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Abstract  Within the suprachiasmatic nucleus (SCN) of the mammalian hypo-
thalamus is a circadian pacemaker that functions as a clock. Its endogenous
period is adjusted to the external 24-h light-dark cycle, primarily by light-
induced phase shifts that reset the pacemaker’s oscillation. Evidence using a
wide variety of neurobiological and molecular genetic tools has elucidated key
elements that comprise the visual input pathway for SCN photoentrainment in
rodents. Important questions remain regarding the intracellular signals that reset
the autoregulatory molecular loop within photoresponsive cells in the SCN’s
retino-recipient subdivision, as well as the intercellular coupling mechanisms
that enable SCN tissue to generate phase shifts of overt behavioral and physio-
logical circadian rhythms such as locomotion and SCN neuronal firing rate. Mul-
tiple neurotransmitters, protein kinases, and photoinducible genes add to sys-
tem complexity, and we still do not fully understand how dawn and dusk light
pulses ultimately produce bidirectional, advancing and delaying phase shifts for
pacemaker entrainment.
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Three decades ago, anovel retinofugal projection to
the hypothalamus was demonstrated, innervating a
relatively unknown structure, the suprachiasmatic
nucleus (SCN) (Hendrickson et al., 1972; Moore and
Lenn, 1972). Since then, the monosynaptic retino-
hypothalamic tract (RHT) has played a key role in
studies identifying the SCN as a circadian pacemaker
and in experiments seeking to trace the cascade of
events that comprise the pacemaker’s photic entrain-
ment pathway. Remarkable advances have been made
in understanding the “circadian visual system”
(Morin, 1994) and its underlying substrates, and here
we provide an overview of our knowledge (and igno-
rance) of mechanisms for light-induced pacemaker
resetting in the rodent SCN.

THE STANDARD (LINEAR) MODEL
FOR MAMMALIAN CIRCADIAN
PHOTOENTRAINMENT

In its simplest form, the model posits that light
stimulates a specialized group of retinal ganglion cells
(see Rollag et al., 2003 [this issue]) whose
unmyelinated axons form the RHT in the optic nerves
and whose transmitter(s) synaptically affect SCN
“clock” cells, leading to the activation of proteins that
reset the circadian pacemaker’s core autoregulatory
transcription-translation loop. Some of the details of
this idealized signaling pathway have now been
clarified.
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The RHT Is a Necessary and
Sufficient Visual Projection

The RHT appears to be a universal feature of mam-
mals (even in the blind mole rat) (see Morin, 1994). It
generally terminates within the ventral and lateral
SCN but also extends beyond the nucleus. Species dif-
ferences exist, and in the mouse, for example, the RHT
projects more diffusely throughout the ventro-dorsal
extent of the SCN (Abrahamson and Moore, 2001).
SCN cells receive direct retinal input via conventional
synapses, and the innervated population includes
some neurons containing immunoreactive vasoactive
intestinal polypeptide (VIP), gastrin-releasing pep-
tide (GRP), and, in the hamster, calbindin (CalB)
(Tanaka et al., 1993; Aioun et al., 1998; Bryant et al.,
2000).

RHT transection, sparing the optic nerves, prevents
the photic entrainment of circadian locomotor
rhythmicity but preserves the ability to make visual
discriminations in the hamster (Johnson et al., 1988).
When the SCN is isolated in a brain slice with the optic
nerves still attached, the RHT can be electrically stim-
ulated in the absence of other photic afferents. Such
stimulation in the rat generates a light-like phase
response curve (PRC), with phase delays and
advances after stimulation during early and late sub-
jective night, respectively (Shibata and Moore, 1993).

SCN Neurons Are Luminance Detectors

Retinal illumination elicits a change in membrane
potential and discharge rate in a subpopulation of
SCN neurons. Extracellular single-unit recordings
show that 32% and 38% of SCN neurons are light-
responsive in the rat and hamster, respectively (Groos
and Mason, 1980; Meijer et al., 1986; Kim and Dudek,
1993; Cui and Dyball, 1996; Jiang et al., 1997;
Aggelopoulos and Meissl, 2000). Histological confir-
mation of SCN recording location shows that light-
responsive neurons are located in the ventral aspect in
the ratand the ventrolateral aspect in the hamster, cor-
responding to the terminal field of the RHT in both
species (Meijer et al., 1986, 1998). Outside the SCN, a
much lower percentage of neurons are light respon-
sive. Intracellular recordings show that retino-
recipient SCN neurons are characterized by a high
input resistance and a membrane potential of -60 mV
(Kim and Dudek, 1993; Jiang et al., 1997). As shown by
Jiang etal. (1997), these neurons exhibit increased con-

ductance during day and decreased conductance dur-
ing dusk, while membrane potential is high during
day and low during night, as also observed in non-
retino-recipient neurons (de Jeu et al., 1998; Schaap
etal., 1999).

