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Abstract

The suprachiasmatic nucleus (SCN) of the hypothalamus is the site of the master circadian
pacemaker in mammals. The individual cells of the SCN are capable of functioning independently
from one another and therefore must form a cohesive circadian network through intercellular
coupling. The network properties of the SCN lead to coordination of circadian rhythms among its
neurons and neuronal subpopulations. There is increasing evidence for multiple interconnected
oscillators within the SCN, and in this Review, we will highlight recent advances in our
understanding of the complex organization and function of the cellular and network-level SCN
clock. Understanding the way in which synchrony is achieved between cells in the SCN will
provide insight into the means by which this important nucleus orchestrates circadian rhythms
throughout the organism.

THE CIRCADIAN NETWORK

Behavioral and physiological processes are coordinated by endogenous biological clocks,
permitting organisms to synchronize to and anticipate changes in the environment. The
circadian system serves this purpose by generating and sustaining 24h rhythms of biological
processes and by synchronizing to external stimuli such as the solar day-night cycle. In
mammals, circadian clocks exist throughout the body, in individual cells and organs, and
these clocks are kept synchronized by a master pacemaker residing in the suprachiasmatic
nucleus (SCN) of the hypothalamus [1, 2] (Glossary). The SCN, however, is potentially
comprised of ~20,000 cell autonomous clocks of its own [3, 4]. Single neurons within the
SCN exhibit independent rhythms of firing rate [4] and gene expression [5]. Advances in
electrophysiological and imaging techniques, allowing long-term, single-cell recording of
circadian rhythmicity, have improved our understanding of the role of both the cell
autonomous clock and the SCN network in maintaining a stable circadian system. In
addition, recent work has demonstrated that the connectivity between these individual SCN
neurons is not only essential for proper timekeeping, but also imparts properties that
distinguish the SCN as a master pacemaker of the circadian clockwork. Here, we focus on
the network formed by the independent cellular oscillators of the SCN. We will review the
evidence for multiple oscillators within the SCN, highlighting recent advances in our
understanding of the complex organization and function of the cellular and network-level
SCN clock. We will examine the importance of the SCN oscillator network for the
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robustness of the circadian system and discuss current views on the mechanism and function
of coupling between SCN neurons.

THE SUPRACHIASMATIC NUCLEUS

The SCN is a heterogenous structure (Figure 1; see [6] for a comprehensive review).
Subregions can be defined throughout the nucleus based on peptidergic content, anatomical
location, and circadian parameters of the component cells. Traditionally, the SCN has been
divided into two major subdivisions known as the dorsomedial (dmSCN) “shell” and the
ventrolateral (VISCN) “core” [3, 7]. The former contains cells expressing arginine
vasopressin (AVP), while the latter is characterized by expression of vasoactive intestinal
polypeptide (VIP), gastrin-releasing peptide (GRP) [3, 8], and neuromedin S (NMS) [9, 10]
(Figure 1). There are numerous projections from the core to the shell, but fewer efferents
from the dorsal shell innervate the ventral core [11]. Although they have served as a useful
framework for exploring intercellular communication within the master pacemaker, the
anatomically- and peptidergically-derived classifications of dm/vISCN (or core/shell) do not
begin to capture the complexity of the nucleus (see [12, 13] for further discussion).
Variability exists along every axis of the SCN [14], demanding a rigorous examination of
the function of individual SCN oscillators and subregions in the control of mammalian
circadian rhythms.

