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Preface

The brain is a micro-cosmos of evolution. It is fantastically adaptable to
environmental circumstances we never encounter in nature, such as zero
gravity, mathematics and the Internet. The constant that accompanied all life
on earth from day one was the 24-h rhythm of day and night, caused by the
rotation of our planet. Until recently, there has been no need to adapt to altered
rhythms as environmental changes such as changing day lengths do not alter
the 24 h period. It is one of the brain’s many formidable achievements to
adjust to new time zones that only a century ago we were unable to cross at a
signiﬁcant speed. This plasticity, or room for play and error, is intimately
intertwined with other functions of our bodies, which have to be orchestrated
in a circadian manner. Hence, disturbed circadian clocks in our bodies are
closely associated with illnesses, including those of the brain.
In this book, the world’s leading scientists in neuroscience and biological
clocks have summarized the latest ﬁndings on circadian rhythms and the
brain. The ﬁrst part explores the molecular basis of cellular and molecular
clocks and their interaction with metabolism. The second part applies these
ﬁndings to various aspects of mental health and disease.
Unfortunately, during the production of this volume, we unexpectedly lost
our dear co-author Paolo Sassone-Corsi. Paolo was undoubtedly one of the
brightest biologists of our time and he will be strongly missed. He once told
me, one day, if things should ever take a turn for the worse, he would just
disappear. Upon closer inquiry he said, he would move to one of the many
small Italian islands such as Capri or Favignana. I like to imagine that this is
where he is now.
Jena, Germany

Olivia Engmann
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Preface

As we fall asleep at night and wake up in the morning, it is tempting to feel
slave to the natural world and the unceasing progression of the hours, the days,
the seasons which marks the time of our lives from the day we are born to the
day we die.
But we are not; we are one step ahead of the game. Circadian clocks have
developed which anticipate those predictable variations of the environment
and let us exploit the opportunities which come with these changes and
prepare us from the dangers we may face because of them. The clock
mechanisms within us are indeed ancient, but not static: they have evolved
to suit increasingly complex needs. Circadian clocks in our bodies do not just
control biochemical reactions within our cells; they affect our cognitive
performances, our mood, our capability to ﬁght off infections and to clear
and regenerate our bodies from the wear and tear of time, and much more.
How is this complexity achieved in the brain? The ﬁrst chapters of the book
deal with the basic clockwork mechanisms underpinning cellular function,
from gene expression to metabolic regulation of biochemical reactions and
epigenetic mechanisms implicated in regulating brain function.
While a vast literature exists that illustrates the universal nature of core
clock mechanisms, less is known about the importance of circadian timekeeping in conferring a diverse palette of temporal properties to different cells
within tissues and organs. Our brains contain a dazzling multitude of glial and
neuronal cell controlling complex behaviours. How are cell-type speciﬁc
clock mechanisms contributing to brain computations responsible for daily
regulation of these behaviours? In the second part of the book, the role of
clock mechanisms in different neuronal cell types involved in sleep and
reward systems is discussed. Are circadian clocks within non-neuronal cells
also contributing to the daily orchestration of complex behaviours in the
brain? The role of circadian timekeeping in astrocytes and their relevance to
control daily regulation of behaviour are discussed in this section. These
chapters serve to illustrate this emerging, intercellular level of circadian
regulation and to address how universal intracellular clock mechanisms may
be “plugged in” brain circuits to organise daily patterns of physiology and
behaviour.
What are the consequences of chrono-disrupted lifestyles on the function
of inner clock mechanisms? How does the degradation of circadian temporal
information relate to the emergence of pathology in the brain? The third and
vii

viii

Preface

ﬁnal part of the book focuses on the role of clock disruption in pathologies
affecting brain and mental health.
While the three parts of the book are respectively focused on these
emerging topics, large crossovers are present within chapters: epigenetic
regulation and depression; astrocytes and neurodegeneration; metabolism
and sleep. This reﬂects the intertwined nature of clock mechanisms in humans
and the ultimate need to tackle this complexity, if we are to understand how
circadian timekeeping works in complex organisms and which role its disruption may play in the transition from brain health to vulnerability to disease.
Sadly, during the preparation of this volume our esteemed colleague and
co-author Paolo Sassone-Corsi passed away, a big, unexpected loss for the
circadian and neuroscience ﬁelds. Paolo played a key part in the inception of
this book: he introduced me to Olivia and encouraged us to undertake this
project. He wanted “fresh voices to be heard, new and exciting ideas to be
shared”. Many of the chapters are contributed by junior investigators; world
leaders generously strived to make novel connections across different ﬁelds,
stemming from their expertise and knowledge. We would like to thank them
all for their generosity.
The best dedication to Paolo’s memory is perhaps in these fresh ideas, in
the excitement of a young science. Olivia, I like to think that whether in Capri
or Favignana, he would enjoy reading this.
London, UK

Marco Brancaccio
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Part I
Molecular Gears of the Circadian Clock

1

Introduction to the Clock System
Kimberly H. Cox and Joseph S. Takahashi

Abstract

Circadian (24-h) rhythms dictate almost everything we do, setting our clocks for speciﬁc
times of sleeping and eating, as well as optimal
times for many other basic functions. The
physiological systems that coordinate circadian rhythms are intricate, but at their core,
they all can be distilled down to cellautonomous rhythms that are then
synchronized within and among tissues. At
ﬁrst glance, these cell-autonomous rhythms
may seem rather straight-forward, but years
of research in the ﬁeld has shown that they
are strikingly complex, responding to many
different external signals, often with remarkable tissue-speciﬁcity. To understand the cellular clock system, it is important to be familiar
with the major players, which consist of pairs
of proteins in a triad of transcriptional/translational feedback loops. In this chapter, we will
go through each of the core protein pairs

K. H. Cox
Department of Neuroscience and Peter O’Donnell
Jr. Brain Institute, University of Texas Southwestern
Medical Center, Dallas, TX, USA
J. S. Takahashi (*)
Department of Neuroscience and Peter O’Donnell
Jr. Brain Institute, University of Texas Southwestern
Medical Center, Dallas, TX, USA
Howard Hughes Medical Institute, University of Texas
Southwestern Medical Center, Dallas, TX, USA
e-mail: Joseph.Takahashi@UTSouthwestern.edu

one-by-one, summarizing the literature as to
their regulation and their broader impacts on
circadian gene expression. We will conclude
by brieﬂy examining the human genetics literature, as well as providing perspectives on the
future of the study of the molecular clock.
Keywords

Circadian rhythms · Molecular clock · Cellautonomous · Core clock · Feedback loops

1.1

Introduction

Circadian (24-h) rhythms dictate almost everything we do, setting our clocks for speciﬁc times
of sleeping and eating, as well as optimal times
for many other basic functions. The physiological
systems that coordinate circadian rhythms are
intricate, but at their core, they all can be distilled
down to cell-autonomous rhythms that are then
synchronized within and among tissues. At ﬁrst
glance, these cell-autonomous rhythms may seem
rather straight-forward, but years of research in
the ﬁeld has shown that they are strikingly complex, responding to many different external
signals, often with remarkable tissue-speciﬁcity.
To understand the cellular clock system, it is
important to be familiar with the major players,
which consist of pairs of proteins in a triad of
transcriptional/translational feedback loops. In
this chapter, we will go through each of the core
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protein pairs one-by-one, summarizing the literature as to their regulation and their broader
impacts on circadian gene expression. We will
conclude by brieﬂy examining the human genetics literature, as well as providing perspectives on
the future of the study of the molecular clock.

1.2

The Core of the Clock: CLOCK
and BMAL1

The ﬁrst mammalian core clock gene, Clock, was
discovered in an N-ethyl-N-nitrosourea (ENU)
mutagenesis screen for mice with abnormal circadian behavior. Mice homozygous for the Clock
mutation had extremely long period (~28 h) in
wheel-running activity and damped circadian
rhythms in constant darkness (Vitaterna et al.
1994). Upon cloning of the Clock gene (Antoch
et al. 1997; King et al. 1997b; Wilsbacher et al.
2000), it became apparent that Clock shared
sequence homology with another mouse gene,
Npas2, a member of the class of basic Helixloop-Helix/Per-Arnt-Sim (bHLH-PAS) gene family. The fact that CLOCK protein had a PAS
dimerization domain meant it also shared features
with the Drosophila circadian protein, PERIOD
(Hoffman et al. 1991; Nambu et al. 1991;
Burbach et al. 1992). The PAS domain, in addition to a bHLH domain which allows for DNA
binding (Murre et al. 1989), made the CLOCK
protein a likely transcription factor (King et al.
1997b). Importantly, Clock mRNA was
expressed in the suprachiasmatic nucleus (SCN)
of the hypothalamus, a region of the brain known
to be important for coordinating circadian
rhythms (Hastings et al. 2019), as well as in
other tissues throughout the body (King et al.
1997b; Steeves et al. 1999; Maywood et al.
2003), suggesting that this protein could have
wide-spread inﬂuence in many different cell
types.
CLOCK’s binding partner, BMAL1 (encoded
by the Arntl gene), was discovered in a yeast
two-hybrid screen, where it was shown that
CLOCK:BMAL1 heterodimers bind directly to
enhancer regulatory sites (E-boxes) in the mouse
Per1 gene to promote transcription (Gekakis et al.

1998), Fig. 1.1. It was subsequently shown that
loss of Bmal1 causes a complete loss of circadian
rhythmicity in mice (Bunger et al. 2000). A
paralog of BMAL1, BMAL2, is also expressed
in the SCN and can also dimerize with CLOCK;
however, it is expressed at lower levels and cannot compensate for Bmal1 loss-of-function
(Bunger et al. 2000; Hogenesch et al. 2000; Ko
et al. 2010). Interestingly, although the original
mutant Clock mice have a clear behavioral phenotype, deletion of the entire Clock gene does not
completely disrupt rhythms (Debruyne et al.
2006). This is because the original Clock mutation (a point mutation causing loss of exon 19) is
a dominant negative (King et al. 1997a), while in
the knockout, its homolog, NPAS2, also
dimerizes with BMAL1 (Reick et al. 2001) and
can compensate somewhat for the loss of CLOCK
in the SCN. However, this is not true in peripheral
tissues where CLOCK is required (DeBruyne
et al. 2007a, b; Bertolucci et al. 2008). Intriguingly, Clock mutant mice have reduced Bmal1
expression in the SCN, but not peripheral tissues
(Oishi et al. 2000), where other genes are speciﬁcally reduced instead (Noshiro et al. 2005),
suggesting tissue-speciﬁc mechanisms of gene
regulation by these proteins (McDearmon et al.
2006). Of note, mice lacking Npas2 do have
slightly abnormal circadian rhythms (Dudley
et al. 2003), suggesting some nonredundant
functions of CLOCK and NPAS2 (Landgraf
et al. 2016).
Although, as discussed later, expression
of both Clock and Bmal1 are regulated by other
clock proteins (Shearman et al. 2000; Preitner
et al. 2002), Fig. 1.1, little else is known about
the control of their expression. However, transcription of Bmal1 correlates with binding of the
nuclear membrane protein, MAN1 (Lin et al.
2014), suggesting that nuclear remodeling plays
a role in its regulation. Post-translationally, both
CLOCK and BMAL1 proteins are modiﬁed by
various enzymes whose activities are also rhythmic and these modiﬁcations (phosphorylation,
SUMOylation, O-GlcNAcylation, and acetylation) directly regulate their turnover (Reddy
et al. 2006; Reischl and Kramer 2011; Masri
et al. 2013; Hirano et al. 2016a; Robles et al.
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Fig. 1.1 The circadian clock is comprised of pairs of
proteins in a triad of transcriptional feedback loops. At
the core of the circadian clock are the genes for Clock and
Bmal1, which synthesize CLOCK (burgundy circles) and
BMAL1 (purple circles) proteins. These proteins
heterodimerize and bind to E-box elements on target
gene promoters, both within the core clock and on other
clock-controlled genes (Ccg). BLUE: The ﬁrst feedback
loop is comprised of Per1/Per2 and Cry1/Cry2, target
genes of CLOCK:BMAL1. PER (dark blue circles) and
CRY (light blue circles) proteins inhibit the binding of
CLOCK:BMAL1 heterodimers, both at their own gene
promoters as well as at other target genes. Thus, PER
and CRY provide negative feedback to the core circadian
clock. ORANGE: In the second feedback loop, the genes
Nr1d1/Nr1d2 and Rora/b produce the REV-ERB (dark
orange circles) and retinoic acid-related orphan receptor
(ROR, light orange circles) proteins, which bind to retinoic

acid response elements (RREs) on gene promoters with
opposite effects: REV-ERBs inhibit gene transcription,
and RORs promote transcription. REV-ERBs/RORs regulate the expression of Bmal1, Clock, and Cry1; and, importantly, Nr1d1 is also directly regulated by CLOCK:
BMAL1 as well as PER2. Together, these two proteins
provide both negative and positive feedback to the core
circadian clock and also inﬂuence the circadian expression
of other clock-controlled genes (Ccg). GREEN: In the
third feedback loop, the genes for Dbp and Nﬁl3 are
under the regulation of CLOCK:BMAL1 and
REV-ERBs/RORs, respectively. The DBP (dark green
circles) and NFIL3 (light green circles) proteins dimerize
and bind to D-box elements on target genes, including
Per1/Per2, Nr1d1/Nr1d2, and Rora/Rorb. Therefore, this
third feedback loop has many complex interactions with
the core clock, as well as regulating additional clockcontrolled genes (Ccg)

2017; Wang et al. 2018; Mauvoisin 2019),
Fig. 1.2. Casein kinase 2α (CK2α) (Tamaru
et al. 2009), cyclin-dependent kinase 5 (CDK5)
(Kwak et al. 2013), and protein kinase B (AKT)

(Luciano et al. 2018) phosphorylate CLOCK at
several sites, while glycogen synthase kinase-3β
(GSK-3β) and casein kinase 1 ε (CKIε) phosphorylate BMAL1 (Eide et al. 2002; Sahar et al.

6

K. H. Cox and J. S. Takahashi

Phosphorylation and SUMOylation
Promotes Turnover of CLOCK:BMAL1

BMAL1

CLOCK

Proteosomal Degradation

BMAL1

Acetylation of BMAL1 Allowss ffor
Recruitment of Transcriptionall R
Repressors

Ccg

PER/CRY Negatively Regulate
CLOCK:BMAL1

Phosphorlyation and Ubiqutination of
Promotes Turnover of PER:CRY

PER

CRY

PER

E-box

CRY

Ccg

Turnover Allows
Binding of New Heterodimers
CLOCK

BMAL1

CLOCK

E-box

BMAL1

Turnover of PER:CRY Allows for
Phosphorylation and SUMOylation
of CLOCK:BMAL1

CLOCK

Proteosomal Degradation
gr

Ccg

E-box
KEY:
Ubiquitination

Phosphorylation

SUMOylation

Acetylation

Fig. 1.2 Post-translational regulation of core clock
proteins. Phosphorylation of CLOCK and BMAL1 at various sites promotes their degradation, but also allows for
their nuclear accumulation and increases their turnover at
gene promoters by decreasing their stability.
SUMOylation of CLOCK and BMAL1 targets them for
ubiquitination. O-GlcNAcylation prevents ubiquitination
and degradation of CLOCK and BMAL1 by competing
with kinases for phosphorylation sites. CLOCK also

O-GlcNAcylation

directly modulates BMAL1 activity through acetylation,
which allows BMAL1 to recruit transcriptional repressors
like PER:CRY. Phosphorylation of PER at certain sites
regulates PER:CRY nuclear translocation, while Acetylation and O-GlcNAcylation increase PER protein stability,
as do the interactions between PER and CRY. Phosphorylation of PER at other sites, as well as CRY, targets them
for ubiquitination and proteasomal degradation
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2010). Rhythmic phosphorylation of CLOCK and
BMAL1 promotes their degradation, but also
allows for nuclear accumulation of these proteins
and increased turnover at gene promoters, which
is important for maintaining the timing of the
molecular clock (Spengler et al. 2009; Yoshitane
et al. 2009; Sahar et al. 2010; Luciano et al.
2018). In addition to phosphorylation, both
CLOCK and BMAL1 are regulated by rhythmic
SUMOylation, which targets the proteins for
ubiquitination (Cardone et al. 2005; Lee et al.
2008; Li et al. 2013), likely through the E3
ubiquitin ligase UBE3A (Gossan et al. 2014). In
contrast,
O-GlcNAcylation
prevents
ubiquitination and degradation of CLOCK and
BMAL1 by competing with kinases for phosphorylation sites (Ma et al. 2013). CLOCK also
directly modulates BMAL1 activity through its
actions as an acetyltransferase, starting a chain
of events that cause the termination of
transactivation by allowing BMAL1 to recruit
transcriptional repressors to CLOCK:BMAL1
complexes (Doi et al. 2006; Hirayama et al.
2007; Hirano et al. 2016a).
CLOCK:BMAL1 binding to DNA is also
altered in response to circulating factors, such as
the redox cofactors NAD and NADP (Rutter et al.
2001), suggesting another layer of cellular control. In order to inﬂuence gene expression,
CLOCK:BMAL1 heterodimers form larger
complexes with histone modifying enzymes
(Katada and Sassone-Corsi 2010; DiTacchio
et al. 2011) and transcriptional coactivators such
as Sirtuin 1, CBP/p300, and TRAP150 (Nakahata
et al. 2008; Nakahata et al. 2009; Ramsey et al.
2009; Lee et al. 2010; Lande-Diner et al. 2013)
that foster recruitment to gene promoters (Oishi
et al. 2003; Miller et al. 2007). The binding of
these CLOCK:BMAL1 co-activator complexes is
rhythmic and reliant upon other, often tissuespeciﬁc, transcription factors to produce rhythmic
chromatin opening, recruitment of RNA polymerase, and gene expression (Panda et al. 2002; Rey
et al. 2011; Lande-Diner et al. 2013; Menet et al.
2014; Takahashi 2017; Trott and Menet 2018). In
addition to rhythmic binding at gene promoters,
recent studies support the idea that CLOCK:
BMAL1 can also inﬂuence gene expression via

7

rhythmic enhancers and other noncanonical binding sites (Hatanaka et al. 2010; Yoshitane et al.
2014; Beytebiere et al. 2019).

1.3

A Negative Transcriptional
Feedback Loop: PER and CRY

CLOCK:BMAL1 regulate the transcription of
many genes, including the second set of core
clock genes, Per and Cry (Gekakis et al. 1998;
Jin et al. 1999; Kume et al. 1999; TravnickovaBendova et al. 2002; Yoo et al. 2005), Fig. 1.1.
The mammalian Per genes (Per1, Per2, and
Per3) were uncovered using homology screens
for orthologs of the Drosophila circadian gene,
period (Konopka and Benzer 1971; Bargiello
et al. 1984; Albrecht et al. 1997; Shearman et al.
1997; Sun et al. 1997; Tei et al. 1997). These
orthologs exhibit circadian expression patterns
and are also responsive to light, suggesting that,
in mammals as in Drosophila, these proteins play
central roles in regulating circadian rhythms
(Albrecht et al. 1997; Zylka et al. 1998b; Yan
et al. 1999; Zheng et al. 1999; Bae et al. 2001;
Hamada et al. 2001; Pendergast et al. 2010).
Interestingly, while the Drosophila PERIOD
partners with a protein called, TIMELESS, in
mammals, the Tim ortholog serves a less prominent function in mediating circadian rhythms
(Sangoram et al. 1998; Zylka et al. 1998a; Barnes
et al. 2003). Instead, the mammalian PERIOD
(PER)
proteins
heterodimerize
with
CRYPTOCHROME (CRY) proteins (encoded
by Cry1 and Cry2), which are critical for normal
circadian function (Grifﬁn et al. 1999; Kume et al.
1999; van der Horst et al. 1999; Vitaterna et al.
1999; Field et al. 2000).
Together, PER and CRY repress their own
gene transcription by regulating Bmal1 expression and inhibiting CLOCK:BMAL1 transcriptional activity (Sangoram et al. 1998; Shearman
et al. 2000; Sato et al. 2006; Nangle et al. 2014;
Xu et al. 2015), Fig. 1.1. This is accomplished by
the negative regulation of CLOCK:BMAL1
phosphorylation via protein phosphatase 5 (Partch
et al. 2006; Dardente et al. 2007; Matsumura et al.
2014), which leads to CLOCK:BMAL1 protein
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stabilization (Kondratov et al. 2006), the recruitment of repressive transcription-termination complex proteins (Brown et al. 2005; Padmanabhan
et al. 2012; Michael et al. 2017), and the displacement of CLOCK:BMAL1 dimers from gene
promoters (Ye et al. 2014; Chiou et al. 2016).
Thus, PER and CRY form a negative
autoregulatory feedback loop that allows for
rhythmic
CLOCK:BMAL1-mediated
gene
expression, not just for Per and Cry, but also
many other circadian genes, known collectively as
clock-controlled genes (Ccgs) (Sangoram et al.
1998; Partch et al. 2014; Takahashi 2017). This
negative transcriptional regulation involves the
further assembly of large inhibitory complexes
that include histone modifying enzymes as well
as kinases that directly regulate CLOCK and
BMAL1 activity (Duong et al. 2011; Crane and
Young 2014; Nangle et al. 2014; Tamaru et al.
2015).
However, the timekeeping mechanism of this
feedback loop is more complicated than simply
direct transcriptional regulation. Recent evidence
suggests that Per and Cry mRNA expression and
translation are dependent on mRNA decay
mediated by RNA binding proteins (Kojima
et al. 2003; Kwak et al. 2006; Kojima et al.
2007; Woo et al. 2009, 2010; Kojima et al.
2011; Preussner and Heyd 2016). In addition,
there is a large literature on post-transcriptional
regulation of PER and CRY proteins (Fig. 1.2).
PER degradation is regulated by the serine/threonine kinases, casein kinase 1δ (CK1δ), and CK1E,
which phosphorylate PERs and target them for
proteasomal degradation via the recruitment of
the E3 ubiquitin ligases, β-TrCP1 and 2 (Lowrey
et al. 2000; Lee et al. 2001; Eide et al. 2002, 2005;
Shirogane et al. 2005; Reischl et al. 2007; Meng
et al. 2008a; Etchegaray et al. 2009; Lee et al.
2009). Interestingly, the importance of CKI was
ﬁrst demonstrated many years earlier in tau
mutant hamsters, although its function in the circadian clock at that time was unknown (Ralph
and Menaker 1988). In addition to mediating
degradation, phosphorylation of PER is also
important for regulating PER:CRY nuclear translocation, although the mechanisms for this are not
well-understood (Takano et al. 2004; Sakakida
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et al. 2005). Nonetheless, it is clear that phosphorylation/dephosphorylation of PER proteins is
important for regulating CLOCK:BMAL1mediated gene expression (Lee et al. 2011; Zhou
et al. 2015; Narasimamurthy et al. 2018). Furthermore, other modiﬁcations, including acetylation
and O-GlcNAcylation, also increase PER protein
stability (Asher et al. 2008; Nakahata et al. 2008;
Kaasik et al. 2013).
The degradation of CRY proteins is regulated
post-transcriptionally by the F-box proteins,
FBXL3 and FBXL21, which promote and compete for ubiquitination of CRY, respectively
(Busino et al. 2007; Godinho et al. 2007; Siepka
et al. 2007; Hirano et al. 2013; Yoo et al. 2013).
CRY interactions with F-box proteins are
mediated by phosphorylation (Harada et al.
2005; Lamia et al. 2009). Importantly, the stability of both PER and CRY is enhanced by their
interactions with each other (Hirano et al. 2016a).
Once negative transcriptional feedback and posttranscriptional and post-translational regulation
of PER and CRY are sufﬁcient to decrease
PER/CRY protein levels in the nucleus, repression is relieved and CLOCK:BMAL1 start a new
cycle of Per/Cry gene transcription (Gallego and
Virshup 2007; Chen et al. 2009; Lowrey and
Takahashi 2011; Buhr and Takahashi 2013;
Takahashi 2017). There is also some evidence
that PER and CRY regulate circadian expression
of genes outside of the core loop (Lamia et al.
2011).

1.4

The Second Loop: Positive
Feedback from REV-ERB
and ROR

The nuclear receptors REV-ERBα and
REV-ERBβ (encoded by the genes Nr1d1 and
Nr1d2), along with the retinoic acid-related
orphan receptors, RORα, RORβ, and RORγ, provide a second layer of feedback to the core circadian clock (Fig. 1.1). These proteins were found
to be involved in circadian rhythms due to the
presence of their unique binding sites, called
ROR-binding elements (Harding and Lazar
1993; Harding et al. 1997), on the BMAL1 gene,
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as well as circadian rhythms in ROR mRNA
expression (Sumi et al. 2002). Interestingly,
although REV-ERBs and RORs bind to the
same sites, these proteins have opposite effects
on BMAL1 transcription, with REV-ERBs
providing negative regulation and RORs promoting transcription (Preitner et al. 2002; Ueda et al.
2002; Sato et al. 2004; Akashi and Takumi 2005;
Guillaumond et al. 2005). REV-ERBs were later
shown to also regulate CLOCK gene transcription
(Crumbley and Burris 2011), as well as expression of NPAS2 (Takeda et al. 2011; Matsumura
et al. 2013), and Cry1 (Liu et al. 2008).
Importantly, BMAL1 positively regulates
Nr1d1, while PER2 represses its expression
(Preitner et al. 2002). PER2 has also been
shown to interact with REV-ERB at target
promoters (Schmutz et al. 2010), and FBXL3
regulates REV-ERB/ROR-mediated transcription
by inactivating co-repressor complexes (Shi et al.
2013). Thus, these nuclear receptors interact with
the core clock on many different levels (Brown
et al. 2012). REV-ERB activity is modulated by
heme binding (Meng et al. 2008b), and, like other
core clock proteins, REV-ERB protein degradation is regulated by multiple enzymes including
GSK-3β (Yin et al. 2006); the E3 ligases, Arf-bp1
and Pam (Yin et al. 2010); and the F-box protein,
FBXW7 (Zhao et al. 2016). Overall, REV-ERBα
and REV-ERBβ appear to serve largely redundant
functions and regulate a considerable number of
circadian output genes, particularly genes that are
involved in metabolism (Solt et al. 2012; Ikeda
et al. 2019).

1.5

The Third Loop: DBP and NFIL3

The D-box binding protein (DBP) is a transcriptional activator that is expressed in a circadian
manner. Its gene (Dbp) is a direct transcriptional
target of CLOCK:BMAL1 (Wuarin et al. 1992;
Lopez-Molina et al. 1997; Ripperger et al. 2000;
Ripperger and Schibler 2006; Stratmann et al.
2012; Aguilar-Arnal et al. 2013), although
CRY1 also regulates its expression (Stratmann
et al. 2010). Both DBP and the nuclear factor,
interleukin-3 regulated protein (NFIL3, also
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known as E4BP4), which is a transcriptional
repressor, bind to D-box elements on circadian
promoters, but with opposite phases of maximal
binding (Mitsui et al. 2001; Gachon et al. 2004;
Ueda et al. 2005; Ukai-Tadenuma et al. 2008).
NFIL3 has also been shown to interact with PER2
to promote transcriptional repression via E-box
sites (Ohno et al. 2007a) and also directly
represses Per2 gene expression (Ohno et al.
2007b), while DBP binds to the Cry1 promoter,
inﬂuencing the timing of transcription. Thus, this
third DBP/NFIL3 loop is also intricately involved
in the timing PER/CRY negative feedback (UkaiTadenuma et al. 2011). DBP/NFIL3 also inﬂuence the circadian transcription of many other
target genes and respond to cellular signals, such
as PI3 kinase and signal transducer and activator
of transcription 3 (STAT3) (Wuarin et al. 1992;
Mitsui et al. 2001; Morishita et al. 2016; Wang
et al. 2017b).

1.6

Human Mutations in Core
Clock Genes

Although most studies of the circadian clock have
been performed in animal models, a number of
ﬁndings in humans have helped solidify the
importance of the molecular clock and its role in
human disease. One of the ﬁrst circadian gene
mutations was discovered in patients with familial
advanced sleep phase syndrome (FASPS), who
had a 4-hour phase advance in their sleep, body
temperature, and hormonal rhythms that caused
them to awaken early (Toh et al. 2001). The
mutation, which altered a PER2 phosphorylation
site (Fig. 1.2), impaired CK1E binding, and a few
years later another cohort of FASPS patients was
found with a mutation in CK1δ (Xu et al. 2005),
corroborating the inﬂuence of PER2 phosphorylation in this sleep disorder. Since that time,
mutations in Cry2, Per3, and Tim have also
been associated with FASPS (Hirano et al.
2016b; Zhang et al. 2016; Kurien et al. 2019). In
contrast to FASPS, patients with delayed sleep
phase disorder (DSPD) have persistent insomnia
and delayed sleep onset. So far, only mutations in
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Cry1 have been associated with DSPD (Patke
et al. 2017).
In addition to investigations into monogenic
causes of severe sleep disorders, a number of
GWAS studies have also identiﬁed genetic
variants in core clock genes associated with
“early riser” phenotypes (Hu et al. 2016) or selfreported chronotypes (Jones et al. 2016; Lane
et al. 2016), including variants in PER2 and
RGS16 (Kalmbach et al. 2017). More recent
GWAS performed on insomnia patients have not
yielded variants in known circadian genes, but
these cohorts are complicated by other psychological phenotypes (Stein et al. 2018; Jansen et al.
2019). Interestingly, although many neuropsychiatric disorders have associated circadian
rhythm phenotypes, to date no variants in
known circadian genes have been implicated in
these disorders (Jagannath et al. 2017; Lane et al.
2017; McCarthy 2019; Stahl et al. 2019).

1.7

Conclusions and Future
Perspectives

The feedback loops that make up the molecular
clock are governed by transcriptional (Takahashi
2017), post-transcriptional (Preussner and Heyd
2016), and post-translational (Gallego and
Virshup 2007) mechanisms that maintain cellular
circadian rhythms. However, as suggested by
human genetics studies, the description of the
clock provided here is far from ﬁnished, and
there are likely many other factors that inﬂuence
the core clock machinery (McCarthy 2019).
Moving from the study of the core clock to
large-scale studies of circadian gene transcription,
we are just beginning to understand how the core
clock components alter the transcriptional landscape (Koike et al. 2012; Zhang et al. 2014;
Takahashi 2017; Yeung and Naef 2018;
Pacheco-Bernal et al. 2019). In addition, recent
technological advances in the ﬁeld of proteomics
will no doubt allow for a more complete picture
of circadian rhythms in the regulation of protein
expression (Narumi et al. 2016; Robles et al.
2017; Wang et al. 2017a; Mauvoisin 2019).

Thus, we still have much to learn about the inﬂuence of the circadian clock on human disease.
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A molecular circadian clock exists not only in
the brain, but also in most cells of the body.
Research over the past two decades has
demonstrated that it directs daily rhythmicity
of nearly every aspect of metabolism. It also
consolidates sleep-wake behavior each day
into an activity/feeding period and a sleep/
fasting period. Otherwise, sleep-wake states
are mostly controlled by hypothalamic and
thalamic regulatory circuits in the brain that
direct overall brain state. Recent evidence
suggests that hypothalamic control of appetite
and metabolism may be concomitant with
sleep-wake regulation, and even share the
same control centers. Thus, circadian control
of metabolic pathways might be overlaid by
sleep-wake control of the same pathways,
providing a ﬂexible and redundant system to
modify metabolism according to both activity
and environment.
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2.1

Introduction

Modern society has allowed humans easy access
to light, food, transportation, and entertainment,
twenty-four hours per day. Perhaps, increased
productivity and hedonistic pleasure have
resulted, but also increased shift work, social
jetlag, sleep loss, and an epidemic of obesity,
type 2 diabetes (T2D), and associated metabolic
syndrome (Roenneberg et al. 2012; Coomans
et al. 2015; Kelly et al. 2018). At the same time,
there has also been an increase in other aspects of
pathology such as psychological disorders,
cancers, immune system dysregulation, and gastrointestinal diseases (Sahar and Sassone-Corsi
2009; Asarnow et al. 2013; Castanon-Cervantes
et al. 2010; Codoñer-Franch and Gombert 2018).
In this chapter, we focus on the relationship
between circadian clocks, sleep, and metabolism,
and the consequences of these connections for
modern health. The circadian clockwork, the
sleep homeostat, and their regulatory networks
have been studied considerably throughout the
past decades, and there has also been extensive
work tying each of these processes to metabolism.
Despite this, very few studies exist that focus on
the interplay between circadian and sleep
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processes in terms of metabolic regulation, function, and pathology. We propose that by looking
through the lenses of both chronobiology and
sleep science together, fresh insights may be
found which will further the understanding and
development of novel strategies for metabolic
health.

2.2
2.2.1

The Circadian Clock
Clock Molecules and Circuits

2.2.1.1 The Molecular Pacemaker
A circadian clock temporally controls virtually
every aspect of the cellular function, including
energy balance, macromolecular synthesis, and
signaling. Circadian mechanisms and outputs
have been reviewed elsewhere previously
(Brown 2016; O’Neill et al. 2013), and we outline
brieﬂy only the main transcriptional mechanism
for this review. At the core of the molecular clock
in mammals are two transcriptional-translational
feedback loops in which the protein products
inhibit their own transcription. Conventionally,
this mechanism is separated into two “limbs”. In
the positive limb, circadian locomotor output
cycles kaput protein (CLOCK) and aryl hydrocarbon receptor nuclear translocator-like protein
1 (BMAL1), form heterodimers that bind to
cis-acting DNA elements (E-boxes) to activate
transcription
of
Period
(Per1-3)
and
Cryptochrome (Cry1-2) genes, which are translated into proteins in the cytoplasm. These
proteins form the negative limb, in which PER
and CRY proteins then are transported from the
cytoplasm to the nucleus and inhibit their own
transcription. These positive and negative limbs
are further interwoven by a connected molecular
circuit in which the gene encoding the nuclear
orphan receptor REV-ERBα is induced by
CLOCK/BMAL1, and REVERBα itself is a transcriptional repressor of Bmal1 while other nuclear
receptors binding the same site (RORs)
activate it.

2.2.1.2 The Master Pacemaker
It is thought that virtually every mammalian cell
possesses a clock of its own (Balsalobre et al.
1998). In mammals, a master pacemaker is necessary to keep all of these clocks synchronously
tracking geophysical time; this is the job of the
suprachiasmatic nucleus (SCN). The SCN are
bilateral nuclei of about 20,000 neurons located
in the hypothalamus of the brain. They integrate
time of day and environmental lighting cues by
input received from the eyes via the retinohypothalamic tract (Moore and Lenn 1972), and
via a web of direct and indirect cues, they then
coordinate all cellular clocks in the body (Buijs
and Kalsbeek 2001). Each cell of the SCN has an
autonomous clock, and these clocks are coupled
together via synaptic connections, gap junctions,
and neuropeptidergic signaling to create a precisely oscillating entity (Brown 2016). In turn,
the SCN synchronizes body clocks through electrical and endocrine mechanisms, food timing and
body temperature, and various other signaling
pathways to peripheral cells (Albrecht 2012).
Studies have shown that the sleep-wake cycle,
activity, and feeding behavior are under the control of the SCN, as well as hormone secretions
and many other aspects of physiology (Albrecht
and Eichele 2003).
2.2.1.3 Peripheral Clocks
Peripheral clocks refer to any cellular or organ
clock outside of the SCN, including elsewhere in
the brain. Peripheral clocks are capable of
integrating phase information with respect to a
stimulus (either at a cellular or organ level), and
integrating this information to time output—generally at a clock phase slightly later than in SCN,
as demonstrated nicely in young male baboons
(Mure et al. 2018). One example of this is glucocorticoid signaling. Via the hypothalamicpituitary-adrenal axis, the SCN triggers the
release of glucocorticoids from the adrenal glands
in
a
time-of-day-dependent
manner
(Ramamoorthy and Cidlowski 2016). Once
released into the blood stream, glucocorticoids
act as a Zeitgeber (German for “time giver”) to
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peripheral clocks by inducing clock gene expression, which in turn alters oscillations in these
cells. Importantly, the SCN is not the only Zeitgeber for peripheral clocks. For example, transcription in the liver is not only driven by the
clock, but also by the timing of food intake
(Vollmers et al. 2009). When food is consistently
given at an abnormal time, the peripheral clocks
become uncoupled from the central ones
(Damiola et al. 2000). It is likely that a number
of similar cues exist, providing avenues by which
different signals such as metabolic and immune
state might inﬂuence circadian timing. Thus,
although the circadian clock circuitry itself is
cell-autonomous and robustly self-sustained, nevertheless it is systemically coordinated across
cells and tissues. Even in the absence of the
SCN, experimental models show that clocks in
different organs retain coherence via signals that
are currently unknown (Saini et al. 2013).

2.2.2

The Circadian Clock
and Metabolism

One of the primary functional outputs of the circadian clock is metabolic regulation: virtually all
aspects of metabolism exhibit daily oscillations,
which persist even in constant environmental
conditions (Brown 2016). Recently, there has
been a growing interest about the interplay
between metabolism and the circadian clock,
and for compelling reasons. The circadian clock
exercises its metabolic control at every level of
physiology from individual cells to the organism
as a whole, but at the same time metabolic state
can inﬂuence circadian timing. This regulation
may be thought of as the clock anticipating and
preparing the body so that it can respond in a
timely manner to predictable stimuli, such as
feeding. In turn, the timing of such stimuli can
feed back to affect clock time and reﬁne such
prediction. In this section, the ways in which the
circadian clock impacts metabolic processes and
regulation will be broken up into four main
categories: cellular control, system-wide or
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organ-speciﬁc control, neuronal or central control, and behavioral control.

2.2.2.1 Cellular Control
There is an overwhelming amount of evidence
that supports the coordination of cellular energy
metabolism by the circadian clock. Some
examples of how the clock exercises its metabolic
control include, but are not limited to: regulation
of transcription and metabolite levels (EckelMahan et al. 2012; Nakahata et al. 2009),
(Zhang et al. 2015) integration of nutrient sensors
and nuclear receptors with the circadian clock
(Schmutz et al. 2010; Asher et al. 2008; Lee and
Kim 2013), and mitochondrial respiration
(Schmitt et al. 2018). A diversity of mechanisms
has been elucidated to explain this extensive
control.
At the level of transcription, it has been
reported that around 10% of transcripts in any
given tissue are regulated in a circadian manner.
A signiﬁcant portion of these in all tissues relate
to metabolic function (Mure et al. 2018). In individual cellular compartments, this proportion can
be even higher. For example, 67% of synaptic
mRNA display biphasic circadian oscillations,
and the peak preceding dawn is entirely related
to metabolism and mitochondrial function (Noya
et al. 2019).
An example of a post-translational modiﬁcation under clock control is seen in mitochondrial
bioenergetics and morphology. Daily rhythms in
mitochondrial ﬁssion are dependent on the circadian phosphorylation of DRP1 and this in turn
controls cellular oxygen consumption and ATP
levels, as they correlate with the morphological
state of mitochondria (Schmitt et al. 2018). Phosphorylation control of circadian metabolism is by
no means limited to mitochondrial function. A
study of liver circadian phosphoproteomics
revealed control of most major cellular signaling
pathways (Robles et al. 2017), thereby regulating
both cellular energetics and xenobiotic metabolism in rhythmic fashion. Lipid levels also show
dynamic circadian regulation. One study looked
at temporal dynamics in membrane lipids of the
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nucleus and mitochondria of the mouse liver, and
found that lipid species regulation is driven by
feeding time and the circadian clock (Aviram
et al. 2016). Another study demonstrated that
circadian variations in lipid metabolites are independent of feeding, because they also occur in
cultured myotubes. This suggests cellautonomous regulation in diurnal lipid proﬁles,
and this control was dependent upon the local
circadian clock in these cells (Loizides-Mangold
et al. 2017).
Broadly speaking, multiple cellular circuits
have been characterized that at least partially
explain widespread circadian control of metabolism. Glucocorticoid hormone-dependent gene
expression certainly explains a portion of this
control. It was also found that CRY1 and 2 repress
glucocorticoid receptor activation, adding an
additional layer of complexity in this regulation
(Lamia et al. 2011).
Another major axis is the level of redox
cofactors such as NAD+ and NADH. This control
occurs through circadian clock regulation of the
rate-limiting enzyme nicotinamide phosphoribosyltransferase, a key enzyme within the NAD+
salvage pathway (Nakahata et al. 2009). An additional important pathway in the circadian regulation of metabolism centers on AMP-Dependent
Protein Kinase (AMPK), which regulates ATP
production (Jordan and Lamia 2013). Additionally, the circadian clock protein BMAL1 not only
plays a crucial role in circadian transcription, but
also in translation and coupling the mTOR signaling pathway to the circadian clock (Lipton et al.
2015). Finally, clock proteins can also act
together with factors that modify chromatin,
thereby globally orchestrating transcriptional
activation and repression across families of
related genes. These chromatin modifying factors
include histone acetylases and deacetylases,
methyltransferases and demethylases, and nucleosome remodeling complexes, among others
(Brown 2016; Masri et al. 2015). For example,
the sirtuin class of histone deacetylases is
regulated in circadian fashion via its NAD cofactor (Eckel-Mahan et al. 2012; Asher et al. 2008),
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and circadian transcriptional regulation of the
deacetylase HDAC3 and the REV-ERB and
ROR transcription factors controls a large swath
of fatty acid metabolism (Feng et al. 2011).
Another clock protein, PER2, coregulates nuclear
receptor-mediated transcription through its interaction with PPARα and other nuclear
hormone receptors (Schmutz et al. 2010). Importantly, for each of these mechanisms, feedback
control from metabolic state to circadian clock
function has also been characterized. Levels of
NAD+ also control the deacetylation of the clock
protein PER2 (Asher et al. 2008), and AMPK is
able to phosphorylate the cryptochrome circadian
proteins (Jordan and Lamia 2013). Thus, redox
and cellular energetics can directly inﬂuence the
core transcription-translation feedback loop that
drives the circadian clock.
A second, more speculative class of control
occurs via possible “non-canonical” circadian
timing mechanisms based entirely on
post-translational idioms. Although a posttranslational circadian clock mechanism is wellestablished in bacteria (Nakajima et al. 2005), so
far it has been documented in mammalian cells
for only a limited family of redox enzymes
(peroxiredoxins), and operates via an unknown
mechanism (O’Neill and Reddy 2011; Kil et al.
2015). Nevertheless, given recently reported
widespread circadian control of metabolism in
mammalian cells and tissues genetically modiﬁed
to destroy the “canonical” mechanism, it is possible that post-translational clock mechanisms provide important additional layers of control.

