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WRITINGS INSPIRED BY SCN-PROJECTING RGCS

There once was a cell in the eye, There once was a girl named Erin,

Which was labeled with a dextran dye. Who spent half the day swearin’.

When I'd shine the light, Oh how she hated to write,

The cell would excite, Until one summer night,

When it didn't I'd go home and cry. She went home and finally stopped
Carin’!

Poems by Linda Ruggiero

A Translation and Transcription of an Intergenerational Oral Communication
with Marked Periodicity of Vocal Formant and Peak Volume

By Eric Reid

A small sample (n<4) of retinally degenerate mutant Mus musculus,

A triad of enucleated diminutive domiciliary rodents,

Visually observe the manner in which they demonstrate their capacity for rapid
quadrapedal kinesis,

Repeat observation of gait in subject group.

The entire sample population demonstrated capability of vigorous autolocomotion
in pursuit of the spouse of a heterosexual male agriculturist. This married female
performed a successful flagelectomy (removal of the caudal appendage) on the
subject group using an instrument intended for the preparation of food (Goose et
al., a long time ago).

Has the reader ever observed a phenomenon similar to a tripartite murine sample
group with severe ocular impairment?

1. Goose, M., Grad Student A, Grad Student B. (a long time ago)
Pediatric insomnia treated with repetition of familiar word patterns.
J. Bedside Manner (123:456-789).
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ABSTRACT

In mammals, circadian oscillations in metabolic, physiological and behavioral
processes are driven by the central light-entrainable clock in the suprachiasmatic nuclei
(SCN) of the hypothalamus. The sensory cells from which afferent photic input to the
SCN arises are a minority of retinal ganglion cells (RGCs) referred to hereafter as SCN-
projecting RGCs. Increased interest in their physiology and function followed after the
recent discovery that a novel retinal photopigment, melanopsin, is expressed by them. As
SCN-projecting RGCs gate the transmission of light input to the circadian clock, their
physiology bears importantly on how general luminance information is coded and
transmitted to the SCN.

The aim of this work was to investigate the intrinsic and excitable membrane
properties of these neurons that might influence their response properties, and to
characterize both the intrinsic light response and the signaling pathways underlying it.
SCN-projecting RGCs were retrogradely-labeled by unilateral stereotaxic injection of a
fluorescent dextran dye into the rat SCN. Whole-cell current-clamp, voltage-clamp, and
perforated-patch recordings were made from labeled neurons in the retinal whole mount.
[ examined the intrinsic membrane properties of SCN-projecting RGCs and report their
input resistance and resting potential are similar those of RGCs projecting to the visual
system. Compared to type I and type II RGCs, however, they display strikingly few
synaptic post-synaptic potentials and action potentials at rest. SCN-projecting RGCs
respond to current injections with single or intermittent spikes that do not increase

monotonically with steps in depolarization.
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The first voltage-clamp recordings of the intrinsic light response are reported in
this study. Light activates the opening of ion channels that conduct a nonselective
cationic current, via a G-protein dependent pathway. The current-voltage relationship of
the light-activated current is nonlinear, and displays no net current flow between ~ -10
mV and ~ +40 mV. In contrast to light responses reported in rod and cone
photoreceptors, the light-activated current (LAC) in SCN-projecting RGC is slow to
activate with a latency that is inversely proportional to the intensity of the light stimulus.
While the current inactivates during prolonged light pulses, current-clamp recordings
reveal that SCN-projecting RGCs can continue to fire low frequency action potentials for
minutes after the light pulse.

To identify the ion channel(s) mediating the intrinsic light, I have conducted
pharmacological studies focused on cyclic nucleotide gated (CNG) and transient receptor
potential (TRP) channels, which mediate vertebrate and invertebrate rod
phototransduction, respectively. The CNG channel antagonists pimozide, 1-cis-diltiazem,
and dichlorobenzamil failed to block the LAC in whole-cell voltage-clamp recordings.
The nonspecific TRP channel blockers lanthanum, gadolinium, and ruthenium red either
blocked or reduced the amplitude of the LAC. Several modulators of the LAC were
identified, including intracellular magnesium and calcium, cyclic nucleotides, andl-
oleoyl-2-acetyl-sn-glycerol (OAG), the potent analog of diacylglycerol that gates
channels from the TRPC3/6/7 subfamily. Further study is required to determine which
TRPC channel subtypes may mediate the intrinsic light response.

This work provides insight into how SCN-projecting RGCS transduce and code

relevant photic input to the circadian system.
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CHAPTER ONE

INTRODUCTION



INTRODUCTION

Circadian Rhythms

A diverse number of organisms - ranging from plants to primates - exhibit daily
oscillations in physiological, metabolic, and behavioral processes. These oscillations are
termed “circadian rhythms,” derived from the Latin roots “circa” (about) and “dies” (day)
because they are coordinated with the twenty-four hour period of the solar day. Just a
few of the biological processes under the control of the circadian system include
bioluminescence in cyanobacteria, photosynthetic respiration in plants, pupal eclosion in
flies, and hormonal output in mammals (Dunlap 1999).

The circadian system has three key features that afford it the ability to keep time
with the environment. The first is an endogenous clock that is capable of generating and
maintaining rhythmic outputs to target tissues in the rest of the organism, even in the
absence of external cues. The second is entrainability; external cues signaling the length
and time of day set the clock so that its phase and the length of its period reflect those of
the solar day. Entrainability affords the organism flexibility to dynamically synchronize
its endogenous rhythms with changing environmental light cycles. The third feature is
temperature compensation, which permits the clock to function reliably under varying
thermal conditions. Temperature compensation is of particular importance for the
maintenance of seasonal rhythms in hibernating animals that endure a wide range of
temperatures throughout the year (Johnson et al., 2004).

There are different time scales by which the circadian system regulates the
biological rhythms of an organism. In the short term, circadian clocks use daily

environmental rhythms in photic cues (light) and nonphotic cues (for instance,



temperature) to fine-tune the period length and phase of the endogenous clock. Some of
the overt circadian rhythms that cycle on such a scale in the mammal include plasma
cortisol levels that surge in the morning, plasma melatonin levels that surge at night, and

body temperature which peaks at night (Figure 1).
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On a longer time scale, circadian clocks track seasonal changes in the
environment to regulate thythms in physiological processes over the course of a year. The
best-studied examples of circannual rhythms are seasonal reproductive patterns in non-
human mammals. When subjected to normal seasonal variation, estrous and breeding
behaviors in hamsters will cycle such that females are fertile and receptive during the
long warm days of summer while their reproductive axis is suppressed in the winter. The
converse is true of sheep; short days of winter induce fertility and reproductive behaviors.
Figure 2 shows the fluctuations in leutinizing hormone (LH) in untreated ewes over four
years. The ewe is fertile during the winter months as evidenced by a rise in LH levels

between September and February.
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FIGURE 2

Seasonal Rhythms in leutenizing hormone surges in the ewe.

Representative patterns of serum leutenizing hormone (LH, on logarithmic scale) in a control ewe. High
LH stages indicative of the breeding season began in September and lasted 4.5 mo, whereas low LH stages

began in February and lasted -7.5 mo. Modified from Figure 3 (Woodfill et al., 1994) .

The SCN is the site of the clock

In the mammalian nervous system, the master circadian clock is contained in the
bilateral suprachiasmatic nuclei (SCN) of the anteroventral hypothalamus. The pear
shaped nuclei sit on either side of the third ventricle, dorsal to the optic chiasm (Figure
3). In the rat, each SCN is comprised of approximately 6,000-8,000 parvocellular neurons

(Guldner 1983; van den Pol 1980).
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FIGURE 3

The Suprachiamatic Nuclei (SCN) of the hypothalamus.
(Left) A coronal section of rat brain through the rostral

hypothalamus. The SCN lie on either side of the third ventricle

Optic Chigam

dorsal to fibers of the optic chiasm. (Right) Saggital schematic of

the mammalian brain emphasizing (1) direct retinal input to the
SCN, (2) the intrinsic oscillatory behavior of SCN neurons, and (3) the ability of the SCN to drive
thythms in target tissues elsewhere in the CNS. Modified from Figure 1 (Reppert and Weaver 2002),



The discovery of a retinal projection to the SCN first focused attention on this
locus as a potential site for the biological clock (Moore and Lenn 1972b). Subsequent
lesion studies supported the hypothesis that the central clock was contained in the SCN
by demonstrating arrhythmic locomotor and drinking behaviors in rats with SCN
ablations (Moore and Eichler 1972; Stephan and Zucker 1972). An in vivo study carried
out by Inouye and Kawamura (1979), in which the SCN was surgically isolated from the
rest of the brain, lent further support to the notion that the SCN is the master clock. They
recorded multiple unit activity from sites within, and outside of, the isolated SCN in
behaving rats, and demonstrated that the SCN maintained its rhythmic firing while other
brain regions became arrhythmic. Because many peripheral tissues are oscillatory in
vitro, including liver, lung, and muscle (Yamazaki et al., 2000), it remained a possibility
that the SCN was not the central pacemaker, but rather a slave oscillator to an as yet
unidentified pacemaker. If the SCN were a pacemaker, then features of overt rhythms,
such as phase or period, should be derived specifically from SCN cells (Ralph 1991). A
series of transplantation studies in the rat and golden hamster confirmed that the SCN
does indeed set the period of overt rhythms and is therefore a legitimate pacemaker.

Drucker-Colin et al. (1984) performed the first grafting experiments in which fetal
SCN explants, transplanted into the floor of the third ventricle of arrthythmic SCN-
lesioned rats, restored drinking rhythms. The limitation of this study was the difficulty in
determining whether the overt rhythms measured following transplant resembled those of
the donor or the recipient SCN. To more specifically address this question Ralph et al.
took advantage of tqu, a spontaneous mutation in the golden hamster, which manifests as

a significantly shortened circadian period. The period length of wild type golden



hamsters is 24.2 hours, while that of fau/+ heterozygotes and rau/tau homozygotes is
22.0 and 20.3 hours, respectively. Introducing fetal SCN tissue from any of the three
genotypes into SCN-lesioned animals of another genotype rescued rhythmicity in the
lesioned hamsters with the same period as that of the donor animal (Ralph et al., 1990).
These experiments supplied definitive evidence that the SCN is a true pacemaker, driving
and setting overt rhythms.

The identification of the central clock in the SCN begged two fundamental
questions: (1) How does the SCN drive rhythms in target tissues? The complexity of its
hypothalamic outputs and the shear number of systems that it regulates make the SCN a
difficult brain region to study. However mapping its connectivity through labeling studies
was a useful starting point in determining how the SCN exerts its effects on whole animal
physiology, metabolism, and behavior. (2) What makes the SCN intrinsically oscillatory?
This question remained. difficult to address until components of the molecular clock were

identified in the Drosophila circadian system.

(1) SCN Connectivity

Afferents

The SCN is a heterogeneous nucleus with respect to the neurochemistry and
projections of its constituent neurons, but it can be divided roughly into two areas. The
first is the dorsomedial SCN, which contains a large number of neurons expressing the
neuropeptides arginine vasopressin (AVP) and somatostatin (SS). This portion of the

SCN contains the majority of cells that project out of the SCN. In general, the



dorsomedial SCN receives most of its afferent inputs from the ventrolateral SCN, and
significantly less input from the retina, the midbrain raphe nucleus, and the thalamus.

The second is the ventrolateral SCN, which is composed largely of vasoactive
intestinal peptide (VIP)- and gastric releasing peptide (GRP)-containing neurons. The
afferent input to the ventrolateral SCN includes projections from the retina via the
retinohypothalamic tract (RHT) (Moore and Lenn 1972b), and a projection from the
intergeniculate leaflet of the thalamus (IGL) via the geniculohypothalamic tract (GHT)
(Hickey and Spear 1976). Photic information, therefore, takes two routes to the SCN; one
arising directly from the retina, and another which is subjected to thalamic processing in
the IGL. The neuroactive substances released by nerve terminals of the RHT include
glutamate (Shibata et al, 1992), and pituitary adenylate cyclase-activating peptide
(PACAP) (Hannibal et al., 1997). The major neuroactive substances released by the GHT
onto the SCN are the inhibitory neurotransmitter gamma-aminobutyric acid (GABA) and
neuropeptide 'Y (NPY) (Card and Moore 1982; Card and Moore 1989). Electron
microscopic evidence suggests that individual neurons in the ventrolateral SCN receive
multiple inputs from retinal ganglion cells (RGCs) and IGL neurons, indicating that this
region of the SCN is a site of integration for primary and secondary visual inputs (Card
and Moore 1982; Card and Moore 1989). Another significant afferent input to
ventrolateral SCN is a serotonergic projection from the dorsal and medial raphe nuclei of

the midbrain (Azmitia and Segal 1978).

Efferents
As the hypothalamus is a control center for many autonomic and neuroendocrine

processes that display circadian rhythmicity, it is not surprising that it is a major target for



SCN efferent projections. It is estimated that the majority (70-80%) of SCN neurons give
rise to local ipsilateral and contralateral SCN circuits and that the remaining SCN
neurons project to various hypothalamic and extrahypothalamic nuclei. The most
extensive projection extends dorsocaudally from the SCN to the subparaventricular zone
of the hypothalamus (sPVHz), which is a region around the third ventricle that includes
parts of the anterior periventricular, paraventricular, ventromedial, and anterior
hypothalamic nuclei. There is segregation of inputs to the sSPVHz so that the organization
of the SCN is maintained. The sPVHz then sends overlapping projections to most of the
other SCN targets, innervating them at a higher density than does the SCN.

Briefly, some additional efferent hypothalamic targets include smaller projections
from the SCN to (1) the preoptic region, the most rostral part of the hypothalamus which
is a control center for several rhythmic processes including drinking, thermoregulation,
reproduction, and fluid balance, (2) the dorsal paraventricular nucleus which through its
projections to sympathetic preganglionic neurons in the spinal cord, regulates pineal
melatonin secretion, (3) the lateral hypothalamic area which is involved in feeding
behavior, (4) and the dorsomedial and ventromedial nuclei which control ingestive and
reproductive behavior. Extrahypothalamic targets include (1) the paraventricular nucleus
of the thalamus, which receives input from both VIP and AVP neurons of the SCN, (2)
the lateral septal nucleus, and (3) the IGL, which also receives direct retinal input and has
a reciprocal connection to the SCN.

SCN neurons induce rhythms in target cells and tissues by synthesizing and
releasing neuropeptide or neurotransmitter in a cyclic fashion, and by exhibiting rhythmic

oscillations in action potential firing frequencies (Green and Gillette 1982; Inouye and



Kawamura 1979; Kalsbeek et al., 1995). For example, cyclic AVP release by SCN
neurons underlies the circadian rhythm of adrenal corticosterone levels in the rat. In vivo
microdialysis studies established that the SCN synthesizes AVP rhythmically with levels
of the neuropeptide peaking during the subjective day (Kalsbeek et al., 1995). The SCN
sends an inhibitory (AVP) projection to the dorsomedial hypothalamus (DMH). The
DMH innervates the medial paraventricular hypothalamus (PVHm), which is the source
of corticotropin-releasing hormone (CRH). CRH activates adrenocorticotropic hormone
(ACTH) release by pituitary corticotrophs and eventually induces cortisol secretion by
the adrenal glands. Low concentrations of AVP in cells of the SCN in early morning
disinhibit the DMH and lead to adrenal release of cortisol just before the animal
transitions to the day. Administering AVP receptor agonists or antagonists to the DMH of
rats abolished corticosterone rhythms, demonstrating that the SCN AVP rhythm drives

the corticosterone rhythm (Kalsbeek et al., 1996).
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Pathways to/from the SCN.

(a)The SCN receives three types of non-photic input: cognitive input from cortex, emotional mput from

limbic system, and visceral input from the brainstem. (b) dSPZ is important for controlling body

temperature through its projections through the MPO. Food cues from the hormones leptin and ghrelin

are relayed by the VMH and ARC to the dSPZ and DMH. (c) the SCN projects to the PVHd neurons

which project to preganglionic neurons in the spinal cord that control pineal melatonin secretion. The

VSPZ sends a relay to the DMH which controls an array of circadian responses including corticosteroid

secretion via a projection to the CRH cells of the PVHm and (d) sleep cycles via GABA projections to

the VLPO and arousal and feeding cycles via glutamate and TRH projections to the LHA. Orexin and

MCH-containing LHA neurons are important for wakefulness and feeding.

Abbreviations: d/vSPZ, dorsal/ventral subparaventricular zone; MPO, medial preoptic nucleus; VMH,

ventral medial nucleus; ARC, arcuate nucleus; DMH, dorsal medial hypothalamus; PVHd/m,

dorsal./medial paraventricular nucleus of hypothalamus; CRH, corticotrophin- releasing hormone; VLPO

ventrolateral preoptic nucleus; TRH, thyrotopin-releasing hormone; LHA, lateral hypothalamus; MCH,

melanin-concentrating hormone. Modified from Figure 2 (Saper et al., 2005)
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By modulating their own membrane excitability in a circadian fashion, SCN
neurons can drive rhythms in target cells. Membrane excitability impacts action potential
firing frequency and the release of neurotransmitter or neuropeptide at the nerve terminal.
Pennartz et al. (2002) recorded from SCN neurons in the rat brain slice in current-clamp
mode and reported that daytime firing frequencies were around 8 Hz, compared to
irregular and infrequent spike firing at night. By blocking TTX-sensitive action
potentials, they uncovered an underlying daytime 2-7 Hz oscillation in membrane
potential that was absent during nighttime recordings (Pennartz et al., 2002).

Circadian rhythmicity in membrane excitability can be controlled by rhythmic
expression of ion channels and/or proteins that modulate ion channel function. The cyclic
firing rates exhibited by SCN neurons in rat brain slices can be accounted for, in part, by
daytime increases in L-type calcium channel current (Pennartz et al., 2002). Daytime
calcium influx ’both depolarizes the neuron which brings its resting potential closer to the
threshold potential needed for voltage-gated sodium channel activation, and impacts
calcium dependent intracellular signaling pathways. It is not yet known how SCN
neurons reduce the L-type current during the subjective night, but possible mechanisms
include reductions in channel expression, increases in channel degradation, alterations in
channel trafficking, and perhaps the most economical for the cell, post translational

modifications of existing channels.
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(2) Molecular Clock Components

Interest in the intrinsic properties of SCN neurons grew after the lesion studies by
Moore et al. (1972) and Stephan et al. (1972) established that overt circadian behavioral
rhythms in the mammal required the intact SCN, and after Inouye et al. (1979)
demonstrated that the SCN maintained rhythmic circadian firing when isolated from the
rest of the brain. However the genes in circadian neurons that confer intrinsic
rhythmicity, clock genes, were first identified in Drosophila melanogaster. It would take
another twenty years for homologous genes in the mammal to be identified, cloned, and
studied in the SCN.

The first molecular component of a circadian clock was discovered by Konopka
and Benzer in Drosophila (Konopka and Benzer 1971). They mutagenized adult male
flies using ethyl methane sulfonate and crossed them with attached-X chromosome

females. As shown in Figure 6, by using female founders with two X chromosomes that
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fail to segregate, all of the male progeny in the F1 generation are known to bear the X
chromosome from the male parent.

