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Abstract

Significance: Functional states of organisms vary rhythmically with a period of about a day (i.e., circadian). This
endogenous dynamic is shaped by day-night alternations in light and energy. Mammalian circadian rhythms
are orchestrated by the hypothalamic suprachiasmatic nucleus (SCN), a brain region specialized for timekeeping.
These autonomous ~24-h oscillations are cell-based, requiring transcription—translation-based regulation. SCN
circadian oscillations include the maintenance of intrinsic rhythms, sensitivities to input signals, and generation
of output signals. These change predictably as time proceeds from dawn to day, dusk, and through the night.
SCN neuronal excitability, a highly energy-demanding process, also oscillates over ~24h. The nature of the
relationship of cellular metabolism and excitability had been unknown. Recent Advances: Global SCN redox
state was found to undergo an autonomous circadian rhythm. Redox state is relatively reduced in daytime,
when neuronal activity is high, and oxidized during nighttime, when neurons are relatively inactive. Redox
modulates neuronal excitability via tight coupling: imposed reducing or oxidizing shifts immediately alter
membrane excitability. Whereas an intact transcription—translation oscillator is necessary for the redox oscilla-
tion, metabolic modulation of excitability is too rapid to be under clockwork control. Critical Issues: Our
observations lead to the hypothesis that redox state and neuronal activity are coupled nontranscriptional cir-
cadian oscillators in SCN neurons. Critical issues include discovering molecular and cellular substrates and
functional consequences of this redox oscillator. Future Directions: Understanding interdependencies between
cellular energy metabolism, neuronal activity, and circadian rhythms is critical to developing therapeutic
strategies for treating neurodegenerative diseases and brain metabolic syndromes. Antioxid. Redox Signal. 20,
2955-2965.

Introduction

DAILY AND SEASONAL CYCLES of the Earth’s relationship to
the Sun are critical variables that profoundly shape the
conditions for life. These environmental fluctuations deter-
mine the availability of light, nutrients, and warmth. Organ-
isms have adapted to these variables by patterning their
behaviors, physiology, and internal metabolism to fluctuate
with respect to energy availability and need. These rhythms
are not driven by the varying environment. Rather, they are
generated by an internal timing system that adapts the

organism to the changing external world by orchestrating
metabolism, physiology, and behavior to anticipate environ-
mental conditions. As a result, organismic functions are co-
ordinated with environmental conditions optimal for their
occurrence.

Mammalian circadian and seasonal rhythms are orches-
trated by a brain region specialized for ~24-h timekeeping,
the hypothalamic suprachiasmatic nucleus (SCN, Fig. 1). The
SCN is named for its position directly above the optic chiasm
and lies at the base of the hypothalamus near brain nuclei
that control sleep-wake, feeding, drinking, and sexual/
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FIG. 1. Organization of the circadian timing system of
mammals. Circadian and seasonal rhythms are orchestrated
by a central circadian clock in the brain, the SCN. The SCN is
an endogenous oscillator, generating a near-24-h timebase
when isolated in a hypothalamic brain slice (5, 16, 23, 59, 67,
73, 83). The rat SCN is seen here in transverse section as two
densely staining clusters of Nissl-positive cells at the base of
the third ventricle (the dark vertical line). This image shows
each SCN nestled in the optic chiasm (ventral lighter struc-
ture) in the ventromedial hypothalamus. Each SCN is
~500 um across and the somata of individual cells ranges
from 8 to 12um in diameter. The SCN produces output
signals that coordinate circadian rhythms of physiology
and behavior, including metabolic state, sensory tuning, and
sleep and arousal. Phasing of the SCN clock can be adjusted
by a range of inputs, including those that communicate
metabolic state, environmental light (via the RHT), and
sleep/arousal. Windows of sensitivity to phase-resetting
signals are gated by the SCN clock so that signals commu-
nicating loss of desynchronization with day—night or output
targets adaptively reset SCN clock phasing (22, 24, 45, 51).
RHT, retinohypothalamic tract; SCN, suprachiasmatic
nucleus.

reproductive/affiliative behaviors, body temperature, and
autonomic functions. These functions oscillate in circadian
rhythms coordinated by the SCN. Timekeeping is cell-based,
but the ability to pattern behavioral rhythms and appropri-
ately orchestrate oscillations in tissue and organ systems re-
sides in integrated properties of this specialized brain
structure.