2.2.2.2 Organ-Specific Control
The circadian clock coordinates peripheral tissues
so that they are able to carry out appropriate
metabolic responses. One way this is carried out
is through clock-controlled genes (CCGs), which
regulate various tissue-speciﬁc functions in different tissues or organs (Korenčič et al. 2014). For
example, gluconeogenesis and glycogenolysis are
promoted in the liver during sleep (fasting time)
and glycogen/cholesterol synthesis is promoted
during wake (feeding time). Examining the liver
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metabolome, amino acids, carbohydrates,
nucleotides, lipids, cofactors, vitamins, and
xenobiotics, they all display rhythmicity under
the control of the circadian clock transcriptional
machinery (Eckel-Mahan et al. 2012). Similarly,
the circadian clock is of imperative importance in
regulating glucose sensing and insulin secretion
in the pancreas, and loss of these clocks (even
speciﬁcally in beta-cells) leads to glucose intolerance (Perelis et al. 2015; Sadacca et al. 2011).
Another important peripheral clock for mammalian metabolism is adipose tissue. Adipocytes
store energy as triglycerides when the body has
an excess. They also act as a regulator of
triglycerides in the blood stream, and this regulation is compromised when adipocytes lack a functional clock and results in obesity and a defect in
the adipocyte-hypothalamic axis (Paschos et al.
2012). Finally, circadian rhythms in human skeletal myotubes have been reported to have selfsustained rhythms in vitro, and skeletal muscle in
general plays a massive role in whole body glucose homeostasis as it is the principal organ
responsive to insulin. The circadian clock might
also be implicated in muscle myokine secretion,
which is also important in glucose homeostasis
(Perrin et al. 2015).
As mentioned earlier, for circadian rhythms in
all of these peripheral tissues, the SCN is not the
only Zeitgeber. Timing of food intake can also
entrain peripheral clocks, and in mammals is even
dominant to light after about a week of timed
feeding. Indeed, the majority of oscillating
mouse liver gene expression was recently found
to be controlled by rhythmic food intake
(Greenwell et al. 2019). When the timing of
food intake was arrhythmic, more than 70% of
cycling genes were lost its rhythmicity
(Greenwell et al. 2019). The pancreas also shifts
its clock time along with the liver, heart, kidney,
and muscle in response to feeding in the inactive
period (Damiola et al. 2000).
The mechanisms by which food or feeding
entrains peripheral circadian clocks have not yet
been fully elucidated, but likely include a variety
of cues including temperature (Brown et al. 2002)
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and redox state (Reinke and Asher 2019). Posttranscriptional mechanisms likely play an important role: for example, the circadian-implicated
RNA-binding protein non-POU domaincontaining octamer-binding protein (NONO),
which regulates the pre-mRNA processing of
liver circadian genes in response to glucose
(Benegiamo et al. 2018); or poly-ADP
ribosyltransferase, which modiﬁes clock factors
in NAD+-dependent manner (Asher et al. 2010).

2.2.2.3

Central Control by Activity
and Behavior
At the level of the whole organism, glucocorticoid hormones, insulin, and appetite hormones
play key roles in the regulation of rhythms in
activity and behavior (Brown 2016). It has been
proposed that the molecular circadian clock acts
as a metabolic rheostat, and circadian regulation
of glucose metabolism has been extensively
reviewed (Qian and Scheer 2016). More broadly,
however, the control of feeding behavior and
metabolism by hypothalamic circuits themselves
plays an essential part in the circadian control of
metabolism (Kalsbeek and Fliers 2013). Glucocorticoid hormones, whose secretion is
commanded by the hypothalamic-pituitary-adrenal axis, have been discussed earlier in this chapter. Glucocorticoids show daily oscillations,
ultradian rhythms, and are also secreted in
response to acute stress (Leliavski et al. 2015),
playing a major circadian role in anticipating
metabolic requirements imposed by food intake
(Oster et al. 2017). An additional facet is provided
by appetite itself, which is also clock-controlled
and in humans, peaks in the evening before sleep
and fasting, as opposed to in the morning following an extended fasting period (Scheer et al.
2013). Some of the main hormones at play here
include leptin, ghrelin, cholecystokinin, and insulin. Leptin is released mainly from adipocytes and
binds to its receptor in the hypothalamus; this
signaling is essential for this hormone’s suppressive effects on feeding (Hsuchou et al. 2013). It
has been proposed that obesity and leptin resistance can disrupt circadian regulation, as well as
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the reverse (Hsuchou et al. 2013). It was recently
established in mice that the clock of energysensing AgRP neurons mediates transcriptional
responses to leptin to help align appetite
behaviors to the sleep-wake cycle (Cedernaes
et al. 2019a). Ghrelin, an orexigenic peptide hormone essential for appetite stimulation, has
recently been found to oscillate in humans (Qian
et al. 2019). This hints at a neuroendocrinemediated circadian variation in hunger, perhaps
involving the entrainment of the stomach cells
which secrete ghrelin (Qian et al. 2019). Further
information regarding the circadian regulation of
appetite behavior with respects to nutrient state
and sleep-wake behavior has recently been
reviewed (Cedernaes et al. 2019b).

2.2.3

Pathophysiology Related
to the Circadian Clock
and Metabolism

Disruption to the circadian clock—for example
via sleep deprivation, jetlag, or diet—can have
numerous negative effects on the circadian coordination of metabolic systems (Bass and
Takahashi 2010). Some examples relevant to
human disease include, but are certainly not limited to cancer and tumor development, obesity
and related comorbidities, death rate from cardiovascular disease and stroke, disrupted menstrual
cycles, night time asthma, abnormal cortisol
rhythm in Cushing’s syndrome, and some psychiatric disorders (Arendt 2010; Akerstedt 1990;
Shilts et al. 2018; Ramos-Lopez et al. 2018).
Metabolic syndrome describes an increased risk
of diabetes, stroke, and heart disease due to a
collection of risk factors such as obesity, high
blood sugar, cholesterol, and high blood pressure
(Brown 2016). The link between metabolic syndrome and associated metabolic diseases with
circadian dysfunction has been evident since it
was found that mice with a deﬁcient clock gene
have obesity and metabolic syndrome including
hyperleptinemia,
hyperlipidemia,
hepatic
steatosis, hyperglycemia, and hypoinsulinemia

(Turek et al. 2005). The interplay and cross-talk
between the circadian clock and metabolism have
been reviewed recently and often, and it is important to note that it is a reciprocal relationship
(Reinke and Asher 2019).
A simple example to illustrate the importance
of the clock to metabolism was demonstrated in a
study where high-fat food was fed to mice at
either a normal or an inappropriate circadian
time. The mice who received food at an inappropriate time (the inactive phase) gained signiﬁcantly more fat than mice fed at a normal time
(Arble et al. 2009). Conversely, when feeding is
restricted to a normal time (the active phase), it
promotes synchrony with circadian rhythms and
actually prevents obesity (Hatori et al. 2012). In
normal or homeostatic conditions, metabolic
physiology is driven by the clock (Bass and
Takahashi 2010). However, when shift work or
high-fat feeding for example disrupts either system, this disruption in metabolic pathways leads
to dampening and lengthening of circadian
oscillations (Kohsaka et al. 2007). There is also
evidence that the correct timing of eating applies
to humans, and has recently been reviewed
(Beccuti et al. 2017). Such approaches might
help in the prevention or treatment of obesity,
diabetes, metabolic syndrome, and many other
metabolic dysregulations, although more longterm and large-scale clinical trials are necessary
to clarify and optimize this treatment potential.
Research over the past decade has placed circadian dysfunction as a strong possible contributor to diabetic pathology. Normally, pancreatic
β-cell located in the islets of Langerhans operates
to secrete insulin in response to food intake, and
abnormalities such as a reduction in β-cell mass is
considered to be the main cause of T2D (Sun and
Han 2019). However, defects in islet function are
also linked to circadian clock perturbations, since
the β-cell clock coordinates transcription and
eventual insulin release (Perelis et al. 2015). The
intrinsic clock regulates many cellular processes
that are crucial to normal β-cell function including glucose-sensing, substrate metabolism, mitochondrial function, stress response, and insulin
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secretion via exocytosis and proliferation (Lee
et al. 2018). In reverse, circadian period length
in cells from human diabetic subjects is inversely
correlated with HbA1c values, a measure of
chronic blood sugar levels and hence diabetic
severity (Sinturel et al. 2019).
Long-term epidemiological studies have
shown that prolonged desynchrony between circadian clock and environment is demonstrably
deleterious not only to metabolic syndrome and
diabetes (Pan et al. 2011), but also to many other
aspects of health. Chronic jet lag is associated
with increased risk of cancer (Shilts et al. 2018;
Greene 2012). Shift work in nursing is one of the
most prevalent examples of circadian misalignment and internal desynchrony. It is known that
shift work is associated with metabolic syndrome
and cancer (Brum et al. 2015; Schernhammer
et al. 2006). Mechanistically, night shift work
affected gene expression in peripheral blood
mononucleated cells and circadian alignment in
core body temperature, peak cortisol, and melatonin onset compared to day shift work (Resuehr
et al. 2019), suggesting that shiftwork might lead
to circadian desynchrony among internal organs.
Metabolomics studies of simulated shiftwork
have provided further evidence for this idea
(Kervezee et al. 2019; Skene et al. 2018). It has
also been shown that the gut microbiota play a
key role in this equilibrium. When gut microbiota
were eradicated via antibiotics, these mice did not
develop obesity or glucose intolerance (Thaiss
et al. 2014), suggesting that they were spared at
least some aspects of metabolic syndrome. Thus,
the ill effects of circadian desynchrony might also
be a problem of dysbiosis.
Recent studies have suggested that even simple chronotype—an individual’s timing in their
sleep-wake schedules and circadian physiology—
may affect metabolic health in fundamental ways.
Morning-types have earlier timing and eveningtypes have a later timing in their circadian and
sleep-wake physiology, and most people fall
somewhere in between these two groups. Surprisingly, one study found that evening types are
more prone to diabetes, metabolic syndrome,
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and sarcopenia (the loss of skeletal muscle mass
and strength with aging) (Yu et al. 2015). A
second study found that an evening chronotype
is associated with diabetes and also a greater
all-cause mortality and cardiovascular disease
mortality (Knutson and von Schantz 2018).
Even for “normal” chronotypes, weekend
schedules often differ signiﬁcantly from weekday
ones due to social activities and obligations, a
phenomenon called “social jetlag”. This creates
a shift every week, which disrupts both the circadian and sleep systems. In rats, it was found that
social jet lag altered cholesterol, elevating the risk
of metabolic syndrome and increasing appetite
for fat-rich and carbohydrate heavy food
(Espitia-Bautista et al. 2017). It has also been
suggested that people with evening chronotypes
who work regular hours during the week are at an
increased risk of social jet lag and T2D since their
endogenous schedule is later (Stenvers et al.
2019; Vetter et al. 2015). Thus, awareness of
one’s chronotype could be one strategy to preventively combat metabolic disorders, for example
by adjusting daily schedules.
Overall, much has been discovered in the past
few decades about how the circadian clock might
contribute to health and disease. Above, we have
discussed extensively how circadian rhythms
might themselves be important for health. Equally
important, however, and beyond the scope of this
review are circadian effects upon drug delivery,
due either to circadian pharmacokinetic effects
(daily changes in drug metabolism and excretion)
or circadian pharmacodynamics (daily changes in
target susceptibility). The same drug may be more
effective when taken at one time of day, regardless if this was considered during the development of the drug, and many examples are
included in another review (Cederroth et al.
2019).

2.3

Sleep

Sleep is both one of the major outputs of the
circadian clock and an important recuperative
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neurobiological process independently regulated
and essential for health and well-being. However,
distinct functions of sleep are still poorly understood and the question “Why do we need to
sleep?” is difﬁcult to answer. Nevertheless, there
are several hypotheses about the functions of
sleep. Apart from sleep acting as an important
mechanism for brain plasticity and cognitive
functions (Gorgoni et al. 2013; Puentes-Mestril
et al. 2019; Tononi and Cirelli 2020), there are
clear indications that sleep has a fundamental
impact on metabolism.

2.3.1

Sleep Architecture
and Regulation

In brief, mammalian sleep is categorized into
different sleep stages based on types of cortical
neural oscillations, and consists of cycles of
alternating rapid-eye movement (REM) sleep
and nonrapid eye movement (NREM) sleep.
REM sleep is characterized not only by rapid
eye movements, but also by a very low muscle
tonus throughout the body. In contrast, brain
activity during REM sleep is comparable with
wakefulness, showing high frequency and low
voltage waves. REM sleep occurs primarily during the second half of the night and it is associated
with dreaming. NREM sleep, in contrast, occurs
predominantly during the ﬁrst half of the night
and is characterized mainly by brain waves of
lower frequency (Rechtschaffen and Kales
1968). It is therefore also called slow wave sleep
(SWS). Dreaming may also occur during NREM
sleep. In humans, NREM sleep is further divided
into N1, N2, and N3 sleep. N3 sleep is speciﬁed
by high-amplitude brain waves of 0–3 Hz and is
commonly referred to as deep sleep; N1 and N2
sleep are gradual transitions from wakefulness to
deep sleep.
How does the brain control sleep and wakefulness? In broad theoretical terms, sleep-wake
cycles are known to be driven by two main “processes”: a homeostatic process and a circadian
one. Sleep propensity grows with increasing

time awake. When it reaches an upper threshold,
sleep onset occurs and at a lower threshold, awakening is induced. This hourglass-like mechanism
deﬁnes the homeostatic process. However, the
propensity levels sufﬁcient to trigger wake and
sleep vary with time of day: these thresholds are
under circadian control. In this way, both circadian and homeostatic inﬂuences can contribute
additively to sleep duration and intensity. SWS
is well predicted by duration of wakefulness at all
circadian phases, leading some to suggest that
SWS is determined mostly by homeostatic factors
(Borbély 1982; Borbély et al. 2016). Nevertheless, both REM and SWS are altered in mice
lacking core clock genes, adding confusion to
this picture (Laposky et al. 2005; Mang et al.
2016).

2.3.2

Sleep Molecules and Circuits

At a molecular level, in contrast to the circadian
clock relatively little is known about the workings
of the sleep homeostat. Early studies
hypothesized
that
speciﬁc
molecules
(“somnogens”) might accumulate with time
awake and thereby drive sleep (Rosenbaum
1892). Interestingly, one of these molecules,
adenosine, is also a metabolic byproduct -- a
topic that we discuss below as a connection
between sleep and metabolism. Although adenosine is well established to promote sleep and may
accumulate in the brain during sleep deprivation
(Leenaars et al. 2018), nevertheless its possible
role as the principal molecular “currency” of
sleep need remains ambiguous. Beyond adenosine, various sleep-promoting as well as wakepromoting neurotransmitters have been identiﬁed.
Examples of sleep-promoting molecules are
gamma-aminobutyric acid (GABA), galanin,
growth hormone releasing hormone (GHRH),
and also cytokines. Wakefulness is promoted for
example by acetylcholine, norepinephrine
(Berridge et al. 2012), glutamate, histamine, serotonin, and orexins (Berridge et al. 2012; Oh et al.
2019).
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Recent studies have suggested that a general
increase in phosphorylation of speciﬁc synaptic
proteins might serve the same somnogenic function (Diering et al. 2017; Wang et al. 2018),
though this simple idea is complicated by the
fact that other phosphorylations in the same
proteins are also driven oppositely and in circadian fashion (Bruning et al. 2019a). Other recent
studies have focused upon the molecular
determinants of sleep oscillations such as slow
waves, and concluded that cortical potassium
channels play key roles (Muheim et al. 2019;
Tatsuki et al. 2016). Transcriptional regulation,
perhaps controlled via MAP kinase signaling, is
likely also implicated (Mikhail et al. 2017). Other
yet unelucidated pathways likely exist.
At a circuit level, a considerable amount is
known about the control of sleep and wake.
Origins of major sleep oscillations have been
proposed. For example, although not the only
mechanism to generate slow waves, a
thalamocortical circuit certainly plays a major
role (Crunelli and Hughes 2010). More broadly,
several brain nuclei mostly in the hypothalamus
are involved in the regulation of sleep and wakefulness (Kalia 2006). In the lateral hypothalamus,
so-called arousal centers such as the
tuberomammillary nucleus (TMN) and raphe
nuclei send neurotransmitters to the cerebral cortex, promoting wakefulness. Closely connected to
the arousal centers is the ventrolateral preoptic
nucleus (VLPO), which counteracts them and
thus promotes sleep. Switching between inactivation and activation of wake- and sleep-promoting
nuclei regulates sleep and wakefulness (McGinty
and Szymusiak 2000; Lu et al. 2006). A similar
“ﬂip-ﬂop” mechanism has been proposed for the
switch between REM and NREM sleep involving
the sublaterodorsal nucleus (SLD) and the ventrolateral part of the periaqueductal gray matter
(vlPAG) in the brainstem (Lu et al. 2006). A
recent study suggests that two groups of neurons
in the dorsomedial nucleus of the hypothalamus
(DMH) project to the preoptic area and to the
raphe pallidus area are involved in the REM
sleep switch as well (Chen et al. 2018).
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2.3.3

Sleep and Metabolism

Many of the molecules mentioned above as
somnogens are also involved in the regulation of
metabolic functions such as energy homeostasis,
hormone regulation, and immune response. Brain
regions controlling metabolic functions are also
located close to sleep and arousal centers. This
spatial arrangement makes it appear likely that
neuronal circuits connecting both are an important link between sleep and its metabolic
functions, a subject to which we turn next.

2.3.3.1

Cellular Control: Restoration
of Brain Energy
It has been suggested that sleep plays an important role in the restoration of brain energy. In
particular, cerebral energy metabolism and its
relation to sleep have been reviewed recently.
According to these arguments, during wakefulness glucose is the main cerebral fuel and brain
metabolism is mainly glycolytic (Aalling et al.
2018). (N.B. Whether neurons are directly using
this glucose, or rather burning lactate provided to
them by astrocytes, is an interesting question that
has also been a subject of recent discussion,
though not yet in the context of sleep (Machler
et al. 2016)). During sleep, brain levels of glucose
increase and lactate levels decrease. Correspondingly, metabolic rates of glucose drop signiﬁcantly during sleep. The metabolic cost of sleep
for the brain is probably almost the same during
sleep as quiet wakefulness—a mere 5% difference in whole-body respiratory quotient in
humans (DiNuzzo and Nedergaard 2017). These
changes therefore indicate a transition from glycolysis to oxidative metabolism during sleep.
Moreover, enhanced lactate efﬂux from the
brain during sleep has also been measured
(Aalling et al. 2018). Interestingly, glucose and
lactate are both involved in sleep regulation in the
brain as well. Extracellular glucose levels, for
example, have been shown to promote sleep by
inhibiting orexinergic neurons in the lateral hypothalamus (Burdakov et al. 2006) and by activating
sleep-promoting GABAergic neurons in VLPO

30

(Varin et al. 2015a, b). They also act by inhibiting
wake-promoting orexinergic neurons (Yamanaka
et al. 2003). In contrast, an association between
elevated extracellular levels of lactate and the
activation of noradrenergic neurons in the locus
coeruleus, promoting wakefulness, has been
reported (Tang et al. 2014).
In addition to these potentially direct
connections between metabolism and sleep, various studies suggest that other neurotransmitters
and signaling molecules might coordinate both
processes in synchrony. For example, norepinephrine (NE) not only stimulates arousal centers,
but also promotes aerobic glycolysis (Dienel and
Cruz 2016). NE might thus represent a link
between sleep regulation and cerebral energy
metabolism. Furthermore, there is evidence for
speciﬁc
biosynthetic
pathways
to
be
up-regulated in the brain during sleep. Several
studies reported alterations in glycogen storage,
and gene expression experiments in rat brain
revealed enhanced biosynthesis of lipids and
proteins during sleep (Cirelli et al. 2004; Petit
et al. 2002). AMPK might serve as a switch
between anabolic (energy-consuming) and catabolic (energy-producing) processes in order to
maintain sleep homeostasis (Chikahisa and Séi
2011).
Although multiple studies including those
above have suggested general links between
metabolism and sleep, knowledge about sleepstage speciﬁc cerebral metabolism remains limited. However, some studies report differences
between REM and NREM sleep, such as higher
glucose utilization during REM sleep compared
to NREM sleep (Maquet et al. 1990; Boyle et al.
1994; Maquet 1995).

2.3.3.2

Organ-Specific Control: Energy
Homeostasis
At the level of the entire organism, one major
function attributed to sleep is the maintenance of
energy homeostasis (Berger and Phillips 1995).
Sleep is the most energy-efﬁcient human behavior and metabolic rate during sleep is reduced
compared to resting during wakefulness (White
et al. 1985). In mammals, sleep duration
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decreases with increasing size of the animal
(Elgar et al. 1988), perhaps suggesting that a
higher metabolic rate requires more sleep to
keep the energy balance. In humans, interindividual differences in sleep duration have
been associated with genetic polymorphism of
the SUR2 subunit of ATP sensitive potassium
channels, which sense the state of cellular energy
metabolism (Allebrandt et al. 2013). In addition
to this, a genetic link between sleep duration and
lipid levels in blood has been found with TRIB1
(Ollila et al. 2012).
Despite overnight fasting, blood glucose levels
remain stable during the night with a small
increase toward the end of the night. Under constant glucose infusion, an increase in glucose
levels is observed with sleep onset, independent
of time of day (Van Cauter et al. 1991). This
decreased glucose tolerance is caused by reduced
glucose utilization by brain and muscles, but also
due to decreased insulin sensitivity (Knutson
2007). Thus, not only circadian inﬂuences but
direct sleep-dependent mechanisms likely regulate circulating glucose levels.
Findings about differences in whole-body
energy expenditure across different sleep stages
are contradictory. Whereas some studies report
lower energy expenditure during SWS compared
to REM sleep (Brebbia and Altshuler 1965;
Fontvieille et al. 1994), others did not conﬁrm
this ﬁnding (Webb and Hiestand 1975; Haskell
et al. 1981; Palca et al. 1986; Jung et al. 2011). A
recent study using whole-room calorimetry has
found differences in respiration quotients across
different stages of sleep. Carbohydrate oxidation
was lowest during NREM sleep, which was
explained with decreased glucose consumption
by the brain during NREM sleep (Kayaba et al.
2017).

2.3.3.3

Central Control: Hormone
Regulation

Appetite Regulating Hormones
Leptin and ghrelin are hormones that regulate
hunger and appetite as a response to changes in
energy balance. It has been shown that there is a
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link between these hormones and sleep (Sharma
and Kavuru 2010). Ghrelin is released in the
stomach and acts rapidly in response to caloric
shortage or fasting by promoting hunger and
appetite (Kojima et al. 1999). It also acts as a
sleep-promoting factor and can induce SWS
(Weikel et al. 2003). Leptin, in contrast
suppresses appetite and is produced in adipose
tissue (Gale et al. 2004). Both of these hormones
increase during sleep and decrease in the morning. In the ﬁrst part of the night, it is thought that
leptin masks the effect of rising ghrelin levels in
order to prevent arousals due to hunger (Sharma
and Kavuru 2010). Leptin is also under circadian
control and food intake is a confounding factor.
However, under continuous enteral nutrition and
during daytime sleep, increased leptin levels are
observed with sleep onset (Simon et al. 1998).
Moreover, animal studies have given evidence for
leptin reducing REM sleep and modulating SWS.
Leptin-deﬁcient mice have more arousals and
mice with mutated leptin receptors show
increased total sleep time, but more fragmented
sleep as well as a decrease in compensatory
response to acute sleep deprivation (Laposky
et al. 2006). Hence, these appetite regulating
hormones might be an important link between
sleep, circadian rhythms, and metabolism.
Orexins
Orexin A and B (hypocretins) could represent
another major part of the link between hormonal
control of metabolism and sleep. These excitatory
neuropeptide hormones are expressed by neurons
in the hypothalamus where energy homeostasis is
regulated (Siegel 2004). They are inﬂuenced by
peripheral hormones like ghrelin and leptin and
also by glucose (Sharma and Kavuru 2010).
Orexin administration has effects on sleep regulation as well as metabolism. It induces wakefulness, which comes along with increased energy
expenditure and increased food intake
(Yamanaka et al. 2003). However, orexindeﬁcient mice also show reduced energy expenditure regardless of sleep duration (Teske and
Mavanji 2012). This suggests that there is a direct
link between orexins and metabolism, and
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metabolic changes are not just a secondary effect
of orexins regulating sleep-wake time.
Pituitary Hormones
The pituitary hormones, growth hormone (Sassin
et al. 1969) and prolactin (Schmid et al. 2006) are
both secreted upon sleep onset and reach a maximum 2 hours later. The extent of this hormonal
release is associated with delta activity during
NREM sleep (Latta et al. 2005). Also, levels of
posterior pituitary hormones, such as plasma arginine vasopressin and oxytocin, are increased during sleep. These hormones profoundly regulate
different aspects of metabolism, ranging from
protein anabolism and triglyceride breakdown to
milk production. Moreover, these hormones are
also involved in sleep regulation and their administration is associated with alterations in sleep
(Gómez-González et al. 2012). Therefore, also
here, the connection between sleep and metabolism is bidirectional.

2.3.3.4 Immune Function
Another function associated with sleep is the
immune response. Similar to hormonal regulation, there is a bidirectional communication
between the immune system and the central nervous system and therefore sleep. Cytokines are
main messenger molecules involved in immune
responses, which are produced and released by
the central nervous system with highest levels
during sleep. Examples are interleukins (ILs)
and tumor necrosis factors (TNF) (Besedovsky
et al. 2011). Cytokines are also involved in
sleep-wake regulation (Imeri and Opp 2009).
Immune function also broadly regulates metabolism, especially adipocyte function (Brestoff and
Artis 2015), making immune modulation a possible further route by which sleep inﬂuences
metabolism.

2.3.4

Pathophysiological
Consequences
of Impaired Sleep

When sleep is impaired, the negative
consequences for health and metabolic as well
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as cognitive functions are well established. Typical experiments to investigate these negative
effects in healthy individuals are sleep restriction,
partial sleep deprivation, and total sleep deprivation studies. Metabolic alterations in patients with
sleep-related diseases, metabolic diseases, and
their comorbidities can also be studied.
From these experiments, a relatively homogenous picture emerges. Insufﬁcient sleep across
several days results in a 5% increase of daily
energy expenditure (Markwald et al. 2013).
Acute sleep deprivation has also been shown to
increase energy expenditure, supporting the
hypothesis that energy conservation is a function
of sleep (Jung et al. 2011). Under controlled
conditions of caloric intake and physical activity
prolonged wake can artiﬁcially provoke a negative energy balance. However, this does not correspond to real-life situations in modern society,
where food shortage is no longer an issue. It has
been shown that short sleep promotes snacking
behavior (Nedeltcheva et al. 2009) and reduces
physical activity (Schmid et al. 2009). With ad
libitum feeding, an increased energy intake during
wakefulness was observed, especially after dinner, resulting in a positive energy balance
(Markwald et al. 2013). Overeating occurred
despite proper signaling of leptin and ghrelin,
indicating that it is not just due to a longer period
of food availability, but also physiological adaptation: energy intake is increased to sustain
prolonged
wakefulness
(Penev
2007).
Nonhomeostatic food intake is likely to be driven
by brain mechanisms similar to those by which
mood and comfort regulate feeding (Spiegel et al.
2004). This imbalance between food intake and
energy expenditure due to a lack of sleep might
partly explain the association between short and
fragmented sleep and an increased risk for metabolic diseases such as T2D and obesity, which has
been found in various epidemiologic studies
(Cappuccio et al. 2010). Importantly, recent studies suggest that even unlimited “recovery sleep”
on weekends is insufﬁcient to compensate for
metabolic dysregulation incurred during weekday
sleep restriction (Depner et al. 2019).
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2.3.4.1 Obesity, T2D, and Sleep
Sleep restriction has been associated with reduced
insulin sensitivity, indicating that impaired sleep
alters glucose metabolism (Buxton et al. 2010).
Similarly, large epidemiological studies have
related insufﬁcient sleep and disturbed sleep to
obesity and T2D (Anothaisintawee et al. 2016;
Cappuccio et al. 2008). Mechanistically, appetite
and metabolic hormones—the same that we
describe above as capable of altering sleep per
se—are believed to play a strong role in this
pathology. Leptin, ghrelin, endocannabinoids,
and other appetite peptides have all been shown
to be dysregulated by sleep loss, restriction, or
disturbance, and the direction of dysregulation is
consistent with increased caloric intake and
decreased glucose clearance. This topic has been
reviewed recently (Reutrakul and Van Cauter
2018).
2.3.4.2

Obesity, T2D, and Obstructive
Sleep Apnea
Obesity is considered as one of the most important risk factors for obstructive sleep apnea
(OSA). In turn, OSA was also found to promote
weight gain. Causal relationships are still unclear
and it is hypothesized as a vicious cycle (Carter
and Watenpaugh 2008). Both physiopathologies
are linked genetically, and worsen each other.
Adipose tissue deposits in obese patients lead to
reduced ventilatory stability and promote the
development of OSA. OSA often goes along
with physical inactivity, dysregulated appetite
hormones, and insulin resistance, thereby increasing the risk for obesity. Dysregulated appetite
hormones are also likely contributors, since
OSA patients have increased ghrelin levels
(Harsch et al. 2003).
Apart from obesity, a link between OSA and
T2D has been found (Mallon et al. 2005; West
et al. 2006), and especially amongst obese T2D
patients there is a high prevalence of OSA (Foster
et al. 2009). One suggested mechanism for the
link between T2D and OSA is that OSA causes
sympathetic activation, which inhibits leptin
secretion and promotes HPA axis stimulation.
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This leads to increased cortisol secretion resulting
in impaired glucose homeostasis (Barone and
Menna-Barreto 2011). Several studies have
shown that treatment of OSA patients with continuous positive airway pressure (CPAP) also
improved insulin sensitivity, corroborating the
hypothesis that impaired sleep is promoting T2D
(Pallayova et al. 2008). However, other studies
suggest the opposite: no effect of CPAP therapy
on glucose metabolism or T2D (Smurra et al.
2001; Hecht et al. 2011). The problem here is
that obesity acts as a confounding factor, since
obesity is considered as an important risk factor
for OSA and occurs often together with T2D
(Pillar and Shehadeh 2008). In order to elucidate
causal relationships, nonobese OSA patients with
and without T2D would need to be investigated.
OSA is not the only sleep disorder linked to
metabolic dysfunction. Narcolepsy, a REM sleep
disorder resulting from a deﬁciency in orexigenic
neurons, is associated with excessive daytime
sleepiness and poor sleep quality, abnormalities
in REM sleep and orexin deﬁciency (Dauvilliers
et al. 2007), and has been linked to obesity
(Dahmen et al. 2001).

2.3.4.3

Inflammatory Response
to Impaired Sleep
Sleep deprivation is associated with altered
immune responses due to an increase of
proinﬂammatory markers (Yehuda et al. 2009).
This is supported by increased systemic levels of
TNF-α in OSA, narcolepsy, and insomnia
patients (Gómez-González et al. 2012).
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Moreover, CPAP treatment can decrease TNF-α
levels (Ryan et al. 2006). Furthermore, sleep deprivation results in impaired host defense against
pathogens (Everson and Toth 2000) and many
autoimmune diseases are associated with sleep
disruption, daytime sleepiness, and an increased
risk for sleep disorders (Gómez-González et al.
2012).

2.3.4.4 Alzheimer’s Disease and Sleep
There is evidence of a link between sleep, T2D,
and Alzheimer’s disease (AD). These interactions
suggest that sleep impairment and metabolic
dysregulation promote the progression of AD
(Carroll and Macauley 2019). AD patients often
show sleep impairments (Peter-Derex et al. 2015)
and recently, reduced amounts of SWS have been
associated with tau pathophysiology of AD
(Lucey et al. 2019). Additionally, cerebrospinal
ﬂuid (CSF) levels of several AD biomarkers have
been found to correlate with sleep-wake cycles
(Lucey et al. 2017). Moreover, elevated CSF
levels of orexin A are reported in AD patients
(Gabelle et al. 2017). Links between T2D, AD,
and sleep further suggest that impaired glucose
metabolism might be a key player in interactions
between sleep impairment and cognitive dysfunction in AD (Holingue et al. 2018). An interesting
alternative is that connections between AD and
sleep impairment might relate to glymphatic
ﬂow—the “waste clearance” system of the brain
-- which increases during sleep and contributes to
Alzheimer-associated peptide (Aβ) clearance
from the brain (Xie et al. 2013).
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Clocks or Sleep: Future
Directions

REGULATED BY
CIRCADIAN CLOCKS

Circadian clocks and sleep: two related factors in the multifaceted regulation of metabolism
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Overlapping aspects of metabolism have been
shown to be regulated by circadian clocks (standing person) and by sleep-wake (sleeping person).
Behaviorally, they both regulate eating and
fasting across the day, as well as hormones related
to feeding (red). Other co-regulated aspect of
physiology includes immune function (yellow),
glucose and carbohydrate levels in multiple
organs (green), and adiposity (blue). At a cellular
level (purple), evidence exists for coregulation of
transcription, translation, and mitochondrial
output.
It is clear that modern society has increasingly
intruded upon natural circadian rhythms in
humans, possibly leading to profound metabolic
consequences.
Classically,
the
phase
desynchrony between central and peripheral
clocks is thought of as the main contributor.
However, one direct test of this assumption has
failed: it was shown that a 6-hour phase misalignment between central and peripheral clocks was
not sufﬁcient to cause obesity and glucose intolerance in mice (van der Vinne et al. 2018). Thus,
we favor the hypothesis that metabolic
consequences of circadian disruption arise via
multiple mechanisms, rather than solely from
internal desynchrony. In humans, it is unlikely
that central and peripheral clocks would have
such a large phase misalignment as those artiﬁcially tested in animals outside situations of
shiftwork. Thus, if circadian disruptions such as
social jetlag result in metabolic dysfunction, it is
likely that other factors are at work, and sleep
disturbance is a prime possibility.
Equally, sleep restriction is an omnipresent
issue in contemporary society, with adverse
effects on health and metabolism. However,
these metabolic considerations are mostly based
on measures of total energy expenditure rather
than pathway-speciﬁc investigations. It is likely
that advances in metabolomics techniques using
high resolution mass spectrometry that have been
made in recent years have great potential for
novel insights. The sensitivity of some methods
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is sufﬁcient to identify thousands of compounds
in a single human breath, making them powerful
noninvasive techniques to overcome limitations
in sampling rate (Martinez-Lozano Sinues et al.
2014; Sinues et al. 2013).
Strikingly, most aspects of metabolism
regulated by sleep and circadian clocks are shared
(FIGURE). Molecular mechanisms are continually discovered about single aspects of the relationship between the circadian clock or sleep and
the downstream physiology they control, but
often these studies look at a single facet. More
recent studies that compare effects of circadian
disruption and sleep disruption demonstrate that
each might play a role in cellular physiology. For
example, considering brain, individual transcripts
might be regulated by either circadian or sleep
inﬂuences, or both (Hor et al. 2019). Even more
locally, it has been suggested that at synapses,
RNA abundance is primarily clock-driven,
whereas translation and phosphorylation of
proteins are mostly controlled by sleep-wake
cycles (Noya et al. 2019; Bruning et al. 2019b).
These studies, as well as this review, have
mostly addressed the idea that different aspects
of physiology might be controlled by circadian
clocks or sleep. However, molecular pathwayspeciﬁc investigations are lacking. Indeed, circadian rhythm sleep disorder is often misdiagnosed
as insomnia (Kim et al. 2013; Dagan and Ayalon
2005). Experimentally, circadian clock gene
disruptions in mice also affect sleep consolidation
(Laposky et al. 2005; Wisor et al. 2002). Thus, the
classical paradigm of a clock gene deletion as a
way to ascertain that a process is directly clock
controlled contains an unavoidable ﬂaw. Similarly, most epidemiological studies—and many
laboratory ones—examining effects of sleep disruption are in fact examining unknown degrees of
circadian disruption as well. The only real solution to this conundrum is a detailed mechanistic
understanding of the regulatory processes
involved. Without a doubt, such an understanding
will lead to improved therapies as well.
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Linking Depression to Epigenetics: Role
of the Circadian Clock
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Abstract

The circadian clock governs multiple
biological functions at the molecular level
and plays an essential role in providing temporal diversity of behavior and physiology
including neuronal activity. Studies spanning
the past two decades have deciphered the
molecular mechanisms of the circadian clock,
which appears to operate as an essential interface in linking cellular metabolism to epigenetic control. Accumulating evidence
illustrates that disruption of circadian rhythms
through jet lag, shift work, and temporary
irregular life-style could lead to depressionlike symptoms. Remarkably, abnormal neuronal activity and depression-like behavior
appear in animals lacking elements of the
molecular clock. Recent studies demonstrate
that neuronal and synaptic gene induction is
under epigenetic control, and robust epigenetic
remodeling is observed under depression and
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related psychiatric disorders. Thus, the
intertwined links between the circadian clock
and epigenetics may point to novel approaches
for antidepressant treatments, epigenetic therapy, and chronotherapy. In this chapter we
summarize how the circadian clock is involved
in neuronal functions and depressive-like
behavior and propose that potential strategies
for antidepressant therapy by incorporating
circadian genomic and epigenetic rewiring of
neuronal signaling pathways.
Keywords

Epigenetics · Clock · Depression ·
Metabolism · Chronotherapy

3.1

Highlights

1. Disruption of circadian rhythms is critically
detrimental for neuronal functions and mental
health.
2. Neuronal and synaptic activities are associated
with metabolism and under epigenetic gene
regulation.
3. Depression disrupts circadian clockwork and
remodels chromatin structure.
4. The circadian clock intimately modulates epigenetic gene regulation and vice versa.
5. The link between metabolism, epigenetics, and
the circadian clock may help developing antidepressant therapy.
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Introduction

Timed oscillations in physiology, metabolism,
and neuronal activity, which control biological
daily rhythms of multiple functions and
behaviors, are under the control of a so-called
circadian clock (Green et al. 2008; Panda 2016;
Top and Young 2017). The word circadian
derives from Latin (circa diem, about a day) and
relates to events that follow a cycle of ~24 hours.
Disruption of circadian rhythms through jet lag,
shift work, and sleep disturbance increases the
risk of mental health problems (Lyall et al.
2018; Zaki et al. 2018). Notably, depressed
patients may have abnormal sleep-wake cycles,
temperature rhythms, hormonal secretion, and
mood (Bunney and Bunney 2013). However, the
molecular mechanisms of the disharmony
between the circadian clock, behaviors, and psychiatric disorders such as depression are not fully
understood.
Epigenetic control, and speciﬁcally chromatin
remodeling, has been associated to depressionlike disorders (Deussing and Jakovcevski 2017;
Mahgoub and Monteggia 2013; Nagy et al. 2018;
Sato and Sassone-Corsi 2019). Of note, histone
modiﬁcations display robust daily oscillation
elicited by clock-controlled epigenetic enzymes
as well as the cyclic availability of metabolites
involved in epigenetic modiﬁcations (Berger and
Sassone-Corsi 2016; Koike et al. 2012). An interplay thereby exists between circadian control,
depression, and epigenetic modiﬁcations. While
the molecular mechanisms of this connection
remain unexplored, it is conceivable that disruption of clock-controlled rhythmic histone
modiﬁcations may lead to dysfunctions of neuronal physiology and activity.
In this chapter we discuss: (1) the relationship
between depression and circadian rhythms;
(2) how the circadian clock plays a key role in
connecting cellular metabolism and epigenetic
control; (3) the possible mechanisms by which
epigenetic modiﬁcations underlie depression;
and (4) the future of the use of chronotherapy to
tackle depression-related behaviors.

3.3

Link of the Circadian Clock
to Depression-Like Behavior

A remarkable array of physiological and behavioral functions follows circadian cycles. These are
governed by a molecular system that, through the
regulation of thousands of genes (Greco and
Sassone-Corsi 2018; Masri and Sassone-Corsi
2014; Takahashi 2017), controls daily rhythmicity of the feeding behavior, immune responses,
metabolism, mood, and sleep-wake cycles (Green
et al. 2008; Masri and Sassone-Corsi 2018; Top
and Young 2017). The central clock in mammals
is located in the suprachiasmatic nucleus (SCN)
of the hypothalamus. Disruption of SCN function
has been linked to depression-like behaviors.
Indeed, circadian behaviors are orchestrated by a
subset of SCN neurons expressing the neuropeptide neuromedin S (NMS). Abolishing the molecular clock of NMS neurons disrupts in vivo
circadian behavior (Lee et al. 2015). Also,
depression-like behaviors such as helplessness,
behavioral despair, and anxiety-like behavior
have been associated to genetic disruption of
SCN circadian rhythms in mice (Landgraf et al.
2016).
Environmental cues inﬂuence the free-running
function of the clock. These are called zeitgebers,
light being the most powerful for the central clock
(LeGates et al. 2014). The effect of light on circadian behavior could explain why irregular light/
dark cycles, such as those generated by shift work
and jet lag, may lead to mental and behavioral
disorders. Different light schedules have been
applied to rodents, establishing models for experimentation (LeGates et al. 2014). Epidemiological studies indicate that disruption of circadian
rhythms in humans increases the risk for psychiatric problems (LeGates et al. 2014; Lyall et al.
2018; Zaki et al. 2018). A robust association of
disrupted circadian rhythmicity with mood
disorders has been revealed in a cross-sectional
study of 91,105 participants (Lyall et al. 2018).
An estimated 300 million people worldwide suffer from depression and suicide accounts for
>800,000 deaths per year. Notably, the expression of core clock genes is signiﬁcantly
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dysregulated across six brain regions in patients
compared with nonpsychiatric controls (Li et al.
2013). In addition to the circadian genomic
signatures, major depressive disorder (MDD)
patients often exhibit abnormal blood concentration of hormones, such as cortisol and melatonin,
and pronounced circadian phase shift in the hormonal secretion (Germain and Kupfer 2008;
LeGates et al. 2014). Thus, development of
depressive-like behaviors appears to be intimately
linked to alteration of circadian rhythms.

3.4

The Circadian Clock:
A Molecular Link
to Antidepressant Action

The molecular organization of the mammalian
clock is based on the transcriptional activators
CLOCK and BMAL1 that dimerize to activate
thousands of genes through E-box promoter
elements (Takahashi 2017). The CLOCK/
BMAL1 complex drives circadian gene expression and contributes to transcriptional/translational feedback loops (TTFLs) composed of
additional core clock components (Fig. 3.1).
Among the clock-controlled genes (CCGs),
there are genes encoding the circadian repressors
PERs and CRYs (Takahashi 2017). We have
investigated the impact of antidepressant
treatments on clock gene response. Speciﬁcally,
ketamine, a noncompetitive high-afﬁnity
N-methyl-D-aspartate (NMDA) receptor antagonist, impacts CLOCK/BMAL1 function, leading
to altered circadian gene expression in neuronal
cells cultures (Bellet et al. 2011). An additional
study compared the effects of two rapid-acting
antidepressant treatments, low-dose ketamine,
and sleep deprivation (SD) on the transcriptome
in the anterior cingulate cortex of mice (OrozcoSolis et al. 2017). Notably, both treatments elicit
common transcriptional responses related to neuronal plasticity and the circadian clock. Most
recently, the circadian transcription factor
BMAL1 has been demonstrated to be essential
for gene induction of Homer1a, a stressresponsible antidepressant gene in response to
SD stress (Sato et al. 2020), underscoring the
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molecular implication of the circadian clock in
the regulation of neuronal activity, depressive
behavior, and the action of antidepressant. These
ﬁndings point to the interaction between depression, antidepressant treatments, and the circadian
clock.