FIGURE 6
Attached-X Female Drosophila Mating.

Drosophila sex is determined not by the presence of a Y

-X female 1 X Y male

chromosome but by the ratio of X chromosomes to

XN-NY female # X-Y malel| autosomes (A). A ratio of 2X:2A induces female

}

X-X X non viable

development, and 1X:2A induces male development.

Using an attached X female X-XY guarantees that all

males in the F1 generation carry their father’s

X-X-Y viable female

mutagenized (yellow) X chromosome. This was desirable

as the objective was to generate X chromosome rhythm

1abl . .
b emale mutations in the male parent fly that would be passed at

high yield to progeny. This strategy also simplified

non viable
subsequent gene mapping by limiting the genes of interest

to the X chromosome.

Konopka and Benzer examined the males of the Fl generation to determine
whether any exhibited altered pupal eclosion rhythms. The wild type fly has a normal
eclosion rhythm in which the majority of flies eclose in the morning hours. From their
studies Konopka and Benzer found three progeny with abnormal eclosion and locomotor
rhythms in constant darkness (DD), indicating that the mutations were affecting the basic
oscillator and not an input or output pathway. Genetic mapping demonstrated that the
mutations underlying these three mutant phenotypes mapped to different regions within
the same X chromosome-linked gene, period (per). The null mutation that gave rise to
arrhythmic flies was named per”, while missense mutations giving rise to the short period

(~19 hr) and long period (~29 hr) mutants were named per® and per™, respectively.
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Both period mRNA and PERIOD protein (PER) oscillate in a circadian fashion
with the per transcript reaching peak levels in the early evening and PER reaching
maximum levels in the nucleus 4-6 hours later during the late night and early morning
(Hardin et al., 1990; Zerr et al., 1990). Moreover, per mRNA levels show altered phases
in per® and per” mutants, supporting a role for PER in the circadian clock and also
providing a molecular marker by which to detect circadian rhythms in individual cells
and/or tissues (Hardin et al., 1990). Hardin et al. (1990) were the first to suggest that PER
inhibits its own transcription and that a key strategy of the clock might be to use negative
transcriptional feedback loops to generate oscillating rhythms in clock proteins .

Seghal et al. isolated another important Drosophila clock gene, timeless (tim)
(Sehgal et al., 1994). Tim mutants, like per’ mutants, are arrhythmic in DD and, unlike

wild type flies, show no circadian rhythmicity in per mRNA transcripts. In a parallel

FIGURE 7
o4 i 5 35 :ﬁ- | " Per2 message in the wild type mouse SCN
+/+ | ».’ i f"}?ﬁ displays a diurnal rhythm with peak message
S %2 r.': “ .

at CT 16.

In situ hybridization of Per2? mRNA in the SCN
of mice held kept in 12:12 LD at different
circadian times (ZT) (Masubuchi et al., 2005).

2T 2T 2T ZT zT zT
4 8 12 16 20 0

study by the same lab it was demonstrated that fim is required for the nuclear targeting of
PER (Vosshall et al., 1994). It was subsequently shown that 7/im mRNA oscillates in
phase with per mRNA in a PER and TIM-dependent manner (Sehgal et al., 1995). A
autoregulatory feedback mechanism began to emerge in which the expression of two
clock proteins whose mRNA oscillate in phase with each other also repress their own

transcription.
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More recent work has shown that the role of TIM is probably not to facilitate
nuclear PER transport, but rather to stabilize cytoplasmic PER (Shafer et al., 2002). The
effects that 7zim mutations have on nuclear PER are likely due to a reduction in the total
levels of stable PER. Using immunocytochemistry, Shafer et al. showed that PER enters
the nuclei of Drosophila ventrolateral neurons three hours before TIM does,
demonstrating that PER does not require heterodimeric association with TIM for nuclear
entry. A localization sequence that is sufficient for nuclear accumulation has since been
found in the C-terminus of PER and is separate from the domain through which TIM and
PER presumably interact (Chang and Reppert 2003).

Both the nuclear localization of PER as well as its role in regulating its own
transcription (Hardin et al., 1992) suggested that it was a transcription factor. However,
when PER was sequenced, no obvious DNA binding domains were observed. PER did,
however, contain a roughly 270 residue region that would later be called the PAS (per-
ARNT-sim) domain, named for per and the two other proteins in which it was found
(subunits of the aromatic hydrocarbon nuclear receptor (ARNT) and the Drosophila gene
product of singleminded (sim)). Three other transcription factors with basic helix-loop-
helix (bHLH) DNA binding domains also contained a PAS domain. Huang et al. (1993)
demonstrated that PAS-containing proteins could interact with PER and that PER could,
through its PAS domain, interact with bHLH transcription factors to potentially regulate
circadian gene transcription. Analysis of regions upstream of per identified an enhancer
sequence that was sufficient to drive rhythmic gene transcription (Hao et al., 1997).
Contained within that sequence was an E-box bHLH domain (CACGTG) necessary for

the transcription of per and a number of other clock genes.
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One feature of the Drosophila oscillator is a roughly 4 hour delay between peak
per and tim transcript levels and peak nuclear PER and TIM levels. This critical delay
permits the oscillator to continue functioning without damping over many cycles, but is
longer than expected if nuclear translocation and translation are the only steps between
transcription of per message and the eventual accumulation of nuclear PER (Zordan et
al., 2001). Edery et al. (1994) showed that nuclear PER is phosphorylated at multiple
sites compared to cytoplasmic PER . They inferred that PER phosphorylation is required
for its nuclear translocation and suggested that the processes of phosphorylation and
dephosphorylation in the cytoplasm may account for the delay in nuclear accumulation of
PER. A recent study in Drosophila S2 cells challenges this prosposal by demonstrating
that PER phosphorylation does not gate nuclear entry of PER, but rather increases its
transcriptional repression, perhaps by affecting its chromatin-binding ability (Nawathean
and Rosbash 2004). In their model, PER is in dynamic equilibrium between its
hyperphosphorylated and hypophosphorylated states. Factors influencing the total
amount of PER protein (TIM expression) and PER phosphorylation (by kinases and
phosphatases which are themselves rhythmically expressed) would affect this equilibrium
and thereby affect both nuclear levels and the phosphorylation status of PER. Whether
post-translational phosphorylation of PER at multiple sites is required for PER nuclear
entry, function, or both, the time required for modification by kinases and phosphatases
may account for the 4 hour gap between peak per mRNA transcription and peak nuclear
PER levels.

The discovery of a mutant mouse helped fill in the missing links in the

Drosophila clock. A mutation in the clock gene gives rise to mice with long circadian
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periods and who lack persistent rhythmicity (Vitaterna et al., 1994). CLOCK is a bHLH
transcription factor with a PAS domain and therefore an obvious candidate binding
partner for per and tim. A Drosophila homologue was identified and was shown to
activate per and fim by binding to their E-BOX domains (Allada et al., 1998). CLOCK
however, did not form homodimers as expected, but required another bHLH-PAS
domain-containing transcription factor, CYCLE, to activate per and tim transcription
(Rutila et al., 1998).

A second feedback loop is involved in the cycling of clock and cycle transcripts.
In Drosophila, the transcription of vrille (vri) and Par Domain Protein 1 (Pdpl), which
encode two transcription factors, is activated by CLOCK/CYCLE heterodimers. VRI
protein inhibits clock transcription and PDP1 protein activates it. VRI and PDP1 are not
in perfect phase with one another, and can thereby drive oscillations in CLOCK protein

levels (Cyran et al., 2003).
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FIGURE 8

A Two-Loop Model for the Drosophila Clock.

Two interconnected transcription feedback loops lie at the core of the Drosophila molecular clock. In one
loop, dCLK and CYC directly activate transcription of per and tim by binding their promoters. Inhibition of
dCLK/CYC activity is mediated by TIM transporting PER into the nucleus. dCLK/CYC also directly
activate vri and Pdpl€ transcription. dClk transcription is first repressed by VRI and then activated by
PDPI1€. Repression and activation of dCik are separated by the different phases of VRI and PDP 1€ proteins.
Removal of PER in the early morning frees dCLK/CYC to resume transcription of per, tim, vri, and Pdple€,
thus restarting both loops simultaneously. (Cyran et al., 2003)
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Some of the circadian clock genes and proteins differ between Drosophila and
murine models. First, there are three different period genes in the mouse, all of whose
-mRNA and proteins oscillate. Both mPer! and mPer2 are considered core clock genes, as
homozygous mutant mice for either gene display severe alterations in locomotor behavior
during prolonged exposure to dark conditions. mPer? is required for clock gene transcript
thythms in the SCN, but mutations in mPer] seem to cause only subtle changes in period
length and in the overall levels of other clock proteins (Bae et al., 2001). The authors
conclude that mPERI has a post translational function, and that mPER2 regulates
rhythmic gene expression. mPER3 is suspected to play a role outside the core oscillator
as mice homozygous for mPER3 mutations do not display altered locomotor thythms
(Bae et al., 2001). Another difference between clock cells in the mouse SCN and clock
cells in the lateral brain of the fly is that instead of binding the protein TIM, mPER | and
mPER2 form heterodimers with the CRYPTOCHROME (CRY) proteins, CRY 1 and 2.
Flies also express CRY, which appears to serve photoreceptive functions in their clock
cells, and non-photoreceptive functions in other tissues. A role for CRYPTOCHROMES
in the fly oscillator has not yet been proven. In mammals, CRYPTOCHROMES were
considered potential circadian photopigments, but mounting evidence suggests that
melanopsin, not CRYPTOCHROME, is the mammalian circadian photopigment. And
finally, the homolog to CYCLE in the mouse is BMALI. BMALLI is repressed by REV-
ERBo, a product of one of the genes BMALI transcriptionally activates, forming a
second feedback loop, as is found in the fly.

The strategies of the circadian clock in the fly brain and in the mammalian SCN

are similar: in part, the intrinsic oscillatory behavior of the SCN can be explained by a
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transcription-translation negative feedback loops that drives rhythmic gene expression in
individual SCN neurons. During the day, the transcription factors CLOCK and BMALL
form heterodimeric complexes that bind to E-Box promoter regions on Perl, Per2, Cry |,
Cry2, and Reverbor genes and drive their transcription (Gekakis et al., 1998).
Simultaneously, the Reverber gene product inhibits Bmall transcription generating a
BMALI rhythm (Preitner et al., 2002; Ueda et al., 2002). During the night, after PER has
been phosphorylated and sufficient levels of both PER and CRY have been translocated
to the nucleus, they complex with CLOCK/BMAL heterodimers to inhibit Per, Cry, and
Reverbo: transcription. As REVERBa levels fall, Bmall transcription increases so that
by the beginning of the daytime, the cycle can begin anew with the transcription and
translation of Per, Cry, and Reverbe. Similar to what is found in the Drosophila clock,
the equilibrium and ubiquitization of mammlian clock proteins are determined in part by
their degree of phosphorylation. Two kinases implicated in the regulatory
phosphorylation of Perl, Per2, Cryl, Cry2, and Bmall are Casein Kinase 18 and Casein
Kinase € (Lee et al., 2001; Lowrey et al., 2000). In summary, seven different genes
involved in SCN pacemaking have been identified in mammals thus far and include Per/ ,
Per2, Cryl, Cry2, Clock, Bmall and Reverbor (Reppert and Weaver 2002). Variables in
this model that may account for the long (approximately 24 hour) period of the
endogenous clock include the time required for the synthesis, modification,

accumulation, nuclear translocation, and degradation of key clock mRNAs and proteins.
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FIGURE 9

Mammalian circadian clock -work model.

The clock mechanism comprises interactive positive (green) and negative (red) feedback loops. CLOCK
(C, oval) and BMALI1 (B, oval) form heterodimers activate and transcription of the Per, Cry and Rev-Erba
genes through E-box enhancers. As the levels of PER proteins increase (P, blue circle), they complex with
CRY proteins (C, diamond) and CKIe/CKId (&/9, circle), and are phosphorylated (p). In the nucleus, the
CRY—PER~ CKIe/CKI3 complexes associate with CLOCK-BMALI1 heterodimers to shut down
transcription while the heterodimer remains bound to. DNA, forming the negative feedback loop. For the
positive that participate in phosphorylation of clock proteins. feedback loop, increasing REV-ERB ¢ levels
(R, circle) act through Rev-Erba/ROR response clements in the Bmall promoter to repress (-) Bmall
transcription. CRY-mediated inhibition of CLOCK-BMAL 1-mediated transcription  de-represses
(activates) Bmall transcription, because REV-ERBormediated repression is inhibited. An activator (A,
circle) may positively regulate Bmall transcription (?) alone or by interacting with mPER2. There are

probably kinases (?) other than CKle and CKI&. Modified from Figure 2 (Reppert and Weaver 2002)
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Entrainment

A critical feature of circadian clocks is their capacity to maintain a stable phase
relationship, or phase angle, with environmental cues that signal the length of the solar
day. When the oscillations of a circadian rhythm are in phase with an oscillating external
cue (ie: light), the clock is “entrained” to that external cue. An environmental cue that can
entrain a circadian clock is a “zeitgeber,” meaning time giver.

Entrainment does not require perfect synchrony between a zeitgeber and a
biological thythm. To claim that a biological rhythm is entrained to a stimulus one must
demonstrate that (1) the phase relationship between the output thythm of the clock and
the entraining stimulus rhythm is stable, (2) the period lengths of the output rthythm and
the stimulus rhythm are, on average, equal, and (3) upon removing the stimulus, the clock
continues oscillating at a phase that is consistent with the entraining stimulus (Johnson et
al, 2003). A multitude of cues can serve as zeitgebers, including oscillations in
temperature, arousal, muscular feedback following movement, and food availability. The
most effective zeitgeber for entraining the mammalian circadian clock is light, and this
particular type of entrainment is “photoentrainment.”

Many non-mammalian species have extra-ocular photoreceptors located in the
pineal gland and within deep brain regions. There is evidence supporting a role for pineal
photoreception in photoentrainment in birds, reptiles, fish, and amphibians (Bertolucci
and Foa 2004), and only one known case of a deep brain photoreceptor entraining
circadian behavioral thythms (the ruin lizard Podarcis sicula) (Pasqualetti et al., 2003).
However the opacity of the mammalian skull has necessitated retinal input for

mammalian photoentrainment. This was first shown by Wilson et al. (1976) who reported
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that enucleation of adult female rats destabilized the phase relationship between their
light/dark cycle and their pituitary adrenal output. It has since been shown that locomotor
rhythms, other hormone rhythms, eating and drinking rhythms, and sleeping rhythms are
decoupled from the light cycle following enucleation in the mammal (Ibuka et al., 1977;

Stephan and Zucker 1972).

Phase-Shifiing the Circadian Clock

The period of the endogenous un-entrained circadian clock is seldom exactly 24
hours. By convention, all circadian cycles are divided into 24 hours so that when a
circadian period is longer than 24 hours, each circadian hour is slightly longer than 60
minutes, and when a circadian period is shorter than 24 hours, each circadian hour is
slightly shorter than 60 minutes.

The block of time in a circadian cycle during which the animal is exposed to light
is referred to as subjective day and its onset is denoted as circadian time (CT) 0.
Subjective night refers to that time which the organism experiences darkness and in a
light/dark (LD) 12:12 cycle its onset is denoted as CT 12. Nocturnal animals are inactive
during the day and active at night, while the converse is true for diurnal animals. It is
interesting that SCN neurons in both diurnal and nocturnal animals display a higher firing
frequency during the day than at night. Their opposing behavioral responses to light must
therefore result from a sign change either at or downstream of the SCN efferent signal to
output pathways.

Actographs are used to plot and analyze the period, phase, and stability of a

rthythmic output over many circadian cycles. This graphical depiction of activity
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(locomotor, sexual, drinking, eating, etc.) is plotted with day on the ordinate axis and

circadian time on the abscissa.

o 2+ FIGURE 10
Cycle == m— Idealized actograph.
N Entraimned Circadian time represented on the abscissa,
PR cycle number represented on the ordinate
s e shinbitn ity axis, and lighting conditions represented as
4 B = e bars. Shows photoentrainment in LD 12:12
2 _——.....'.I conditions, and free running rhythms in DD
g el Free-running that have a period slightly longer than 24
7 ekl chythm hours. When plotted on a 24 hour actograph,
. ’ the rhythms in DD begin at successively

earlier circadian times.

The period of the endogenous clock in the absence of any zeitgeber is called the
free-running period (FRP). To determine the FRP of a circadian clock, output rhythms
are monitored for several days in darkness (DD) and in otherwise constant conditions
(temperature, location, etc). With no external cues to which the animal can entrain, the
period of the behavioral rthythm measured then directly reflects the period length of the
endogenous clock. For example, when a hamster is exposed to a 14 hour light 10 hour
dark schedule, (LD 14:10) locomotor activity reliably displays a 24 hour rhythm with a
predictable surge in wheel running activity at CT 14 (light offset), and a consistent
cessation at CT O (light onset.) This photoentrained rhythm has a stable phase
relationship with the LD 14:10 schedule and its period is exactly 24 hours. If a hamster is
then moved to DD for several days, there is a small incremental shift in the onset of
activity with each cycle, because the FRP of the hamster’s clock is slightly shorter or

longer than 24 hours depending on the strain of animal.
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A stimulus, such as a zeitgeber discussed above, has “phase-shifted” the circadian
clock when its presentation alters the phase relationship between the phase of the
entraining cue and the phase of the overt rhythm. The sensitivity and direction of phase
shifting depend on the circadian time at which the stimulus is delivered. Consider again
the hamster that is entrained to a LD 14:10 schedule. If a light pulse is delivered in the
early subjective night, when the hamster is active, the animal will shift its phase toward
the previous day. If the light pulse is delivered in the late subjective night toward the end
of the active period, the animal will shift its phase toward the next day which is called a
phase advance. Phase shifting is easily visible when overt rhythms are plotted on an
actograph as in Figure 11.

The cellular events in SCN neurons that underly photoentrainment and phase-
shifting occur rapidly in response to changing light schedules, and can stabilize within
one circadian cycle. For instance, the induction of Per! by light occurs within 10 minutes
of exposing mice to light (Shigeyoshi et al, 1997). However, the behavioral and
physiological expressions of those cellular changes do not usually stablize for several
circadian cycles. The transitional rhythms expressed before stabilization are called
“transients,” and are most dramatic in the case of phase-advancing and in organisms with
complex circadian systems. The malaise associated with jetlag is thought to result from
the temporary asynchrony between the phase of the central clock and the phase of overt
thythms, during transient rhythm expression (Johnson et al., 2004).

While the clock is differentially phase shifted by early and late night light pulses,
it is insensitive to light pulses throughout the subjective day. The rhythms of hamsters in

DD conditions are unaffected when light pulses are delivered during the inactive period
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FIGURE 11
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Light pulses in the early and late subjective

respectively.

