulty an Aschoff type Il paradigm was applied where all mice
are housed under a stable LD cycle prior to the application of a light pulse 2 hours
after lights off. Further, the use of differing light intensities under this paradigm
allowed the sensitivity of clock re-setting to be explored. The size of observed
phase shifts were intensity-dependant in both experimental groups, however, TKO
mice appeared to have exhibit a decrease in sensitivity by a log unit of light when
compared to WT shifts. At the brightest and dimmest light intensity, TKO phase
shifts were significantly smaller than WT, with only sub-saturating light resulting
in similar phase shifts between strains. These results suggest WT mice follow a
dose response pattern whilst TKO mice saturate sooner, typically at sub-saturating
light intensities. These observed differences in clock resetting may occur as a
result of attenuated light detection and communication in the absence of TASK-3
or may relate to the clock mechanism itself and the lengthened daily period,

requiring little adjustment to maintain synchrony with a 24-hour cycle.

The next chapter will further examine the impact of global ablation of TASK-3 with
challenges to explore robustness, adjustment and adaptation of rhythms for clock

synchrony during changes in environmental light.
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4 Adapting to Changing Light

4.1 Introduction

The previous chapter highlighted key differences in circadian phenotype of TASK-3
KO mice compared to WT controls, with both light-driven and endogenous activity
rhythms affected by TASK-3 ablation. The attenuated phase shifts to saturating
and low intensity light suggests TASK-3 currents are essential for adaptation to
environmental light cues at differing intensities. Additionally the lack of rhythm
robustness in DD compared to LD, quantified by chi square analysis, demonstrates
the role TASK-3 channels play in maintaining endogenous rhythms. This chapter
explores the mechanism of clock resetting and photoentrainment further through
a number of light challenges with a view to exposing the limitations of clock
adjustment in the absence of TASK-3, thereby highlighting the role of this channel

in photic regulation of the clock.

To assess the ability of the circadian system to entrain under diminishing lighting
conditions locomotor activity will be studied under decreasing room illumination.
This experiment will highlight any differences in sensitivity to light and its effects
on driving locomotor activity rhythms. At a level where day and night transitions
are no longer detected, mice are expected to go into a free-running rhythm as the

environment is perceived as being in constant darkness.

The adjustment of the biological clock is initially examined by advancing and
delaying a standard 12:12h LD cycle by 6 hours and monitoring WT and TKO rate
of re-entrainment. This paradigm will assess the ability of the clock to adjust to a
large difference in the timing of environmental light, representative of humans

undertaking trans-meridian flights. Under these conditions, full re-entrainment
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takes several days as the change in dawn and dusk signals are processed by the
SCN and adjustments made in output rhythms to drive clocks in peripheral tissues
(Davidson et al,, 2009, Albrecht, 2012). Through monitoring the onsets and offsets
of activity in TKO mice relative to WT, the rate of adjustment by re-entrainment

can be assessed.

Following the rate of re-entrainment investigations, WT and TKO mice will be
further assessed for clock adjustment by a seasonal adjustment paradigm. Here
mice will be subjected to a 2-hour increase in photoperiod each week culminating
in constant light conditions. This protocol will challenge the clock to confine
activity to fewer and fewer hours of darkness thus reducing the duration of active
period. The pliancy of the clock to effectively compress and decompress activity
according to photoperiod is vital for seasonal adjustment with long summer, and
short winter, days (Pittendrigh and Daan, 1976d). This paradigm will also
highlight the ability of the TKO clock to track changes in the timings of dawn and
dusk and adapt behaviour accordingly. These properties will be assessed through
recording of locomotor activity throughout this process with measurement of
phase angle of entrainment and duration of active period, commonly denoted as

alpha (a).

The final stage of this experiment will provide information on period lengthening
in the TKO mouse. This NIF response is known to occur in WT mice housed under
constant light, LL, and provides further confirmation of effective irradiance
detection and modification of clock gene expression leading to behaviour changes

(Pittendrigh and Daan, 1976c, Spoelstra and Daan, 2008).
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4.2 Experimental methods

4.2.1 Subjects

Male WT (C57 BL/6]) mice were obtained from Charles River Laboratories (Kent),
with transgenic TASK-3 KO (TKO) mice bred and maintained as homozygotes
under license. For genotyping see Appendix II. Mice were housed individually in
polypropylene cages measuring approximately 34cm (1) x 16cm (W) x 13cm (h)
fitted with a running wheel. Wheel revolutions were recorded in 1-minute bins
using Chronobiology Kit (Stanford Software Systems, USA). Food and water were

available ad libitum. All mice were age-matched and between 2 to 8 months.

All experimental procedures were performed with approval from the University of
Kent Ethical Review Committee and in accordance with the Animals (Scientific

Procedures) Act 1986.

4.2.2 Behavioural activity recording during decreasing irradiance
Experiment conducted under 12:12h LD conditions to investigate light-driven
locomotor activity by wheel running under decreasing irradiance. Maximum
illumination within animal room was provided by 2 fittings with paired T5
(152cm) fluorescent tubes producing approximately 350 lux/relative irradiance
3.0 x 10* photons/cm?/s at cage level. See Appendix III. Initial reduction in
illumination was achieved by through the removal of one light fitting and
thereafter by photographic stops via neutral density filter (Lee filters, Andover,
UK). Light intensity was measured by lux meter (R S Components, Corby, UK) and
optical power meter (Thorlabs, UK). Lighting was controlled by timer to allow

12:12 programming of LD cycle with lights on between 7am and 7pm. All subjects
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were maintained under maximum light for a minimum of 7 days prior to the

beginning of the experiment. The reductions in light intensity occurred as follows:

Week 1-2: Full intensity light from 2 fittings
Week 3: Light from 1 fitting only

Week 3 to 16: Light from 1 fitting progressively reduced by 1 photographic stop every

2 weeks

Week 17 to 18: Return to full intensity light from 2 fittings

Locomotor activity was recorded throughout the experiment with baseline activity
intensity and phase angle of entrainment calculated from 14 days activity under
full illumination (350 lux/relative irradiance 3.0 x 1014 photons/cm?/s). See

Appendices Il and IV.

For each light intensity: mean daily revolutions were recorded for day 3-5 with
days 1 and 2 disregarded. Activity intensity was normalised by dividing current
daily revolutions by baseline recording under full illumination. Phase angle of

entrainment was calculated for day 3-5 with days 1 and 2 disregarded.

Statistical significance determined using GraphPad Prism 5 software (San Diego,
CA) by one-way analysis of variance (ANOVA). All data presented as mean + SEM

(standard error of mean) and statistical significance defined as being P < 0.05.

4.2.3 Behavioural activity recording during 6-hour changes in LD cycle

TKO and WT mice were maintained under standard 12:12h LD conditions with
lights on 7am-7pm for 7 days prior to beginning of experiment. Room illumination
was provided by 2 fittings with paired T5 (152cm) fluorescent tubes producing

relative irradiance of 350 lux/3.0 x 1014 at cage level. See Appendix III. At the start
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of the protocol, TKO and WT mice were maintained for 13 days under 12:12 h LD
cycle for collection of stable entrainment data. On the following day the LD cycle
timer was advanced 6 hours at ZT10. All animals were maintained under this new
LD cycle for 27 days for full re-entrainment to the new cycle, after which the light
cycle was delayed by 6 hours at ZT10, and data collected for an additional 14 days
Phase angle of entrainment was measured during week 1 to establish mean timing

of onset for individual mice.

Following the advance in LD cycle, shifts in activity onset for 21 days were
measured from phase angle of entrainment measured during week 1. During week
5 phase angle of entrainment was measured from activity offset to establish mean
timing of offset for individual mice. Following the 6-hour delay in LD cycle shifts in
activity offset for 14 days were measured from phase angle of entrainment
measured during week 5. Activity offsets were used to measure rate of re-

entrainment to a delayed LD cycle to eliminate effects of negative masking.

Re-entrainment or individual mice was considered complete when total shift in

activity onset (for advancing) or activity offset (for delaying) reached 6 hours * 0.5.

Statistical significance determined using GraphPad Prism 5 software (San Diego,
CA) by student’s t tests. All data presented as mean + SEM (standard error of

mean) and statistical significance defined as being P < 0.05.

4.2.4 Behavioural activity during increasing photoperiod

TKO and WT mice were maintained under standard 12:12h LD conditions with
lights on 7am-7pm for 7 days prior to beginning of experiment. Room illumination
was provided by 2 fittings with paired T5 (152cm) fluorescent tubes producing

relative irradiance of 350 lux/3.0 x 1014 at cage level. See Appendix IIL.
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At the start of the protocol, TKO and WT mice were maintained for 13 days under
12:12 h LD cycle for collection of stable entrainment data. On day 14 the
photoperiod was increased by 1 hour at dawn and dusk thereby providing 14:10h
LD cycle which was maintained for 7 days. A 2-hour increase in light hours was
performed weekly to provide 7 day periods of 16:8h, 18:6h, 20:4h, 22:2h LD cycles,
with a final 2 week period in constant light, LL. Phase angle of entrainment
measured over the first 13 days under 12:12h LD and then from day 3-5 following
change in photoperiod with days 1 and 2 disregarded. Total active period, o, was
also measured daily for the first 13 days under 12:12h LD and then from day 3-5
following change in photoperiod with days 1 and 2 disregarded. See chapter 1:

1.1.3.

Statistical significance determined using GraphPad Prism 5 software (San Diego,
CA) by student’s t tests and one-way analysis of variance (ANOVA). All data
presented as mean + SEM (standard error of mean) and statistical significance

defined as being P < 0.05.

4.2.5 Behavioural activity under constant light, LL

TKO and WT mice were maintained under standard 12:12h LD conditions with
lights on 7am-7pm for 13 days prior to beginning of experiment. Room
illumination was provided by LED lighting generating approximately
2500lux/relative irradiance 1.83 x 101> photons/cm?/s at cage level. See Appendix

[II. On day 14 lights did not turn off at ZT 12, remaining on for a further 2 weeks.

Free-running period, tau, was determined by linear regression lines placed by eye
through daily activity onsets from day 19 to 28. The gradient of the line was

measured and converted to hours of variance. See Appendix IV.
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Statistical significance determined using GraphPad Prism 5 software (San Diego,
CA) by student’s t tests. All data presented as mean + SEM (standard error of

mean) and statistical significance defined as being P < 0.05.
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4.3 Results

4.3.1 A decline in TASK-3 KO locomotor activity during decreasing

irradiance
The weekly reduction in light intensity under a standard 12:12h LD cycle produced
markedly different effects in both activity intensity and photoentrainment in WT
and TKO mice. Comparison of normalised mean daily wheel revolutions under
each intensity within strain revealed a significant reduction in TKO activity under
conditions of decreased lighting, not apparent in the WT mice (One-way ANOVA

WT: P > 0.05, TKO: P = 0.0088, n=5). See Figure 4.1: A, B.

Measurement of phase angle of entrainment by activity onset was only possible in
3 out of 5 TKO mice for the first half of the experiment due to extremely low wheel
running activity. Under the light intensities measured TKO mice showed no
evidence of free-running. In contrast, WT activity onsets remained clearly
identifiable and consistent throughout the experiment, maintaining entrainment to
<1 lux/1.34 x 1013 photons/cm?/sec, after which they exhibited a free-running

rhythm of varying period length (n=5). See Figure 4.1: A, C, D.
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Figure 4.1: Locomotor activity in WT and TKO mice during decreasing irradiance.

(A) Representative actograms of WT and TKO mice wheel-running activity throughout
conditions of decreasing irradiance. Note how TKO activity decreases to almost
undetectable levels as light decreases, in contrast to WT which maintains entrainment until
relative irradiance of approximately 1.34 x 1013 photons/cm?2/sec is reached, after which
goes into a free-run.

(B) Normalised wheel revolutions completed in 24 hours are significantly reduced under
decreasing irradiance in TKO mice but show no significant difference in WT, One-way
ANOVA WT: P> 0.05, TKO: P < 0.001 (n=5).

(C) Phase angle of entrainment by activity onset reveals demonstrates WT mice going into a
free-run at relative irradiance of 1.34 x 1013 photons/cm?2/sec, whilst in (D) TKO mice phase
angle of entrainment was only measurable for the first half of the experiment in 3 mice, and
not at all in the remaining 2 mice, due to low intensity of activity. There were no signs of
free-running rhythm in the TKO mice.
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4.3.2 Altered rates of re-entrainment in the absence of TASK-3

A jetlag paradigm with 6-hour changes in the timing of the 12:12h LD cycle was
used to compare rates of re-entrainment in TKO and WT mice. Following the 6-
hour advance, TKO mice took significantly longer to fully re-entrain to the new LD
cycle timing than WT (WT: 8.88 days * 0.40, TKO: 14.14 days * 1.64, student’s ¢
test P=0.0055). Moreover, measurement of rate of re-entrainment by phase shift
in daily onset of activity revealed significant attenuation in in the TKO mice from
day 2 to 9 by student’s t test (P < 0.01), day 11 (P < 0.01),day 12 (P < 0.05) and

day 21 (P < 0.001, n=7-8). See Figure 4-2: A-C.

Following a 6-hour delay to the LD cycle, the rate of re-entrainment by could not
be reliably measured in the TKO mice, therefore a comparison could not be made
with WT mice. The low levels of TKO mouse activity, in conjunction with

fragmented bouts of dawn activity, prevented accurate tracking of phase shifts in

activity offset during this period of adjustment.
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Figure 4.2: Rates of re-entrainment following a 6 hour advance in 12:12h LD cycle timing.

(A) Representative actograms of WT and TKO mice wheel-running activity during 6-hour
advance and delay in timing of 12:12h LD cycle demonstrating changes in activity.

(B) Significantly attenuated daily phase shifts in TKO activity onset occurred on days 2-9,
Student’s t test: P < 0.01; day 11, P < 0.01; day 12, P < 0.05 and day 21, P < 0.001 of re-
entrainment (n=7-8). (C) Total number of days required to re-entrain to a 6 hour advance is
significantly increased in TKO mice relative to WT, Student'’s t test: P> 0.01 (n=7-8)

4.3.3 Loss of TASK-3 impacts adjustment to increasing photoperiod

A paradigm incorporating weekly increases in photoperiod allows two important
aspects of compression to be investigated: the ability to track changes in timing of
dawn and dusk, and the ability to confine and compress activity into decreasing

hours of darkness.

The measurement of phase angle of entrainment by activity onset revealed an
exaggerated response in TKO mice to the delaying of lights going off. Despite being
similar at the beginning of the experiment, under 12:12h LD, increasing
photoperiod led to TKO mice anticipating dusk with positive phases angles of
entrainment which were significantly different to WT at 10, 6 and 4 hours of

darkness analysed by student’s t test (12:12h LD WT: -18.61 minutes * 1.67, TKO:
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-11.92 minutes * 6.27, P> 0.05; 14:10h LD WT: -8.14 minutes * 1.72, TKO: 7.46
minutes + 6.36, P=0.0134; 16:8h LD WT: -1.71 minutes + 1.76, TKO: 12.50
minutes + 11.82, P > 0.05; 18:6h LD WT: -7.50 minutes * 3.66, TKO: 24.00 minutes
+12.66, P=0.0136; 20:4h LD WT: -11.14 minutes * 3.29, TKO: 18.86 minutes +
10.93, P=0.0070, n= 6-8). During the final stage of increased photoperiod, 22:2h
LD, data was not analysed for phase angle of entrainment as both strains had gone
into a free-run and therefore no longer synchronised to the LD cycle. See Figure

4.3: A, B.