Light responses in the SCN are sustained for pro-
longed periods of retinal illumination (Groos and
Mason, 1980; Meijer et al., 1986). This is in contrast to
the transient responses in most visual areas.
Responses in the SCN are either light activated or light
suppressed, which means that neurons increase or
decrease their sustained firing level in response to an
increment in light intensity. For both light-activated
and -suppressed neurons, long response latencies
from 400 ms to several seconds are observed (Groos
and Mason, 1980; Meijer et al., 1986). Glutamate antag-
onists block both types of responses to optic nerve
stimulation in vitro, while bicuculline blocks only
suppressed responses, suggesting that the latter are
mediated by gamma-aminobutyric acid (GABA) neu-
rons downstream from the activated response (Jiang
etal., 1997).

The steady-state discharge rate of both light-
activated and -suppressed neurons codes for light
intensity within a small range, corresponding to inten-
sities around dawn and dusk (Meijer et al., 1986).
Response thresholds—about 0.1 lux in the rat and
1 lux in the hamster, measured against a dark back-
ground—are extremely high compared to that for
vision. Above threshold levels, SCN light-responsive
neurons code for intensities in a near linear way, with
saturation at around 100 to 1000 lux. The shape of this
intensity-response curve corresponds well to that for
behavioral phase shifting (Takahashi et al., 1984;
Meijer et al.,, 1989; Nelson and Takahashi, 1991b).
Light-responsive SCN neurons have large receptive
fields, often exceeding 20 degrees in diameter (Groos
and Mason, 1980). As SCN-projecting ganglion cells
have receptive fields of only 2 to 5 degrees (Pu, 2000), a
convergence of these cells is necessary to account for
the much larger receptive fields in the SCN. All of
these features make SCN neurons especially suited to
discriminate between day and night.

Importantly, many of these response characteristics
have been confirmed in alert animals, demonstrating
that the high threshold levels are not an artifact of
anesthesia (Meijer et al., 1998). Recordings in alert ani-
mals also allow for the investigation of light respon-
siveness as a function of circadian time. Under saturat-
ing light conditions, responses in neuronal discharge
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rate are found across the circadian cycle and are quali-
tatively similar in light-activated and -suppressed
neurons. But with subsaturating light intensities, large
differences are observed, with maximum responsive-
ness to light during the night.

Finally, in 2 diurnal species of animals, the 13-lined
ground squirrel (Spermophilus tridecemlineatus) and
degu (Octodon degus), extracellular single-unit record-
ings have revealed some striking differences from
nocturnal species. The total proportion of light-
responsive neurons is much lower in diurnal than in
nocturnal animals (about 10%). A small majority of
these neurons are suppressed by light, while a minor-
ity are activated by light (Meijer et al., 1989; Jiao et al.,
1999). Threshold intensities of several hundred lux are
required to stimulate light-responsive neurons in the
diurnal species. Such intensities occur during early
dusk or late dawn.

Glutamate Released from RHT Terminals
Leads to an Influx of Postsynaptic Ca**

Multiple lines of evidence in rodents suggest that
the excitatory amino acid glutamate is the primary
RHT neurotransmitter responsible for mediating the
circadian actions of light (for review and references,
see Ebling, 1996). Glutamate is localized to RHT termi-
nals innervating SCN neurons, and it is released by
optic nerve stimulation of SCN slices in vitro; gluta-
mate receptor blockers inhibit both the phase-shifting
actions of light in vivo and the electrophysiological
effects of optic nerve stimulation of slices in vitro. Glu-
tamate application excites SCN neurons in vitro, with
the resulting phase shifts mimicking a light-like PRC.
Of note, excitatory amino acids are present not only in
RHT terminals but also in afferent projections from
other sources (Moga and Moore, 1996).

Both ionotropic (NMDA and AMPA /kainate) and
metabotropic receptors are present in the SCN. In vivo
microinjection of NMDA into the region of the SCN
mimics the phase-shifting effects of light in nocturnal
hamsters (Mintz et al., 1999) and diurnal grass rats
(Arvicanthis niloticus) (Novak and Albers, 2002), and in
situ hybridization studies of receptor mRNA expres-
sion suggest that the SCN is relatively enriched in the
NMDA-R1 and NMDA-R2C subtype variants. Sev-
eral excitatory amino acids have been tested for their
direct stimulatory effects on rat SCN electrical activity
(Kim and Dudek, 1991; Bos and Mirmiran, 1993;

Meijer et al., 1993). Patch clamp recordings confirm
that the membrane potential is depolarized by gluta-
mate application (Meijer et al., 1993) and that depolar-
ization is mediated by both NMDA and non-NMDA
receptors (Jiang et al., 1997; Michel et al., 2002).