Within most (if not all) mammalian cells, a transcriptional-translational feedback loop keeps
circadian time (see [15, 16] for review; Figure 2). The basic-helix-loop-helix transcription
factors CLOCK and BMAL1 accumulate and heterodimerize in the nucleus. Acting as a
positive regulator, the CLOCK:BMALL1 complex activates transcription of Period (Per) and
Cryptochrome (Cry) genes, leading to the subsequent accumulation of PER and CRY
proteins. As their levels increase in the cytoplasm, PER and CRY dimerize, re-enter the
nucleus, and the complex suppresses transcriptional activation by CLOCK and BMALL1. In
addition to this core feedback loop, there are accessory loops in the molecular clock. The
CLOCK:BMAL1 complex activates Rev-erba. Rev-erba is a transcriptional repressor of
Bmall, providing a mechanism by which buildup of BMALZ1 protein can suppress further
Bmall transcription. Eventually, PER and CRY proteins are degraded, at least in part
through E3-ligase-mediated proteosomal degradation [17-21]. Casein kinase 1 (CK1)
isoforms (a, & and €) contribute to protein turnover by phosphorylating PER, targeting it for
degradation [22-26]. How the cell autonomous molecular clock drives biological and
physiological circadian output rhythms is only poorly understood. However, it is clear that
the coupling among oscillators within the SCN is vital to maintaining robust circadian
rhythmicity.

THE PHOTIC ENVIRONMENT AND SCN OSCILLATORS

Constant Light Reveals Multiple Circadian Oscillators within the SCN

Perhaps the first evidence that the mammalian circadian system was comprised of multiple
oscillators at the organismal level was the observance of “splitting” of locomotor activity
rhythms in the ground squirrel (Spermophilus undulatus) [27] and golden hamster
(Mesocricetus auratus) [28]. Hamsters housed in constant light display two independent
rhythmic components of locomotor activity [28]. The two activity components are
associated with independently oscillating rhythms of clock gene expression in the right and
left SCN [29, 30], demonstrating that these bilateral nuclei are capable of functioning
independently of one another. Housing hamsters and other nocturnal rodents in constant
bright light for extended durations of time results in a lengthening of the circadian free-
running period and, in some cases, behavioral arrhythmicity [31-33]. This phenomenon is
likely due to decoupling of neurons within the SCN [34]. Decreased amplitude of
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rhythmicity of neuronal firing rate [30] and clock gene expression in the SCN as a whole
[33, 34], and a wider range of peak phases within individual SCN neurons [34], can be
observed in animals that have been housed in constant light. The rhythmicity of individual
cells, however, remains robust [34]. The behavioral disruptions occurring in constant light
are a product of oscillator desynchrony within the SCN, as opposed to a defect in cell-
autonomous circadian rhythmicity [34].

SCN Oscillators Differ in Their Response to Changes in Photic Environment

Jetlag paradigms, in which the environmental light:dark cycle has been advanced or delayed
by several hours, have revealed distinct resetting properties of anatomical subregions within
the SCN. Both /n situ hybridization and luciferase reporter studies have demonstrated that,
in response to a large shift in the light:dark cycle, molecular circadian rhythms shift rapidly
in the vISCN, with rhythms in the dmSCN taking longer to respond to the change in photic
environment [35, 36]. This results in transient internal phase desynchronization within the
SCN. It has been hypothesized that the retino-recipient vISCN is immediately responding to
the photic phase advance and communicating this information to the dmSCN [36]. The
dmSCN may then modulate the response of the vISCN, with coupling between subregions
eventually achieving an appropriate phase throughout the nucleus [36]. The balance between
intra-SCN autonomy and connectivity could explain the gradual shift in behavior and
physiology, and temporary internal desynchronization [37], that occurs following rapid
changes in the light:dark cycle. In addition to differences in the kinetics of phase-shifting
between the dm and vISCN, differences in the peak expression of clock genes and the rate of
resetting can be observed along the rostral-caudal extent of the SCN [36], further
emphasizing the complexity of the SCN oscillator network.

Regional changes in SCN clock gene expression and neuronal firing are also seen in
response to changes in photoperiod (simulating seasonal changes in day length). Long days
result in a broadened pattern of SCN clock gene expression [38-41] and neuronal activity
[42, 43]. Compared to short days, more widely distributed phases of peak neuronal activity
among subpopulations of SCN neurons are observed during long days [42, 43]. Day length
induced changes in the phase and waveform of rhythms vary across both the dorsal-ventral
and rostral-caudal extents of the SCN [38, 40, 44].