(Left) A light pulse (green arrow) was given in the early subjective night, causing a phase delay.
Subsequent bouts of locomotor activity began at later circadian times following the light pulse. (Right) A
light pulse (yellow arrow) in the late subjective night caused a phase advance so that subsequent bouts of
locomotor activity began at earlier circadian times. Data is displayed in double plotted actographs with 48

hours represented on the abscissa. Note the transient locomotor rhythms that persist for several cycles

night induce phase delays and phase advances,

before a steady state phase (red asterisk) is reached. Provided by C.N. Allen.

of the hamster’s free running rhythms, which corresponds to subjective daytime and is
termed the “dead zone.” This finding indicates that the core oscillator is sensitive to

retinal input only during the subjective night when the presence of light is unexpected

and behaviorally relevant.

Phase-Response Curve

For entrainment to be effective, the central clock must respond to phase-shifting

stimuli differently at different phases of its cycle. Phase response curves (PRCs) depict
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how the circadian timing of light pulse affects both the amplitude and direction of a phase
shift. PRCs can be constructed for any phase-shifting stimulus and vary considerably

depending on the stimulus. Photic information is transduced to the SCN via glutamatergic
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To construct a PRC, 5 nocturnal animals were first stably entrained to an LD cycle. The animals were then
shifted to DD (black arrow) where they exhibited free-running rhythms. Light pulses (squares) were
delivered at various times during the circadian cycle. The steady state phase shift (expressed as the number
of hours the onset of an overt rhythm has shifted from its original value) is plotted against the circadian of
light presentation. When the new overt rhythm begins at a later circadian time the value is expressed as a
negative number by convention and is a phase-delay. If the new overt rhythm begins sooner, the shift is
expressed as a positive number and is a phase advance. In this example, the animal was totally insensitive
to light presented during CT3-CT9 for which this circadian time is called the “dead zone.” Between about
CT 9-10 and CT 18, light pulses induce phase delays, while between CT 18 and CT3, light pulses induce
phase advances Modified from Figure 3-5(Johnson et al., 2004).
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neurotransmission (Ding et al., 1994). As expected, the PRC for glutamate application to
the SCN looks similar to the PRC for light. Both PRCs illustrate that the phase of the
SCN is unperturbed when light and glutamate are presented during the subjective day.
Beginning at CT 9, glutamate and light cause phase shifts in SCN firing rhythms and
wheel running rhythms respectively. The peak phase delay occurs at CT 14 while the

peak phase advance occurs at CT 20.
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FIGURE 13

Phase-response curves for glutamate applied to the SCN (A) and light (B) in rat.

(A) The PRC for [0 mM glutamate applied to the SCN for 10 minutes derived from 63 experiments at 16
circadian time points. Hatched bars represent subjective night. Each point represents the mean + SD of 3-7
experiments as indicated. (B) PRC for | hour pulses of light to rats in DD. Overt rhythm measured is wheel
running. Modified from Figure 2 (Ding et al., 1994)

A number of neuropeptides arising from SCN afferents phase shift the oscillator
during the day, including serotonin from the raphe (maximal effect at CT 7, phase
advance), melatonin from the pineal (CT 10, phase advance), PACAP from the retina (CT
6, phase advance), and NPY from the GHT (CT 6-9, phase advance) (Hannibal et al.,
1997; McArthur et al., 1991; Medanic and Gillette 1992; Shibata and Moore 1993). With

the exception of PACAP, these neuropeptides are released from non photic afferent
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pathways. Although the source of PACAP is retinal, PACAP is also considered to be a
nonphotic phase shifting stimulus because the clock is sensitive to it during the dead zone
when photic inputs are ineffective. A PRC for melatonin is shown in Figure 14 which
depicts extracellular firing frequencies of rat SCN neurons recorded in vitro. Phase
shifting is observed during the transition from day to night with a maximum around CT

10. In response to melatonin, the oscillator only exhibits phase advances.

5 *
41.
= ®.
5 a4l
[ -
=] 2 9;
o o}
n
cl: 1+ T
2 o 1 ?3
-14
-2 1 - - .
o 4 8 12 18 20 24

FIGURE 14

Phase-response curve for melatonin.

The effect of melatonin application at various circadian times (CT 2. 6, 10, 14, 18, 22) was tested in 3-4
experiments for each time point. Overt rhythm was electrical firing rhythm measured extracellularly in

SCN of rat brain slices before and after melatonin application. (McArthur et al., 199 1)

Several aspects of a light stimulus, besides the circadian timing of its
presentation, affect the amplitude of the consequent phase-shift. These include the
wavelength, intensity, and the duration of the light pulse presented. Takahashi et al.
(1984) demonstrated that the wavelength of light by which hamster locomotor rhythms
were maximally phase-shifted (Ama.x ) was around 500 nm . Estimates of Amax values for
both rat and mouse behavioral phase shifts are also near 500 nm. Rat pineal melatonin

suppression was predicted by a Dartnall nomogram-based curve to have a Ay, of 495 nm.
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Because the rat rod photoreceptor has a Ams around 498 nm, photoentrainment was
assumed to be mediated by rods. However, three pieces of evidence suggested otherwise.
First retinally degenerate (rd/rd) mutant mice, whose retinas contained virtually no rods
and very few cones, demonstrated behavioral phase-shifts to light with undiminished
sensitivity compared to wild type mice (Foster et al.,, 1991). Second, when a spectral
tuning analysis was done in the retinally degenerate rd/rd mutant mouse by two different
groups, estimated Amax values were better fit with middle wavelength and UV cone opsins
than rod opsins. Using nomogram-based fits, Provencio et al. (1995) reported a Ay,x of
around 511 nm, and Yoshimura et al. (1996) a Ay of 480 nm . Third, if the circadian
system were detecting photons via the same subset of photoreceptors that mediate
scotopic vision, one would expect the sensitivity thresholds of each to be similar. Instead,
the circadian system is far less sensitive to light when compared to the visual system.
Furthermore, there is an apparent divergence of light sensitivity amongst non-image
forming pathways subserved by the SCN, as it requires roughly 25 times more light to
phase shift the hamster locomotor rhythm than to suppress hamster pineal melatonin
(Nelson and Takahashi 1991). In subsequent work, it was shown that there is also an
optimum duration of light stimulation for maximal phase-shifting which is much longer
than optimal durations of light for visual perception. When the total number of photons
was kept constant by varying light intensity, hamster locomotor rhythms phase shifted
best to 300 s stimulation compared to 30 s or 3000 s (Nelson and Takahashi 1991). Taken
together, tﬁese observations demonstrate that while light is the salient stimulus for both
circadian and visual photoreception, the two systems are optimized for the types of light

stimuli most relevant to their functions.

29



Cellular Mechanisms of Photoentrainment in the SCN

Immediate Early Genes

Progress in understanding how light might induce changes in the mammalian
molecular clock began with the discovery that light stimuli during the subjective night
cause changes in SCN expression of the immediate-early gene (IEG) c-fos (Aronin et al.,
1990). As immediate early genes couple transient stimuli to gene regulation in the cell
nucleus, c-fos induction by light suggested a mechanism by which light could control
nuclear events like gene expression in clock neurons. When a light pulse is given in the
subjective night, Fos expression increases rapidly in parallel with the expression of
another IEG, jun. Fos and Jun dimerize to make AP-1 transcriptional complexes which
can then control the transcription of target genes.

C-fos mRNA reaches peak levels thirty minutes after light exposure, with peak
Fos protein levels following 1-2 hours after light stimulation (Kornhauser et al., 1990;
Rusak et al., 1990). Fos expression and light-induced phase-shifting of behavioral
rhythms in the rodent are equally sensitive to light, suggesting that c-fos is an important
molecular link between light input to the SCN and its subsequent regulation of circadian
output rhythms (Kornhauser et al., 1990). Additionally, it was established that in hamster,
c-fos is not induced by light during the dead zone, highlighting that it mediates phase-
shifting during the night when the animal’s circadian system is sensitive to light
(Kornhauser et al;, 1990). C-fos transcriptional rhythms are not only helpful in
understanding the molecular underpinnings of the clock, but also supply scientists with a
molecular immunohistochemical marker by which to measure the period and phase of

circadian rhythms in the SCN.
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Since the discovery that c-fos expression in the SCN is regulated by light, other
upstream signaling molecules required for c-fos induction have been identified. There is a
calcium/cAMP response element (CaCRE) 60 basepairs upstream of the transcription
start site in the c-fos promoter. The CRE binding protein CREB binds to the CaCRE
sequence and, when phosphorylated (P-CREB), initiates the transcription of c-fos.
Because both the cAMP dependent kinase PKA as well as calcium-dependent calmodulin
kinase (CaMK), can phosphorylate CREB, it can be said that both calcium and cAMP

signaling pathways converge on CREB to regulate c-fos transcription.

Retinal Input: Calcium and cAMP pathways converge in SCN-projecting RGCs

The terminals of SCN-projecting RGCs release both glutamate and the
neuropeptide PACAP, which activate calcium and cAMP signaling pathways,
respectively (Hannibal et al., 1997). Evidence suggests that the two molecules are co-
stored, and potentially co-released, from the same RHT terminals (Hannibal et al., 2000).
Although glutamate and PACAP are released by SCN-projecting RGCs in response to
light, they have different effects on their SCN targets. As deafferenting the SCN from
both the raphe and the IGL does not affect entrainment, inputs from the RHT are alone
sufficient for entrainment by glutamate and light.

Glutamatergic synaptic input is required for phase-shifting to light, as
intraperitoneal injections of NMDA receptor antagonists abolished light-induced phase-
shifting of wheel running rhythms in both wild type and rd/rd mice (Colwell et al., 1991).
In vitro studies demonstrated that direct glutamate application to rat SCN slices phase
shifted SCN neuronal firing rhythms during the subjective night, but not during the

subjective day (Ding et al., 1994). And finally, application of glutamate receptor
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antagonists (NMDA and non-NMDA) to the hamster SCN, in vivo, is sufficient to block
light-induced phase shifts and to decrease Fos immunoreactivity by 50%. Moreover, the
reduced SCN Fos immunoreactivity was distributed unevenly, with the dorsolateral SCN
containing higher levels of Fos label compared to the retinorecipient region
(Vindlacheruvu et al.,, 1992). These studies demonstrate that glutamatergic input from
SCN-projecting RGCs is required for photic stimuli to (1) phase-shift behavioral
thythms, (2) phase-shift SCN firing rhythms, and (3) induce Fos expression specifically
in retinorecipient SCN neurons. Additionally, the study by Ding et al. indicates that the
dead zone during the subjective day is not caused by a change in retinal afferent signaling
to the clock, but is due instead to insensitivity of the SCN to glutamatergic signaling.

When supplied at relevant circadian times, glutamate affects cyclic transcription
and translation in SCN cells via the molecular events discussed previously. SCN-
projecting RGCs release glutamate onto SCN neurons that contain both AMPA and
NMDA receptors in their postsynaptic membranes. This glutamatergic input activates
AMPA receptors, depolarizes the SCN cell membrane, and relieves the NMDA channel
magnesium block. The influx of calcium through NMDA receptors is essential for CaM,
CaMK, and P-CREB activation, and is required for the transcription of IEGs and of many
clock genes. Following a pulse of glutamate in the subjective night, neurons in an SCN
slice will express P-CREB within 15 minutes and Fos within an hour.

PACAP, which is also released by cells of the RHT, binds to adenylate cyclase
(AC)- coupled VPAC2 and PACI receptors, increasing cAMP levels. PACAP, like
CAMP phase advances the clock when applied during the subjective day. Phase

advancement by PACAP is blocked by cAMP antagonists (Hannibal et al., 1997).
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Additionally, PACAP modulates glutamate signaling during the subjective night. PACAP
delivered to the SCN enhances the phase delays induced by glutamate pulses in the early
subjective night and blocks phase advances induced by glutamate pulses in the late
subjective night (Chen et al., 1999). The mechanism by which PACAP signaling
modulates glutamatergic signaling in SCN neurons is not yet well understood. Calcium
imaging studies by Dziema et al. suggest that PACAP potentiates the glutamate response
of individual SCN neurons by enhancing L-type calcium currents through a MAP kinase
pathway. Both nimodipine and the p42/44 MAP kinase inhibitors PD 98059 and U0126
blocked the potentiation of the glutamate response (Dziema and Obrietan 2002).

In summary, light input to the retina activates the release of glutamate and
PACAP onto postsynaptic SCN neurons, to which the oscillator responds differently at
different circadian times. These two types of inputs unleash a combination of calcium and
cAMP signaling cascades that regulate the transcription of IEGs and clock genes. To date
the “gate” in the SCN that causes the retinorecipient neurons to be cyclically sensitive to
glutamate and PACAP is not well understood. However, the complex interactions of
these two signaling pathways that converge on the same SCN neurons are made only
more complex when one considers the breadth of afferent input arising from other
hypothalamic and extrahypothalamic regions that also modulates retinorecipient SCN

neurons.

Masking
There is a distinction between “entrainment,” in which core components of the
central clock are affected by the entraining stimulus — and “masking,” in which the

stimulus, independent of the clock, has a direct effect on the organism’s physiology or
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behavior. Examples of each can be discussed with respect to light and pineal melatonin
secretion. SCN modulation of pineal melatonin output is the mechanism by which
circannual reproductive rhythms discussed above are generated, as well as diurnal
rhythms in the sleep/wake cycle.

Light input from the retina reaches the pineal gland via a polysynaptic pathway
that first synapses in the SCN. SCN neurons containing GABA and AVP project to and
inhibit AVP and oxytocin-containing neurons of the paraventricular nucleus (PVN). At
this synapse sign inversion occurs so that high frequency firing in the SCN during the day
leads to inhibition of pinealocytes and melatonin production. Neurons of the PVN then
project to intermediolateral (IML) cells of the upper thoracic spinal cord. IML neurons
innervate the superior cervical ganglia (SCG) whose neurons send a direct projection to
the pineal gland. Studies have shown that the SCG-pinealocyte synapse is excitatory as
SCG stimulation induces melatonin synthesis (Simonneaux and Ribelayga 2003).

Rhythmic SCN-driven noradrenergic input by the SCG drives rhythmic melatonin
expression in the pinealocyte by modulating the transcription of N-acetyltransferase (AA-
NAT), an enzyme required for melatonin synthesis. Noradrenergic input into the pineal
activates f3i-adrenergic receptors (AR) which in turn activate G coupled adenylate and
guanylate cyclases (AC,GC), increasing intracellular cAMP and ¢cGMP, respectively.
Pinealocytes also contain -1 ARs whose stimulation by NE (1) potentiates the B-2
receptor-mediated response through a PKC/CaM dependent mechanism and (2) increases
¢GMP by nitric oxide synthetase activation, nitric oxide production, and stimulation of
GC. The consequent 100-fold increase in cAMP and cGMP concentrations in addition to

the parallel increase in intracellular calcium activate PKA and several transcription
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FIGURE 15

Polysynaptic pathway regulating melatonin secretion from the retina to the pineal gland via the SCN.
Photic input from RGCs project to GABAergic and VIP-containing neurons in the SCN via the RHT.
GABAergic and AVP-SCN neurons project to and inhibit (-) AVP and OT containing neurons in the PVN,
These PVN neurons project to the IML cells in the spinal cord. Primarily, cholinergic IML neurons
innervate the SCG, although neurons containing SST, VIP, PHI, cGRP might also innervate the SCG.
Adrenergic SCG cells drive melatonin synthesis in target pinealocytes.

Abbreviations: PVN, paraventricular nucleus; OT, oxytocin; PHI, histidine isoleucine peptide; ¢cGRP,
calcitonin - gene-related peptide; IML, intermediolateral; SCG, superior cervical ganglion; NE,

norepinephrine,

factors, including CREB, that increase transcription of AA-NAT. The rhythmic
transcription of AA-NAT is driven by the upstream rhythms in SCN synaptic input to the
PVN that result from light-induced changes in SCN cell gene expression. The phase and
period of the central clock in the SCN is therefore the pacemaker for the pineal melatonin
rhythm.

While pineal melatonin secretion is under the control of the SCN, this control is
overridden by nighttime light stimulation via the same pathway in Figure 15. Before any

of the transcriptional events mediated by ARs in the pinealocyte occur, rodent pineal
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melatonin secretion is acutely suppressed following a light flash at night. This immediate
effect of light, known as masking, is independent of the core oscillator in the SCN. Acute
melatonin suppression is thought to arise from the sudden cessation of norepinephrine
(NE) input into the pineal with light stimulation. The consequent drop in cAMP levels
reduces PKA activity. PKA not only stimulates the transcription of AA-NAT, but it also
phosphorylates the enzyme which protects AA-NAT from cytosolic proteosome
degredation (Gastel et al., 1998). The rapid turnover of AA-NAT mediates the acute
reduction in melatonin synthesis that is seen within minutes of a light pulse during
subjective night (Simonneaux and Ribelayga 2003). In summary, light has two effects on
pineal circadian rhythms in the mammalian system: light entrains the oscillatory cells in
the SCN that control rhythmic pineal melatonin synthesis, and through masking, light
directly suppresses melatonin synthesis. Both of these effects of light are mediated by the

RHT and are transduced by the same upstream population of retinal photoreceptors.
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FIGURE 16

Adrenergic input to the pinealocyte induces melatonin synthesis.

Schematic of adrenergic signaling by SCG neurons in the pinealocyte. NE activates PLC-coupled—a-1 and
Gs-coupled-B-1 metabotropic receptors. Stimulation of both receptor subtypes increases cAMP leading to
PKA-dependent CREB phosphorylation and transcriptional activation of the melatonin biosynthetic
enzyme AA-NAT.
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Photoreception

In mammals light is detected in the eye and is transduced into an electrical signal
for subsequent processing by two distinct systems. The visual system faithfully constructs
a neural representation of the organism’s physical environment so that it can find food,
avoid predators, identify mates, and accomplish myriad other tasks that promote its
survival. The circadian system generates physiological and behavioral rhythms in an
organism, and synchronizes those rhythms with the solar cycle in order to promote the
organism’s survival. The visual and circadian systems differ in that the visual system is
image-forming and requires high spatiotemportal acuity, while the circadian system is
non-image forming, and primarily detects low acuity temporal changes in overall
luminance. It is not surprising then that both the photoreceptors and photopigments used

by each system are specialized for their respective functions.

Vertebrate Rod Photoreception

Vertebrate visual phototransduction occurs in the rod and cone photoreceptor cells in
the outer nuclear layer of the retina (McNaughton 1990). Rhodopsin, the photopigment
expressed by rod photoreceptors, is composed of the chromophore retinal and an opsin
apoprotein. A single photon photoisomerizes one 11-cis retinal molecule to its all-frans
isoform catalyzing the activation of a heterotrimeric G protein (transducin) by guanine
nucleotide exchange of GTP for GDP. Transducin in turn activates a phosphodiesterase
that induces the degradation of cyclic GMP (¢cGMP). Decreasing the concentration of
intracellular ¢cGMP results in the closure of non-selective, cation permeant, cyclic

nucleotide gated (CNG) channels and hyperpolarizes the photoreceptor. The remaining
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four classes of retinal neurons, including RGCs, serve to relay and process the signal

generated by photoreceptors.