Activation of the NMDA-type glutamate receptor
evokes Ca?* transients within rat SCN cells (van den
Pol et al., 1992; Tominaga et al., 1994; Colwell, 2001;
Pennartz et al., 2001). Ca* influx is triggered by gluta-
mate binding to the NMDA receptor, as well as by
depolarization of the membrane. Depolarization is an
important determinant for Ca* influx because at rest-
ing potential, the channel is blocked by extracellular
Mg?**. Upon depolarization, the Mg** block is
removed, and Ca*" influx through the NMDA receptor
can occur. In the SCN of acutely-prepared slices,
NMDA-induced excitatory postsynaptic currents and
Ca* transients are larger (and the duration of Ca*
transients is longer) during the night than during the
day (Colwell, 2001; Pennartz et al., 2001). AMPA/
kainate-induced currents do not show a circadian
rhythm, but at night they lead to increased Ca** influx
(Michel et al., 2002).

Some Genes in the SCN Exhibit a
Phase-Dependent Photoinduction

Since light-induced pacemaker resetting occurs
within a few hours after light onset (Best et al., 1999;
Watanabe et al., 2001) and depends on protein synthe-
sis (Zhang et al., 1996b), much work has focused on
genes involved in transcriptional regulation as candi-
date elements in the SCN’s photic entrainment path-
way. The prototypical photoinducible protein of this
type, and the one most extensively studied to date, is
c-Fos. The principal features of SCN c-fos gene expres-
sioninrodents are by now well known (for review and
references, see Schwartz etal., 1995). The levels of c-fos
mRNA and immunoreactive c-Fos protein in the
retino-recipient subdivision of the SCN are dramati-
cally elevated after either (1) lights-on at dawn during
alight-dark cycle or (2) alight pulse administered dur-
ing the subjective night (but not during most of the
subjective day). This response is rapid, with peak
expression of mRNA and immunoreactive protein at
about 30 min and 1 to 2 h after light onset, respectively,
and transient, with mRNA and immunoreactive pro-
tein disappearing by about2h and 6 h after light onset.
Light pulses as short as 5 min are effective. Stimulation
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with saturating light pulses indicates an upper limit to
the number of photoinducible c-Fos cells at about 20%
of the total SCN cell population, at least in the mouse
(Castel et al., 1997). These in situ hybridization and
immunohistochemical data have been interpreted to
suggest that photic stimulation increases actual c-fos
gene transcription (rather than mRNA stability). This
hasnotbeen rigorously demonstrated (e.g., by nuclear
run-on assays), although light does induce histone
modifications in the mouse SCN that lead to the
chromatin remodeling associated with transcriptional
regulation (Crosio et al., 2000).

There are strong correlations between the photic
induction of c-fos and phase shifts of overt
rhythmicity. The illumination threshold for gene
expression in the hamster matches the threshold for
behavioral phase shifts, even when the threshold is
altered by age or prior history (Zhang et al., 1996a;
Shimomura etal., 1998), and expression in the gerbil is
directly proportional to the number of photons, rather
than to irradiance or duration alone (Dkhissi-
Benyahya et al., 2000). The degree of c-fos activation
correlates with the magnitude of photic phase shifts in
the rat (Travnickova et al., 1996). The phase depend-
ence of c-fos stimulation is similar to that for light-
induced phase shifts of locomotor rhythmicity, and
some of the pharmacological agents that block these
behavioral phase shifts also block the photic stimula-
tion of c-Fos protein in specific regions of the SCN.

The period (per) genes, perl and per2, are also
photoinducible in the rodent SCN with a phase
dependence similar to that of behavioral rhythmicity
(Albrechtetal., 1997; Shearman et al., 1997; Shigeyoshi
et al.,, 1997; Takumi et al., 1998; Zylka et al., 1998;
Moriya et al., 2000). The mRNA levels begin to rise 10
to 15 min after light onset during subjective night,
peak at about 1 to 2 h (per2 later than perI), and return
to baseline after about 3 h. The protein immuno-
reactivities also rise, but they are most clearly resolved
only after very long light pulses with the antibodies
available (Field et al., 2000). At least for mouse per1,
the photic threshold for gene expression matches that
for behavioral phase shifts, and the intensity-response
relationship shows reciprocity between light intensity
and duration (Shigeyoshi et al., 1997). In the hamster,
in vivo microinjection of NMDA into the region of the
SCN during late subjective night increases both perl
and per2 mRNA levels, while injection of NMDA
antagonists blocks their light-induced elevation
(Moriya et al., 2000).