Changing the length of the photic cycle can also desynchronize SCN oscillators [45-49]. By
housing rats (Rattus norvegicus) under 22h light:dark schedules (11h light/11h dark), as
opposed to the typical 24h day, molecular rhythms in the dm and vISCN can dissociate [46].
Distinct rhythms of clock gene expression can be observed, with the vVISCN remaining
entrained (ie. synchronized) to the light:dark cycle [46]. The dmSCN, however, is only
relatively coordinated to the light:dark cycle under these conditions, displaying bouts of
free-run [46, 49]. Behaviorally, rats exhibit two components of locomotor activity with
different period lengths, presumably emerging from the outputs of now uncoupled SCN
subregions [46]. Body temperature and slow wave sleep also exhibit two distinct circadian
components under this forced desynchrony protocol [45], whereas the rhythm of rapid eye
movement (REM) sleep preferentially follows the dmSCN [47]. These findings not only
confirm that rhythms in the dm and vISCN are capable of functioning independently, but
suggest that these two oscillatory subregions can independently influence rhythms
throughout the organism. The way in which light-entrained oscillators located within the
VISCN are able to couple to oscillators throughout the SCN to maintain stable entrainment
has yet to be characterized. Presumably, under conditions of normal entrainment to a
light:dark cycle, coupling among the many oscillators of the SCN network must occur to
orchestrate robust rhythmicity among all rhythmic biological processes.
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COUPLING WITHIN THE SCN

In contrast to what is observed following jetlag or under conditions of forced desynchrony,
the multiple oscillators of the SCN normally function in a unified manner. However, even in
the coordinated, intact SCN, cellular oscillations are not completely synchronous. Individual
neurons exhibit a range of phases [50]. Heterogeneity of phase can be observed along every
anatomical dimension of the SCN [14]. There is a “wave” of oscillatory activity within the
SCN [14, 36, 51]. Expression of Pergenes and their protein products appears to spread
through the nucleus, with the earliest peaking populations of neurons observed in the medial
and dorsal SCN [14, 36, 51-53]. This pattern of PER expression within SCN subregions
occurs in a consistent, stable manner, displaying both temporal and anatomical organization
[14, 53] (Figure 3). The phase of subpopulations of SCN neurons does not necessarily
correlate with the circadian period or peptidergic content of the cells [14]. The process by
which this oscillatory pattern is organized within the SCN network is unknown. Determining
the mechanism that establishes the phase of individual neurons and populations of neurons,
and the hierarchy of SCN neuronal connectivity, will be a critical step towards
understanding the SCN network. In-depth analysis of the spatiotemporal organization of the
SCN [14, 53, 54] is likely to provide insight into regulation of the SCN itself and circadian
outputs.

When SCN cells are dispersed in culture, the observed phases and periods are much more
variable and the rhythms of individual neurons are significantly less reliable [4, 55-57],
although synchrony can be observed when dispersed neurons are cultured at a high density
[58]. These findings support the notion that the anatomical organization of the SCN and cell-
to-cell communication permits coupling between autonomous cell oscillators to convey
coordinated rhythms within the nucleus.

NETWORK PROPERTIES CONFER STABILITY AND ROBUSTNESS TO THE
SCN AND THE CIRCADIAN SYSTEM

In addition to maintaining synchrony within SCN neuronal populations, there are two other
important functions of SCN coupling which have come to light over the past several years:
1) providing robustness, precision, and stability to SCN rhythms; and, 2) generating and
sustaining circadian rhythms.