The analysis of active phase, a, during this paradigm showed TKO mice to be active
for significantly longer than WT throughout the experiment analysed by student’s t
test (12:12h LD WT: 11.00 hours + 0.12, TKO: 11.52 hours * 0.24, P = 0.0377;
14:10h LD WT: 9.64 hours * 0.09, TKO: 11.37 hours + 0.28, P < 0.0001; 16:8h LD
WT: 8.92 hours * 0.18, TKO: 10.82 hours * 0.44, P < 0.0001; 18:6h LD WT: 7.60
hours + 0.13, TKO: 9.98 hours * 0.77, P < 0.0001; 20:4h LD WT: 7.12 hours * 0.26,
TKO: 10.72 hours * 0.68, P < 0.0001, n= 6-8). Under changing light conditions both
WT and TKO mice demonstrated significant variance in values as a consequence of
changing photoperiod (One -way ANOVA WT: P < 0.0001, TKO: P =0.0002).
However, on closer examination, a continually decreases in WT mice in contrast to
a more generalised variability in the TKO mice. To further quantify the overall
compression achieved through this paradigm, activity under standard 12:12h LD
cycles at the beginning of the experiment was analysed with 20:4h LD cycle
activity which demonstrated a significant reduction in WT active phase which was
not seen in TKO mice (student’s t test: WT: P < 0.0001, TKO: P > 0.05). See Figure

4.3: C-E.
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Figure 4.3: Compression of locomotor activity during increasing photoperiod.

(A) Representative double-plotted actograms of WT and TKO mice wheel-running activity
throughout the compression paradigm concluding with free-running activity under a 22:2h
LD cycle and later, constant light, LL.

(B) Analysis of activity onset demonstrates TKO mice exhibit an exaggerated response to
changing light conditions compared to WT. Increasingly positive phase angles of
entrainment were significantly different between strains at 10 hours, Student’s t test: P <
0.05; 6 hours, P < 0.05 and 4 hours of darkness, P < 0.01 (n=6-8).

(C) Length of active phase, q, is significantly longer in TKO mice relative to WT under all LD
cycles examined. During decreasing hours of darkness both TKO and WT mice exhibit
significant variation in «a, Student’s t test: P < 0.001, with generalised fluctuations in TKO
mice compared to a consistent decrease in WT (n=6-8).

(D) Analysis of 12:12h LD activity versus 20:4h LD reveals significant shortening of o« in WT
mice, Student’s t test: P < 0.0001, whilst in (E) there is no significant change in TKO «,
Student’s t test: P > 0.05.
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4.3.4 Lengthening of tau under constant light

TKO and WT mice placed under conditions of constant light, LL exhibited
significant lengthening of free-running period, tau (WT: 25.32 hours * 0.06, TKO:
25.28 hours * 0.05) compared to constant darkness, DD (WT = 23.89 hours + 0.02,
TKO = 23.96 hours + 0.01, Student’s t test, P < 0.0001, n=6-9). Values of LL tau
were not significantly different between strains (student’s t test, P > 0.05). See

Figure 4.4.
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Figure 4.4: Free-running period in constant darkness and constant light.

Under constant light, LL, both TKO and WT free-running period is significantly lengthened
compared to constant dark conditions, DD, Student’s t test: P < 0.0001. There is no
significant difference in length of LL free-running period between strains, Student’s t test:
P> 0.05 (n=6-9).
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4.4 Discussion
These experiments demonstrate TASK-3 is fundamental for effective adaptation to

changes in light intensity, timing of dawn and dusk, and duration of photoperiod.

A weekly reduction in light intensity in photographic stops under a stable 12:12h
LD cycles resulted in attenuation of TKO wheel-running activity to such a degree
that phase angle of entrainment was only measurable in 3 out of 5 mice, and only
for the first half of the experiment. This differed greatly from the WT mice where
stable entrainment was maintained to very low levels of light, after which free-
running rhythms were observed. These findings suggest that in the absence of
TASK-3, light is required to drive locomotor activity and as the intensity decreases,
the intensity drops too. At the end of the experiment where the brightest
illumination was restored the actograms show there was a clear recovery of TKO
wheel-running. It is unlikely the attenuated activity is due to diminished
sensitivity to light from TASK-3 loss as an inabaility to detect light would lead to
mice going into an earlier free-running rhythm which was not seen in the

transgenic mice.

The re-entrainment paradigm, with a 6-hour advance to the timing of the LD cycle,
investigated adjustment to large changes in light-dark timing in TKO mice, typical
of human trans-meridian flight. Here the loss of TASK-3 significantly impacted the
rate of re-entrainment to an advanced LD cycle. The findings from this experiment
may relate to the endogenous period of the TKO mice being very close to 24 hours
in length and therefore requiring minimal adjustment each day to maintain

entrainment to standard 12:12h LD cycles. However, despite being significantly
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lengthened, the increase in TKO Tau is very small and therefore these results are

more likely to represent an alteration in the clock adjustment and plasticity.

The importance of TASK-3 in clock plasticity was further demonstrated during the
compression paradigm with increasing photoperiod and decreasing hours of
darkness. Under these conditions WT mice were able to adapt phase angles of
entrainment to each new LD cycle, whereas TKO mice began activity increasingly
earlier, suggesting an inability to adjust behaviour to the LD cycle. Moreover, the
measurement of active period, alpha, highlighted significant differences in WT and
TKO response to changing photoperiod. Where WT mice exhibited progressively
shorter active periods as a function of hours of darkness, TKO mice showed
general variation in alpha, with no significant reduction under 20:4h LD cycles

relative to the start of the experiment under 12:12h LD

This paradigm, representative of seasonal change, demonstrates how WT mice are
able to compress nocturnal activity during long summer days in accordance with
early studies (Pittendrigh and Daan, 1976d). The TASK-3 KO mice, however are
not able to maintain the same level and confinement of activity to an increased
photoperiod, demonstrating TASK-3 currents are vital for fine-tuning entrainment

to meet the demands of changes in the natural environmental across the seasons.

The final stages of the compression paradigm with a 22:2h LD cycle forced both
WT and TKO mice into a free-running rhythm with a lengthened tau. This
photoperiod was too extreme for even WT mice to adapt to and therefore the
endogenous rhythm was adopted. Under 22:2h LD and constant light, LL, at the
end of the compression paradigm both strains exhibited the characteristic

lengthening of tau to over 24-hours in length (Pittendrigh and Daan, 1976c,

[128]



Pittendrigh and Daan, 1976d). This NIF response to light was also studied in a
separate experiment where mice were housed under12:12h LD before switching to
LL to confirm this finding was not purely an artefact from the compression

paradigm, but a genuine response to the light.

This series of behavioural experiments demonstrate the importance of TASK-3 for
effective adaptation to changing light conditions. The properties of maintaining
entrainment, re-entrainment and activity compression are all compromised in the
absence of this channel, and what becomes clear is that light is the all-important
driver of locomotor activity. What is not defined, however, is whether the
observed differences are due to alteration in retinal decoding and/or the clock,

these elements will be considered separately in the following chapters.
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5 Negative masking in TASK-3 KO mice

5.1 Introduction

Experiments conducted under challenging LD conditions in the previous chapter
have demonstrated TASK-3 KO mice exhibit significantly altered responses
compared to WT in re-entrainment and activity compression for seasonal
adjustment. This chapter continues to explore the consequence of TASK-3 ablation

on light-driven responses by investigating the phenomenon of negative masking.

Negative masking is the acute inhibition of activity by bright light observed in WT
nocturnal rodents. In conjunction with photoentrainment, this response serves to
confine activity to hours of darkness (Mrosovsky, 1999). In contrast to clock-
driven entrainment, masking is a NIF retinal response. Following the detection of
TASK-3 mRNA within the WT retina, described in chapter 2, this chapter will begin
to unravel the role of TASK-3 at the level of the retina and the impact of this on

light-driven behaviour.

Initial experiments are designed around the application of an acute light pulse
delivered in the early part of the night. Pulses of 1 hour will examine whether
inhibition of activity occurs in TKO and WT mice, whilst longer duration pulses of 3
hours will investigate whether inhibition can be sustained. The final masking
experiment uses an ultradian LD cycle which will investigate masking responses

across the whole circadian cycle (Mrosovsky and Hattar, 2003).
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5.2 Experimental Methods

5.2.1 Subjects

Male WT (C57 BL/6]) mice were obtained from Charles River Laboratories (Kent),
with transgenic TASK-3 KO (TKO) mice bred and maintained as homozygotes
under license. For genotyping see Appendix II. Mice were housed individually in
polypropylene cages measuring approximately 34cm (1) x 16cm (W) x 13cm (h)
fitted with a running wheel. Wheel revolutions were recorded in 1-minute bins
using Chronobiology Kit (Stanford Software Systems, USA). Food and water were

available ad libitum. All mice were age-matched and between 2 to 8 months.

All experimental procedures were performed with approval from the University of
Kent Ethical Review Committee and in accordance with the Animals (Scientific

Procedures) Act 1986.

Mice were maintained under standard 12:12h LD conditions with lights on 7am-
7pm for a minimum of 2 weeks prior to beginning of each experiment. Room
illumination provided by LED lighting generating approximately 2500lux/relative

irradiance 1.83 x 101> photons/cm?2/s at cage level. See Appendix III.

5.2.2 Application of acute light pulses
Wheel-running activity during an acute light pulse was compared to a baseline

value measured the night before under darkness according to 12:12 LD cycle.
Day1: standard 12:12h LD cycle for baseline activity recording
Day2: 12:12h LD conditions with LED light pulse starting at ZT14

Day 3: standard 12:12h LD cycle for recovery
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This 3-day protocol was conducted for 3 rounds with LEDs on for 1 hour (ZT14-

15) followed by 3 rounds with LEDs on for 3 hours (ZT14-17).

For each round, total wheel revolutions completed within the targeted time frame
(for 1 hour pulse, ZT14-15; for 3 hour pulse, ZT14-17) on night of baseline
recording were compared to total revolutions completed during respective light
pulse the following night. Additionally, 3-hour light pulses and baseline recordings
were analysed in 10-minute time bins to assess maintenance of light inhibition.
Statistical significance determined using GraphPad Prism 5 software (San Diego,
CA) by student’s t tests. All data presented as mean * SEM (standard error of

mean) and statistical significance defined as being P < 0.05.

5.2.3 Ultradian LD cycles

TKO and WT mice were placed under a 3.5:3.5h ultradian cycle for 7 days for
examination of masking responses across the circadian cycle. Under this paradigm
dawn and dusk will fall at each circadian time point (ZT hours) over the course of
the week. A 7-hour profile was constructed from mean revolutions collected in 10-

minute bins for 7 days.

Statistical significance determined using GraphPad Prism 5 software (San Diego,
CA) by student’s t tests. All data presented as mean + SEM (standard error of

mean) and statistical significance defined as being P < 0.05.
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5.3 Results

5.3.1 TASK-3 functionality is not required for acute masking responses

The application of a 1-hour light pulse at ZT14-15 inhibited wheel-running activity
in both TKO and WT mice. Total wheel revolutions were significantly reduced
during light pulse compared to baseline recording analysed by student’s ¢ test
(WT: baseline 1346 revolutions + 187.3, pulse 24 revolutions * 6.24, P < 0.0001,
TKO: baseline 298 revolutions * 97.64, pulse 13 revolutions + 3.72, P = 0.0048,

n=10-12). See Figure 5.1: A-C.
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Figure 5.1: Acute inhibition of activity during a 1-hour light pulse.

(A) ) Representative actograms of WT and TKO mice wheel-running activity under 12:12h
LD with inhibition of activity during 1-hour light pulses applied every third cycle at ZT14-15
(red boxes).

(B) Mean revolutions completed by WT mice during 1-hour light pulse were significantly
lower than baseline recording taken the previous night at a similar time, student’s t test, P <
0.0001 (n=10). (C) Despite lower intensity activity, TKO mice also completed significantly
less revolutions during the light pulse than baseline recording from the previous night,
student’s ¢t test, P < 0.01(n=12).
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5.3.2 Sustained masking in TASK-3 KO mice

The use of an extended light pulse of 3 hours duration (ZT14-17) inhibited wheel-
running activity in both TKO and WT mice in a similar fashion to the 1-hour pulse
described previously. Total wheel revolutions were significantly less during light
pulse compared to baseline recording analysed by student’s ¢ test (WT: baseline
1991 revolutions * 294.5, pulse 137 revolutions * 42.05, P < 0.0001; TKO: baseline
534 revolutions + 151.4, pulse 48 revolutions + 11.82, P = 0.0048, n=10-12). See
Figure 5.2: A-C Analysis of light pulse activity compared to baseline in 10-minute
time bins reveals light inhibition during pulse was maintained by both WT and

TKO mice for the full 3 hours. See Figure 5.2: D, E .
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Figure 5.2: Acute inhibition of activity during a 3-hour light pulse.

(A) ) Representative actograms of WT and TKO mice wheel-running activity under 12:12h
LD demonstrating inhibition of activity during 3-hour light pulses applied every third cycle
at ZT14-17 (red boxes).

(B) Mean revolutions completed by WT mice during 1-hour light pulse were significantly
lower than baseline recording taken the previous night at a similar time, student’s t test, P <
0.0001 (n=10). (C) Likewise, TKO mice completed significantly less revolutions during the
light pulse than during darkness at this time on the previous night, student’s t test, P =
0.0048 (n=12).

(D) Mean revolutions conducted by WT mice during 3-hour light pulse compared to baseline
from previous night. Data presented in 10-minute time bins, with (E) mean revolutions
conducted by TKO mice.
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5.3.3 Ultradian LD cycles reveal masking across the circadian cycle

TKO and WT mice housed under an ultradian 3.5:35h LD cycle were largely able to
confine locomotor activity to the dark portions of the cycle, demonstrating clear
inhibition of activity during the light phase. Quantification of mean revolutions by
light conditions revealed significantly reduced running in the light portion of the
cycle in both TKO and WT mice (WT: Light mean = 285 revolutions * 77.43 Dark
mean = 1349 revolutions + 327.5, student’s t test, P = 0.0054; TKO: Dark mean =
540 revolutions + 168.4, Light mean 157 revolutions * 49.47, student’s t test P =

0.0402; n=10-12). See Figure 5.3: A-D.
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Figure 5.3: Locomotor activity cycles under 3.5:3.5h LD ultradian cycles.

(A) Representative double-plotted actograms of WT and TKO mice wheel-running activity
under an ultradian 3.5:3.5h LD cycle.

(B) Mean revolutions completed by WT mice show significantly less activity during the light
portion of the ultradian cycle, student’s ¢ test, P < 0.01(n=10). (C) Likewise, TKO mice
completed significantly less revolutions during the light demonstrating negative masking
persists in the absence of TASK-3, student’s t test, P < 0.05 (n=12).

(D) Wheel-running activity double-plotted over 7 hours in TKO (red) and WT (black) mice
highlights inhibition of activity during light portions of the cycle with majority of activity
confined to darkness. Data points represent mean values collected in 10 minute time bins.
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5.4 Discussion

These investigations demonstrate TASK-3 channel functionality is not essential for
the NIF response of negative masking. The application of acute pulses during the
early night resulted in negative masking, observed as significant inhibition of
wheel running, in both WT and TKO activity. During longer duration pulses of 3
hours activity remained supressed, indicative of a functional melanopsin response.
Previous research has shown genetic ablation of melanopsin prevents sustained
masking during 3 hours of light with full recovery of activity after just 100 minutes

(Mrosovsky and Hattar, 2003).