(Most) All Paths Lead to the
Phosphorylation of CREB

A universal mediator of Ca**-dependent gene
expression is the cAMP response element binding pro-
tein (CREB), which binds to a cis-regulatory element
(the cAMP response element [CRE]) on the promoters
of target genes (for review, see Lonze and Ginty, 2002).
CREB is activated by phosphorylation of amino acid
Ser-133; the interaction of phospho-CREB and its
transcriptional coactivator, CREB binding protein
(CBP), induces target gene expression. There are mul-
tiple kinases that mediate extracellular-, cAMP-, and
Ca’*-dependent CREB phosphorylation, including
the extracellular signal-related kinase (ERK)-mitogen-
activated protein kinase (MAPK) pathway, protein
kinase A (PKA), and Ca**-calmodulin-dependent pro-
tein kinases (CaMK).

The c-fos, per1, and per2 promoters all contain CREs
that bind CREB from SCN tissue extracts (Ginty et al.,
1993; Travnickova-Bendova et al., 2002). SCN CREB is
phosphorylated within minutes of photic or glutama-
tergic stimulation during the subjective night (but not
during the subjective day) in rodents in vivo or in vitro
(Ginty et al., 1993; Ding et al., 1997; McNulty et al.,
1998; von Gall et al., 1998). Nighttime light pulses lead
to CRE-mediated gene transcription in the SCN of a
CRE-B-galactosidase reporter mouse strain (Obrietan
et al., 1999), and CRE activation appears to be neces-
sary for light- and glutamate-induced phase advances
of the locomotor rhythm in the mouse in vivo and the
SCN firing-rate rhythm in the rat slice in vitro, respec-
tively (Tischkau et al., 2003). Recently, Gau et al. (2002)
have shown a phase-dependent phosphorylation of
SCN CREB at an additional amino acid site (Ser-142)
by light in vivo and glutamate in vitro. These workers
constructed a “knockin” mouse bearing a Ser-142Ala
mutation; mutant mice exhibit reduced light-induced
phase shifts of circadian locomotor activity and
expression of immunoreactive c-Fos and per] mRNA
levels (but Ser-133 phosphorylation and per2 levels are
spared).

BUT REAL PHOTOENTRAINMENT
APPEARS MUCH MORE COMPLICATED
THAN IN THE LINEAR MODEL

While our simple RHT = glutamate release =
membrane depolarization = Ca* influx = CREB
phosphorylation = gene transcription cascade pro-

Downloaded from jbr.sagepub.com at Universiteit Leiden \ LUMC on June 26, 2016


http://jbr.sagepub.com/

Meijer, Schwartz / LIGHT-INDUCED PACEMAKER RESETTING 239

vides a basic framework for a photoentrainment path-
way, in reality there are complications that point to a
considerably more complex mechanism.

SCN Neurons are Heterogeneous

Only a subset of all rodent SCN cells are light
responsive, with estimates ranging from about one-
fifth (by c-Fos immunoreactivity) to about one-third
(by electrophysiology) located in the ventrolateral
subdivision of the SCN. No more than about 20% of
the cells in this subset can be attributed to any one
identified peptidergic phenotype (Romijn et al., 1996;
Castel etal., 1997). So, even though 80% of CalB cells in
the hamster SCN express light-induced c-Fos, only
20% of the whole c-Fos population is CalB* (Silver
et al.,, 1996); in the rat SCN, while 40% of GRP cells
express light-induced c-Fos, less than 10% of the
whole c-Fos population is GRP* (Earnest et al., 1993).
SCN c-Fos cells are also heterogeneous in their
connectivities, with some even identified as output
neurons (de la Iglesia and Schwartz, 2002; Munch
etal., 2002). Thus, the photo-responsive SCN subdivi-
sion includes cells distributed across a range of pheno-
types, many of which remain unknown.

In the non-retino-recipient, usually dorsomedial,
subdivision of the rodent SCN, c-fos and per gene
expression exhibit endogenous circadian rhythmicity
(Sumova et al., 1998; Guido et al., 1999a, 1999b; Yan
et al., 1999; Schwartz et al., 2000; Hamada et al., 2001;
Yan and Okamura, 2002). Thus, any model of SCN
photoentrainment must eventually include not only
the synaptic signal(s) and intracellular transduction
pathway(s) for resetting the autoregulatory molecular
loop within photoresponsive cells but also the
intercellular mechanisms for coupling to and then
resetting others. Presumably, such coupling is neces-
sary for generating photic phase shifts of overt behav-
ioral and physiological circadian rhythms such as
locomotion and SCN firing rate. The responsible cou-
pling mechanisms within SCN tissue are not
understood.