Coupling of SCN neurons leads to robustness (strength and precision of rhythmicity, as well
as resistance to perturbation) of the SCN itself and its output rhythms. As discussed above,
the range of periods of individual, widely-dispersed cultured SCN neurons is greater and
less stable than that of neurons recorded from whole SCN explants. This suggests that, in the
intact nucleus, coupling between neurons serves not only to provide local synchrony, but
also to influence the period of oscillations within individual cells and determine the period
of the SCN as a whole. Indeed, it has been demonstrated that the period of locomotor
behavior of hamsters can be estimated by averaging the period of neuronal firing rate of
single cells within the SCN [59]. Mathematical modeling demonstrates that synchronization
to the mean circadian period occurs once intercellular coupling strength reaches a certain
threshold [59]. Thus, in widely dispersed culture systems, coupling strength is reduced
resulting in only partial synchronization and a broad range of periods among individual cells
[59]. The contribution of coupled oscillators to robustness of period is also observed in the
mouse. There is less variability in the period of mouse (Mus musculus) locomotor activity
and SCN explant Per1 expression than in cellular-level firing rate [55]. Even the most stable
dispersed individual cells are only as precise as the least stable mouse locomotor rhythm or
SCN explant [55]. Coupling of variable cellular oscillators results in the high amplitude,
stable rhythms observed at the tissue, system, and organismal levels.
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The SCN oscillator network also conveys robustness against genetic mutations. Animals
with chimeric SCN, comprised of both wildtype and circadian mutant (either the short
period Tau mutation or the long period ClockA19 mutation) tissue, exhibit behavioral
rhythms with components intermediate to, and sometimes dually expressing, the periods of
the component cells [60, 61]. Neurons from the SCN of Clock419 mice (which posses a
dominant negative form of CLOCK, resulting in a lengthened circadian period and eventual
arrhythmicity when housed in constant lighting conditions) maintain robust rhythmicity of
firing rates in the intact nucleus [62]. However, in cell dispersals only a small percentage of
SCN neurons from ClockA19 mice are able to maintain circadian firing rate rhythms [62].
Deletion of Per1 or Cry1 results in impaired rhythmicity in dissociated SCN neurons and
fibroblasts, with many cells exhibiting no measurable rhythm [5]. The circadian rhythms of
SCN explants and of behavior do not reflect this cell-autonomous loss of rhythmicity. SCN
explants from mice null for either PerZ or Cry1 remain rhythmic, as does the locomotor
activity of the animals [5]. This result suggests that coupling between (largely arrhythmic)
individual neurons in the SCN slice (and in the mouse) are able to compensate for loss of
cell autonomous rhythmicity [5] (Figure 4).

Recently, it was demonstrated that network properties of the SCN impart resistance to
temperature resetting. Temperature is a powerful entraining cue for many species [63-65],
but in mammals and other homeotherms the entraining effects of temperature are less robust,
with temperature cycles serving as weak entraining signals (at best) in rodents [66-68] and
primates [69]. Temperature entrainment of circadian gene expression rhythms has been
observed in mammalian peripheral cells and tissues, but the SCN itself is less sensitive to
temperature cues [70-72]. While mouse pituitary and lung explants entrain to daily
temperature cycles, the SCN free-runs through a 24 h (12 h 36°C: 12 h 38.5°C) temperature
cycle, seemingly uninfluenced by temperature cues [72]. When communication between
SCN neurons is blocked with tetrodotoxin (TTX, which blocks voltage-gated sodium
channels) or nimodipine (an L-type calcium channel blocker), however, temperature pulses
synchronize and reset rhythms in individual cells resulting in a temperature-sensitive SCN
[72] (Figure 5). Similarly, lung, but not SCN explants, entrain to temperature cycles of 20h
(10h 35.5°C: 10h 37°C) and 28h (14h 35.5°C: 14h 37°C) [70]. Only large changes in
temperature (= 6°C), cycling with a more moderate period (22h), are able to entrain
PERIOD2 (PER2) rhythms in the SCN [70] (as measured in PER2: :LUC mice, which
express PER2 fused with the luciferase [LUC] reporter [73]). These experimental findings
have been supported by theoretical models demonstrating that coupling within an oscillator
network (eg., the SCN) limits the range of entrainment [70].