3.5

The Circadian Clock: A Critical
Interface Between Metabolism
and Epigenetics

The importance of a physiologically timed and
well-regulated feeding lifestyle on the relationship between the circadian clock and metabolism
has been underscored (Asher and Sassone-Corsi
2015). Also, through the remodeling of chromatin
structure, a link exists between metabolic
alterations and gene regulation (Berger and
Sassone-Corsi 2016). Small metabolites, such as
acetyl-coenzyme A (CoA), S-adenosyl methionine (SAM), and nicotinamide adenine dinucleotide (NAD+) play a regulatory role in the
modiﬁcation of epigenetic histone and nonhistone
proteins (Berger and Sassone-Corsi 2016). These
metabolites often serve as substrates or upstream
intermediates that ultimately modulate chromatin
marks. Thus, cellular metabolism and epigenetic
control are intimately linked. Importantly, the
circadian clock controls the synthesis and usage
of several metabolites. This places the clock in a
strategic position to bridge metabolism and epigenetic function.
An important link between cellular metabolism and epigenetic control relates to the synthesis
of NAD+. Levels of NAD+ exhibit robust daily
oscillation driven by the rhythmic expression of
nicotinamide
phosphoribosyltransferase
(NAMPT), the rate-limiting enzyme in the salvage pathway of NAD+ biosynthesis. The expression of the Nampt gene is directly controlled by
the circadian clock, in virtue of E-box elements in
its promoter which bind the CLOCK-BMAL1
complex (Nakahata et al. 2009; Ramsey et al.
2009). This regulation leads to the rhythmic activity of NAD+-dependent SIRT1, a class III histone
deacetylase (HDAC). SIRT1 regulates the cyclic
deacetylation of nonhistone BMAL1 and histone
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Fig. 3.1 Transcriptional/translational feedback loops
(TTFLs) composed of molecular core clock components
and their regulation of rhythmic biological functions.
Rhythmic behavior and circadian biological homeostasis
are sustained by the cooperation from external environmental cues, including light/dark cycles and feeding/
fasting cycles, and the internal molecular cogs, the circadian clock. The core transcriptional factors CLOCK and
BMAL1 heterodimer activates the gene expression of
clock-controlled genes (CCGs) through the binding to
E-box elements in the promoter region. CLOCKBMAL1 also transactivates the expression of Period

(Per) and Cryptochrome (Cry) genes. The accumulated
PERs and CRYs proteins can translocate into nuclear to
repress CLOCK-BMAL1-driven transcription. The other
key players in the core circadian TTFLs are the orphan
nuclear receptors RAR-related orphan receptors (RORs)
and REV-ERBs which activate and repress Bmal1 transcription, respectively, through access to the speciﬁc
response elements (ROREs). The TTFLs play an essential
role in the operation of daily oscillation of physiology and
behavior. At the molecular level, the TTFLs directly contribute to cyclic ﬂuctuation of gene/protein expression,
epigenetic modiﬁcation, and metabolites abundance

H3 lysine9/lysine14 at circadian gene promoters,
resulting in rhythmic gene expression (Nakahata
et al. 2008).
Another key epigenetic player in circadian
control is mixed-lineage leukemia (MLL1). This
enzyme operates as an H3 lysine4
tri-methyltransferase and is directly linked to activation of gene expression. It has been
demonstrated that MLL1 contributes to efﬁcient
and time-controlled expression of circadian genes
by directing the cyclic recruiting of the CLOCK/
BMAL1 complex to target promoters at chromatin (Katada and Sassone-Corsi 2010). Importantly, conditional ablation of the gene encoding
this enzyme in the postnatal forebrain is
associated with excessive nocturnal activity and
with absent or blunted responses to stimulant and
dopaminergic agonist drugs, in conjunction with
near-complete loss of spike-timing-dependent
long-term potentiation in medium spiny neurons
(MSNs). In addition, as MLL1 contributes to the
transcriptional activation through the positive
mark H3 lysine4 mono- and tri-methylation, its
deletion causes transcriptional repression of a
number of genes, including the 5HTR2A

serotonin receptor, strongly associated with anxiety- and depression-related disorders in human
and animal models (Shen et al. 2016).
It was also demonstrated that the NAD+SIRT1-dependent cyclic histone H3 lysine4
trimethylation was driven by circadian
deacetylation of MLL1 (Aguilar-Arnal et al.
2015). In addition, a time-of-day-dependent landscape of rhythmic epigenome in mouse liver
shows distinct phase distribution of cyclic
modiﬁcations of several histone marks (Koike
et al. 2012). Thus, cellular metabolism is a rhythmic modiﬁer for the circadian gene expression at
the epigenetic level and subsequently drives circadian changes in physiology, mood, and
behavior.

3.6

Metabolic and Epigenetic
Reprogramming Under
Depression

Dynamic alterations in epigenetic modiﬁcations
have been linked to depression and depressionlike behaviors (Deussing and Jakovcevski 2017;
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Mahgoub and Monteggia 2013; Nagy et al.
2018). Activation of Ca2+-dependent cAMP
response element-binding protein (CREB) pathway appears to play a central role. Phosphorylation and activation of CREB initiate downstream
transcriptional activation in response to stress
stimuli-induced calcium inﬂux. The histone
acetyltransferase (HAT) CREB-binding protein
(CBP) is recruited once CREB becomes
activated. This pathway is central in regulating
target gene expression such as brain-derived
neurotrophic factor (Bdnf), leading to dysfunction
of neuronal activity (Tsankova et al. 2006). CBP
is a so-called “writer” of acetyl groups, whereas
HDACs, so-called “erasers” are also critically
important to remodel chromatin structures under
neuronal activity (Borrelli et al. 2008; Gallegos
et al. 2018). Indeed, spontaneous electrical activity of neurons results in nuclear export of
HDAC4, whereas translocation of HDAC5 to
the cytoplasm is stimulated by the activation of
NMDA receptors (Chawla et al. 2003). Thus, the
coordinated regulation of histone acetylation by
HATs and HDACs underscores the central role
played by chromatin remodeling in neuronal gene
expression. Different types of stress exposures
result in dynamic alterations of histone acetylation in several brain regions (Covington et al.
2009; Fuchikami et al. 2009; Hinwood et al.
2011; Kenworthy et al. 2014; Mahan et al.
2012; Montagud-Romero et al. 2016).
Important ﬁndings have linked components of
the circadian clock machinery to epigenetic control. Speciﬁcally, CLOCK, a core component of
the circadian pacemaker, has been shown to have
HAT activity (Doi et al. 2006). Notably, chronic
unpredictable stress has been shown to decrease
the expression of CLOCK and BMAL1 proteins
in the SCN, with the peak of CLOCK protein
oscillation shifted from dark phase into light
phase (Jiang et al. 2013). Moreover, depressivelike behaviors have been observed in mice upon
knockdown of the Clock gene in the hippocampus. Finally, the NAD+-dependent HDAC SIRT1
is also involved in the response to chronic stress
stimuli (Abe-Higuchi et al. 2016). Pharmacological and genetic inhibitions of hippocampal SIRT1
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exacerbate depressive-like behaviors. While the
link between the circadian HAT/HDAC
components and remodeling of speciﬁc histone
marks at neural gene promoters is still undeﬁned,
these ﬁndings place the circadian clock in a pivotal position with respect to neuronal gene
expression and related epigenetic modiﬁcations.

3.7

Antidepressive Therapy:
Epigenetic Treatment

Development of depression and depressive-like
behaviors appears to be directly linked to histone
deacetylation via the activation and nuclear localization of HDACs. Indeed, a number of studies
have focused on the effect of HDAC inhibitors on
depressive behaviors (Table 3.1). In addition to
well-established HDAC inhibitors, novel synthetic and natural compounds have been shown
to inhibit HDACs activity and reduce depressionlike behaviors. In cognitively-impaired mice, the
CA1 region of the hippocampus display
decreased acetylation of histone H4 at Lys12, an
event tightly associated with genes linked to synaptic plasticity (Benito et al. 2015). Notably, the
HDAC inhibitor suberoylanilide hydroxamic acid
(SAHA) reinstates the expression of genes
involved in synaptic plasticity, which is
associated to increase Lys12 acetylation of histone H4. Also, the synthetic compound 2-{3(3-ﬂurophenthyloxy)phenyl-amino}benzamide
(33i)that operates as a selective inhibitor of the
deacetylase SIRT2, increases histone H3 and H4
acetylation, leading to the up-regulation of several synaptic plasticity markers linked to glutamate neurotransmission such as NMDA receptor
subunits (Erburu et al. 2017). Also, chronic
SIRT2 inhibition reverts anhedonia and social
avoidance. Another study in the mouse identiﬁed
two phytochemicals, dihydrocaffeic acid
(DHCA)
and
malvidin-3’-O-glucoside
(Mal-gluc), involved in reduction of depressionlike behaviors (Wang et al. 2018). Remarkably,
Mal-gluc modulates synaptic plasticity by
inhibiting HDAC2 and increasing histone acetylation at the promoter of the gene Rac1

48

S. Sato and P. Sassone-Corsi

Table 3.1 Antidepressant action of HDAC inhibitors
HDAC inhibitor
Vorinostat (suberoylanilide
hydroxamic acid, SAHA)

Epigenetic action
Normalized global H4
Lys12 acetylation

2-{3(3-ﬂuorophenethyloxy)
phenylamino} benzamide
(33i)

Increased global
H3/H4 acetylation

MS-275

Sirtinol, EX537

Increased H4 Lys
12 acetylation at Bdnf
promoter
Increased global
histone H3 acetylation
Normalized global
histone H3 acetylation
level
Normalized HDAC2
expression
Increased global H3
and H4 acetylation
Increased H4 Lys
12 acetylation at Bdnf
promoter
Increased H4
acetylation at Ttr
promoter
Increased H4 Lys
12 acetylation at Bdnf
promoter
Decreased HDAC2
expression
Increased H3
acetylation at Rac1
promoter
Inhibition of SIRT1

SRT2104, resveratrol

Activation of SIRT1

Sodium butyrate

TSA

Malvidin-3’-O-glucoside
(mal-gluc)

Antidepressant
action
Improved memory
function
Reduced depressionlike behaviors
Increased Gdnf
expression in
stressed animals
Reduced depressionlike behaviors
Increased GluN2A
and GluN2B
expression
Reduced depressionlike behaviors
Increased CREB and
BDNF expression

References
Benito et al. (2015), Uchida et al.
(2011)

Erburu et al. (2017)

Covington et al. (2009, 2011), Lin
et al. (2012), Schmauss (2015)

Reduced depressionlike behaviors

Han et al. (2014), Schmauss (2015),
Schroeder et al. (2007), Yamawaki
et al. (2012)

Reduced depressionlike behaviors

Schmauss (2015)

Reduced depressionlike behaviors

Wang et al. (2018)

Led to depressionlike behavior
Led to stress
resistance

Abe-Higuchi et al. (2016)

(RAS-related C3 botulinum toxin substrate 1),
which encodes a regulator of dendric spines and
excitatory synapses.
In addition to the classical HDAC inhibitors,
rapid antidepressant action of ketamine is shown
to be associated with the phosphorylation and
nuclear export of HDAC5 (Choi et al. 2015).
Intriguingly, L-acetylcarnitine (LAC), a regulator

Abe-Higuchi et al. (2016)

of mitochondrial metabolism, exerts rapid antidepressant effects (Bigio et al. 2016). The effects are
mediated through enhancing acetylation of the
nonhistone protein NFkB-p65. This event results
in increased expression of type 2 metabotropic
glutamate (mGlu2) receptor and in reverting the
reduction of acetylated histone H3 levels at the
promoter of Grm2 gene, encoding mGlu2
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receptor, in hippocampus and prefrontal cortex
from depressed animals (Nasca et al. 2013).
Thus, effective treatment of depression may
include both inhibition of HDACs and increased
availability of acetyl group.

3.8

Is Chronobiological Treatment
a Potential Antidepressive
Therapy?

An intimate connection exists between circadian
rhythms and behaviors, as well as circadian
molecular regulation of neuronal functions and
behaviors, which could contribute to developing
a variety of antidepressant therapies based on
chronobiology. A variety of chronobiological
strategies are designed to control light/dark
environments and sleep/wake cycles, which in
turn can directly inﬂuence circadian rhythms
(Dallaspezia and Benedetti 2011; Dallaspezia
et al. 2015; Germain and Kupfer 2008; Khalifeh
2017; Ohdo 2010). We list some regimes that
appear to be effective in the treatment of depression as well as mood and sleep disorders, in both
animal and human models (Dallaspezia et al.
2015; Khalifeh 2017). While the mechanisms
behind the rapid antidepressant action of
chronotherapies are yet to be satisfactorily
explored, these various classes of chronotherapies
provide important leads to be further studied:
– Sleep deprivation (SD).
SD targets endocrine systems such as serotonin and dopamine secretions (Benedetti and
Smeraldi 2009), which can also inﬂuence the
circadian clock (Mongrain et al. 2011; OrozcoSolis et al. 2017; Sato et al. 2020).
– Sleep phase advance.
Advancing the timing of the sleep/wake cycles
also aims at normalizing biological rhythms in
depressed patients as well as operating on the
circadian clock.
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– Light therapy.
Light is a strong zeitgeber for the central clock
and light therapy is utilized to rewire misaligned
biological clock functions. Light therapy is developed to extend daytime photoperiod and counteract winter darkness and thereby exhibits powerful
antidepressant effects especially for seasonal
affective disorders (Rosenthal et al. 1984).
– Dark therapy.
Photoreceptors in the mammalian retina transmit the light signal to the master clock in the SCN
(Berson et al. 2002). These photoreceptors,
melanopsin-containing intrinsically photosensitive retina ganglion cells (ipRGCs), are the most
sensitive to blue light with a wavelength of
460 nm (Lockley et al. 2003). Exposure to blue
light from computer screens or smartphones at
night can inﬂuence sleep quality, a common risk
factor for depression. Dark therapy can improve
sleep quality in patients by protecting from blue
light at night.

3.9

Conclusion: The Promise
of Epigenetics
in Pharmacological
Approaches of Depression

Genome-wide association meta-analysis has
revealed a number of genomic risk variants for
MDD (Wray et al. 2018). Critical genetic risk
factors for MDD appear to be related to body
mass, educational attainment, and schizophrenia
and associated with the development of
depression-like behaviors. Importantly, genetic
variations of the circadian clock are associated
with behavioral dysfunctions, including sleep
disorders. This is the case for the human gene
Cry1, which is linked to familial delayed sleep
phase disorder (Patke et al. 2017).
In addition to the genetic insights for depression, basic and clinical research has highlighted
the role of epigenetic regulation in stress and
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Fig. 3.2 The circadian clock mediates the connection
among biological rhythms, epigenetics/metabolism, and
depression. In this chapter we highlight (1) the evidence
linking depression to circadian rhythms, (2) epigenetic
gene regulation under depression, and (3) the crosstalk

between the circadian clock and epigenetic gene regulation. The additional study will be required to develop
beneﬁcial chronobiology-based epigenetic therapies for
depression-like behaviors

depression. Here we have summarized some
important links between circadian rhythm and
depression as well as epigenetic regulation of
depression (Fig. 3.2). We have proposed that the
circadian clock plays a key role in depression-like
behaviors through the remodeling of epigenetic
modiﬁcations. However, how the circadian clock
regulates the transcription of genes involved in
neuronal and synaptic activity by editing chromatin remodeling remains virtually unexplored. It is
also unclear whether and how irregular light environment or sleep/wake cycles could lead to
alterations in histone marks. These questions
need to be addressed as they may help in developing novel antidepressant strategies which
would integrate chronotherapy and epigenetics.
For instance, there might be a time-of-the-day
preference to exert more beneﬁcial effects of
LAC treatment to reduce depression-like
behaviors.
Recent interventions for depression have
shown that exercise promotes the levels of
BDNF through the reduction of HDACs expression and binding to the hippocampal Bdnf promoter (Sleiman et al. 2016). These actions are

mediated by increased levels of the ketone body
β-hydroxybutyrate, known as an endogenous
HDAC inhibitor (Shimazu et al. 2013). Importantly,
a
ketogenic
diet
induces
β-hydroxybutyrate levels to robustly oscillate in
a circadian manner, coupled to rhythmic HDAC
activity and histone acetylation (Tognini et al.
2017), suggesting the efﬁcacy of exercise intervention for the antidepressant treatment can
depend on a time-of-the-day strategy. This notion
may be supported by our recent ﬁndings
demonstrating when to exercise is a critical determinant for its impact on skeletal muscle metabolism and endurance performance (Ezagouri et al.
2019; Sato et al. 2019). Also, both basic and
clinical investigations indicate that fasting and
short-term
caloric
restrictions
improve
depression-like behaviors (Zhang et al. 2015).
Since not only does fasting induce ketogenesis,
but also caloric restriction strongly enhances acetylation of histone and nonhistone proteins by
rewiring clock-controlled metabolic pathways
involved in protein acetylation (Sato et al.
2017), intervention of fasting or caloric restriction
could exert antidepressant efﬁcacy through
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dynamic reprogramming of cyclic epigenetic
modiﬁcations. These studies pave the way to
new avenues of antidepressant treatments and
possibly identify the most effective treatments
for patients suffering from depression.
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Abstract

Rhythmic gene expression is found throughout
the central nervous system. This harmonized
regulation can be dependent on- and independent of- the master regulator of biological
clocks, the suprachiasmatic nucleus (SCN).
Substantial oscillatory activity in the brain’s
reward system is regulated by dopamine.
While light serves as a primary time-giver
(zeitgeber) of physiological clocks and
synchronizes biological rhythms in 24-h
cycles, nonphotic stimuli have a profound
inﬂuence over circadian biology. Indeed,
reward-related activities (e.g., feeding, exercise, sex, substance use, and social
interactions), which lead to an elevated level
of dopamine, alters rhythms in the SCN and
the brain’s reward system. In this chapter, we
will discuss the inﬂuence of the dopaminergic
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reward pathways on circadian system and the
implication of this interplay on human health.
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4.1

The Dopaminergic Mesolimbic
System and Reward

The mesolimbic system, also known as the
reward system, is composed of brain structures
that are responsible for mediating the physiological and cognitive processing of reward. Reward is
a natural process during which the brain
associates diverse stimuli (substances, situations,
events, or activities) with a positive or desirable
outcome. This results in adjustments of an
individual’s behavior, ultimately leading them to
search for that particular positive stimulus.
Reward requires the coordinated release of heterogenous neurotransmitters. However, of the brain
substrates implicated in reward, dopamine has a
central position. Dopamine plays a critical role in
mediating the reward value of food, drink, sex,
social interaction, and substance abuse (Hernandez
and Hoebel 1988; Everitt 1990; Robbins and Everitt
1996; Bardo 1998; Beninger and Miller 1998).
The dopaminergic pathway mostly involved in
reward is the so-called mesolimbic system, which
is formed by projections of midbrain dopamine
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neurons of the ventral tegmental area (VTA) to
the striatum, prefrontal cortex, amygdala, hippocampus, and many other structures of the limbic
system. When rewarding stimuli are experienced,
the dopaminergic mesolimbic system is activated
which causes the release of dopamine to the
targeted nuclei (Small et al. 2003; Cameron
et al. 2014). The ventral striatum, including the
nucleus accumbens (NAcc), is a major substrate
involved in reward (Marche et al. 2017). The
dorsal striatum is critically involved in action
selection and initiation components of decision
making and also seems to mediate feedback
properties such as valiance and magnitude in
addition to controlling habitual behavior
(Balleine et al. 2007; Burton et al. 2015; Lipton
et al. 2019). Therefore, both dorsal and ventral
regions have collaborative roles in mediating
reward. Nevertheless, the NAcc is most
appreciated for its involvement in reward
processing and its role in evaluation and
incentive-based learning (Schultz et al. 1992;
Daniel and Pollmann 2014).
The most prominent striatal neurons are the
γ-aminobutyric acid (GABA) producing medium
spiny neurons (MSNs). These cells make up to
90–95% of the neuronal population and serve as
the sole output from the striatum (Kemp and
Powell 1971; Graveland and DiFiglia 1985).
MSNs outputs generate two pathways: the direct
pathway formed by dopamine D1 receptor (D1R)
expressing medium spiny neurons (dMSNs)
and the indirect pathway by dopamine D2 receptor (D2R) expressing medium spiny neurons
(iMSNs). Coordinated dopamine signaling to
dMSNs and iMSNs within the striatum is critical
for integrating and responding to rewarding stimuli.
The other 5–10% of striatal neurons are
interneurons, which serve as intrastriatal
regulators of MSNs activity (Oorschot 2013).
The majority of interneurons are inhibitory
GABAergic interneurons which modulate reward
through their signaling to MSNs and expression
of a variety of modulatory peptides (Gittis et al.
2010). About 1–2% are formed by the tonically
active cholinergic interneurons which, despite
their low abundance, critically regulate MSNs
(Kharkwal et al. 2016a; Lewis et al. 2020).
Indeed, activation of cholinergic interneurons
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has been linked to the salience of events (Gittis
and Kreitzer 2012). Thus, inter- and intra-striatal
connections modulate striatal circuits and play a
critical role in reward processing.
Natural rewards, such as eating, drinking, and
mating are necessary for survival and maintenance of a species. At its core, the reward system
determines the valence of a stimulus and signals
whether it is to be avoided or approached, as
well as assigning the priority of one stimulus
over another. Substances of abuse, whether
illicit (e.g. cocaine, heroin, etc.) or licit
(e.g. alcohol, nicotine, etc.), hijack the
mesolimbic system by offering a reward without
an obvious biological function. However, the
pleasure and reward linked to initial substance
use are then lost by their abuse, which leads to a
vicious circle of addiction (Volkow et al. 2016).
Recent studies have shown that reward is subjective and is highly inﬂuenced by the chemistry
of the individual, homeostatic state (Paulus 2007;
Keramati and Gutkin 2014) and genetics
(Comings and Blum 2000; Jia et al. 2016), as
well as by the environment and epigenetics
(Xu et al. 2007; Solinas et al. 2009; De Decker
et al. 2017). Indeed, how, when, and where
rewarding stimuli are experienced can have a
profound inﬂuence on reward-related behaviors,
as a result of activation of several circuits located
in the striatum as well as in other brain regions
responsible for encoding and storing memory of
events. Importantly, the mesolimbic system is
connected to the suprachiasmatic nucleus
(SCN)—the master regulator of circadian rhythms
(Grippo et al. 2017). The SCN is known to inﬂuence
reward-related behavior and reciprocally, rewarding
stimuli can serve as time-givers (zeitgebers) to
entrain the SCN as well as peripheral clocks through
the release of dopamine (Honma and Honma 1995;
Davidson et al. 2005; Baba et al. 2017).

4.2

Rhythmic Variation
in Dopamine-Related Activity

Rhythmic control of an organism’s behavior is a
critical part of adapting and anticipating environmental changes in light, temperature, and
resources. Though time-keeping mechanisms are
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Fig. 4.1 Overview of
dopamine-related activity
in the reward system.
Dopamine levels peak in
the active phase when
tyrosine hydroxylase
(TH) levels are high while
monoamine oxidase A
(MAOA) levels are low and
dopamine transporter
(DAT) activity is
decreased. This
corresponds to core clock
gene expression in the
striatum, which regulates
the expression of these
dopamine metabolismrelated gene expressions

more complex and developed in mammals, diurnal control is conserved throughout nature (Edgar
et al. 2012). In mammals, the SCN organizes
behavior and its correlated cellular activity
through hormone and neurotransmitter release,
in a 24-hour cycle based on daily light and dark
phases (Dunlap 1999).
Support of a circadian regulation of reward
was initially highlighted by admittance of patients
experiencing substance overdose into the emergency room predominantly in the evening (Morris
1987; Raymond et al. 1992). Thus, the night
spikes in overdose are likely related to differences
in the metabolism of drugs of abuse during different times of day (Baird and Gauvin 2000; Abarca
et al. 2002). Importantly, a variety of medications
have been shown to have better clinical efﬁcacy at
precise times during day (Musiek and FitzGerald
2013; Nobis et al. 2019; Samir et al. 2020).
Timing effects of rewarding stimuli also extend
to natural rewards where time of day inﬂuences
physiological responses as well as anticipatory
rhythms (Castro 2004; Landry et al. 2012;
Johnston 2014).
Dopamine levels in SN and VTA follow circadian oscillations, rising in the active phase and
falling in the resting phase of the day (Smith et al.
1992; Hood et al. 2010; Ferris et al. 2014), as
does its precursor and metabolites (Paulson and

Robinson 1996; Castañeda et al. 2004) (Fig. 4.1).
Rhythmic expressions of clock genes including
Clock, Rev-ERBα, Per, Npas2, and Bmal1 are
involved in dopamine metabolism (McClung
et al. 2005; Chung et al. 2014). Indeed, Clock
and Rev-ERBα negatively regulate the expression
of tyrosine hydroxylase (TH), the rate limiting
enzyme in dopamine synthesis (Musacchio
1975). Levels of TH increase during the active
phase, which is opposite to that of Clock and RevERBα; loss of either circadian gene results in
disrupted rhythmic TH expression (McClung
et al. 2005; Chung et al. 2014). Transcription of
monoamine oxidase A (MAOA), the enzyme
responsible for dopamine breakdown, is regulated
by the expression of NPAS2, BMAL1, and PER2
(Hampp et al. 2008). Deletion of Per2 causes a
lack of MAOA expression during the resting
phase, which leads to elevated basal levels of
dopamine in the NAcc (Hampp et al. 2008).
Psychostimulants increase extracellular dopamine levels and alter the expression of clock
genes in the striatum (Nikaido et al. 2001; Uz
et al. 2003; Lynch et al. 2008). Though drugs
like cocaine and methamphetamine simultaneously alter levels of other neurotransmitters
such as serotonin (Haughey et al. 2000; Andrews
and Lucki 2001), their impact on clock gene
expression is largely dependent on dopamine

60

signaling. Indeed, administration of the D1R agonist, SKF-38393, increases mRNA levels of Per1,
Clock, Bmal1, and Npas2 while the D2R agonist,
quinpirole, decreases Clock and Per1 expression
(Imbesi et al. 2009). D1R signaling plays a critical role in Per2 expression, as D1R-null mice
have reduced Per2 in the striatum (Gallardo
et al. 2014). Interestingly, depletion of dopamine
by 6-hydroxydopamine lesions of dopaminergic
neurons results into suppression of PER2
oscillations which can be rescued by D2R
agonists (Hood et al. 2010). These results imply
that the simultaneous activation of both D1R and
D2R is necessary for the normal Per2 oscillations
in the striatum. The effect of D2R on Per2 expression might not be direct, but mediated by the
inhibitory regulation of iMSNs on dMSNs
through collaterals (Lemos et al. 2016; Kharkwal
et al. 2016b).
Dopamine’s inﬂuence on the SCN was
inferred by expression of both D1R and D5R on
its neurons (Weiner et al. 1990; Rivkees and
Lachowicz 1997; Doyle et al. 2002). In neonatal
hamsters, light pulses mirror the effects of D1R
agonists suggesting that the maternal levels of
DA correspond to the active phase in the fetal
SCN (Viswanathan and Davis 1997). Dopamine
has been reported to play a critical role in
entraining fetal development through the SCN
and that after this period the SCN’s
responsiveness to dopamine declines (Weaver
and Reppert 1995; Mendoza and Challet 2014).
Nevertheless, D1R activation in the SCN shifts
the phase of circadian rhythms and a direct connection between the VTA and the SCN has been
described (Grippo and Güler 2019). Furthermore,
D2R seems to be absolutely required for the lightinduced suppression of locomotor activity
(masking), whereas other visual or nonvisual
photic responses seem to be D2R independent
(Doi et al. 2006). These results showed a yet
unappreciated function of D2R-mediated signaling in regulating the proper organization of daily
locomotor activity in light-dark cycles.
Thus, the daily ﬂuctuation in VTA dopamine
neuron activity has a substantial role in SCN
entrainment and other circadian activities.
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4.3

Food and its Relationship
to the Circadian Control
of the Mesolimbic System

It is a complex process that both the type of food
we consume and how much is consumed
integrates the homeostatic and reward systems.
Controlled food intake relies on balanced
responses between orexigenic and anorexigenic
neurons of the hypothalamus, which respond to
circulating hormones and nutrients (Kalra et al.
1999; Meister 2007). The hypothalamus regulates
the production of neuropeptides like ghrelin,
leptin, and neuropeptide Y (NPY) in a diurnal
manner, which contributes to appetite regulation
(Kalra et al. 1999). Genetically engineered mice
with deletions of genes encoding either ghrelin,
leptin, or NPY have aberrant feeding behaviors or
metabolic fuel preference (Bannon et al. 2000;
Wortley et al. 2004; Cristino et al. 2013; Schéle
et al. 2016). In a simplistic model, low levels of
nutrients such as glucose, fats, and amino acids
increase levels of ghrelin and decrease leptin
(Weigle et al. 1997; Tschöp et al. 2000; Klok
et al. 2007). Ghrelin acts on NPY-producing
neurons in the hypothalamus which cause the
release of NPY (Kohno et al. 2003). Food intake
restores deﬁcits in nutrients, decreasing ghrelin
and causes the release of leptin from adipose
tissue (Izadi et al. 2014). Leptin acts on
NPY-producing neurons in the hypothalamus,
reducing the amount of NPY released (Baver
et al. 2014). An intact control of homeostatic
regulation through integration of these signals
and the subsequent response is necessary for the
maintenance of a stable body weight.
Dysregulation of this system leads to obesity
and its associated comorbidities including heart
disease and diabetes (Turek et al. 2005; Depner
et al. 2014; Reutrakul and Knutson 2015).
Taste, smell, texture, and temperature all contribute to the subjective pleasantness of food and
rely on the mesolimbic dopamine system. The
taste of saccharin sweetened water, for example,
is chosen over intravenous cocaine administration
in mice (Lenoir et al. 2007). Food that is more
palatable, and as a result more rewarding, is
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expected to cause increased release of dopamine
in the NAcc (Volkow et al. 2010, 2012). Indeed,
palatable foods containing high levels of sugars
(Rada et al. 2005) and fats (Rada et al. 2012;
Cone et al. 2013) are known to stimulate the
release of dopamine into the NAcc. Dopamine
has an essential role in mediating appetite which
goes above the homeostatic system. Dopaminedeﬁcient mice with inactive TH in VTA neurons
(Szczypka et al. 2001) as well as mice with constitutive deletions of both D1R and D2R
(Kobayashi et al. 2004) develop early fatal
hypophagia. Dopaminergic pathways have been
found to be altered in obese subjects. Striatal D2R
expression is reduced by a palatable food diet in
mice (Johnson and Kenny 2010) and in humans
striatal D2R availability is signiﬁcantly lower in
obese patients compared to control individuals
(Wang et al. 2001).
Repeated exposure to food with high fat and
sugar content results in compulsive food consumption, poor control of food intake, and food
stimulus
conditioning
(Jauch-Chara
and
Oltmanns 2014). These results suggest that palatable food can disrupt endogenous homeostatic
regulation of food intake through activation of
the reward system. Interestingly, leptin receptors
have been found in the VTA and SNpc, and a
putative role in regulating dopamine release has
been proposed (Figlewicz et al. 2003). Moreover,
ghrelin is known to stimulate VTA dopamine
neurons to release dopamine into the NAcc
(Abizaid et al. 2006). Thus, endogenous and
exogenous signals control appetite through
important interactions between the physiological
need for food and the reward system.
Food consumption follows circadian rhythms.
Through regulation of complex networks involving the homeostatic and reward systems, food
intake sets time. One hypothesis posits that
orexigenic pathways, which increase feeding
behavior, become gradually activated during
fasting while sleeping. However, this hypothesis
contrasts evidence in humans showing that hunger has an endogenous circadian rhythm with
lowest levels in the morning (8am) and greatest
in the evening (8pm) regardless of the type of
food intake (Scheer et al. 2013). Moreover, in
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the absence of external time cues individuals
seek 2–3 meals during their active phase; however, the timing when these meals occur shows
massive subject variability and is inﬂuenced by
differences in circadian period and wakefulness
(Aschoff et al. 1986).
A number of clocks in the brain can be reset by
peripheral metabolic signals, which may contribute to food anticipation. Palatable foods can trigger anticipatory bouts of locomotor activity and
arousal indicating an activation of the mesolimbic
dopamine system (Mistlberger 1994). Despite
this insight, the anatomical locations and molecular mechanisms for the food clock remain elusive.
Mice with genetic deletions of Bmal1, Per1, and
Per2 have normal food anticipatory behavior as
do SCN-lesioned mice (Storch and Weitz 2009).
This information indicates that the central clock is
not required for food anticipation. However,
mutations in Per1 have been shown to shift food
intake to the resting phase, which leads to obesity
in mice (Liu et al. 2014). Additionally, mice
carrying deletions of Bmal1 and Per2 become
obese from eating food equally during day and
night as do ClockΔ19 mutant mice (Turek et al.
2005; Guo et al. 2012). The most likely
candidates for the food clock lie in other regions
of hypothalamus as well as in the striatum
(Gallardo et al. 2014).
Nutrition, metabolism, and circadian rhythms
are intricately linked with each other (Fig. 4.2).
Timing of food intake can alter the circadian
system positively or negatively. Indeed, meal
timing can affect sleep/wake cycles, body temperature, performance, and alertness (Hotz et al.
1987; Hawley and Burke 1997; GRANT et al.
2017; Hou et al. 2019). These effects are
enhanced by calorie restriction, high-fat and
high-sugar, among others. Rhythmic dopamine
levels from the VTA to the NAcc underlie motivation, food craving, and anticipation (Parekh
et al. 2015). The SCN indirectly projects to the
VTA through the medial preoptic nucleus of the
hypothalamus (Luo and Aston-Jones 2009); this
connection might conceivably allow for foodseeking directed movement through modulation
of dopamine signaling in the striatum. This connection may also affect reinforcement and
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Fig. 4.2 A schematic representation of the brain's reward
system in relation to circadian rhythms. Diurnal rhythms
of the mesolimbic dopamine system and suprachiasmatic
nucleus directly inﬂuence the activity of these brain
regions. Rhythmic dopamine levels inﬂuence the activity
of the mesolimbic dopamine system and suprachiasmatic

nucleus. The activation of dopamine receptors in these
brain regions alters core clock gene expression. The
expression of core clock gene affects rewarding behaviors
including food consumption, drug use, sexual activity, and
social interactions, which activate the mesolimbic dopamine system

conditioned learning associated with food intake.
Thus, the control of food intake is dependent on a
balanced interaction between metabolic and
hedonic circadian brain circuits.

rhythmicity. In humans, most sexual encounters
occur around midnight (Reﬁnetti 2005). Environmental factors, namely partner availability, is the
predominant factor important for human sexual
activity. Peripheral tissues in the reproductive
axis have been shown to have rhythmic clock
gene expression, which might inﬂuence or synchronize with sexual behavior (Sen and
Hoffmann 2020).
In animals, mating rhythmicity is important for
avoiding predation and is also important for
ﬁnding the right mating partner. Strong seasonal
rhythms, which are linked to the amount of light,
are apparent in males of many species including
rodents and sheep, which are better suited models
in this area of chronobiology (Reiter et al. 1980).
As an example, rams are sensitive to daily
changes in light across the year which induce
hormonal variations and modulate gonadal function as well as libido without changes in hormone
secretion (Lincoln et al. 2003). This provides
evidence that, unlike other natural rewards like
food, reproductive behavior is not under homeostatic regulation.
Anticipation rhythms have been observed in
rodents in response to schedules; thus, suggesting
that anticipatory rhythms may be located within

4.4

Rhythmicity of Mating
Behavior and Sex-Driven
Reward

To facilitate necessity for species survival, mating
activity highly engages the reward system and
principally involves dopamine (Balfour et al.
2004). Dopamine release critically affects mating
at the motor, arousal, motivation, and reward
levels. In rats, systemic pharmacological
treatments, which increase or decrease dopamine
signaling, improve or worsen parameters of copulatory activity, respectively (Melis and Argiolas
1995). Dopamine signaling in the striatum has
been postulated to mediate the reinforcing
properties of sexual reproductive activity (Becker
et al. 2001; Sanna et al. 2020). Regardless, dopamine signaling appears to play a critical role in
sex-driven reward.
Like almost all physiological parameters in
animals and humans, mating also shows some
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the reward system or could be entrained by
stimuli, which also engage the reward system.
Indeed, circadian clock genes in the dopaminergic
pathways can be shifted by natural rewards as
well as dopaminergic compounds. These ﬁndings
imply that copulation could also induce robust
circadian anticipatory rhythms. Male rodents can
anticipate daily opportunities to mate (Landry
et al. 2012). Interestingly, rats can anticipate
scheduled mating toward the end of their daily
active phase and in the middle of their resting
phase. Reproductive behavior also shows diurnal
variation as does sex-related reward, which peaks
in the daily active phase and corresponds with
dopamine levels in the striatum (Webb et al.
2009). These results suggest that sexual anticipation and reward are linked with diurnal rhythms in
the dopaminergic mesolimbic system (Melis and
Argiolas 1995) though the molecular mechanisms
remain elusive.

4.5

Drugs of Abuse

Although our understanding of the speciﬁc
actions of drugs on the reward system has been
growing, the complexity of the fundamental
mechanisms underlying drug abuse and dependence increases. Drugs of abuse share one common mechanism: they raise dopamine levels in
the brain, which elicits reward, driving vulnerable
(Swendsen and Moal 2011) substance users to
seek for more drugs leading to addiction. At the
cellular level, the drug-induced dopamine
increase alters neuronal plasticity at the molecular
level leading to alterations of gene expression and
the consequent modiﬁcation of neuronal circuits.
A growing body of evidence connects
perturbations of circadian rhythms and clock
genes to the development and progression of
addictive disorders (Webb 2017). People with
addiction have highly disrupted rhythms which
could be a result of genetic and/or epigenetic
factors like sleep deprivation (Logan et al.
2018). Indeed, those with an evening chronotype
(night owls) have been linked to disorders of the
mesolimbic dopamine system including depression, insomnia, and substance abuse (Merikanto
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et al. 2013; Kivelä et al. 2018). Many behaviors
that depend on the mesolimbic system, such as
psychomotor sensitization and drug-seeking,
show rhythmic patterns and are under the control
of circadian genes (Abarca et al. 2002). Surprisingly, substance abuse leads to lasting changes in
circadian rhythms, which can persist even after
cessation of the drug intake (Jones et al. 2003).
Like for natural rewards, there are diurnal
variations in the behavioral response to
substances of abuse. Addictive drugs are known
to inﬂuence behavioral rhythms, through
modiﬁcations of the expression of clock genes
such as Clock, Per1, and Per2. Clock is expressed
in the VTA and NAcc and has been implicated in
modulating reward processing. Mice with Clock
null mutations show enhanced sensitivity to
cocaine which has been demonstrated by
conditioned place preference (CPP) (McClung
et al. 2005) and self-administration (Ozburn
et al. 2012) models of substance abuse. Similarly,
Per1 and Per2 seem to have roles in cocaine
sensitization (Uz et al. 2003), which is thought
to be a critical component of drug craving that
leads to dependence (Robinson and Berridge
2008). Per1 and Per2 expressions appear
modulated by D1R and D2R. Interestingly, Per1
and Per2 mutants show increased alcohol CPP
compared to WT controls (Gamsby et al. 2013).
Per1 null mice show decreased morphine CPP
(Perreau-Lenz et al. 2017) and absence of cocaine
CPP (Abarca et al. 2002). In contrasts Per2
mutants show no difference from WT littermates
when tested for cocaine CPP (Abarca et al. 2002).

4.6

Social Reward, Electronics,
and the Clock

The developed world has a long-held fascination
for technologies with entertainment purposes,
which continues to grow. Adults in the United
States spend 2–4 h per day using electronic
devices, making technology a deeply engrained
part of our lives (Dyck et al. 2011). The aberrant
and persistent usage of these devices has called
into question whether one could become addicted
to them. Indeed, research focusing on television
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(Horvath 2004), internet (Caplan 2010), and
smartphone (van Deursen et al. 2015) use has
sought to understand these behaviors in terms of
addiction. As previously discussed, natural
rewards release dopamine through activation of
the mesolimbic system to promote survival and
maintenance of the species. Like for substance
use disorders, could technology equally hijack
the reward system? Social media platforms leverage the reward system in ways similar to what
gambling does to promote usage as much as possible through activation of the dopaminergic
pathways (Izuma et al. 2008). Evidence has
recently been presented which connects successful social interactions and the dopaminergic
mesolimbic system (Torquet et al. 2018).
Growing evidence suggests that electronic
devices can negatively impact circadian rhythms.
Studies recently emerged have linked smartphone
usage to increased anxiety and depression as well
as poor sleep quality (Demirci et al. 2015).
Indeed, lights from backlit screens can delay and
advance circadian timing causing asynchronization (Blume et al. 2019). Associations
between loss of sleep and electronic media exposure have been extensively reported in
adolescents and adults (Suganuma et al. 2007;
Fossum et al. 2014; Lemola et al. 2015). The
alerting effects of night time use of electronics
could be due to the suppression of melatonin by
blue light exposure from the device in the retina
(West et al. 2010). This emphasizes the utility of
using “night shifting” modes, which switch
displays to decreased blue light. Beyond the
effects light has on sleep disruption, nighttime
use of electronics and media engagement likely
has profound effects on circadian rhythms. This
effect can in part be ascribed to the release of
dopamine in the striatum from the rewarding
nature of social interactions. It is clear that more
studies are required to trace the links between
dopamine-mediated reward and circadian
rhythms. While the connection is warranted, the
molecular mechanisms that deﬁne dopaminecircadian interactions and their consequences on
our health are still in their infancy.
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Abstract

The suprachiasmatic nucleus houses the master clock, but the genes which encode the
circadian clock components are also expressed
throughout the brain. Here, we review how
circadian clock transcription factors regulate
neuromodulator systems such as histamine,
dopamine, and orexin that promote arousal.
These circadian transcription factors all lead
to repression of the histamine, dopamine, and
orexin systems during the sleep period, so
ensuring integration with the ecology of the
animal. If these transcription factors are
deleted or mutated, in addition to the global
disturbances in circadian rhythms, this causes
a chronic up-regulation of neuromodulators
leading to hyperactivity, elevated mood, and
reduced sleep, which have been suggested to
be states resembling mania.
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5.1

Introduction: The Universal
Nature of Sleep

Sleep seems a universal phenomenon in animals
and is a feature that varies with time of day. Most
animals have a distributed sleep pattern throughout the 24 h, but tend to be more active at a
particular time. For example, mice and rats are
more active during the night (although they also
sleep then), and are more likely to be asleep
during the day. On the other hand, we primates
have a consolidated block of sleep, and we are
active mainly during the day. On top of this basic
rhythm, there are further “harmonics”—for example, many people tend to feel transiently sleepy
during mid-afternoon (the siesta phase). Multiple
factors determine these patterns, but classic
experiments, for example studying human
volunteers in free-running conditions in underground chambers, showed that the basic restactivity rhythm is under circadian control
(Aschoff 1965). In free-running conditions, such
as in continuous light or darkness, with no external cues, these activities continue with a ﬁxed
rhythm.
Within the microarchitecture of sleep itself,
there are also circadian changes—for example,
delta power (0.5–4 Hz) frequencies in NREM
sleep show a low amplitude circadian modulation
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(Dijk and Czeisler 1995). Similarly, REM sleep
shows circadian variations (Wurts and Edgar
2000; Dijk and Czeisler 1995). Sleep timing,
however, is just one aspect of the circadian process, albeit the most apparent to us in our daily
lives. The circadian process determines not just
onset and duration of sleep, but also numerous
other parameters such as body temperature, blood
pressure, cortisol levels, appetite, thirst, mood,
and aggression; in fact, nearly every process in
the body is under circadian control (Rijo-Ferreira
and Takahashi 2019; Takahashi 2017; Cedernaes
et al. 2019; Gamble and Silver 2020; Patke et al.
2020; Gizowski and Bourque 2018; Blum et al.
2018; Mistlberger 2020; Todd et al. 2018; Walker
et al. 2020; Wulff et al. 2010; Logan and
McClung 2019).

overwhelming. After a period of sleep deprivation, the immediate NREM sleep (known as
recovery sleep) is deeper (represented by
increased delta power in the EEG) and there is
some attempt to catch up on lost sleep. The
mechanisms for this homeostatic sleep drive
recovery sleep are not fully understood, but are
likely to involve a distributed system, requiring in
part activation of GABA/galanin neurons in the
preoptic hypothalamus and GABA neurons in the
ventral tegmental area in the midbrain (Ma et al.
2019; Reichert et al. 2019; Yu et al. 2020), as well
as signals from skeletal muscle (Ehlen et al.
2017). As time awake continues, the process is
also tracked by increasing phosphorylation of
numerous synaptic proteins (Wang et al. 2018).