GABA has been considered a possible intercellular
synchronizing agent. GABA applied to cultured
mouse SCN cells causes phase-dependent phase shifts
of the circadian rhythm of firing rate (Liu and Reppert,
2000), but studies of GABAergic agonists and antago-
nists in vivo have been difficult to perform and inter-
pret (see Gillespie et al., 1999). Additional plausible
candidates include the ventrolateral peptides VIP

and/or GRP, as their microinjection into the hamster
SCN in vivo (Piggins et al., 1995) and application onto
the rat slice in vitro (McArthur et al., 2000; Reed et al.,
2001) mimic light-like phase shifts of circadian loco-
motor and SCN firing rate rhythms, respectively. VIP
(Nielsen et al., 2002) and GRP (Aida et al., 2002) ele-
vate perl and per2 mRNA levels during the night. In
particular, Aida et al. (2002) have reported that intra-
cerebroventricular injection of GRP during early night
increases per mRNA and c-Fos immunoreactivity but
primarily in the dorsal mouse SCN; the photic
induction of per and c-Fos is reduced in GRP-receptor-
deficient mutant mice, an effect also occurring primar-
ily in the dorsal rather than in the ventral part of the
nucleus.

The release of a diffusible gas, such as nitric oxide
(NO), might also link cells in the ventrolateral and
dorsomedial subdivisions. At leastin the rat SCN, NO
synthase immunoreactive cells are located
ventrolaterally (Reuss et al., 1995; Wang and Morris,
1996). Generation of NO in slices in vitro mimics light-
like phase shifts of the SCN firing rate rhythm (Ding
et al.,, 1994). Inhibition of the NO synthase blocks
glutamate-induced electrophysiological phase shifts
in the rat in vitro (Ding et al., 1994; Watanabe et al.,
1994) and light-induced behavioral phase shifts in the
rat and hamster in vivo (Ding et al., 1994; Watanabe
et al., 1995), but light-induced c-Fos expression in
hamster ventrolateral SCN cells remains unaltered
(Weber et al., 1995).

Multiple Transmitters and Multiple
Tracts Impinge on SCN cells

Costored with glutamate in RHT terminals is pitu-
itary adenylate cyclase activating polypeptide
(PACAP, a member of the VIP/secretin/glucagon
family) (Hannibal et al., 2000). Nanomolar PACAP
microinjected into the SCN in vivo and applied onto
slices in vitro mimics light-like phase shifts of hamster
locomotor and SCN firing rate rhythms, respectively
(Harrington et al., 1999). PACAP also elevates per
mRNA levels during the night (Nielsen et al., 2001;
Minami et al.,, 2002), an effect blocked by NMDA
receptor antagonism (at least in mice in vivo; Minami
etal., 2002). These data have raised the possibility that
PACAP acts as a modulator of photic (glutamate)-
induced Ca* signaling, but the mechanism and physi-
ological function of this hypothesized modulatory
role remains confusing and not yet clearly resolved
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(Chen et al., 1999; Hannibal et al., 2001; Kopp et al.,
2001; Dziema and Obrietan, 2002).

An additional SCN peptide attributed to RHT ter-
minals is substance P. Micromolar concentrations
applied onto rat slices in vitro mimic light-like phase
shifts of the SCN firing rate rhythm (Shibata et al.,
1992), whereas application of a tachykinin (sp. NK;)
receptor antagonist blocks light-like shifts following
optic nerve stimulation (Kim et al., 2001). Substance
P’s phase-shifting action appears to be mediated by
changes in glutamate release (Hamada et al., 1999;
Kim etal., 2001). However, a role for the peptide in the
SCN of the hamster is not so obvious (Piggins and
Rusak, 1997; Challet et al., 2001). Substance P termi-
nals are not a feature of the hamster SCN’s retino-
recipient subdivision (Piggins et al., 2001), and, while
the tachykinin receptor antagonist spantide can block
light-induced c-Fos expression in the hamster SCN in
vivo, the distribution of this effect is different from
glutamate receptor blockade (Abe etal., 1996). Evenin
the rat, substance P may not actually be within RHT
terminals (Hannibal and Fahrenkrug, 2002).