When placed under ultradian LD cycles with a period of just 7 hours, both strains
of mice conducted significantly more of their activity during the dark portions of
the cycle. The profile analysis clearly demonstrates activity suppression beginning
at dawn and ending at dusk in both strains of mice thereby displaying effective
tracking of photoperiod. This response is indicative of masking rather than
photoentrainment as rodents find it difficult to entrain to cycles of this shortened

period in multiples of 7 hours (Mrosovsky and Hattar, 2003).

In contrast to the alteration in light-driven behaviour described in chapter 4, these
negative masking experiments demonstrate this retinal response is unaffected by
TASK-3 loss. The role of TASK-3 in retinal decoding of light will be further

examined by pupillometry in chapter 6.
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6 Retinal decoding in the absence of TASK-3

6.1 Introduction

The biological clock receives light information exclusively via the retina and is
therefore subject to regulation by the pupillary light reflex (Foster, 1998). As light
is the most prominent of stimuli influencing circadian timing, the detection and
communication of environmental irradiance is of upmost importance in

synchronising many aspects of gross physiology (Lall et al., 2010).

On receiving light, retinal photoreceptors decode irradiance and communicate
photic information to the brain for visual processing but also to the SCN and OPN
for NIF responses via the hypothalamic tract. This NIF signalling is essential for

circadian entrainment and pupillary light reflex (PLR). See Figure 1.11.

The process of PLR is known to be reliant on the ipRGC population, as ablation of
this photopigment results in attenuation of this response (Lucas et al., 2003).
However, the additional actions of the classic photoreceptors, rods and cones, are
required for sensitivity across the full range of irradiances encountered during

daylight hours (Hattar et al,, 2003, Lall et al., 2010).

The ipRGCs are the least sensitive of all photoreceptor classes, requiring sustained
high intensity illumination for activation (Hattar et al., 2003, Lucas et al., 2003,
Lucas et al,, 2012). In addition to their role in detection of light, they also act as
conduits for the communication of light information from classic photoreceptor
decoding by rods and cones (Guler et al., 2008). In contrast, cones are able to
activate over a range of intensities including detection of acute changes - however
they too have limited sensitivity in low level light. Thus under dim light, the highly

sensitive rods provide the greatest contribution in encoding environmental light.
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Through the combined actions of all three major classes of photoreceptor
detection of irradiance, and consequent pupillary constriction, is commensurable

to the intensity of light entering the eye.

This chapter will build on findings from chapters 2 and 5 with the detection of
TASK-3 mRNA within the WT retina and the persistence of the retinal NIF response
of negative masking in the absence of TASK-3. Here, pupillometry investigations
will establish the impact of TASK-3 ablation on PLR as a method of assessing
irradiance detection by the retina. The absence of TASK-3 current has been shown
to depolarise RMP and alter firing rates in a number of excitory cells (Brickley et
al., 2007, Meuth et al., 2003). The exact location of TASK-3 in the retina is yet to be
confirmed and therefore the impact on cells and decoding of light is currently
unknown. As ipRGCs depolarise in response to light in a manner consistent with
most CNS neurons they may exhibit increased excitability from TASK-3 loss as
RMP is likely to be closer to firing threshold (Lucas, 2013). Conversely rods and
cones hyperpolarise on receiving light and therefore in the absence of TASK-3 this
signal may be attenuated as greater drive will be required to obtain
hyperpolarisation from a depolarised resting state (Masland, 2012, Kolb, 2003). In
addition to photoreceptor cells, the absence of TASK-3 may influence other
excitable cells including bipolar, horizontal and amacrine cells. With much shared
circuitry and multi synaptic transmission between rods and cones pinpointing
exact pathways influenced by TASK-3 channels may present a challenge. This will

addressed by exploiting differences in sensitivity.

Utilising published data on photoreceptor sensitivity according to wavelength,
polychromatic and monochromatic light will selected to maximally activate

specific classes of photoreceptor, thereby highlighting any differences in sensitivity
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in TKO mice compared to WT (Partridge and De Grip, 1991, Lall et al., 2010, Lucas

etal.,, 2012). See Figure 6.1.
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Figure 6.1: Model spectra demonstrating photoreceptor sensitivity according to wavelength.

Model spectra demonstrating relative sensitivity of each major photoreceptor class
according to wavelength of visible light with melanopsin shown in purple, rods in red, mid-
wavelength cones in green and short-wavelength cones in blue.

[Adapted from (Partridge and De Grip, 1991)].

Finally, intrinsic pupillometry (iPLR) investigations will be conducted to
specifically draw out any differences within the melanopsin-driven pathway from
TASK-3 loss. This response has been demonstrated in a number of nocturnal
rodents and crepuscular species, and has been found to be entirely melanopsin-
dependant (Xue et al,, 2011). Through the use of an isolated eye preparation, PLR
can be examined in the absence of all neuronal circuitry to the brain, relying purely
on signalling between the iris and retina. Therefore this novel method provides an

additional indictor of ipRGC functionality in the TASK-3 KO mouse retina.
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6.2 Experimental methods

6.2.1 Subjects

WT (C57 BL/6]) mice were obtained from Charles River Laboratories (Kent), with
transgenic TKO mice bred and maintained as homozygotes under license. For
genotyping see Appendix II. Male and female mice were housed in polypropylene
cages measuring approximately 34cm (1) x 16cm (W) x 13cm (h) in litter groups
under 12:12LD cycle. Food and water were available ad libitum. All mice were

age-matched and between 2 to 8 months of age at time of procedure.

All experimental procedures were performed with approval from the University of
Kent Ethical Review Committee and in accordance with the Animals (Scientific

Procedures) Act 1986.

6.2.2 Pupillometry in WT and TKO intact visual system

Mice were dark-adapted for a minimum of 1 hour prior to procedure.

Under infra-red illumination, individual mice were removed from home cage at ZT
4-8 and held in position by hand against the integrating sphere such as to allow
irradiant light (OptoSource High Intensity Arc, Cairn Research, Faversham) to
enter the right eye whilst images of consensual response in left eye were captured
by CCD camera (Best Scientific, Swindon). Shutter was programmed to capture
fully-dilated pupil images through to maximum constriction, at a rate of 3.75

frames per second. See Figure 6.2: A, B.
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Figure 6.2: Arrangement of apparatus and timings for PLR of the intact visual system.

(A) Dark-adapted mice held by hand against integrating sphere to allow irradiant Xenon arc
light to enter right eye whilst consensual pupillary response captured by camera under
infra-red (IR) illumination and recorded by CPU. Intensity and wavelength of light
manipulated by neutral density and bandpass filters.

(B) Shutter programme outlining timings of light exposure.
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Specific light intensities produced through the use of neutral density (ND) filters
with wavelength selection by bandpass filters + 2Znm (Thorlabs, UK). See Figure

6.3.

Light intensity measured by Optical power meter (Thorlabs, UK) and converted to

irradiance (photon flux). See Appendix III.
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Figure 6.3: Model spectra demonstrating photoreceptor sensitivity at selected wavelengths.

Model spectra demonstrating relative sensitivity of each major photoreceptor class
according to wavelength of visible light with melanopsin shown in purple, rods in red, mid-
wavelength cones in green and short-wavelength cones in blue

[Adapted from (Partridge and De Grip, 1991)].
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6.2.3 Pupillometry using isolated eye preparation

Mice were dark-adapted for a minimum of 1 hour prior to procedure. Under infra-
red illumination, individual mice were sacrificed by cervical dislocation at ZT 4-8.
Both eyes were removed immediately and submerged in neurobasal media
(Thermo Fisher Scientific, Loughborough, UK) within separate bespoke holders at
approximately 30°C. One eye placed in position for application of direct
polychromatic (white) light from Xenon arc source whilst second eye temporarily
covered to protect from light. Images captured by camera (Cairn, UK) with shutter
programmed to capture fully-dilated pupil images through to maximum
constriction, at a rate of 3.75 frames per second. The process was then repeated

with second eye. See Figure 6.4: A, B.

A range of light intensities were produced through the use of neutral density (ND)
filters (Thorlabs, UK) with optical power measured by meter (Thorlabs, UK) and

converted to irradiance (photon flux) as described above.
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Figure 6.4: Arrangement of apparatus and timings for intrinsic PLR.

(A) Isolated eye from dark-adapted mouse placed into bespoke holder with neurobasal
media (shown in yellow). Direct light applied by Xenon arc light for capture of intrinsic
pupillary response by camera under infra-red (IR) illumination and recorded by CPU. Light
intensity manipulated by neutral density filters.

(B) Shutter programme outlining timings of light exposure
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6.2.4 Analysis of images

Pupil images were analysed for dark-adapted fully-dilated pupil size and maximal

constriction to light using Imagej software (NIH, USA). See Figure 6.5.

Fully dilated pupil
prior to light
exposure

Constricted pupil
in response to light

Figure 6.5: Use of Imagej software for measurement of pupillary constriction.

Fully dilated and constricted pupils are fitted with circumference marker (shown in yellow)
to determine pupil area in pixels. Normalised pupil area is calculated for individual mice to
eliminate physiological differences.

Normalised pupil area of maximal response was calculated according to the

formula:

Normalised pupil area = minimum pupil size during light exposure
maximum dark-adapted pupil area

Maximum rate of pupillary constriction was analysed by measurement of
normalised pupil area for every WT and TKO image during first 5 seconds of

highest intensity light and plotted as a function of time.
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Statistical significance was determined using GraphPad Prism 5 software (San
Diego, CA) by student’s ¢ tests and non-linear regression of curve (log [irradiance]
Vs normalised response) for irradiance response curves. Rate of pupillary
constriction was analysed by non-linear regression of curve (exponential decay).
Data presented as mean + SEM (standard error of mean) with statistical

significance defined as being P < 0.05.
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6.3 Results

6.3.1 Pupillary constriction to 400nm is unchanged by TASK-3 loss

The use of 400nm light for the initial PLR investigation targeted the sub-class of
short-wavelength (SW) cones, known to exhibit maximum sensitivity (Amax) at
360nm, whilst remaining in the visible range (Hattar et al., 2003, Lucas et al,,
2012). At this wavelength there were no significant differences in TKO and WT
PLR from 108to 1015 photons/cm?/s light intensities. Additionally, both strains
were able to achieve similar maximal constriction to highest irradiance (1015
photons/cm?/s, normalised pupil area: WT 0.089 + 0.005, TKO 0.095 £ 0.009,

Student’s t test: P> 0.05 (n=4-6). See Figure 6.6: A-C.
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Figure 6.6: Irradiance response curves (IRCs) for WT and TKO mice to 400nm
monochromatic light.

(A) WT and TKO IRCs to 400nm light demonstrating no significant difference in normalised
pupil area across all intensities examined, 108to 1015 photons/cm?2/s, Student’s t test: P >
0.05 with (B) showing similar WT and TKO mean normalised pupil area at highest
irradiance 1015 photons/cm?/s, and (C) at 1012 photons/cm2/s; with representative pupil
images (n=4-6).
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6.3.2 TASK-3 KO mice show altered irradiance response curves to

monochromatic light of 480-600nm wavelength

At 480nm all three major classes of photoreceptor are fully activated, with
melanopsin photopigment at its most sensitive (Amax). Whilst the ipRGCs play a
major role in decoding high intensity light along with MW cones, at low levels of
irradiance rods are activated and decode light of this wavelength (Hattar et al.,
2003, Lucas et al., 2012). Here, measurements of normalised pupil area to
irradiance of 107 to 1014 photons/cm?2/s demonstrated significant attenuation in
TKO PLR relative to WT at 1011 to 1013 photons/cm?2/s by Student’s t test (1011
photons/cm2/s WT 0.525 + 0.042, TKO 0.760 + 0.027, P =0.0002; 1012
photons/cm?2/s: WT 0.257 + 0.012, TKO 0.417 + 0.030, P =0.0009; 1013
photons/cm?2/s: WT 0.141 + 0.008, TKO 0.210 + 0.025 P = 0.0168). However there
was no significant difference in TKO and WT constriction observed to highest
intensity light (1014 photons/cm?2/sec, normalised pupil area: WT 0.085 + 0.008,

TKO 0.107 + 0.008, P> 0.05, n=5-10). See Figure 6.7: A-C.

To draw out the contribution of classic photoreceptors from ipRGCs, a longer
wavelength of 560nm was selected. See Figure 6.3. At this wavelength melanopsin
activation is greatly reduced whilst MW cone, and to lesser extent rod, sensitivity
remains (Hattar et al., 2003, Lucas et al.,, 2012). Maximal constriction to irradiance
of 10° to 1014 photons/cm?/s revealed significantly diminished PLR from 1010 to
1012 photons/cm?/s in the TKO mice compared to WT by Student’s t test (1010
photons/cm?2/s: WT 0.854 + 0.033, TKO 0.954 + 0.007, P=0.0153; 1011
photons/cm?2/s: WT 0.704 + 0.051, TKO 0.911 + 0.018, P = 0.0023; 1012
photons/cm?2/s: WT 0.556 * 0.029, TKO 0.726 + 0.048, P = 0.0073). Once more

there was no significant change in PLR to highest irradiance from TASK-3 loss
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(1014 photons/cm2/s: WT 0.203 + 0.014, TKO 0.217 + 0.016, P> 0.05, n=4-10). See

Figure 6.8: A-C.

The final monochromatic wavelength selected at 600nm is considered to be
beyond melanopsin sensitivity, with MW cones and rods exhibiting a low
sensitivity (Hattar et al.,, 2003, Lucas et al., 2012). Pupillometry to this wavelength
from 108 to 1014 photons/cm?/s showed a significant reduction in TKO constriction
relative to WT at the highest intensity light only (1014 photons/cm?/s, WT 0.404 *

0.056, TKO 0.627 £ 0.050, Student’s t test: P =0.0118, n=3-5). See Figure 6.9: A-C.
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Figure 6.7: Irradiance response curves (IRCs) for WT and TKO mice to 480nm
monochromatic light.

(A) WT and TKO IRCs to 480nm light (107 to 1014 photons/cm?/s) demonstrating significant
attenuation in TKO PLR at 1011 to 1013 photons/cm?/s, Student’s t test: P < 0.05 with (B)
illustrating similar WT and TKO pupillary constriction to highest irradiance, 1014
photons/cm?/s, Student’s t test: P > 0.05, and (C) highlighting significant reduction in TKO
constriction at 1011 photons/cm?/s, Student’s t test: P < 0.001, with representative pupil
images (n=5-10).
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Figure 6.8: Irradiance response curves (IRCs) for WT and TKO mice to 560nm
monochromatic light.

(A) WT and TKO IRCs to 560nm light (106 to 1014 photons/cm?2/s) demonstrating significant
attenuation in TKO PLR at 1019 to 1012 photons/cm?/s, Student’s t test: P < 0.05 with (B)
showing no significant difference in PLR to highestirradiance, 1014 photons/cm?2/s, from
TASK-3 loss, Student’s t test: P > 0.05, and (C) highlighting significantly diminished PLR in
TKO mice compared to WT at 1011 photons/cm?/s, Student’s t test: P < 0.01, with
representative pupil images (n=4-10).
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Figure 6.9: Irradiance response curves (IRCs) for WT and TKO mice to 600nm

monochromatic light.