SCN circadian dynamics extend from transcription, trans-
lation, and post-translational modification of clock genes and
proteins to levels of small molecular regulators, temporal
gating of signal transduction pathways that respond to in-
coming signals, neuropeptide release within the SCN, and
neuronal activity that transmits output signals. SCN neuronal
electrical activity peaks at mid-day and is low at night, as are
energy availability and use. Cellular metabolism has been
evaluated only recently. Reduction-oxidation and (redox)
homeostasis in this tissue are not static, as has been predicted
for basal cellular metabolism, but rather they are intrinsically
dynamic. Redox state oscillates within a narrowly buffered
range with a predictable phase relation to day and night.
What is the consequence of this regular rhythm of redox
changes and energetics for the physiological state of this brain
region?

As in other organs, energy metabolic dysfunction in the
brain is often pathogenic (4). Knowledge of the interdepen-
dency between cellular metabolic disturbance and deficit in
neuronal activity is essential for the development of thera-
peutic strategies for the treatment of neurodegenerative
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diseases and metabolic syndromes in the brain. While activi-
ty-dependent metabolic state changes have been under in-
tensive study, the inverse pathway, the influence of metabolic
state on neuronal activity, is relatively unexplored. Emerging
evidence suggests a reciprocal interaction between metabolic
state and neuronal excitability in the normal dynamics of the
brain’s circadian clock (79). Thus, metabolic state could be an
important modulator of information processing in the brain.
These new findings in the context of a dynamic, near-24-h
biological oscillator are the subject of this review.

The Circadian Clock in the SCN

Circadian rhythms are properties of all mammalian cells,
but these myriad clocks are controlled by the SCN (42, 61, 88).
The SCN comprises bilateral clusters of 10,000 neurons and
glia each. The paired brain nuclei are located in the anterior
ventral hypothalamus, directly above the optic chiasm, and
separated by the third ventricle (Fig. 1) (50). SCN lesion
abolishes circadian rhythms of behavior and physiology, in-
dicating that the SCN is necessary for organismic circadian
rhythmicity. Transplantation of fetal SCN into a host rendered
arrhythmic by an SCN lesion restores that organism'’s
rhythms, except for hormone release from the pituitary. The
period of the restored behavioral rhythms is that of the
transplanted SCN, rather than the host when genotypes dif-
fer. These findings position the SCN as the master clock co-
ordinating a hierarchical clock system (42, 61).

SCN is a coherent circadian oscillator

The SCN is distinguished from other tissue-base clocks by
its intrinsic coherence (88). When tissues from various organs
or brain regions are cultured, their rhythms are synchronized
immediately after removal from the body. As the days ex vivo
pass, coordinated tissue-level rhythms gradually diminish
and disappear. However, the SCN continues to oscillate co-
herently for the duration that it survives in vitro, which may be
months (83). Thus, the SCN possesses unusual clock proper-
ties and serves in a privileged position as the conductor of the
peripheral clock orchestra.

The endogenous clock can maintain circadian rhythms
without external environmental cues. Mice housed in con-
stant conditions in a dark room continue to exhibit strong
circadian rhythms similar to under day/night conditions.
However, the intrinsic period, measured by the pattern of
wheel-running activity, is not equivalent to the precise 24-h
solar cycle. The endogenous free-running circadian period ()
of these mice is <24 h, while in rats T is >24h. In humans,
also is a little longer than 24h for most individuals. Thus,
these rhythms are not driven by the solar cycle.

Phase-resetting the SCN clock

To align with the changing day and night length of the
seasons, animals must readjust their intrinsic clocks to the
day—night cycle in nature, a process called entrainment
(24). Light is the most important environmental time cue
for entraining the circadian clock (22). Photic information
is conveyed directly from intrinsically photosensitive,
melanopsin-bearing retinal ganglion cells to the SCN via the
retinohypothalamatic tract (Fig. 1) (9, 30). The effect of light on
SCN phasing depends on the time of day, such that sensitivity
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and response will report an error with respect to anticipated
environmental light (15, 22). In early night, a light pulse sig-
nals an extended day; the phase of the SCN clock delays to
adapt to this change. On the other hand, in late night, pre-
mature light signals an early day; the clock responds by ad-
vancing its phase. Clock phase is not altered by light
experienced in constant dark conditions during the subjective
daytime, when light is normally present; this is compatible
with synchronization.

Nonphotic stimuli also entrain the circadian clock (72).
Among the most salient of these cues is food, when avail-
ability is restricted to only a few hours/day (31, 80). After
entrainment to restricted food availability, motor activity
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increases significantly in anticipation of feeding. This antici-
patory behavior is evidence that a time-of-day signature has
been encoded in the entrainment process. Notably, sensitivity
to both photic and nonphotic entrainment cues is circadian
time (CT)-dependent (24).