Besides the RHT, photic input can reach the SCN
via indirect pathways. The best studied of these is
from the intergeniculate leaflet (IGL) (for review, see
Harrington, 1997), but the SCN also receives afferents
via other structures that receive retinal innervation,
such as the pretectum (Mikkelsen and Vrang, 1994)
and possibly also the median and dorsal raphe.
Neuropeptide Y (NPY) from the IGL and serotonin (5-
HT) from the raphe have been implicated in nonphotic
phase resetting (a subject beyond the scope of this
review), but they also act as extra-SCN modulators of
light-induced phase shifts during the night (for
reviews and references, see Rea and Pickard, 2000;
Yannielli and Harrington, 2001a). Their actions might
account for the larger phase shifts observed in vitro
than in vivo. NPY applied onto hamster slices in vitro
can block glutamate- or NMDA-induced phase shifts
of the SCN firing-rate rhythm, an effect attributed to
the Y5 receptor (Yannielli and Harrington, 2001b). 5-
HT,,;, and 5-HTy receptor agonists block light-
induced behavioral phase shifts and SCN c-Fos
immunoreactivity in the hamster in vivo, effects
believed to be postsynaptic (7/1A) and presynaptic
(1B) to RHT terminals (Belenky and Pickard, 2001;
Smith et al., 2001).

There are even more neurochemicals that affect the
amplitude of photic phase shifts, putatively by modu-
lating glutamatergic signaling presynaptically or
postsynaptically, including histamine (Meyer et al.,

1998), brain-derived neurotrophic factor (Liang et al.,
2000), adenosine (Hallworth et al., 2002), and opioids
(Tierno et al., 2002).

Multiple Kinases and Multiple
Genes Are Active within SCN Cells

The intracellular pathways leading from mem-
brane excitability to gene expression involve a net-
work of protein kinases that act as a “phospho-relay”
system; their complexity is staggering, with the
human “kinome” now estimated as a nonredundant
set of 518 genes (Manning et al., 2002). Elevation of
intracellular Ca®* activates several pathways, which,
depending on context, exhibit various combinatorial,
conditional, and/or convergent interactions (West
et al., 2001). CREB phosphorylation and tran-
scriptional regulation depend on the spatio-temporal
dynamics of Ca** influx and route of entry (primarily
via NMDA receptors but also through L-type voltage-
gated Ca* channels and release from intracellular
stores). In neurons, the phosphorylation of CREB by
both a fast CaMKIV and a slow MAPK pathway may
be responsible for encoding the timing and amplitude,
respectively, of incoming stimuli (Dolmetsch et al.,
2001; Wu et al., 2001).

In the rodent SCN, PKA (Tischkau et al., 2000), pro-
tein kinase G (PKG) (Mathur et al., 1996), CaMK
(Golombek and Ralph, 1994; Schurov et al., 1999), and
MAPK (Obrietan et al., 1998) have all been implicated
in light-induced resetting. Their relative roles are
debated, with discrepancies (Yokota et al., 2001;
Butcher et al., 2002) probably due to experimental
details (e.g., species and irradiance levels). There are
data to suggest that phase delays and advances might
involve different substrates (Gillette and Mitchell,
2002), for example, the ryanodine receptor/
intracellular Ca** stores in the former and cGMP/PKG
in the latter (Ding et al., 1998).

Besides c-fos and per, additional SCN genes exhibit
phase-dependent photoinducibility (see Morris et al.,
1998). Their roles are uncertain, and some, such as
nur77 and zif268, display a photic sensitivity 10- to
100-fold greater than the sensitivity for behavioral
phase shifting (Lin et al., 1997) and species differences
(Dong et al., 2002). There is also a family of CREB-
related factors, including ATF-1, CREM, and ICER
(the latter is inducible in the SCN by light at night;
Stehle et al., 1996), and there are still more genes that
are structurally related to c-fos, including fra-1, fra-2,
and fosB. The proteins encoded by these genes (c-Fos,
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Fra-1, Fra-2, FosB, and AFosB) all preferentially bind to
a cis-regulatory element (the Activator Protein-1 [AP-
1] binding site) but only when they are complexed as
heterodimers, especially to the proteins of the jun gene
family (c-Jun, JunB, and JunD). Studies using in situ
hybridization, immunohistochemistry, and gel mobil-
ity shift assays have shown that fos and jun gene
expression is differentially regulated within individ-
ual SCN cells, resulting in the generation of AP-1bind-
ing complexes with constant, as well as variable, pro-
tein components. Light acts in the SCN to change the
protein composition of these complexes as well as
total AP-1 binding activity (Kornhauser et al., 1992;
Takeuchi et al., 1993; Frangois-Bellan et al., 1999;
Schwartz et al., 2000). The transcriptional regulation
of these genes is not governed by any single response
element on their promoters, but it relies instead on the
cooperative, interdependent activity of multiple con-
trol elements (e.g., for c-fos, see Robertson etal., 1995).