(A) WT and TKO IRCs to 600nm light (106 to 1014 photons/cm?/s) revealing significant
attenuation in TKO PLR at 1014 photons/cm?/s only, Student’s t test: P < 0.05 with (B)
highlighting this difference in WT and TKO normalised pupil area at 1014 photons/cm?2/s and
(C) demonstrating similar WT and TKO constriction at 1011 photons/cm?/s, Student’s t test: P

> 0.05, with representative pupil images (n= 3-5).
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6.3.3 Persistence of pupillary light reflex to polychromatic light in the
absence of TASK-3

Following pupillometry conducted with monochromatic light of specific
wavelength, broad spectrum white light was used to examine WT and TKO PLR to
a range of intensities of environmental light. Measurements of normalised pupil
area to irradiances of 108 to 1016 photons/cm?/s demonstrated significant
attenuation in TKO PLR relative to WT at sub-saturating light of 1012
photons/cm?2/s only by Student’s t test (WT 0.685 * 0.034, TKO 0.837 + 0.050, P =
0.020). However there was no significant difference in TKO and WT constriction
observed to highest intensity light (1016 photons/cm?/s, normalised pupil area:
WT 0.065 + 0.004, TKO 0.0.063 + 0.009, P > 0.05, n=7-13). See Figure 6.5: A-C.
Interestingly, there was no significant difference in WT and TKO PLR at irradiances
equivalent to room lighting conditions used for behavioural experiments in

chapters 3-5. See Figure 6.10: A-C.

In order to eliminate any possible contribution of SW cones to PLR, white light
minus UV wavelengths of less than 400nm was used across a range of intensities.
Under this light regime measurements of normalised pupil area showed no
significant difference between WT and TKO mice to irradiances of 101%to 1016
photons/cm?2/s. However the maximum pupillary constriction to highest intensity
light was slightly reduced compared to full spectrum white light (WT 0.088 *

0.007, TKO 0.069 £ 0.006, Student’s t test: P> 0.05, n=5-9). See Figure 6.11: A-C.
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Figure 6.10: Irradiance response curves (IRCs) for WT and TKO mice to broad spectrum
white light

(A) WT and TKO IRCs to broad spectrum white light (108 to 1016 photons/cm?/s)
demonstrating significant attenuation in TKO PLR at 1012 photons/cm?2/s only, Student’s t
test: P < 0.05 with (B) illustrating similar WT and TKO maximal pupillary constriction to
highest irradiance, 101¢ photons/cm?/s, Student’s t test: P > 0.05, and (C) highlighting
significant reduction in TKO constriction at 1012 photons/cm?/s, Student’s t test: P < 0.05,
with representative pupil images. Note how WT and TKO constrictions saturate at 1015
photons/cm?/s, with no further decrease in normalised pupil area achieved at higher -
irradiance of 1016 photons/cm?/s (n=7-13).

Yellow bar denotes relative irradiance of room illumination during behavioural
experiments.

[157]



White - UV

- WT
= TKO

Normalised Pupil Area

0-0 T 1 1
10 12 14 16

Relative Irradiance log(photons/cm?/s)

B C

0.10-

Normalised Pupil Area
Normalised Pupil Area

Figure 6.11: Irradiance response curves (IRCs) for WT and TKO mice to broad spectrum
white light with white light minus UV wavelengths less than 400nm.

(A) WT and TKO IRCs to white light minus UV wavelengths less than 400nm demonstrating
no significant difference in normalised pupil area across all intensities examined (101°to
1016 photons/cm?/s, Student’s t test: P > 0.05) with (B) highlighting similar pupillary
constriction between WT and TKO strains at highest irradiance 101¢ photons/cm?/s, and (C)
at1013 photons/cm?/s, with representative pupil images (n=5-9).
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6.3.4 TASK-3 loss impacts rate of pupillary constriction at specific

wavelengths
Despite WT and TKO mice exhibiting similar PLR to the highest intensity light
(10 photons/cm?/s) at 400, 480 and 560nm, the rate of pupillary constriction
over the initial five seconds of light exposure varied significantly between strains,
according to wavelength. At 400nm WT pupils constrict significantly faster than
TKO (non-linear regression, P = 0.0034), whereas at 480nm the TKO rate of
constriction is faster (non-linear regression, P < 0.0001). Analysis of response to
560nm wavelength showed no significant difference in the rate of constriction

between strains (non-linear regression, P > 0.05). See Figure 6.12: A-F.

When pupillary response rates to 400-560nm light were analysed within strain
according to wavelength, WT mice show a significant decrease in rate as
wavelength increases (non-linear regression, P < 0.0001). A similar analysis in
TASK-3 KO mice reveals a significant difference according to wavelength (non-
linear regression, P < 0.0001), but with the fastest response occurring at 480nm.

See Figure 6.13: A-D.
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Figure 6.12: Rates of WT and TKO pupillary constriction to saturating light of 400, 480 and
560nm wavelengths.

(A) Rates of constriction in WT and TKO mice over initial 5 seconds of exposure to
saturating 400nm light showing a slower pupillary response in the absence of TASK-3 with
(B) showing significant difference in curves fitted by linear regression analysis, P < 0.01.

(C) Rates of constriction in WT and TKO mice over initial 5 seconds of exposure to saturating
480nm light showing a faster pupillary response following TASK-3 loss with (D) showing
significant difference in curves fitted by linear regression analysis, P < 0.0001.

(E) Rates of constriction in WT and TKO mice over initial 5 seconds of exposure to saturating
560nm light with (F) showing no significant difference in rate, one curve serves both data
sets fitted by linear regression analysis, P > 0.05.
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Figure 6.13: Comparing rates of pupillary constriction within WT and TKO strains to
saturating light of 400, 480 and 560nm wavelengths.

(A) Comparison of WT rates of constriction to saturating light of 480, 400 and 560nm
wavelength demonstrating how response rate decreases with increasing wavelength with
(B) showing significant difference in curves fitted by linear regression analysis, P < 0.0001.

(C) Comparison of TKO rates of constriction to saturating light of 480, 400 and 560nm
wavelength demonstrates how response rate varies according to wavelength with fastest
constriction at 480nm with (D) showing significant difference in curves fitted by linear
regression analysis, P < 0.0001.
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6.3.5 Removal of UV component of polychromatic light does not affect rate

of pupillary constriction in TASK-3 KO mice

Pupillometry to broad spectrum white light demonstrated an equal maximal
constriction to the highest intensity light (1016 photons/cm?/s) in WT and TASK-3
KO strains. However, the rate of pupillary constriction over the initial 5 seconds of
light exposure is significantly attenuated in the absence of TASK-3 (non-linear

regression, P < 0.0001). See Figure 6.14: A-D.

Removal of UV light by cutting off wavelengths of less than 400nm significantly

slowed the WT pupillary response (non-linear regression, P < 0.0001) but had no
effect on the TASK-3 KO mice (non-linear regression, P > 0.05). Therefore, in the
absence of UV light, TASK-3 KO mice have a faster pupillary constriction than WT

(non-linear regression, P < 0.0001). See Figure 6.15: A-D.
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Figure 6.14: Rates of pupillary constriction in WT and TKO mice to saturating polychromatic
light with, and without, UV of less than 400nm wavelength.

(A) Rates of constriction in WT and TKO mice over initial 5 seconds of exposure to saturating
broad spectrum white light showing a slower pupillary response in TASK-3 KO mice relative

to WT with (B) showing significant difference in curves fitted by linear regression analysis,
P<0.0001.

(C) Rates of constriction in WT and TKO mice over initial 5 seconds of exposure to saturating
white light following elimination of UV (< 400nm wavelength)showing a faster pupillary
response in the TASK-3 KO mice with (D) showing significant difference in curves fitted by
linear regression analysis, P < 0.0001.
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Figure 6.15: Comparing rates of pupillary constriction within WT and TKO strains to
saturating polychromatic light with, and without, UV of less than 400nm wavelength.

(A) Comparison of WT rates of constriction to saturating broad spectrum white light and
white light with wavelengths less than 400nm removed highlights the attenuation in rate of
pupillary response in the absence of UV light, with (B) showing significant difference in
curves fitted by linear regression analysis, P < 0.0001.

(C) Comparison of TKO rates of constriction to saturating broad spectrum white light and
white light with wavelengths less than 400nm removed reveals no change in rate of
response from elimination of UV light, with (D) showing no significant difference in rates,
one curve serves both data sets fitted by linear regression analysis, P > 0.05.
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6.3.6 Intrinsic PLR in WT and TKO mice

Pupillometry using the isolated eye preparation to radiant light of 1013 to 1016
photons/cm?2/s reveals a significant attenuation in TKO intrinsic pupillary
constriction to sub-saturating light at 1013 and 1014 photons/cm?/s in comparison
to WT responses by Student’s t test (normalised pupil area 1013 photons/cm?2/s:
WT 0.853 £ 0.019, TKO 0.965 + 0.011, P = 0.0002; 1014 photons/cm?2/s: WT 0.703 *
0.046, TKO 0.872 £ 0.022, P = 0.0035, n=4-8). Maximum intrinsic PLR to highest
intensity light was not significantly different between WT and TKO mice
(normalised pupil area 1016 photons/cm?2/s: WT 0.402 + 0.039, TKO 0.513 + 0.051,

P> 0.05). See Figure 6.16: A-C.

[165]



1.0- 4 * WT
%k
g - u = TKO
< 0.81
'g_ 0.6
o U7 [ I
2
2 0.4- I ]
o
£
=) 02'
2
0.0 T T 1 1
13 14 15 16 17
Radiant light log(photons/cm?/s)
B C EE T ]
0.8+

Normalised Pupil Area

Normalised Pupil Area

Figure 6.16: Intrinsic PLR in WT and TKO mice to broad spectrum white light.

(A) WT and TKO intrinsic IRCs to broad spectrum white light (1013 to 1016 photons/cmz2/s)
demonstrating significant attenuation in TKO PLR at sub saturating light at 1013 and 1014
photons/cm?/s, Student’s t test: P < 0.05, with (B) illustrating similar WT and TKO maximal
pupillary constriction to highest irradiance, 1016 photons/cm?/s, Student’s t test: P > 0.05,
and (C) highlighting significant reduction in TKO constriction at 1013 photons/cm?/s,
Student’s t test: P < 0.05, with representative pupil images (n=4-8).
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6.4 Discussion
These data highlight the impact of TASK-3 loss on PLR with significant alteration in
sensitivity and rate of constriction to selected monochromatic and polychromatic

stimuli.

Detailed research has demonstrated each major class of photoreceptor; rods, cones
and melanopsin-containing RGCs; to have a specific range of sensitivity according
to wavelength, see Figure 6.1(Lall et al., 2010, Lucas et al.,, 2012). Considering the
monochromatic IRCs at 480 and 560nm wavelength, the attenuated PLR to sub-
saturating intensities of light in the TASK-3 KO mice suggest the loss of this
channel has an impact on cone-driven responses. At the highest light intensity WT
and TKO mice exhibit an equal constriction indicative of a functional melanopsin
system which has been confirmed by PLR to be essential for maximal constriction
to saturating light (Lucas et al., 2003). Moreover, the equal maximal response
demonstrates a physiological capability to fully constrict in the absence of TASK-3.
However as irradiance decreases to approximately 1010 to1012 photons/cm?/s the
TKO IRC demonstrates a lack of sensitivity by approximately one log unit. This
range of light intensity is known to activate cones with the overall melanopsin
contribution decreasing as light intensity reduces (Lall et al., 2010, Lucas et al.,
2012). The highly-sensitive rods would be unlikely major contributors at this
range of intensity due to bleaching; making cones a prospective candidate for the
observed differences (Altimus et al., 2010). Furthermore the significant
differences occur over a limited range of intensity and wavelength rather than a
generalised attenuation. Therefore the nature of this shift in sensitivity is
indicative of being associated with an alteration within a specific class or classes of

photoreceptor.
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The IRC to 600nm light supports the notion of TASK-3 loss having an effect on the
cone-driven pathway with TKO constriction to the highest intensity light being
attenuated relative to WT. This longer wavelength is considered to be almost
beyond the range for melanopsin activation whilst MW cones retain some
sensitivity, albeit reduced (Lucas et al., 2012). All irradiances below maximum
intensity resulted in little response from either strain of mice highlighting the
limits of PLR to longer wavelength light. At the opposite end of the visual
spectrum the 400nm IRC showed similar responses in WT and TKO mice across all
intensities examined. Here there is an additional contribution from SW cones
which acts in conjunction with melanopsin, MW cones and rods to decode shorter
wavelength light including UV (Nikonov et al., 2006). It would seem therefore, at
this wavelength, the combined action of all these classes of photoreceptor
compensate for any diminution in pupillary response brought about by the loss of
TASK-3. This hypothesis was further strengthened by investigations using
polychromatic light with wavelengths less than 400nm removed where once again

there was no significant difference in irradiance response curves between strains.

Pupillometry conducted to polychromatic light demonstrates retinal decoding of
broad spectrum white light is largely unaffected by TASK-3 ablation. The
attenuation observed at sub-saturating intensity of 1012 photons/cm?2/s was far
below that of room irradiance under which behavioural experiments were
conducted. This persistence in PLR in the absence of TASK-3 suggests behavioural
differences observed in light-driven activity rhythms in chapter 3 and later, rates
of re-entrainment and compression in chapter 4; are not a consequence of

diminished retinal decoding of room irradiance.
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Measurement of rate of pupillary constriction to the highest intensity light
provides a further insight into the impact of TASK-3 loss on retinal decoding with
outcome varying according to wavelength. Despite reaching a similar maximal
constriction, at 400nm the initial rate of constriction was significantly slower in
the TASK-3 KO mice compared to WT. However, at 480nm the reverse is true with
WT mice being significantly slower, whilst at 560nm the rates were similar
between strains. Considering response latency as an indicator of photoreceptor
contribution, these findings suggest that at 400nm, TKO mice are slower than WT
due to a reduction in the SW cone-mediated contribution to the response. This
reduction would lead to a largely melanopsin-mediated constriction at this
wavelength, which is known to be delayed by approximately 300ms relative to
classic photoreceptors (Lucas et al,, 2001, Lucas, 2013). The faster constriction at
480nm in the TASK-3 KO mice is indicative of a fully functional melanopsin system
as demonstrated by the similar maximal constriction to high intensity light. All
differences in sensitivity between WT and TKO mice on the IRC at this wavelength
occurred at lower, sub-saturating intensities. The similar rate at 560nm is feasibly
due to an overall decrease in photoreceptor sensitivity at this longer wavelength
generally delaying rates of constriction, and once again any differences between

strains on the IRC occurred at lower levels of light.

To further draw out the effects of TASK-3 loss on PLR, rates of pupillary
constriction to broad spectrum white light were compared with and without the
use of a UV cut-off filter. In WT mice, elimination of wavelengths less than 400nm
resulted in a significant slowing of rate of constriction at maximum intensity light
which was absent in the TASK-3 KO mice, who exhibited a similar constriction rate
throughout. The removal of wavelengths under 400nm essentially removes any
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contribution from SW cones therefore the differences observed in WT mice as a
result of this change in spectrum can be attributed to this sub-class of cones. The
fact that TKO mice did not exhibit any change in rate of pupillary constriction
would therefore indicate that this pathway is influenced by TASK-3 channel

function.

The examination of intrinsic PLR is useful in that this response has been found to
be entirely melanopsin-driven and therefore the similar responses between strains
observed at saturating light levels demonstrates functionality of the melanopsin
system without TASK-3 (Xue et al,, 2011, Semo et al.,, 2014). However, the
significant differences seen at sub-saturating levels indicate reduced sensitivity in
the TASK-3 KO mice compared to WT which is puzzling. Loss of TASK-3 may
attenuate a mechanism specific to this response which reduces sensitivity, or
alternatively there is a cone-mediated element to this response at lower levels of

irradiance which is compromised in the absence of TASK-3.