Together, these data demonstrate that coupling within the mouse SCN conveys resistance to
temperature entrainment and imparts robustness to circadian rhythmicity within the nucleus.
Such resistance to temperature resetting may allow the SCN to control peripheral oscillators
through body temperature rhythms while itself remaining unaffected by this rhythmic output
[72]. This hypothesis needs to be directly tested on the background of a coupled and
uncoupled SCN network. The data discussed above conflict with previous findings that the
rat SCN can be phase-shifted [74] and entrained [75] by temperature. It is possible that the
discrepancy between studies is due to a species difference in the sensitivity of the SCN to
temperature signals. Such species differences in SCN resetting could result from underlying
differences in SCN coupling strength or circadian amplitude (as seen with the Clock419
mutation [76]). A more careful comparison of the effect of temperature on SCN explants
from a variety of mammalian species is warranted. Interestingly, in one report of
temperature sensitivity in the rat SCN, explants were taken from neonatal animals [75]. This
raises the possibility that developmental changes in intercellular signaling may occur which
confer temperature-resistance and other network attributes to the SCN. Investigating the
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developmental contributions to SCN function may reveal new properties of cellular
communication within the oscillator network.

INTERCELLULAR SIGNALING PLAYS A ROLE IN CIRCADIAN RHYTHM
GENERATION

Beyond sustaining circadian rhythmicity, there is recent evidence that network properties of
the SCN are capable of generating rhythmicity. Mathematical models have demonstrated
that intercellular coupling can sustain rhythmicity in individual cellular oscillators, and
experimental evidence supports this prediction [5, 77]. Culturing SCN neurons at very low
densities results in a substantial decrease (as compared to explants or high density cell
dispersals) in the number of neurons exhibiting sustained circadian rhythms of firing rate
and PER2 expression [78], suggesting that coupling between SCN neurons is necessary to
sustain rhythmicity in individual cells. The experiments in cells from Perz”-and Cry1”
mice demonstrate that even a few intrinsically rhythmic neurons are capable of producing
circadian oscillations throughout the SCN, an effect which is also achieved through
intercellular coupling [5, 62]. Surprisingly, rhythmic protein expression can also be
observed from an SCN containing no intrinsically rhythmic neurons. Highly variable,
rhythmic oscillations in PER2: :LUC have recently been observed from the SCN of Bmal1”-
mice, which are behaviorally arrhythmic [79]. SCN explants from Bmal1”- mice display
PER2: :LUC rhythms with periods ranging from 14-30h. While there is stochastic variability
in the period length of oscillations from BmalZ”- SCN explants, these unstable rhythms
persist for over 30 cycles in culture. Dissociated cells from the SCN of these mice possess
no rhythmic PER2 expression, although PER2 levels fluctuate in a random manner. The
rhythms observed in SCN explants, therefore, appear to be an emergent network property
resulting from intercellular coupling on a background of molecular noise. Indeed, SCN-level
oscillations are abolished by uncoupling SCN neurons with TTX [79]. Mathematical
modeling provides theoretical confirmation that coupling among arrhythmic SCN neurons,
which demonstrate fluctuating but not oscillating PER2 levels, can produce tissue-level
rhythmicity [79]. This work demonstrates that the SCN network is capable of generating
oscillations in the circadian range from a population of individually arrhythmic cells,
illustrating a previously unappreciated level of robustness in the SCN system.

MECHANISMS OF INTERCELLULAR COMMUNICATION WITHIN THE SCN

The mechanisms by which individual cells in the SCN couple to produce stable, coherent
rhythms are not fully understood. As discussed above, blocking sodium-dependent action
potentials with TTX [50, 79] or isolating neurons within the SCN [78] leads to cellular
desynchrony. This suggests that neurotransmission is vital to maintenance of circadian
rhythmicity, although gap junctions may also play an important role in SCN coupling [80,
81].