5.3
5.2

Process C and Process S: The
Circadian and Homeostatic
Drives to Sleep

The most inﬂuential theory of mammalian sleep is
that the timing of when we sleep and wake up is
determined by two independent drives, the circadian and homeostatic, termed Process C and
Process S, respectively (Borbely et al. 2016;
Deboer 2018; Tobler et al. 1983; Borbely 1982).
Experimental evidence for this model is strong,
and we discuss this in detail in the sections below.
The model is that the circadian process waxes and
wanes over the 24 h, and adds and subtracts from
the homeostatic process, which tracks the time
spent awake. The interaction of the two drives
determines in this model when we fall asleep
and when we wake. The two drives can be
uncoupled experimentally in forced desynchrony
experiments (Dijk and Czeisler 1995).
The circadian drive determines when we sleep,
so it is the ecological aspect of sleep, inﬂuencing,
when, for example, an animal is hunting or
avoiding predators. The homeostatic drive tracks
time spent awake and is thought to reﬂect the (still
unknown) function of sleep. Unlike the circadian
drive, which waxes and wanes over the 24 h, the
homeostatic drive increases if sleep has not been
permitted until the urge to enter sleep is

The SCN: Does It Directly
Promote Sleep?

In mammals, the suprachiasmatic nucleus (SCN)
in the hypothalamus is the center of the body’s
control of most circadian rhythms (Patton and
Hastings 2018; Michel and Meijer 2020; Stephan
and Zucker 1972; Moore and Eichler 1972;
Eastman et al. 1984). In the SCN, neurons and
astrocytes, each with a circadian clock, interact to
govern the overall circadian output (Brancaccio
et al. 2019; Brancaccio et al. 2017). The
transcriptional-translation feedback loops that
generate the circadian rhythm in plants and
animals are understood in detail (Hastings et al.
2018; Cox and Takahashi 2019), and were the
topic of the Nobel Prize awarded to J. Hall,
M. Rosbash, and M. Young in 2017 (Siwicki
et al. 2018). In mammals, transcriptional
oscillations in the Per1 & 2, Cry1 & 2, Bmal1
and Clock, and Rev-erbα genes set up a sequential
alternation, via negative feedback, in protein
products. Any one of the review articles cited
above all have excellent diagrams of this transcriptional translational feedback clocks. These
changes in gene expression lead to changes in
expression of numerous output genes which, in
turn, determine excitability of SCN neurons,
probably via changes in ion channel expression
and membrane potential, that then drive the
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circadian rhythm (Hastings et al. 2018; Belle et al.
2009; Paul et al. 2020). For example, the BMAL1
and CLOCK proteins form dimers that bind to
E-box enhancer elements in the regulatory
regions of output genes to usually stimulate, and
occasionally inhibit, many target genes (Koike
et al. 2012). Because the levels of BMAL1 and
CLOCK proteins are oscillating, the extent of
stimulation or inhibition of output genes will
also oscillate. However, the genes that regulate
circadian rhythms are actually expressed in all
cells of the body, and it is now appreciated that
all cells in all organs, including the brain, seem to
have transcriptional clocks that could be
synchronized to the SCN master clock (Kyriacou
and Hastings 2010; Takahashi 2017; Koike et al.
2012; Paul et al. 2020).
The SCN is believed to impose overall sleepwake architecture by receiving retinal input, i.e.,
light synchronizes the clock. This seems to occur
by retinal inputs triggering changes in gene
expression in SCN neurons (Jones et al. 2018;
Rusak et al. 1990; Foster et al. 2020). In this
model, the circadian clock governs the principal
timing of sleep. When the SCN is disrupted,
either physically by lesioning or by genetic ablation of the transcriptional clock, the overall architecture of sleep is lost, but sleep still occurs in the
same amount, if not more so (Mistlberger et al.
1983; Mistlberger 2005). SCN-lesioned monkeys
have more NREM sleep within the 24-h natural
sleep-wake cycle, although the distinction
between sleep during light and dark is abolished
(Qiu et al. 2019). Similarly, mice with no Bmal1
gene have no circadian clock and sleep seemingly
randomly over the 24 h (Laposky et al. 2005). A
similar result occurs in Cry1/Cry2 double knockout mice (Wisor et al. 2002). Yet if the mice
lacking this transcriptional clock are sleep
deprived, they still display sleep homeostasis
(Fig. 5.1). This means in the recovery sleep that
follows sleep deprivation, mice display an
increase in the EEG delta power of NREM sleep
(sleep homeostasis) and sleep longer (Wisor et al.
2002; Deboer 2018; Franken and Dijk 2009).
Sleep deprivation still causes an increase of
sleep and increase in NREM sleep delta power
in suprachiasmatic nuclei-lesioned rats (Tobler
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et al. 1983) (Fig. 5.1a). Genetic studies showed
that mice lacking circadian rhythms (by deleting
the cryptochrome (Cry) 1 and 2 genes) increase
their overall 24-h NREM sleep, especially during
the “dark” active phase (Fig. 5.1b) (Wisor et al.
2002). Of note, like SCN lesions, the NREM
sleep cycle, has generally more NREM sleep
during the “light” than the “dark” period, was
ﬂattened. Unexpectedly, the hallmark of sleep
homeostasis, increased delta power in the recovery sleep, was also remarkably elevated during
the natural sleep-wake cycle of Cry1,2 knock-out
mice (Fig. 5.1b). Following sleep deprivation,
delta power was substantially higher than control
mice (Fig. 5.1b), implicating cryptochromes as
functionally involved in the homeostatic regulation of sleep (Wisor et al. 2002). Using the same
approach, the deletion of the Bmal1 gene in mice
increases EEG delta power in the light phase.
Nevertheless, as for SCN-lesioned animals or
Cry1,2 knock-out mice, NREM sleep still appears
in Bmal1 knockouts (Fig. 5.1c), although the
amount of sleep and delta power during the initial
recovery sleep after sleep deprivation was
reduced compared with littermate controls
(Laposky et al. 2005) (Fig. 5.1c). Using
CRISPR/Cas9-mediated editing, Qiu et al.
generated BMAL1 knockout cynomolgus
monkeys. Of note, these monkeys showed
reduced sleep in males but varied effects in
females. However, the rhythm of sleep still
appeared in BMAL1-KO monkeys, implicating
different roles of BMAL1 in sleep-wake regulation between nocturnal and diurnal animals (Qiu
et al. 2019).
Using chromatin immunoprecipitation, it was
found that sleep deprivation alters DNA-binding
of the circadian transcription factors CLOCK and
BMAL1 to the cis-regulatory sequences of target
clock genes in mice, which suggests that sleepwake could drive the DNA-binding of core clock
components (Mongrain et al. 2011). All these
evidences demonstrated that sleep deprivation
drives changes in clock gene expression, and on
the other hand, alternations of circadian genes
contribute to homeostatic sleep. These studies
suggest that circadian rhythms regulate the
sleep-wake cycle, total sleep time, and/or sleep
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Fig. 5.1 Sleep-wake and sleep homeostasis parameters in
control and SCN-lesioned or circadian gene knock-out
mice. Percentage of NREM sleep during the natural 24-h
sleep-wake cycle (left panel), percentage of NREM sleep
(middle panel), and EEG delta power (right panel) during
the natural 24-h sleep-wake cycle and after sleep

deprivation in control and SCN-lesioned rats (a), control
and Cry1,2 knock-out mice (b), and control and
Bmal1knock-out mice (c). Data are redrawn and presented
schematically from a, Tobler et al., 1983; b, Wisor et al.
2002; and c, Laposky et al. 2005

bouts, but homeostatic regulation of sleep is distinct from the circadian rhythm. Overall, although
deletion or mutation of core clock components
differentially affects sleep-wake architecture and
sleep homeostasis, circadian genes are dispensable for the homeostatic sleep drive, thus
supporting the Process S and Process C models.
In humans, mutations in various of the clock
control genes generate advanced and delayed
sleep phase syndromes (Zhang and Fu 2020;
Archer et al. 2003; Archer et al. 2018; Ashbrook
et al. 2020). For example, delayed sleep phase

disorder can result from a mutation in human Cry
1 (Patke et al. 2017). Similarly, a length polymorphism in the human Per3 gene, where there are
either 4 or 5 repeats of a domain that inﬂuences
the stability of the protein, correlates with people
who have different sleeping tendencies: people
homozygous for the 5 repeat allele of per3 have
a morning diurnal preference; those homozygous
for the 4 repeat allele tend to have delayed sleep
phase disorder (Archer et al. 2018). Similarly,
another mutation in humans that destabilizes
Per3 produces familial advanced sleep phase
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disorder (Zhang et al. 2016). Intriguingly, the
per3 gene is not actually required for the operation of the circadian clock (this is taken care of by
per1 and per 2), but the per3 gene strongly
oscillates in its expression over 24 h in many
brain areas and body organs, suggesting the long
and short sleep phenotypes arise from local-type
clocks involving per 3 expression (Archer et al.
2018). Although the effects of these mutations are
clear, the detailed mechanisms of how they inﬂuence sleep timing, and where in the brain, and in
which circuits this happens, are not understood
(Ashbrook et al. 2020).

5.4

The SCN Master Clock’s Effects
on Timing of Sleep and Wake

The SCN governs globally most circadian
rhythms for the brain and the body, with perhaps
exceptions, for example, entrainment to food cues
(Mistlberger 2020). It is not yet understood how
the relevant SCN neurons, which are
GABAergic/peptidergic (e.g., GABA/arginine
vasopressin, and GABA/vasoactive intestinal
polypeptide (VIP, GABA/neuromedin S,
prokineticin 2, and others)) (Lee et al. 2015;
Castel and Morris 2000; Okamura et al. 1989;
Zhang et al. 2009; Moore and Speh 1993), communicate with the neurons that promote sleep
(or arousal) in the hypothalamus or elsewhere.
The precise connections have not yet been discovered. Furthermore, it is clear that the SCN has
a number of subtypes of cell, not all of which
might be pacemakers (Belle et al. 2009). Subsets
of mouse SCN pacemakers govern different
outputs, e.g., drinking before sleep to ensure that
mice have adequate hydration before entering
sleep (Gizowski et al. 2016; Gizowski and
Bourque 2018).
Most SCN cells, regardless of mammalian species, are mostly ﬁring when it is light (i.e., with
retinal input), so they do not encode behavioral
state per se, but external conditions. Nevertheless,
many SCN neurons are vigilance state-dependent:
they are active during wake and during REM
sleep, and show less activity during NREM
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sleep (Deboer et al. 2003). It has been suggested
that, in fact, the vigilance state, such as REM
sleep, inﬂuences the circadian ﬁring (Deboer
et al. 2003). In any case, the SCN receives many
afferents from neural types that promote arousal
(e.g., histamine, acetylcholine) (Michelsen et al.
2005). From unit recordings, there are uniquely
sleep-active neurons in the lateral parts of the
SCN (Sakai 2014), although the precise identity
of these cells has not yet been determined.
Photometry recordings to measure calcium
activity in a subset of genetically identiﬁed cells
in the SCN, those cells that express VIP, found
that although the cells are activated by light
(Jones et al. 2018), they are otherwise vigilance
state-independent, i.e., they ﬁre the same amount
during wake, NREM, and REM sleep (Todd et al.
2020). Some VIP SCN neurons determine circadian locomotion and the circadian variation in
core body temperature, but do not obviously
inﬂuence sleep-wake, except when they are selectively lesioned the variation between the light and
dark cycles in terms of distribution of sleep and
wake is somewhat ﬂattened out—but sleep still
occurs just as much as before with no change in
its microarchitecture (Todd et al. 2020). These
particular SCN VIP cells project to the dorsal
medial hypothalamus (Todd et al. 2020). About
20% of rodent SCN neurons are active during the
dark (Deboer et al. 2003; Collins et al. 2020). In
the mouse SCN, a subset of GABA/VIP cells are
active in the dark and inﬂuence NREM sleep,
albeit by a small amount, selectively in the dark
phase (Collins et al. 2020). It is not known if the
SCN neurons that are sleep-active cells in the
SCN are driving sleep or are responding to
sleep-promoting neurons elsewhere.

5.5

Neurons Which Control Sleep
and Wake Are Dispersed
Throughout the Brain: A
Master Sleep Center Has Not
Been Identified

The experience of jet lag shows the potent inﬂuence the SCN has on the sleep-wake circuitry.
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What are the target cells in the brain that the SCN
neurons might act on? The short answer to this is
that we still do not know. Neurons which promote
the two types of sleep, NREM and REM, are in
distributed systems (Liu and Dan 2019; Peever
and Fuller 2016; Adamantidis et al. 2019; Jones
2020). Unlike the SCN master clock for circadian
rhythmicity, there seems to be no “master center”
for sleep in the brain. There are many types of
neurons in the brain, which have been identiﬁed
to induce NREM sleep (Scammell et al. 2017; Yu
et al. 2019a; Oishi et al. 2017; Zhang et al. 2015;
Anaclet et al. 2014; Zhong et al. 2019; Harding
et al. 2018; Zhang et al. 2019). These include
NREM-promoting neurons in the hypothalamus,
midbrain, and brainstem. It seems unclear if there
is a primary NREM sleep-promoting center. Most
of these cells induce NREM sleep when artiﬁcially
activated
by
chemogenetics
or
optogenetics. For REM sleep, although the basis
for muscle atonia in the brainstem seems
reasonably clear, the neurons which promote the
theta EEG rhythm seem distributed throughout
the forebrain and brain stem (Peever and Fuller
2017; Adamantidis et al. 2019; Jego et al. 2013;
Weber et al. 2015).
Similarly, there are a diverse range of cells
which can promote wakefulness and which
could be targets for SCN modulation, or which
could have their own local clocks: these include
the aminergic histamine, noradrenaline, and
dopamine and acetylcholine cells, the cells in
the lateral hypothalamus releasing orexin/
hypocretin (a peptide), as well as certain GABA
and glutamate cells in the midbrain and hypothalamus. A common feature is that most if not all of
the arousal-promoting neurons have long-range
projections. Again, it is not yet clear if one of
these systems is more important than others, or if
different features of arousal (e.g., motivation,
attention) are produced by a mixture of different
transmitters. Thus, overall, it is not yet clear if the
SCN controls the timing of sleep by mainly
inhibiting (or exciting) wake-promoting cells, or
inhibiting (or exciting) sleep-promoting cells, or a
mixture of both (Mistlberger 2005). In support of
the ﬁrst possibility, that the SCN controls the
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timing of sleep by inhibiting wake-promoting
cells, it has been discovered that a subset of
GABA SCN cells inhibit corticotropin-releasing
factor (CRF) neurons in the paraventricular hypothalamic nucleus, preventing CRF cells in turn
from exciting arousal-inducing orexin neurons
in the lateral hypothalamus (Ono et al. 2020).

5.6

Local Clocks in the Brain?

Transcriptional clock genes are expressed in most
brain cells of all types, i.e., neurons, glia, endothelial cells, and the transcript and protein levels
of these genes oscillate (Franken 2013; Guilding
and Piggins 2007; Jan et al. 2020; Paul et al.
2020). Thus, it has been suggested that local
clocks exist in the brain (Kyriacou and Hastings
2010; Guilding and Piggins 2007; Jan et al. 2020)
(Fig. 5.2). These local clocks, presumed to be
coordinated by the SCN, may further enhance
the timing of circadian processes in the brain.
Indeed, most brain regions show circadian rhythmicity when assessed for the time of day at which
they show maximal responsiveness to stimuli
(as assessed in humans by, e.g., MRI) (Muto
et al. 2016). Many circadian clock type genes
such as Per2 and Per3 show strong oscillations
in expression throughout the brain (Archer et al.
2018; Jan et al. 2020; Paul et al. 2020).

5.7

Circadian Transcription Factors
Repress the Histamine,
Dopamine, and Orexin Arousal
Systems

The bioamines histamine and dopamine and the
peptide orexin (also known as hypocretin) are
examples of transmitters that are made in highly
localized and small population of neurons in the
midbrain and hypothalamus that project widely in
the brain and promote arousal (Haas and Panula
2003; Scammell et al. 2019; Soya and Sakurai
2020; Li and de Lecea 2020; Eban-Rothschild
et al. 2016). It turns out that the key genes
encoding enzymes responsible for histamine and
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Fig. 5.2 Putative local circadian control of orexin, histamine, and dopamine synthesis in the mouse brain. (a)
Central and local clocks in the TMN, LH, VTA or cortex
in the brain, and transcriptional regulation of preproorexin, hdc, and th genes by circadian components. (b)
Circadian rhythms tune the expression of orexin expression in the LH, hdc in the TMN, and th in the VTA.
Transcripts of prepro-orexin, hdc, and th vary during the

day in a diurnal manner, and an increased number of
orexin/hypocretin-, HDC-, or TH-IR positive cells or
intenser ﬂuorescent staining are visualized during the
night. (c) More dopamine, histamine, and orexin/
hypocretin are released, and thereby promote wakefulness
at
night.
LH
lateral
hypothalamus,
TMN
tuberomammillary nucleus, VTA ventral tegmental area

dopamine synthesis, histidine decarboxylase
(hdc), and tyrosine hydroxylase (th) respectively,
or in the case of orexin/hypocretin, the transcription of its gene prepro-orexin, are all repressed by

circadian transcription factors that oscillate daily,
which in turn cause daily oscillating levels of
histamine, dopamine, and orexin (Fig. 5.2).

78

5.8

X. Yu et al.

Orexin Synthesis Is Controlled about 6.25 h on average (He et al. 2009), possibly
by Local Dec 2 Repression, but because of raised orexin levels.
the Circadian Variation
of Firing of Orexin Neurons Is
5.9
Bmal1 Represses Histamine
Influenced by SCN Input
Synthesis

The lateral hypothalamus contains heterogeneous
neuronal populations that control many
behaviors, including sleep and wakefulness
(Venner et al. 2016; Jego et al. 2013; Herrera
et al. 2016; Yamashita and Yamanaka 2017).
The peptide orexin/hypocretin is produced in a
subset of cells in the lateral hypothalamus, and
these neurons project widely in the brain to promote arousal and motivation (Soya and Sakurai
2020; Li and de Lecea 2020). Orexin neurons
discharge during active waking, but decrease discharge during quiet waking, and virtually cease
ﬁring during sleep (Lee et al. 2005). Part of this
ﬁring pattern seems to be under direct control of
the SCN (Ono et al. 2020). SCN GABA cells,
which are presumably active during the day,
release GABA onto paraventricular hypothalamic
CRF cells. CRF cells excite orexin neurons. So, if
CRF cells are inhibited by the SCN, then the
excitatory drive onto orexin neurons will be
diminished, ensuring less orexin is released during the day (Ono et al. 2020).
There also seems to be local control of orexin
synthesis. Orexin/hypocretin mRNA levels vary
in a diurnal manner (Espana et al. 2002). In mice,
there is more hypocretin/orexin expression in the
dark (active) period (McGregor et al. 2017)
(Fig. 5.2). Unlike orexin/hypocretin neurons in
the LH, the number of NREM/REM sleeppromoting
melanin-concentrating
hormone
(MCH) neurons in the LH did not differ between
dark and light phases (McGregor et al. 2017). The
orexin gene is under direct control of the transcription factor DEC2/SHARP-1, a repressor
and/or co-activator of the circadian clock (Hirano
et al. 2018; Rossner et al. 2008) (Fig. 5.2a).
DEC2, a basic helix loop helix transcription factor, binds to E-box elements in target genes
(Rossner et al. 2008). Humans with Dec
2 mutations are short sleepers—they sleep only

The neurons that produce histamine are located in
part of the posterior hypothalamus, the
tuberomammillary nucleus (TMN), and send
projections throughout the brain (Panula et al.
1989). Both deletion of the hdc gene or selectively lesioning histamine neurons in mice
severely disrupt sleep-wake architecture, inducing strong sleep-wake fragmentation (Sakai et al.
2010; Parmentier et al. 2002; Yu et al. 2019b).
Mice deﬁcient in HDC or lacking histamine
neurons fail to become aroused at the transition
from dusk to night (i.e., from lights on to
lights off).
Using in situ hybridization, hdc mRNA levels
in human hypothalamic samples were signiﬁcantly higher for people who had died during
the daytime rather than at night (Shan et al.
2012). In mice, the number of HDC-positive
cells using antibody staining were more signiﬁcant in the dark than in the light (McGregor et al.
2017; Yu et al. 2014). These results suggested
that both hdc mRNA and protein levels have a
diurnal expression, about 1.5-fold in the case of
the mRNA, which might be under circadian control (Fig. 5.2b, c). When Bmal1 is speciﬁcally
deleted in histaminergic neurons, the diurnal
expression of hdc transcripts and protein was
ﬂattened but elevated, and substantially caused a
tonic increase of histamine levels in the brain
which no longer varied diurnally (Yu et al.
2014). As a consequence, wakefulness and sleep
became fragmented, the interrupted sleep probably due to increased histamine levels. At the
cellular level, the resting membrane potential did
not differ between day and night of HDC neurons.
Knocking-out Bmal1 in HDC neurons does not
affect electrophysiological properties, suggesting
local clock regulates histamine synthesis but not
neuronal activity per se (Yu et al. 2014).
Although the precise mechanism was not worked
out, suggests Bmal1 either directly represses hdc
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transcription, or this happens indirectly via diminished levels of the transcriptional repressor
REV-ERBα (whose expression is reduced as a
consequence of Bmal1 knockout in histaminergic
neurons) (Yu et al. 2014). It would be expected
that mice with tonically elevated histamine would
also have some kind of psychiatric like illness,
although this has not been examined.
Following sleep deprivation, mice with disruption of Bmal1 in histaminergic neurons had less
recovery sleep and lower EEG NREM delta
power during the recovery sleep after sleep deprivation, which is probably due to hdc expression
being remarkably higher in sleep deprivation than
in recovery sleep in wild-type mice (Yu et al.
2014). In contrast, this difference was diminished
in HDC-Bmal1 knock-out mice with an overall
high level of HDC, suggesting that the local
BMAL1-dependent clock mechanism suppresses
histaminergic tone during sleep and thereby
facilitates sleep homeostasis. This is possible
because sleep deprivation alters Bmal1 expression in histaminergic neurons, therefore changing
HDC expression (Yu et al. 2014).
There could also be circadian feedback from
the “histamine clock” to the master clock in the
SCN. Histamine can reset the SCN clock (Kim
et al. 2015; Kim et al. 2016). Histamine projects
to the SCN, and SCN neurons seem to take up
histamine (Michelsen et al. 2005). Global
knockouts of mouse histamine receptors, however, do not disturb the locomotor periodicity
but ﬂattens the amplitude (Rozov et al. 2015).
On the other hand, mice with no circadian clock
in histamine neurons, and so having potentially
elevated histamine release onto the SCN, have no
alteration in their global circadian wheel-running
behavior in free-running conditions (Yu et al.
2014), suggesting that feedback from a local
clock to the master clock is not that critical.

5.10

CLOCK and REV-ERBα Repress
Dopamine Synthesis

Like histidine decarboxylase, the gene encoding
the enzyme that is part of the pathway producing
dopamine, tyrosine hydroxylase (th), shows
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diurnal expression in the rodent VTA and
substantia nigra (Weber et al. 2004; Webb et al.
2009; Chung et al. 2014) (Fig. 5.2). The th gene is
under repressive control (direct and indirect) by
transcription factors involved in the circadian
cycle (Kim et al. 2017). Mice with a mutation in
the clock gene have increased (twofold) th mRNA
and protein expression in the VTA (McClung
et al. 2005). Similarly, the transcription factor
nuclear receptor REV-ERBα directly represses
th gene transcription. Deletion of the circadian
gene or pharmacological inhibition of
REV-ERBα activity disrupted circadian expression of th with an overall increase of brain dopamine levels (Chung et al. 2014). REV-ERBα
antagonizes another transcription factor,
NURR1, which activates the th gene promotor
and thereby generates rhythmicity of the dopaminergic system (Kim et al. 2017; Chung et al.
2014) (Fig. 5.2).
Globally knocking-out the REV-ERBα gene in
mice lowers delta power during baseline NREM
and reduces EEG delta power during the recovery
NREM sleep after sleep deprivation (Mang et al.
2016). These effects could well arise because of
chronically elevated dopamine in these mice,
which is acting to undermine sleep quality by
promoting wake. Another prominent phenotype
of the REV-ERBα knockout mice is “mania,” i.e.,
hyperactivity, reduced sleep, increased activity on
the tail suspension and forced swim tests, and
increased sensitivity to D-amphetamine, all
phenotypes probably arising as a consequence of
chronically elevated dopamine (Chung et al.
2014). In the mania experienced by humans, usually as a part of bipolar disorder, patients sleep
little and have elevated mood (Logan and
McClung 2016; Gold and Sylvia 2016; Harrison
et al. 2018). As part of this mechanism, CLOCK
is another circadian transcription factor whose
presence is required in mouse VTA dopamine
neurons to maintain balanced levels of dopamine
(see above). Mice with mutations in the clock
gene have a mania-like phenotype (Roybal et al.
2007), which can be rescued by selective expression of wild-type clock protein in the VTA of
clock-mutant mice, thus suggesting the idea of
local circadian-like control (Roybal et al. 2007).
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As well as transmitter synthesis, neuronal ﬁring of dopamine neurons is also controlled by
circadian factors. The VTA neurons of mice
with a global clock gene mutation have elevated
rates of ﬁring (Roybal et al. 2007; McClung et al.
2005). Using single-unit extracellular recordings
in anesthetized rats, dopamine ﬁring rates
presented a diurnal rhythm (Fifel et al. 2018). In
addition, Fifel et al., found a signiﬁcant circadian
modulation with increased ﬁring rates during the
active phase in the VTA in mice. They combined
neural activity recordings with electroencephalogram (EEG) recordings and revealed a strong
vigilance state-dependent neuronal activity modulation with increased activity during wakefulness (Fifel et al. 2018).
The diurnal phenotype of raised VTA dopamine neuronal ﬁring during waking is further
emphasized and pushed to an extreme when
GABA neurons in the VTA are selectively
lesioned, which causes nearly 100% continuous
wakefulness for the entire night (lights off period)
but more normal amounts of sleep during the day
(Yu et al. 2020; Yu et al. 2019a). The GABA
neurons contribute to inhibition of the VTA dopamine neurons (Yu et al. 2019a); without this
inhibition, the circadian-regulated increased ﬁring of dopamine neurons reaches a maximum,
and mania-like behavior (hyperactivity, reduced
sleep, sensitization to D-amphetamine, increased
mobility on the tail suspension, and forced swim
tests) emerges during the night (Yu et al. 2020). It
is likely these VTA GABA neurons will also have
some kind of local circadian control, although this
has not been studied, and they receive excitatory
glutamate inputs from the lateral habenula (see
next section). Glutamate release from the lateral
habenula is itself under circadian control, being
highest during the day (Sakhi et al. 2014).
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The Lateral Habenula: A
Collection of Glutamatergic
Projection Neurons
in the Midbrain Required
for Sleep Consolidation
in the Day

The lateral habenula, which is a mainly
glutamatergic group of neurons situated in the
midbrain and projecting to target areas such as
GABA neurons in the VTA and the serotonergic
dorsal raphe, has a strong circadian clock as
assessed by Per2 gene expression in brain slices
(Bano-Otalora and Piggins 2017; Sakhi et al.
2014). The LHb not only receives light input via
the SCN, but also via a direct input from the
retina, which could synchronize the clock
(Bano-Otalora and Piggins 2017). The LHb is
required for NREM sleep (Gelegen et al. 2018).
This could happen because LHb projections
exciting VTA GABA neurons could induce
NREM sleep (Yu et al. 2019a). In mice, blocking
glutamate release from LHb neurons by genetic
expression of tetanus toxin light-chain leads to a
striking high sleep-wake fragmentation, but selectively during the day time (“lights on”) (Gelegen
et al. 2018). This suggests that these LHb neurons
would be most active then, during the light phase.
Indeed, mouse LHb neurons have a higher mean
ﬁring rate during the late part of the lights-on
phase (Sakhi et al. 2014). This variation in ﬁring
rate is abolished in LHb slices prepared from
Cry1/Cry2 double knockout mice, conﬁrming
that this is a local clock-controlled phenomenon
(Sakhi et al. 2014). Thus, as well as being
possibily supervised directly from the SCN in
the way that orexin neurons in the LH receive
SCN input (Ono et al. 2020), the putative local
clock in the LHb would serve to reinforce
consolidated sleep in the day (for mice). Thus,
rhythmic circadian signaling runs throughout the
midbrain circuitry regulating NREM sleep.
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Conclusion

Overall, there is a strong link between circadian
rhythm and neuronal activity in sleep-wake regulatory centers. Nevertheless, it is still unclear if
these transcription factors are really acting as
genuine local clocks. In any case, together with
input from the SCN that determines ﬁring rate
(Ono et al. 2020), the locally expressed
circadian-type transcription factors ensure higher
expression of histamine, dopamine, and orexin in
the wake phase. Arousal is a multidimensional
quality. The modulators that promote arousal are
engaged with all aspects of mental function. If
this ﬁne tuning by circadian mechanisms goes
awry, large changes in sleep and mood can result,
which could sometimes be pathological,
contributing for example to mania-like states.
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Abstract

Almost three decades ago, astrocytes
neighbouring clock neurons of the
suprachiasmatic nucleus, the hypothalamic tissue responsible for synchronising circadian
timekeeping in mammals, were found to
undergo morphological and protein expression
changes in a cyclic 24-h pattern, suggesting
that glia could harbour circadian timekeeping
mechanisms and that neuron–glia interactions
could play a part in the daily organisation of
rhythms of physiology and behaviour.
Recently, it has become clear that astrocytes
are circadian timekeepers, capable of initiating
daily patterns of behaviour and imposing their
intrinsic circadian tempo in mammals. In this
chapter, we will describe properties of intracellular timekeeping of astrocytes and the
mechanisms by which astrocytes functionally
integrate in brain circuits underlying circadian,
sleep, and cognitive behaviours in mammals.
We will then discuss how altered astrocyte
timekeeping may be involved in early brain
vulnerability underpinning neurodegeneration.
We will focus on Alzheimer’s disease as a
template of how altered astrocyte timekeeping
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may be involved in neurodegeneration, both
directly via unbalancing of inﬂammatory and
oxidative stress cellular pathways, and indirectly, by altering sleep and cognitive
functions.
Keywords

Circadian clocks · Astrocyte timekeeping ·
Sleep · Neurodegeneration · Alzheimer’s
disease

6.1

Introduction

Circadian timekeeping anticipates predictable
variations of the environment following light/
dark cycles generated by the earth’s rotation
(Woelﬂe et al. 2004; Bell-Pedersen et al. 2005).
In their simplest form, circadian rhythms are
generated by intracellular negative feedback
loops of timed clock gene transcription and translation, with a periodicity of roughly 24 hours
(circa—about; diem—a day) (Takahashi 2017).
In mammals, a central master oscillator in
the anterior hypothalamus, the suprachiasmatic
nucleus (SCN), synchronises circadian cellular
oscillators to orchestrate physiology and
behaviour and coordinate their activities to the
solar cycle (Hastings et al. 2018). An additional
level of complexity arises from the vast array of
neuronal and glial cell types that play an important but still poorly characterised role in
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integrating central and local timekeeping cues
ﬁne-tuning daily regulation of brain functions
and behaviours. Astrocytes are amongst the
most diverse cells in the brain and are emerging
as key glial players in the modulation of neuronal
activities underpinning a variety of behaviours
(Artiushin and Sehgal 2020; Nagai et al. 2021;
Broadhead and Miles 2021). Far from playing a
merely structural and supportive role, they have
recently been shown to possess strong circadian
timekeeping properties and to be able to initiate
and support cell-autonomous circadian patterns of
behaviour in adult animals (Hastings et al. 2018;
Brancaccio et al. 2019).
In this chapter, we will present evidence
supporting the role of astrocytes as key players
in circadian timekeeping and discuss the intracellular and intercellular mechanisms by which they
modulate neuronal circuit activities and impose
circadian patterns of behaviour. While the available literature strongly supports a role for
astrocytes in the speciﬁcation of internal timekeeping, most work has been conducted in the
SCN, given its central role in synchronising circadian clocks across the brain and body, and
generally less is known about the speciﬁc relevance of astrocyte timekeeping in regulating
other aspects of behaviour, such as sleep and
cognition. Nevertheless, a growing literature
implicates astrocytes in the daily organisation of
brain function and behaviour, albeit the underlying timekeeping mechanisms have not yet been
fully addressed. We will review these ﬁndings
and highlight possible points of circadian regulation of these behaviours, operated by astrocyte
timekeepers. Circadian and sleep disruption are
emerging as a shared feature and cause of neurodegenerative conditions (Leng et al. 2019;
Nedergaard and Goldman 2020). In the second
part of the chapter, We will focus on Alzheimer’s
disease (AD), the most prevalent form of dementia as a template for the investigation of the role of
disrupted astrocytic timekeeping in neurodegenerative conditions. We will discuss ﬁndings
suggesting that astrocyte timekeeping may play
a key role in preserving brain health and that its
disruption may be involved in neurodegeneration
both directly, via imbalance of inﬂammatory and

M. Brancaccio et al.

oxidative stress cellular responses, and indirectly,
by altering sleep and cognitive functions and
accelerating disease progression.

6.2
6.2.1

Intracellular Circadian
Timekeeping in Astrocytes
The Molecular Clockwork
of Astrocytes

Molecular circadian timekeeping relies on cellautonomous transcription-translation feedback
loops (TTFLs). In mammals, the core clock
genes include Circadian locomotor output cycles
protein kaput (Clock) (and its paralog Npas2) and
Brain and muscle ARNT-like 1 (Bmal1), positive
regulators of the TTFL, as well as Period 1-2
(Per1-2) and Cryptochrome 1-2 (Cry1-2), the
negative arm of the TTFL. CLOCK and
BMAL1 proteins form heterodimers, activating
transcription of Per and Cry genes at circadian
time (CT) via enhancer box (E-box) sequences
(Takahashi 2017; Hastings et al. 2018). PER and
CRY subsequently accumulate in the nucleus,
form repressor complexes and begin to repress
their own transcription at around CT12. This
transcriptional repression and the degradation of
existing PER-CRY complexes lead to a decline in
the repressor complexes that ultimately allows for
a new cycle to be initiated. This core clock gene
TTFL is stabilised by an accessory feedback loop
involving nuclear receptors ROR-α/β and
REV-ERBα/β, which are transcriptionally
activated via E-box binding of the CLOCK:
BMAL1 heterodimer (Takahashi 2017). The
core clock gene TTFL and its interlocking accessory transcriptional feedback loops generate transcriptional rhythms in clock-controlled genes via
interactions with regulatory enhancer elements,
including E-boxes, RREs, and D-boxes. Like
neurons, astrocytes in the cortex and in the SCN
have been shown to possess functional TTFLs,
underlying rhythmic morphological and protein
expression changes (Lavialle and Serviere 1993)
which can be phase-shifted in response to physiological signals (Prolo et al. 2005; Tso et al. 2017;
Brancaccio et al. 2019). AAV-mediated
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expression of genetically encoded ﬂuorescent calcium indicators in astrocytes has enabled closer
dissection of cellular circadian timekeeping in
astrocytes. Simultaneous recordings of ﬂuorescent markers for astrocytic and neuronal [Ca2+]i
in SCN slices revealed that astrocytes show
robust [Ca2+]i rhythms that differ from neuronal
[Ca2+]i rhythms in their waveform and phase,
with astrocytic [Ca2+]i presenting a broader peak
that is phased to the dark period (peaking at
CT18), in contrast to neurons, which are most
active during daytime, with neuronal calcium
and voltage rhythms peaking at CT6 (Brancaccio
et al. 2013, 2017). Rhythms of clock gene expression are also differentially phased between these
two cell types, with expression of the clock gene
Cry1 peaking at CT11 in neurons and CT17 in
astrocytes (Brancaccio et al. 2019). Double
knockout of Cry1 and Cry2 (Cry1/2-null) renders
the SCN arrhythmic and can be rescued by celltype speciﬁc AAV-mediated expression of Cry1
in neurons of organotypic SCN slices. Importantly, not only did expression of Cry1 in
astrocytes alone rescue molecular rhythmicity,
but also the periodicity of the restored behaviour
was different when compared to neurons:
astrocyte-initiated rhythms had a shorter freerunning period, and required more time to initiate
stable period oscillations of Per2 expression
(Brancaccio et al. 2019). These ﬁndings suggest
that the anti-phasic molecular rhythms of SCN
astrocytes and neurons likely arise as a result of
cell-type speciﬁc regulation of the TTFL and that
astrocytes can have an active, instructive role in
driving circadian oscillations of neuronal activity
and behaviour (see below).

6.2.2

Behaviourally Consequential
Manipulations of the Astrocyte
Clockwork

In recent years, several protocols of astrocytic
clock manipulations have demonstrated a role
for astrocyte timekeeping mechanisms in
specifying circadian patterns of behaviour. Ablating Bmal1 clock gene expression speciﬁcally in
astrocytes by somatic, virally mediated CRISPR/
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Cas9 lengthened the period of clock gene expression in the SCN and rest-activity behaviour in
animals left in constant darkness (Tso et al.
2017). When EAAT1/GLAST-positive astrocytes
lacked Bmal1 (Bmal1cKO), the SCN showed
increased vasoactive intestinal peptide (VIP)
levels at the onset of the dark phase, reduced
levels of Bmal1 and Per2 expression, and dampening of their ﬂuctuations (Barca-Mayo et al.
2017). This did not alter locomotor activity
under light-dark (LD) conditions, but resulted in
a bimodal pattern of locomotor activity and a
delayed active phase in constant darkness
(DD) (Barca-Mayo et al. 2017). Overall, these
loss-of-function experiments show that TTFL
expression in astrocytes is important to support
accurate circadian timekeeping in mammals, but
not strictly required for circadian rhythm
generation.
Another key question is whether astrocytes
possess cell-autonomous circadian timekeeping
properties, which may instruct circadian
behavioural function. To answer this two main
protocols have been used: (1) temporal mismatch
or (2) rescue of TTFL in astrocytes. The ﬁrst
approach takes advantage of the Tau mutation of
the casein kinase 1ε gene, which reduces circadian periodicity by ~4 h in homozygosis, due to
accelerated degradation of PERs (Meng et al.
2008). Cre recombinase-mediated deletion of the
ﬂoxed Ck1εTau/Tau locus reverts behavioural
period to 24 h, thus allowing to create an internal
temporal mismatch within the animal when Cre
expression is restricted by cell-type speciﬁc
promoters. Expression of Cre by the GFAP
(virally mediated in the SCN) or Aldh1L1
(by germline breeding) astrocyte-speciﬁc
promoters were both effective in reverting
patterns of rest-activity behaviour to a 24 h periodicity in DD, thus showing that astrocytes can
impose their intrinsic circadian tempo to
behavioural function (Brancaccio et al. 2017;
Tso et al. 2017). When Cre was expressed in
neurons of Ck1εTau/Tau animals by the human
Synapsin1 promoter, the restored rhythms were
indistinguishable from the ones elicited by astrocytic manipulations, thus not allowing to demonstrate differences in the cell-autonomous
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properties of astrocytic vs neuronal circadian
timekeepers. In the second approach of astrocytic
TTFL rescue, expression of Cry1 was restored in
SCN astrocytes by co-injecting AAVs expressing
Cre under the GFAP promoter, together with
AAVs expressing Cry1 within a ﬂexed,
Cre-activatable cassette in genetically arrhythmic
Cry1/2-null mice. Remarkably, this treatment was
effective in establishing newly generated patterns
of circadian behaviour in DD. The period of the
rescued free-running behaviour was different
from 24 hours in both cases (as expected because
of the Cry2-null status of the rescued animals)
(van der Horst et al. 1999) and therefore reﬂective
of an intrinsically generated rhythm. Importantly,
rhythms expressed upon expression of Cry1 in
astrocytes were different in periodicity when
compared to the ones produced upon neuronspeciﬁc Cry1 rescue in littermates. Moreover,
the period of the restored neuronal vs astrocytic
Cry1-rescued behaviour diverged more with
increasing number of respectively targeted cells.
These results were conﬁrmed in isolated SCN
slices thus showing that speciﬁc rhythms of
clock gene expression and behaviour, driven by
astrocytic or neuronal clockwork can be distinguished in Cry1-rescued mice. Therefore, while
both astrocytes and neurons of the SCN can exert
central timekeeping functions, the underlying
cell-autonomous mechanisms specifying the temporal details of such oscillations may differ
(Brancaccio et al. 2019).