From all these data, the big question is why does TASK-3 loss appear to affect
cone-mediated PLR and not attenuate rod or melanopsin pathways? Chapter 2
reveals the presence of TASK-3 within the WT retina, but the exact location
remains unknown. TASK-3 may act within the cones and prevent effective
decoding of light or have an effect on cone-specific bipolar cells thereby
attenuating the signalling pathway. Research has shown TASK-3 ablation to
depolarise cells of the CNS by approximately 10mV - this change in RMP may
negatively impact cones and prevent adequate hyperpolarisation on receiving light
(Brickley et al.,, 2007). The post-firing repolarisation should also be considered as
a lack of TASK-3 has been shown to attenuate this process thereby preventing

sustained high-frequency firing (Brickley et al., 2007). Conversely melanopsin-
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containing RGCs depolarise with light and therefore loss of TASK-3 may increase
excitability of these cells, although the potential repolarisation issue would remain.
The association of TASK-3 and the cone system could be further investigated

through cross-breeding with a transgenic LW cone KI mouse (Lall et al., 2010).

Alternatively loss of TASK-3 channels may impact the availability of cone opsin as
TASK channels have been reported within Muller cells of the retina. Muller cells
are thought to assist in the recycling of opsin as a supplementary system to the
retinal pigment epithelium, and therefore loss of this channel may lead to

premature bleaching of this photoreceptor class (Skatchkov et al., 2006).

This chapter has considered the role of TASK-3 at the level of the retina and the
implications on behaviour, the next chapter will explore the role of TASK-3 at a

molecular level within the SCN.
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7 The role of TASK-3 at the level of the SCN

7.1 Introduction

Within the SCN clock genes form the essential molecular basis of clock timing with
circadian patterns in transcription driving complex interacting transcription-
translation feedback loops to produce peak and nadir protein levels as a function
of time of day (Reppert and Weaver, 2001, Shearman et al., 2000). See Chapter 1:
5.1. Core components of the mammalian molecular clock including Clock, Bmall,
Per and Cry genes drive and regulate rhythms of the master circadian pacemaker
for endogenous rhythmicity and maintenance of entrainment (Reppert and

Weaver, 2001, Sukumaran et al., 2010).

In chapter 2 the TASK-3 gene was demonstrated to be highly expressed within the
SCN consistent with published research highlighting TASK-3 as the most abundant
Kzp channel within this region (Talley et al., 2001, Goldstein et al., 2005, Marinc et
al,, 2014). This chapter investigates whether the absence of TASK-3 influences the

expression of core clock genes within the SCN under stable entrainment.

Given the significant differences in light-driven and endogenous behaviour in
chapters 3 and 4, with attenuated clock plasticity and a lack of rhythm robustness,
it is reasonable to propose alteration at a molecular level within the clock
mechanism. In view of this, four core clock genes were selected for investigation:
Clock and Bmall for their central role in circadian rhythm maintenance; Per2 and

Cry1, to study light-responsive genes and their role in photoentrainment.
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7.2 Experimental methods

7.2.1 Subjects

Wild Type (C57 BL/6]) mice were obtained from Charles River Laboratories
(Kent), with transgenic TKO mice bred and maintained as homozygotes. For
genotyping see Appendix II. Male and female mice 2-6 months of age were housed
in polypropylene cages measuring approximately 34cm (1) x 16cm (W) x 13cm (h),
either individually or in litter groups under 12:12 LD cycle (7am-7pm) for a
minimum of 7 days prior to start of experiment. Food and water were available ad

libitum.

All experimental procedures were performed with approval from the University of
Kent Animal Welfare Ethics Review Board (AWERB) and in accordance with the

Animals (Scientific Procedures) Act 1986.

7.2.2 Tissue retrieval

Mice were sacrificed by cervical dislocation at selected time points of ZT 2, 6, 10,
16, 22 (where ZT12 corresponds to lights off). Brains were removed under room
light for day sampling, or dim red light if during the night (ZT16, 22) and placed
into chilled nuclease-free water. Coronal brain slices revealed the SCN which was

extracted by bespoke tissue punch and placed into RNAlater (Sigma, UK).

Samples were stored frozen at -80 C for subsequent preparation for measurement
of Clock, Bmall, CKg, Per2 and Cry1 gene expression by real-time quantitative RT-

PCR.
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7.2.3 RNA isolation and cDNA synthesis

Total RNA was isolated from tissue extracts using TRI Reagent (Applied
Biosystems, UK). 400ng total RNA isolate was subjected to DNase treatment
(Primerdesign, Southampton, UK) before being reverse transcribed by Nanoscript

reverse transcription kit (Primerdesign, UK).

7.2.4 Gene expression analysis by Real-Time PCR

20 pL reactions were prepared in triplicate in a 96-well white plate (Alpha
Laboratories, UK) comprising 10uL 2x SYBR Green Mix (Primerdesign, UK), 7uL
nuclease-free water, 1uL sample cDNA and 1uL of each 0.5uM forward and reverse

primers for gene of interest (Wisor et al., 2008). See Table 7.1.

Gene ID Primer sequence

CLOCK F: 5’CCACATGCCTCCCACTTTTC-3’

R: 5’TGCGGATGAGGCTGGACTA-3’

BMAL1 F: 5’GAACAGCTATCTTCCTCGGACACT-3’

R: 5’GGAAGTCCAGTCTTGGCATCA-3’

PER2 F: 5’GTCCACCTCCCTGCAGACAA-3’

R: 5’TCATTAGCCTTCACCTGCTTCAC-3’

CRY1 F: 5’TGGCCAAATGGGCAGAAG-3’

R: 5’CCCTCCTGACGAAGCTGAGT-3’

18S rRNA F: 5’CGCCGCTAGAGGTGAAATTC-3’

(Reference) | p. 5/CGAACCTCCGACTTTCGTTCT-3'

Table 7.1: Primer sequences used for clock gene expression by RT-PCR.
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Reactions were run on a LightCycler 480 instrument (Roche Applied Sciences,
Sussex, UK) with pre-incubation at 95°C for 5 minutes before 50 cycles of 95°C for
10s, 60°C for 30s, 72°C for 10s. Detection of fluorescence occurred at 80°C after

each cycle.

Relative quantification of mRNA levels were determined using the 2-22¢t method
where crossing point (Cr) of target gene in each sample is normalised to reference
value (18S rRNA) to give a ACr value (Livak and Schmittgen, 2001). Comparison of
ACT values between time-points relative to WT ZT2 (zero baseline value) provides
the AACr value. See Appendix I. Statistical significance was determined using
GraphPad Prism 5 software (San Diego, CA) by student’s t tests and one-way
analysis of variance (ANOVA) with Tukey’s multiple comparison post hoc test. All
data presented as mean * SEM (standard error of mean) and statistical significance

defined as being P < 0.05.
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7.3 Results

7.3.1 TASK-3 loss alters daily rhythms in CLOCK and BMAL1 mRNA

expression
Sampling of WT and TKO SCN at specific time points within the 12:12h LD cycle
and relative quantification by RT-PCR revealed distinct differences in Clock and
Bmall mRNA daily rhythms. With all values relative to WT ZT2, Clock mRNA
expression in the TKO mice demonstrated significantly lower values at midday,
ZT6 (AACT =-0.680 + 0.171) and early night, ZT16 (AACTt =-0.681 + 0.177)
compared to early morning, ZT2 (AACt =0.713 £ 0.290) (one-way ANOVA: P =
0.0042, Tukey’s post hoc test P < 0.05, n=3). In contrast, Clock mRNA in WT mice
remained consistent throughout the cycle with no significant variation between
timings (one-way ANOVA: P > 0.05, Tukey’s post hoc test P > 0.05). Comparison of
Clock expression at ZT16 shows a significant reduction in TKO mRNA compared to

WT (student’s t test: P = 0.010). See Figure 7.1: A, C.

WT mice also exhibited unchanging levels of Bmall mRNA across the cycle, with no
significant variation in expression (one-way ANOVA: P > 0.05, Tukey’s post hoc test
P> 0.05). In TKO mice there was a significant variation over 24 hours although
this did not reach significance between time points (one-way ANOVA: P =0.031,
Tukey’s post hoc test P> 0.05). Comparison of Bmall mRNA expression between

WT and TKO strains at each time point shows no significant difference

(student’s t test: P> 0.05, n=3). See Figure 7.1: B, C.
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Figure 7.1: Time courses in Clock and Bmall mRNA expression in the SCN of WT and TKO
mice.

(A) Relative expression of Clock mRNA in the SCN of WT and TKO mice over 24 hours shows
TKO mice exhibit significant variation over the cycle, One-way ANOVA: P < 0.01, with lower
expression at midday (ZT6) and early night (ZT16) compared to other time points, Tukey’s
posthoc test, P < 0.05. In contrast, WT mice exhibit no significant variation throughout the
circadian cycle, One-way ANOVA with Tukey’s post hoc test: P> 0.05. Comparison of Clock
mRNA levels at ZT16 reveals a significant reduction in TKO expression of this gene, student’s
ttest, P <0.01 (n=3).

(B) Relative expression of Bmall mRNA in the SCN of WT and TKO mice over 24 hours shows
TKO mice also exhibit significant variation in this gene over the circadian cycle, One-way
ANOVA: P < 0.05; however differences between time points do not reach significance, P >
0.05. Once more, WT Clock expression remains consistent, One-way ANOVA with Tukey'’s
post hoc test: P> 0.05 (n=3).

(C) Plotting Clock and Bmal1 expression over the circadian cycle highlights patterns in
expression in WT and TASK-3 KO mice. Whilst WT mice exhibit consistent levels during the
day and night in both genes, TKO mice exhibit variation over the cycle with lower expression
in both genes at the same time points - midday and early night, although not all reach
statistical significance.

White and black bar represents hours of light and darkness respectively.
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7.3.2 TASK-3 KO mice exhibit a circadian rhythm in PER2 mRNA expression
but not CRY1

Relative quantification of Per2 and Cry1 mRNA expression within the SCN of WT
and TKO mice by RT-PCR shows persistence of rhythms in the absence of TASK-3.
With all values relative to WT ZT2, Per2 mRNA demonstrates a significant
variation in daily expression in WT and TKO mice (One-way ANOVA: WT P = 0.002,
TKO P = 0.044). Peak expression exhibited by WT mice in the later part of the day,
ZT10 (AACT =1.029 £ 0.162) is significantly higher than baseline value at ZT2, and
expression at midday, ZT6 (AACt = 0.059 £ 0.089) and early night, ZT16 (AACt =
0.004 £ 0.160) (Tukey’s post hoc test, P < 0.05) but does not reach significance in
TKO mice (Tukey’s post hoc test, P> 0.05). Comparison of Per2 mRNA expression
between WT and TKO strains at each time point shows no significant difference

(student’s t test: P > 0.05, n=3). See Figure 7.2: A, C.

In WT mice Cryl mRNA expression shows a similar pattern in expression to Per2
with significant daily variation (One-way ANOVA: WT P = 0.014) with a peak level
during the late day, ZT10 (AACt = 1.259 * 0.203), significantly higher than baseline
value at ZT2 and expression at midday, ZT6 (AACr = 0.082 + 0.169) and late night,
ZT22 (AACT=0.216 £ 0.299) (Tukey’s post hoc test, P < 0.05). However, this
rhythm is lost in TASK-3 KO mice with no significant variance over the circadian
cycle (One-way ANOVA with Tukey’s post hoc test, P> 0.05). Comparison of Cry1
mRNA expression between WT and TKO strains at each time point shows no

significant difference (student’s t test: P > 0.05, n=3). See Figure 7.2: B, C.
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Figure 7.2: Time courses in Per2 and Cry1 mRNA expression in the SCN of WT and TKO mice.

(A) Relative expression of Per2 mRNA in the SCN of WT and TKO mice over 24 hours shows
WT and TKO mice exhibit significant variation over the cycle, One-way ANOVA: WT P < 0.01,
TKO P < 0.05. Both strains reach peak levels of expression at midday (ZT6) compared to
other time points, which is significant in the WT mice only, Tukey’s post hoc test, P < 0.05
(n=3).

(B) Relative expression of Cryl mRNA in the SCN of WT and TKO mice over 24 hours shows a
loss of rhythm in the TKO mice with no significant variance, One-way ANOVA, P > 0.05. In
contrast, WT mice have a significant rhythm, One-way ANOVA, P < 0.05, with a significant
rise in expression at ZT10, Tukey’s post hoc test, P < 0.05 (n=3).

(C) Plotting Per2 and Cry1 expression over the circadian cycle highlights the similarity in WT
rhythms, with both having significant ZT10 peak expression. In TKO mice the Per2 rhythm is
more varied and Cry1 expression remains low throughout the cycle with no significant
variation in mRNA levels.

White and black bar represents hours of light and darkness respectively.
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7.4 Discussion

These findings demonstrate TASK-3 KO mice have altered gene expression within
the master circadian pacemaker, the SCN. Under an entrained paradigm, each of
the clock genes investigated, Clock, Bmall, Per2 and Cry1, show key differences in

mRNA quantity and/or rhythm across the circadian cycle.

Clock and Bmall expression were of interest to this study as transcription of these
genes is central to the molecular clockwork. Following translation CLOCK/BMAL1
heterodimer formation drives the transcription of Per and Cry genes, the products
of which associate and in turn initiate a negative feedback loop to inhibit Clock and
Bmall transcription. These interacting positive and negative feedback loops
comprise the core timekeeping mechanism of the molecular clock (Reppert and

Weaver, 2001, Shearman et al., 2000, Richter et al., 2004)

Initial studies in Clock and Bmall transcription revealed generalised significant
variance throughout the LD cycle in TASK-3 KO mice in contrast to the almost
constant expression observed in WT. The constitutive expression of Clock under
entrainment is well established although the Bmall rhythm observed in WT mice
lacked amplitude in comparison to published data (Shearman et al., 2000,
Maywood et al., 2003, Ko and Takahashi, 2006). Interestingly there have been
conflicting reports with BMAL1 exhibiting constitutive expression (Richter et al,,
2004, von Gall et al., 2003). What this study highlights is the instability in Bmall
mRNA rhythm in the TASK-3 KO mice compared to the stable WT expression

throughout the 24-hour cycle.

The instability in core clock genes in the absence of TASK-3 suggests changes in

expression of several other genes as translated CLOCK and BMAL1 proteins form

[182]



an essential positive arm of the molecular clock mechanism, driving transcription
of several genes including Period (Per 1, 2, 3) and Cryptochrome genes (Cry1, 2)
with encoded proteins acting in feedback loops to terminate the cycle (Reppert
and Weaver, 2001, Shearman et al., 2000, Maywood et al., 2007). Hence the effects
of CLOCK and BMAL1 disturbance are likely to be multifaceted. This is supported
in research in Clock mutant mice where disruption of the Clock gene resulted in
significant decreases in Per rhythm amplitude in both homozygous and

heterozygous models (Vitaterna et al., 2006).

Studies into PerZ and Cry1 gene expression permitted a fuller representation of the
impact of TASK-3 ablation on the SCN. Exploration of PerZ mRNA showed
expression was largely unaffected by TASK-3 loss in both relative quantity and
amplitude. However the increased variation between time points throughout the
cycle resulted in the peak expression during the late day, ZT10, not reaching
significance. In WT mice the rise in mRNA levels was significant at ZT10 with little
change in expression at all other time points which ties in with published research
(Maywood et al., 2003, Maywood et al., 2007). These results demonstrate TASK-3
loss does not significantly alter impact the Per2 mRNA rhythm, but results in
increased variability in Per2 expression across all other time points. This
instability may be a direct result of altered Clock and Bmall gene expression
discussed previously, or vice versa as PER2 is known to regulate Bmall

transcription (Schwartz et al., 2011).