Evidence for the involvement of neurotransmitters in SCN neuronal coupling

Considerable effort has been made to identify the signals responsible for coupling within the
SCN network, with several of the prominent SCN neurotransmitters, includingVIP, GRP,
and GABA, being prime candidates. The strongest support for a neuropeptide coupling
agent within the SCN has been put forth for VIP (see [82, 83] for reviews). VIP modulates
light-induced phase-resetting [84], and VIP application shifts the phase of both the SCN (in
vitro) [85, 86] and locomotor activity [87]. Mice deficient in VIP or its receptor, VPAC2
(encoded by the gene Vipr2), have weak (or disrupted) locomotor activity rhythms [58, 88,
89]. Loss of VIP-signaling results in desynchrony among SCN neurons [90-92]. Individual
SCN neurons from VIP and VPAC2 null mice are frequently arrhythmic, both in dispersed

Trends Neurosci. Author manuscript; available in PMC 2013 September 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mohawk and Takahashi Page 7

culture and in organotypic explants, and lower amplitude rhythms are observed among the
remaining rhythmic cells [58, 90-92]. Interestingly, variability in phase among SCN neurons
from both V" and wildtype mice is negatively correlated with the robustness of
behavioral rhythms [93]. In the /n vivo condition, it is likely that VIP (among other
neuropeptidergic signals) provides an intercellular coupling signal for SCN oscillators,
stabilizing and synchronizing rhythms among SCN neurons.

While there is ample evidence for the crucial role of VIP-signaling in SCN neuronal
coupling, other neurotransmitters are likely involved. GRP and GABA receptor activation
both produce phase-shifts in SCN oscillations and locomotor activity rhythms [87, 94-97].
Application of GRP or GABA can synchronize asynchronous SCN neurons [92, 95].
However, there is also evidence that GABA antagonism can actually improve stability and
precision in circadian firing rate of SCN neurons [98]. Further research is needed to
determine the way in which these neurotransmitter systems interact at the cellular level to
impart tissue-level synchrony and stability to the SCN.

Calcium Signaling May Underlie Intracellular Responses to Oscillator Coupling

Calcium signaling plays an important role in the SCN network. cCAMP activation induces
Pertranscription [99] and inhibiting cCAMP signaling in organotypic SCN slices results in
decreased circadian amplitude [100]. Activation of cAMP/CAMP response element-binding
protein (CREB)-dependent pathways are involved in light-induced resetting of the SCN
[101, 102], with CREB repression resulting in an aberrant response to photic stimuli and
reduced PER expression [103]. This pathway is also an important target of VIP signaling.
VIP receptor activation results in increased intracellular cAMP [86, 104, 105] and, within
the SCN, VIP has phase-dependent effects on intracellular calcium levels [106]. These
effects of VIP are likely due to activation of adenylate cyclase and phopholipase C pathways
[86, 107]. Thus, transcriptional activation of PerZ through CREB-dependent pathways is
likely to confer the synchronization properties of VIP, and perhaps other neuropeptides,
within the SCN. Interestingly, the stochastic rhythmicity observed in SCN explants from
Bmal1” mice is lost upon application of cAMP inhibitors [79], providing further evidence
that cAMP/CREB-mediated transcriptional regulation is necessary for intercellular coupling.
The existing data are consistent with the hypothesis that a number of neurotransmitter and
signaling pathways may converge upon CREB to integrate intercellular signaling into
molecular changes at the level of an individual cellular clock (Figure 2).

The calcium-activated potassium (BK) channel also plays a role in SCN function. BK
channel null mice display a decreased circadian amplitude of body temperature [108] and
locomotor activity [108, 109]. Interestingly, the effect of BK channel deletion on circadian
output rhythms does not appear to be a consequence of alterations in the molecular clock;
rhythms of clock gene expression remain unchanged [108]. The neuronal firing rate of the
SCN, however, is affected, with dampened rhythmicity observed in BK channel null mice
[108, 109]. The effect of BK channel loss on neuronal firing rate occurs at the level of
individual neurons [108], and a specific role for BK channels in intercellular synchrony has
not yet been identified [109] (although this cannot be ruled out). It is not known how this
change in cell-level firing rate is integrated at the network-level to contribute to the output of
the SCN or the behavioral phenotype of the mice.