6.3
6.3.1

Astrocytes in Circadian
Intercellular Timekeeping
Astrocyte–Neuron
Communication

Given data of astrocyte clock rescue, a central
question is whether speciﬁc signalling pathways
deliver temporal signals from astrocytes to
neurons and, vice versa the existence of neuronal
signals that may feed back to astrocytes to maintain accurate timekeeping. Extracellular glutamate has been proposed as a potential mediator
of astrocyte-neuronal interactions that could

underpin the astrocytic rescue of neuronal function observed in Brancaccio et al. (2017, 2019).
Extracellular glutamate measured by the genetically encoded iGluSnFR reporter (Marvin et al.
2013) revealed strong oscillations in the SCN,
which were anti-phasic to neuronal calcium and
voltage and elevated during night-time. Importantly, the vast majority of SCN neurons
(>95%) are GABAergic and therefore the
reported widespread oscillations observed in
isolated SCN brain tissues are unlikely to be due
to any glutamatergic neuronal release. The largest
contributors to glutamate concentrations are
excitatory amino acid transporters (EAATs),
including EAAT1/GLAST and EEAT2/GLT-1,
two
predominantly
astrocytic
glutamate
transporters, which follow circadian expression
patterns and peak during the light phase
(Spanagel et al. 2005), similar to the mRNA
expression of EAAT3/EAAC1, a neuronal glutamate transporter (Cagampang et al. 1996).
Blocking EAAT activity by DL-TBOA elevated
extracellular glutamate detected by iGluSnFR,
caused internal desynchronisation of the SCN,
decreased amplitude, and lengthened the period
of clock gene expression and neuronal calcium
(Brancaccio et al. 2017). In Per2 mutant mice,
EAAT1 becomes arrhythmic, while EAAT2
expression is shifted (Spanagel et al. 2005). In
vitro, EAAT1 expression levels are also signiﬁcantly reduced in the absence of CLOCK, PER2,
and NPAS2 (Beaulé et al. 2009), and glutamate
uptake is only half as efﬁcient in Per2 mutant as
in wild-type mice (Spanagel et al. 2005).
Together, these data suggest that EAAT expression may be regulated by clock genes and is
essential to maintain rhythmic extracellular glutamate concentrations, required for internal
synchronisation of the SCN circuit. Extracellular
glutamate in the SCN has been proposed to
activate presynaptic NMDA receptors containing
the NR2C subunit and to promote GABA release
during night-time. Consistent with this view,
inhibition of the NMDA-NR2C subunit during
night-time depolarises SCN neurons and
de-synchronises SCN neuronal activities and
clock gene expression within the SCN
(Brancaccio et al. 2017); see Hastings et al.
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(2019) for an updated model. Moreover, NR2C
inhibition irreversibly impairs rescue of circadian
oscillations of clock gene expression in the
SCN in Cry1/2 null mice in which Cry1 is
restored in astrocytes (Brancaccio et al. 2019),
thus showing that astrocytically released glutamate and NMDA-NR2C are an essential signalling axis mediating astrocyte–neuronal circadian
interactions in the SCN.
While more data exist for glutamate, other
molecules have been proposed as putative
mediators of astrocyte-neuronal communication,
such as ATP. Rat SCNs feature over four times
the ATP concentrations of the anterior hypothalamus (Yamazaki et al. 1994), suggesting that ATP
may represent a prominent signalling cue in the
SCN. SCN astrocytes release ATP in a circadian
fashion, which appear to be clock gene-dependent
in cell cultures and SCN slices (Womac et al.
2009; Burkeen et al. 2011; Marpegan et al.
2011; Svobodova et al. 2018). ATP rhythms can
be suppressed or potentiated by pharmacological
blocking/agonists of purinergic and pannexin-1
receptors, suggesting that these proteins may be
involved in ATP release (Svobodova et al. 2018).
As extracellular ATP increases (peaking in the
dark phase) in vitro and in vivo, SCN neuronal
ﬁring rate declines (Yamazaki et al. 1994;
Womac et al. 2009). This anti-phasic pattern
between astrocytic ATP and neuronal activity
persists in constant darkness (Womac et al.
2009). In rat SCN slices, GABAergic neurons
respond to extracellular ATP with increased frequency (but not amplitude) of spontaneous inhibitory postsynaptic currents, in a dose-dependent
manner (Bhattacharya et al. 2013).

6.3.2

Neuron–Astrocyte
Communication

As previously mentioned, a key question is
whether and how neurons may feed back circadian temporal information to astrocytes, thus
“closing” a neuron/astrocyte intercellular circadian feedback loop. While few studies exist that
address the neuron-to-astrocyte arm of the loop,
endocannabinoids and VIP signalling have been
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proposed as possible mediators. In rats living in
12:12 LD cycles, GFAP expression peaks during
the dark phase speciﬁcally in the ventrolateral,
but not the dorsomedial SCN; constant darkness
or removing the adrenal glands abolishes this
pattern (Becquet et al. 2008). GFAP expression
changes represent some of the SCN’s daily structural rearrangements: at night, glial coverage of
VIP neuron dendrites increases by 29%, but
decreases by 19% for AVP neurons (Becquet
et al. 2008). In turn, VIP released by SCN
neurons can entrain circadian rhythms of
astrocytes in a dose-dependent manner in vitro
(Marpegan et al. 2009).
Additional key molecules of neuron–astrocyte
interaction are endocannabinoids, neuronal retrograde messengers that modulate neurotransmitter
release by binding to presynaptic cannabinoid
type 1 receptors (CB1Rs). Astrocytes express
CB1Rs in vitro and in vivo, and when neuronal
endocannabinoids bind to these, astrocytes additionally express the CB1R ligand arachidonoylglycerol (2-AG) (Walter and Stella 2003;
Marsicano et al. 2003; Walter et al. 2004;
Navarrete and Araque 2008; Hegyi et al. 2018).
Two major endocannabinoids follow circadian
expression patterns in the nucleus accumbens,
prefrontal cortex, striatum, and hippocampus:
2-AG reaches signiﬁcantly higher levels
during the light phase, while anandamide/
N-arachidonylethanolamine reaches signiﬁcantly
higher levels during the dark phase (Valenti
et al. 2004). Other endocannabinoids and CB1R
agonists also display circadian expression
changes, depending on the brain region
(Liedhegner et al. 2014). One study focusing on
the SCN reported strong CB1R immunoreactivity
and found that cannabinoids diminished the ability to entrain to light zeitgebers (Acuna-Goycolea
et al. 2010). However, cannabinoids left glutamate release from the retinohypothalamic tract
unaffected, and free-running mice showed normal
circadian rhythms (Acuna-Goycolea et al. 2010).
The authors suggested endocannabinoids as
non-photic cues for neuronal entrainment, but
did not address astrocytic CB1R contributions.
Intriguingly, recent work introduced astrocytic
retrograde cannabinoid signalling as a mediator
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of clock timing in the SCN (Hablitz et al. 2020a).
In organotypic slices, neuronal endocannabinoids
bind to astrocytic CB1Rs and trigger Ca2+ signalling in SCN astrocytes, which in turn inhibits presynaptic GABA release via adenosine signalling
from astrocytes (Hablitz et al. 2020a; Carney
2020). The authors suggested that endocannabinoid
signalling in astrocytes serves to ﬁne-tune neuronal
responses to light.
A representative schematic of the astrocyteneuronal mediators that have been implicated in
the interplay between neurons and astrocytes is
provided in Fig. 6.1.

6.3.3

Astrocyte–Astrocyte
Communication

Autocrine and paracrine signalling between
astrocytes, for instance via glutamate and ATP
release, is enabled by a number of transmembrane
channels, including connexins and pannexins
(Giaume et al. 2020). Astrocytes form
interconnected networks via gap junctions,
which allow diffusion of molecules, such as
metabolites, second messengers, glutamate,
small peptides, and RNA (Giaume et al. 2010).
Large gap junction-coupled networks of hundreds
of astrocytes can be found in various brain
regions (Houades et al. 2008; Rouach et al.
2008). Gap junctions between astrocytes are primarily formed by coupling of connexin (CX) 43
and CX30 hemichannels (Nagy et al. 2004),
whose expression levels vary regionally and
with age (Nagy et al. 1999; Cotrina et al. 2001)
and determine the permeability of gap junctions
(Harris 2007; Yum et al. 2007). Interestingly, the
expression of CX30 and CX43 oscillates throughout the day in the mouse SCN, with ﬂuctuations
of CX43 persisting in constant darkness (Ali et al.
2019), suggesting that the astrocytic clock may
modulate astrocytic networks through regulation
of gap junction proteins. Gap junctions are key to
astrocyte function, for instance by allowing them
to indirectly associate with all the synapses within
their network. The contribution of astrocyte–
astrocyte communication is difﬁcult to determine,
as connexins are also important for astrocyte–

neuron communication, where they mediate
metabolite transport, glutamate recycling, and
K+ buffering (Rouach et al. 2008; Pannasch
et al. 2011). Astrocytes and neurons can connect
directly through heterotypic connexin gap
junctions, where the prevalent astrocytic CX43
can couple with CX36 in neurons (Condorelli
et al. 2000; Kay et al. 2016). In these instances,
astrocytes can provide neurons with metabolites
like glucose, lactate, or glutamine, and exert spatial K+ buffering as well as Ca2+ signalling. Moreover, connexins in their hemichannel forms can
release glutamate and ATP, shaping neuronal
function in a paracrine fashion, which can directly
modulate neuronal activity (Ye et al. 2003; Wang
et al. 2013). Indeed, Brancaccio et al. (2019)
showed that drugs selectively blocking the
hemichannel form of CX43 (TAT-Gap19) disrupt
clock gene expression (detected by a PER2::LUC
reporter) in the SCN and impair oscillations of
extracellular glutamate elicited by astrocytic Cry1
rescue in arrhythmic dCry KO mice. These data
support a model in which paracrine glutamate
release by astrocytes is promoted by CX43
hemichannels and is required for daily rhythms
of extracellular glutamate and synchronisation of
neuronal activity within the SCN.

6.3.4

Astrocyte–Glia Communication

Paracrine signalling also enables astrocyte communication with other glial cells; for instance,
microglia-derived ATP can bind astrocytic
P2Y1 receptors, inducing the production and
release of interleukin 6 in culture (Shinozaki
et al. 2014). It has also been observed that
connexins can form heterotypic gap junctions
between astrocytes and oligodendrocytes for K+
buffering (Kamasawa et al. 2005). Whether such
glial interplay contributes to circadian function is
currently unknown.
Microglia and astrocytes closely coordinate
their functions, both in normal physiology and
in response to injury and neurodegeneration
(Vainchtein and Molofsky 2020). For instance,
astrocytes and microglia have essential roles in
synapse formation and remodelling during
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Fig. 6.1 Summary of astrocytic and neuronal intracellular
circadian markers and intercellular mediators involved in
circadian timekeeping in the brain. Several molecular
mechanisms exhibit circadian rhythms in astrocytes and
neurons, often in anti-phasic patterns. Timepoints
indicated on the circadian time (CT) clock within each
cell type describes peak activity. Except where described
below, all mechanisms refer to the SCN. For astrocytes,
arrows highlight peaks of: EAAT1 expression in the whole
brain at CT0 (Spanagel et al. 2005), EAAT2 expression in
the whole brain at CT18 (Spanagel et al. 2005), PER2
expression at CT0 in cultured cortical astrocytes (Beaulé
et al. 2009), CRY1 expression at CT18 (Brancaccio et al.
2019), intracellular Ca2+ rise (Brancaccio et al. 2017),
ATP release (Womac et al. 2009; Marpegan et al. 2011),
and glutamate (Glu) release (Brancaccio et al. 2017). For
neurons, arrows highlight peaks of: Eaat3 expression at

CT0 (Cagampang et al. 1996), intracellular Ca2+ rise at
CT6 (Brancaccio et al. 2017), GABA release (Wagner
et al. 1997; Itri et al. 2004), Per2 expression at CT12
(Amir et al. 2004), and Cry1 expression at CT11
(Brancaccio et al. 2019). For neuronal endocannabinoid
release, note that 2-AG in the nucleus accumbens, hippocampus, prefrontal cortex, and striatum is released at CT3
(Valenti et al. 2004) and anandamide is released in the
hypothalamus at CT5 (Murillo-Rodriguez et al. 2006);
a
anandamide is released at CT21 in the nucleus
accumbens, hippocampus, prefrontal cortex, and striatum
(Valenti et al. 2004; Murillo-Rodriguez et al. 2006). The
magnifying glass shows a tripartite synapse, highlighting
the interplay between a presynaptic neuron, its postsynaptic counterpart, and an astrocyte in the context of circadian
mechanisms

development and their coordination is essential to
balance synapse numbers. Astrocytes have a primary role in promoting synapse formation during
development, and synapse maturation has been
shown to increase astrocytic expression of interleukin 33, which directly increases microglial
phagocytic activity, suggesting a homeostatic
communication loop in which increases in synapse formation by astrocytes trigger synaptic
pruning by microglia (Vainchtein et al. 2018).

While it is not known whether and how glial
clocks may interact, it is well established that
the release of several cytokines and chemokines
(including TNF-α and complement components
C3, CCL2), key mediators of astrocyte-microglia
crosstalk, is under direct control of the circadian
clock (Wolff et al. 2020; Grifﬁn et al. 2020).
Recent evidence shows that some of these factors
can induce phase shifts in glial clock rhythms
(Duhart et al. 2013, 2016), suggesting a potential
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mechanism by which glial clocks could coordinate their circadian functions. New insights into
how glial clocks communicate may also allow us
to gain a deeper understanding of the functional
impact of glial clocks at the circuit level, especially given the emerging evidence for a key role
of the circadian clock in microglia and its potential implications in neurodegenerative conditions
(Nakanishi et al. 2021).
The presence of circadian timekeeping
mechanisms in oligodendrocytes is much less
deﬁned and their role in oligodendrocytic function is still debated (Colwell and Ghiani 2020).
Interestingly, as with astrocyte–neuron and
astrocyte–astrocyte gap junctions, astrocytes can
also supply oligodendrocytes with metabolites
(lactate, glucose, glutamate) and mediate ion
homeostasis through hemichannels made up of
astrocytic CX43 and oligodendrocytic CX47
(Nagy et al. 2003; Rinholm et al. 2011, 2016;
Fasciani et al. 2018; Basu and Sarma 2018).
Recent studies have revealed that astrocyte–oligodendrocyte gap junctions are essential for CNS
myelination and homeostasis (Papaneophytou
et al. 2019). CX43/CX47 gap junctions also
modulate K+ buffering and bi-directional Ca2+
signalling between astrocytes and oligodendrocytes (Parys et al. 2010), and when abolished,
cause myelin vacuole build-up, leading to axonal
degeneration (Menichella et al. 2006). Given circadian expression of CX43 (Ali et al. 2019), this
may also affect the function of myelinating cells
of the CNS.

6.4

6.4.1

Astrocyte Timekeepers
in the Regulation of Brain
Function
Astrocyte Timekeeping
and Cognitive Function

Astrocytes have been shown to play a role in daily
regulation of synaptic and network function in the
hippocampus and cortex. In the hippocampus,
about 10% of genes are rhythmically transcribed
(Debski et al. 2020) and synaptic excitability of
granule cells ﬂuctuates in a circadian manner

(Barnes et al. 1977). In fact, human lifestyle
factors that mimic sleep restriction (such as
jet-lag and shift work) directly correlate with
reduced temporal lobe volume and poorer cognitive performance (Cho 2001; Ariznavarreta et al.
2002). Similarly, in mice, chronic circadian disruption leads to shorter dendrites and reduced
neuronal complexity in the prefrontal cortex, as
well as to cognitive changes such as higher error
rates in learning tasks (Morris water maze) and
abnormal behaviour in open ﬁeld and light/dark
box tests (Karatsoreos et al. 2011). Under normal
conditions, the formation, recall, and extinction of
fear conditioning memory varies in a circadian
manner in mice, with improved recall and slower
extinction of memories during the light phase, a
pattern which persists in constant darkness
(Chaudhury and Colwell 2002).
Bmal1-null mice are arrhythmic in constant
darkness and exhibit impairments in spatial and
contextual fear memory. Organotypic hippocampal slices from Bmal1-null mice also show significantly reduced long-term potentiation (LTP),
which may result from impaired Bmal1dependent signalling events, likely including circadian regulation of MAPK activity (Wardlaw
et al. 2014). Circadian control of hippocampal
function and plasticity is also reﬂected in acute
slice preparations, as slices prepared during the
day show more robust LTP at Schaffer collateral
synapses than those prepared during the night
(Raghavan et al. 1999). But what causes daily
ﬂuctuations in LTP in the hippocampus?
McCauley et al. (2020) recently found that while
decreased NMDA receptor expression in neurons
is a contributing factor, structural and functional
circadian changes in astrocytes are also involved
in mediating the loss of LTP in the dark phase.
Summation of AMPA excitatory postsynaptic
currents (EPSCs) was lower in the dark phase
with no signiﬁcant effect on NMDA EPSCs, an
effect explained by an increase in glutamate lifetime in the extracellular space, which prolongs
AMPA receptor recovery time. Experimentally,
synaptically-activated glutamate transporter
currents in astrocytes were slower in the dark
phase, suggesting that glutamate uptake by
astrocytes indeed varies in a circadian manner.
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Accordingly, the number of astrocytic processes
was reduced during the dark phase, decreasing
the proximity to surrounding synapses, and
normalised entropy was lower in the dark phase,
indicating structural changes in astrocytes
throughout the circadian cycle. In line with this
ﬁnding, Bmal1 deletion has also been found to
reduce glial coverage of hippocampal mossy ﬁbre
synapses (Ali et al. 2020), and astrocytic coverage of synapses has previously been observed to
follow a rhythmic pattern, and increases in
response to chronic sleep restriction, particularly
of large mature dendritic spines in the mouse
cortex (Bellesi et al. 2015). Small changes in the
proximity of astrocytic processes to synaptic
spines strongly affect extracellular glutamate concentration, thereby regulating the strength and
timing of neuronal synaptic activity. Accordingly,
the stabilisation of synapses is impaired when
astrocyte motility is reduced (Nishida and Okabe
2007). The importance of regulating extracellular
glutamate levels is also exempliﬁed by astrocytemediated switching of cortical neurons to a slowoscillation state via glutamatergic signalling,
which may be important in sleep modulation
(Poskanzer and Yuste 2016). The beneﬁt of
daily remodelling of astrocytes is unclear, however it has been hypothesised that reducing
synaptic efﬁcacy in the dark phase may lower
energy consumption over extended time periods.
Alternatively, the change may allow the local
network to switch between modes that facilitate
improved processing of different types of information at different times (McCauley et al. 2020).
Interestingly, computational modelling showed
that lower NMDA receptor expression and longer recovery from AMPA receptor activation
makes hippocampal activity in the high gamma
frequency range more susceptible to circadian
modulation. Indeed, behaviours such as learning
and novel environment exploration, which
rely on activity in the high gamma range, show
a higher circadian variation than lowerfrequency behaviours, such as memory retrieval
and navigation in familiar environments (Colgin
et al. 2009; Zheng et al. 2016; McCauley et al.
2020).
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In addition to daily structural remodelling,
astrocytic BMAL1 has also been found to be
important for correct functioning of astrocytes at
synapses. Upon ﬁnding short- and long-term
memory impairments, a global reduction of
BMAL1 levels in the cortex, as well as dampening in the rhythmic expression of BMAL1 and
PER2 in mice with astrocyte-speciﬁc conditional
deletion (Bmal1cKO), Barca-Mayo et al. (2017)
investigated the cell-autonomous rhythmic
entrainment of cortical neurons by astrocytes
in vitro. Synchronous astrocytes in a physically
separated co-culture with asynchronous primary
cortical neurons induced rhythmic clock gene
expression in neurons. siRNA-mediated Bmal1
knockdown in astrocytes abolished their ability
to synchronise rhythmic transcript expression in
neurons, suggesting that an intact astrocytic clock
is required to entrain rhythmicity in cortical
neurons via exchange of extracellular signals.
GABA was sufﬁcient to entrain primary cortical
neurons, while inhibition of the GABAA receptor
prevented entrainment by astrocytes. In line with
this ﬁnding, GABA transporters GAT1 and
GAT3 were signiﬁcantly reduced in the cortex
of Bmal1cKO, and GABA uptake was severely
impaired in arrhythmic cortical astrocytes.
Accordingly, GABAA receptor antagonist treatment restored the memory impairment in
Bmal1cKO mice. This suggests that astrocytic
BMAL1 is required to maintain extracellular
GABA levels. Astrocytic GABAergic signalling
in the cerebellum has previously been shown to
be involved in tonic inhibition of neurons (Lee
et al. 2010), which has been implicated in LTP
and hippocampus-dependent memory (Martin
et al. 2010). Thus, loss of astrocytic BMAL1
and the resulting reduction in GABA reuptake
may cause over-inhibition of cortical and hippocampal circuits involved in learning and memory.
It is not clear however whether the role of
astrocytes in maintenance of extracellular
GABA level depends on static or oscillating
BMAL1 function. Interestingly, deleting Bmal1
in Nestin-expressing pericytes (which line the
vascular system) causes not only astroglial
activation in regions as far-reaching as the cortex
and hippocampus, but also novelty-induced
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hyperactivity (Nakazato et al. 2017), which could
be a consequence of astrocyte activation in brain
regions required for cognitive function.

6.4.2

Astrocyte Timekeeping
and Sleep

The connection between SCN timekeeping, local
clock gene expression, and their role in regulating
sleep is complex (Franken 2013; Deboer 2020)
and is discussed elsewhere in this book (Chap. 5).
Here we will review evidence speciﬁcally involving astrocytes in sleep, with a particular focus on
discerning available information regarding their
role in homeostatic and/or circadian regulation of
sleep. Astrocytes of the prefrontal cortex show
dynamic changes in Ca2+ across the sleep/wake
cycle (Ingiosi et al., 2020). Astrocytic Ca2+ was
also found to change in accordance with NREM
short wave activity, which decreases throughout
the rest period. More in-depth analysis showed a
highly dynamic spatiotemporal pattern of Ca2+
ﬂuctuations across vigilance states, with a bias
towards higher Ca2+ levels in astrocyte processes
during wake and REM sleep. In response to sleep
deprivation, astrocytic Ca2+ signalling increased
and decreased during recovery sleep, suggesting a
role in sleep homeostasis. In addition, the synchrony of Ca2+ signals across neuronal networks,
which is particularly high during NREM sleep,
increased further after sleep deprivation, while
Ca2+ rhythm synchrony across the astrocyte network was not only lower than neuronal synchrony during NREM sleep, but was further
reduced in response to sleep deprivation. This
indicates that astrocytic Ca2+ rhythms behave
independently from neuronal Ca2+ rhythms and
are not just responding to neuronal signals. To
determine whether astrocytic Ca2+ contributes to
sleep homeostasis (Ingiosi et al. 2020), they used
a mouse model with inducible impairment of
astrocytic store-operated Ca2+ entry (SOCE),
which relies on the action of stromal interaction
molecule 1 (STIM1) and is important for increasing intracellular calcium levels. Conditional KO
of STIM1 in astrocytes showed normal daily
patterns of sleep/wake behaviour and body

temperature, as well as normal measures of
sleep. However, NREM short wave activity and
sleep time was altered following sleep deprivation, suggesting that astrocytic Ca2+ contributes
to sleep homeostasis. In line with these ﬁndings,
Bojarskaite et al. (2020) found that astrocytic
Ca2+ increases precede transitions from slow
wave sleep to wakefulness. They employed
genetic ablation of Itpr2, which mediates inositol
triphosphate (IP3)-dependent astrocytic Ca2+ signalling, to show that impaired astrocytic Ca2+
signalling results in more fragmented sleep,
abnormal brain rhythms, increased NREM sleep
transitions, and an increased frequency of sleep
spindles. They also observed astrocytic silencing
prior to the transition from NREM to REM sleep,
suggesting that astrocytic silencing is required for
this transition, or that astrocytic Ca2+ may be
important to maintain slow wave sleep. Adenosine could be mediating the observed effects of
altered astrocytic activation on sleep homeostasis
(Lazarus et al. 2019). Despite its central role in
sleep homeostasis, the exact source of adenosine
that regulates sleep is unclear. Neurons can
induce adenosine production via activitydependent synaptic release of ATP, which is
hydrolysed to adenosine extracellularly (Wall
and Dale 2013). In contrast, astrocyte-mediated
adenosine release generally occurs over more
prolonged timescales, making them ideal
mediators for the slow changes in adenosine
levels that modulate sleep (Haydon 2017).
Indeed, mice with impaired astrocytic exocytosis
exhibit deﬁcits in sleep homeostasis, slow wave
activity, and compensatory sleep changes in
response to sleep deprivation (Halassa et al.
2009), consistent with effects detected in mice
with impaired IP3-dependent astrocytic Ca2+ signalling (Bojarskaite et al. 2020). The same phenotype could be recapitulated in wild-type mice
by intracerebroventricular infusion of A1 adenosine receptor antagonists (which did not alter
sleep in mice with impaired astrocytic exocytosis), and astrocytic adenosine has previously been
found to induce tonic presynaptic inhibition via
A1 receptor binding (Pascual et al. 2005). Further
studies using a variety of molecular genetic
approaches have provided more evidence for

6

Astrocyte Circadian Timekeeping in Brain Health and Neurodegeneration

astrocytic adenosine in the regulation of sleep.
For instance, optogenetic stimulation of
astrocytes in the posterior hypothalamus
increases time spent asleep (Pelluru et al. 2016),
consistent with previous studies showing that
microdialysis perfusion of an A1 receptor agonist
into the rat posterior-lateral hypothalamus promoted sleep (Alam et al. 2009). Interestingly,
Jagannath et al. (2021) have recently identiﬁed
signalling pathways downstream of adenosine
receptors A1 and A2A that regulate circadian
entrainment by modulating the phase-shifting
effect of light on the clock. The proposed mechanism thus enables sleep/wake history and light to
interact in entrainment and suggests an additional
pathway through which the astrocyte-derived
adenosine may affect circadian function.
Probably the most popular model implicating
astrocytes in the regulation of sleep/wake cycles
is of them playing a key role in the regulation of
the brain interstitial space and the clearance of
brain waste, via the glymphatic system, via regulation of the astrocytic water channel aquaporin
4 (AQP4) (Xie et al. 2013). Waste removal by the
glymphatic system is more effective during sleep
when interstitial space volume increases, as
observed through cranial windows in living
animals (Xie et al. 2013; DiNuzzo and
Nedergaard 2017; Lundgaard et al. 2017). Regulation of brain clearance is, however, part of a far
more complex regulation, and to be understood in
the wider context of the daily regulation of ﬂuid
homeostasis in the brain and body, a process that
is deeply affected by circadian timekeeping as
also suggested by evidence that brain clearance
follows endogenous daily rhythms (Hablitz et al.
2020b) that persist in constant light conditions.
Circadian aspects of glymphatic clearance also
emerge when Nestin-expressing cells lack
Bmal1—cortical AQP4 levels then decrease,
while mouse brain water content and vascular
permeability rise (Nakazato et al. 2017). AQP4
localisation at astrocytic endfeet changes in a
circadian fashion and peaks in the perivascular
areas during the rest phase in mice (Hablitz et al.
2020b), a phenomenon accompanied by
increased clearance during daytime. Drainage of
cerebrospinal ﬂuid (CSF) to the lymph nodes also
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follows a circadian variation. Daily variations of
both glymphatic clearance and lymphatic drainage are reduced in Aqp4 KO mice (constitutive
KO). While these ﬁndings are of certain interest,
whether and how timekeeping processes are
directly involved in daily clearance processes
remains to be elucidated. CSF production exhibits
circadian variations (Nilsson et al. 1992), and the
SCN is important to preserve brain-wide daily
ﬂuctuations of interstitial space: Bmal1 deletions
sparing the SCN do not affect them, whereas if
Bmal1 is also deleted in the SCN, they are
impaired (Kress et al. 2018), thus suggesting
that central timekeeping may play a key part in
maintaining daily variations of solute levels in the
brain interstitial space. Moreover, CSF is
refreshed daily by the choroid plexus (CP), a
structure consisting of glial cells and responsible
for 80% of interstitial ﬂuid production. The CP
shows synchronous circadian rhythms of clock
gene expression, which are weakened by gap
junction inhibitors (Myung et al. 2018). The CP
can provide input to the SCN in vitro and in vivo
(Myung et al. 2018): in tissue culture, the Per2
expression period of the SCN accelerates in
response to a co-cultured CP, while CP Per2
expression remains unchanged. Further, Bmal1
deletion in the CP lengthens the locomotor period
in mice, suggesting that the CP can alter the SCN
rhythmic patterns to some degree (Myung et al.
2018). Nevertheless, the role of circadian expression of aquaporins in the SCN and CP is poorly
understood, as is the interplay among SCN, CP,
and local astrocytic timekeepers in brain clearance of solutes.

6.5

6.5.1

Disruption of Astrocyte
Circadian Timekeeping
in Neurodegeneration
Circadian Disruption
in Alzheimer’s Disease

The circadian system changes with age, leading to
altered rhythms of behaviour and physiology,
such as advances in circadian phase and changes
in rhythms of body temperature (Duffy et al.
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2015). Circadian dysfunction has also been
associated with numerous age-related neurodegenerative diseases, including Alzheimer’s disease (AD). AD is characterised by signiﬁcant
and progressive cognitive decline and is primarily
diagnosed based on the presence of extracellular
amyloid β plaques and intracellular accumulation
of hyperphosphorylated tau protein in the form of
neuroﬁbrillary tangles (Jagust 2018; Long and
Holtzman 2019). However, AD has a highly heterogeneous pathophysiology and an extensive
pre-symptomatic stage involving aberrations in
various molecular processes. People with AD
show impaired daily rhythms of rest-activity and
temperature, as well as increased evening/nighttime agitation (sundowning) (Volicer et al. 2001;
Harper et al. 2005). Consistent with clinical evidence, hypothalamic and brain stem areas
mediating circadian and sleep behaviour are
heavily affected in AD. Amongst these, the SCN
experiences inﬂammation, reactive gliosis, amyloid and tau pathology, and neuronal loss (Swaab
et al. 1985; Stopa et al. 1999; Harper et al. 2008;
Cermakian et al. 2011; Roy et al. 2019). Recent
large longitudinal studies show that pre-clinical
AD is associated with fragmented rest-activity
cycles and that circadian disruption is present up
to 15 years before disease onset, conﬁrming previous ﬁndings in elderly women (Tranah et al.
2011; Musiek et al. 2018; Li et al. 2020). Chronic
circadian misalignment due to shift work has a
dramatic effect on cognitive performance
(Chellappa et al. 2019) and is associated with
heightened risk of developing AD and associated
increase in mortality rates (Jørgensen et al. 2017;
Bokenberger et al. 2018).
Astrocytes themselves have been implicated in
neurodegeneration, as they are key regulators of
numerous processes involved in pathology,
including
synaptic
homeostasis
and
neuroinﬂammation. GFAP CSF and serum levels
are increased in patients with AD and other neurodegenerative diseases, including Parkinson’s
disease and Lewy body dementia, and correlate
with cognitive impairment (Oeckl et al. 2019).
Plasma level of GFAP is also signiﬁcantly elevated in cognitively normal elderly adults with a
brain amyloid β load that indicates risk of AD
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(Chatterjee et al. 2021). This suggests that reactive changes in astrocyte activities are present in
the pre-symptomatic stage of the disease and are
associated with amyloid β burden, strongly
implicating them in the pathogenesis of AD. The
astrocytic clock regulates key functions of
astrocytes, which provides several potential
mechanisms through which its disruption may
contribute to neurodegeneration. Recent studies
have directly linked the astrocytic clock to key
pathological hallmarks of AD, such as amyloid β
accumulation (Lananna et al. 2020). In the next
section, we will review available evidence
implicating astrocyte timekeeping mechanisms
in neurodegeneration. While circadian involvement is present in several forms of dementia
(Leng et al. 2019), speciﬁc evidence for altered
timekeeping in astrocytes is stronger for AD. We
will ﬁrst focus on cellular mechanisms directly
impaired by altered intracellular circadian timekeeping (neuroinﬂammation and oxidative stress)
and then focus on indirect mechanisms by which
altered astrocyte timekeeping may affect circuits
underpinning cognitive and sleep function, indirectly increasing brain vulnerability in AD.
A schematic overview of the processes linking
disruption of astrocyte timekeepers to
neurodegeneration in AD is provided in Fig. 6.2.

6.5.2

Neuroinflammation
and Astrocyte Timekeeping
in Alzheimer’s Disease

Astrocytes play a key role in neuroinﬂammation
and their inﬂammation-induced activation
triggers strong structural and function changes
(Sun and Jakobs 2012; Linnerbauer et al. 2020).
Astrocyte-mediated inﬂammation may be protective in neurodegenerative diseases or promote
neurodegeneration depending on context
(Linnerbauer et al. 2020). Importantly, circadian
clocks are in a complex bi-directional relationship
with inﬂammatory responses. On the one hand,
daily expression of pro-inﬂammatory cytokines is
time-of-day dependent (Fonken et al. 2015); on
the other hand, inﬂammation directly inhibits
clock function in the SCN by chronically

6

Astrocyte Circadian Timekeeping in Brain Health and Neurodegeneration

99

Fig. 6.2 Schematic overview of pathways through which
disrupted astrocytic timekeeping contributes to
neurodegeneration in AD. The astrocytic clock has been
shown to regulate redox homeostasis, neuroinﬂammation,
and numerous processes associated with sleep. Astrocytic
clock disruption may impair normal regulation of redox
homeostasis, via altered Nrf2 signalling (Baeza-Raja et al.
2013; Ishii et al. 2019), leading to an increase in oxidative
stress inducing altered synapse function and loss
(González-Reyes et al. 2017; Tönnies and Trushina
2017). Alteration of daily balance of pro-inﬂammatory

pathways by disrupted astrocyte timekeepers may also
contribute to synaptic dysfunction and microglial activation, and lead to increased amyloid β and tau loads
(Musiek et al. 2013; Rajendran and Paolicelli 2018;
Lananna et al. 2018). Other avenues through which an
impaired astrocytic clock may contribute to
neurodegeneration include reduced clearance of toxic
brain waste and subsequent accumulation of amyloid β
(Iranzo 2016; Holth et al. 2017; Rasmussen et al. 2018).
Illustration created with BioRender.com

suppressing central timekeeping (Cermakian et al.
2014). Therefore, circadian clocks in astrocytes
may be key to preserving physiological daily
variations of pro-inﬂammatory/repair brain states
and their alterations following toxic protein
aggregation may result in further circadian
impairment and reduction in clearance.

Brain-wide Bmal1 or dual Clock and Npas2
deletions age-dependently induce widespread
astrogliosis, chronic inﬂammation, and synapse
degeneration (Musiek et al. 2013). In this context,
the astrocytic release of pro-inﬂammatory
cytokines that exacerbate neurodegeneration,
such as cyclooxygenase-2 (Teismann et al.
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2003), is increased. Interestingly, astrocytespeciﬁc Bmal1 KO is sufﬁcient to induce gliosis,
suggesting this inﬂammatory phenotype is under
cell-autonomous circadian control (Lananna et al.
2018). NF-ĸB-mediated inﬂammation in particular may be regulated by the astrocytic clock, as
RNAi-mediated knockdown of Per1 was found to
induce NF-ĸB activation and CCL2 and interleukin 6 production in spinal astrocytes in vitro
(Sugimoto et al. 2014).
A recent study has revealed a direct link
between amyloid β phagocytosis and amyloid
plaque deposition and an astrocytic clockcontrolled transcript in mouse models of
AD. YKL-40, a secreted glycoprotein encoded
by the Chi3l1 gene, is a human CSF biomarker
of neuroinﬂammation that is elevated in neurodegenerative disease, including AD, multiple sclerosis, amyotrophic lateral sclerosis, and
frontotemporal degeneration. Lananna et al.
(2020) found that crossing an APP/PS1 AD
mouse model with Chi3l1 KO mice reduced amyloid plaque burden and led to increased microglial
CD68 expression in vivo. Moreover, siRNAmediated knockdown of Chi3l1 in primary cell
cultures enhanced the phagocytosis of amyloid β
by astrocytes and microglia in vitro. Chi3l1
mRNA is downregulated in Bmal1-null and
Clock/Npas2-null mice, suggesting that BMAL1
directly regulates its expression. Despite clock
regulation, however, Chi3l1 mRNA does not
show circadian oscillations, likely due to its long
half-life. Interestingly, LPS- and amyloid
β-mediated induction of Chi3l1 in primary
astrocytes was found to be highly phasedependent and closely mirrored the expression
pattern of other genes dependent on Bmal1 transcriptional activity, suggesting that Bmal1 activity gates the induction of Chi3l1 in astrocytes.
While this suggests a role of the astrocytic clock
in the regulation of neuroinﬂammation in the
context of neurodegeneration, cell-autonomous
effects in microglia could not be discounted
because of the absence of cell-type speciﬁc
Chi3l1 manipulations in in vivo experiments.
Interestingly, Chi3l1 KO induced inﬂammatory
signalling in response to LPS but not amyloid
plaques. In fact, some previous studies suggest
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that Chi3l1 may have anti-inﬂammatory roles that
are protective in traumatic brain injury and experimental autoimmune encephalomyelitis (BonnehBarkay et al. 2012; Wiley et al. 2015). In an
induced amyloidosis rat model, inhibition of
Chi3l1
was
protective
by
reducing
amyloidogenesis (Choi et al. 2018). As such, the
effect of Chi3l1 in pathology may be contextdependent, in line with glial activation having
been found to be neuroprotective by promotion
of amyloid β and tau phagocytosis, while in other
contexts it is pathology-enhancing through excessive inﬂammation leading to synapse loss and
increased plaque accumulation in AD.
In addition to clock effects on the inﬂammatory function of astrocytes in the context of
neurodegeneration, there is also evidence
suggesting that inﬂammation induces changes in
the astrocytic clock. While numerous
pro-inﬂammatory cytokines have previously
been shown to induce circadian phase shifts in
clock gene expression and behaviour in vivo
(Motzkus et al. 2002; Cavadini et al. 2007;
Kwak et al. 2008), more recent evidence suggests
that SCN astrocytes modulate their clock gene
expression in response to cytokine TNF-ɑ
in vitro (Duhart et al. 2013). In addition, some
inﬂammatory signals that induce molecular phase
shifts in the SCN in vivo primarily act on
astrocytes, such as CCL2 (Duhart et al. 2016),
suggesting that the astrocytic clock may contribute to mediating their circadian effects. As such,
inﬂammation may also modulate other astrocytic
circadian rhythms, which could have widespread
effects on circadian regulation at the circuit level.
Interestingly, TNF-α is rhythmically expressed in
the hypothalamus in vivo (Floyd and Krueger
1997) and in primary microglia in vitro, and its
expression in response to immune challenge in
primary microglia is attenuated after treatment
with a Rev-Erbα agonist (Wolff et al. 2020),
suggesting that it may mediate coordination
between microglial and astrocyte timekeepers. A
recent study in human iPSC-derived neurons
from patients with familial AD showed that
TNF-α application accelerates the production of
protein aggregates, including amyloid β (Whiten
et al. 2020), supporting a role for this cytokine in
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AD pathogenesis and emphasising the importance of understanding the interactions between
the circadian clock and cytokines such as TNF-α,
and their effect on glial function.

6.5.3

Oxidative Stress and Astrocyte
Timekeeping

Increased production of reactive oxygen species
and reduced antioxidant defence occur during
aging and have been implicated in numerous
age-related neurodegenerative diseases, including
AD (Butterﬁeld and Halliwell 2019). Oxidative
stress has far-reaching consequences on numerous processes, including intracellular Ca2+ levels,
mitochondrial function, neuroinﬂammatory
pathways, glutamate uptake, and the production
and accumulation of amyloid β, and may ultimately induce cognitive dysfunction as a result
of altered synaptic function and neurotransmission (González-Reyes et al. 2017; Tönnies and
Trushina 2017). Astrocytes mitigate oxidative
stress in neurons via the expression of redoxprotective enzymes and their regulation of neuronal glutathione levels (Baxter and Hardingham
2016). This process is under circadian control,
as astrocyte-speciﬁc Bmal1 KO reduces the
expression of glutathione-S-transferase enzymes
in astrocytes and increases oxidative damage in
the brain (Lananna et al. 2018). Circadian
oscillations in the astrocytic expression of p75
neurotrophin receptor (p75NTR), which is under
direct control of the CLOCK-BMAL1 transcription factor complex (Baeza-Raja et al. 2013),
have been hypothesised to mediate clock-control
of antioxidant function via regulating the nuclear
factor erythroid 2–related factor 2 (Nrf2) signalling pathway and subsequently the expression of
antioxidant enzymes (Ishii et al. 2019). Interestingly, circadian control over redox states
modulates K+ channel conductances in SCN
neurons, thereby affecting neuronal excitability
(Wang et al. 2012). Musiek et al. (2013) have
previously shown that circadian expression of
Bmal1 plays a critical role in neuronal redox
homeostasis, as diminished Bmal1 expression
exacerbates amyloidosis-related neurodegeneration
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in vivo. They also performed in vitro Bmal1 knockdown experiments in neuron-enriched cultures and
in primary astrocyte cultures, in which they showed
that only neuronal Bmal1 reduction induced oxidative damage and inﬂammation. They concluded
that Bmal1 expression in neurons, not astrocytes,
is the primary driver of oxidative injury that would
eventually lead to the diminished brain-wide connectivity observed in vivo in the Bmal1 KO model.
However, as astrocytes are involved in the formation and elimination of synapses (Eroglu and Barres
2010; Risher et al. 2014), they could potentially
contribute to this phenotype through impaired circadian regulation of synaptic remodelling.
Moreover, disruption of clock function in
neurons may trigger Nrf2 activation in astrocytes,
as previously mentioned. Nrf2 signalling is key
for the production of antioxidant enzymes and
protection of neurons against ferroptosis-like
cell death (Ishii et al. 2019), as astrocytes can
store high levels of iron, a process which is
Nrf2-dependent (Kerins and Ooi 2017). As such,
it is possible that the astrocytic clock contributes
substantially to redox homeostasis and that a
dysregulation of this function may contribute to
neurodegeneration primarily through its negative
effects on the mitigation of oxidative stress in
neurons, hence explaining the lack of harmful
effects on astrocytes observed by Musiek et al.
(2013). Further studies of neuronal and astrocytespeciﬁc alterations of clock function will aid
disentangling the complex neuron-astrocyte interplay, whose disruption may underpin establishment of a sustained oxidative state and eventually
lead to altered synaptic connectivity and
neurodegeneration.