Circadian Photoreception

Melanopsin

Several observations within the circadian field challenged the long held
assumption that the circadian system borrows the rod and cone photoreceptor pathways
of the visual system to track time of day and year. First, a retinally degenerate mutant
mouse, (rd/rd) that was visually blind based on electroretinogram and behavioral studies,
phase-shifted to light as well as wild type mice. Due to a nonsense mutation in the
B—subunit of the rod specific cGMP phosphodiesterase, rods in the rd/rd mouse undergo
premature cell death that is complete by the age of 60-70 days, providing strong evidence
that the rod photoreceptors in the rod-dominant mouse retina are not necessary for normal
circadian function (Foster et al., 1991; Provencio et al., 1994). The murine retina contains
two types of cone photoreceptors, those sensitive to UV light (Ay.= 359 nm) and those
sensitive to green wavelength light (Ana= 508 nm). To eliminate the possibility that
surviving cone photoreceptors (which themselves are severely degenerated from the rd/rd
mutation but are not completely eliminated) are not mediating the phase-shifting
response, Freedman and colleagues constructed a second murine mutant carrying both of
the trans-genes rdia and cl. The rdfa mutation causes the specific ablation of rod
photoreceptors while the c/ gene causes selective ablation of all green cones and most UV
cones. Mice that were rdta/cl showed no immunocytochemical or mRNA staining for

opsin proteins or message, and still phase-shifted to 509 nm light normally. Enucleated
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animals did not phase-shift (Freedman et al., 1999). With this study, it was confirmed that
murine photoentrainment was not dependent on rod or cone photoreception, and that
another ocular photoreceptor was sufficient to mediate phase-shifting behavior. These
studies were consistent with observations of blind people in which the pathways
mediating vision and circadian photoentrainment appeared to be separate. Some blind
patients were still able to photoentrain and to suppress melatonin secretion normally,
despite an apparently complete loss of visual function (Czeisler et al., 1995).

A second set of studies that began in 1998 revealed a candidate circadian
photopigment in rd/rd and rdta/cl mice. The system studied was the Xenopus dermal
melanophore which disperses its pigment granules, melanosomes, to the periphery of the
melanophore when illuminated. By screening a Xenopus ¢cDNA library, Provencio et al.
identified a novel opsin which they named melanopsin. Melanopsin had structural
similarities to other opsins including an extracellular amino terminus, seven
transmembrane (TM) domains, a lysine in the 7" TM domain for Schiff’s base linkage to
the chromophore, and 2 cysteines in the 2™ and 3™ TM loops for stabilization of the
tertiary structure by disulfide bridge formation. /n sifu hybridization demonstrated that
melanopsin transcripts were found in the tadpole eye, iris, preoptic area, and SCN
(Provencio et al, 1998). They also determined based on sequence analysis that
melanopsin more closely resembled invertebrate opsins than vertebrate opsins as (1)
melanopsin shared 39% amino acid sequence with octopus rhodopsin compared to 30%
with vertebrate opsins (2) melanopsin had an aromatic residue (Tyr-103) in its third TM
helix thought to stabilize the Schiff’s base (3) melanopsin had an insertion in its third

cytoplasmic loop as invertebrate opsins do.
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Provencio et al. next cloned human melanopsin and determined that it is
expressed exclusively in the eye, and not in the pineal or in any other deep brain
structures. They also cloned mouse melanopsin and generated an in sifu hybridization
probe that signaled melanopsin message in the mouse inner nuclear and ganglion cells
layers of the retina. Using human melanopsin primers, they developed a probe that
labeled monkey melanopsin mRNA in the inner nuclear layer of primate retina. No
melanopsin transcript was found in the outer nuclear layer of the retina where the
photoreceptors reside (Provencio et al., 2000). Based on the sites in which melanopsin
was found in the tadpole eye and brain, and the layers in which it was expressed in the
mammalian retina, they suggested that melanopsin might function as a circadian rather
than a visual photopigment.

Several groups have since shown in more detail which retinal neurons express
melanopsin and to what brain sites those neurons project. Using a combination of
FluoroGold injections into the SCN and in situ hybridization of melanopsin probe in the
retina, Gooley et al. (2001) were the first to demonstrate that the neurons in the murine
retina which express melanopsin are the same cells that project to the SCN via the RHT.
The PACAP containing RGCs from which the RHT arises also express melanopsin
(Hannibal et al., 2002a). Immunofluorescent labeling of flat mount mouse retina by
Provencio et al. (2002b) showed that the melanopsin-expressing RGCs had the same
anatomical profile as the SCN-projecting RGCs that Moore et al. (1995) described in the
rat retina and that Pu (1999) described in the cat retina. Because melanopsin
immunoreactivity was found not only on the cell bodies of some RGCs, but also along

their entire dendritic tree, the network of melanopsin positive cells was termed a
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“photoreceptive net” (Provencio et al., 2002b). However, melanopsin expressing RGCs

had not yet been shown to be intrinsic photoreceptors.

FIGURE 17

The photoreceptive net in
the mouse inner retina,
Immunofluorescent labelling
of melanopsin  containing
retinal ganglion cells on a flat
mount of mouse retina
reveals an extensive network
of immunopositive dendrites.
Scale bar, 100 um (Provencio
etal.,, 2002b).

In a detailed study investigating the architecture and projections of melanopsin
positive RGCs, Hattar et al. targeted fau-lacZ to the mouse melanopsin gene locus. This
strategy allowed them to visualize the presynaptic terminals of melanopsin expressing
RGCs and to elucidate their targets (Hattar et al., 2002). The translated fusion protein
consisted of B-galactosidase fused to a signal sequence from the microtubule-associated
protein tau. In heterozygous animals, cells that expressed melanopsin also expressed
lacZ. The signal sequence permitted transport of the fusion protein down the axon into
presynaptic terminals. Subsequent X Gal staining was used to visualize fusion protein
distribution in the soma, axon, proximal dendrites, and synaptic terminals. Hattar et al.
showed that melanopsin positive RGCs project to several areas including the SCN, the
IGL, the ventral LGN, and the OPN in the pretectum. The discoveries that melanopsin
was a good marker for SCN-projecting RGCs and that the RGCs bearing melanopsin

projected to other brain sites involved in normal circadian rhythms, suggested that (1)
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melanopsin bearing RGCs are the circadian photoreceptors in the inner retina that allow
the rd/rd mouse to entrain and (2) melanopsin may be the surviving photopigment in the

rd/rd mouse that mediates photoentrainment.
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FIGURE 18

B—galactosidase and melanopsin expression in mice with rau-lacZ insertions into the melanopsin gene
locus.

(B) Colocalization of ﬁ-galactosidase and melanopsin immunoreactivities in a flat-mounted retina from a
+/- mouse. (Left) B-Galactosidase labeling. (Middle) Melanopsin labeling. (Right) Merged image. (G)
Coronal section of the +/- brain showing blue optic nerve fibers converging to, and innervating, the SCN
bilaterally. (H) Coronal section of the +/- brain showing uniform blue-labeled innervation of the left IGL
and scattered innervation of the VLG. The DLG shows no labeling. (I) Coronal section of the +/— brain
showing innervation of the pretectal region. The blue staining corresponds approximately to the OPN,
demarcated in red on the right. DLG, dorsal lateral geniculate; VGL, ventral lateral geniculate; 1GL,

intergeniculate leaflet; OPN, olivary pretectal nucleus. Modified from Figure 3 (Hattar et al., 2002)
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RGCs from which the RHT arises

The first studies to examine the retinal ganglion cells (RGCs) that give rise to the
RHT were undertaken in the hamster (Pickard 1980; Pickard 1982). After injecting the
SCN with horseradish peroxidase to retrogradely label SCN-projecting ganglion cells, he
reported that 0.1% of RGCs contribute to the RHT and that they were evenly distributed
across the hamster retina. Subsequent work by Pu revealed that SCN-projecting RGCs in
the cat retina are similar in morphology to cat y RGCs, described first by Boycott and
Wissle (Boycott and Wassle 1974; Pu 1999). Both SCN-projecting and ¥ RGCs have
small cell bodies, only 3-4 primary dendrites, sparse dendritic branching, and dendritic
trees that can span over 1 mm of retina.

In the rat, SCN-projecting RGCs correspond morphologically to a population
designated “type III” by Perry (Berson et al., 2002; Moore et al.,, 1995a; Warren et al.,
2003). Similar to the y RGC in the cat, rat Type III RGCs are characterized by small cell
bodies, 1-3 primary dendrites that stratify in the inner aspect of the inner piexiform layer,
and large dendritic spreads (Perry 1979). SCN-projecting RGCs are more numerous in
the rat retina than in the mouse or hamster, and are estimated to comprise between 1 and
2% of the total RGC population. They are relatively evenly distributed, with a slightly
higher density in the superior temporal quadrant (Moore et al., 1995b). With the
exception of total number which seems to vary with species, the descriptions of SCN-
projecting RGCs, both in terms of distribution and anatomy, align nicely with the those of
melanopsin positive cells reported in the mouse, rat, cat, primate, and blind subterranean

mole rat (Berson et al., 2002; Hannibal et al., 2002b; Provencio et al., 2000; Pu 1999).
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Prior to investigation of the intrinsic light sensitivity of SCN-projecting RGCs in the
Berson laboratory, little was known about the physiology of these neurons. The only
study which specifically addressed the physiology of SCN-projecting RGCs was carried
out by M. Pu. In these experiments, SCN-projecting RGCs in young adult cats were
retrogradely labeled by injecting fluorescent microspheres into the SCN (Pu 2000). Using
an extracellular recording electrode, he successfully recorded light responses from nine
cells, and all of them displayed sustained firing throughout the duration of the light
stimulus. Eight of nine cells showed ON-center receptive field properties, and one
showed ON-OFF-center receptive field properties. The numbers of each receptive field
type were unexpected as morphological data suggested that the inajority (45%) of SCN-
projecting RGCs stratify in the ON layer, only 15% stratify in the» OFF layer, and 40%
stratify in the both the ON and OFF layers (Pu 1999). It is not clear why ON-surround
cells were overrepresented, but the small sample size may have played a role. Pu also
reported that of the five cells that underwent spectral tuning analysis, 3 of them exhibited
a Amax at 500 nm, while the other two maximally responded at 560 nm and 575 nm As
photoreceptor input was not blocked in this study, it was unclear whether rods, cones, or
a different photoreceptor containing the putative photopigment melanopsin might be
driving the light responses.

Berson et al. were the first to show that SCN-projecting RGCs are intrinsically
sensitive to light (Berson et al., 2002). In the presence of a cocktail of antagonists to a
variety of receptors (GABA, NMDA, AMPA/Kainate, metabotropic glutamatergic,
nicotinic, glycinergic), bright white light elicited a depolarization in SCN-projecting

RGCs that was sufficient to drive low frequency action potentials. The latency between
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stimulus and response onsets was long, on ave;rage several seconds to one minute. The
latency between stimulus onset and peak response varied between 10-20 seconds and was
inversely proportional to the intensity of light used. Most striking in contrast to light
responses of rod and cone photoreceptors, was that the light responses of SCN-projecting
RGCs did not bleach. A plateau depolarization above baseline was maintained for the
entirety of a 20 minute light stimulus. Furthermore, a single cell could respond to
multiple sequential light stimulations without replenishment of the chromophore by the
experimenter.

Several reports examining the role that melanopsin plays in photoentrainment, the
pupillary light reflex, and behavioral phase-shifting followed. Using melanopsin
knockout mice (Opn4 -/-) generated in the lab of Provencio, Panda et al. (2002)
demonstrated that Opn4 -/- mice have normal free running rhythms, entrain to a
light/dark cycle, and exhibit normal masking responses to light delivered during
subjective night, but have significantly smaller phase shifts than wild type mice to a light
pulse delivered during subjective night. Furthermore, the FRP of wild type mice was
indistinguishable from that of Opn4 -/- mice in constant darkness, but significantly longer
in constant light (see Figure 19). FRP in constant light is considered to reflect both the
period of the intrinsic oscillator and the influence that light input pathways have on the
oscillator. In constant light, FRPs are always longer than they are in constant darkness.
The finding that the Opn4 -/- mice had a shorter FRP in constant light indicates that
melanopsin is indeed impacting a light input pathway. These data suggested that there are
either compensatory or complementary photoreceptive systems in place that cannot

entirely accommodate for the loss of melanopsin in the Opn4 -/~ mouse.
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FIGURE 19

Attenuated circadian light input in Opns ™™ mice.

A single 15-min pulse of monochromatic light of 480 nm (circle) was administered 3 hours after the onset
of activity, which produced a smaller phase shift in the activity rhythm of the Opn4 ™™ animal (B) than in
the wild-type littermate (A). (C) The light-induced phase-shift defect in the null mice is evident at all
irradiance levels tested. Means (£SEM) of phase-shift measurements for the Opnd ™~ mice (black) and the
littermate wild-type mice (gray) are shown (» = 5 to 17 mice per group).(D) An attenuated lengthening of
period was observed in Opn4 ~ mice (black) relative to wild-type mice housed in constant light but not in
constant darkness. Asterisk indicates a statistically significant difference (P < 0.05). Modified Figure 2
(Panda et al., 2002)

The pupillary light reflex was also functional, but attenuated, in melanopsin
knockout mice. Using the tau-LacZ mouse developed by Hattar and colleagues, Lucas et
al. (2003) demonstrated that the pupillary light reflex in the melanopsin homozygous
knockouts were normal at low irradiances, and attenuated at high irradiances. They
confirmed that pupillary constriction by carbachol application was normal in the
knockout mice. By adding the irradiance response relations for the pupillary reflex

among melanopsin homozygous knockouts and rodless coneless mice (rd/rd cf) they
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showed that the full complement of all three classes of photoreceptors accounts for a wild

type pupillary reflex (Lucas et al., 2003).

A B

= _ ;
g ™ | ‘9- ? < predicted
:'5- \ ‘-..\ - m0p+ Sl
2 J {
B b
S 1 .0
= - 1.
£ {*mop ‘ y e
z |=rdrdd , S o™
7 8 9 10 11 12 13 14 15 7 8 9 10 11 12 13 14 15
Irradiance log(photons/cm?/sec)
FIGURE 20

Irradiance-response relations for the pupil reflex for melanopsin knockout mice and rodless coneless
mice summate to predict the wild type irradiance response relation.

The minimum pupil area (mean +/- SEM; normalized with respect to with respect to dark-adapted value)
attained during exposure to I-min 480-nm monochromatic light is plotted against irradiance. (A)
Comparison of relations for mop -/~ and rd/rd/cl mice (4-6 animals each irradiance). (B) The wild-type
irradiance-response relation can be well predicted by summing the relations from mop-/- and rd/rd cl mice

Modified Figure 3 (Lucas et al., 2003).

Panda et al. (2003) went on to show that an Opn4 -/- mouse on an rd/rd background
eliminated all photoentrainment, pupillary light reflexes, photic suppression of the
AANAT transcript, and masking of locomotor activity by light.

That rods and cones contribute to the circadian system’s responsiveness to light
helped explain some discrepancies between the behavioral and in vitro literature. A
spectral tuning analysis of individual SCN-projecting RGC responses to various
wavelengths of light indicated that the A, was 484 nm and that the photopigment

responsible for the intrinsic light response was most likely a retinaldehyde-based opsin,
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like melanopsin (Berson et al., 2002). The Amex of 484 nm was 15-25 nm blue-shifted
from the Ams values obtained by behavioral phase-shifting experiments already described
(Provencio and Foster 1995; Takahashi et al., 1984). The studies by Panda and Lucas
suggested that rod and cone input to the circadian system might explain residual circadian
function in the absence of melanopsin, and might also account for a shifted action spectra
in the whole animal. To resolve this issue, Hattar et al. (2003) constructed action spectra
for rodless coneless (rd/rd/ cf) mice, with an intact melanopsin system. The Anay at which
rodless coneless mice phase-shifted their locomotor activity was 481 nm, quite close to
the Amax of 484 nm at which SCN-projecting RGCs maximally responded to light. Hattar
and colleagues inserted the previously described tau-LacZ construct into the melanopsin
gene to confirm that the melanopsin system was the only photoreceptor system mediating
the surviving phase-shifting response. By generating a triple homozygous knockout
mouse lacking rods, cones, and melanopsin, (Gnatl -/-, Cnga3 -/-, Opn4 -/-), the
pupillary light reflex and photoentrainment were completely eliminated, in spite of
normal RGC development, normal targeting of Xgal stained cells to the SCN, IGL, and
OPN (see Figure 21), and normal pupillary response to carbachol. This study confirmed
that together, rods, cones, and intrinsically sensitive RGCs containing melanopsin
account for all of the circadian photoreception in mice.

Recent work demonstrating that SCN-projecting RGCs express a novel
photopigment melanopsin and are intrinsically sensitive to light suggest that they are not
merely retinal neurons borrowed by the circadian system, but circadian photoreceptors
evolved specifically for photoentrainment. The purpose of the work undertaken in this

thesis was to gain a better understanding of the physiological properties and intrinsic light
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responses of SCN-projecting RGCs.
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FIGURE 21

Normal retinal morphology and presence and central connectivity of melanopsin-expressing RGCs in

triple-knockout (Opn4 -/- Gnat 1-/- Cnga3 -/-) mice.

a. Retinal cross-sections from Opn4 +/- and triple knockout (KO) mice. Glemsa stain shows the various

layers. Both are similar in morphology and thickness to wild type. GCL, ganglion cell layer; INL, inner

nuclear layer; IPL, inner plexiform layer; IS, inner segment layer; ONL, outer nuclear layer; OPL, outer

plexiform layer b. Flat-mount view of a triple KO retina stained with X-gal (blue). ¢-e, coronal sections of

triple KO mouse brain showing normal innervation of the SCN, IGL and OPN byX-gal labeled axons

(Hattar et al., 2003).
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Course of Thesis

This thesis is divided into two parts. In the first, the properties of individual SCN-
projecting RGCs are examined with the aim of determining if they are intrinsically
sensitive to light and if they constitute a novel class of RGC in the mammalian retina
based on their intrinsic membrane properties. In the second part, the identities of the
signaling pathways and ion channels involved in the intrinsic light response are

considered in more detail.