UNRAVELING THE SCN NETWORK

Intercellular coupling of cell autonomous oscillators within the SCN renders synchrony and
robustness to the master circadian pacemaker. Network level properties convey a stable
circadian phase and period at the tissue level to a nucleus comprised of intrinsically variable
neuronal rhythms. The ability of this complex network to generate rhythmicity upon a
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background of arrhythmicity [79] provides yet another piece of evidence for the importance
and intricacy of coupling within the SCN.

While our knowledge of the role of networking in SCN function has advanced significantly
in recent years, our grasp of the fundamental components of the network remains lacking
(Box 1). Combining mathematical simulations of the oscillator network with experimental
approaches [5, 70, 79, 110] will likely be necessary to unravel the complexity of SCN
intercellular connectivity and the output of this multi-oscillator pacemaker. Moreover, the
effect of silencing of individual neurochemical and anatomical components of the SCN
network should be examined. In the fly (Drosophila melanogaster), studies using transgenic
models and targeted ablation of specific populations of clock neurons have revealed
mechanistic details of circadian network connectivity [111, 112]. Similar investigations
should be undertaken in mammals, using emerging tools such as peptide-specific
neurotoxins and cell-type specific cre-recombinase expressing mice. Deciphering the
intercellular circadian code is an important step in advancing the study of the SCN network.
Understanding the way in which balance is maintained between cell autonomy and
synchrony within the SCN, and the manner in which this is translated into output signals,
will provide insight into the means by which this nucleus coordinates a complicated web of
circadian processes throughout the organism.
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Glossary

AVP Arginine vasopressin, a neuropeptide that is widely expressed in the
dmSCN [3, 8] and exhibits a circadian pattern of release [114, 115]

Entrainment synchronization of an oscillation to an environmental stimulus
occurring at regular intervals (usually ~24h)

Free-running the period of an oscillation in the absence of any entraining signals. The

period free-running period reflects the intrinsic period of the oscillator,
uninfluenced by environmental timing cues

GRP Gastrin-releasing peptide, highly expressed within neurons of the
VISCN [3]. GRP administration results in phase-shifts of behavioral and
SCN rhythms [87, 94, 96]

SCN The suprachiasmatic nucleus is the site of the master circadian
pacemaker in mammals. The SCN consists of two, bilateral nuclei
positioned above the optic chiasm and on either side of the 3™
ventricle. The mouse SCN has been estimated to contain ~20,000
neurons [3]

VIP Vasoactive intestinal polypeptide, highly expressed within the vISCN

[3, 8]. The VIP receptor VPAC2 (encoded by Vipr2) is expressed both
within the VIP-ergic neurons as well as in the cells of the dmSCN
[116]. VIP signaling is important in the maintenance of intercellular
synchrony within the SCN
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(a)

FIG 1. Expression of neuropeptidesin the mammalian SCN

Photomicrographs of mouse SCN slices. The bilateral nuclei are located directly above the
optic chiasm and positioned on either side of the 3" ventricle. Slices were obtained from
transgenic mice expressing the CLOCKA19 mutant protein tagged with hemagglutinin (HA)
in secretogranin positive cells (expression of the HA-tagged transgene protein product is
shown in green). Sections were immunostained to detect expression of the neuropeptides (A)
AVP (red) and (B) VIP (red). AVP expression is observed most prominently in the dorsal
SCN, whereas VIP expression is strongest in the ventral SCN. Cells expressing both
CLOCKA19-HA (expressed throughout the nucleus) and the peptide of interest appear in
yellow. Reproduced, with permission, from [113].
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FIG 2. Schematic of theintracellular molecular clock and model of intercellular signaling
pathways

The molecular circadian clock consists of the positive elements CLOCK and BMAL1
(represented by the green and blue circles, respectively), which dimerize and activate
transcription of Perand Cry genes. PER and CRY dimerize and translocate to the nucleus to
suppress further transcriptional activation by CLOCK:BMALL1. CK1 regulates protein
turnover, contributing to the degradation and nuclear translocation of PER. Intercellular
coupling agents (CA), which may include VIP, AVP, or other neuropeptides, activate
CAMP-signaling pathways [including protein kinase A (PKA)]. These signaling cascades
result in CREB-dependent transcriptional activation of Pergenes. Adapted, with permission,
from [79].
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FIG 3. Organized PER2 expression in the SCN