Transcription—-Translation Oscillator:
The Molecular Clockwork Core

At the most fundamental level, circadian rhythms emerge
from interacting feedback loops of core clock genes and pro-
teins (44). Clock genes, which are necessary to circadian
timekeeping, were discovered first in Drosophila and then in
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FIG. 2. Model of the circadian TTO with nodes of redox regulation. The critical components sustaining cell-based
circadian rhythms have been thought to be clock genes and their proteins. These essential elements interact as a ~24-h
regenerative oscillator, the TTO. Heterodimers of positive transcription factors CLOCK/BMAL (or CLOCK/NPAS2 in some
brain regions) bind to E-box motifs in the promoters of Per 1/2/3, Cry 1/2 and Rev-Erba, activating transcription. The protein
products undergo complex post-translational modifications in the cytoplasm, including phosphorylation (by casein kinase 16
or ¢ [CK], glycogen synthase kinase 3, protein kinase C, and other kinases not included in this model), sumoylation,
acetylation, and ubiquitination. PER (P) and CRY (C) proteins heterodimerize, translocate to the nucleus, and repress
transcriptional activation by CLOCK/BMAL. An additional regulatory feedback loop involves REV-ERBu (R, nuclear heme
receptor, a negative regulator) and ROR (a positive regulator), which compete for binding to and regulation of ROREs within
the Bmall promoter. REV-ERBu also can bind to ROREs in the Per and Cry promoters, modulating transcription. Binding of
transcription factors is a dynamic process, so their action is subject to relative stoichiometries. Among the many elements in
this complex set of pathways, rates of both synthesis and proteosomal degradation are important to rhythm generation (22,
24, 45, 51, 76). Elements within these molecular loops are sensitive to redox state, which thereby can modulate both binding
and transcriptional activity. NAD + and heme (H) denote redox-sensitive nodes on clock proteins. CRY-bound FAD oxidizes
CLOCK-bound NADPH to NAD(P)*, inhibiting CLK/BMAL activation of transcription at E-box elements (22, 24, 45, 51).
The PERs and REV-ERBuo contain heme-binding moieties (H) in their ligand-binding domains (16, 67, 86, 87). Heme binding
interferes with the ability of PER2 to interact with CRY proteins (84), whereas it stabilizes REV-ERBux binding to a nuclear
corepressor of transcription. Temporal relationships between the RXO in the SCN and these modulatory effects on the TTO
have not been evaluated fully. CRY, CRYPTOCHROME; FAD, flavin adenine dinucleotide; NAD™, nicotinamide adenine
dinucleotide; PER, PERIOD; ROR, retinoic acid-related orphan receptor; ROREs, retinoic acid-related orphan receptor re-
sponse elements; RXO, redox oscillator; TTO, transcription—translation oscillator.
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mouse, man, and virtually every species, including cyano-
bacteria (64, 65, 78). These genes are highly conserved across
species, so much so that human clock genes can substitute for
fly homologs to generate behavioral rhythms (70). The tran-
scriptional, translational, and post-translational regulation of
clock genes and their products forms the core clockwork
mechanism, a transcription—translation oscillator (TTO,
Fig. 2).

Clock genes and the molecular clockwork mechanism

Chronobiologists dissected the molecular clockwork
(Fig. 2) from studies of mutations or gene deletions in mouse
that alter the circadian patterning of locomotor activity.
Takahashi and colleagues first cloned the mouse gene Clock, a
positive transcriptional regulator (40, 77). After decades of
exploration, the crystal structure of CLOCK bound to its
heterodimeric partner, BMAL1, which together form the
transcriptional activator complex, has been resolved (32).
PERIOD and CRYPTOCHROME (PER and CRY), the nega-
tive regulatory elements, repress their own transcription by
binding to E-box sequences in their gene promoters. The
CLOCK:BMAL complex binds to PER:CRY, relieving the
transcriptional repression, so Per and Cry can again be tran-
scribed, reinitiating the cycle. This cycle of transcription,
translation, cytoplasmic post-translational modification, and
cytoplasmic—nuclear translocations takes ~24-h (39, 56). The
core molecular clockwork also encompasses a loop in which a
nuclear heme receptor, REV-ERBu, is a key player (43, 86, 87).
REV-ERBu can bind to the retinoic acid-related orphan re-
ceptor response elements (ROREs) in the promoters of Clock
and Bmall to initiate transcription (6). This interacting os-
cillatory loop is proposed to add stability to the rhythm-
generating loop; it also provides points of TTO modulation by
metabolic state (see further). This model of the TTO (Fig. 2) as
the driving force of circadian rhythms is now well established
[see ref. (44) for a comprehensive review].

The clockwork machinery has expanded to include not
only the transcriptional and translational elements of these
clock genes but also post-translational modulators. Central
clock elements in the SCN include CLOCK, BMAL, CRY,
PER2, and the kinases/phosphatases that post-translationally
modify them (e.g., casein kinase 19, ¢, glycogen synthase ki-
nase) (39, 56). Genetic alterations in specific kinases and
phosphatases that modify clock proteins can alter the gener-
ation or period of circadian rhythms (2, 63, 74).