Implicating Specific SCN Genes as Causal
Elements in the Photic Entrainment
Pathway Has Been Difficult

Wollnik et al. (1995) reported that the intracerebro-
ventricular injection of antisense oligodeoxynucle-
otides to both c-fos and junB prevents light-induced
phase delays of the rat locomotor rhythm. However,
their observation that photic phase shifts were com-
pletely inhibited by a 50% reduction in SCN c-Fos lev-
els is not easily reconciled with previous data
(Kornhauser et al., 1990). Interestingly, in studies of
dividing Swiss 3T3 fibroblasts, intracellular micro-
injection of various antibodies against Fos family pro-
teins suggests that the activity of multiple proteins
must be inhibited to effectively block DNA synthesis
(Kovary and Bravo, 1991). In contrast, similar experi-
ments using antibodies against Jun family proteins
indicate that the activity of each single Jun protein is
essential for cell cycle progression. Thus, it may be that
the inhibition of junB is the indispensable part of
Wollnik et al.’s (1995) experimental design. Using a
similar approach with perl antisense, Akiyama et al.
(1999) inhibited light- and glutamate-induced phase
delays of the locomotor rhythm in mice in vivo and the
SCN firing rate rhythm in slices in vitro, respectively,
and Wakamatsu et al. (2001) essentially eliminated the
delays in vivo by injecting antisense oligos to both
mperl and mper2. However, these authors observed
that photic phase shifts were completely blocked by

only a 25% reduction in SCN per levels, a finding not
consonant with previous data (Shigeyoshietal., 1997).

Mice with targeted disruption of the c-fos and per
genes have been constructed, although the limitations
of this approach are well known (sp., that the resultant
phenotypes mostly reveal how an animal develops
with [and adapts to] the absence of the mutated gene
and not necessarily how the intact gene functions nor-
mally). Honrado et al. (1996) reported that mice homo-
zygous for a c-fos null mutation nevertheless entrain
to a light-dark cycle and generate behavioral phase
shifts to light pulses. Honrado et al. speculated that
other proteins might compensate for the loss of c-Fos
in these animals; indeed, Fra-2 and/or FosB would
appear to be plausible candidates for such a role
(Schwartz et al., 2000). Three lines of mice have now
been reported that are genetically deficient in per1 (all
lack Per1 protein expression): one with replacement of
exons 4-10, encoding the PAS domain, exhibits a short-
ened free-running period but normal light-induced
delay and advance phase shifts (Cermakian et al.,
2001); a second (mPer1”“") with replacement of exons
4-18 exhibits an imprecise free-running period (Zheng
et al., 2001) and absent phase advances (at ZT 22) but
normal phase delays (at ZT 14) to 15-min, 500-lux light
pulses (Albrecht et al., 2001); and a third (mPer1'™)
with replacement of exons 2-12 becomes gradually
arrhythmic after 10 to 14 days in constant darkness
(Bae et al., 2001). Clearly, further investigation is
needed, and progress should be aided by the ongoing
development of conditional, tissue-specific knockouts
and methods for RNA interference.

In the Natural World, Dawn and Dusk
Presumably Act as Phase-Resetting Signals

When nocturnal locomotor activity onset and offset
are used as phase markers, the 2 measures show differ-
ent kinetics in both rat and hamster (Honma et al.,
1985; Elliott and Tamarkin, 1994; Meijer and DeVries,
1995). A phase-advancing light pulse induces tran-
sient shifts of activity onset over several cycles but an
immediate shift of activity offset; a phase-delaying
light pulse has the opposite effect, with a more rapid
shift of activity onset than activity offset. Similar dif-
ferential onset and offset shifts of nocturnal pineal N-
acetyltransferase activity occur in the rat (Illnerova
and Sumova, 1997). Recent data hint that this dynamic
behavior may arise within the SCN itself. In hamster
slices, the circadian rhythm of the SCN firing rate
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exhibits distinct morning and evening peaks when the
slices are cut in the horizontal (rather than the usual
coronal) plane (Jagota et al., 2000). The morning peak
follows projected dawn, while the evening peak
occurs around projected dusk, and they are shifted
independently in a phase-dependent manner after
stimulation with glutamate. Late night glutamate
immediately advances the morning peak (without
shifting the evening peak), and early night glutamate
immediately delays the evening peak (without shift-
ing the morning peak), when recorded during the first
poststimulation cycle.