In contrast to PerZ findings, Cryl mRNA expression was heavily affected by TASK-3
loss, with no peak in Cry1 levels at ZT10, and low amplitude variation across the
cycle as a whole which did not reach significance. In WT mice there was a clear

peak in Cry1 expression at ZT10 as expected from previous work, with little
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variation between all other time points (Ko and Takahashi, 2006). Again, the
alteration in Cry1 gene expression may be a stand-alone result or a consequence of
altered Clock and Bmall expression. Further, CRY1 has been shown to regulate
PER2 expression, suggesting alteration from TASK-3 loss in Cryl mRNA may be a
contributing factor in the instability of the observed TASK-3 KO Per2 rhythm

(Maywood et al., 2007, Vitaterna et al., 1999).

The disturbances in Clock, Bmall, Per2 and Cryl mRNA expression highlighted in
these experiments may be responsible for the significant findings in behavioural
studies conducted in chapters 3 and 4. The alterations at the level of the TASK-3
KO SCN with variation in usually consistent Clock and Bmall expression along with
a loss of daytime peak in Cry1 expression feasibly supports the lack of endogenous
rhythm robustness observed in DD. Moreover the diminished capacity to adjust
and re-entrain the clock to changes in the LD cycle in TASK-3 KO mice may arise
from diminished amplitude and instability in light-induced genes such as Cry1 and
Per2. Many of the effects observed in the absence of TASK-3 are more subtle than
those reported for clock gene mutants, with preservation of phase shifting capacity
and rhythmic free-running in DD, but in this Kzp KO model the clock genes are still
present, just with altered expression (Yan et al., 2003, van der Horst et al., 1999,

Vitaterna et al., 2006).
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8 General Conclusions

8.1 TASK-3 as aregulator of circadian entrainment

Circadian entrainment is the process by which internal timing is aligned to the
external environment for maintaining optimal conditions for physiology and
behaviour. In mammals, circadian entrainment is accomplished by the SCN
making the properties of this structure of great interest to circadian biologists in

furthering knowledge and understanding of endogenous time-keeping.

The communication to and from the SCN are reliant on electrical state of excitable
cells, brought about by changes in membrane potential which is stabilised by a
family of Kzp background leakage channels which are active at rest. Within the SCN
the most abundant Kzp channel is TASK-3 and therefore this channel was the
central focus of this work to establish the role in entrainment of the clock (Talley et
al,, 2001, Marinc et al,, 2014). The expression of TASK-3 mRNA within the WT SCN

is demonstrated in Chapter 2, Figure 2.1.

Examination of behaviour under a stable 12:12h LD cycle in Chapter 3, Figure 3.1
demonstrates TASK-3 loss does not prevent synchronisation as both WT and
TASK-3 KO strains exhibit a similar phase angle of entrainment. Nevertheless, the
series of experiments in Chapter 4 reveals differences in rate of re-entrainment to
an advanced light cycle and diminished capacity to adjust to lengthening
photoperiods. These altered behavioural outputs are indicative of a lack of clock
plasticity for adjustment in clock phase and an inability to regulate and confine

activity to hours of darkness. Further, the cessation of activity observed during

[185]



decreasing irradiance suggests light is required to drive locomotor activity in the

absence of TASK-3.

Locomotor activity investigations in constant darkness also show TASK-3 to be
essential for rigorous endogenous time-keeping as channel loss results in
significant reduction in behavioural output rhythm robustness, quantified by
analysis of rhythm stationarity, see Figure 3.3 and appendix V. This finding in the
absence of light suggests TASK-3 loss has an impact at the level of the SCN as there
are no input timing cues to drive the endogenous rhythm. The lack of
hyperpolarisation in SCN neurons from the elimination of TASK-3 conductance
may therefore be having an effect within the core clock mechanism by diminishing
interneural communication or alternatively TASK-3 has a role in coherence of

output rhythms and therefore loss of this channel reduces rigor.

In addition to TASK-3 mRNA presence within the SCN, Chapter 2 also reveals a
presence within the retina which has previously been shown for this sub-family of
Kzp channels although not confirmed specifically for TASK-3 (Skatchkov et al.,
2006). With light being the most prominent cue for circadian entrainment,
establishing the role of TASK-3 within the retina is of great importance as changes
in retinal decoding of light are likely to have effects on the clock and essentially,

behaviour.

Taking these findings together, TASK-3 conductance is likely to have a multifaceted
role in circadian entrainment through regulation of neural excitability. Research
on cerebellar granule neurons has shown TASK-3-driven hyperpolarisation of RMP
to be essential for controlled, sustained firing rhythms (Brickley et al., 2007).

Ablation of TASK-3 increases excitability of neurons as closer to firing threshold,
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but firing cannot be sustained over time due to the influence on voltage-gated
sodium channels, attenuating the required repolarisation (Brickley et al., 2007).
Applying this theory to the SCN it is likely TASK-3 loss is reducing the
hyperpolarisation of RMP and therefore impacting the communication between
neurons. This change in electrical properties may influence gene expression
rhythms within the molecular clock thereby affecting clock phase and re-setting.
Further, the output signalling may be disrupted from a lack of regulation within
the SCN which will impact output rhythms to the periphery leading to changes in

physiological and behavioural patterns.

The light input to the clock should also be considered as removal of TASK-3
currents in the retina may affect communication of light to the clock from
alteration within photoreceptor cells, in retinal signalling pathways with bipolar,
amacrine and horizontal cells and the association with ipRGCs making up the
afferent RHT pathway to directly deliver photic information to the clock. See

Figure 8.1.
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Figure 8.1: Schematic diagram with proposed areas of TASK-3 contribution to circadian
entrainment.

Findings from this project suggest TASK-3 currents may play a role in several key areas of
entrainment including photoreceptor decoding of light and signalling pathways, afferent
communication to the SCN, within the core clock mechanism and clock output rhythms.

Proposed locations for TASK-3 contribution shown as red arrows with question marks.
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8.2 Rhythmic TASK-3 expression in the SCN is likely to

contribute to patterns in neuronal excitation and behaviour
Kzp channels selectively transport potassium ions across membranes of excitable
cells at rest, and in doing so, influence RMP and excitability. As TASK-3 is the most
abundant Kzp channel in the rodent SCN, this project proposes this channel
regulates the electrical activity of SCN neurons and, ultimately, the biological clock
(Talley et al.,, 2001, Marinc et al., 2014). At physiological pH, TASK-3 channels
facilitate the outward movement of potassium ions which hyperpolarises RMP
away from the action potential firing threshold, acting essentially as a ‘brake’ on
neuronal firing (Goldstein et al., 2005, Goldstein et al., 2001). With this in mind it
is feasible to propose removal of TASK-3 conductance to reduce hyperpolarisation

leading to increased neuronal excitability and firing.

Examination of TASK-3 mRNA expression in the SCN of WT mice entrained to a
stable 12:12h LD cycle reveals a variation across the circadian cycle with a
significant midday nadir; see Chapter 2, Figure 2.2. Therefore this daily reduction
in TASK-3 current in the SCN at midday is likely to produce a depolarising drive for

increased neuronal excitability as RMP moves closer to firing threshold.

Electrophysiological studies in nocturnal rodents have demonstrated electrical
activity within individual SCN neurons forms a vital part of the clockwork
mechanism (Brown and Piggins, 2007). Excitable cells of the SCN are known to
exhibit a circadian rhythm with increased action potential firing during the middle
portion of the day (Brown and Piggins, 2009). Moreover, this increase in neuronal
excitability during the day has been shown to coincide with a more depolarised
RMP attributable to a decrease in potassium conductance which is active during

the night (Meredith et al., 2006, Belle et al., 2009).
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Circadian patterns in membrane potential have previously been proposed to
regulate neuronal firing rate in the SCN in a number of studies (Kuhlman and
McMahon, 2004, Pennartz et al., 2002). Therefore the data from this study
showing a reduction in TASK-3 conductance at midday in WT mice correlates to
the known output rhythms of the SCN and is indicative of TASK-3 regulating

neuronal firing rhythms by influencing RMP. See Figure 8.2.

Zeitgeber time 0 6 12 18 0

Firing Rate

Resting membrane
potential

TASK-3 mRNA
expression

Figure 8.2: Schematic day-night variation in WT SCN neuronal properties.

Under conditions of entrainment to a 12:12h LD cycle the midday (ZT6) decrease in TASK-3
mRNA expression within the WT SCN feasibly leads to depolarisation of resting membrane
potential and, subsequently, increased neuronal firing rate.
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In the absence of TASK-3 current altogether, such as in TASK-3 KO mice, a more
generalised depolarisation of SCN neurons throughout the circadian cycle can be
hypothesised, mirroring a persistent day-like state. From this a loss of circadian
firing rhythm and night-time silencing of neurons can be predicted which would
likely impact clock-driven rhythms in gene expression which drives behaviour and
clock resetting. The molecular studies on core clock genes within the SCN in
chapter 7 supports this theory with CryI mRNA expression in TASK-3 KO mice
having no significant rise in expression at ZT10 as expected from WT expression;
see Figure 7.2. Here it is possible the continual day-like state following TASK-3

loss has diminished the rhythm in mRNA expression of this core clock gene.

The behavioural studies conducted in chapter 3 also correlate well with the
proposed day-like state in TASK-3 KO mice. Under stable entrainment to a 12:12h
LD cycle TASK-3 mice exhibit very low activity intensity and published research
has shown increased excitability is associated with a reduction in behavioural

output (van Oosterhout et al., 2012).
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8.3 Adaptation to changing light requires TASK-3 functionality
The process of clock resetting to light can be divided has two distinct divisions: the
acute phase shift in response to light exposure at night and the longer-term
adjustment and adaptation required for maintenance of circadian entrainment
under changing LD conditions. In TASK-3 KO mice both types of resetting showed

varying degrees of alteration compared to WT.

Acute resetting of the clock by an Aschoff type I phase shifting paradigm
demonstrated similar responses in WT and TASK-3 KO mice, suggesting this
response occur independently of TASK-3 currents. However, this protocol relied
heavily on accurate timing of light pulse application two hours into the subjective
night. Analysis of behaviour for this timing was challenging in TASK-3 KO mice
given their low intensity activity. To overcome inaccuracies in timing of light, an
Aschoff type Il paradigm was adopted where all mice were entrained to a stable
12:12h LD cycle and received light two hours into the hours of darkness. This
protocol using the maximal intensity light resulted in significant attenuation of
TASK-3 KO delay phase shifts and prompted further investigation at different light
intensities to draw out any differences between strains. The responses in both WT
and TASK-3 KO mice were dose-dependent, but in the later, there was decreased
sensitivity with saturation occurring to less than maximum intensity light. The
decreased TASK-3 KO sensitivity may relate to the day-like electrical properties of
the clock described earlier in this chapter; see 8.2. Considering the classic phase
response curve for WT mice in association with electrical output rhythms, WT
mice are unresponsive to light pulses delivered during the subjective day, a time
when RMP is less hyperpolarised and SCN neurons are firing most frequently; see

Figure 1.6. If these properties are applied to the TASK-3 KO SCN in a persistent
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day-like state, RMP is likely to remain less hyperpolarised and SCN neurons
continue to fire during the night. These actions may dampen the sensitivity of the
clock to reset to light, hence the reduced phase shifting responses observed in this

transgenic strain of mice.

Furthermore expression of PerZ mRNA within the SCN, which is associated with
acute light-induced delays, was not significantly altered in TASK-3 KO mice,
suggesting the alteration is likely to be associated with photic signalling- either to

the SCN or in output signalling pathways.

The loss of TASK-3 is likely to affect the transmission of glutamate, the principal
neurotransmitter of the RHT (Morin and Allen, 2006, Reghunandanan and
Reghunandanan, 2006). Under normal (WT) conditions hyperpolarisation of RMP
results in a voltage-dependant Mg2* block on NMDA receptors for modulation of
transmission (McBain and Traynelis, 2006). In the absence of TASK-3, the
membrane potential is predicted to be less hyperpolarised, thereby moving it
closer to firing threshold, leading to easier removal of this block and increased
excitability through glutamate signalling. Conversely, the modulatory mGluR
response inhibiting TASK-3 conductance for potentiation of glutamate-mediated
depolarisation and increased action potential firing will be eliminated in TASK-3
KO mice, attenuating the overall glutamate response (Chemin et al., 2003).
Therefore the predicted outcome for glutamate-mediated light responses in TASK-
3 KO mice would be a largely NMDA-dependant response with no contribution
from mGluR inhibition of TASK-3. However, these hypothesised mechanisms
require experimental investigation to dissect out the exact role of TASK-3 in

glutamate-mediated transmission in photic phase shifting.
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Clock resetting for circadian entrainment following an advance in LD cycle timing
and seasonal adjustment also showed significant alteration from TASK-3 loss with
decelerated rates of re-entrainment to a 6-hour advance in LD cycle and an
inability to compress and confine activity to decreasing hours of darkness during

increased photoperiod.

These challenges require longer-term adaptation brought about and regulated by a
combination of changes in electrical properties of clock neurons and molecular
components to induce the required change in behaviour. Although the exact
mechanisms driving photoentrainment are still to be deciphered, at the level of the
clock the process begins with synaptic activity via the RHT inducing changes in
membrane potential which activates second messenger proteins. These
intracellular components communicate to the molecular clockwork inducing
changes in clock gene transcription and translation with interacting feedback loops
(Colwell, 2011). The produced proteins subsequently act on membrane properties
to communicate change by alteration in electrical activity thereby driving clock
output rhythms (Colwell, 2011, Kuhlman and McMahon, 2006). Clearly regulation
of membrane potential is imperative in this complex process at the onset and

conclusion.

The elimination of TASK-3 channels effectively removes the largest Kzp
conductance within the biological clock with likely consequence of depolarised
resting membrane potential, altered firing rates and attenuation in post-firing
repolarisation (Talley et al., 2001, Lesage and Lazdunski, 2000, Brickley et al.,
2007). Therefore in TASK-3 KO mice the RMP of afferent and efferent SCN

pathways are likely to be closer to firing threshold and therefore feasibly more
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sensitive to innervation, leading to increased sensitivity. However, it is unlikely a
small increase in action potential firing would induce the necessary change to
bring about clock resetting to a large shift in LD cycle timing of several hours,
therefore the lack of ability to sustain firing in the absence of TASK-3 is likely to
diminish responses and may account for the slower/attenuated adjustment

observed in TASK-3 KO behavioural data in Chapter 4.

The reported loss of sustained firing in TASK-3 KO neurons is very likely to affect
day-night transitions as these have been shown to be driven by distinct changes in
neuronal firing rates (Houben et al., 2009). Research on WT mice by
electrophysiological recording in vivo has shown precise changes in electrical
discharge rate correlate with onsets and offsets of behaviour (Houben et al., 2009).
This linking of behavioural and electrical properties in mice suggests the altered
day-night transitions observed in TASK-3 KO mice during lengthening of
photoperiod is feasibly a result of a lack of regulation in neuronal firing rates
which failed to produce distinct reductions or increases to drive activity onsets
and offsets. This would not be surprising given the proposed attenuation in

sustained firing and a continual day-like state in electrical properties.

Elimination of TASK-3 may also impact intercellular communication within
neurons of the SCN through altered electrical properties and excitability. Research
in rodent SCN slices demonstrates large shifts in behaviour are brought about by a
rapid shift in phase of a small population of SCN neurons which become highly
synchronised to the new cycle timings to communicate and drive change in
remaining cells (Rohling et al.,, 2011). In jetlag scenarios a rapid shift is seen

within the ventral SCN with a much more gradual shift in dorsal areas (Meijer et
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al., 2010). Molecular studies have shown this synchrony among SCN cells for re-

entrainment to be VIP-dependant (An et al.,, 2013).