Health consequences of altered clock genes

Can the circadian TTO contribute to health or disease?
Evidence supporting roles for altered molecular clockworks
in disease generation is substantial. A hereditary human sleep
disorder was identified in a single-base mutation in hPer2
that changes coding of serine662, the substrate for casein
kinase 1¢ (Fig. 2), to a glycine, causing this phosphorylation
site to be lost. This one-base change in the DNA causes life-
time shortening of the circadian period of carriers, resulting in
familial advanced sleep phase disorder (74, 89) in which their
circadian cycles complete in ~20h every day.

Clues that clock genes also may act beyond the SCN came
from studies of mice in which clock genes had been muta-
genized, deleted, or genetically engineered. Takahashi and
colleagues generated a gene knock-in mouse with the
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luminescent protein, luciferase (LUC), encoded in tandem
with a clock protein, PER2. PER2::LUC bioluminescence os-
cillates with a circadian beat in the SCN and, indeed, within
all the cells of all tissues examined (88). Animals harboring
altered or missing clock genes not only exhibit profound
rhythms deficits, they have other abnormalities, as well. These
may include weight gain or loss, impaired glucose tolerance,
diminished fecundity, arthritis, cardiovascular disease, tu-
mors, susceptibility to addiction, sleep—wake cycle disorders,
and shortened lifespan (14, 29, 33, 37, 4648, 71, 89).

The Rise of Nontranscriptional Circadian Oscillators

The dominion of the TTO over sustained circadian rhythms
has been challenged by studies of animals with deficits in
clock gene transcription that unexpectedly exhibit minimal
effects on rhythmic behavior or even clock protein expression
(38, 41, 52, 85). These findings suggest that the rhythmic
transcriptional regulation of clock genes may not be fully
necessary. It follows that the TTO model may not be a com-
prehensive interpretation of the circadian clock.

Circadian oscillations in small regulatory molecules such as
cAMP (53, 60) and Ca®" (10, 27, 34) have been observed in
SCN tissue. Analysis of interdependence between oscillations
in these cytosolic versus nuclear activities suggests that the
TTO is not sufficient to generate the circadian rhythm (Fig. 3)
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FIG. 3. Multiple oscillators of the core circadian clock-
work. Circadian timekeeping is a cellular property, key ele-
ments of which are represented here. In cells of the SCN, the
circadian rhythm is generated on molecular level by a neg-
ative feedback loop of a group of clock genes and proteins
that generate a TTO. The transcriptional-translational post-
translational regulation of clock genes and their products
forms the molecular clockwork machinery (44). Proteins that
mediate post-translational modification, such as protein ki-
nases/phosphatases (63), and the small cytoplasmic mole-
cules cAMP (53, 60) and Ca?* (10, 27) also participate in
generating the intrinsic TTO. Redox state is emerging as a
parallel cellular oscillator. The RXO is tightly integrated with
the TTO, as well as with cellular physiology. At the tissue
level, signals between cells synchronize and shape the mul-
titude of cellular oscillators (10). Coherent oscillations of the
SCN lead to coordinated timekeeping in the brain, auto-
nomic nervous system, and peripheral tissues. These oscil-
lations give rise to integrated circadian rhythms of physiology
and behavior.



CIRCADIAN REDOX OSCILLATOR IN BRAIN

(10, 28). The concept of cytosolic oscillators as core compo-
nents of circadian clocks emerged from the study of cAMP
oscillations in SCN tissue (53): (i) pharmacological manipu-
lation of cellular cAMP concentration affects the daily-
rhythmic expression of clock genes, (ii) suppression of the
level of cAMP compromises the free-running oscillation of
clock genes, and drug washout causes convergence to a
common phase in the cycle, and (iii) the rate of cAMP syn-
thesis influences the length of the intrinsic period generated
by the central pacemaker. Similar properties have been de-
scribed for Ca”* in Drosophila (27) and cyclic ADP-ribose in
the plant Arabodopsis (17). In the SCN, circadian oscillations of
intracellular Ca*>* concentration ([Ca>*];) drive transcription
of Per and Cry genes (10). The membrane receptor-associated
GTP-binding protein, Gq, can reprogram these circadian
rhythms via intercellular signals activating the receptor (10).
These findings suggest that critical interplay between cyto-
plasmic small molecules and the TTO, rather than the TTO
alone, drives intrinsic circadian rhythms (Fig. 3).