Pittendrigh and Daan (1976) modeled the rodent
circadian clock as a complex pacemaker consisting of 2
mutually-coupled oscillators: a morning oscillator
(M) accelerated by light and synchronized to dawn
and an evening oscillator (E) decelerated by light and
synchronized to dusk. A phase-advancing light pulse
would immediately advance M (and so the morning
peak of SCN electrical activity and the offset of noctur-
nal locomotor activity) with a later shift of E; while a
phase-delaying light pulse would immediately delay
E (and so the evening peak of SCN electrical acitivity
and the onset of nocturnal locomotor activity) with a
later shift of M. Recently, Daan et al. (2001) hypothe-
sized that per1 is part of M and per2 is part of E. Indeed,
in the mouse and rat, light-induced elevation of perl
mRNA appears somewhat more robust after light is
administered during the late subjective night,
whereas the elevation of per2 mRNA appears gener-
ally greater after light during the early subjective
night (Zylka et al., 1998; Miyake et al., 2000); in the
mouse, light-induced advance and delay shifts at
these late and early night phases are correlated with
the appearance of perl and per2 hybridization signals,
respectively, in the dorsomedial SCN (Yan and Silver,
2002). The behavior of mPer1®1 and mPer28r
mutant mice after nocturnal light pulses (Albrecht
et al., 2001) and in constant light (Steinlechner et al.,
2002) is consistent with a per1 /M and per2 / E hypothe-
sis. However, alternative hypotheses have been pro-
posed for the molecular identity of M and E (Hastings,
2001), and further testing is under way (Lincoln et al.,
2002).

Additional Visual Functions Involve
Additional Neural Substrates

Although not covered in this review, there are other
circadian visual phenomena besides phase resetting
and photoentrainment (e.g., light-induced melatonin

suppression and masking of locomotor activity) that
seem to involve additional mechanisms that are not
well characterized. For example, even though pineal
melatonin rhythmicity is driven by the SCN, night-
time light suppression of melatonin in the hamster
appears substantially more sensitive to irradiance
than does phase shifting (Nelson and Takahashi,
1991a), implying a difference in the organization of the
responsible input pathways.

Masking (the direct inhibition of nocturnal locomo-
tor activity by light) is preserved in SCN-lesioned
hamsters (Redlin and Mrosovsky, 1999); in mice ren-
dered behaviorally arrhythmic by various mutations
of clock genes, including those lacking photo-
inducible c-fos and per expression in the SCN (Harmar
et al., 2002); and in mice genetically deficient in
melanopsin, despite strongly attenuated light-
induced phase shifting (Panda et al., 2002). Of note, tri-
ple mutant mice (rd/rd;mcryl”/mcryl-mcry2-/mcry2”)
exhibit little or no masking, even though masking is
preserved in rd/rd or cry-deficiency alone (Selby et al.,
2000). Additional genetic models should help to dis-
sect the mechanisms for masking from those for
photoentrainment: waved-2 mice (with a loss-of-func-
tion mutation in the epidermal growth factor receptor)
entrain, but masking is impaired (Kramer et al., 2001);
while a line of California mice (Peromyscus californicus)
mask, but entrainment is impaired (de Groot and
Rusak, 2002). The SCN is part of an extensive, non-
image-forming, subcortical visual system, including
the IGL and visual midbrain (Morin and Blanchard,
1998; Moore et al., 2000), and it is likely that multiple
structures in this network will be found that contrib-
ute to behavioral and physiological rhythmicity.

STILL THE GOAL: DECONSTRUCTING
THE PHOTIC PHASE RESPONSE CURVE

Our mechanistic understanding of the neuro-
biological basis for the circadian pacemaker’s
dualistic response to light during the night, and its
“dead zone” during most of the day, remains incom-
plete. We do know that the phase-dependent “gate”
that restricts responsiveness to the night is specific to
and originates in the SCN. In other retino-recipient
areas, light-induced c-fos gene expression does not
depend on the circadian phase of stimulation (e.g.,
IGL; Peters et al., 1996). Phase-dependent control of
hamster c-Fos protein expression and mouse perl
transcription persists when the SCN is isolated in a
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brain slice and either the attached optic nerves are
electrically stimulated (Bennett et al., 1996) or NMDA
is applied to the bath (Asai et al., 2001), respectively,
but we do not know how NMDA receptor activity is
enhanced during the night. We are beginning to
understand how bidirectional phase shifts might
result from the unidirectional induction of clock gene
transcription on the rising or falling phases of an
endogenous oscillation. But we still need to know
much more about the regulation of phospho-CREB
(e.g., its interaction with CBP and its active
dephosphorylation), photic effects on clock proteins
(Tamaru et al., 2000), dynamic interactions among
clock genes (Reddy et al., 2002), and SCN organization
at the tissue level (Yan and Silver, 2002). Tackling these
problems remains a challenge, but it also surely repre-
sents an unparalleled opportunity to illuminate the
links between genes, brain, and behavior.
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