6.5.4

Sleep Disruption and Altered
Daily Clearance of Toxic Brain
Waste by Astrocytes

Neurodegeneration is often associated with astrocyte pathology, and a growing body of evidence
shows how circadian dysfunction, interstitial
space regulation, and amyloid β clearance represent key contributors to neurodegeneration.
Astrocytes regulate cerebral blood ﬂow,
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inﬂammatory and oxidative stress responses—all
in a circadian manner, as outlined above. Speciﬁcally, the daily regulation of glymphatic clearance
by astrocytes links these processes by
orchestrating bulk ﬂuid ﬂow and solute exchange
between the CSF and intracellular regions, where
impaired clearance can lead to a build-up of
neurotoxic molecules like excess amyloid β and
tau protein (Iliff et al. 2014; Da Mesquita et al.
2018; Mestre et al. 2018), followed by synapse
degeneration and eventually, cognitive decline
(Mawuenyega et al. 2010; Wildsmith et al. 2013).
Astrocyte-mediated clearance processes are
subject to daily rhythms. Interestingly, amyloid
β levels rise in the interstitial space of sleepdeprived mice and in the CSF of sleep-deprived
humans, respectively (Kang et al. 2009; Lucey
et al. 2018). Similarly, sleep loss in mice can
raise levels of tau protein and pathology (Holth
et al. 2019). This illustrates how lifestyle (abnormal sleep patterns) alters astrocyte-mediated
clearance outcomes with direct implications for
neurodegenerative pathology.
In health, robust inﬂux and efﬂux of
glymphatic ﬂow requires AQP4 expression by
astrocytes (Mestre et al. 2018), but AD patients
show reduced perivascular AQP4 localisation at
astrocytic endfeet (despite overall raised AQP4
levels), which correlates with AD severity
(Zeppenfeld et al. 2017). In line with this, mice
with AQP4-deﬁcient astrocytes show reduced
CSF inﬂux through the glymphatic system, and
a drastically reduced clearance of interstitial
solutes, including amyloid β and tau proteins
(Iliff et al. 2012, 2014). In humans, different
Aqp4 variants represent genetic factors
correlating with distinct sleep quality, latency,
and duration, which in turn inﬂuence amyloid β
clearance (Rainey-Smith et al. 2018). Further,
several groups have reported altered learning
and memory performance in AQP4-depleted
mice, where astrocytic glutamate transporters
may be key regulators of neuronal function by
clearing excess extracellular glutamate (Lan et al.
2016). Moreover, astrocytes can also clear amyloid β via phagocytosis and interact with
microglia to mediate extracellular amyloid β
clearance (Lian et al. 2016; Liddelow et al.
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2017), where internal clock cues and gene expression in both glia likely inﬂuence their phagocytic
activity.
Sleep disturbances have been extensively
implicated in the pathogenesis of neurodegenerative diseases, including AD, Parkinson’s disease,
and Huntington’s disease (Iranzo 2016; Holth
et al. 2017; Owen and Veasey 2020). Further
evidence comes from human studies, in which
CSF biomarkers of neuronal damage and
neuroinﬂammation are increased in sleepdeprived individuals (Frey et al. 2007; Benedict
et al. 2014). Astrocytic clock disturbances may
thus contribute to neurodegeneration through
their role in sleep homeostasis. Indeed, amyloid
β induces calcium elevations in astrocytes via
increasing intracellular Ca2+ release and storeoperated Ca2+ entry (Grolla et al. 2013; Ronco
et al. 2014). As there is substantial evidence
implicating astrocytic Ca2+ in the regulation of
sleep, impaired astrocytic Ca2+ homeostasis may
negatively affect sleep, thereby contributing to
neurodegeneration. Furthermore, astrocytic
phagocytosis of synapses in the mouse frontal
cortex has been found to increase in response to
acute and chronic sleep deprivation, which may
contribute to synaptic loss as a result of sleep
and/or circadian disturbances (Bellesi et al.
2017; Owen and Veasey 2020). Finally, another
potential link between the astrocytic clock and
neurodegeneration may stem from circadian regulation of is the astrocyte fatty acid binding protein 7 (Fabp7), which is rhythmically expressed
(Gerstner et al. 2008) and directly regulated by
Rev-Erbα (Schnell et al. 2014; Gerstner and
Paschos 2020) in astrocytes. Mutations in Fabp7
cause fragmented sleep in humans and animal
models (Gerstner et al. 2017), a phenotype
associated with increased risk of developing AD
(Lim et al. 2013).

6.6

Conclusions

Our grasping of how astrocytes affect neuronal
circuits and behaviour is still rudimentary. This is
partly due to a poor understanding of the
organising principles by which glia encode
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information, as opposed to the well-established,
universal principles of action potential propagation, synapse connectivity, and circuit integration
underpinning neuronal function. The discovery of
universal circadian molecular clockwork affecting behaviour is, in fact, one of the most elegant
demonstrations of how information ﬂows from
genes to rhythmic neuronal activities to patterns
of organised 24-h behaviour. In contrast, while
there has never before been a greater array of
tools for the investigation of astrocyte function,
some scepticism remains regarding whether the
experimental observations that follow astrocyte
manipulations reﬂect a true physiological role
for astrocytes in the encoding of information in
the brain, or just a generic interference with their
metabolic activities. Evidence showing that selective de novo expression of clock genes in
astrocytes can ‘kick-start’ and support daily
patterns of circadian behaviour with a periodicity
that is distinguishable from that imposed by
neurons demonstrates a cell-autonomous role for
astrocytes in encoding (circadian) information in
the brain (Brancaccio et al. 2019). However, these
effects are not observed in a ‘neuronal vacuum’;
neurons are still present and needed for the speciﬁcation of circadian time: their ablation, as well
astrocyte ablation, dampens the molecular ‘ticking’ of the circadian clockwork, as shown by celltype speciﬁc caspase expression in SCN tissue
(Brancaccio et al. 2017). This suggests that
neurons and astrocytes are perhaps best understood as a temporal unit, and their reciprocal
activities should therefore not be discounted a
priori in experiments of causal neuroscience.
Undoubtedly, understanding how information
ﬂows between astrocytes and neurons acting
over different temporal domains remains a fundamental challenge, however, the presence of a
common 24 h temporal domain provides a testbed
in which the principles of astrocyte-neuronal
interplay can be more easily investigated and
understood. This may also have great relevance
in neurodegeneration, as the transition from
homeostatic to reactive astrocyte behaviour may
not only deprive neurons of metabolic support,
but may also deteriorate temporal information
within neuronal circuits, well ahead of any
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neuronal loss, and have wide-ranging
consequences for disease progression. Future
experiments should thus ideally focus on
co-detecting neuronal and astrocyte reciprocal
activities, and their selective manipulation, in
freely
behaving
animals.
The
events
accompanying the astrocyte transition from
elements of temporal resilience to mediators of
early brain vulnerability in neurodegeneration
will need to be mapped out to understand whether
and how information is degraded and with what
consequences for early pathology.
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Keywords

Attention deﬁcit hyperactivity disorder
(ADHD) is a common neurodevelopmental
condition characterised by the core symptoms
of inattention, impulsivity and hyperactivity.
Similar to many other neuropsychiatric
conditions, ADHD is associated with very
high levels of sleep disturbance. However, it
is not clear whether such sleep disturbances
are precursors to, or symptoms of, ADHD.
Neither is it clear through which mechanisms
sleep and ADHD are linked. One possible link
is via modulation of circadian rhythms. In this
chapter we overview the evidence that ADHD
is associated with alterations in circadian processes, manifesting as later chronotype and
delayed sleep phase in ADHD, and examine
some mechanisms that may lead to such
changes. We also interrogate how the circadian clock may be a substrate for therapeutic
intervention in ADHD (chronotherapy) and
highlight important new questions to be
addressed to move the ﬁeld forward.
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7.1

Clinical Vignette

Frank is a cheerful 9-year-old boy, currently
enrolled in primary school, who seems to be
imaginative and humorous. In a consultation
with a psychologist, his parents reported being
concerned about their son’s academic performance and certain aspects of his behaviour. As
conveyed by his school teachers, staff and by his
mother, Frank exhibits certain disruptive
behaviours within the classroom/the school
premises and sometimes in social gatherings.
These behaviours are not resultant from any
apparent emotional concerns such as anger, but
are for the most times playfully or accidentally
occurring due to lack of control in Frank over his
own reactions. He also has difﬁculty sitting still in
the class or paying attention during lessons and
has a tendency to move around and experiences
some difﬁculties with interpersonal relationships
among his peers. Further, Frank has been facing
some academic concerns in certain subjects,
especially English and Maths. Following careful
psychological assessment, it is apparent that
Frank possesses an average intellectual ability
with a below average academic functioning
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level in the domain of Mathematics, coupled with
clinically signiﬁcant difﬁculty in paying selective
attention and lack of age appropriate
behavioural inhibition, that are leading to substantial levels of concerns in his school performance and functioning in social environments.
Frank fulﬁls the criteria to warrant a diagnosis
of attention deﬁcit hyperactivity disorder
(ADHD).
Although Frank’s primary difﬁculties were
directly related to inattention and difﬁculty
controlling his impulses, upon careful evaluation
of his functioning a majority of his disturbances
could be interlinked to his day to day functioning
and especially to his sleep. Detailed clinical
interview revealed that at home Frank would
generally start doing his homework late after
dinner and would consistently refuse to go to
bed at the parentally-designated time; this refusal
had led his parents to design most of the work at
home towards the later part of the night. Frank
generally goes to bed around midnight on schooldays and is woken (with difﬁculty) at 7 am in the
morning to leave for school. Most days, in the
morning Frank misses his breakfast and forgets
to bring his schoolbooks. At school he generally
gives the reason that he was asking a classmate
for a text/note book during a lesson, when he is
found chatting with others and moving around in
the class. By break time, Frank partially ﬁnishes
his lunch to join his friends for free-play. By the
later part of the afternoon, teachers report Frank
seems irritable and sleepy. On a near daily basis
Frank ends up in a physical ﬁght with the student
standing in front or behind him in the school yard
line. This picture demonstrates how clinically
signiﬁcant inattention and hyperactivity impact
on Frank’s day-to-day functioning and associate
with particular temporal patterns in his psychological and physiological functioning. Frank’s
presentation is typical for many children with a
diagnosis of ADHD and illustrates how the circadian system has a crucial involvement in forming
daily patterns of behaviour that manifest as the
clinical presentation of ADHD symptoms. This
chapter attempts to elucidate the various
alterations in the physiological, endocrinological, behavioural and cognitive functioning
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observed in ADHD that represents disruption in
the individual’s circadian systems.

7.2

Neuropsychological
Presentation of Attention
Deficit Hyperactivity Disorder

Attention deﬁcit hyperactivity disorder (ADHD)
is a neurodevelopmental disorder which usually
emerges in childhood and continues through
adulthood in 30–50% of cases (Noggle et al.
2012). ADHD is characterised by the core
psychopathological features of inattention, impulsivity and hyperactivity and may be associated
with detrimental consequences for the individual
as well as for the community as a whole
(McGough 2014). ADHD is associated with
impairment across various spheres of functioning,
including academic achievement, age appropriate
interpersonal/social skills, personal health/safety,
parenting and occupational outcome (Noggle
et al. 2012). According to the DSM-V (APA
2013), ADHD is characterised by a persistent
pattern of inattention and/or hyperactivityimpulsivity that interferes with functioning or
development, for at least 6 months to a degree
that is inconsistent with the developmental level
and that negatively impacts directly on social and
academic/occupational activities (5th ed.;
DSM–5; American Psychiatric Association
2013) (Table 7.1).
In addition, the diagnostic criteria state that the
presence of the above symptoms (as per criteria)
should be demonstrated prior to age 12 years and
that the symptoms should occur in two or more
settings (at home, school or work; with friends or
relatives or during other activities). Lastly,
symptoms should not occur exclusively during
the course of a psychotic disorder and cannot be
better explained by another mental disorder (APA
2013).

7.3

ADHD Aetiology

Attention deﬁcit hyperactivity disorder (ADHD)
has been a subject of investigation since the
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Table 7.1 In the clinical presentation of ADHD in children and adolescents, the presence of either/both the following
symptoms (6 or more in each category) represents the diagnostic Criteria (APA 2013)
Symptoms
A.

B.

C.

D.

E.

F.

G.

H.

I.

Inattention
Often fails to give close attention to details or
makes careless mistakes in schoolwork, at work, or
during other activities (e.g., overlooks or misses
details, work is inaccurate)
Often has difﬁculty sustaining attention in tasks or
play activities (e.g., has difﬁculty remaining
focused during lectures, conversations, or lengthy
reading)
Often does not seem to listen when spoken to
directly (e.g., mind seems elsewhere, even in the
absence of any obvious distraction)
Often does not follow through on instructions and
fails to ﬁnish schoolwork, chores, or duties in the
workplace (e.g., starts tasks but quickly loses focus
and is easily side-tracked)
Often has difﬁculty organising tasks and activities
(e.g., difﬁculty managing sequential tasks;
difﬁculty keeping materials and belongings in
order; messy, disorganised work; has poor time
management; fails to meet deadlines)
Often avoids, dislikes, or is reluctant to engage in
tasks that require sustained mental effort (e.g.,
schoolwork or homework; for older adolescents and
adults, preparing reports, completing forms,
reviewing lengthy papers)
Often loses things necessary for tasks or activities
(e.g., school materials, pencils, books, tools,
wallets, keys, paperwork, eyeglasses, and mobile
telephones)
Is often easily distracted by extraneous stimuli (for
older adolescents and adults, may include unrelated
thoughts)
Is often forgetful in daily activities (e.g., doing
chores, running errands; for older adolescents and
adults, returning calls, paying bills, keeping
appointments)

beginning of the twentieth century, when Still
(1902) described an 11-year-old hyperactive boy
who displayed ‘loss of moral control’ and ‘psychical disturbance’. A detailed description of
symptoms including hyperkinetic behaviour and
loss of motor inhibition was included in his lecture. The core symptoms characterising ADHD
(inattention, hyperactivity and impulsivity) have
been presented in research and clinical practice
guidelines (such as ICD-10 and DSM-V) with
relative consistency, with only minor alterations
in recent editions of contemporary guidelines.

Hyperactivity
Often ﬁdgets with or taps hands or feet or squirms
in seat

Often leaves seat in situations when remaining
seated is expected (e.g., leaves his or her place in
the classroom, in the ofﬁce or other workplace, or
in other situations that require remaining in place)
Often runs about or climbs in situations where it is
inappropriate. (Note: In adolescents or adults, may
be limited to feeling restless.)
Often unable to play or engage in leisure activities
quietly

Is often ‘on the go’, acting as if ‘driven by a motor’
(e.g., is unable to be or uncomfortable being still
for extended time, as in restaurants, meetings; may
be experienced by others as being restless or
difﬁcult to keep up with)
Often talks excessively

Often blurts out an answer before a question has
been completed (e.g., completes people’s
sentences; cannot wait for turn in conversation)
Often has difﬁculty waiting his or her turn (e.g.,
while waiting in line)
Often interrupts or intrudes on others (e.g., butts
into conversations, games, or activities; may start
using other people’s things without asking or
receiving permission; for adolescents and adults,
may intrude into or take over what others are
doing)

However, the search of insight into the aetiology
of ADHD has seen plenty of turns and novel
outlooks over the past number of decades. Mattes
in 1980s argued that the dysfunctions in the frontal lobe regions are related to ADHD, and
Niedermeyer and Naidu (1997) further validated
that disinhibition of motor activity and features of
inattention observed in ADHD resulted from a
‘lazy’ rather than a damaged frontal lobe.
ADHD symptomatology has strongly pointed
towards a lack of executive control. Executive
dysfunction in the ADHD clinical picture is
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most clearly manifested among other deﬁcits, in
the form of a lack of inhibitory control. Inhibitory
control can be described as processes that affect
information selection at the time of attentional
processing and choosing between conﬂicting
situations (or actions) that require the individual
to suppress less dominant incongruent information (Bob and Konicarova 2018). For example, in
a neuropsychological test (NEPSY-II) of inhibitory control the child must suppress the urge to
consider saying the actual colour of the target
shape, rather than the test trial rule, where they
must say the opposite colour (black for white or
white for black). Further studies have shown that
ADHD features are mainly concerned with two
types of deﬁcits in executive control, the cognitive deﬁcits, related to the attentional concerns
and the affective deﬁcits, related to altered emotional reactions. Here the role of an excitable
limbic system has been postulated (Antonini
et al. 2015; Castellanos et al. 2006; Martinez
et al. 2016; Toplak et al. 2005). Therefore,
ADHD symptoms may be a result of not only
the executive function concerns of the frontal
cortex, but also disrupted functioning and structural features of the subcortical brain regions such
as those of the limbic system.
Another line of investigations has focussed on
the role of dysfunctional catecholamine secretion
in ADHD. Animal studies have demonstrated
abnormality of the dopaminergic (DA) and
norepinephrinergic (NE) systems in ADHD.
Rodent studies involving the spontaneous hypertensive rat (SHR) showed reduced level of dopamine in the prenatal SHR mid brain regions and
heightened dopamine transporter activity in the
adult SHR (Leo et al. 2003; Russell 2007;
Watanabe et al. 1997). These studies also emphasise on whether ADHD pathophysiology is a
result of a hyperdopaminergic or a hypodopaminergic tendency. In 2003, Viggiano and his
colleagues demonstrated low motor activity in
gene-knockout model mice that lacked the DA
transporter, tyrosine hydroxylase. These mice
were observed to be more hyperactive in novel
situations and appeared less active on administration of stimulants. This study inclines towards the
hyperdopaminergic model of ADHD. The same
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authors also studying the Naples high excitability
(NHE) rat (showing signs of hyperactivity and
poor working memory) found increased staining
of the DA transporter in the prefrontal cortex. On
the other hand, the SHR model displayed low
levels of DA in the ventral tegmental, substantia
nigra and the caudate nucleus areas and more
release of DA in the prefrontal cortex and nucleus
accumbens (Adriani et al. 2003). In addition to an
inclination towards hypo DA hypothesis, this
study suggested the possibility of an impaired
DA storage function implicated in ADHD.
Such hypotheses spurred the investigation of
neuronal and brain substrates of ADHD through
neuroimaging and cognitive neuroscience
paradigms. Recent meta-analysis of nearly two
decades of work in the cognitive neuroscience
of ADHD has revealed that ADHD is associated
with executive function domain-speciﬁc
alterations in a number of brain networks, including impaired deactivation of the default mode
network (Rubia 2018). Another important area
of investigation has been in the genetics of
ADHD; similar to other neurodevelopmental
disorders, ADHD is highly heritable (~75%;
Faraone and Larsson 2018). A recent genomewide meta-analysis of ADHD revealed for the
ﬁrst time 12 loci associated with ADHD that are
statistically signiﬁcant at the genome-wide level
(Demontis et al. 2019). Although the level of
variance explained by these individual genetic
associations remains very modest, these recent
ﬁndings do support the hypothesis that ADHD
symptoms represent extremes of heritable traits
expressed in the general population. Unfortunately, both cognitive neuroscience and genetic
studies of ADHD have yet to be translated into
widespread clinical practice, although there are
some promising areas with an accumulating evidence base (e.g., neurofeedback; EnriquezGeppert et al. 2019).

7.4

Sleep in ADHD

Children diagnosed with ADHD often have disturbed lifestyles, with a host of disorganised
behaviours constantly tinting their daily lives.
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Although these behaviours may be goal directed,
they frequently end up being incomplete or ﬁlled
with errors, resulting in detrimental implications
for their mental health and occupational
endeavours. Within the facets of their disturbed
lifestyle, individuals with ADHD often report
experiencing sleep related concerns and
disturbances in considerable excess compared to
matched control groups (Owens 2009).
Co-occurrence of sleep concerns and ADHD
reﬂect their prevalence in a pronounced way,
with 70% of individuals with ADHD having
sleep related concerns (Yoon et al. 2012) as
opposed to 20–30% in the general population
(Quach et al. 2012). Such sleep related concerns
reported include sleep onset problems
manifesting in long sleep latency, sleep phase
delay syndrome, increased periodic limb
movements during sleep, daytime sleepiness and
altered total sleep (Corkum et al. 1998; Cortese
et al. 2006; Konofal et al. 2001, 2010; Mayes
et al. 2009). A number of the above concerns
are expressed as difﬁculty in initiating and
maintaining sleep (Ball et al. 1997) and the severity of sleep problems may be associated with the
severity of ADHD symptoms and may be useful
therapeutic targets for ADHD symptom management (Sciberras et al. 2019). Further, in the general population sleep disturbances may be
associated with inattention and hyperactivity; for
example, Sung et al. (2008) demonstrated that
children with behavioural sleep problems also
experienced more ADHD-like symptoms, lower
quality of life and daily functioning. As such,
dysfunctional behavioural traits associated with
ADHD might be related to impaired sleep functioning, which in turn acts as a maintaining factor
for the condition, fuelling the core characteristic
features of the disorder (Coogan et al. 2016a).
Indeed, some authors have recently questioned
whether ADHD should be considered primarily
as a sleep disorder (Bijlenga et al. 2019). However, there are a number of central questions that
remain unanswered in relation to the sleepADHD associations, including questions of causality, directionality and mechanism (Raman and
Coogan 2019).

7.5
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The Circadian System
and ADHD

Both objective and subjective assessment tools
examining the rest and activity cycles among
individuals with ADHD (children, adolescents
and adults) have shown signiﬁcant variations in
daily rhythms in a number of behavioural, cognitive, endocrine, physiological and molecular
parameters when compared to typically functioning individuals (Korman et al. 2019). An important behavioural and psychological manifestation
of variations in circadian functioning is
chronotype/diurnal preference (Adan et al.
2012). Chronotype/diurnal preference can be
broadly conceptualised as inter-individual
differences in actual or preferred timing of sleep/
wake behaviours, and psychometric and other
instruments such as Morningness/Eveningness
Questionnaire (Horne and Ostberg 1976), Composite Scale of Morningness (CSM, Smith et al.
1989) and Munich ChronoType Questionnaire
(MCTQ, Roenneberg et al. 2003) can be used
for its assessment. Both children and adults with
ADHD have been found to have a signiﬁcant
preference for eveningness/later chronotype,
characterised as later bedtime and wake time or
an increased psychological preference for such
later timings of sleep behaviours (Baird et al.
2012; Rybak et al. 2007; Voinescu et al. 2012).
In a systematic review (Coogan and McGowan
2017), nine target studies were found to demonstrate diurnal preferences among ADHD samples.
In a 2007 study, Rybak and his colleagues
showed an association between eveningness and
ADHD symptoms such as poorer sustained attention among 29 diagnosed adults. More recently,
Durmus et al. (2017) found signiﬁcantly greater
eveningness preference among 7–12-year-old
children mostly with ADHD-Combined type,
when compared to the control group. Further in
this study a positive correlation was found
between the eveningness scores and total score
on resistance to sleep time. Gamble et al. (2013)
reported a positive correlation between delay in
rest/activity cycle and the severity of ADHD
symptoms among adults. Rybak et al. (2007)
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also documented a correlation between greater
eveningness with increased inattention and
impulsivity. These ﬁndings point towards a direct
relationship between chronotype preferences and
major ADHD characteristics.
Examining rhythms of sleep/wake behaviours
in non-clinical samples aids in delineating which
ADHD symptoms may be associated with later
chronotype/evening preference. For example,
McGowan in 2016 demonstrated among
396 adults that the construct of Social Jetlag (the
mismatch of the time of midsleep on work versus
‘free’ days indicative of tension between circadian and behavioural cycles), rather than
chronotype is a predictor of ADHD symptom of
impulsivity. Similar association has also been
demonstrated through negative correlations
between scores on ‘morningness’ and symptoms
of
inattention
when
using
subjective
questionnaires (Caci et al. 2009). Later
chronotype is associated with greater social jetlag
(e.g., Roenneberg et al. 2012), and as such it may
be that social jetlag, and not chronotype per se, is
the factor associated with impulsivity and other
ADHD symptoms. Other studies have linked later
and more variable sleep timing with trait impulsivity (McGowan and Coogan 2018), and have
also linked later chronotype with other
behavioural manifestations of impulsivity,
including sensation seeking and response inhibition (Kang et al. 2015). Ottoni et al. (2012) report
that eveningness is associated with being emotionally volatile and the behavioural traits of
ADHD such as apathetic and disinhibited temperamental inclinations. Therefore, there may be
widespread inﬂuence of the circadian system on
the individual’s cognitive, affective, behavioural
domains that are pertinent for ADHD
symptomatology.
As illustrated in the clinical vignette case of
Frank, his behavioural symptoms governing lack
of inhibitory control revealed through psychological test ﬁndings as well as subjective reports are
related perhaps to his altered sleep timings,
which in turn may be the result of inclination
towards later chronotype. Therefore, Frank’s
temperamental reactions with peers or with
others in his social environments and his frequent
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tendency to get into unpleasant physical
interactions with peers may in part reﬂect chronobiological traits.

7.6

Delayed Sleep Phase and Sleep
Onset Insomnia in ADHD

Gruber et al. (2000), using both subjective reports
of sleep log and objective ﬁndings from
actigraphic recordings from 7- to 11-year-old
children diagnosed with ADHD, demonstrated
that ADHD was associated with more variable
and later sleep onset time compared to controls.
Subsequently, similar ﬁndings were reported both
for younger children and older adolescents
(Hvolby et al. 2008; Hysing et al. 2016). Van
der Heijden et al. (2005) reported that the presence of sleep onset insomnia in children with
ADHD is associated with signiﬁcantly longer
sleep latencies and delayed dim-light melatonin
onset (DLMO) compared to children with ADHD
but no sleep onset insomnia. Bron et al. (2016)
found that adults with lifetime depression/anxiety
(LDA) in addition to high ADHD symptoms were
found to have the least favourable sleep
characteristics as compared to the individuals in
the depression/anxiety and control group, and that
the LDA and ADHD group were found to have
the highest results for Delayed Sleep Phase Syndrome, shortest sleep duration and extremely late
chronotype. Van Veen et al. (2010) found that,
out of 40 ADHD adults, 31 reported the presence
of sleep onset insomnia and were also found to
have a delayed DLMO, indicated a signiﬁcantly
delayed phase of circadian entrainment. In a large
retrospective cohort of 9338 adolescents, a significant association was found between delayed
sleep phase disorder (DSPD) and inattentive and
hyperactive symptoms (Sivertsen et al. 2015),
indicating potential for delayed sleep phase to
feed into ADHD symptoms.
The pineal hormone melatonin’s synthesis in
the pinealocytes from the precursor tryptophan
exhibits a clear circadian rhythm, with peak
plasma levels usually between 2 and 3 am, and
the master pacemaker in the suprachiasmatic
nucleus (SCN, located in the anterior ventral
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hypothalamus) has indirect efferent projections to
the pineal gland crucial for synchronising the
circadian rhythm of melatonin to the light-dark
cycle and maintaining its persistence (Arendt
2005a). As such, delays in DLMO observed in
ADHD may be indicative of altered entrainment
of the SCN master clock to environmental
zeitgebers. However, to date there has been no
direct examination of SCN function in ADHD
(for example, in post mortem tissue), and other
work to date has focussed on the use of peripheral
(and accessible) circadian oscillators as proxies
for circadian function in ADHD (e.g., Baird et al.
2012; Coogan et al. 2019).
Psychopharmacological factors might also
inﬂuence the presence of longer sleep latency
and other insomnia symptoms sleep in ADHD.
In a study by Boonstra et al. (2007), administration of methylphenidate (MPH, the frontline
psychostimulant used in the pharmacological
management of ADHD) in adults diagnosed
with ADHD has been linked to anomalies in
sleep parameters, such as concerns with sleep
latency and sleep duration. However, the same
study also documented evidence of lesser nocturnal awakenings and hence a more consolidated
sleep because of MPH (Boonstra et al. 2007).
Among the younger ADHD populations, methylphenidate has been linked to a shorter total sleep
time and later sleep onset times in several
investigations (Lee et al. 2012; Sangal et al.
2006; Snitselaar et al. 2013; Tirosh et al. 1993).
Another recent study demonstrated that pharmacotherapy of ADHD was associated with
alterations in circadian and sleep function in
adults with ADHD when compared to treatmentnaïve ADHD patients (Coogan et al. 2019). For
example, treatment was associated with longer,
but not more frequent, wake bouts during the
night in medicated patients. As such, it is important to delineate the associations of ADHD itself
with sleep and circadian changes from ADHDtreatment effects.
Returning to the case of Frank, his consistently
later bedtimes (and the resultant short sleep
duration, as he wakes up by 7 am) could be
attributed to the possible presence of a delayed
sleep phase (although no sleep measures were
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used in his assessment particularly). This delayed
sleep phase may be directly amplifying Frank’s
manifestation of inattention or hyperactivity.
Alternatively, or additionally, shortened sleep
duration may be important as this has been
associated with hyperactivity and inattention in
a study with a large adolescent cohort (Gau et al.
2007). Therefore, functionally, later bedtimes
could be a crucial inﬂuencing factor for Frank’s
ADHD symptoms.

7.7

Genetic and Environmental
Factors That May Link ADHD
and the Circadian System

As mentioned earlier, ADHD is a highly heritable
disorder. Circadian traits are also reported to be
heritable; for example, chronotype appears to be
strongly heritable (Inderkum and Tarokh 2018)
and genome-wide studies have revealed signiﬁcant associations with polymorphisms in clock
genes and other loci (e.g., Jones and Jane 2019).
As such, there is the possibility for shared genetic
risk between ADHD and circadian traits
associated with ADHD. Although at present no
association between ADHD and clock genes has
been reported at the genome-wide level, there are
some interesting reports from candidate gene
studies
(notwithstanding
the
recognised
weaknesses of such approaches; Duncan et al.
2019). PER1 has been associated with ADHD in
children and adolescents (Lasky-Su et al. 2008)
and PER2 polymorphisms has also been
associated with ADHD (Brookes et al. 2006),
although these associations did not reach
genome-wide statistical signiﬁcance. A single
nucleotide polymorphism in the CLOCK gene
has been associated with adult ADHD symptoms
in three separate studies (Jeong et al. 2014;
Kissling et al. 2008; Xu et al. 2010). In a recent
study, Carpena et al. (2019) explored the association between ADHD and CLOCK, using haplotype analysis, and demonstrated an association
between CLOCK haplotype and ADHD status,
further implicating CLOCK in the aetiology of
ADHD. There have also been a number of studies
that examined the diurnal rhythms in expression

120

of clock genes in different tissues derived from
ADHD patients. Baird et al. (2012) reported that,
in adults, ADHD is associated with blunting of
rhythms in the expression proﬁles of the clock
genes BMAL1 and PER2. Coogan et al. (2019)
also reported ADHD-related changes in clock
gene expression proﬁles in ex-vivo cultures of
ﬁbroblasts derived from patients with ADHD
(and with or without ADHD medication). These
data indicate that there may be alterations in the
core molecular circadian cycle associated with
ADHD, and warrants further study.
As light is the most important environmental
zeitgeber that determines circadian phase, it is
possible that geographical variations in the timing
and levels of exposure to sunlight might inﬂuence
ADHD prevalence. Arns et al. (2013) tested this
hypothesis when they analysed the record of solar
intensity from ten countries, reporting
associations between higher solar intensities and
lower ADHD prevalence. The proposed mechanism that may underpin this association is that
bright morning light would phase advance the
circadian clock and decrease the association
between delayed phase and ADHD symptoms.
In 2015, Huber and his co-workers stated that
higher altitude geographical regions have lower
prevalence of ADHD, based their rationale on the
association of higher altitude with hypobaric hypoxia and hence increased levels of dopamine.
Based on the hypodopaminergic model of
ADHD, such an increase in the dopamine would
mitigate against ADHD. However, Arns et al.
(2015) found that the association of altitude with
ADHD prevalence is actually related to the solar
intensity levels rather than the altitude level,
which must have been the confounding factor
detected previously. The inﬂuence of natural sunlight, mediated through the biological clock, on
ADHD symptoms may offer therapeutic
opportunities through increasing exposure to
daylight.

U. Bondopadhyay et al.

7.8

Neuroendocrine
and Autonomic Features
of ADHD: Circadian Aspects

Turner-Cobb (2005) showed that the hypothalamus pituitary adrenal (HPA) axis plays an important role in regulating neurobehavioural domains
such as attention, emotion, learning, memory and
movement. Under a stressful condition, the
neurons of the hypothalamus release the corticotropic hormone which in turn leads to the secretion of the adrenocorticotropic hormone and the
subsequent secretion and release of cortisol from
the adrenal cortex. In a study by Musser in 2011 it
was found that there were no signiﬁcant sympathetic variations found in ADHD children when
they were shown emotional stimuli as opposed to
typically functioning individuals, supporting the
hypothesis of autonomic dysregulation in
individuals with ADHD. This under-reactivity of
the HPA was also found to correlate with the
neurocognitive performance of the ADHD individual and was further demonstrated empirically
by measuring low levels of cortisol for ADHD
patients as compared to the control group in a
study by Ma and colleagues in 2011. Abnormal
diurnal cortisol rhythms have been linked with
hyperactivity manifested in childhood features
of ADHD (Blomqvist et al. 2007; Kaneko et al.
1993) and this ﬁnding is crucial as the HPA axis
is under strong circadian control (Nicolaides et al.
2014). Further, the diurnal proﬁle of cortisol
expressed relative to habitual wake time appears
to be phase-delayed in adults with ADHD compared to controls (Baird et al. 2012), whilst children with ADHD show morning hypo-arousal of
the HPA axis as assessed via salivary cortisol
levels (Imeraj et al. 2012). Dysfunction in arousal
mechanisms can be viewed as the causal factor
for ADHD, with motor hyperactivity being considered a reaction to the hypo-arousal condition
that is required to counteract somnolence
(Lecendreux et al. 2000). Hence, hypo-reactivity
of the HPA axis in stressful condition has been
linked to the symptoms of hyperactivity and
impulsivity in ADHD (Blomqvist et al. 2007;
Hong et al. 2003; Moss et al. 1995; Virkkunen
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1985). This behavioural hyperactivity and impulsiveness is expressed in the form of a signiﬁcant
lack of behavioural inhibition characterising their
psychosocial reactions. Hong et al. (2003)
postulated therefore that an abnormal HPA-axis
response to stress should be considered as an
attributional factor for the dysfunctional
behavioural inhibition observed in ADHD. A
corollary of this hypothesis is that given the
HPA operates under strong circadian inﬂuence,
that dysfunction of HPA function in ADHD may
be associated with altered rhythms in HPA
processes.
The possible dysfunction of the HPA axis has
been linked to the major deﬁning characteristics
found in ADHD which are cognitive, affective
and behavioural in nature. Lack of behavioural
inhibition has been linked to the problematic
behaviours observed in ADHD (Lackschewitz
et al. 2008), and such impairing behaviours
should be considered in line with the abnormal
HPA-axis response to stress (Hong et al. 2003).
Low levels of cortisol has been associated with
lack of age appropriate cognitive performance
(Hong et al. 2003), maladaptive behaviours as
well as variations in levels of anxiety among
ADHD children (Hastings et al. 2009); these
ﬁndings have also been replicated in adults with
ADHD (Lackschewitz et al. 2008). Certain studies have shed light upon speciﬁc relationship
between the ADHD subtype and under-reactivity
of HPA axis in response to stress. Both hyperactivity/impulsive subtype and the inattentive subtype have been linked to dysfunctional HPA
activation (Hong et al. 2003; Moss et al. 1995;
Randazzo et al. 2008; Virkkunen 1985). However
these ﬁndings are not completely consistent; for
example, Van West et al. (2009) did not ﬁnd a
relation between low cortisol responsivity and
psychosocial stress. These discrepancies however
could be attributed to the study sample, design,
comorbidity or treatment effects.

7.9

Chronotherapy for ADHD

If circadian rhythms are indeed altered in ADHD,
and these alterations are linked to speciﬁc features
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of the condition, then interventions to
re-synchronise the circadian cycles might then
be particularly effective in alleviating these
symptoms. A number of studies have examined
the effect of melatonin treatment on ADHD
symptoms and sleep related outcomes. The nature
of the current evidence base for the utility of
melatonin in ADHD management include
randomised, placebo controlled and doubleblind trials to longitudinal investigations on
samples of ADHD or typically developing
individuals (Coogan and McGowan 2017). Systematic administration of melatonin has been
associated with signiﬁcant decrease in sleep
onset latency and increase in sleep duration
among the participants. For example, in a recent
study by Masi et al. (2019), ADHD children and
adolescents treated with methylphenidate were
administered melatonin for a period of 1–12
months, and both younger children and
adolescents reported improvements in sleep
concerns. Other studies over the past decade
have been more speciﬁc with regard to sleep
outcomes as a result of melatonin use. Tjon Pian
Gi et al. (2003) reported a rapid decrease in sleep
onset latency upon prior to bedtime administration of melatonin among children with ADHD
and insomnia. Another earlier study even reported
a decrease of sleep onset latency from 60 to
30 min as a result of melatonin treatment for
4 weeks (Smits et al. 2001). Different studies
have also argued regarding the best possible
design and co-treatment that might lead to best
sleep related outcome among the patients. Weiss
et al. (2006) demonstrated that maximum reduction in insomnia symptoms took place when melatonin administration was coupled with sleep
hygiene training. Similarly a decrease in sleep
latency resulted from the co-administration of
melatonin with methylphenidate, accompanied
by an increase in the height and weight of the
participating children (Mostafavi et al. 2012).
Further, another study following a similar design
of co-administering melatonin and methylphenidate showed decrease in sleep onset latency, but
did not result in improvements of core ADHD
symptoms (Mohammadi et al. 2012). Therefore,
the above studies point towards the positive
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effects of melatonin in improving sleep onset
among ADHD; however, the treatment has not
shown direct effect on the symptoms of inattention or hyperactivity/impulsivity.
With regard to delayed sleep phase, melatonin
administration has shown some positive effects.
A meta-analysis (Van Geijlswijk et al. 2010)
reported that exogenous intake of melatonin
leads to the advancement of the endogenous melatonin onset in both children and adolescents. In
2006, Szeinburg showed that a 6 months intake of
melatonin resulted in shorter sleep latency and
longer sleep duration among a group of children
and adolescents diagnosed with delayed sleep
phase syndrome. Melatonin treatment has shown
advancement of DLMO, indicating melatonin’s
utility in correcting delayed circadian phase
(Van der Heijden et al. 2007). One question of
importance regarding melatonin in these studies
is whether melatonin is deployed primarily as a
somnolent or as a chronobiotic; the doses and
timing of optimal treatments will differ accordingly, and as such this clear distinction should
be made at the conception of studies (Arendt
2005b).
Behavioural chronotherapeutic interventions
for treatment of circadian and/or sleep related
concerns in ADHD populations over the last
decade have shown some promise. Mullane and
Corkum (2006) investigated the effect of
behavioural intervention for sleep in three
unmedicated children over a 5-week treatment
period and found that the children’s sleep
improved and were maintained over a 3-month
follow-up period. Corkum et al. (2009) validated
the above ﬁndings on a larger randomised control
trial (RCT), where the ADHD children were
found to have signiﬁcantly improved sleep as
compared to typically functioning control group.
The intervention included facets such as
psychoeducation about basic sleep physiology
and the different types of sleep problems/
disorders, sleep hygiene and bedtime routines,
implementing a faded bedtime strategy and
reward program (Mullane and Corkum 2006).
Over the following period other well-designed
RCTs also supported the effectiveness of
behavioural interventions for the improvement
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of sleep concerns in ADHD sample of
participants (Hiskock et al. 2015; Keshavarzi
et al. 2014). Hiskock et al. (2015) found signiﬁcantly improved ADHD symptoms (through parent and teacher ADHD rating scale), sleep
problems (parent reported severity through
children’s sleep habits questionnaire and
actigraphy), behaviour and daily functioning
(measured through strengths and difﬁculties questionnaire) and working memory (working memory test battery for children) because of the
behavioural sleep intervention-controlled trial.
Similar results were also highlighted by Peppers
et al. (2016) where sleep hygiene program led to
better sleep quality and improved ADHD
symptoms.
The use of morning bright light therapy among
ADHD children has been shown to result in correction of delayed sleep phase and also
improvements in ADHD ratings (Gruber et al.
2007). Similar ﬁndings (alleviation of core
ADHD symptoms and improvements in affective
symptoms) have also been demonstrated in case
of adults that demonstrated that shifts towards
earlier circadian preference were associated with
improvement in the overall subjective and objective ADHD symptom ratings (Rybak et al. 2006).
Other preliminary pilot ﬁndings further support
the principle that light therapy as a
chronotherapeutic may be useful in the management of ADHD symptoms: Fargason et al. (2017)
report that morning bright light, coupled with the
minimisation of evening bright light, advanced
DLMO and was associated with decreased
ADHD scores. Given the promise of light therapy
in other areas of psychiatry and psychology
(Cunningham et al. 2019), further study of this
strategy in ADHD is warranted.
Agomelatine is a licenced antidepressant in the
European Union and Australia, which is an agonist of MT1 and MT2 melatonin receptor and an
antagonist of 5-HT2c and 5-HT2B serotonin
receptors that at least partially functions as a
chronobiotic (Guardiola-Lemaitre et al. 2014).
Preliminary evidence has suggested that
agomelatine treatments lead to decreased
ADHD-related symptoms (Niederhofer 2012).
Salardini et al. (2016) reported in a study with a
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small group of ADHD children and adolescents
that outcomes related to ADHD symptoms were
not signiﬁcantly better for the agomelatine-treated
group than those treated with methylphenidate;
however, the former reported less concerns
associated with insomnia as a treatment outcome.
Although these ﬁndings reveal some promise,
concerns around hepatotoxicity with agomelatine
and the lack of licensing in major jurisdictions are
likely to curtail interest in further exploring its use
in ADHD, and future studies may rather focus on
other melatoninergic agonists (Comai et al.
2019).
In the clinical vignette case of Frank, his
habitually late bedtime could be reinforcing a
delayed circadian and sleep phase through
increased exposure to evening light, which will
delay the circadian clock (Raman and Coogan
2019). As such, there is potential for a ‘vicious
cycle’ to develop, though which late bedtime
reinforces late bedtime. Equally however, there
may be an opportunity here to break this cycle
through increasing morning light exposure (coupled with decreased evening light exposure),
phase advancing the clock and helping establish
more socially-congruent sleep/wake behavioural
cycles. The utility of such approaches may vary
strongly between individuals, as recent evidence
indicates very high levels of inter-individual
variability in responses to light (Phillips et al.
2019).

7.10
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as a neurocognitive result of chronic sleep
disturbances and circadian changes (Bijlenga
et al. 2019).
Certainly, it would appear that cognitive and
behavioural strategies to improve sleep and/or
circadian function in ADHD might be expected
to yield beneﬁt. Inspiration for those of us working in the ﬁeld of ADHD comes from ﬁndings in
major depression that indicated that Cognitive
Behavioural Therapy for insomnia (CBTi) results
in signiﬁcant and durable antidepressant effects
(e.g., Kalmbach et al. 2019). Indeed, large trials
of internet-delivered interventions indicate that
CBTi results in improvements in psychopathology and quality of life (Espie et al. 2019). Thus,
trials of CBTi in ADHD appear to be strongly
warranted. Chronotherapy incorporating bright
light therapy may also be a useful treatment
modality and has shown much promise in other
diagnoses (Cunningham et al. 2019). Further, circadian principles may be deployed in the pharmacotherapy of ADHD: either through the use of
melatonin or melatoninergic agonists as
chronobiotics, or through the use of circadian
medicine to identify time-of-day for optimal
effectiveness of psychostimulants used routinely
in the treatment of ADHD (Ruben et al. 2019).
Incorporating perspectives from chronobiology into ADHD research and practice may lead
to advances in our understanding of ADHD, and
improvements in the lives of patients like Frank,
as well as their families and carers.