Neuronal Excitability as a Nontranscriptional
Oscillator

Spontaneous neuronal activity undergoes
circadian oscillation

Each SCN is a neural network of thousands of units that
undergo daily oscillation in electrical activity. This electrical
oscillation is essential for the functionality of the central
pacemaker in synchronizing brain and body clocks to each
other and to changing environmental time cues (11, 13). One
level at which neuronal excitability oscillates is a daily fluc-
tuation of spontaneous action potentials (SAP) generated by
neurons of the SCN (Fig. 4, top) (49, 60). Frequencies of the
SAP activity are significantly higher in daytime than during
nighttime in both nocturnal and diurnal species. This pattern
can be detected both in vivo and in vitro, by single- or multiunit
recording (26, 35, 81). Thus, circadian changes in SCN neu-
ronal excitability may comprise another nontranslational os-
cillatory system, one that encompasses the cell membrane.

lonic mechanisms underlying oscillatory
electrical activity

Dissection of underlying ionic mechanisms by patch-clamp
recordings of membrane properties of mouse (8) and rat (79)
neurons reveals very similar patterns of rhythmic oscillations
in the excitatory state of neuronal membranes (membrane
potential, V.,,; Fig. 4, bottom). At least three types of ionic
factors, K™ currents, Ca®* currents, and [Ca®"];, contribute to
the oscillations in membrane excitability (8). These ionic fluxes
are of three functional types: (i) currents generating the ex-
citatory drive that elevates V,, to the threshold for action
potential generation, (ii) currents responding to the excitatory
drive and generating action potentials, and (iii) currents
contributing to the nightly silencing of firing through hy-
perpolarizing V., (13). Modulation of these currents could be
on the levels of channel expression, localization, and/or post-
translational modification of conductance and/or gating
properties of specific ion channels.

The circadian oscillation of membrane excitability and
electrical activity had been thought to be driven by the TTO,
but a study in Drosophila suggests that the rhythmic electrical
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FIG. 4. Circadian rhythms of SCN excitability and redox
state are aligned. The SCN generates a ~24-h rhythm of
SAP that peaks ~CT 7, mid-subjective day in a hypotha-
lamic brain slice (top). SAP activity is lowest at CT 14, early
during subjective night. Redox state, measured via protein
glutathiolation of SCN ex wvivo, oscillates in a circadian
rhythm. SCN tissue is most reduced at CT 7 and most oxi-
dized at CT 14 (*p<0.05, ANOVA, Tukey HSD, n=6, mid-
dle). Vy,, assessed by patch clamp of 337 neurons over each
of 24 CTs, varies significantly (p <001, ANOVA, Tukey HSD,
bottom). V,, is most depolarized at CT 7 and most
hyperpolarized at CT 14. Adapted from Wang et al. (79).
ANOVA, analysis of variance; CT, circadian time; SAP,
spontaneous action potentials.

activity is necessary for the clock gene expression. Electrical
silencing of pacemaker neurons in the fly brain by the genetic
manipulation of K* channels results in arrhythmic behavior
and dampens the circadian pattern clock gene expression (51).
Experimental evidence for this relationship in the mammalian
SCN has yet not been gathered, but a similar mechanism is
predicted. Thus, neuronal excitability may be another type of
nontranscriptional oscillator, like the cytosolic oscillators
cAMP and Ca®", that acts as a core component of the clock-
work machinery. However, it is not a cytosolic oscillator be-
cause neuronal excitability is not based on specific molecules
in cytoplasm; rather it describes a cellular state (Fig. 3; Table 1).

A Circadian Redox Oscillator

Circadian rhythms and metabolism

The organism’s metabolic state, including the levels of
liver enzymes and energy production and utilization, oscil-
lates with a circadian rhythm. Superimposed upon circadian
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TABLE 1. NONTRANSCRIPTIONAL CIRCADIAN OSCILLATORS

Oscillator Oscillatory system Species
Cytosolic small ~ cAMP Mouse™
molecules and ~ Ca”* Drosophila®, mouse™
proteins cADPR Arabidopsis'”
PKC Mouse®
Cellular state Redox state Human™
Ostreococcus™
Mouse/fly/fungus/
bacteria/Archaea
Rat”®, mouse”®
Electrical activity ~ Drosophila®!
Membrane Rat’!, mouse®
excitability

rhythms of metabolism are near 24-h oscillations due to the
contingencies of life, such as metabolites in circulation and
intracellular microenvironments, hormones related to feeding
and fasting, and ingestive behaviors (6, 25). Genomic analysis
found that 20% of mRNAs that exhibit circadian rhythms
of expression are related to metabolism (1). These include
enzymes critical for energy metabolism, such as glycogen
phosphorylase, cytochrome oxidase, lactate dehydrogenase,
and the monocarboxylate transporter, MCT2 (66). Disruption
in mice of transcription of the core clock genes, Clock and Bmal
1, causes obesity, diabetes, and other metabolic syndromes
(46, 75). These data support the contention that daily pat-
terning of metabolism and the body systems it engages is one
of the most important evolutionary drivers for an internal
circadian clock.