CHAPTER TWO
INTRINSIC LIGHT RESPONSES OF RETINAL GANGLION CELLS

PROJECTING TO THE CIRCADIAN SYSTEM
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ABSTRACT

In mammals, light entrainment of the circadian clock, located in the
suprachiasmatic nuclei (SCN), requires retinal input. Traditional rod and cone
photoreceptors, however, are not required. Instead, the SCN-projecting retinal ganglion
cells (RGCs) function as autonomous photoreceptors and exhibit light responses
independent of rod- and cone-driven input. Using whole-cell patch-clamp recording
techniques, we have investigated the morphological and electrophysiological properties
of this unique class of RGCs. Although SCN-projecting RGCs resemble Type III cells in
form, they display strikingly different physiological properties from these neurons. First,
in response to the injection of a sustained depolarizing current, SCN-projecting cells fired
in a transient fashion, in contrast to most RGCs, which fired robust trains of action
potentials. Second, in response to light, SCN-projecting RGCs exhibited an intensity-
dependent transient depolarization in the absence of rod and cone input. This
depolarization reached a peak within 5 seconds and generated increased spiking activity
before decaying to a plateau. Voltage-clamp recordings were used to characterize the
light-activated conductance that generated this depolarization. In response to varying
light intensities, SCN-projecting RGCs exhibited a graded transient inward current that
peaked within 5 seconds and decayed to a plateau. The voltage dependence of the light-
activated current was obtained by subtracting currents elicited by a voltage ramp before
and during illumination. The light-activated current displayed both inward and outward
rectification and was unaffected by substitution of extracellular Na* with choline. In both
respects, the intrinsic light-activated current observed in SCN-projecting RGCs resembles
currents carried by ion channels of the transient receptor potential (TRP) family, which

are known to mediate the light response of invertebrate photoreceptors.
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INTRODUCTION

In mammals, light entrainment of the circadian clock in the suprachiasmatic
nuclei (SCN) requires input from the retina (Johnson et al., 1988; Moore et al., 1995).
However, traditional rod and cone photoreceptors are not required (Foster et al., 1991;
Freedman et al., 1999). Instead, the retinal ganglion cells (RGCs) that project to the SCN
seem to function as autonomous circadian photoreceptors. In striking contrast to their
counterparts projecting to the primary visual targets (the dorsal lateral geniculate nucleus
and the superior colliculus), SCN-projecting RGCs exhibit light responses independent of
rod- and cone-driven synaptic input (Berson et al., 2002). Furthermore, the majority of
these neurons express the novel photopigment, melanopsin (Provencio et al., 2000; Hattar
et al., 2002; Gooley et al., 2001; Hannibal et al., 2002). As an obligate part of the neural
pathway from the retina to the SCN, these RGCs play a critical role in generating and
shaping retinal output to the circadian system.

The primary neural pathway from the retina to the SCN is the retinohypothalamic
tract (RHT), which arises from a small subset (1-2 %) of RGCs (Moore et al., 1995;
Pickard. 1985). In rats and cats, these SCN-projecting ganglion cells morphologically
resemble the Type III or gamma RGCs (Boycott & Wassle, 1974; Fukuda, 1977, Perry,
1979; Pu 1999; Berson et al., 2002). Type III neurons are characterized by relatively
small cell bodies and expansive dendritic fields (Perry, 1979; Wassle & Boycott, 1991).
This morphology would seem ideal for the circadian system because it could survey the
light intensity over a large sector of the retina. The most striking and novel property of
SCN-projecting RGCs is an intrinsic sensitivity to light (Berson et al., 2002; Hattar et al.,

2002). Using whole-cell patch-clamp techniques, Berson et al. (2002) recorded intrinsic
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light responses from RGCs that were labeled with retrograde tracers following stereotaxic
injection of the SCN. In response to light, SCN-projecting RGCs depolarized slowly, and
generated increased spiking activity. The light response persisted in the presence of a
formidable cocktail of synaptic blockers and in isolated cells, suggesting that it does not
require synaptic input derived from excitation of classical rod and cone photoreceptors.
Furthermore, the long response latency suggested that the depolarization was mediated by
an intracellular signaling pathway. Under the same conditions, RGCs that were not
labeled by the retrograde tracer from the SCN did not respond to light.

Due to their distinct functional role, RGCs mediating entrainment might be
expected to have physiological properties that are markedly different from those
mediating vision. While little is known about the intrinsic membrane properties of the
RGCs that project to the SCN, the spiking properties and ionic conductances of
enzymatically-dispersed rat RGCs projecting to the visual system have been examined
using patch-clamp techniques (Lipton & Tauck, 1987; Karschin & Lipton, 1989).
Typically, these neurons have a relatively high input resistance and a resting membrane
potential around -60 mV. In the adult rat, all three types of RGCs produce trains of TTX-
sensitive spikes in response to maintained depolarizing currents (Wang et al., 1997;
Schmid & Guenther, 1999).

In the current study, we have examined unique aspects of the morphology and
physiology of SCN-projecting RGCs that enable them to generate and propagate intrinsic
light responses. While these neurons bear morphological resemblance to Type III neurons
of the visual system, we show that they have markedly different physiological properties.

Specifically, in addition to their previously reported intrinsic light sensitivity, SCN-
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projecting neurons exhibit transient spiking patterns to maintained depolarizing currents
and little synaptic input at their resting membrane potential. Most significantly, we show
that the depolarization observed in response to light is mediated by the activation of an
inward current with biophysical characteristics similar to those reported for members of

the TRP family of ion channels.

METHODS
Stereotaxic Injection of Fluorescent Retrograde Tracers

Surgical procedures were carried out in compliance with guidelines from the
National Institutes of Health, and in accordance with protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of Oregon Health & Science
University. Because retinas from younger rats were more amenable to patch-clamp
recording, we used six week old rats, weighing between 120 and 170 g. Fluorescent
retrograde tracers (0.04 um red Fluospheres, Molecular Probes, Eugene, OR) were
injected into the SCN using a stereotaxic apparatus (Cartesian Designs, Inc., Sandy, OR)
to enable unequivocal identification of RGCs projecting to the circadian system.
Between two and ten days after injection, animals were killed by cervical dislocation
following deep anesthesia with ether. After the eyes had been removed for
electrophysiological recordings, the brain was removed and fixed by immersion in 4%
paraformaldehyde for 24 hrs. The brain was subsequently sectioned on a Vibratome, and
each section (200 um) was carefully inspected to insure against possible injection of the

optic chiasm, which lies directly below the SCN.
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Electrophysiology and Light Stimulation of Retinal Wholemounts:

The anterior chamber of each eye was removed, and the retinas were gently
peeled from the eyecup and stored in oxygenated EMEM (Hepes modification) at room
temperature. To prepare a wholemount, a small piece of retina was cut from the whole
and mounted on a piece of nitrocellulose filter paper with a 2-mm hole to provide access
for the recording electrode. This preparation was placed in the recording chamber with
the ganglion cell layer facing up. SCN-projecting RGCs were identified by the presence
of fluorescent beads using epifluorescent illumination, and the membrane potential and
light-activated currents were recorded using whole-cell patch-clamp techniques.
Recordings were made at 22°C with an Axopatch 1D amplifier controlled by pClamp8
software via a Digidata 1320 interface (Axon Instruments). Data were low-pass filtered at
rates between | (voltage-clamp) and 5 (current-clamp) kHz and digitized at rates between
2.5 and 10 kHz. Patch pipettes with tip resistances between 3 and 8 MQ were pulled from
borosilicate glass (Sutter Instruments). For current-clamp recordings, electrodes were
filled with a solution containing (in mM): 5 NaCl, 110 KCl, 1 CaCl,, 1 MgCl,, 10 Hepes,
11 EGTA, 3 ATP, Lucifer Yellow (0.1%) and biocytin (2%), pH 7.4. The bath solution,
continuously bubbled with oxygen, consisted of (in mM): 120 NaCl, 5 KCl, 3 CaCl,, 2
MgCl; and 10 Hepes, 5 D-glucose, pH 7.4 (290-300 mOsm).

For voltage-clamp recordings, electrodes were filled with a cesium-based
intracellular solution containing (in mM): 117 CsCl, 4 Mg-ATP, 0.3 Na;GTP, 2 creatine
phosphate (Na” salt); 10 Hepes, 5 K4BAPTA, pH 7.4. The typical external solution
contained (in mM): 120 NaCl, 6 KCl, 0.5 CaCl,, and 10 Hepes, pH 7.4, and 500 nM

TTX. The series resistance and cell capacitance were clectronically compensated prior to
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cach recording. During light stimulation, cells were held at —60 mV unless otherwise
noted. To determine the voltage-dependence of the light-activated current, a voltage ramp
was applied from —100 to +100 mV over 1 s prior to light stimulation and during the peak

response. All voltage-clamp data have been corrected for the junction potential.

Light Stimulation

Illumination was provided by a 100 W tungsten-halogen light source, and the
intensity was reduced using a variety of neutral density filters. The intensity was
determined using a radiometer (International Light) with a detector that had a flat
response between 400 nm and 1000 nm. All light intensities are given in W/cm?. For a
point of reference, detector readings are given for a number of lighting environments: a
well-lit room in a laboratory, 1.7 x 10~ W/cm?; an overcast December day in Oregon, 1.1
x 107° W/em?; a sunny December day in Oregon, 1.8 x 10* W/cm?. All recordings were
conducted in a dimly lit room with an average total irradiance of 2.3 x 10 2 W/cm>. By
using a calibrated thermocouple (Fluke) we determined that the broad-spectrum light
used in the present study had no thermal effects on the recording chamber or the bath

solution.

Morphological Analysis

At the end of each recording, a 200 mV hyperpolarizing potential was applied to
facilitate diffusion of Lucifer Yellow and biocytin into the cell. Once adequate filling
was achieved, the retina was fixed in 4% paraformaldehyde for 6-8 hours at 4°C.

Following fixation, retinas were processed using a standard diaminobenzidine reaction
(Vectastain ABC kit). SCN-projecting RGCs judged to be fully stained by the DAB

reaction were analyzed using the Neurolucida neuronal reconstruction system
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(MicroBrightField). The dendritic field areas (areas of influence) were calculated using
the area of a complex polygon that encompasses the ends of the dendrites. The software
application Image] (http: //rsb.info.nih.gov/ij/) was used to calculate the area of this
polygon as well as its circularity (47 * [area of influence/perimeter’]).

In-house software routines were used to convert the 2D structure of the neuron
into polar coordinates to assess dendritic extent, dendritic distribution index, and the
dendritic polarity index. These routines analyzed a black and white 2D image of a neuron
(1600 x 1200 pixels) and calculated the polar coordinates for each black pixel that made
up the soma and dendrites using the center of the soma as the origin (0,0). Therefore,
thicker dendrites had a larger number of polar coordinates per unit length of dendrite than
did finer ones. The dendritic extent was determined by summing the lengths of the
longest dendrites in symmetrically opposite 30° (n/6 radians) regions of the dendritic
field.

The dendritic distribution index was calculated by dividing the polar plot into 16
equal regions (n/8 radians), determining the number of black pixels contained in each
region, and normalizing these values by the total number of pixels in the whole neuronal
structure. The distribution index is the minimum number of whole regions required to
account for 80% of the total dendritic structure. A value close to | indicates that the
dendritic mass of a cell is evenly distributed around the soma, while a value close to 0
indicates that the majority of dendrites are restricted to single region. This value does not
account for the distance of a particular part of the dendritic field from the soma, or the
relationship between the dendritic masses of neighboring regions, but merely gives an

indication of how tightly clumped dendrites are in regions of space around the soma.
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The dendritic polarity index provides a quantitative analysis of how
symmetrically distributed the dendritic tree is around the soma. In contrast to the
distribution index, the polarity index takes into account both the location and the distance
of each dendrite with respect to the soma. However, the polarity index does not give any
information regarding the degree of dendritic clumping that may exist within the whole
arbor. To calculate the polarity index, the polar coordinate of each pixel that comprises
the dendritic tree was converted into a vector, with a distance and angle relative to the
center of the soma. The vector angle was defined as the angle formed by a line
connecting the point in the dendritic tree and the center of the soma with an arbitrarily
oriented axis. A vector sum was then calculated to determine the resultant vector length
and angle. This method cancels symmetrically opposed parts of the dendritic tree and the
resultant vector length indicates the degree of polarity within the dendritic arbor. The
resultant angle indicates the direction of polarization. By normalizing the resultant vector
length by the sum of the lengths of all the vectors, it was possible to compare thé degree
of polarity across cells with different sizes of dendritic arbor. A neuron with a
symmetrical dendritic tree, such as a starburst amacrine cell, would have a polarity index
close to 0, whereas a very polarized cell, such as a cortical pyramidal neuron, would have
a polarity index closer to 1. While the resultant angle provides information regarding the
direction of polarity, the orientation of each neuron analyzed, and its location within the
retina, was unknown. Therefore, in the present study a comparison of resultant vector

angles across neurons was not meaningful.
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Statistical Analysis
All values are given as the mean + standard deviation. Significance was

determined using the permutation test for paired differences.

RESULTS

Morphology of SCN-projecting RGCs

Figure 1A illustrates a successful injection of the SCN with fluorescent
polystyrene beads. The site of injection showed a focal area of fluorescence that was
entirely contained within 1-2 sections, consistent with a diameter of ~ 400 pum.
Furthermore, there was no visible labeling in the optic chiasm (OX) or nerves. F igure 1C
displays a retinal wholemount showing clear labeling of RGCs following injection of the
SCN. Following a typical injection, we observed of 20 - 50 labeled cells per retina. This
number represents only a fraction of the neurons reported to project to the SCN and
probably reflects poor bead uptake. In addition, the injection site never encompassed the
entire SCN, which also reduced the total number of labeled neurons one would expect to
observe in the retina.

In contrast, control experiments were performed in which beads were injected
directly into the optic chiasm (Fig. 1B). In these experiments, fluorescent beads were
clearly visible in transit along the optic nerve, and the density of labeled cells found in
the retina was substantially higher (Fig 1D). In all experiments the injection site was
closely examined to confirm that the optic chiasm had not been injected with fluorescent

beads.
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Following recording, SCN-projecting RGCs were filled with biocytin, and the
retina was processed using a standard DAB reaction. Figure 2A shows a
photomicrograph of an SCN-projecting RGC from which a recording was made. A two-
dimensional representation of a detailed reconstruction of this neuron by Neurolucida is
shown in Figure 2B. The morphology exhibits many characteristics similar to those
reported for Type III rat RGCs (Perry, 1979). The somal area of the cell was 204 [1m?,
and it had 2 sparsely branched primary dendrites with 17 branch points. The dendritic
field covered a relatively large area of retina (extent: 587 um; area: 132,057 um?).
Similar detailed reconstructions were conducted on 5 fully filled SCN-projecting RGCs.
On average, SCN-projecting RGCs had somal areas of 195 + 5 um? and 2.6 + 0.6 primary
dendrites with 14.0 £ 8.5 branch points. The area of influence ranged from 45,758 um? to
457,640 um’. In addition, the dendrites of SCN-projecting RGCs were found to stratify in
several different regions of the inner plexiform layer. Of the five reconstructed neurons
one stratified in the inner lamina and two in the outer lamina of the inner plexiform layer
(IPL) exclusively, while two others were found to be bi-stratified in both inner and outer
lamina (Figure 2C). The average dendritic depths in the inner and outer laminas were
20.8 £ 3 um and 9.8 + 1 pum, respectively.

By plotting the 2D representation of each reconstructed neuron on polar
coordinates relative to the center of the cell soma (Figure 2D), it was possible to
determine the degree of symmetry by calculating the polarity index (c.f. Methods). In
this neuron, the resultant vector had a non-zero resultant angle (red line) and a polarity
index of 0.21, indicating that its dendritic arbor was biased towards an angle of 54

degrees relative to an arbitrarily chosen zero degree axis orientation (Figure 2D). The
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average polarity index was 0.49 £ 0.3. The distribution of dendritic mass within the arbor
was also assessed by determining the distribution index for each neuron (c.f. Methods).
The average distribution index for SCN projecting RGCs was 0.5 + 0.08 indicating that
the dendrites were not evenly distributed around the soma but tended to be clumped

together.

Intrinsic Membrane Properties of SCN-projecting RGCs

Successful current-clamp recordings were made from 18 SCN-projecting RGCs.
The average resting potential was — 44.5 + 6 mV. At the resting membrane potential,
these neurons exhibited no spontaneous spiking activity (c.f. Figure 5), although small
and infrequent spontaneous postsyﬁaptic potentials (PSPs) were observed. Application of
400 ms maintained hyperpolarizing current pulses was used to assess the Input resistance
of SCN-projecting RGCs. The average input resistance was 860 + 300 MQ, determined
by fitting a plot of the maximum change in membrane potential against the magnitude of
injected current with a straight line. The membrane time constant for each neuron was
calculated by fitting a single exponential function to the change in membrane potential
resulting from a step hyperpolarizing current injection. The average membrane time
constant recorded in response to a 45 pA hyperpolarizing maintained current injection
was 40.5 £ 21 ms.

In response to injections of maintained depolarizing currents, SCN-projecting
RGCs responded with either a single spike (29%) at stimulus onset or with sporadic firing
(71%) throughout the stimulus irrespective of its magnitude (Figure 3A and 3B,
respectively). The number of spikes elicited by a 900 ms maintained depolarization

ranged from 1 to 6. While subsequently larger current injections mitially increased the
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number of spike elicited, above 35 pA of injected depolarizing current no further
increases in spike number were observed. Analysis of individual spikes showed that
action potentials generated by SCN-projecting neurons have a half-width of 1.12 + 0.22
ms and maximum rates of rise and decay 97.86 + 38.6 mV/ms and -78.12 + 42 4 mV/ms,
respectively.

In contrast to RGCs that project to the SCN, unlabeled RGCs exhibited markedly
different spiking patterns in response to injection of a maintained depolarizing current.
As shown by the typical recordings from Type I (Figure 3C) and Type Il (Figure 3D) rat
RGCs, neurons not projecting to the SCN responded in a sustained manner, with up to 10
spikes being elicited in response to a 900 ms maintained depolarization. In contrast to
SCN-projecting RGCs, no response saturation was observed over the range of
depolarizing current magnitudes used. Also, unlike SCN-projecting RGCs, Type I and 1l
RGCs often exhibited robust spiking activity at their resting membrane potential as well

as higher rates of PSPs (c.f Figure 5B).

Intrinsic Light Responses of SCN-Projecting RGCs

Current-clamp recording in combination with full-field illumination of the retina
with a tungsten-halogen lamp was used to examine the intrinsic light sensitivity of SCN-
projecting RGCs. The light responses exhibited by these neurons were characterized bya
transient depolarization that reached a peak within 5 seconds and decayed steadily
towards a plateau during illumination (n = 9 cells; Figure 4A). In response to the highest
intensity light stimulus (5.8 x 107 W/em?), the amplitude of the light-induced
depolarization was 14.44 + 5.5 mV (n=9). The level of the plateau depolarization,

measured 24 seconds into the light stimulus, varied between 20-80% of the peak
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depolarization. RGCs selected at random did not respond to light under the same
conditions (n = 13; Figure 4B), presumably due to bleaching of the rod and cone
photoreceptors resulting from the extensive exposure to bright light during the dissection
and epifluorescent scanning of the retina. This insensitivity to light was observed in all
randomly selected RGCs whether they exhibited high levels of spontaneous activity or
were quiescent at their resting membrane potential.

The magnitude of the depolarization and the number of resulting spikes were
dependent on the intensity of the light stimulus (Figure 4C). In response to the lowest
intensity used (2.6 x 10° W/cm?), the cell exhibited a peak depolarization of 5.9 mV,
which elicited 2 spikes. Increasing the light intensity 18-fold caused a peak
depolarization of 10.2 mV, which elicited 38 spikes during the 25 s light exposure. We
were unable to accurately determine threshold for the light response or demonstrate
response saturation because the current experimental setup had a limited range of

attainable light intensities (Figure 4D).

Characteristics of the Light-Activated Current in S CN-Projecting RGCs

To characterize the light-activated current that underlies the membrane
depolarization, we made voltage-clamp recordings from SCN-projecting RGCs. In
response to light, these neurons exhibited a transient inward current (Figure 5A, lower
panel). Using maximal illumination (5.8 x 10° W/cm?), the light-activated current
developed slowly, with a time to peak of 5.35 +2.7 s and an average peak amplitude of —
135.3 £ 100 pA (n = 8). After the peak, the current declined with a time constant of 10.9
t 4 s (n = 6) to a plateau that was typically 20 — 80 % of the maximum. After the step of

illumination was terminated, the current returned to its original resting level. The time
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course of the light-activated current is similar to the membrane depolarization elicited in
response to the same light intensity (Figure 5A, upper panel).