Future Directions

The current literature leaves a number of important questions still unanswered in relation to
ADHD and altered circadian rhythms. Chief
amongst these is whether circadian changes are
symptoms of ADHD, or precursors to ADHD, or
risk factors for ADHD, or a mix of these? There
are some suggestions from recent longitudinal
studies that suggest sleep disturbances preface
and predict ADHD diagnosis in young children
(Soehner et al. 2019; Tso et al. 2019). Indeed,
there have been recent suggestions that ADHD
might be reasonably reconceptualised as a sleep
disorder, with ADHD features emerging (in part)
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How Psychoactive Drugs
and the Circadian Clock Are
Enlightening One Another
Olivia Engmann

Abstract

Psychoactive drugs are a popular way to
induce pleasant feelings, but also to modify
wakefulness and sleep. In turn, insomnia and
circadian often impact on drug-taking behavior. This book chapter explores the interplay
between drugs and the circadian system. The
reader will be introduced to the main classes of
psychoactive drugs and the role they play in
circadian pathways and behaviors. The importance of circadian interventions on drug-taking
and implications for our society are discussed.
Keywords

Psychoactive drugs · Circadian system · Sleep ·
Psychedelics · Psychostimulants

8.1

Eat–Prey–Love: A Biological
Explanation for Drug Use

Why do humans consume psychoactive drugs?
The general answer is: drugs stimulate pathways
that feel rewarding or in other ways agreeable.
The brain reward system, and other neural circuits
that mediate pleasant experiences, evolved to positively reinforce behaviors, which contribute to
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survival. These systems can be hijacked with
drugs to elicit similarly positive feelings without
the environmental counterpart that would normally trigger underlying pathways. However,
during addiction, drug use itself can become
reinforced and drug-taking may eventually
become independent of the agreeable experiences
they at ﬁrst evoked (Hyman et al. 2006).
A few basic conserved behaviors, that have
contributed to survival in the animal kingdom
early on, are:
1. Ingestion of nutritious or health-promoting
substances (eat)
2. Fighting off or hiding from predators (prey)
3. Reproduction (love)
Importantly, the availability of food sources,
enemies, and mates ﬂuctuates around the clock as
animals evolved in a 24 h rhythm of light and
darkness. Hence, to maximize success, all three
behavioral groups are strongly regulated by circadian rhythms. The circadian regulation of
reinforced behaviors is both, determined genetically (mutations in major circadian regulators can
disrupt these behaviors)—and epigenetically
(through the entrainment by Zeitgebers from the
environment including light and, as we will see,
drugs).
In this book chapter, I will elucidate how the
major classes of psychoactive drugs, despite very
different modes of action, are tightly linked to the
regulation of the circadian system. In this context,
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I deﬁne a psychoactive drug as any non-vital
substance that causes mind-altering changes.
One of the many artifacts of modern society is
a deviation from our natural circadian rhythms.
These include chronic shifts in the circadian
period (getting up earlier or later than usual),
altered lengths of active and inactive phases
(e.g., sleeping less) as well as rapid and transient
alterations in circadian time (often leading to
jetlag). I will review data on how these changes
in circadian rhythms can affect drug-taking
behavior and discuss circadian interventions to
reduce drug abuse issues. Lastly, I will make a
case that research on psychoactive drugs, in particular, those still understudied, may provide
highly valuable tools to improve our understanding of how the circadian system is functioning in
the brain.

8.2

Psychoactive Drugs Target
Circadian Rhythms Via
Reinforcing Brain Circuits

Evidence that drugs and circadian rhythms are
directly linked can be found nearly every day:
Many of us start our mornings with a cup of
coffee and end evenings with a glass of wine.
Indeed, most drugs are preferentially used at a
certain time of day (Raymond et al. 1992;
Logan et al. 2014).
To conceive by what mechanisms drugs interact with circadian signaling—how their consumption is inﬂuenced by the circadian phase and alters
it in return—it is key to understand what brain
systems are most affected by psychoactive drugs.
In order to synchronize reinforced natural
behaviors with diurnal or circadian changes,
these circuits are highly linked to the circadian
clock.

8.2.1

Brain Reward System

The reward system of the brain consists of small
nuclei in the mesolimbic area, namely the ventral
tegmental area, the nucleus accumbens, the striatum, and the habenula (Robison and Nestler

2011; Lecca et al. 2014). They are all connected
through the neurotransmitter dopamine. Dopamine is a highly conserved monoamine and can
be found in virtually all animals, where it
regulates locomotor activity, in order to seek
pleasurable stimuli such as mates and food
(Baird and Gauvin 2000). As these exhibit rhythmic patterns, dopamine levels undergo circadian
oscillations as well (Ferris et al. 2014). However,
if highly rewarding stimuli are present, the circadian regulation can be overridden to pursue these
rewarding subjects.
The brain reward system can be synchronized
with the body’s circadian rhythms by melatonin
(Uz et al. 2005a) and through regulation by the
suprachiasmatic nucleus (SCN). At the same
time, the brain reward system contains its own
circadian clock machinery (see Chap. 4).
Psychostimulant drugs (e.g., cocaine and
amphetamine) induce wakefulness and locomotor
performance by increasing synaptic dopamine
levels. These drugs simulate rewarding stimuli
and can therefore alter circadian signaling in the
brain reward system. This effect is so pronounced
that it can reinstate circadian rhythms in the
absence of SCN activity (Tataroǧlu et al. 2006).
In consequence, the brain reward system can
affect circadian rhythms and sleep as a partially
independent circadian regulator (Logan et al.
2014; Baño-Otálora and Piggins 2017).

8.2.2

Opioid System

The brain produces endogenous opioids including
beta-endorphin to help relieve pain during strenuous activities that are necessary to survival. These
include: exercise while foraging for food (eat) or
running from predators (prey), sex, orgasm, or
giving birth (love). There are several types of
opioid receptors that are located all over the
brain, including the amygdala, the cortex, the
hypothalamus, the locus ceruleus, and the brain
reward system. Both, beta-endorphin and the
sleep hormone melatonin are produced by the
pituitary gland. However, in contrast to melatonin, beta-endorphin suppresses sleep to increase
performance during eat–prey–love (King et al.
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1981). The endogenous opioid system can be
stimulated by the uptake of opioids such as morphine and heroin.

8.2.3

Raphe Nuclei

The Raphe nuclei are small clusters of cells in the
brain stem. They are characterized by synthesizing
serotonin and project widely throughout the brain,
including to the SCN, where they provide the main
non-photic inputs (Glass et al. 2003). Serotonin is
an essential neurotransmitter and present in all
bilateral animals as well as some plants and
fungi. Although best known for its positive effects
on mood, serotonin has many functions in the
brain. It regulates behaviors as diverse as reward,
libido, sociability, and sleep (Siegel and Crockett
2013; Snoeren et al. 2014). Interestingly, serotonin
receptors are also linked to the effects of psychedelic drugs including lysergic acid diethylamide25 (LSD), psilocybin, and mescalin. Despite the
anatomical connections between raphe nuclei and
the SCN, the effect of serotonergic psychoactive
drugs on circadian rhythms is not well
investigated.

8.2.4

Cholinergic
and Endocannabinoid Systems

Signaling through the neurotransmitter acetylcholine modulates the neural excitability of a variety
of brain areas. It, therefore, has broad effects on
arousal, reward, attention, cognition, alertness,
and sleep (Hobson et al. 1993; Picciotto et al.
2012). Acetylcholine is produced by small nuclei
in the brain stem and the basal forebrain. Its
targets include the nucleus accumbens and the
SCN (O’Hara et al. 1998; Picciotto et al. 2012),
which are both involved in circadian regulation.
The most popular drug to stimulate the cholinergic system is nicotine.
The endocannabinoid system, which can be
altered through the use of cannabis, is spread
widely across brain areas including the basal
ganglia, the cerebellum, the SCN (Wittmann
et al. 2007a; Sanford et al. 2008), and the raphe
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nuclei (Moldrich and Wenger 2000; Häring et al.
2007; Sanford et al. 2008). It regulates various
physiological mechanisms including mood,
memory, pain sensation, stress, body temperature,
reward, and appetite. Both, endocannabinoids
and their induced effects, exhibit circadian
rhythms (Santucci et al. 1996; Sanford et al.
2008; Vaughn et al. 2010). In return,
endocannabinoids can affect circadian rhythms
through melatonin synthesis (Koch et al. 2006,
2008).

8.3
8.3.1

Circadian Patterns Affect
Drug Use
Circadian Rhythm Changes May
Promote Drug Use

As we have seen, the brain systems regulated by
psychoactive drugs are strongly intertwined with
the circadian system. It, therefore, comes as no
surprise that circadian rhythm changes also affect
drug use.
For instance, sleep deprivation can increase
nicotine use in humans (Hamidovic and de Wit
2009), shift work can increase the use of alcohol
and nicotine (Trinkoff and Storr 1998; Bildt and
Michélsen 2002), and patients with insomnia tend
to generally use more drugs (Breslau et al. 1996).
This may be in part because individuals selfmedicate with drugs to induce sleep (sedatives),
or to promote wakefulness (psychostimulants)
(Teplin et al. 2006). Since drug use is regulated
by melatonin in rodents (Brick et al. 1984;
Akhisaroglu et al. 2004; Garmabi et al. 2016),
altered melatonin levels might mediate an
increased drug use in populations with altered
circadian rhythms. More studies will be necessary
to rule out the indirect effects of stress on drug
use, which is also caused by circadian shifts.

8.3.2

The Intoxicated Night Owl:
Chronotypes and Drug Use

As is the case for most biological processes,
human circadian rhythmicity occurs on a
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spectrum. Early chronotypes, also called “early
birds,” rise early in the morning and go to bed
early as well. In contrast, late chronotypes or
“night owls” (Logan et al. 2014) get up late and
fall asleep late. Chronotypes can change during
development and aging. A child may start with an
early chronotype, exhibit a late chronotype peak
during adolescence and then stabilize around age
20. Hence, there are individual as well as population differences in chronotypes. Interestingly,
studies consistently show that night-owl
chronotypes exhibit a higher intake of a variety
of drugs including alcohol, caffeine, and nicotine
(Adan 1994; Broms et al. 2011). This may be in
part because, in our society, work and learning
schedules are adapted to early chronotypes.
Adhering to an early-bird schedule can induce a
sleep debt in night owls (“social jet lag hypothesis”) and it may be this sleep deprivation that puts
night owls at a higher risk for drug abuse, and
certain mental illnesses (Logan et al. 2014). It has
been proposed that social jet lag equals “ﬂying
overseas and back each week,” inducing profound circadian rhythm alterations on the body
and potentially causing chronic stress (Logan
et al. 2014). However, future studies on adults
should rule out artifacts in the correlation between
night-owl chronotypes and drug taking due to
societal conventions, as alcohol and other psychoactive drugs are often consumed during the
after-work hours and this time window is larger
for night-owl chronotypes.
On the other hand, the impact of social jetlag
on drug-taking has been extensively studied in
adolescents as well, which, as a population,
have a later chronotype, yet are usually forced to
adhere to a similar school schedule as younger
children (Colrain and Baker 2011). More than
10% of adolescents have insomnia (Johnson
2006). Additionally, adolescents are still “naïve”
to chronic drug use or are at least socially conﬁned in the use of such, and are therefore ideal
models to investigate.
These studies suggest that sleep problems precede the onset of alcohol abuse in adolescents
(Shibley et al. 2008; Roberts et al. 2009; Hasler
and Clark 2013). In fact, sleep disturbances in
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early childhood may predict an early onset of
alcohol and marijuana use in adolescence
(Wong et al. 2004), indicating that sleep and/or
circadian rhythm changes are facilitators of drug
use. Additionally, the use of alcohol may aggravate sleep problems (Johnson and Breslau 2001),
potentially leading to a vicious cycle of sleep
deprivation and drug use in adolescents.

8.4

Rodent Studies Mechanistically
Link Drugs and Circadian
Rhythms

In humans, there is a signiﬁcant relationship
between the use of various drugs and altered
circadian rhythms (Vescovi et al. 1992;
Drummond et al. 1998; Morgan et al. 2006;
Webb et al. 2009; Fakier and Wild 2011). However, human studies are often confounded by the
fact that common situations such as stress can
promote both insomnia and self-medication with
psychoactive drugs. Furthermore, character traits
such as impulsivity or comorbid illnesses, e.g.,
mood disorders, may affect both sleep/circadian
rhythms and drug use. In contrast, rodent studies
are a simple model to measure the effect of acute
or chronic drug administration on circadian
rhythms: They enable targeted molecular
manipulations that causally link genetic
predispositions (e.g., mutations in clock genes)
with altered drug-taking behavior. Additionally,
animal studies ethically allow drug administration
in order to study consequences on circadian
systems and behaviors. These studies have
provided ample evidence that drugs can affect
circadian rhythms. Unfortunately, the ﬁeld has
been biased toward a few drug types including
cocaine, alpha-methylphenethylamine (amphetamine), and alcohol. However, in this limited
research ﬁeld, abundant information suggests
that these drugs can be regarded as Zeitgeber
stimuli that entrain the body clock (Shibata et al.
2010).
In the following, we will explore individual
classes of psychoactive drugs in greater depth:
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8.5

Psychostimulants Are
Zeitgebers

Psychostimulant drugs all hijack the dopamine
system to promote wakefulness, euphoria, and
locomotor activity. The brain reward system is
able to quickly adapt to extreme or chronic
stimuli and persistent reward memories can be
formed from single events. Hence, drugs that
regulate the brain reward system can be habit
forming and addictive. Addiction refers to “compulsive seeking and taking of drugs despite horrendous consequences or loss of control over drug
use” (Nestler 2013) and is characterized by longlasting, drug-induced changes. Since the propensity for addiction is only approximately 50% heritable (Nestler 2013), environmental factors, such
as altered circadian rhythms, can play a
major role.
Moreover, a main characteristic of
psychostimulants is their wakefulness-promoting
properties, which are strongly linked to circadian
rhythms. For that reason, the moderately addictive psychostimulant drugs cocaine and amphetamine have been studied in great depth in the
context of circadian rhythms. However, we will
see that certain psychostimulants, among
them
3,4-methylene-dioxy-metamphetamine
(MDMA) and caffeine, are still relatively
understudied. More research into their effects on
circadian rhythms may lead to a deeper understanding of the brain’s circadian regulation.

8.5.1

Classical Psychostimulants:
Cocaine, Amphetamine,
and Metamphetamine

Cocaine and amphetamines are among the most
consumed illegal psychostimulants worldwide.
Cocaine is the active component in Coca leaves
(Erythroxylum coca var. coca), which have been
used for thousands of years by South American
indigenous populations for their appetite
suppressing, performance-boosting properties.
Amphetamine was ﬁrst synthesized in Germany
in the late nineteenth century and initially found
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its medical use in Benzedrine nose decongestants.
Metamphetamine was synthesized independently
in Japan shortly afterward. Cocaine and
amphetamines increase the levels of dopamine,
but also serotonin and norepinephrine, by
inhibiting their reuptake from the synapse. They
are now heavily controlled substances but remain
popular for recreational use.
Behavioral studies on rodents show that
cocaine intake strongly changes over the course
of the day (Uz et al. 2003), indicating that
psychostimulant use is affected by the circadian
clock. Melatonin, the circadian “hormone of
darkness”, accumulates toward the end of the
active phase, when it reduces the motivation to
self-administer cocaine and prevents relapse in
rats (Takahashi et al. 2017). Additionally, shorter
photoperiods suppress reinstatement of cocaineseeking (Sorg et al. 2011). Evidence for a molecular link to the circadian system comes from
genetic studies, where the presence of a gene
variant of the circadian regulator Per2 correlated
with an increased vulnerability to cocaine addiction in humans (Shumay et al. 2012). In another
study, the expression of the Per1-gene positively
correlated with cocaine sensitization (Uz et al.
2003). Altogether, the relevance of Clock genes
on cocaine-related behaviors has been
characterized in great depth (Tables 8.1 and 8.2).
In turn, cocaine and amphetamine also affect
the circadian system. On the anatomical level, the
SCN is regulated by dopaminergic innervations
arriving from the ventral tegmental area (VTA).
Additionally, cocaine decreases the serotonin
transport in the SCN (Prosser et al. 2008, 2014;
Glass et al. 2012), thereby affecting
SCN-oscillations.
The SCN is only one brain region in which
cocaine (and amphetamine) alter circadian signaling. Circadian genes are also expressed locally
within dopamine-receptor-containing neurons of
the brain reward system, which are the main
targets of psychostimulants (McClung 2007;
Sleipness et al. 2007; Luo and Aston-Jones
2009). Indeed, the brain reward system exhibits
circadian patterns of neural ﬁring activity and
transcription (McClung 2007). In arhythmic
animals, such as animals with SCN lesions,
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Table 8.1 Clock genes and their impact on drug use
Gene
Per1
Per1
Per1
Per2
Per2
Per2
Per2
Per2
Per2
Per2
Per3
Per3
Clock
Clock
Clock
Bmal1

Model
Per1Brdm1mutant mice
Per1Brdm1mutant mice
Masspec
(Human)
Per2Brdm1mutant mice
Per2Brdm1mutant mice
Per2Brdm1mutant mice
Per2Brdm1mutant mice
PCR (human)
PCR (human)
PCR (human)
PCR (human)
QTL mapping
(human)
ClockΔ19mutant mice
ClockΔ19mutant mice
ClockΔ19mutant mice
PCR (human)

Drug
Cocaine

Effect
No CPP

Reference
Abarca et al. (2002)

Alcohol

No effect

Zghoul et al. (2007)

Cannabis

SNP is associated with consumption

Saffroy et al. (2019)

Cocaine (acute)

Increases non-photic phase-advance
response at midday
Deletion abolishes alcohol-induced
endorphin release
Increases alcohol seeking and
consumption
Reduces tolerance to withdrawal

Brager et al. (2013)

Alcohol (acute,
chronic)
Alcohol (acute)
Morphine
Alcohol
Alcohol
Alcohol
Heroin
Alcohol
Cocaine
Alcohol

Alcohol use in adolescent boys
High levels of alcohol drinking in
alcoholics
Alcoholism risk
Increases addiction risk
Per3 variant is associated with
increased alcohol intake
Increases CPP and SA

Nicotine

Increases alcohol sensitivity and
consumption
No effect

Alcohol

Alcoholism risk

Agapito et al. (2010)
Spanagel et al. (2005b);
Brager et al. (2011)
Perreau-Lenz et al. (2010)
Comasco et al. (2010)
Spanagel et al. (2005b)
Kovanen et al. (2010)
Zou et al. (2008)
Wang et al. (2012)
McClung et al. (2005);
Ozburn et al. (2012)
Ozburn et al. (2013)
Bernardi and Spanagel
(2013)
Kovanen et al. (2010)

CPP, conditioned place preference; SNP, single nucleotide polymorphism; SA, self-administration

metamphetamine can restore circadian locomotor
rhythmicity
(Tataroǧlu
et
al.
2006).
Metamphetamine also enhances the amplitude of
locomotor rhythms in a normal L:D setting
(Honma et al. 1986), supporting the hypothesis
that the dopaminergic system may have some
circadian regulatory function beyond the SCN.
Chronic administration of psychostimulants is
also “speeding up” the entrainment from constant
darkness to a daily pulse of 1 min dim light
(Stowie et al. 2015) and lengthens the freerunning period under constant darkness
conditions (Stowie et al. 2015). Furthermore,
psychostimulants disrupt sleep (Morgan et al.
2006; Angarita et al. 2016). Taken together,
dopaminergic psychostimulants clearly induce
effects on circadian rhythms that are, at least in
part, independent of the SCN.
Interestingly, the effect of cocaine on the circadian system may persist across generations. In

rats, chronic paternal cocaine administration leads
to differences in light-induced phase shifts in the
offspring in a sex-dependent manner (Yaw et al.
2018).

8.5.2

Caffeine: A Little Investigated
Influencer of Mood
and the Clock

Caffeine, the stimulant component in coffee
beans, is the world’s most consumed psychoactive drug. Approximately 80% of the population
habitually uses caffeine, contained in coffee or
energy drinks. It is ingested to induce wakefulness and may give a slight feeling of euphoria—
hence coffee has been termed “concentrated sunshine” by the discoverer and scientist Alexander
von Humboldt (Letter to HC Schumacher 1836).
In healthy populations, side effects of caffeine are
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Table 8.2 Impact of psychoactive drugs on Clock genes
Drug
Cocaine (acute)
Cocaine
(chronic)
Cocaine
(chronic)
Cocaine
(chronic)
Cocaine
(chronic)
Amphetamine
(chronic)
Metamphetamine
(Chronic/acute)

Model
Mouse
Mouse

Gene
Up: PER1
Up: NPAS2, PER1-3

Brain region
Striatum
Striatum, NAc

Reference
Falcon et al. (2013)
Falcon et al. (2013)

Mouse

Up: Per1, Per2
Down: Bmal1, Cry1
Up: Per1, Clock

Hippocampus

Uz et al. (2005b)

Striatum

Uz et al. (2005b)

Up: Per2, Cry1,
Bmal1, Clock
Shifted Per1, Per2
phase
Up: Per1

Dorsal striatum

Lynch et al. (2008)

Striatum

Wongchitrat et al. (2013)

Mouse,
Rat

SCN

Striatum

Iijima et al. (2002); Sanchis-Segura et al.
(2009); Webb et al. 2009; Nikaido et al.
(2018)
Iijima et al. (2002); Sanchis-Segura et al.
(2009); Webb et al. (2009); Nikaido et al.
(2018)
Trautmann et al. 2020

Metamphetamine
(Chronic/acute)

Mouse,
rat

Per1, Per2, Bmal1,
Reverbα

Striatum

Caffeine (acute)

Mouse

MDMA (acute)
CBD (acute)

Rat
Mouse

Morphine (acute)

Rat

Altered CLOCK:
BMAL1 binding to
chromatin
Up: Per1, Per2
Up: Per1, Bmal1,
Cry2
Down: Clock
Up: Per1

SCN
BV-2 cell line

Ogeil et al. (2012b)
Lafaye et al. (2018)

SCN (dark
phase), blood
Frontal cortex,
striatum
SCN

Pačesová et al. (2015)

Morphine
(chronic)
Morphine
(chronic)
Morphine
(withdrawal)
Morphine
(withdrawal)

Rat

Up: Per1, Per2

Rat

Down: Clock

Rat

Up: Per2 mRNA and
protein
Down: Per1

Mouse
Rat
Rat

Chen et al. (2004)

Rat

Up: Per1
Up: Clock
Flattened rhythms
Per1-3
Reduced Per1-3

SCN

Chen et al. (2004)

Mouse

Up: Bmal1, Per2

NAc

Melendez et al. (2012)

Mouse

Down: Clock

NAc, VTA

Ozburn et al. (2013)

Human

Down: Clock

Huang et al. (2010)

Rat

Up: Per1, Per2

Blood
mononuclear
cells
Medial
prefrontal cortex

Rat

Down: Clock

LSD

Li et al. (2009)

Forebrain,
frontal cortex
Amygdala, NAc
core
Amygdala,
NAc core,
blood, VTA
NAc core,
amygdala,
blood
Hippocampus
Hippocampus
Arcuate nucleus

Down: Per2

Alcohol
(chronic)
Alcohol
(chronic)
Alcohol
(chronic)
Alcohol
(chronic)
Alcohol
(chronic)

Ammon-Treiber and Höllt (2005)

Rat

Ammon et al. (2003); Ammon-Treiber
and Höllt (2005); Hood et al. (2011)
Li et al. (2009)

Martin et al. (2014)
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mild and may actually be beneﬁcial, since caffeine increases attention, cognitive function (Lara
2010), motivation and self-conﬁdence (Fredholm
et al. 1999), might reduce the risk for depression
(Smith 2009) and suicide (Klatsky et al. 1993;
Kawachi et al. 1996). Interestingly, both early and
late chronotypes consume caffeine (Adan 1994;
Suh et al. 2017; Treur et al. 2018).
Caffeine acts by antagonizing the receptors for
adenosine, especially the adenosine 1- and adenosine 2A-receptors (A1A-R/A2A-R). A1A-R can
dimerize with the dopamine-1 receptor and
A2A-R with the dopamine-2 receptor. Hence,
caffeine effects may be indirectly mediated by
dopaminergic signaling as well. Moreover, in
the brain reward system, A2A-R can
heterodimerize with mGluR5 receptors (Ferre
et al. 1991; Lindberg et al. 2018), which are
known to affect circadian rhythms (Ahnaou
et al. 2015). To a lesser extent, caffeine also has
serotonergic and cholinergic effects (Fredholm
et al. 1999) and can inhibit phosphodiesterase
enzymes (Ribeiro and Sebastio 2010).
Extracellular adenosine accumulates toward
the end of the active phase and during sleep
deprivation, when it induces drowsiness. Adenosine levels diminish again during sleep. Circadian
changes also affect levels of adenosine receptors
themselves (Virus et al. 1984).
It is well known that caffeine increases daytime wakefulness and improves work performance during night-shift work or sleep
deprivation (Penetar et al. 1993). Caffeine also
consistently delays the onset and duration of sleep
(Landolt et al. 1995; Clark and Landolt 2017),
especially when consumed shortly before going
to bed. There is an increased frequency of
awakenings and stage-1 sleep earlier in the night
as well as reduced stage-3 and 4 sleep. However,
data conﬂicts in whether caffeine consumption
increases sleepiness the next day, perhaps
because, under normal circumstances (Clark and
Landolt 2017), most people avoid consuming
caffeine directly before bedtime.
There is good evidence that caffeine affects
circadian rhythms: Caffeine can decrease melatonin levels or delay melatonin rhythms in humans
when administered in the evening (Shilo et al.
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2002; Burke et al. 2015), suggesting that caffeine
may affect the circadian phase on a molecular
level. In mice, both acute and chronic oral caffeine consumption potentiated photic phasedelays (Ruby et al. 2018). This effect was mimicked by an A1-R but not an A2A-R antagonist
(Ruby et al. 2018). Caffeine modulates shifts in
sleep cycle (Lindberg et al. 2018), potentiates
light-induced phase delays and phase advances
(Jha et al. 2017). This may be mediated, at least
in part, by activation of A1-R and subsequent
inhibition of glutamate into the SCN, which
attenuates photic phase-resetting (Watanabe
et al. 1996; Elliott et al. 2001; Hallworth et al.
2002; Sigworth and Rea 2003). Caffeine also
lengthens the endogenous circadian period in
rodents (Oike et al. 2011; van Diepen et al.
2014) and increases light-responsiveness in the
SCN (van Diepen et al. 2014). In blind
individuals, caffeine did not correct circadian
disorders, although it improved daytime alertness
(St. Hilaire and Lockley 2015).
Although these data suggest that caffeine
affects circadian rhythms, surprisingly little is
known about the relationship between caffeine
and the circadian clock system on a molecular
level. In particular, a clear link between the
A1-R, A2A-R, and clock genes is largely missing
in vivo, although data from cell culture systems
show, that caffeine is capable of increasing the
circadian period of clock genes (Burke et al.
2015).
However, recent evidence shows that caffeine
may affect circadian rhythms in the striatum via a
key molecule of the brain reward system, Dopamine and cAMP-regulated phosphoprotein 32kD
(DARPP-32) (Trautmann et al. 2020): CLOCK
and DARPP-32 directly bind to one another, and
this interaction disrupts CLOCK:BMAL1 binding to chromatin. Speciﬁcally, caffeine induced
the phosphorylation of DARPP-32 on threonine
75 (Lindskog et al. 2002), which reduced
CLOCK:BMAL1 binding. Furthermore, we
observed that this effect was blocked in a diurnal
manner and in mice carrying the T75A-variant of
DARPP-32.
Furthermore, caffeine’s rapid mood-elevating
effects and gene expression changes in the

8

How Psychoactive Drugs and the Circadian Clock Are Enlightening One Another

striatum were similarly affected by the lightphase and T75A-DARPP-32 mutation. This
suggests a diurnal regulation of the CLOCK:
BMAL1 complex by caffeine via DARPP-32.
However, more research is necessary to untangle
acute, psychostimulant effects and chronic
actions of caffeine on the circadian system.

8.5.3

MDMA May Disrupt Circadian
Rhythms Via Serotonin

MDMA, or ecstasy, was ﬁrst synthesized in
Germany in the early twentieth century in search
of a blood coagulant drug. As in the case of
amphetamine and LSD, its psychoactive
properties were later discovered by serendipity.
MDMA increases the levels of dopamine, norepinephrine, and serotonin. The serotonergic effects
of MDMA are stronger than for the other
psychostimulant
drugs.
Besides
its
psychostimulant properties, MDMA also induces
feelings of sociability, disinhibition, and
relaxation.
Regular ecstasy users tend to show impaired
sleep patterns (Allen et al. 1993; McCann et al.
2000; Parks and Kennedy 2004; Montgomery
et al. 2007; Carhart-Harris et al. 2009; Fisk and
Montgomery 2009; Ogeil et al. 2012a). For
instance, MDMA users report reductions in total
sleep and non-REM sleep (Allen et al. 1993), less
stage-2 sleep and more stage-1 sleep than controls
(McCann et al. 2007). This may be in part due to
dopaminergic effects, and partially because
MDMA is a neurotoxin for serotonergic axons
projecting from the raphe nuclei to the SCN
(Mamounas et al. 1991; McCann and Ricaurte
2007), so that SCN signaling, and in consequence, sleep regulation may be impaired
(Prosser et al. 1993).
The effects of MDMA on the circadian system
are only beginning to be understood. In rodents,
an acute dose of MDMA increased motor activity,
wakefulness, and sleep latency for at least
6 hours. Some changes in locomotor activity
persisted for up to several days. Increased activity
was measured during the resting phase and
decreased during the active phase, suggesting
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that the amplitude of circadian locomotor activity
rhythms may have been reduced (Balogh et al.
2004). Certain sleep alterations persisted for up to
a month after MDMA treatment. In constant darkness, acute MDMA administration increased the
duration of the active phase for at least 1 week
(Ogeil et al. 2010). Furthermore, chronic MDMA
intake may reduce the ability of serotonin to
phase-shift the circadian clock (Biello and Dafters
2001; Colbron et al. 2002; Dafters and Biello
2003; Gardani et al. 2005), perhaps through damaging serotonergic projections. While these data
delineate that MDMA does affect circadian
rhythms, more studies will be necessary to establish precisely, how this affects the health of
MDMA users.

8.6

Opioids Dampen Circadian
Rhythms

Opioids were originally extracted from the opium
poppy Papaver somniferum and may have been
used for their anesthetic and sedative properties
for more than 7000 years (Kislev et al. 2004).
They have also been abused for at least several
hundred years since the East India Company promoted opium use in Asia. The most consumed
opioids today are morphine and heroin, which not
only provide relief from pain and induce euphoria
but are also highly addictive and can be lethal
when overdosed.
Opioids tap into the endogenous opioid system, which regulates pain, nociception, and stress
responses. They indirectly regulate GABAergic,
glutamatergic as well as dopaminergic signaling
(Mazei-Robison and Nestler 2012). The release of
endogenous opioids is regulated by melatonin
(Miguel Asai et al. 2007) and follows circadian
patterns (Naber et al. 1981; Przewłocki et al.
1983; Asai et al. 1988, 1998).
Opioid use is associated with multiple sleepwake disturbances (Oyefeso et al. 1997). Besides
daytime fatigue (Cao and Javaheri 2018), they
also negatively affect sleep architecture, which
may be in part due to side effects on the respiratory system (Cheatle and Webster 2015). For
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instance, opioids can reduce deep sleep and
increase stage-2 sleep (Dimsdale et al. 2007).
Opioids also decrease the amplitude of circadian cortisol release in humans (Facchinetti et al.
1985) and disrupt circadian rhythms in rodents.
Heroin decreases the amplitude of circadian
changes in body temperature (Thronhill et al.
1976). Circadian behaviors are altered by morphine (Stinus et al. 1998; Caillé et al. 2002) and
stress-induced effects on sleep and circadian
rhythms can be reduced through the administration of a kappa-opioid receptor antagonist (Wells
et al. 2017). In turn, mutations in Clock genes
appear to be related to opioid use in humans and
animal models, suggesting that an altered circadian system may in part underlie the susceptibility
for opioid use (Tables 8.1 and 8.2). Taken
together, there is some evidence for a relationship
between circadian rhythms and opioids, although
more in-depth studies are necessary.

8.7

Nicotine Use Can Be Relaxing
but Disturbs the Circadian
Cycle

Nicotine is the primary psychoactive component
in tobacco leaves. It is moderately addictive and
can induce relaxation, suppress appetite, improve
attention and memory. The main pharmacological
target of nicotine is the nicotinic acetylcholine
receptor, which is widely distributed in the
brain. Nicotine’s rewarding properties are
mediated by activating VTA to NAc signaling
(Pich et al. 1997), while its’ cognitive effects are
largely mediated by the cerebral cortex (O’Hara
et al. 1998).
Cholinergic inﬂuences on the circadian system
are well established: Acetylcholine levels show
strong circadian oscillations, caused largely
through changes in the synthesizing enzyme choline acetyltransferase as well as degradation by
acetylcholinesterase (Hut and Van der Zee 2011).
The SCN is innervated by cholinergic neurons
and in some mammals even contains some itself
(Hut and Van der Zee 2011). In consequence,
nicotine can alter the neural activity in the SCN
(Miller et al. 1987). As a result, nicotine may

phase-advance SCN ﬁring during the resting
phase in mouse brain slices (Trachsel et al.
1995; O’Hara et al. 1998), although another
study debates this (Liu and Gillette 2018). Furthermore, nicotine alters the circadian expression
of dopamine and serotonin (Pietilä et al. 1995)
and may affect melatonin excretion (Ferguson
et al. 1999). In rats, chronic nicotine increases
the locomotor activity in the light (resting) phase
but not in the dark phase (Morley and Garner
1990).
In humans, acute nicotine decreases the total
sleep time, sleep efﬁciency, and amount of REM
sleep (Davila et al. 1994; Gillin et al. 1994).
Chronic nicotine may delay falling asleep, affect
staying asleep, and leads to greater daytime sleepiness (Phillips and Danner 1995). There is a link
between the Night owl-chronotype and smoking
(Wittmann et al. 2006) and smoking occurs in a
diurnal pattern (Jarvik et al. 1993). Interestingly,
while no effect of nicotine on clock genes has
been demonstrated yet, the expression of Per2
and Nr1d1 in the brain is increased through
vapors of propylene glycol and glycerol, which
occur in e-cigarettes (Lechasseur et al. 2017).
These factors need to be taken into consideration,
when designing future experiments. Notably,
second-hand smoke is associated with insufﬁcient
sleep in non-smokers as well, suggesting that the
effect is due to tobacco smoke itself and not to
comorbidities between sleep and smoking-related
behaviors (Sabanayagam and Shankar 2011).

8.8

Cannabinoids Have Mixed
Effects on Circadian Rhythms

Cannabis, made from the ﬂowers of the Asian
hemp plant Cannabis sativa, is the second most
inhaled psychoactive drug after nicotine. Cannabis has been harvested throughout recorded history (Abel 1943). Two main psychoactive
compounds have been extracted from cannabis,
tetrahydrocannabinol (THC) and cannabidiol
(CBD).
Both
components
mimic
the
endocannabinoid system. There are two
endocannabinoid receptors: The CB1 receptor is
mostly located in the brain, while the CB2
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receptor can be found peripherally in the body.
THC is a partial CB1/2-receptor agonist, whereas
cannabidiol is a mild CB1/2 receptor antagonist.
THC and CBD occur in cannabis in varying
amounts.
Very few studies have investigated the effect
of CBD and THC on circadian rhythms, although
it has been shown that chronic THC affects circadian rhythms of the core brain temperature (but
not the core body temperature) in rats (Perron
et al. 2001). In vitro data suggest a link between
circadian genes and acute CBD administration
(Lafaye et al. 2018). More studies have assessed
the relationship between cannabinoids and sleep:
The effect of cannabis on sleep is mixed,
which may in part be due to varying doses and
cannabis composition (Babson et al. 2017). However, sleep disturbances are the most consistent
symptom of cannabis withdrawal and poor sleep
can predict relapse (Babson et al. 2017). Cannabis
use is increased in individuals with erratic sleep
or a Night owl-chronotype (Kervran et al. 2015;
Nguyen-Louie et al. 2018).
Different cannabinoids may have opposing
effects on sleep, which may lead to conﬂicting
data on cannabis in human studies: Acute THC
decreases REM sleep and increases slow-wave
sleep (Vaughn et al. 2010), decreases stage-3
sleep, and may increase sleepiness the next day
(Nicholson et al. 2004). However, in patients with
posttraumatic stress disorder, chronic THC led to
a reduction in the frequency of nightmares
(Roitman et al. 2014). There is preliminary evidence that THC improves sleep apnea (Babson
et al. 2017). Additionally, dronabinol, the medical
term for THC, appears to improve circadian
symptoms in dementia patients (Walther et al.
2006).
CBD on the other hand elicits differential
effects on sleep, based on its dose, in both,
humans and rodents: Low-dose CBD has a
stimulating effect, while high-dose CBD has a
sedating effect (Nicholson et al. 2004; Zuardi
2008; Carlini and Cunha 2013; Chagas et al.
2013). Similar to THC, CBD can improve sleep
disturbances related to posttraumatic stress disorder (Shannon and Opila-Lehman 2015).
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In summary, cannabinoids do have an effect
on sleep, but this may be, at least to some degree,
due to their anxiolytic effects, e.g., reduced
nightmares, as well as the improvement of physiological factors such as sleep apnea. Effects of
cannabis use and cannabinoids on circadian
rhythms and the circadian CLOCK system should
be investigated in more depth in the future.

8.9

Alcohol Use and Circadian
Rhythm Changes Are Mutually
Disruptive

Alcohol is the colloquial term for ethanol, which
is typically contained in dilutions between 5 and
50% in alcoholic beverages. Multiple neurotransmitter systems are regulated by alcohol, including
glutamate, GABA, dopamine, ATP, betaendorphin, and adenosine (Lindberg et al. 2018).
Alcohol is a sedative, but depending on the concentration and time course it can induce other
effects, such as disinhibition, mild mania, aggression, and sentimentality (Colrain et al. 2014).
Some effects may be due to the metabolites of
ethanol, e.g., aldehydes.
Many studies have explored a connection
between alcohol and sleep, as there is strong
comorbidity between sleep disturbances and alcoholism (Chakravorty et al. 2016). The vast majority of alcoholics report insomnia (Arnedt et al.
2007), display decreased short wave sleep
(Colrain et al. 2014) and other changes in sleep
architecture (Landolt and Gillin 2001). An acute
dose of alcohol prior to bedtime decreases sleep
onset but reduces REM sleep, and increases
wakefulness and stage-1 sleep later in the night
(Colrain et al. 2014). Hence, a subjective reduction in sleep latency through alcohol may actually
go hand in hand with impaired sleep quality. Data
suggest that alcohol is sometimes used to selfmedicate sleep problems (Arnedt et al. 2007), but
these problems may indeed be exacerbated by
alcohol use, potentially leading to a vicious cycle.
Besides sleep, chronic alcohol consumption
also affects circadian rhythms in humans. Body
temperature rhythms are altered by alcohol, both
through central and peripheral effects
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(Wasielewski and Holloway 2001), and alcohol shifts rhythms in cholesterol, glucose, potassium, and lactic acid (Rajakrishnan et al. 1999).
Alcohol reduces the number of neurons
expressing arginine vasopressin, vasoactiveintestinal polypeptide, and somatostatin in the
SCN (Madeira et al. 1997; Madeira and PaulaBarbosa 1999). Melatonin secretion is inhibited
by alcohol in humans (Rupp et al. 2007), while
melatonin, in turn, reduces the relapse to alcohol
(Vengeliene et al. 2015).
Business travelers and shift workers, who suffer from frequent circadian alterations, are at a
higher risk for alcohol abuse (Trinkoff and Storr
1998; Rogers and Reilly 2002). Adults with a
Night owl-chronotype have a higher alcohol
intake (Wittmann et al. 2006). Insomnia and
other sleep problems also interfere with the recovery from alcohol dependence (Arnedt et al. 2007;
Brower et al. 2011; Brower 2015). A possible
genetic link between altered Clock-signaling and
alcohol abuse may partially explain why sleep,
circadian rhythm changes, and alcohol use are
connected (Table 8.1). Animal models with disturbed circadian cycles increasingly consume ethanol, providing a causal and directional link
between both mechanisms (Rosenwasser 2015).
Animal models have provided a strong directional impact of alcohol intake on circadian
rhythms as well (Spanagel et al. 2005a): Chronic
alcohol alters the circadian phase adaptation to
light changes (“photic phase resetting”) (Baird
et al. 1998; Rajakrishnan et al. 1999;
Rosenwasser et al. 2005; Glass et al. 2009). Alcohol intake also shortens the free-running period of
mice (Seggio et al. 2009). Additionally, alcohol
shifts and shortens circadian rhythms of the core
body temperature in rodents (Baird et al. 1998)
and disrupts circadian ﬂuctuations in melatonin
levels (Kühlwein et al. 2003; Conroy et al. 2012).
Furthermore, chronic alcohol dampens circadian
changes in plasma corticosterone levels in mice
(Kakihana and Moore 1976; Tabakoff et al.
1978). Accordingly, alcohol induces multiple
alterations in sleep and circadian rhythms. These
effects may in part be mediated by alcohol’s
effect on astrocyte-mediated glutamatergic signaling (Rossetti and Carboni 1995; Dahchour
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and De Witte 1999; Nam et al. 2011; Wu et al.
2011), which regulate circadian rhythms
(Brancaccio et al. 2017). Additionally, alcohol
treatment may indirectly affect phase delays of
SCN ﬁring via GABAergic (McElroy et al. 2009;
Prosser and Glass 2009) or serotonergic signaling
(Prosser et al. 2008).
Taken together, there is a reciprocal connection between circadian rhythms and alcohol.
Sleep problems or altered circadian cycles
increase the risk for alcoholism, in part because
of attempted self-medication. In turn, alcohol
consumption impairs circadian/sleep quality further, which can provoke a vicious cycle and, in
the worst case, addiction (Rosenwasser 2015).