SCN energetics

The brain is the most metabolically active organ, consum-
ing about 20% of the O, and 25% of all glucose in the human
body, despite occupying only 2% of body mass (7). Most of the
energy is spent on maintaining and restoring ionic gradients
across the membrane (3), the basis of electrical signals that
process information. Changes of V,, in the form of action
potentials and synaptic potentials rely on the translocation of
ions across the plasma membrane, leading to changes of en-
ergetic state. Indeed, task-dependent neuronal activity in the
brain is accompanied by increased local blood flow and glu-
cose consumption. This property constitutes the basis of func-
tional imaging and mapping of the brain, such as positron
emission tomography and functional magnetic resonance im-
aging (20). The intense energetics of brain functional dynamics
requires an efficient machinery to coordinate energy produc-
tion, delivery, storage, and utilization. It is widely accepted that
activity-induced changes of brain energy metabolism are the
result rather than the cause of neural activity (7).

Early functional measures of SCN circadian rhythmicity
evaluated energy metabolism based on uptake of tracer
amounts of 2-deoxy[1-14C]glucose (21, 69). This approach
enables the determination of glucose consumption of indi-
vidual brain structures in vivo and reports the functional ac-
tivity. Morning glucose utilization in rat SCN is 2 xhigher
than in the evening (p <0.01). Mitochondrial cytochrome C
oxidase activity, measured by the changes in light absorption
at 550 nm, mitochondrial aggregation, and glucose concen-
tration, is higher during the light period, as well (36). These
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measures of energetics find high-energy availability when
SCN electrical activity also is high (82). However, the ATP
level in the SCN and anterior hypothalamic area is negatively
correlated with electrical activity (82).

Redox state as a circadian oscillator

Redox state, the potential of molecular substrates of cellular
metabolism to receive or donate electrons, is the manifestation
of cellular metabolic state (18, 68). Redox state is determined
by multiple interacting molecular electron couples (Fig. 5).
The biochemical balance of interconversions of several sets
of metabolites, such as lactate and pyruvate, depends on re-
ducer/oxidizer homeostasis. Reactive free radicals, such as
nicotinamide adenine dinucleotide (NAD™ and flavin ade-
nine dinucleotide (FAD), originate from the redox reactions in
metabolism and occur universally in cells. Redox molecules
integral to intermediary metabolism also contribute to cell
physiology and intracellular/intercellular signaling (18).

It follows that the redox state can be evaluated through the
ratio of redox-molecule pairs, such as NAD(P)" /NAD(P)H,
glutathione disulfide/glutathione (GSH), or dehydroascorbic
acid (DHA)/ascorbic acid (AA). Ratios of these redox couples
in the SCN were measured at points around the 24-h cycle
in vivo using three different methods (79). Noninvasive redox
analysis by real-time imaging of FAD/NAD(P)H in orga-
notypic brain slices from both rat and mouse found highly
significant circadian oscillations in redox state (p<0.00.1,
23.7+0.3h). When analyzed in SCN from a Bmall~ /=~ mouse,
which lacks a functional circadian clock (12, 41), the FAD/
NAD(P)H ratios do not oscillate. This indicates some form of
coupling of transcriptional and redox oscillators (RXOs) in the
SCN.

Two different redox couples were analyzed in SCN either
ex vivo or maintained as brain slices for several hours. Glu-
tathiolation, the capacity of proteins to incorporate reduced
GSH, of SCN ex vivo shows a significant time-of-day effect

NADPH DC GSSG x AA
NADP* ¢ GSH DHA

Glutathione
reductase

Glutaredoxin
Protein disulfide isomerase
Glutathione S-transferase

FIG.5. Cellular redox state is determined by a network of
molecular interrelationships between electron couples.
Electron couples are paired states of molecules that exchange
electrons based on the intracellular reduction—oxidation en-
vironment. These reversible reactions are enzyme-mediated,
dynamic, and have consequences for molecular conforma-
tion, physical interactions, and function. Presented are re-
lationships between redox pairs, NADPH/NADP*, GSSG/
GSH, and AA/DHA, and associated enzymes. AA, ascorbic
acid (reduced form, also known as vitamin C); DHA, dehy-
droascorbic acid (oxidized form); GSH, glutathione (reduced
form); GSSG, glutathione disulfide (oxidized form); NADP™,
nicotinamide adenine dinucleotide phosphate (oxidized
form); NADPH, reduced form of NADP™.
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(p<0.5), with daily minimum 7 h into the day and maximum
2h into the night (Fig. 4, middle). Furthermore, the AA sys-
tem, among the most important antioxidant buffers in the
brain (62), was analyzed using capillary electrophoresis with
laser-induced fluorescence detection. We directly measured
concentrations of DHA versus AA, its reduced counterpart, in
acute SCN brain slices. Ratios of DHA/AA also oscillate
significantly with a circadian rhythm (p<0.5). Like glu-
tathiolation, levels are lowest midday and highest in early
night. Discovery of parallel changes in different redox couples
using distinct analytical methods reveals that global redox
state oscillates with a circadian rhythm. SCN global redox
state oscillates both in vivo and in vitro, such that conditions
are significantly reduced in midday and oxidized in early
night (Fig. 4, middle).