The voltage-dependence of the light-activated current was obtained by subtracting
the currents elicited by a voltage ramp before and during light stimulation in the presence
of 500 nM TTX (Figure 5B). The resulting light-activated current (Figure 5C) was
inward and linear between -100 mV and -30 mV with a slope conductance of 1.85 + 1.2
nS (n = 8). As shown by the typical cell in Figure 5C, there was little net current flow
between —10 mV and +40 mV, however outward current was observed above +40 mV.

The contribution of Na' to the light-activated current was examined by
substituting the extracellular Na" with choline to obtain solutions containing either 0 mM
or 20 mM Na". In Figure 6A, the amplitude of the light-activated current recorded at 60
mV in reduced Na”, is plotted as a percentage of the current amplitude recorded in 120
mM Na'. The gray bars show data gathered where the amplitude of the light-activated
current was first determined in 120 mM Na” before the extracellular Na" was lowered to
20 mM. The hashed bars represent data in which the amplitude of the light-activated
current was first measured in 0 mM Na' and then in 120 mM Na'. These data indicate
that substitution of extracellular Na' did not dramatically reduce the amplitude of the
light-activated current (184 + 64%). The differences in current amplitude shown in
Figure 6A can be attributed to run down of the light-activated current during the course
of the experiment. In 8 of 9 cells recorded, the amplitude of the light-activated current
recorded first were greater than that recorded subsequently, regardless of the solution.

Moreover, the permutation test for paired differences indicated that the amplitude of the
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light-sensitive current in low Na’ was not significantly different (p = 0.125) from its
amplitude in a normal extracellular solution (120 mM Na").

Figure 6B shows the I-V characteristics of the light-activated current obtained
first in 0 mM Na' (red trace) and then in 120 mM Na' (black trace). As discussed above,
there was an appreciable rundown in the amplitude of the light-activated current over
time. Therefore, to facilitate comparison, the I-V obtained in 0 mM Na' has been scaled
so that its amplitude at +100 mV matches that obtained at +100 mV in 120 mM Na'.
Despite this dramatic reduction in extracellular Na', the I-V characteristics of the light-

activated current was relatively unchanged in this and all other cells examined (n=4).

DISCUSSION

The photic information required for vision and circadian entrainment are quite
different, and they may require different mechanisms for generation and propagation of
signals to these systems. These differences are manifest in the distinct physiological
responses of RGCs that serve these functions. In this study, we present the first
characterization of the light-activated current that underlies the intrinsic light sensitivity
of rat SCN-projecting RGCs. Furthermore, we describe the intrinsic membrane properties
and morphology of these neurons.

Morphological characteristics, as revealed by Golgi staining, have been used to
classify rat RGCs into three groups (I — IIT) (Fukuda, 1977; Perry, 1979). A number of
studies have provided strong evidence to suggest that the neurons projecting to the SCN
exhibited morphological characteristics similar to those ascribed to Type III RGCs: somal

diameters of ~12 pm, 3-5 primary dendrites with relatively few branches, and a dendritic
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extent of around 340 pm (Moore et al., 1995; Pu, 1999; Berson et al., 2002). All of our
reconstructed neurons fit these parameters very closcly. In addition, examination of cells
not included in the detailed morphometric analysis revealed similar morphologies. It
should be noted that we observed a large range in the areas of influence of SCN-
projecting RGCs. A possible explanation for this result could be that the neurons with
larger dendritic fields were located in more peripheral retina than those with smaller ones.
In the present study retinal location was not noted. Another explanation could be that
there are different sub-groups of SCN-projecting RGCs. The recent observation that
between 20% and 30% of SCN projecting RGCs do not contain melanopsin (Gooley and
Saper, 2002; Sollars et al., 2002) supports this idea, although we have yet to observe any
distmct groups based on functional criteria.

The similarity between the morphology of SCN-projecting RGCs and Type III
RGCs is in agreement with the results obtained by Berson and colleagues (2002).
However, our observation that their dendritic arbors are either mono-stratified in the
inner or outer laminas of the IPL, or bi-stratified is in contrast to this previous study,
which reported that SCN-projecting neurons were observed predominantly extending to
the outer lamina alone. Our results, however, do support the immunocytochemical
analysis of Provencio and colleagues, who demonstrated that the dendritic arbors of
melanopsin-containing RGCs were bi-stratified in both the inner and outer laminae of the
inner plexiform layer (Provencio et al., 2002a; Provencio et al., 2002b). Our results are
also consistent with physiological studies in cats where SCN-projecting RGCs exhibit

ON and ON-OFF receptive field properties (Pu 1999).
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The functional significance of the large dendritic tree and the different levels of
stratification have yet to be addressed in any detail. At least some SCN-projecting RGCs
appear to receive stimulatory input from rod and/or cone photoreceptors (Dunn and
Berson 2002). This input has been proposed to arise from synaptic contacts onto the
proximal dendrites in the ON lamina of the IPL. In addition, our preliminary data show
that these neurons express receptors for both inhibitory and excitatory neurotransmitters,
including GABA and glutamate. Together, these findings strongly suggest that
conventional retinal circuitry, in addition to the intrinsic light sensitivity, may modulate
the activity of SCN-projecting RGCs. Indeed, this is in agreement with the reported
sensitivity and action spectrum for the excitation of SCN neurons (Aggelopoulos and
Meissl 2000).

Although the SCN-projecting RGCs are similar in form to Type III cells, they
display a markedly different and unique physiology from RGCs that project to the visual
system (Wang et al., 1997). In response to injection of depolarizing current, SCN-
projecting RGCs generated only transient or sporadic patterns of spiking activity. Such
patterns are in contrast to those previously reported for Type I, II and III RGCs, which
respond with sustained patterns of activity (Wang et al., 1997). Instead, the responses we
observed from SCN-projecting RGCs resembled those reported for immature rat ganglion
cells (Skaliora et al., 1993; Wang et al., 1997). During development, the primary
determinant of spike pattern is reported to be the rate of recovery from sodium channel
inactivation (Wang et al., 1997). The possibility that slow recovery from sodium channel
inactivation is responsible for the sporadic firing patterns we observed in SCN-projecting

RGCs remains to be determined.
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Perhaps the most striking property of SCN-projecting RGCs is their intrinsic
sensitivity to light. In agreement with previously published work (Berson et al., 2002),
we found that these cells respond to light with a slow depolarization that triggers an
intensity-dependent sporadic firing of action potentials. In contrast, RGCs selected at
random did not respond to light, presumably because the photopigment in rods and cones
was totally bleached during dissection and epifluorescent identification of labeled
neurons. Under similar conditions, Berson et al. (2002) also reported that control RGCs
did not exhibit intrinsic light responses. The close similarity of our results from
photobleached retina with those obtained by Berson et al (2002) from retina bathed in a
cocktail of blockers designed to preclude any residual photoreceptor-driven synaptic
input indicates that these blockers are not necessary to isolate the intrinsic light response
of SCN-projecting RGCs. We therefore chose not to use them in our experiments due to
the uncharacterized pharmacology of the light-activated channel. The ability of SCN-
projecting RGC:s to respond to light when the photopigment in both rods and cones has
presumably been photoisomerized into the all-zrans isoform, suggests that the
photopigment in these neurons may be similar to those found in invertebrates, which are
resistant to bleaching.

The light intensities used in the present study (2.6 x 10° — 5.8 x 107 W/em?) are
within the range observed in the environment during the day (c.f. Methods) but are
somewhat brighter than the intensities observed at dusk (2 x 10 W/em?®) or a dimly lit
location (2.3 x 10” W/cm?). In mice lacking rod and cone photoreceptors, circadian
entrainment was observed using light intensities (1 x 10° — 1 x 107 W/cm?) lower than

those used in the present study (Freedman et al., 1999). This inconsistency suggests that
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the sensitivity of the light-activated pathway may have been reduced, possibly by
adaptation, during the dissection and epifluorescent scanning of the retina. Another
explanation could be that the sensitivity is regulated in a circadian fashion. In this study
retinas were isolated during the animals’ day and it would be interesting in future
experiments to examine whether SCN-projecting RGCs in retinas isolated during the
animals’ night exhibit a higher sensitivity to light.

Compared to the light responses reported previously, the majority of those in the
present study appear more transient in nature, with the underlying depolarization
returning to almost baseline levels within 15 s, even in the continued presence of light.
The time course of this transient depolarization was also closely matched by the time
course of the light-activated current recorded in voltage-clamp mode with the membrane
being held at 60 mV. The differences between our results and those published
previously (Berson et al., 2002) cannot be easily explaihed. However, both the internal
and external solutions are quite different. Until much more is known about the ion
channel and intracellular signaling pathway that mediate the intrinsic light response, the
reasons why our responses are more transient than those reported by Berson et al. (2002),
remain unknown.

By recording from SCN-projecting RGCs in the whole-cell voltage-clamp mode,
we were able to directly observe the light-activated current that underlies the depolarizing
response. The light-activated current was inward and relatively linear between —100 mV
and —30 mV and was outward at potentials greater than +40 mV. However, there was
little to no net current flow between —10 mV and +40 mV. In this respect, the light-

activated current in SCN-projecting RGCs resembles currents carried by certain ion
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channels of the transient receptor potential (TRP) family (Freichel et al., 2001).
Specifically, the I-V characteristics closely resemble those reported for the TRPC6
channel in A7r5 smooth muscle cells (Jung et al., 2002), the mTRP6 channel in vascular
smooth muscle (Inoue et al., 2001), and the TRPC4 and TRPC5 channels expressed in
embryonic kidney cells (Shaefer et al., 2000). Furthermore, the I-V characteristics and
amplitude of the light-activated current at —60 mV were largely unaffected by total
replacement of extracellular Na' with choline. While these results do not unequivocally
identify the light-activated channel as being a member of the trp family, it does seem to
rule out other candidates. For example, imward current carried by the cyclic nucleotide-
activated channels found in rod photoreceptors would be nearly abolished under these
conditions (Hodgkin et al., 1985).

While further genetic and pharmacological experiments are needed to confirm the
identity of the light-activated channel, it is interesting to note that TRP channels mediate
the light response of invertebrate photoreceptors (Hardie and Minke 1992: Montell and
Rubin 1989). Moreover, octopus rhodopsin bears an evolutionary similarity to
melanopsin (Oshima 2001), which is expressed in SCN-projecting RGCs in the rat
(Provencio et al., 2000). Melanopsin is thought to form a retinal-based photopigment, and
its sequence displays several hallmarks of invertebrate opsins, including a tyrosine
counter-ion for the retinal Schiff’s base, instead of the glutamate that is characteristic of
vertebrate opsins (Provencio et al., 2000). A tenable hypothesis is that photoexcited
melanopsin activates an intracellular signaling pathway similar to that found in
invertebrate photoreceptors, leading to the opening of TRP channels and membrane

depolarization.
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The transient light-induced depolarization seen at stimulus onset, in addition to
the apparent transient nature of the spike generating machinery, raises a myriad of
questions regarding how such a system could signal the SCN about general luminance
information over long periods of time. If one were to design such a system, one might
select a non-adapting mechanism, in which the retinal input to the circadian clock
faithfully follows the light intensity of the environment. Clearly much work is needed to
elucidate how a system that appears to respond best to the onset of illumination rather

than its duration can result in circadian entrainment.
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Figure 1: Retrograde labeling of RGCs following stereotaxic injection of the SCN. (A)
200 pm brain slice containing the central SCN was imaged using DIC optics and overlaid
with a fluorescence image (blue) showing the location of the fluorescent beads. Scale bar
= 500 um. (B) Similar overlay showing an injection into the optic nerve. (C & D)
Photomicrographs of retinal wholemounts showing the distribution of labeled neurons
resulting from injection of the SCN (A) and the optic nerve (B), respectively. Scale bars

=25 um.
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Figure 2: Morphology of SCN-projecting neurons. (A) Photomicrograph showing the
typical morphology of SCN-projecting RGCs. Filled cell was visualized with a DAB
reaction and photographed (Scale bar: 100 pm). (B) A two-dimensional representation of
the same neuron using the Neurolucida software (Scale bar: 100 pm). (C) Cross-sectional
representations of three Neurolucida reconstructed neurons to show the variety of
stratification observed in SCN-projecting RGCs. From top to bottom, the scale bars are
12.5 um, 20 um and 25 um, respectively. (D) A polar plot of the neuron from A and B,

used to determine dendritic polarity index and dendritic distribution index.
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Figure 3: Spiking patterns of SCN-projecting RGCs. (A & B) Current-clamp recordings
from 2 SCN-projecting RGCs. The response of each cell to increasing depolarization is
shown from bottom to top. The magnitude of the depolarization is shown on the right. (C
& D) For comparison, the spiking patterns elicited from a similar stimulus protocol are

shown for a Type I (C) and Type II (D) neuron.
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Figure 4: Intrinsic light responses of SCN-projecting RGCs. During recordings, cells
were exposed to a 20 s step of white light from a tungsten-halogen lamp (bar). In current-
clamp (A), the cells responded to light (5.8 x 10~ W/cm?) with a slow depolarization that
generated increased spiking activity. (B) In contrast the resting membrane activity of un-
labeled ganglion cells, chosen at random, did not show any response to the same light
stimulus (top two traces). No light responses were observed from RGCs labeled by an
optic nerve hit (lower panel). (C) The responses of an SCN-projecting RGC to
increasingly brighter illumination. The numbers below each trace represent the light
intensity of the stimulus in W/em”. (D) The relationship between stimulus intensity and

spike frequency was approximately linear over the range of light intensities used.
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Figure 5: Current-voltage relation of the light-activated current. (A) The lower panel
shows the light response (black bar; irradiance 5.8 x 10~ W/cm?) of an SCN-projecting
RGC recorded in voltage-clamp mode. To illustrate the similar time courses, a light
responserecorded in current-clamp mode is shown in the upper panel. (B) To determine
the voltage dependence of the light-activated current, voltage ramps (-100 to +100 mV
over | sec) were applied before and during illumination. (C) The light-activated current
(red) was determined by subtracting currents elicited by the voltage ramp before (black)

and during (h/ue) illumination.
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Figure 6: The light-activated current is insensitive to replacement of extracellular Na".
(A) The bars represent the amplitude of the light-activated current recorded in an external
solution containing 20 mM (gray) or 0 mM (hashed) Na’. The amplitudes in low Na'
were normalized to the amplitude of the current recorded in 120 mM Na® extracellular
solution. The permutation test for paired differences indicates that the amplitude of the
light sensitive current in low Na' is not significantly different (p=0.125) from that
measured normal Na" extracellular solution. (B) I-V Characteristics of the light-activated
current in 120 mM Na' (black) and 0 Na* (red). The I-V in 0 Na* was obtained first and,
to permit comparison, has been scaled to match the amplitude of the current obtained at

+100 mV in 120 Na".
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CHAPTER THREE
THE LIGHT-ACTIVATED SIGNALING PATHWAY IN

SCN-PROJECTING RETINAL GANGLION CELLS
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ABSTRACT

In mammals, the master circadian clock resides in the suprachiasmatic nuclei
(SCN) of the hypothalamus. The period and phase of the circadian pacemaker are
calibrated by direct photic input from a subset of retinal ganglion cells (RGCs). SCN-
projecting RGCs respond to light in the absence of rod and cone-driven synaptic input, a
property for which they are termed intrinsically photosensitive. In SCN-projecting RGCs,
light activates a nonselective cationic current that displays inward and outward
rectification. The goal of the present study was to investigate the identity of the light-
activated ion channel and the intracellular signaling pathway leading to its activation. We
considered two candidate channels, cyclic nucleotide gated (CNG) channels and transient
receptor potential (TRP) channels, which mediate vertebrate and inyertebrate
phototransduction, respectively. We report that the intrinsic light response relies upon a
G-protein dependent process. Although our data indicate that cyclic nucleotides modulate
the signaling pathway, CNG channels do not appear to conduct the light-activated current
(LAC) because (1) cyclic nucleotides in the pipette solution do not activate a conductance
or occlude the light response (2) CNG channel blockers fail to inhibit the light response
(3) the effects of internal and external divalent cations are inconsistent with their effects
on CNG channels. Finally, we show that the pharmacology of the light-activated channel
(LACh) resembles that of some TRPC channel family members; the response is blocked
by lanthanides and ruthenium red, and is enhanced by flufenamic acid and 1-oleoyl-2-
acetyl-sn-glycerol (OAG). Our data suggest a role for TRPC3, TRPC6, or TRPC7 in the

intrinsic light response.
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INTRODUCTION

In mammals, the master circadian clock resides in the suprachiasmatic nuclei
(SCN) of the hypothalamus (Moore 1983; Moore and Eichler 1972). The period and
phase of the circadian pacemaker are calibrated by direct photic input from a subset of
retinal ganglion cells (RGCs) that comprise 1-2% of the total RGC population (Johnson
et al., 1988; Moore et al., 1995a; Moore and Lenn 1972a). SCN-projecting RGCs respond
to light in the absence of rod and cone driven synaptic input, a property for which they
are termed intrinsically photosensitive (Berson et al., 2002; Hattar et al., 2002). In
previous work, we have shown that light stimulation triggers a slowly-activating inward
current in these neurons (Warren et al., 2003). The response is coincident with an
increase in membrane noise fluctuations, suggesting that light causes ion channels to
open. Current-clamp recordings reveal that a slow depolarization, which drives low

frequency action potentials, underlies the intrinsic light response.

The goal of this study was to investigate the identity of the light-activated ion
channel and the intracellular signaling pathway that leads to its activation in SCN-
projecting RGCs. Cyclic nucleotide gated (CNG) channels and transient receptor
potential (TRP) channels have been considered candidates for the light-activated channel
(LACh). CNG channels mediate a hyperpolarizing light response in the vertebrate rod
and cone photoreceptors (Baylor 1987; Fesenko et al., 1985). Via activation of the G-
protein transducin (Gr) and a c¢GMP-dependent phosphodiesterase, light causes a
decrease in the cytosolic concentration of cyclic GMP. In response, CNG channels in the
plasma membrane close causing a reduction in the tonic inward cationic current and a

decrease in the open channel noise (McNaughton 1990). In contrast, the TRP channel
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family which was first identified in the Drosophila photoreceptor, mediates sensory
transduction in several invertebrate species (Bandyopadhyay and Payne 2004; Hardie and
Minke 1992; Montell 2003). In Drosophila photoreceptors, light increases internal
concentrations of diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) through a
Gg11—PLC coupled cascade. The consequent activation of an inward cationic current
mediated by TRP channels causes an increase in channel noise and depolarization of the
photoreceptor cell membrane (Hardie 2001). Our data support a role for TRP channels,

but not CNG channels, in the intrinsic light response of SCN-projecting RGCs.