In contrast to shifted environmental cycles requiring intercellular communication
for synchrony, seasonal adjustment is reported to be reliant on network
organisation brought about by the phase relation between the dorsal and ventral
zones of the SCN (Meijer et al., 2010). In the absence of TASK-3 there is significant
alteration in both re-entrainment to shifted cycles and adaptation to changing
photoperiods, suggestive of attenuation in both cell-to-cell and network
communication. This supports findings by Brown and Piggins where
photoperiodic response was shown to be encoded at the network level within the
ventral SCN and at the level of individual cells within the dorsal SCN (Brown and

Piggins, 2009).

These experiments highlight several contenders for the observed attenuation in
clock resetting to light in TASK-3 KO mice including glutamate signalling, altered
SCN firing rhythms and communication within the clock at the network and
individual cellular level. At similar intensity light retinal decoding from
pupillometry investigations was fully functional, indicating this attenuation is not
occurring at the level of the retina; see Figure 6.10. With the high level of TASK-3
expression within the mouse SCN and the role of regulating RMP, it is feasible

many, if not all of these pathways are subject to TASK-3 conductance.
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8.4 Melanopsin-driven responses persist in the absence of

TASK-3
The photopigment melanopsin has been shown to be essential in a number of
retinal and circadian responses to light including full pupillary constriction to
saturating light, period lengthening in conditions of constant light, negative
masking and intrinsic PLR (Lucas et al,, 2003, Ruby et al., 2002, Mrosovsky and
Hattar, 2003, Hattar et al,, 2003, Xue et al.,, 2011, Hatori et al., 2008). Because
TASK-3 mRNA was detected within the WT retina it is important to this project to
determine the role of this channel in melanopsin-mediated NIF responses to light;
see Figure 2.1. Behavioural and pupillometry investigations in chapters 5 and 6
respectively reveals each of these responses appears to have been preserved in the
TASK-3 KO mice, suggesting melanopsin-driven responses occur independently of

this K2p channel.

Several experiments within this study have considered the role of TASK-3 in
melanopsin-dependant responses, yet there have been no significant alterations
attributable to this photopigment. Pupillometry investigations to highest intensity
polychromatic light and monochromatic light of 400nm, 480nm, and 560nm
wavelength were not significantly different to WT; with the only attenuation
observed to full intensity light occurring at 600nm light, a wavelength considered
being beyond melanopsin sensitivity (Lucas et al.,, 2012). This is in stark contrast
to PLR in melanopsin KO mice where maximal pupillary constriction was severely
attenuated at saturating white light and monochromatic light of 480nm

wavelength (Lucas et al., 2003).

In order to further rule out melanopsin involvement in TASK-3 KO attenuated

pupillary responses, an isolated eye preparation was used to investigate intrinsic
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PLR (iPLR). The ability of the mouse iris to constrict to light without projection
from the brain is considered to be entirely melanopsin- dependant (Xue et al,,
2011). This technique demonstrated iPLR responses in both WT and TASK-3 KO
mice indicative of melanopsin functionality in the absence of TASK-3; see Figure
6.16. However, rather surprisingly, the iPLR irradiance response curve
demonstrates a trend of TASK-3 loss reducing the pupillary constriction, which is
significant at sub-saturating light intensities. This finding suggests although TASK-
3 mice are physiologically able to exhibit iPLR, TASK-3 plays a role in this
mechanism which is compensated for at saturating intensities but is observed

when light decreases to sub-saturating levels.

One suggestion would be the involvement of other classes of photoreceptor in
driving iPLR in addition to melanopsin. IfiPLR is compared to classical PLR
occurring within the intact visual system, the most likely candidate for the
observed attenuation would be cones. Not only would this theory support the
proposed cone-driven attenuation in cone-driven PLR, this class of photoreceptor
plays a major role in decoding light of this intensity (Hattar et al., 2003, Lall et al,,
2010). Moreover, the role of rhodopsin in iPLR has been ruled out through the use
of rhodopsin KO (Rho7-) mice which exhibited a similar iPLR to WT (Xue et al.,

2011).

The persistence of melanopsin-driven responses in the absence of TASK-3 currents
was also established in behavioural studies with both WT and TASK-3 KO mice
having comparable lengthened free-running periods in constant light.
Furthermore, negative masking experiments demonstrated similar patterns in
activity in TASK-3 KO and WT mice with sustained inhibition to 3 hour pulses, and

activity largely confined to hours of darkness. Mice lacking a functional
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melanopsin system are not able to sustained inhibition to light for this duration,
with full intensity activity commencing after approximately 100 minutes despite

the presence of bright light (Mrosovsky and Hattar, 2003).

Phase shifting capacity is also thought to be melanopsin-dependant, with loss of
this opsin resulting in shifts of smaller magnitude (Panda et al., 2002, Ruby et al.,
2002). In this project Aschoff type I phase shifting to maximum intensity light
showed no significant difference between WT and TASK-3 KO mice, indicative once
more of melanopsin functionality. However, additional studies by Aschoff type II
paradigm with saturating and sub- saturating light revealed a reduction in
magnitude of phase shifts in the TASK-3 KO mice relative to WT; see Figure 3.6.
However, unlike findings by Panda et al., phase shifts were indicative of decreased
sensitivity and premature saturation in TASK-3 KO mice rather than
indiscriminate attenuation and are therefore not conclusive proof of deficiency in

melanopsin response.

With TASK-3 having the role of stabilising RMP for regulation of neuronal
excitability and facilitating repolarisation, it is surprising the melanopsin pathway
should be spared following ablation of TASK-3. Although ipRGCs operate near
firing threshold so that even small depolarisations can increase firing rate
including membrane depolarisation from TASK-3 loss, previous research has
shown marked accommodation in AP firing at threshold (Do et al., 2009, Brickley
etal., 2007). One possible explanation is because ipRGCs integrate light
throughout the course of the day they have comparatively slow response kinetics
providing longer duration responses. This would allow for slower repolarisation
rather than requiring fast-paced sustained firing which would be likely to require

functional TASK-3 conductance (Do et al., 2009).
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Additionally, the intrinsic photosensitivity of the melanopsin-containing RGCs does
not rely on signalling to bipolar, amacrine and horizontal cells for eliciting a
response. This lack of synaptic transmission may result in TASK-3 having less of
an influence on this retinal pathway compared to outer retinal decoding and
communication. Although this would not account for the significant attenuation in
TASK-3 KO iPLR to sub-saturating light as this mechanism is thought to be driven

directly by the iris sphincter muscle rather than from the retina (Xue et al., 2011).
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8.5 The impact of TASK-3 loss on PLR is indicative of alteration

in the cone-signalling pathway
While the melanopsin system appears intact following in TASK-3 KO mice, the
significant diminution in PLR to sub-saturating light of several different
wavelengths, suggests alteration in the cone-signalling pathway from the loss of

this channel.

Pupillometry to 480nm monochromatic light, a wavelength where melanopsin,
MW cones and rods are all highly sensitive, revealed a significant shift in TASK-3
KO sensitivity to sub-saturating light compared to WT at levels of irradiance
beyond the limits of rod capability (Lall et al., 2010, Lucas et al., 2012). A similar
shift in sensitivity was also observed at 560nm, where melanopsin sensitivity is
reduced whilst cones remain highly sensitive and therefore have increased
contribution to retinal decoding at this wavelength; see Figure 6.3. With similar
maximal responses to saturating light demonstrating melanopsin functionality, the
MW cone-signalling pathway becomes a likely candidate for the observed
alterations in PLR to sub-saturating light (Lall et al., 2010, Lucas et al,, 2003). This
notion is further supported by the PLR at 600nm, where TASK-3 KO mice exhibit a
reduced PLR to saturating light compared to WT. This wavelength was selected for
being beyond the scope of melanopsin sensitivity but where a degree of MW cone

sensitivity persists (Lucas et al., 2012).

The similar IRC to 400nm light in WT and TASK-3 KO mice suggests the SW cones
are not affected in the same way, although all major classes of photoreceptor are
highly sensitive at 400nm making it difficult to draw out contributions or

attenuation in individual classes. There is also the possibility of compensation
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occurring both at this wavelength and in polychromatic pupillometry studies

where attenuation was observed at only a single specific sub-saturating intensity.

Additionally, the variation in speed of pupillary constriction between WT and
TASK-3 KO strains suggests alteration in class(es) of photoreceptor producing the
constriction as melanopsin responses are known to be subject to considerable
latency compared to cone-driven responses (Berson et al., 2002, Lucas et al., 2001)
The ON-OFF responses of cones are able to elicit fast, transient photic signals to
changing conditions whereas melanopsin-mediated phototransduction integrates
light information over time for full adaptation of the pupil to irradiance but is
considered sluggish in comparison, being around 100 times slower than cones

(Brown and Lucas, 2009, Drouyer et al., 2007).

These differences were particularly apparent in the polychromatic experiments
where elimination of the UV component (and therefore essentially the contribution
of SW cones) did not alter the rate of constriction to saturating light in the absence
of TASK-3, but significantly attenuated the WT rate. This finding suggests the
constriction in the TASK-3 KO mice occurred independently of SW cones and
therefore principally melanopsin-driven whereas WT mice have a faster rate of
constriction in the presence of UV as this response is driven by the combined
contributions of SW cones and melanopsin. Once the UV is removed, WT PLR is

significantly slower, relying on chiefly on melanopsin.

The behavioural experiments within this study also support an alteration in the
cone-driven pathway rather than inner retinal photoreception as circadian

entrainment, negative masking and phase shifting to acute light pulses are not
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reliant on cone function, and are shown here to persist without TASK-3

conductance (Mrosovsky et al., 2001, Lall et al,, 2010).

Contrary to ipRGCs, classic photoreceptors are depolarised at rest and become
hyperpolarised on receiving light (Lucas, 2013, Korenbrot, 2012). This mechanism
is a likely source of alteration in retinal decoding in the absence of TASK-3 as
depolarisation of RMP from the loss of this Kzp channel would act in opposition to
the required hyperpolarisation for effective signalling. Further, rod and cone
signalling pathways are reliant on signal propagation through multiple layers of
the retina comprising many types of accessory cell such as bipolar, amacrine and
horizontal cells before transmission to ipRGCs. This arrangement with multi-
synaptic communication requires strict regulation of membrane potential which

may be compromised in the absence of the TASK-3 background leak conductance.

In cones, specifically, there are several classes of bipolar cell, some of which may
be susceptible to effects from the loss of TASK-3. The major subtypes are divided
into ON-cone and OFF-cone pathways according to how they convey presence or
absence of light. This dual cone activity is achieved by signal switching in the ON-
cone pathway as follows: On receiving light the cone hyperpolarises, stopping
glutamate release to the ON-cone bipolar cell which then becomes depolarised and
releases glutamate to trigger RGCs. Conversely when light goes off the cone
depolarises and releases glutamate which binds to mGluR6 receptors on the ON-
cone bipolar cell leading to hyperpolarisation and inhibition of the ON-cone
pathway (Snellman et al,, 2008, Yang et al., 2011). The OFF-cone pathway works in
opposition, by having AMPA and Kainate glutamate receptors which during

darkness bind to the released glutamate from cones, depolarise and release
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glutamate to RGCs to signal the OFF response (Yang et al,, 2011, Snellman et al.,

2008).

As discussed previously, in TASK-3 KO mice it is likely the RMP of cells which
usually express this channel will be less hyperpolarised than WT. Therefore in the
presence of light both the ON-cone and OFF-cone pathways may modulate
glutamate release leading to altered signalling to ipRGCs and ultimately, PLR.
Further, in the absence of light ON-cone pathways utilise the novel group III
mGluR6 to inhibit glutamate signalling whereas OFF-cone pathways have AMPA
and Kainate receptors. It is feasible TASK-3 plays a role in this pathway as
previous research has shown mGluRs to act through TASK-3 albeit group I mGluRs
(Chemin et al,, 2003). Loss of mGlu signalling would likely prevent
hyperpolarisation and inhibition of the ON-cone signalling pathway. Itis also
interesting to note RGCs express NMDA, AMPA and Kainate glutamate receptors
rather than mGluR6, which may account for the preservation of direct ipRGC

responses in the absence of TASK-3 (Yang et al., 2011).

Phototransduction by rods and cones results in destruction of the opsin pigment
which requires regeneration before the receptor can signal again (Wang and
Kefalov, 2011). In Rods, where signalling is restricted to low level light, the
demand for rhodopsin pigment is less than cones and responses are slower with a
long refractory period (Wang and Kefalov, 2011, Tachibanaki et al., 2007,
Kawamura and Tachibanaki, 2008). Conversely cones signal bright light and
therefore require a fast turnaround time in pigment renewal in order to recover
rapidly and prevent bleaching. This larger requirement for photopigment may be

a further area of alteration in TASK-3 KO mice as loss of TASK-3 attenuates
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repolarisation of excitable membranes and is known to negatively influence

voltage-dependant channels, thereby exacerbating the effect (Brickley et al., 2007).

In view of this high demand for cone opsin, many species including mouse and
humans have a retina visual cycle as an additional source of regenerated cone
opsin to the pigment epithelium (Wang and Kefalov, 2011). This process is
conducted by the Muller cells and is thought to extend the dynamic range of cones
into bright light whilst also facilitating rapid dark adaptation after exposure (Wang
and Kefalov, 2011, Skatchkov et al., 2006). TASK channels have been detected
within the Muller cells where they are thought to assist in maintaining a
hyperpolarised RMP, therefore the loss of TASK-3 is likely to have a substantial
effect on these cells and their actions (Skatchkov et al.,, 2006). Attenuation in this
recycling process may account for the shift in sensitivity observed in PLR in the
TASK-3 KO mice at sub-saturating light intensities. At saturating intensities the
melanopsin system is the principal driver of the PLR which operates
independently of this cycle and therefore no attenuation is observed to the
brightest light (Lall et al., 2010, Lucas, 2013). Despite contributions form cones
being signalled along the ON-cone pathway to both M1 and M2 types of ipRGCs to
drive PLR, it has been demonstrated that the M1 cells primarily rely on
melanopsin-driven phototransduction (Schmidt and Kofuji, 2010). Therefore
under high intensity light any deficit in cone-driven PLR responses are likely to be
compensated by the melanopsin system, with attenuation only observed at
intensities where reduced melanopsin sensitivity and contribution prevents this

compensation.
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8.6 Stability in molecular clockwork is TASK-3-dependant
Global ablation of TASK-3 results in disruption in the mRNA expression of core
clock genes as reported in chapter 7, Figures 7.1, 7.2. Of particular note was the
alteration in Clock expression which although constitutively expressed in WT,
demonstrated significant variation in TASK-3 KO mice. Complete loss of the Clock
gene is associated with reductions in Per and Cry rhythm amplitude along with
lengthened tau and eventual arrhythmia in DD (Reppert and Weaver, 2001).
Although conducted under entrainment, this research is consistent with previous
findings as instability in Clock gene expression in the TASK-3 KO SCN was
accompanied by diminished amplitude in Cry1 rhythm with little increase in
expression late in the day. Further, behavioural studies in DD revealed a distinct
lack of rhythm robustness in TASK-3 KO mice relative to WT with significantly

longer tau.