Redox oscillation is not limited to mammals” central circa-
dian clock. A circadian rhythm in redox state based on per-
oxiredoxin oligomerization has been reported in human red
blood cells (54), green algae (55), and many other species (19).
This suggests that changing peroxiredoxin state is a conserved
element of metabolic circadian rhythms in all organisms. The
physiological relevance of peroxiredoxins to cellular function
and the molecular clockwork remains to be established.
Rhythmic activity of peroxiredoxin is independent of tran-
scription/translation in the anucleate RBC but is disrupted in
embryonic fibroblasts from clock-mutant mice (54). This also
suggests that in nucleated cells, the transcriptional and RXOs
are closely coupled.

Support for the RXO as an oscillator independent of the
TTO is building. As in the SCN, the circadian oscillation of
redox state in both central (79) and peripheral (54) tissues is
disrupted when clock genes are deleted or mutated. While
these clock-disrupted animals exhibit metabolic syndromes
(46, 75), questions remain as to whether the disrupted redox
oscillation results directly from the malfunction of TTO or is
consequence of the metabolic disorder. To distinguish these
two possibilities, we need advanced techniques for monitor-
ing redox state in live specimens with genetically manipu-
lated clock genes. Real-time redox imaging (79) combined
with acute clock-gene knock-down has the potential to
achieve this goal. Nevertheless, redox state can be regarded as
anontranscriptional circadian oscillator. Similar to membrane
excitability, the RXO belongs to the category of cell-state os-
cillator (Fig. 3; Table 1).

RXO-TTO Engagement

Direct RXO-TTO engagement via transcriptional
regulation

As a potential core component of the central pacemaker, the
RXO has two pathways that can engage the clockwork ma-
chinery: one transcriptional and one nontranscriptional (Figs.
2 and 6). The transcriptional pathway originally was identi-
fied in cultured cells and is well characterized in peripheral
tissues, such as liver (6, 25). Redox species, including FAD,
NAD(P)H, and CO, can regulate the functions of clock pro-
teins, CLOCK, BMAL1, and CRY. One mechanism involves
CRY-bound FAD oxidizing CLOCK/NPAS2-bound reduced
form of NADP™ (NADPH), thus transforming the activating
effect of the reduced nicotinamide cofactor [NAD(P)H] to the
inhibiting action of the oxidized cofactor [NAD(P)*] (Fig. 2)
(16, 67).
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FIG. 6. Reciprocal interactions of the RXO, membrane
excitability oscillator, and transcriptional-translational os-
cillator. (A) The RXO regulates the circadian rhythm of SCN
neuronal activity by modulating opening of K* channels
(solid arrow) (79). Concomitantly, increased neuronal activity
can increase blood flow, glucose uptake by astrocytes, and
energy availability, which feeds back, modulating neuronal
metabolic state (dashed arrow) (66). (B) Some ion channels that
underlie membrane excitability are rhythmically expressed
under the control of clock genes (solid arrow), although acute
shifts in redox state can immediately alter membrane excit-
ability (11, 13). At the same time, membrane excitability of
SCN neurons gates signal input to the TTO, which in turn
affects clock gene expression (dashed arrow) (22, 24, 45, 51).
(C) The circadian oscillation of SCN redox state depends on a
functional TTO (79). Redox state feeds back to the TTO,
modulating clock gene expression (solid arrows) (5, 16, 59, 67).
Adapted from Wang et al. (79).

Binding of heme, an iron-containing prosthetic group, adds
another mode of redox sensitivity to clock proteins. Redox
state determines the binding of reactive gases, such as CO and
NO, to the heme moiety, and thus the protein’s conforma-
tional state. PER and CLOCK/NPAS2 bind heme via PAS
domains (Fig. 2) (16, 67). Heme-dependent binding of CO to
neuronal PAS-domain protein 2 inhibits the DNA binding
activity (16, 67). Metabolic signals regulate rhythmic expres-
sion of the nuclear receptors REV-ERBo and RORu that en-
gage the core clockwork (5, 59). Furthermore, heme is the
ligand for REV-ERBu, stabilizing its binding to a nuclear co-
repressor of transcription. Depletion of intracellular heme
abolishes the interaction between REV-ERBu« and the nuclear
corepressor protein. These conditions favor ROR« binding to
RORESs and transcriptional activation (86, 87).