METHODS

Stereotaxic Injection of Fluorescent Retrograde Tracers

Surgical procedures were carried out in compliance with guidelines from the
National Institutes of Health, and in accordance with protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of Oregon Health & Science
University. Because retinas from younger rats were more amenable to patch-clamp
recording, we used six week old Sprague-Dawley rats, weighing between 120 and 170 g
Tetramethylrhodamine (TMR) -dextran (3000 M.W.; 10mg/ml); Molecular Probes,
Eugene, OR) was injected into the SCN using a stereotaxic apparatus (Cartesian Designs,
Inc., Sandy, OR) to enable unequivocal identification of RGCs projecting to the circadian
system. Between two and ten days after injection, animals were killed by cervical

dislocation following deep anesthesia with ether.
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Electrophysiology

The anterior chamber of each eye was removed, and the retinas were gently
peeled from the eyecup under a Leica GZ4 dissection scope and stored in oxygenated
EMEM (HEPES modification) at room temperature. A small piece of retina was mounted
on nitrocellulose filter paper containing a 2-mm hole that provided access for the
recording electrode. This preparation was placed in the recording chamber with the
ganglion cell layer facing up. SCN-projecting RGCs were identified by the presence of
fluorescent TMR-dextran using epifluorescent illumination.

Patch pipettes with tip resistances between 3 and 8 MQ were fabricated from
filamented borosilicate glass (0.D.:1.5 mm, 1.D.:0.86 mm using a P-97 electrode puller
(Sutter Instruments, Novato, CA). Recordings were made at 22°C with a Multiclamp
700A amplifier controlled by pClamp9 software via a Digidata 1320 interface (Axon
Instruments, Hayward, CA). During voltage-clamp recordings, cells were held at — 60
mV. Series resistance was noted but uncompensated. Data were low-pass filtered at rates
between 2 (voltage-clamp) and 5 (current-clamp) kHz and digitized at rates between 2.5
and 10 kHz.

For voltage-clamp whole-cell recordings, recording electrodes were filled with an
intracellular solution containing (in mM): 121 KCl, 1 MgCl,, 10 HEPES, 10 EGTA, 4
Mg-ATP, 0.3 Na3-GTP, 2 Creatine Phosphate (Na salt), Lucifer Yellow (0.1%) at pH
7.35 (290 mosm). When 18 mM K-BAPTA was used in calcium buffering experiments,
KCI was reduced to 77 mM. For current-clamp perforated-patch recordings, electrodes
were filled with an intracellular solution containing (in mM): 117 KCl, 10 HEPES, 10

EGTA, 4.0 Mg-ATP, 0.3 Na3;-GTP, 2 Creatine Phosphate (Na salt), Lucifer Yellow,
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0.1%, Nystatin, 3 mg/ml, pH 7.35, osmolarity, 290 mOsm. Adequate perforation was
determined by monitoring input resistance throughout the experiment. In all experiments,
the bath solution consisted of (in mM): 127 NaCl, 7 KCl, 3 CaCl,, 1 MgCl, and 10
HEPES, 10 D-glucose, pH 7.4 (290-300 mOsm), and was continuously bubbled with

oxygen.
Light Stimulation

[llumination was provided by a 250 W tungsten-halogen light source through the
transmitted light path of a Zeiss Axioscope 2 FS microscope, and the intensity was
reduced using a variety of neutral density filters. Light intensities were determined using
a radiometer (International Light, Newburyport, MA). All recordings were conducted in a
dimly lit room exposing the retina to 5.0 x 10 7 W/cm® of background illumination. The
initial dissection of the retina was done under about 1.0 x 10 ~* W/ecm? white light.
Intrinsic responses were elicited by exposure to 1.40 x 10 * W/cm? white light. Infrared

illumination was used to visualize the tissue during electrode placement.

Statistics
Averages are reported as the mean + SE. Significance was determined using the

student’s t test. Variance between groups was determined using One-Way ANOVA.
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RESULTS

Light Response of SCN-Projecting RGCs in Voltage-Clamp

All responses recorded in voltage-clamp to date were similar to the response
shown in Figure 1A: light (har) stimulation triggers a slowly-activating inward cationic
current in the ganglion cell. The increase in membrane noise during the response suggests
that ion channels are opening rather than closing. The rate at which the response decays
to baseline and the extent of decay during the light stimulus depended upon the length of
the light stimulus and on the individual cell. Differences exist, both in time course and in
shape, between the light responses of SCN-projecting RGCs (Figure 1A) and the
synaptically-driven light responses of other ganglion cells (Figure 1B). For example, the
Type 1 ganglion cell in Figure 1B exhibited a transient burst of synaptic activity with a
latency of 200-300 ms following light stimulation. In contrast, the interval between the
light flash and the beginning of the intrinsic response in SCN-projecting RGCs depends
on the light intensity, and can be as long as 2 seconds. Also noteworthy is the relative

quiescence of SCN-projecting RGCs, which exhibit very little synaptic activity at rest.

Rundown of the LAC in SCN-projecting RGCs can be quite marked during
whole-cell patch-clamp recordings, and internal solutions were selected which maximize
and stabilize the amplitude of the LAC. Average rundown of the LAC within the first
twenty minutes of recording was 45.4% + 7 (n=5). The response amplitude did not
rundown to zero, but instead reached a steady-state amplitude. Bath-delivered drugs were
applied only after a steady-state response was obtained to ensure that subsequent current

reduction was an effect of drug application and not rundown.
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Role of G Proteins

The slow activation and subsequent rundown of the light-induced current in SCN-
projecting RGCs during whole-cell recordings suggest that channel activation lies
downstream of an intracellular second messenger system. Phototransduction via CNG
channels in vertebrates, and TRP channels in invertebrates, is coupled to transducin (Gr)
and Gy, respectively. We first asked if the intrinsic light response is G-protein
dependent. If so, we hypothesized that inclusion of the nonhydrolyzable stimulatory GTP
analog, GTPYS (300 pM), in the pipette solution would constitutively activate the ion
channel in question and occlude subsequent light responses. In one SCN-projecting RGC,
GTPYS caused a 55% reduction in the amplitude of the light response between the first
light stimulus and a second light stimulus delivered 4 minutes later (Figure 2A). The
amplitudes of responses elicited by subsequent steps of light were reduced by 91%. Our
finding that the baseline membrane current did not shift to that of the initial light
response amplitude indicates that constitutive activation of G-proteins leads to channel
inactivation or desensitization. On average, GTPYS decreased the light response by 92 %
+ 6 (n=4, p=0.008) and the average time required for maximal effect was 20 + 4 min.
Within the first four minutes of recording, the average reduction in response amplitude

was 50 % =+ 10.

Substituting GDPBS, a competitive inhibitor of GTP binding, for intracellular
GTP inhibits G-protein dependent processes. If the intrinsic light response is G-protein
dependent, infusion of GDPBS in the pipette should block the light response. In one
SCN-projecting RGC, 1 mM GDPS reduced the light response by 96% (Figure 2B). The

average decrease in amplitude was 89 + 5% (n=4, p=0.006) and the average time required

88



for maximal effect was 25 + 4 min. Within the first four minutes of recording, the

average reduction in response amplitude was 48% + 18.

The reduction of the light response by GTPYS and GDPPS is quantitatively
different than that caused by rundown (Figure 2C). Firstly, the light response did not
reach a steady state level as seen with rundown, but was nearly abolished with GTPyS
and GDPBS in the pipette. Secondly, the reduction in the light response amplitude
occurred faster in the presence of GTP analogs. On average, the amplitude of the light
response in control cells declined to 50% of the initial value in 20 minutes, while the
amplitude reached the same level in only 4 minutes in the presence of GTPyS and

GDPBS.

Potential Role of CNG Channels

CNG channels were considered as possible mediators of the LAC because of their
central role in vertebrate rod and cone phototransduction. If cyclic nucleotides directly
gate the light-activated ion channel, then their inclusion in the pipette solution should
have two consequences: an inward current should develop as CNG channels open, and
eventually the light response should be occluded after all the CNG channels are
constitutively opened.

- To investigate whether cyclic nucleotides gate a conductance in SCN-projecting
RGCs, either 500 uM cAMP (n=5) or 500 uM cGMP (n=6) was included in the recording
pipette during whole-cell voltage-clamp recordings. Baseline currents were monitored
immediately upon break-in and for up to 90 minutes. Neither cAMP nor cGMP activated
an inward current (Figure 3A; cAMP, One-Way ANOVA p=0.954, F=0.212; ¢GMP,

One-Way ANOVA p=0.836, F=0.412). To control for the possibility that endogenous
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phosphodiesterases were degrading cAMP or cGMP, we applied 500 uM IBMX, a broad-
spectrum phosphodiesterase inhibitor, via the bath. IBMX had no effect on baseline
membrane currents (Figure 3B and 3C).

Although inclusion of cyclic nucleotides in the intracellular solution did not
directly activate any currents in SCN-projecting RGCs, cyclic nucleotides are known to
activate a number of enzymes that can modulate signaling cascades and ion channels.
Therefore, we next addressed whether light responses were blocked by intracellular
cyclic nucleotides. Light responses were evoked every four minutes during whole-cell
voltage-clamp recordings with either 500 uM cAMP or ¢GMP in the recording pipette.
To distinguish between pharmacological block and rundown, IBMX (500 uM) was
applied only after the light responses of each cell reached a steady-state amplitude. Light
responses could still be elicited after intracellular perfusion of cAMP and ¢cGMP and
fifteen minutes of IBMX application (Figures 3B and 3C). The persistence of the light
response despite high internal concentrations of cyclic nucleotides indicates that a
molecule other than cAMP or ¢cGMP is gating the LACh. However, cyclic nucleotides
did modulate the amplitude of the light response. In five cells with pipette solutions
containing ¢cAMP, IBMX reduced the light response by 23.0 + 4 % (Figure 3D, left;
student’s paired T-test, p<0.002). Similarly, IBMX reduced the light response by 37.8+5
% in five cells containing cGMP (Figure 3C, right; student’s paired T-test, p<0.012). In 8
of 10 cells, the effect of IBMX was reversible following washout (n=5 cGMP, n=3
cAMP).

To further rule out a role for CNG channels in the intrinsic light response, we applied

known blockers of CNG channels during light stimulation of SCN-projecting RGCs.
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Light responses evoked in whole-cell voltage-clamp conditions were compared before
and after the application of CNG channel blockers. Bath application of the CNG channel
blocker pimozide (50 uM) did not significantly reduce the amplitude of the light response
(Figure 4A; n=5, student’s paired T-test, p>0.187). The light response was similarly
unaffected when a cocktail of CNG channel blockers including pimozide (50 uM), 1-cis-
diltiazem (30 puM), and dichlorobenzamil (30 uM) was bath applied to three cells
(Haynes 1992; Nicol et al., 1987; Nicol 1993). To complement these findings in the
absence of current rundown, a representative trace recorded from a cell in the perforated-
patch current-clamp configuration is shown in which the CNG blocker cocktail did not

attenuate the amplitude of the light-induced depolarization (Figure 4B).

Role of Divalent Ions

The conductance of CNG channels is dramatically reduced by the presence of
divalent cations, which act as voltage-dependent permeant blockers (Haynes 1995;
Kleene 1995; Zimmerman and Baylor 1992). At negative potentials, extracellular
divalents are particularly effective at reducing the inward cation current. Therefore, if the
intrinsic light response were mediated by CNG channels, removal of extracellular
divalents would be expected to dramatically enhance the light response between 20- and
500-fold, depending upon the CNG channel isoform. Although removal of extracellular
divalents caused the recordings to become unstable, there was no marked increase the
magnitude of the light response (data not shown).

Intracellular divalent cations have also been shown to reduce the conductance of
CNG channels, although their effects would be moderate at a holding potential of -60

mV. Intracellular calcium is also known to modulate the affinity of CNG channels in a
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calmodulin-dependent manner. Therefore, we compared the amplitude of the light
response and the time to peak in the presence of increasing amounts of divalent buffering:
0.1 mM EGTA, 10 mM EGTA, and 18 mM BAPTA. The intracellular concentrations of
free Mg®" and Mg-ATP were estimated using the web-based Max Chelator program

(http://www.stanford.edu/~cpatton/webmaxc/webmaxcS.htm), and were found to change

only moderately, within a range of 0.83 — 1.27 mM for free Mg”', and 3.58 — 3.88 mM
for Mg-ATP. From these estimations, we conclude that the effects seen in Figures 5A and
5B are due primarily to differences in calcium buffering,

As shown in Figure 5A (Upper), light responses evoked in whole-cell voltage-
clamp from cells containing 10 mM EGTA had an average amplitude of 72.63 + 9.2 pPA
(n=7). In the presence of 18 mM of intracellular BAPTA, the amplitude of the light
response was significantly reduced by almost 70 % to -22.48 + 4.0 pA (n=4; One Way
ANOVA, p<0.003). In weakly buffered solutions containing 0.1 mM EGTA, the
amplitude of the light response was only slightly reduced (63.29 + 6.7 pA, n=7). The
degree of calcium buffering also altered the kinetics of the intrinsic light response. In the
presence of 0.1 mM EGTA, the light response peaked after a delay of 2.91 + 0.3 s (n=7);
in the presence of 18 mM BAPTA, the light response peaked only after a delay of 6.2 +
2s (Figure 5A, lower; n=4). This was significantly slower than the average time to peak
measured in cells containing 0.1 mM EGTA (One-Way ANOVA p<0.025).

In addition to its affect on light response amplitude and rate, increased calcium
buffering also reduced the rate of LAC rundown. In Figure 5B (upper), the normalized
light responses from each cell in the three buffering conditions are plotted and fit with a

single exponential. The average time constant of rundown for 0.1 mM EGTA (n=6) was
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212 £ 75 s and for 10 mM EGTA (n=6) was 592 + 153 s (Figure 5B, lower). In cells
containing 18 mM BAPTA (n=4), rundown did not fit a single exponential decay. Three
of the four cells in which BAPTA was used as a buffer showed small initial light
responses that dropped to an even smaller steady state amplitude immediately. The fourth
cell showed a steady linear decay in amplitude. Because cells containing 10 mM EGTA
responded with maximal amplitudes, faster times to peak, and finally minimal rundown,
10 mM EGTA became the standard pipette solution buffer for all subsequent
experiments.

To assess the role of internal magnesium in modulating the LAC (Figure 5C), the
concentration of intracellular Mg®" was changed while the divalent buffering was kept
constant (10 mM EGTA). Although the differences in light response amplitude (p=0.078)
and time to peak (p=0.081) were not statistically significant between cells containing 1
mM MgCl; (n=7) and 4 mM MgCl, (n=5), a trend emerged in which higher Mg”" reduced

the amplitude and slowed the light response.

Potential Role of TRPC Channels

TRP channels were considered as possible candidates for the LACh because TRP
and TRPL channels mediate a depolarizing light response in Drosophila photoreceptors.
We first determined if ruthenium red (RR), a nonselective ryanodine receptor and potent
TRPV channel antagonist that also blocks TRPC channels, inhibited the light response. In
whole-cell voltage-clamp and perforated-patch current-clamp recordings, application of
20 uM RR reduced the intrinsic light response by 94 + 1% (n=3) and 86 + 12% (n=3),

respectively (Figure 6A).
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The nonselective TRPC channel blockers lanthanum and gadolinium were bath
applied to SCN-projecting RGCs to determine their effects on the LAC. Lanthanum
effectively blocked the light response at 100 uM in perforated-patch current-clamp
recordings (n=2, Figure 6B), and reduced the light response amplitude at 500 UM in
whole-cell voltage-clamp recordings by 60 + 17% (n=3). Gadolinium also reduced the
amplitude of the LAC by 72.9 + 8% in whole-cell voltage-clamp recordings (n=3, Figure
6C). |

The nonselective cation channel blocker flufenamic acid (FFA) is useful for
distinguishing channels within the TRPC3/6/7 subfamily, as it blocks currents through
TRPC3 and TRPC7 channels and potentiates currents through TRPC6 channels. Bath
application of FFA to SCN-projecting RGCs in the perforated-patch configuration did not
block the light response, but caused a 9.9 + 4% increase in the light-activated
depolarization (n=3, Figure 6B).

We studied the effects of the TRPC3/6/7 channel activator, OAG, on the intrinsic
light response because of the similarities between the I-V curve of the LAC and those
published for currents through TRPC6 channels (Hofmann et al., 1999; Jung et al., 2002;
Okada et al., 1999). OAG, a membrane permeant analogue of DAG, was applied at 100
UM to 18 SCN-projecting neurons during perforated-patch current-clamp recordings.
While OAG did not induce a depolarization in the absence of light stimulation, it did
induce a 28.4 + 10% potentiation of the light-activated depolarization (p=0.008, Figure
7). One downstream effect of DAG is stimulation of PKC. To determine if the
potentiating effects that OAG had on the intrinsic light response were mediated through

PKC, we applied the PKC antagonist sphingosine (20 uM) (Hannun et al., 1991). When
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applied alone, sphingosine had no effect on the light induced depolarization (n=5). When
co-applied with OAG, sphingosine blocked OAG induced potentiation (n=4) suggesting

that OAG enhanced the LAC via activation of PKC.

DISCUSSION

Our previous work characterized the intrinsic light response of SCN-projecting
RGCs in whole-cell patch-clamp recordings (Warren et al., 2003). In the present study,
we use pharmacology to investigate the identity of the light-activated channel and the
underlying intracellular signaling pathway leading to its activation.

Approximately 80% of rat SCN-projecting RGCs express melanopsin, a novel
invertebrate-like opsin first described in Xenopus dermal melanophores and found in the
inner nuclear and ganglion cell layers of primate retina (Provencio et al., 1998; Provencio
et al., 2000; Sollars et al., 2003). Its predicted structure is that of a seven transmembrane
G-protein coupled receptor (Provencio et al., 1998). Melanophores respond to light by
dispersing pigment granules in PLC/PKC/calcium dependent manner (Isoldi et al., 2005).
In heterologous systems, melanopsin forms a functional G-protein coupled photopigment
that can activate a TRPC3 current in response to light (Panda et al., 2005; Qiu et al,,
2005). Melanopsin has also been shown to effectively couple to other G-proteins
(Newman et al., 2003) and native ion channels in the mouse Neuro-2A cell line (Melyan
et al., 2005). In the present study we establish an essential role for G-proteins in
generating the intrinsic light response of SCN-projecting RGCs by demonstrating that

stimulatory and inhibitory analogs of GTP abolish the LAC. The G-protein dependence
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of the light-activated pathway is consistent with that of melanopsin-based signal

transduction reported in other systems.

CNG Channels Do Not Mediate the LAC

Several lines of evidence suggest that the intrinsic light response in SCN-
projecting RGCs is not mediated by CNG channels. First, inclusion of cAMP and cGMP
in the intracellular pipette solution at a concentration at least 20-fold greater than the K.,
did not activate inward currents or occlude the light response, even after co-application of
IBMX (Fesenko et al., 1985; Kaupp and Seifert 2002). Second, bath application of CNG
channel antagonists did not block the light response. Pimozide is a voltage-independent
blocker of rod CNG channels with a Ky, of ~ 1 uM (Nicol, 1993), and would be expected
to eliminate > 95 % of rod channel current at the concentration used in this study.
Dichlorobenzamil is a potent inhibitor of both the rod and olfactory CNG channels (K, of
~ 1 and 4 uM, respectively) and should block 90 - 95 % of CNG current under the
conditions used in this study (Nicol, et al., 1987; Kolesnikov, 1993). L-cis-diltiazem is a
potent inhibitor of all three isoforms of CNG channel with K., values of 2.6, 47, and 49
UM at — 30 mV for the rod, olfactory, and cone channels, respectively (Haynes, 92;
Kolesnikov, 1990). Finally, as discussed below, the effects of divalent cations and
intracellular calcium buffering on the light response are not consistent with a role of CNG

channels as the LACh.