Assessment of luciferase bioluminescence in acute brain slices of the SCN from

PER2: :LUC mice using unconstrained cluster analysis [53]. The analysis reveals a wave of
oscillatory activity within the SCN, with expression of PER2 (as assessed by the
bioluminescence signal of the LUC reporter gene) spreading through the nucleus. This
pattern of serial activation of PER2 can be visualized as a “map” of distinct SCN
subregions, defined here solely by the spatiotemporal distribution of the bioluminescent
signal, without any underlying assumptions being specified by the experimenter. (A) The
color coded ‘map’ indicates the location of each cluster in the slice. Note the substantial
symmetry between the left and right sides of the SCN. (B) The time series graph displays the
mean brightness for each distinct cluster over time [53]. Such a finding reveals that circadian
oscillation is characterized by a stable daily cycle of gene expression involving orderly serial
activation of specific SCN subregions, followed by a silent interval [53]. Time series for
clusters in the map that cannot be discerned from scatter of light are not shown. Figure
provided by the authors. Adapted, with permission, from [53].
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FIG 4. Intercellular coupling compensates for genetic deficits
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Robustly Rhythmic
SCN & Output

Uncoupled SCN cells are susceptible to arrhythmicity due to genetic defects in the
molecular clock. Dispersed SCN cells from mice null for either Per or Cry1 display weak
rhythms [5] SCN explants from these animals, however, are rhythmic, as is their locomotor
activity [5]. Coupling of weakly rhythmic cellular oscillators can compensate for
compromised circadian function, preserving stable rhythmicity at the level of the SCN and
output rhythms. Individual cells derived from wildtype animals are rhythmic, although
increased arrhythmicity and variability in period is observed in widely dispersed cultures [4,
55]. Thus, even among independent cells that are already rhythmic, coupling serves to

stabilize the rhythmicity of the SCN.
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FIG 5. Network properties convey temperatureresistanceto the SCN

(a) Bioluminescence trace from an SCN explant obtained from PER2: :LUC mice
(bioluminescence represents PER2: :LUC expression). The SCN is resistant to perturbation
by temperature signals. Blocking communication among SCN neurons with TTX allows a
6h temperature pulse (temperature increased to 38.5°C, indicated by yellow bar) to reset the
phase of the SCN. (b) Phase transition curves (PTCs) plotting phase prior to temperature
pulse (“old phase”) against phase following temperature pulse (“new phase”). PTCs are
from SCN cultures from PER2: :LUC mice without drug (gray), with 1uM TTX (red), and
with 5uM TTX (blue). Following TTX treatment, the SCNs display type 0 phase-resetting.
Type 0 resetting is strong resetting, with oscillators resetting to a common phase, regardless
of the phase at which the resetting signal is administered. (c) Heat maps demonstrating the
effects of TTX on temperature resetting in individual neurons within an SCN culture. In
whole SCN explants, phase and period length are stable and robust, although some
variability in phase can be observed (left). Following TTX treatment, SCN neurons are
uncoupled (right). Individual neurons in the TTX-treated condition free-run, resulting in a
wide range of phases. TTX also renders individual SCN neurons sensitive to temperature-
induced phase resetting. A 6h temperature pulse (temperature increased to 38.5°C, indicated
by yellow bar) synchronizes the phases of individual neurons in the TTX-treated SCN. No
effect on phase was observed when a temperature pulse was administered in the absence of
TTX. Heat maps were generated by imaging single cell-sized regions of interest using a
cooled charge-coupled device (CCD) camera. Maps display voxels measured from dorsal to
ventral through the SCN. Red corresponds to the peak of bioluminescence and green to the
trough. Reproduced, with permission, from AAAS [72].
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