Transcriptional regulation of clock genes by redox state is
likely to occur in the SCN, but is not yet explored. Based on
reports of redox regulation of clock gene transcription (66)
and redox oscillation in SCN tissue (79), it is reasonable to
speculate that the redox state could modulate the amplitude,
period, and/or phase of the transcriptional oscillation of clock
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FIG. 7. Day-night differences in SCN neuronal activity depend on redox state but are the consequence of multiple
interacting cellular oscillatory systems. Most proximally, redox species bind to subunits of K* channels within the neuronal
membrane, altering the open—closed states of the channel (bottom) (57). Changes in the open—closed state of K™ channels alter
K™ fluxes across the membrane. When redox state is reduced in daytime, K channels close and the membrane is biased
toward depolarization, facilitating the activation of channels that contribute to excitation and action potentials. During
nighttime, the oxidized state of the subunits facilitates K*-channel opening, leading to membrane hyperpolarization and
lowering the probability of achieving threshold for action potentials (79). Thus, oscillations in membrane excitability are
regulated most proximally by the RXO, which is coupled to the TTO.

genes in the SCN. Differences in local redox states of micro-
domains of the cytoplasm or nucleus could fine-tune this
modulation.

Indirect RXO-TTO engagement via modulating
membrane excitability

Recent evidence indicates that cellular metabolic state at the
level of redox molecules oscillates and contributes impor-
tantly to circadian timekeeping in the SCN (79). Acute expo-
sure of the SCN to reducing or oxidizing reagents rapidly
reverses the polarity of V., which determines the state of
excitability. The directionality and amplitude of this effect
changes with CT (time reckoned from the endogenous circa-
dian clock of the SCN free-running in constant conditions).
The effect of nontranscriptional regulation of redox state on
neuronal excitability in SCN neurons is a novel pathway
for integrating the metabolic cycle into the core clockwork
machinery.

The circadian redox oscillation directly modulates the
neuronal membrane, driving circadian changes in SCN elec-
trical activity via post-translational modification of K* chan-
nels (79). Sensitivity to specific blockers suggests that leak and
A-type K™ channels mediate the redox-sensitive changes in
excitability. The reduced redox state of daytime (Fig. 4) closes

these K™ channels, diminishing the hyperpolarizing influ-
ences on the membrane and permitting depolarization and
increased neuronal electrical activity (Fig. 7). Conversely, the
oxidized state of nighttime (Fig. 4) increases the activity of
these channels and reduces neuronal excitability (Fig. 7). Ex-
pression of leak K* channels (KcnK1) in the SCN exhibits
robust circadian rhythm (58), supporting our finding that the
redox modulation of membrane excitability depends on the
CT (79). This emphasizes the complexity of the ionic mecha-
nisms underlying the circadian oscillation of electrical activity
in the SCN.

A recent biophysical study described a mechanism by
which N-type inactivation of a voltage-sensitive K*
channel, Kvf1, is modulated by redox state in an NADPH-
dependent manner (57). Each Kvf subunit binds one
molecule of NADPH cofactor and has an N terminus that
closes the channel by N-type inactivation; oxidation of the
NADPH suppresses inactivation and increases channel
current.

The redox-based post-translational modulation of neuronal
excitability in the SCN links metabolic state to circadian
physiology at multiple levels. By driving the daily oscillation
of membrane excitability, the metabolic oscillator can modu-
late coupling between the central pacemaker and both input
signals and output targets (22, 66).
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Conclusion

The SCN is the central component of an organism-wide
circadian system that coordinates daily rhythms in metabolism,
physiology, and behavior. Circadian timekeeping emerges
from a cell-based molecular TTO. Recent findings reviewed
here report an autonomous circadian rhythm of global SCN
redox state, which is reduced in daytime and oxidized at night.
This RXO modulates circadian rhythms of neuronal excitability
via specific K channels. SCN neurons are both metabolically
and electrically more active in daytime when SCN redox state is
reduced and K* conductances are diminished. During night-
time, SCN redox state is reversed: neurons are more oxidized,
K™ conductances are enhanced, and neurons are relatively in-
active. Energetic fluctuation in the central nervous system has
been considered to be a consequence of the neuronal activity.
However, these new findings suggest that changes in cellular
metabolic state can be the cause, rather than the result, of the
neuronal activity. Thus, cross talk between energetic and neu-
ronal states can bridge cellular state and physiology with im-
portant functional consequences. These findings suggest
regulatory features for future experimental investigation.
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