Sensitivity of the LAC to Cations
Extracellular divalent cations function as voltage-dependent permeant blockers of
CNG channels by impeding the passage of monovalent cations. In the presence of

physiological concentrations of Ca®" and Mg™", the conductance of CNG channels is
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dramatically reduced (Haynes 1995; Kleene 1995: Zufall and Firestein 1993). For
example, at a holding potential of -60 mV, the conductance of the retinal rod is most
profoundly affected, being reduced from 24 pS in the absence of divalent cations to < 0.1
pS under physiological conditions (Gray and Attwell 1985). However, the intrinsic light
response in SCN-projecting RGCs persists in external solutions containing 3 mM Ca®"
and 1 mM Mg2+, sometimes attaining a magnitude of 100 pA, which is several times
larger than the photoresponse of retinal rods.

While the light response was not blocked by external or internal divalent ions,
intracellular calcium and magnesium levels seemed to regulate both the amplitude and
kinetics of the LAC. Addition of 18 mM BAPTA to the pipette solution caused a
dramatic reduction in the amplitude of the light response, compared to that seen in 0.1
and 10 mM EGTA. Once again, this behavior is inconsistent with the known behavior of
CNG channels. For all native CNG channels, the cyclic nucleotide sensitivity is reduced
by binding of the Ca*'-calmodulin complex, although this effect is most pronounced in
the olfactory channel (Hsu and Molday 1993; Wei et al., 1998). Therefore, in contrast to
our experimental findings, we would predict that increased buffering of intracellular Ca**

might enhance the light response if it were mediated by CNG channels.

Evidence that TRP Channels Mediate the LAC

The TRP superfamily is composed of three families of ion channels (TRPC,
TRPV, TRPM) whose members share sequence homology with TRP and TRPL channels
first described in the Drosophila photoreceptor. We considered members of the TRPC
family specifically because they have the most sequence homology with Drosophila TRP

channels and are widely expressed in mammalian nervous systems. While TRPC channel
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gating depends on the particular cell type in which a channel is expressed, all TRPC
channel proteins lie downstream of G, and PLC activation. TRPC channel activators
include calcium store depletion and products of PLC activation (Hofmann et al., 1999;
Inoue et al., 2001; Minke and Cook 2002; Okada et al., 1999).

Both cAMP and ¢cGMP, in concert with IBMX, reduced the size of the inward
current evoked by light suggesting a role for the cyclic nucleotide-dependent kinases,
PKA and PKG, in modulating the LAC. Consensus phosphorylation sites have been
described for all 7 TRPC channel proteins, however the effects of phosphorylation by
PKA and PKG have, to date, only been studied on TRPC3 and TRPC6 channels (Kwan et
al., 2004). Currents through TRPC3 are blocked by PKG activation, while currents
through TRPC6 are unaffected after phosphorylation by both PKA and PKG, (Hassock et
al., 2002; Kwan et al., 2004).

The results from our pharmacological experiments also provide further support
for the hypothesis that the LAC is conducted through a TRPC channel. Lanthanum (0.1-
4.0 mM) (Halaszovich et al., 2000; Zhu et al., 1998) and gadolinium (150-200 mM)
(Trebak et al., 2002) block TRPC3 and TRPC6 channels and potentiate currents through
TRPC4 and TRPCS channels (Jung et al., 2003). Our observations that these ions block
the LACh would seem to eliminate TRPC4 and TRPCS as candidates. Moreover, FFA
did not inhibit the light response in SCN-projecting RGCs, suggesting that the LACh is
not a homomeric TRPC3 or TRPC7 channel but may contain a TRPC6 subunit (Inoue et
al., 2001). The high concentration required for lanthanide block in our study may reflect a

site of action on the intracellular side of the LACh, or it may be a feature of the specific
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subunit composition of channels in the native SCN-projecting RGC (Halaszovich et al.,
2000).

Currents mediated by TRPC channels exhibit a complex dependence on calcium.
Both their activation and inactivation are modulated by a variety of calcium-dependent
processes including internal store depletion, CaM binding, and phosphorylation by
calcium-dependent kinases, including both CaMKII and PKC. Binding sites for the IP;
receptors and CaM exist on all 7 TRPC proteins, and these domains interact in a calcium-
dependent way to inhibit channel activity (Tang et al., 2001). Considering the TRPC3/6/7
subfamily specifically, internal calcium (Ca") differentially regulates TRPC6 and
TRPC7. Low Ca’; (80 nM) enhances the amplitude and kinetics of current through
TRPC6 channels, but inhibits current through TRPC7 channels, while higher
concentrations of Ca®'; (2 mM) inhibit currents through both channel subtypes (Shi et al.,
2004). While we cannot quantify the [Ca™] in SCN-projecting RGCs from which we
recorded, our results indicate that some amount of Ca"; is required to elicit larger and
faster intrinsic light responses. The dependence of the light response on Ca”’ is
consistent with the reported potentiation of TRPC6 mediated currents b y Ca™;.

Although much of our evidence points towards TRPC6 as being the best
candidate for the LACh, the effects of OAG on the light response in SCN-projecting
RGCs complicates this interpretation. OAG has been shown to directly gate TRPC3/6/7
channels (Hofmann et al., 1999) and its failure to gate a current in SCN-projecting RGCs
would tend to rule out these channels as LACh candidates. In addition, the block of
OAG-induced potentiation by sphingosine suggests that OAG is modulating the light

response via PKC activation. While TRPC channels contain PKC binding sites near their
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C termini, PKC stimulation by OAG or phorbal ester has previously been reported to
inactivate, rather than enhance, TRPC mediated currents (Trebak et al., 2005;
Venkatachalam et al., 2003).

However, OAG has been shown to potentiate receptor-stimulated currents elicited
by carbachol in HEK 293 cells expressing TRPC6 channels (Estacion et al., 2004). The
authors of this study concluded that the TRPC6 channels were being synergistically
regulated by multiple signaling pathways, both of which need to be activated to elicit a
maximal response. Our observation that OAG enhances the amplitude of the light
response is somewhat consistent with these findings and provides support for to the

hypothesis that the LACh in SCN-projecting RGCs is a TRPC6 channel.

CLOSING REMARKS

From these studies, we conclude that the intrinsic light response in SCN-projecting
RGCs lies downstream of a G-protein mediated signaling cascade. We provide strong
evidence against a role for CNG channels and strengthen -the case for TRPC channels by
demonstrating that several pharmacological agents that target TRPC channels block the
intrinsic light response. Future studies will focus on the specific subtype of TRP
channel(s) involved in the intrinsic light response, with particular attention focused on

TRPC3, TRPC6, and TRPC7.
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Figure 1: Intrinsic and synaptically-driven light responses from RGCs held at —60

mV.

(A) Whole-cell voltage-clamp recording of an intrinsic light response recorded from an
SCN-projecting RGC (B) Upper panel depicts a synaptic light response from a non-SCN-
projecting Type I RGC. The box is expanded in lower panel to show an increase in

synaptic currents following the onset of light.
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Figure 2: The intrinsic light response is G-protein dependent.

Whole-cell baseline currents were sampled throughout the recordings (o). Triangles
represent the peak of the light-activated currents. Inset traces show light responses before
(left) and after (right) block of response. Scale bars: 2s, 20 pA. (A) 300 UM GTPYS (A)
in the recording pipette blocks the light response. (B) 300 uM GDPBS (V) in the
recording pipette blocks the light response. (C) Normalized group data from 7 control
cells containing 300 pM GTP (m) is plotted alongside normalized data from cells

containing GTPYS (A; n=4) and GDPBS (V; n=4).
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Figure 3: Cyclic nucleotides modulate the light response but do not gate the light-

activated channel.

(A) Average whole-cell baseline currents were plotted from cells with pipette solutions
containing either 500 uM cAMP (®) or 500 uM cGMP (A). One-way ANOVA detected
no significant change in baseline currents of either population over the 33 min recording
period. (B and C) Baseline currents (o) and peak light-activated currents (A) from 2
SCN-projecting RGCs with pipette solutions containing either 500 uM cAMP (B) or 500
UM ¢cGMP (C). 500 uM IBMX application is represented by hatched box. (D)
Coapplication of IBMX with ¢cAMP or with ¢cGMP significantly reduced the light

response.
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Figure 4: CNG channel blockers do not block the light-activated channel.

(A) Bath application of 50 uM pimozide did not significantly affect the amplitude of the
light-activated current in whole-cell voltage-clamp recordings of 5 SCN-projecting
RGCs. (B) A cocktail of CNG channel blockers including pimozide (50 uM), l-cis-
diltiazem (30 puM), and 3°4’-dichlorobenzamil (30 uM) did not attenuate the light-
induced depolarization during a perforated patch current-clamp recording of an SCN-

projecting RGC. (Black, control; gray, cocktail).
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Figure S: Divalent ions modulate the light-activated current

(A) Upper: The average light response amplitude is significantly smaller when 18 mM
BAPTA (black) is included in the pipette compared to 10 mM EGTA (hatched) and
0.1 mm (gray). Lower: The rate of the response is significantly longer in 18 mM
BAPTA than in 0.1 mM EGTA. (B) Upper: Light responses were normalized to the
first maximal light response and the averages for each group plotted over 1600 s. Both
cells with 0.1 mM EGTA (e) and cells with 10 mM EGTA (m) in the pipette
solution reached a steady state light response amplitude around 50% of initial
amplitude. Lower: The time constants of rundown were calculated by fitting data from
each cell to a single exponential decay and averaging within a group. (C) Upper:
Increasing internal magnesium from 1| mM to 4 mM reduced the amplitude of the light
response. Lower: The increase in magnesium also slowed the development of the light

activated inward current. Neither of these findings were significant by student’s T-test.
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Figure 6: TRP channel antagonists block the intrinsic light response.

(A) Left: 20 uM ruthenium red blocked the intrinsic light response in an SCN-projecting
RGC during a perforated-patch current clamp recording. Right: Summary data showing
percent block by ruthenium red in 3 voltage-clamp and 3 perforated-patch current-clamp
recordings. (B) 100 uM LaCl; blocked the intrinsic light response in a perforated-patch
current-clamp recording. (C) 200 uM GdCly reduced the whole-cell light-activated
current in this SCN-projecting RGC by 57%. (D) 250 uM flufenamic acid, a TRPC3 and

TRPC7 channel blocker, did not block the light response in SCN-projecting RGCs.
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Figure 7: 1-oleoyl-2-acetyl-sn-glycerol (OAG) potentiated the intrinsic light response
in a PKC dependent manner.

(A) Data taken from one SCN-projecting neuron, low-pass filtered at 2Hz. In order of
applications: Control, black; sphingosine, dotted; OAG, dashed; OAG and sphingosine,
gray. (B) OAG significantly potentiated the intrinsic light response in 18 SCN-projecting
RGCs during perforated-patch current-clamp recordings (black). The PKC antagonist
sphingosine had no effect on the light response when applied alone to 5 cells (hatched).

Coapplication of OAG and sphingosine blocked the OAG induced potentiation (n=4,

gray).
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CONCLUSIONS

A Unique Class of RGC

In the first part of this work, the intrinsic membrane properties and anatomical
features of SCN-projecting neurons were examined to determine if they comprise a novel
class of RGC. To date, SCN-projecting RGCs have been described as similar to rat type
I RGCs and cat Y RGCs based on several morphological criteria (Boycott and Wassle
1974; Perry 1979). First, SCN-projecting RGCs in the rat and cat have a small number of
primary dendrites compared to other RGC subtypes. Second, the elaboration of their
dendritic trees is simple with few branch points. Third, their dendrites span a large area of
the retina. And finally, their cell bodies are typically small to medium in diameter and
oval in shape. My observations of SCN-projecting RGCs in the rat were consistent with
this type Ill-like classification as we found that the average number of primary dendrites
was 2.6 + 0.6 (range 2-4), and that the dendritic fields were simple in structure with few
branch points (14 + 8.8). The dendritic extents in these neurons were large, spanning
several hundred microns. I measured medium sized cell bodies that were more often oval
or irregularly shaped than circular. Considering their morphology alone, the SCN-
projecting RGCs from which I recorded appear to fall into the type 111 category of rat

RGCs.

Historically, RGCs fitting this morphological description were classified in the cat
as “W? cells, exhibiting physiological properties that distinguished them from “X” and
“Y” type RGCs (Stone and Hoffmann 1972). X type RGCs respond to illumination with

sustained firing, propagate action potentials at intermediate conduction velocities, and are
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best suited for the detection of small objects in the visual field. Y type RGCs respond to
light with transient firing, conduct action potentials at fast conduction velocities, and are
therefore well-suited for the detection of motion across the visual field. Both X and Y
cells have receptive fields organized in a center-surround arrangement and send a large
projection to the ventral LGN (Cleland et al., 1971; Cleland and Levick 1974; Fukuda

and Stone 1974).

In contrast, W cells display a wide array of response properties, have thin axons
with slow conduction velocities, and project primarily to the pretectum and superior
colliculus (Cleland and Levick 1974; Stone and Fukuda 1974; Stone and Hoffmann
1972). The W-cell class is thought to contain many functional subtypes of RGCs as
reflected by the variety of receptive field properties observed. One type of response is the
ON-tonic response characterized by a persistent discharge of spikes in response to light
incident on the center of the receptive field (Stone and Fukuda 1974). W cells displaying
this type of light response were hypothesized to monitor background illumination.
Fukuda and Stone postulated that ON-tonic W cells were the rare ganglion cells first
described as “luminance detectors” by Barlow and Levick in the cat retina. These
luminance detectors that comprised only 1% of the RGCs sampled responded to light
monotonically, showing an increase in spike discharge with increasing illumination
(Barlow and Levick 1969). Barlow and Levick suggested that the luminance detectors
from which they recorded were ideally suited to mediate the pupillary light reflex in the
cat. It is quite likely that the luminance detectors described by Barlow et al. and perhaps
some ON-tonic cells later categorized as W cells were indeed SCN-projecting RGCs

(Cleland and Levick 1974).
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Physiology Of SCN-Projecting RGCs

My experiments demonstrate that the physiology of SCN-projecting RGCs is
different from that of RGCs projecting to central visual targets. The most striking
difference is that SCN-projecting RGCs exhibit an intrinsic sensitivity to light in the
absence of photoreceptor-driven input. The intrinsic light response recorded in current-
clamp has several stereotyped features, including a long latency between the light
simulus and response, low spike frequency even at the peak of the depolarization, a
sustained response lasting for minutes after the offset of light, and an increase in
membrane noise that persists throughout and after the response.

The intrinsic light response arises from the activation of an inward current with a
long latency (hundreds of milleseconds to seconds) betw‘een the light presentation and
current activation. This is in sharp contrast to rod and cone light responses which are
mediated by a fast G-protein cascade, and exhibit latencies of tens of milliseconds. The
long latency of SCN-projecting RGCs suggests that channel activation relies on a slow
second messenger signaling pathway, which I later confirmed to be G-protein dependent
(Chapter 3). The sluggish light responses of SCN-projecting RGCs are not ill-suited for
the purposes of the circadian system. For example, day to night transitions occur on a
significantly longer time scale than events captured by the visual system. such as motion
across the visual field.

SCN-projecting RGCs fail to exhibit a monotonic increase in action potential
ﬁring frequency with sequentically higher current injections and are unable to fire high
frequency spike trains that are typical of RGCs projecting to the visual system. During

depolarizing current injection, very few SCN-projecting RGCs exhibited fast-activating
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and fast-inactivating outward currents resembling I, (potassium) currents. [x currents can
shorten the refractory window for spike trains by repolarizing the membrane quickly and
permitting rapid recovery from sodium channel inactivation. Their absence in the
majority of SCN-projecting RGCs may explain the low firing frequency seen in these
neurons. It is also possible that the voltage-gated sodium channels expressed in SCN-
projecting RGCs are slow to recover from inactivation.

As a luminance detector, the SCN must monitor slow and long changes in
background illumination, while ignoring disruptions during the subjective night that do
not represent a change in the period of the solar cycle, but rather an anomalous
environmental event. One possible advantage of an upper limit on spiking frequency is
that sudden and short-lived stimuli (such as lightning during the night) are less likely to
be seen by a system that does not have a wide range of temporal responses. Even in the
case of nighttime lightning, a short burst of EPSPs reaching the SCN-projecting RGC by
way of a rod or cone pathway would not elicit a fast or long train of action potentials in
the efferent signal to the SCN.

To date, the salient feature(s) of the intrinsic light response used by SCN to
decode luminance is unknown. Preliminary work in our lab using cell-attached patch-
clamp recordings did not yield a clear relationship between light intensity and spike
number. All intrinsic light responses, regardless of stimulus mtensity, showed similar
spike trains (usually 5 spikes) in current-clamp at the peak of the depolarization. The
amplitude of the light-induced depolarization in whole-cell recordings was the only

parameter that consistently increased with increasing light intensities in the majority of
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cells. However the spiking pattern at the peak of the response, which is presumably the
only signal visible to the SCN, did not necessarily change with intensity.

It would seem then that luminance is coded by the sustained component of the
light response. Some SCN-projecting RGCs in cell-attached current-clamp recordings
continue to fire action potentials for up to two minutes after the offset of light. Others
show transient responses in which spiking does not persist past the initial burst, or
persists only until the light is turned off. In two cases, OFF responses were recorded. The
heterogeneity of SCN-projecting RGCs responses might be explained if they subserved
the visual system as well as the circadian system. This scenario seems likely as they
project beyond the SCN and PON to terminate in the ventral LGN. SCN-projecting RGCs
might comprise several functional cell groups for the visual system, while constituting a
single class of luminance detecting photoreceptors for the circadian system.

An interesting feature of the intrinsic light response is a dramatic increase in noise
that persists throughout and after the decay of the response to baseline. The noise
resembles fluctuations caused by the opening and closing of ion channels. However, the
noise does not decrease, and in some cases becomes larger in amplitude, when the light
response terminates. Fourier analysis to identify component frequencies of these
oscillations did not reveal a peak frequency that was consistent with ion channels opening
and closing. One possible explanation for the observed noise is that it arises from gap
junctional coupling of SCN-projecting RGCs. Whole-cell recordings performed with
Lucifer yellow in the pipette solution often labeled multiple cell bodies within the
vicinity of the labeled SCN-projecting RGC. I have not yet quantified or classified the

cells to which SCN-projecting RGCs are coupled, but the frequency at which I observed
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dye coupling with other cells in the ganglion cell layer suggests that gap junctional
connectivity may play a significant role in the physiological responses of these neurons.
If the membrane noise during the intrinsic light response arises from currents though gap
junctions, the gap junction de-coupler dopamine should eliminate the persistent
membrane no<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>