The loss of amplitude in Cry1 expression from TASK-3 ablation may, in part, also
account for the lack of rhythm robustness in free-running conditions as Cry is
known to be essential for maintenance of endogenous time-keeping (van der Horst
et al, 1999). Even under stable entrainment to 12:12h LD cycles, the loss of this
daytime peak in core clock gene expression feasibly impacts the molecular
clockwork comprising interacting transcriptional-translational feedback loops and

is likely to be associated with the decreased rhythm amplitude, see Figure 3.1.

Further investigations measuring additional clock genes including Per1 and Cry2
would provide a more complete picture of the TASK-3 KO molecular clock, along

with associated genes such as Casein kinase 6 and «.
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Additionally, the expression of Per and Cry genes after a change in LD cycle timing
would provide useful additional information on the impact of TASK-3 loss on re-

entrainment of the clock at a molecular level.
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8.7 TASK-3 as a future therapeutic target

Selective targeting of Kzp channels has been proposed as being of therapeutic use
for a number of CNS conditions including stroke, depression and epilepsy (Mathie
and Veale, 2007). TASK-3 specifically has also been identified as having oncogenic
potential through altered apoptosis and tumorigenesis (Patel and Lazdunski,
2004). There is also a familial condition associated with the TASK-3 gene known
as Birk Barel mental retardation dysmorphism syndrome arising from maternal

inheritance of a missense mutation (Barel et al., 2008).

The findings from this project suggest TASK-3 channels play a key role in photic
regulation of the circadian clock. Therefore pharmacological manipulation of
TASK-3 channels may have therapeutic potential for the future by altering the rate
of clock synchrony to light. This modulation may be of benefit in hastening
synchronisation to new LD cycles following trans-meridian flight, thereby reducing
the duration of jetlag. Moreover, alteration of TASK-3 conductance may be
effective in relieving symptoms of seasonal affective disorder where diminishing
hours of daylight lead to symptoms of depression (Miller, 2005). Despite previous
studies showing ablation of TASK-3 mirroring antidepressant action, the results of
this work suggest there would be a prolonged period of adaptation to changing
hours of light (Gotter et al., 2011). Therefore it seems the exact role of TASK-3 in
the diverse range of depressive disorders is yet to be fully established and is likely

to depend on aetiology.
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9 Future Work

The regulation of circadian rhythms is an important area of research in order to
optimise alignment of physiology to the planetary day-night cycle. In humans
clock desynchrony is linked to a number of health conditions from temporary
jetlag to longer-term malady such as seasonal affective disorder, both of which are
known to negatively impact sleep patterns, mood and appetite (Lall et al., 2012,
Sack, 2009). Each of these conditions affect sleep patterns, mood and appetite;
impacting quality of life. Circadian rhythm alignment is also associated with
pathologies at a cellular level such as the increased incidence of breast cancer in

women partaking in shift-work (Boivin and Boudreau, 2014).

This work has revealed TASK-3 to be a key player in circadian rhythm regulation
and adjustment which may offer a future therapeutic target for clock-related

disorders.

This project opens up many avenues for additional research to further elucidate
the role of TASK-3 in circadian entrainment. These include building on previous
findings to provide greater mechanistic knowledge and also the investigation of

electrical properties as yet unexplored.

Each of the main techniques detailed in this thesis has room for expansion to
deliver a new level of understanding. For example, the molecular studies could
also include protein studies by western blot or immunohistochemistry to
compliment the quantified mRNA expression. This addition would allow post-
transcriptional modification and timing for translation to be taken into account
when investigating circadian variation of specific genes. Further, both mRNA and

protein expression could be quantified throughout re-entrainment processes
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during changing light intensity or timings to demonstrate changes at the molecular
level driving the behavioural outputs observed in locomotor activity. Additionally,
cross-breeding of TASK-3 KO with a reporter gene transgenic strain such as
PER2::LUC would be useful in this line of research (Yoo et al.,, 2004). Not only
would this method highlight changes in protein expression during entrainment,
but would also offer higher resolution of selected protein levels within the distinct

core and shell regions of the clock.

The behavioural studies in this project revealed surprisingly low locomotor
activity intensity compared to previous studies (Linden et al.,, 2007, Gotter et al.,
2011). Although wheel-running is a renowned tool for measuring circadian
entrainment, this series of experiments would benefit from additional studies
using infra-red motion detection to determine any difference between patterns of

voluntary activity and general movement throughout the cage.

In this work the absence of TASK-3 at the level of the retina has revealed
significant differences in photic sensitivity indicative of a cone-driven response.
There are many ways to examine contributions from specific photoreceptor classes
in isolation including cross-breeding with retinal KO lines such as melanopsin KO
mice (Opn47/-) eliminate inner retinal photoreception or rodless-coneless mice
(rd/rd cl) to remove outer, classical photoreception (Hattar et al.,, 2003, Lucas et
al., 2003, Mrosovsky and Hattar, 2003). These methods would be useful in this
study to differentiate between cone and melanopsin-driven responses in the TASK-
3 KO retina. However, cross-breeding with red-cone KI mice and examining
pupillary responses to long-wavelength light beyond the normal range of mouse

photoreception allows cone-driven contributions to be explored without
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compensation of damage from photoreceptor loss (Guler et al., 2008, Lucas et al.,

2012).

Alternatively specific pharmacological blockers can be used to remove specific
classes - of particular interest are the recently discovered small-molecule
antagonists of melanopsin-mediated phototransduction (Jones et al.,, 2013). These
could be applied to TASK-3 KO mice prior to pupillometry in the intact visual
system or prior to removal for isolated eye preparation thereby providing a

method of assessing PLR and iPLR in the absence of melanopsin and TASK-3.

With TASK-3 having the role of a background leakage channel and stabilising
resting membrane potential to influence neuronal excitability, a priority area for
future work has to be the exploration of electrical activity of SCN neurons by
electrophysiology. There are two ways which seem particularly suitable for this
extension of the study - coronal brain slice preparation containing the whole SCN
for patch-clamping of individual SCN neurons and in vivo electrophysiology
(Brown et al., 2006, Karmazinova and Lacinova, 2010, Houben et al., 2009). Both
of these techniques would allow the true impact of TASK-3 loss on electrical
properties of SCN neurons to be ascertained, the later method having the

additional advantage of offering concurrent behavioural study.

Finally, all the experiments in this thesis have been conducted on transgenic mice
with global TASK-3 ablation. Despite Brickley et al., confirming other closely
related channels are not altered in their expression by this process of transgenic
process, it is impossible to fully rule out compensation for this loss (Brickley et al.,
2007). The use of a selective TASK-3 antagonist would address this issue as

application in WT mice would effectively remove TASK-3 function without
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interference of other mechanisms (Coburn et al.,, 2011). Although this approach
would not be feasible for long-term behavioural studies, this pharmacological
intervention could be used for acute retinal studies such as PLR and perbutations
for phase shifting experiments to study the involvement of TASK-3 in clock re-
setting to light. Alternatively TASK-3 could be knocked down longer-term in WT
mice through the use of siRNA technology (Agrawal et al., 2003). This approach
would also eliminate compensation for gene loss during development, and would

provide a very interesting comparison to the transgenic TASK-3 KO mice.
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Appendices
I. The 2-3A¢; method for determination of relative mRNA

concentration

In Polymerase Chain Reactions (PCR) the exponential amplification of target DNA

can be defined by the equation:
Xo=Xox (E+1)n

Where n is the number of cycles, E is the efficiency of the amplification (a value of 1
representing 100% amplification per cycle), X, is the number of copies of target
DNA in the final reaction and Xo is the number of target DNA molecules in the

initial reaction (Livak and Schmittgen, 2001).
This equation can be applied to the real-time PCR conducted in chapters 2 and 7.

Each amplification cycle by the LightCycler 480 (Roche, UK) ends with excitation of
SYBR Green fluorescent dye at a wavelength of 483nm, and detection of emissions
at 533nm. SYBR Green is a chelating agent which has the property of fluorescing
only when intercalated with double-stranded DNA sequences. As the number of
DNA products increase exponentially during successive reactions, the amount of
intercalated SYBR Green increases proportionally. Therefore the level of SYBR

Green emission directly correlates to number of DNA products.

The crossing threshold (Cr) is defined as the number of amplification cycles
required for fluorescence to increase beyond a threshold level of accurate
detection. This value is constant and therefore differences in Crvalues between
samples are due to variation in the number of target DNA copies in the initial

reaction, Xo.
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Reactions with target DNA sequences of less than 150 base pairs and optimised

reagent and primer concentrations efficiency, E, is considered to be close to 1.

Measurement of target gene relative to the reference gene, ACr, is given by:

ACr :[CT Target gene = CT Reference gene]

Therefore relative quantification of mRNA during a time course, AACr, is given by

the formula:
A4 CT = [CT Target gene — CT Reference gene]Time 0 - [CT Target gene — CT Reference gene] Time x

Where Time is the earliest time of sampling and Time xis sampling time point of

interest.
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II. Genotyping

Tissue retrieval

Tissue for genotyping was taken from the outer ear of the mouse as a punch biopsy
or tag of approximately 2Zmm diameter and placed directly into labelled sterile

micro-centrifuge tubes and stored at -80°C until time of processing.

DNA extraction

Ear tissue was transferred into sterile micro-centrifuge tubes containing 100pL
DirectPCR (Ear) tissue digest solution (Viagen Biotech, Bioquote, York, UK) with
added Proteinase K (Sigma, Gillingham, UK) at a concentration of 0.3mg/mL.
Tissue was fully submerged within the solution before being placed in a waterbath
rack at 55°C for 4-6 hours. Tubes were vortex mixed every 2 hours to encourage
tissue disruption, with digestion considered complete when tissue lumps were no
longer observed. A further 45 minutes in the waterbath rack at 85°C, denatured

the Proteinase K enzyme in preparation for subsequent stages.

Once digestion complete, tubes containing digest were centrifuged at 12,000 rpm
for 5 minutes and genomic DNA-containing supernatant used for Polymerase
Chain Reaction (PCR). Unused digest was stored at -80°C for further confirmation

of genotype, if required.
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Polymerase chain reaction (PCR)

The DNA region of interest from the ear tissue digest was amplified by PCR to
provide adequate yield for analysis. PCR tubes were prepared with the following

reagents:

12.5puL Dreamtaq 2 x Mastermix (Fermentas ThermoFisher Scientific,

Loughborough , UK)

1.0 pL. DMSO (Sigma, UK)

4pL DNA extract (from digest, above)

7.5uL Primer mix containing forward and reverse primers* at a concentration of
10pM in nuclease-free water (Invitrogen, ThermoFisher Scientific, Loughborough,

UK)

*Primers for PCR are as described by Brickley et al., 2007 (Supplemental
Information) to give amplification of restriction fragments of 350 base pair (bp)

length in Wild Type mice and 400 bp length in TASK-3 KO mice.

Forward Primer:

pL7S1: 5’- CTCTGTCCCGGCTACCGATCCTGC-3’

Reverse Primer:

P4TV2: 5’-TTCCGTGGGCGCAGCGGGTTCCGC-3’
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PCR reactions were heated by thermal cycler for 5 minutes at 95°C, followed by 35
cycles of 95°C for 60s, 60°C for 60s, 72°C for 60s with a final step of 5 minutes at

72°C.

Gel Electrophoresis and Analysis

PCR DNA products were separated by electrophoresis on a 2% agarose gel (Sigma,
UK) with 2uL of ethidium bromide (10mg/ml, Sigma, UK) in a running buffer of 0.5
x TAE (Tris-acetate-EDTA) buffer. Samples were run for 90 minutes at 85V

alongside a DNA reference ladder (ThermoScientific, UK).

The electrophoresis gel was then removed from the running buffer, drained and
viewed/photographed under UV illumination. Any double-stranded DNA present
in the gel intercalates with the ethidium bromide, producing a fluorescent signal in
the form of specific bands. The position of the bands is dependent on rate of
migration according to number of base pairs present. Therefore restriction
fragment bands can be compared to a DNA reference ladder for sizing. See Figure

Appendix I, Figure 1.
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Lanes 1-4 = 400bp, TASK-3 KO
Lane 5 = DNA ladder
Lanes 6-8 =400bp, TASK-3 KO
Lanes 9-10 = 350bp, WT

Appendix I, Figure 1: Example of genotyping electrophoresis gel.

An example electrophoresis gel demonstrating DNA bands from PCR genotyping of WT and
TASK-3 KO mice. Lanes 1 to 4, 6 to 8 demonstrate 400bp TASK-3 KO bands, lanes 9 to 10
demonstrate 350bp WT bands. The DNA ladder is shown in lane 5.
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III. Conversion of power to photon flux
Light intensity measured by optical power meter (Thorlabs, , UK) is given in
Watts/cm?. However irradiance is defined as the number of photons delivered per

cm? per second.

If the energy of a photon, Ep, ,is defined by:

Ex=hxf=hx(c/A)

Where h is Plancks constant, 6.63 x 10-34Js; c is the speed of light 2.998 x 108 m/s;

fis the frequency and A is the wavelength in m.

Then light intensity at a given wavelength can be converted into photon flux, ¢,,

according to the formula:
¢p=P/Ep=PxA/hxc

Where P is power in watts, E; is the energy of a photon (as above), A is the
wavelength in m, h is Plancks constant, 6.63 x 10-34 Js and c is the speed of light

2.998 x 108 m/s

This simplifies to:
¢p =P xAx503x10%5

Where P is power in Watts, A is wavelength in m and ¢, is photon flux in

photons/cm?/s.

For monochromatic light, optical power measured at selected wavelength, for
polychromatic white light, optical power measured at 500nm wavelength.
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IV. Locomotor activity measurements in LD and DD

pres,

Phase angle of entrainment:

n Distance from position of lights off to
: 12:12 LD activity onset (mm converted to
¢ minutes, by convention onset after
E lights off is negative, onset prior to
:.' lights off is positive)
r-.
L T IR L U |
i
d
b
5 Tau:
5 24 hours - gradient of linear
DD regression line (mm/day converted

to hours/day)

= < am “ ....... ll.iv“...-..\ ..................................
. Phase shift:
L Ph_ase shift Distance between linear regression
n to light pulse lines plotted through activity onsets
t' early night prior to pulse and 3 days after pulse

(extrapolated back to day of pulse,
mm converted to minutes)

Tau values are calculated according to the following equations:
Where Tau is less than 24 hours (typically in DD)

Tau = gradient of linear regression line (hours/day) - 24
Where Tau is greater than 24 hours (typically in LL)

Tau = gradient of linear regression line (hours/day) + 24

[232]



V. Chi-square amplitude analysis
Chi-square periodogram analysis provides a measure of the stationarity of a time
series through comparison of between-class and within-class variables by analysis
of daily variance in mean levels and daily variance of variances. When applied to
circadian rhythms it reflects the variance in period, mean and amplitude compared
to a perfectly rhythmic series (Refinetti, 2004). Thus this analysis is a measure of

robustness of the circadian rhythm.

Chi-square amplitude was performed by chronobiology kit software (Stanford
Software Systems USA) on wheel-running locomotor activity data collected in 6-

minute time bins over 10 days with no interventions.

Analysis of chi- square amplitude is derived from the formula for chi square
periodogram, Qp, by:
Qp= KN Y, Ph=1 (Mh - M)? / 3. Vi1 (Xi - M)?

Where a data set has N values (X for i = 1 to N) which is broken down into K blocks
(‘days’) of Period, P. My, is the mean of K values for each unit of period length

(3 Xi/K, M is the mean of all N values(}.X;/N) (Sokolove and Bushell, 1978).

The stronger the rhythmicity of a data set, the higher the value of Qp. If it were
possible to have a completely stationary time series, Qp would be maximal

(Refinetti, 2004).
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