8.10

Understudied Distorters
of Time: Psychedelics

Psychedelic drugs are grouped together because
of their hallucinogenic effects. The main psychedelic drugs in use in the Western world are LSD
(ﬁrst synthesized in Switzerland in the
mid-twentieth century), psilocybin (the main
active compound in magic mushrooms, e.g.,
Psilocybe spec.), and mescaline (the main active
ingredient in peyote cactus, Lophophora
williamsii). Their main target is the serotonin
2A-receptor
(5-HT2A-R)
(Kovacic
and
Somanathan 2009). Furthermore, they can have
effects on dopaminergic signaling (Ferri et al.
1977; De Gregorio et al. 2016); however, they
are deemed non-addictive. While psychedelics
may cause adverse reactions such as anxiety,
paranoia, and delusions (Passie et al. 2008), they
are ranked as one-tenth as harmful as alcohol
(Nutt et al. 2010). Approximately 17% of
US-Americans of age 26 and older have
experimented with hallucinogenic drugs—as
many as have tried cocaine (NIDA 2019).
Since both, serotonergic and dopaminergic
signaling are involved in circadian rhythms, and
this class of drugs is relatively safe, it is surprising
how few studies have explored the effect of psychedelic drugs on circadian rhythms. An early
study performed on animals suggests that an
acute administration of mescaline and LSD may
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abolish circadian measures in the Y-maze behavioral paradigm in rats (Davies and Redfern 1973).
Moreover, LSD may increase wakefulness and
decrease slow-wave sleep, both in rats and cats
(Depoortere and Loew 1971; Stern et al. 1972).
More recently, RNA-sequencing on rat medial
prefrontal cortex has demonstrated an
upregulation of Per1 and Per2 after a chronic
administration of high doses of LSD (Martin
et al. 2014).
Psychedelic drugs are also of special interest
because they alter subjective measures of time
perception, or “interval timing” (Boardman et al.
1957; Aronson et al. 1959). This effect occurs
already at low doses of LSD, in which hallucinogenic properties do not occur, so that these effects
may be differentiated (Coull et al. 2011;
Yanakieva et al. 2018). Both, LSD and psilocybin
lead to impaired estimations of long suprasecond
intervals (Aronson et al. 1959; Wittmann et al.
2007b).
Interval timing and circadian rhythms have
partially overlapping neural circuits (Petersen
and Mistlberger 2017): Interval timing is
regulated by the prefrontal cortex and basal
ganglia, relies on the dopaminergic activity of
the corticostriatal circuits and interactions with
serotonergic as well as glutamatergic signaling
(Cheng et al. 2007a; Coull et al. 2011).
Mechanisms of interval timing (short-duration
estimation) and circadian free-running behaviors
(long-duration
estimation)
are
partially
intertwined and this connection is not sufﬁciently
understood. For instance, CLOCK protein is not
necessary for interval timing (Cordes and
Gallistel 2008) but interval timing is regulated
by circadian rhythms, as interval timing differs
along the circadian cycle and is completely lost in
conditions of constant light as well as in circadian
de-synchronizations (Agostino et al. 2011). This
could potentially be explained by a 5-HT2Amediated inhibition of dopamine (Rammsayer
2008; Wackermann et al. 2008; De Gregorio
et al. 2016). Moreover, both interval timing and
circadian rhythms are affected by cocaine,
metamphetamine (Cheng et al. 2006, 2007b;
Matell et al. 2006; Williamson et al. 2010;
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Heilbronner and Meck 2014) and to a small
extent by nicotine (Daniels et al. 2015).
It is intriguing that there is a link between
the short-term and longer-term timing circuits,
similar to the short and long hands of a clock.
Psychedelic drugs may be one tool to better
understand this connection. Additionally, future
studies should investigate, whether psychedelic
drugs affect photic phase-shifts, free-running
periods, and molecular circadian rhythm markers
such as melatonin, corticosterone, and clock
genes.
There is an increasing trend to chronically use
psychedelic drugs in small, hardly noticeable
non-hallucinogenic doses, referred to as
microdoses, to self-medicate mood disorders
(Rucker et al. 2016) and to increase creativity
(Prochazkova et al. 2018; Anderson et al. 2019).
In consequence, it will be duly important to
understand potential side effects, such as altered
sleep and circadian rhythms, which may arise for
users.
Furthermore, several studies have suggested
that psychedelics may reduce relapse to various
drugs of abuse (Nichols et al. 2017). However,
more research is necessary to understand the
underlying molecular mechanisms, their link to
the circadian system, and exact impacts on health.

8.11

Circadian Approaches
to Ameliorate Drug Abuse
Issues

The strong mutual connection between psychoactive drugs and the circadian system suggests that
drug abuse issues may be ameliorated by circadian interventions. Since sleep disturbances are a
common symptom during drug withdrawal
(McGregor et al. 2005; Syed and Keating 2013;
Brower 2015), improved sleep may for
instance be beneﬁcial to prevent the relapse to
cannabis (Haney 2009). However, to date, few
studies speciﬁcally treat insomnia and investigate
the outcome on cannabis relapse. Furthermore, it
has been shown that, while poor sleep in abstinent
alcoholics is predictive of relapse (Brower 2015;
Dolsen and Harvey 2017), treating insomnia in
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these patients does not reduce the risk for
relapse—it was suggested that insomnia and alcoholism should be regarded as two separate but
highly comorbid disorders (Brower 2015). In
some cases, pharmacological compounds that
improve relapse (for instance, naltrexone for opioid addiction), may even cause insomnia as a side
effect (Syed and Keating 2013). Hence, more
research needs to be done to understand how
sleep/circadian rhythm disturbances may contribute to the risk for relapse (Table 8.3).
Nevertheless, treating insomnia in patients that
are recovering from drug dependency is generally
recommended (Jones et al. 2003). Importantly,
adjusting circadian rhythms to an individual optimum may help prevent drug abuse in the ﬁrst
place, given that sleep problems are predictive
of later drug use (Breslau et al. 1996; Wong
et al. 2004; Hasler et al. 2016; Miller et al.
2017). Several options are available to improve
circadian rhythms and sleep:

Chronotherapy is currently being used in the
ﬁeld of psychiatry to improve symptoms of seasonal affective disorder and depression (Khalifeh
2017). Chronotherapy is a safe manipulation of
the circadian system through light exposure, sleep
deprivation, or phase shifts. Some advances have
been made in patients with circadian sleep- and
mood- disorders. However, while the use of chronotherapy in the context of drug addiction has
repeatedly been suggested (Arnedt et al. 2007;
Brower et al. 2011), to our knowledge, no progress has been made in this ﬁeld. Given the diversity of drug effects on circadian rhythms and vice
versa, chronotherapy would have to be tailored to
the type of drug addiction.
Sleep and circadian rhythmicity may be
ameliorated by changes in daily schedules.
Since our schedules are only partially determined
by ourselves, this issue needs to be addressed by
policy makers as well.

Table 8.3 Summary of interactions between psychoactive drugs and the circadian system

Drug
Cocaine/
amphetamine
Caffeine

MDMA

Opioids

Nicotine

Cannabis

Alcohol

Psychedelics

Sleep/
wakefulness
Wakefulness:
up
Sleep: down
Wakefulness:
up
Sleep: down
Wakefulness:
up
Sleep: down
Wakefulness:
down
Sleep: down
Wakefulness:
unclear
Sleep: down
Wakefulness:
down
Sleep: unclear
Wakefulness:
down
Sleep: down
Wakefulness:
up
Sleep: down

Chronotype
Unknown

All

Unknown

Known effect on circadian markers
– Meth. restores rhythms in absence of SCN
– Coc. facilitates phase entrainment
– Coc. lengthens free running period
– Reduces melatonin
– Lengthens free running period
– Potentiates photic phase shifts
– Lengthens active phase
– Reduces 5-HT induced phase shifts

Link with
CLOCK
genes?
Yes

Yes

Yes

Unknown

– Reduces circadian amplitude of cortisol, body
temperature, behaviors

Yes

Late

– Phase-advances SCN ﬁring
– Alters circadian expression of 5-HT, melatonin &
dopamine
– Increases locomotor activity in resting phase
– THC alters core brain temperature rhythms

Unknown

– Attenuates phase advances
– Alters rhythms in body temperature, corticosterone,
cholesterol, glucose, potassium & lactic acid
– Reduces circadian behaviors in Y-maze

Yes

Late

Late

Unknown

Meth, methamphetamine; coc, cocaine; “Sleep” can refer to sleep quality and/or duration

Yes

Yes
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Adolescents are particularly vulnerable to drug
use and show a high level of sleep disturbances.
High school start times should be adjusted to
accommodate the evening chronotypes of
adolescents. Currently, less than 10% of
teenagers get the recommended amount of sleep
per night (Wheaton et al. 2016). As on average,
teenagers tend toward a night-owl chronotype,
delaying high school start times is consistently
associated with increased sleep time and
improved mental health, better performance in
school, and fewer risk-taking behaviors such as
drug abuse (Wheaton et al. 2016; Wahlstrom and
Owens 2017).
Similarly, work schedules for adults should be
made more ﬂexible. Social jetlag in night
owl-chronotypes may be reduced, which is likely
contributing to their increased risk for drug use.
Providing periods of stable circadian rhythms for
shift workers or frequent long-distance travellers
(e.g., switching between ground- and airplane
duty for airline personnel) might ameliorate
some of the associated mental health risks.
Lifestyle interventions such as Apps for ﬁltering blue light from technical devices in a circadian manner should be installed and light-therapy
lamps may be provided in workplaces with a lot
of time spent indoors.
Treatment of comorbid illnesses that may contribute to insomnia, including depression and
posttraumatic stress disorder, or physical issues
such as sleep apnea, may ameliorate sleep
symptoms as well as relapse in patients with
drug abuse issues (Brower 2015).
Cognitive behavioral therapy may be helpful
in treating insomnia in abstinent patients and is
preferred to medical approaches, because the
results are more long lasting and do not support
the habit of modifying mental problems with
pharmacological interventions (Brower 2015).
Pharmacological treatment of insomnia
should remain a last resort (Jones et al. 2003).
Melatonin agonists, sedative antidepressants,
sedating antipsychotics, and anticonvulsants
have all been tested. In the majority of studies,
these drugs have improved insomnia but were not
successful in preventing relapse (Brower 2015).

8.12
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A Case for the “Psychoactive
Toolbox” in Circadian Rhythm
Research

The reviewed data indicate that there is a strong
connection between the circadian system and psychoactive drugs. Most drugs are not only consumed at certain times of the day but affect
sleep and wakefulness as well. Furthermore,
there is accumulating evidence, at least for certain
groups of compounds, that psychoactive drugs
can alter certain circadian molecular markers
and behaviors, suggesting a close mutual connection between psychoactive drugs and the circadian system. This tight interplay is expected,
given that these drugs mimic the rewarding
properties underlying most vital behaviors,
which in turn are highly dependent on the circadian clock.
However, while human studies on drug use
and sleep are increasingly available, drugregulated circadian markers are understudied. In
order to make better predictions on how to reduce
drug use in a wider population or during rehabilitation, more data on circadian biomarkers and
behavioral measures such as activity and wakefulness need to be obtained. In many studies,
causality is missing as circadian changes and
drug use are mutually inﬂuencing one another.
Furthermore, group sizes are often small. Larger
longitudinal studies should be promoted to allow
better predictions from circadian behaviors and
molecular markers to drug use and vice versa.
These should include circadian interventions
such as the ones mentioned above, to establish a
causal link between circadian rhythms and drug
use beyond measures of sleep quality or duration.
Importantly, we are also missing animal studies, that provide in-depth information on how
chronic and acute drug administration affect circadian signaling on molecular and circuit levels.
Speciﬁcally, the data available so far are highly
biased toward cocaine, amphetamine, and alcohol, whereas almost no animal studies have been
done on psychedelic drugs.
Psychoactive drugs have the advantage of
being single-molecule compounds. Thus,
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compared to other environmental interventions
that are used to study circadian changes, including a high-fat diet, light changes, or stress, drug
effects can be pinpointed to a small group of wellknown receptors, whose function and contribution in the body have been studied in depth.
Psychoactive drugs target those brain areas,
which are naturally linked to circadian behaviors.
Therefore, psychoactive drugs should be used
as molecular tools: They can be applied to study
acute and chronic effects on circadian systems in
different phases of the circadian clock or under
various circadian conditions such as shifts in circadian time (jetlag) or constant darkness. In combination with chemogenetic stimulation or
inhibition of certain neural circuits, psychoactive
drugs may help pinpoint the role of cell types and
brain regions in circadian rhythms. The molecular
changes induced by psychoactive drugs in these
regions may provide us with a better understanding of how circadian rhythms are linked to
reinforcing or addicting processes. In turn, thus
identiﬁed molecules can be manipulated in the
brain (e.g., by viral-mediated gene transfer) to
alter drug-seeking behavior or relapse in rodents.
Taken together, through the use of such a psychoactive drug toolbox, scientists will gain a more
profound understanding of circadian rhythms in
the brain. As a result, they are likely to ﬁnd better
preventive strategies as well as treatments for
circadian/sleep problems, comorbid disorders, or
drug abuse.
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Circadian Rhythms in Mood Disorders
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Abstract

Altered behavioral rhythms are a fundamental
diagnostic feature of mood disorders. Patients
report worse subjective sleep and objective
measures conﬁrm this, implicating a role for
circadian rhythm disruptions in mood disorder
pathophysiology. Molecular clock gene
mutations are associated with increased risk
of mood disorder diagnosis and/or severity of
symptoms, and mouse models of clock gene
mutations have abnormal mood-related
behaviors. The mechanism by which circadian
rhythms contribute to mood disorders remains
unknown, however, circadian rhythms regulate and are regulated by various biological
systems that are abnormal in mood disorders
and this interaction is theorized to be a key
component of mood disorder pathophysiology. A growing body of evidence has begun
deﬁning how the interaction of circadian and
neurotransmitter systems inﬂuences mood and
behavior, including the role of current
antidepressants and mood stabilizers. Additionally, the hypothalamus-pituitary-adrenal
(HPA) axis interacts with both circadian and
monoaminergic systems and may facilitate the
contribution of environmental stressors to
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mood disorder pathophysiology. The central
role of circadian rhythms in mood disorders
has led to the development of chronotherapeutics, which are treatments designed speciﬁcally to target circadian rhythm regulators,
such as sleep, light, and melatonin, to produce
an antidepressant response.
Keywords

Circadian Rhythms · Mood Disorders · Major
Depression · Bipolar Disorder ·
Chronotherapeutics

9.1

Introduction

In this chapter we will discuss how circadian
rhythm dysfunction is implicated in the pathophysiology of mood disorders. Mood disorders
are conditions in which the primary symptom is
a disturbance in mood and include both depressive disorders and bipolar disorder (Fig. 9.1).
Mood disorders are experienced by a large proportion of the population and can have a
devastating impact on people’s lives. In 2016,
depressive disorders had a global prevalence of
268.2 million people and accounted for 44.2 million years lost to disability (YLD), while bipolar
disorder (BD) had a global prevalence of 43.9
million and accounted for 9 million YLD (Vos
et al. 2017). Major depressive disorder (MDD)
was the ﬁfth leading cause of YLD globally and
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the second in the USA (Vos et al. 2017). As such,
effective treatments are necessary to combat this
major global health burden. Current treatments
are only effective in some patients, and many
individuals experience high rates of relapse
(Hirschfeld 2012), emphasizing the need to better
understand the pathophysiology underlying these
disorders. While the primary symptoms of mood
disorders are associated with mood, a key diagnostic characteristic is altered sleep and behavioral rhythms (Wirz-Justice and Benedetti 2019).
Altered behavioral rhythms, along with direct
genetic evidence of molecular clock dysfunction,
implicate circadian rhythms in the pathophysiology of mood disorders. Additionally, many of the
pathways that are independently associated with
mood disorders are known to interact with circadian rhythms, supporting a role for circadian
rhythms as a central regulator of mood disorder
pathophysiology.

9.2

Sleep and Mood Disorders

Altered behavioral rhythms are a characteristic
feature of mood disorders, with abnormal sleep
patterns being the most distinct. Patients with
MDD and BD report worse sleep quality and
have higher rates of biological rhythm disruption,
increased nighttime activity, and later mean
timing of light exposure (Slyepchenko et al.
2019). In both patient populations, severity of
depression symptoms is signiﬁcantly associated
with insomnia severity (Le Bon et al. 2019;
Palagini et al. 2019). Patients with depression
are less active, have longer wake after sleep
onset, and a higher probability of transitioning
from rest to activity during the day (Slyepchenko
et al. 2019; Tazawa et al. 2019). In BD subjects,
sleep-wake patterns are abnormal during both
mood episodes and euthymic periods (Steinan
et al. 2016; Takaesu et al. 2016; Tazawa et al.
2019). During depressive episodes, individuals
with BD report both hypersomnia and insomnia,
while manic episodes are associated with reduced
need for sleep and shorter REM latencies (Detre
et al. 1972; Loudon et al. 1977; Casper 1985;
Hudson et al. 1988; Cassidy et al. 1998; Serretti

and Olgiati 2005; Steinan et al. 2016; Takaesu
2018). Additionally, sleep disturbances frequently precede the onset of mood episodes in
BD (Pancheri et al. 2019). While insomnia
appears to precede both manic and depressive
episodes, decreased need for sleep is more likely
to predict a manic episode and hypersomnia speciﬁcally seems to occur prior to depressive
episodes in BD patients (Pancheri et al. 2019).
Furthermore, patients with hypersomnia have
higher rates of BD diagnosis and lifetime suicide
attempts, as well as poorer response to
antidepressants, including antidepressant resistance and increased switching to hypomania
(Murru et al. 2019). MDD and BD are also often
comorbid with genetic sleep disorders, such as
familial advanced phase sleep syndrome
(FASPS) and delayed sleep phase syndrome
(DSPS), in which patients either fall asleep and
wake up much earlier or much later, respectively,
than desired (Shirayama et al. 2003; Xu et al.
2005; Hamet and Tremblay 2006; McClung
2007; Steinan et al. 2016; Takaesu et al. 2016;
Takaesu 2018). In a study examining subjective
sleep quality of over 5000 inpatients with mental
illness, improvements in sleep quality were signiﬁcantly associated with changes in depressive
symptoms (Schennach et al. 2019). Additionally,
patients with less sleep disturbance at admission
had a higher likelihood of achieving remission for
depressive symptoms (Schennach et al. 2019).
In addition to sleep disturbances and disorders,
predisposition for the eveningness chronotype, in
which an individual is generally most active/alert
in the evening, is associated with increased risk of
depression (Kivelä et al. 2018). Higher rates of
depressive disorders and increased severity of
depression symptoms are associated with
eveningness in childhood, adolescence, and
adulthood (Gau et al. 2007; Hirata et al. 2007;
Prat and Adan 2013; Alvaro et al. 2014; Lester
2015; Chiu et al. 2017; Haraden et al. 2017, 2019;
López-Soto et al. 2019). Additionally, when comparing morningness-eveningness diurnal preference and molecular oscillations in individuals,
evening-type subjects with circadian phasedelays are 20 times more likely to be depressed,
while individuals with mismatched behavioral
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Fig. 9.1 Theoretical examples of how individuals experience mood disorders over lifetime course of illness.
Depressive and bipolar disorders are characterized by
combinations of periods of depression, euthymia, and
mania. Major depressive disorder (MDD), seasonal affective disorder (SAD), and persistent depressive disorder
(dysthymia) primarily include depressive periods, while
bipolar disorder (BD) I, II and cyclothymia have periods
of both severe depression and mania. MDD and SAD
patients both experience severe depressive episodes,

though these are speciﬁcally associated with winter in
SAD. Patients with dysthymia experience chronic depression, though their symptoms do not reach the threshold of
severe depression. BD I and II patients have episodes of
both mania and severe depression, though BD II is
characterized by less severe mania, called hypomania.
Cyclothymic patients have periods of both mild depression
and manic episodes that do not reach the threshold of
hypomania

and molecular circadian phases are 5–8 times
more likely to be depressed (Nguyen et al.
2019). Patients with SAD are also more likely to
have an eveningness chronotype than comparison
subjects (Natale et al. 2005; Lee et al. 2011).
Studies linking chronotype to BD have had
mixed results, with some demonstrating increased
likelihood of an eveningness chronotype, and
others showing no signiﬁcant association with
chronotype (Wood et al. 2009; Giglio et al.
2010; Fares et al. 2015; Melo et al. 2017; Kivelä
et al. 2018). However, within bipolar patients,
eveningness has been associated with more
depressive episodes, increased severity of depressive symptoms, and worse functioning as
assessed by the Functioning Assessment Short
Test (Wood et al. 2009; Bullock et al. 2014;
Melo et al. 2019).
Sleep disruptions are not only associated with
mood symptoms but can also cause changes in
mood. Chronic sleep deprivation exacerbates
mood-related problems and individuals that have
shifted work schedules are more likely to develop
mood disorders (McClung 2007; Manber and

Chambers 2009; Baglioni and Riemann 2012).
Jet lag due to crossing multiple time zones also
leads to higher reports of depression symptoms
(Jauhar and Weller 1982; Young 1995; Katz et al.
2002) and, intriguingly, directionality of travel is
associated with different mood symptoms,
suggesting a direct connection between phasedelays, phase-advances, and mood episodes. Speciﬁcally, westward travel, causing a phase-delay,
leads to depressive episodes and eastward travel,
causing a phase-advance, is associated with
mania (Jauhar and Weller 1982; Young 1995;
Srinivasan et al. 2008).
Altogether, these studies demonstrate a clear
connection between altered sleep and mood
disorders, with some even suggesting a causative
role for altered sleep/wake times in mood disorder
pathophysiology. These ﬁndings indirectly support a role for circadian rhythms, due to their role
in regulating sleep/wake patterns, and many studies have now sought to characterize molecular
clock abnormalities associated with mood
disorders.
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The Molecular Clock in Mood
Disorders

Human genetic studies have implicated genes
within the molecular clock, a transcriptiontranslation feedback loop driving circadian
rhythms within the cell, in the pathophysiology
of mood disorders (Mendoza and Vanotti 2019).
Multiple single nucleotide polymorphisms
(SNPs) in canonical molecular clock genes have
been associated with increased risk of being
diagnosed with MDD (NPAS2 rs11123857,
CRY1 rs2287161, TIMELESS rs4630333)
(Soria et al. 2010; Hua et al. 2014; Park et al.
2019), BD (CLOCK rs10462028, NR1D1
rs2314339, RORA rs782931, TIMELESS
rs4630333, TIMELESS rs774045) (Kripke et al.
2009; Soria et al. 2010; Etain et al. 2014; Park
et al. 2019), SAD (ARNTL rs2290035, CLOCK
rs1801260, NPAS2 S471, PER2 10870, CRY2
rs10838524,
CRY2
rs10838527,
CRY2
rs3824872) (Partonen et al. 2007; Lavebratt
et al. 2010; Kim et al. 2015), and dysthymia
(CRY2 rs7121611, CRY2 rs7945565, CRY2
rs1301319, CRY2 rs10838524) (Kovanen et al.
2013). In patients with BD, SNPs in molecular
clock genes have been associated with differences
in symptoms, suicide attempts, daily activity, and
white matter tract diffusivity (Table 9.1) (Artioli
et al. 2007; Benedetti et al. 2007b; Sjöholm et al.
2010; Mccarthy et al. 2011; Pawlak et al. 2015,
2017; Bollettini et al. 2017). A variety of molecular clock SNPs have also been associated with
severity of depression symptoms (ARTNL
rs7107287,
CLOCK
rs1801260,
PER3
rs57875989) (Benedetti et al. 2015; Jankowski
and Dmitrzak-Weglarz 2017; Liberman et al.
2018) and likelihood of a violent suicide attempt
(CLOCK rs3805148, CLOCK rs534654, TIMELESS rs2291739, TIMELESS rs11171856)
(Pawlak et al. 2015). Interpretation of these
results should be cautious as many of the SNPs
are only identiﬁed as being associated with mood
disorders in a single study. Intriguingly, when
analyzed as a network rather than as individual
genes, genetic differences in core clock genes are
robustly associated with risk of a BD-associated

illness (BD, MDD, schizophrenia, and attention
deﬁcit disorder) and with responsiveness to the
mood stabilizer lithium (McCarthy et al. 2012),
suggesting that dysregulation of the molecular
clock as a pathway, rather than a speciﬁc gene,
contributes to mood disorder pathophysiology.
Altogether, these studies support a potential causative role for molecular clock dysfunction in the
underlying biology of mood disorders.
Abnormalities in the circadian molecular clock
go beyond gene alterations. In blood from MDD
subjects, both increased mRNA expression of
CLOCK, BMAL1, PER1, and PER2 and an ablation of PER1 and CRY1 rhythmic expression have
been observed (Gouin et al. 2010; Li et al.
2013b). Additionally, decreased mRNA expression of DEC2 and BMP and reduced rhythmic
amplitude of BMAL1, REV-ERBα, and DBP
were detected in ﬁbroblasts from BD patients
(Yang et al. 2009). Twenty-four hour rhythmic
gene expression is also dampened in human postmortem tissue from multiple brain regions,
including the dorsolateral prefrontal cortex
(DLPFC), hippocampus, nucleus accumbens
(NAcc), and amygdala, from subjects with
MDD (Li et al. 2013a; Ketchesin et al. 2018).
Animal studies examining the effect of molecular clock disruptions on psychiatric illnessrelated behavior further support a role for circadian rhythms in mood disorder pathophysiology.
BMAL1 knockout (KO) in the cerebral cortex
leads to increased immobility in the tail suspension test, a model of depressive-like behavior
(Bering et al. 2018). Mice with the ClockΔ19
mutation, which results in dominant-negative
Clock function, have increased exploratory drive
and impulsivity, hyperlocomotion, and increased
behavioral responses to reward—consistent with
a mania-like phenotype (Easton et al. 2003;
McClung et al. 2005; Roybal et al. 2007; Dzirasa
et al. 2010, 2011; Coque et al. 2011; Kozikowski
et al. 2011; Ozburn et al. 2012, 2013; Bernardi
and Spanagel 2013; van Enkhuizen et al. 2013;
Bernardi and Spanagel 2014; Arey et al. 2014;
Sidor et al. 2015). Individually, Per1ldc–/– and
Per2ldc–/– mice do not have clear mood-related
phenotypes, but when both genes are disrupted
they show increased anxiety-like behavior (Bae
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Table 9.1 Features associated with molecular clock SNPs within BD patients
ARNTL rs4757142
ARNTL rs1481892
CLOCK rs1801260
CLOCK rs1801260
PER3 rs10462021
PER3 rs57875989
CRY1 rs8192440
CRY2 rs10838524
NR1D1 rs2071427
TIMELESS
rs2291739
TIMELESS
rs2291739
TIMELESS
rs10876890
TIMELESS
rs10876890
TIMELESS
rs1082214
TIMELESS
rs2279665
TIMELESS
rs11171856

Number of depressive episodes per year (Pawlak et al. 2017)
Number of depressive episodes per year (Pawlak et al. 2017)
Higher evening activity levels, delayed sleep onset, reduced amount of sleep (Benedetti et al.
2007b)
Increased diffusivity in white matter tracts (Bollettini et al. 2017)
Number of depressive episodes (Pawlak et al. 2017)
Increased novelty seeking (Artioli et al. 2007)
Positive treatment response to lithium (Mccarthy et al. 2011)
Rapid cycling (Sjöholm et al. 2010)
Positive treatment response to lithium (Mccarthy et al. 2011)
Ratio of depressive to hypo/manic episodes (Pawlak et al. 2017)
Family history of suicide attempts (Pawlak et al. 2015)
Number of depressive episodes (Pawlak et al. 2017)
Ratio of depressive to hypo/manic episodes (Pawlak et al. 2017)
Ratio of depressive to hypo/manic episodes (Pawlak et al. 2017)
Ratio of depressive to hypo/manic episodes (Pawlak et al. 2017)
Ratio of depressive to hypo/manic episodes (Pawlak et al. 2015, 2017)

et al. 2001; Spencer et al. 2013). Rev-erbα KO
mice have a mania-like phenotype (Chung et al.
2014) and proteins that facilitate degradation of
molecular clock components, like FBXL3 and
casein kinases CK1δ and CK1ε, are also
associated with changes in mood behavior
(Landgraf et al. 2014a).
Altogether these studies demonstrate a clear
connection between molecular clock disruption
and mood disorders. Mutations in molecular
clock genes are associated with increased risk of
mood disorder diagnosis and/or severity of
symptoms, while evidence of altered circadian
rhythms in expression of core clock components
and molecular clock regulated transcripts has
been found in both peripheral and brain tissue
from human subjects. Mouse models of clock
gene mutations also impact mood-related
behaviors. The mechanism by which circadian
rhythms contribute to mood disorders remains
unknown, however, circadian rhythms regulate
and are regulated by various biological systems,
as is discussed in earlier chapters of this book.
Many of these pathways are abnormal in mood

disorders and their interaction with circadian
rhythms is theorized to be a key component of
mood disorder pathophysiology. In this chapter,
we focus primarily on what is currently known
about how the interaction of circadian rhythms
with two major pathways, neurotransmission and
the HPA axis, is dysregulated in mood disorders

9.4
9.4.1

Circadian Associated Biological
Processes in Mood Disorders
Neurotransmission

Altered neurotransmission is a fundamental component of mood disorders, and current pharmacological treatments used in mood disorders are
primarily targeted toward modifying neurotransmitter systems (Hirschfeld 2012). Various classes
of antidepressants and mood stabilizing drugs
target monoaminergic systems such as serotonin
and norepinephrine, while the primary mechanism of action of antipsychotics is through dopamine receptors (Hirschfeld 2012). These drugs
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can impact rhythmic locomotor activity along
with rhythmic neural activity and PER1 expression in the suprachiasmatic nucleus (SCN) of
rodents. Speciﬁc serotonin reuptake inhibitors
(SSRIs), a commonly used antidepressant, cause
phase-advances and shortened period in locomotor activity, along with phase advanced neural
activity in the SCN and shortened period of
PER1 expression (Possidente et al. 1992, 1996;
Prosser et al. 2006; Cuesta et al. 2008, 2009;
Nomura et al. 2008). The mood stabilizers lithium
and valproic acid have distinct impacts on circadian rhythms. Lithium treatment leads to a longer
rhythmic period in locomotor activity, neural
activity in the SCN, and PER2 expression in the
SCN (Johnsson et al. 1983; LeSauter and Silver
1993; Abe et al. 2000; Johansson et al. 2011; Li
et al. 2012; Noguchi et al. 2016; Yoshikawa and
Honma 2016), while valproic acid causes shorter
rhythmic period in locomotor activity and PER2
expression (Landgraf et al. 2016). However, both
drugs increase the amplitude of PER2 rhythmic
expression in the SCN (Johansson et al. 2011; Li
et al. 2012; Yoshikawa and Honma 2016),
suggesting that this effect may be a common
mechanism underlying the treatment efﬁcacy of
mood stabilizers.
Consistent with bidirectional regulation of
monoamines and circadian rhythms, expression
and release of serotonin, dopamine, and norepinephrine is rhythmic, as is expression of monoamine receptors and associated enzymes
(McClung 2007). Additionally, several mouse
models of circadian rhythm disruption have
shown that changes in mood are associated with
alterations in monoamines. The manic-like phenotype of ClockΔ19 mice speciﬁcally occurs during the day and is associated with daytime
increases in dopaminergic neuronal activity, tyrosine hydroxylase (TH) expression, and dopamine
synthesis in the ventral tegmental area (VTA)
(Sidor et al. 2015; Logan et al. 2018). Directly
manipulating Clock expression and/or dopaminergic neuronal activity within the VTA is sufﬁcient to recapitulate the manic-like phenotype of
the ClockΔ19 mouse, though VTA-speciﬁc
knockdown of Clock also results in an increase
of depression-like behavior, resulting in a mixed
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manic/depressive model (Mukherjee et al. 2010;
Sidor et al. 2011, 2015). The effect of CLOCK on
dopamine appears to, at least in part, be due to its
activity as a transcription factor for TH (Sidor
et al. 2015; Logan et al. 2018). Supporting this,
daytime-speciﬁc administration of a TH inhibitor
rescues the manic-like phenotype in ClockΔ19
mice (Sidor et al. 2015). Additionally, KO of
Rev-erbα, another mouse model that shows a
manic-like phenotype, also leads to a hyperdopaminergic state in the VTA that appears to be due
to a loss of TH repression by REV-ERBα (Chung
et al. 2014). Changes in the light-dark cycle,
either through exposure to a short light-dark
cycle (22 h) or constant darkness, can lead to
depressive-like behavior in rodents (Gonzalez
and Aston-Jones 2008; Hamo et al. 2016).
Depression-like symptoms resulting from a short
light-dark
cycle
are
accompanied
by
desynchronized SCN oscillations, elevated norepinephrine and dopamine levels, and increased
serotonin turnover in the prefrontal cortex, while
constant darkness leads to apoptosis of noradrenergic neurons in the locus coeruleus (Gonzalez
and Aston-Jones 2008; Hamo et al. 2016). Consistent with a role for norepinephrine in
contributing to depression symptoms, Bmal1
KO in the cerebral cortex, which results in
depressive-like behavior in rodents, is associated
with reduced norepinephrine levels (Bering et al.
2018).
In addition to monoaminergic signaling, the
role of glutamatergic neurotransmission has
become of interest recently due to the discovery
that ketamine, a glutamate receptor antagonist,
has rapid antidepressant effects in patients
(Duman 2018). In NG108-15 neuronal cells, ketamine inhibits CLOCK:BMAL1-mediated transcription in a GSK3β-dependent manner (Bellet
et al. 2011) and mice treated with ketamine have
reduced expression of the molecular clock
components Per2, Npas4, Rorb, Dbp, and Ciart
(Orozco-Solis et al. 2017). Additionally, in
patients with MDD, response to ketamine treatment was associated with baseline measures of
slow wave sleep and actigraphy-measured activity levels (Duncan et al. 2013a, b, 2017a, b).
Further research is necessary to determine the
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exact mechanisms by which ketamine causes
changes in mood, but the association with treatment efﬁcacy and changes in sleep/wake patterns
suggests that circadian rhythms may mediate the
therapeutic impact of ketamine.

9.4.2

Stress and the HPA Axis

Both MDD and BD are strongly associated with
stress. High levels of childhood stress are
correlated with increased risk of developing a
mood disorder, and stressful life events frequently
precede onset of depressive and manic episodes
(Kendler et al. 1999; Landgraf et al. 2014b).
Supporting a role for stress in mood disorders,
BD, MDD, and SAD patients all have
abnormalities in hypothalamus-pituitary-adrenal
(HPA) axis function (Avery et al. 1997; Muneer
2016; Dean and Keshavan 2017). MDD speciﬁcally is associated with chronically elevated cortisol and reduced sensitivity to glucocorticoids,
though
atypical
depression,
which
is
characterized by lethargy, fatigue, hyperphagia,
and weight gain, is associated with
hypocortisolism (Landgraf et al. 2014b;
Ketchesin et al. 2018). Over half of all patients
with Cushing’s disease, a disorder characterized
by hypercortisolism, develop a comorbid mood
disorder which can be treated by normalizing
cortisol levels (Bratek et al. 2015), suggesting a
potential causal role for HPA axis dysfunction in
mood disorders. The strong connection between
stress and depression is further supported by
rodent models in which animals exposed to stress
in a variety of ways have phenotypes associated
with depression symptoms (Krishnan and Nestler
2008). For example, chronic unpredictable stress
(CUS) leads to depressive-like behavior
phenotypes in rats, including reductions in locomotor activity, weight gain, and sucrose consumption (Zhao and Fu 2017) and prenatal
exposure to chronic maternal restraint stress
results in higher anxiety- and depression-like
behavior in adulthood (Darnaudéry and Maccari
2008). These models of stress-induced moodassociated behaviors are also accompanied by
sleep disturbances and changes to biological
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rhythms in body temperature, heart rate, and locomotion (Darnaudéry and Maccari 2008; Zhao and
Fu 2017), suggesting a role for circadian rhythm
disruption in stress-induced mood dysregulation.
The HPA axis and circadian rhythms are
known to regulate each other. Glucocorticoid
expression and activity of corticotropin releasing
hormone (CRH) and adrenocorticotropic hormone (ACTH) have strong circadian rhythms
and various molecular clock proteins directly regulate diurnal changes in glucocorticoid receptor
expression and sensitivity (Ketchesin et al. 2018).
In patients with depression, diurnal variation of
cortisol is blunted (Wichers et al. 2008; Doane
et al. 2013), while mice with circadian disruptions
have changes in both mood-related behavior and
HPA axis activity (Ketchesin et al. 2018).
Mutations in molecular clock proteins including
Clock, Bmal1, Cry, and Per lead to altered glucocorticoid expression and rhythmicity in mice, and
exposure to long photoperiods, which in mice is
equivalent to a short active period, results in both
depressive-like behavior and high corticosterone
levels (Dulcis et al. 2013; Leliavski et al. 2014;
McClung and Becker-Krail 2016; Koch et al.
2017). Conversely, the HPA axis modiﬁes circadian rhythms. Multiple molecular clock genes
have glucocorticoid response elements that
allow glucocorticoids to regulate their transcription (Ketchesin et al. 2018). This is evident with
Per2 expression, for which it has been shown that
glucocorticoids stimulate Per2 rhythms and
inhibiting glucocorticoid receptors alters Per2
rhythms in the bed nucleus of the stria terminalis
and the amygdala (Ketchesin et al. 2018). Furthermore, CUS alters the amplitude of Per2
expression rhythms in a region-speciﬁc manner,
with CUS leading to increased amplitude in the
NAc and decreased amplitude in the SCN of mice
(Logan et al. 2015). The degree of Per2 rhythm
amplitude change is directly correlated with
measures of depressive-like behavior in mice
that underwent CUS (Logan et al. 2015), which
suggests that stress-induced behavioral changes
may be working through alterations in the molecular clock. Consistent with this, when studies
consider the variability of response to stress in
mice they ﬁnd that susceptibility to stress is
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associated with circadian rhythm disruptions. In
one example, a chronic social defeat paradigm led
to a depressive-like phenotype in some mice but
not others, which is accompanied by altered
biological rhythms only in the susceptible mice,
but not those resilient to the stress paradigm
(Krishnan and Nestler 2008). In another, stressinduced changes in restlessness, sleep
disturbances, and measures of HPA axis activity
were speciﬁc to mice that have highresponsiveness to stress and are not found in
low responders (Touma et al. 2009).
Stress and HPA axis signaling are also
interconnected with monoaminergic signaling.
Acute stress increases serotonin and dopamine
release and activity of serotonergic neurons (Bao
and Swaab 2019) while CUS is associated with
decreased monoamine levels in rats (Dean and
Keshavan 2017). In human imaging studies,
stress-induced cortisol release is correlated to
dopamine accumulation in the ventral striatum
(Bao and Swaab 2019). Both serotonin and dopamine receptors are found associated with CRH
positive neurons in the paraventricular nucleus
(PVN) of the hypothalamus, and serotonin and
dopamine receptor ligands cause increases in
circulating corticosterone levels (Bao and Swaab
2019). Monoamines may also be mediating the
connection between circadian rhythm disruptions
and the HPA axis. Dulcis et al. (2013) have
observed that changing photoperiod length leads
to interneurons in the PVN switching from producing dopamine to somatostatin, or vice versa. Long
photoperiods, associated with both anxiety- and
depressive-like behaviors and an elevated HPA
axis response, had increased switching from dopamine to somatostatin, while short photoperiods,
which produced manic-like behavior, had
increased switching from somatostatin to dopamine (Dulcis et al. 2013). Supporting a fundamental role for PVN dopaminergic neurons in moodassociated behavior, when the authors ablated DA
neurons in the PVN, mice displayed increased
depressive- and anxiety-like behavior that were
rescued by short photoperiod-induced increases
in DA neurons in the PVN (Dulcis et al. 2013).
Mood disorder pathophysiology is incredibly
complex and many other systems besides
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neurotransmission and the HPA axis are
dysregulated in patients with mood disorders.
Strikingly, many of the major processes
implicated in mood disorders, like inﬂammation,
mitochondrial dysfunction, and metabolic peptide
abnormalities, are also known to be regulated by
circadian rhythms (McClung 2013; Ketchesin
et al. 2018). Along with the growing body of
work that has begun speciﬁcally deﬁning how
the interaction of circadian rhythms, neurotransmitter systems, and HPA axis dysfunction
inﬂuences mood and behavior, these connections
emphasize the importance of considering circadian rhythm disruptions and the molecular clock
when studying mood disorders and developing
potential therapeutics

9.5

Chronotherapeutics

Chronotherapeutics are treatments designed speciﬁcally to target circadian rhythm regulators,
such as sleep, light, and melatonin, to produce
an antidepressant response. These include acute
sleep deprivation (SD), which usually consists of
having a patient refrain from sleep for 24 h, bright
light therapy (BLT), which involves exposing
patients to a blue waveform light source similar
to direct sunlight, and pharmacological melatonin
treatment (Wirz-Justice and Benedetti 2019).
While these treatments have been shown to have
antidepressant effects on their own, synergistic
effects have also been observed on depression
symptoms for SD when combined with either
antidepressant drugs or other chronotherapeutic
techniques like BLT.
SD has been repeatedly shown to induce a
rapid antidepressant effect in patients with MDD
(Wirz-Justice and Benedetti 2019). In MDD
patients, SD that successfully results in an antidepressant effect also normalizes elevated metabolism in the medial prefrontal and anterior cingulate
cortex (Wu et al. 2001). Consistent with a role for
the interaction of neurotransmission and circadian
rhythms in depression pathophysiology, animal
models of SD show that it leads to a variety of
changes in monoaminergic signaling that are comparable to treatment with antidepressants (Wirz-
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Justice and Benedetti 2019). SD increases extracellular serotonin and synaptic levels of noradrenaline, along with mRNA expression of TH and the
noradrenaline transporter in the locos coeruleus
(Basheer et al. 1998; Lopez-Rodriguez et al.
2003; Hipólide et al. 2005). Additionally, SD
increases activity of serotonergic and dopaminergic neurons and leads to an elevated behavioral
response to serotonin precursors and dopamine
agonists (Tuﬁk et al. 1978; Mogilnicka 1981;
Santos and Carlini 1983; Gardner et al. 1997).
Early on during SD, both dopamine receptor binding sites and glutamate release increase, which is
then followed by downregulation after prolonged
stimulation (Wirz-Justice et al. 1981; Zwicker and
Calil 1986; Dash et al. 2009). Additionally, the
clinical efﬁcacy of sleep deprivation is modulated
by genotypes that regulate density of the serotonin
transporter and 5HT2A receptor, expression of
glutamatergic
post-synaptic
scaffolding
proteins, and the efﬁciency of catechol-Omethyltransferase (COMT)-mediated clearance
of noradrenaline and dopamine from the synapse
(Wirz-Justice and Benedetti 2019). While the antidepressant effects of SD are rapid and striking,
they are also relatively transient and, as such,
don’t represent a long-term strategy for dealing
with chronic depression.
BLT is used to treat both SAD and
non-seasonal depression (Wirz-Justice and
Benedetti 2019). Therapeutic response in MDD
requires longer bright light therapy than SAD,
but is comparable to treatment response to
antidepressants (Al-Karawi and Jubair 2016;
Penders et al. 2016; Perera et al. 2016). Notably,
unlike antidepressants, BLT is effective in
improving depressive symptoms without
increasing the risk of a manic switch in BD
patients (Takaesu 2018). In SAD patients, BLT
clinical efﬁcacy is associated with its impact on
serotonergic signaling (Wirz-Justice and
Benedetti 2019). SAD patients have excessive
seasonal increases in serotonin transporter binding, which is reduced by BLT (Tyrer et al.
2016a, b), and both rapid tryptophan/serotonin
and catecholamine depletion reverse the
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antidepressant effects of BLT in SAD (Lam
et al. 1996; Neumeister et al. 1998). The combination of SD and BLT has a signiﬁcant impact
on cortical activity and connectivity in MDD
patients, including enhancing neural responses
in the prefrontal cortex to emotional stimuli
(Benedetti et al. 2007a). Additionally, the combination of these therapies improves connectivity of cortical and limbic structures in patients
with MDD, for whom inefﬁcient coupling is
associated with depression symptoms (Radaelli
et al. 2015; Vai et al. 2015). While the majority
of
chronotherapeutics
target
depression
symptoms, dark therapy has been used to treat
manic episodes in BD patients (Wirz-Justice and
Benedetti 2019). Dark therapy, which involves
placing patients experiencing a manic episode in
a dark room during nighttime and, in one case,
giving the patients blue-light blocking glasses to
wear, has a striking stabilizing effect in multiple
case reports (Takaesu 2018).
In addition to these behavioral interventions,
the success of the drug agomelatine further
emphasizes the importance of considering circadian abnormalities in treatment of mood
disorders. Agomelatine is a melatonin receptor
agonist and a serotonin receptor (5-HT2C) antagonist and has been shown to improve depression
symptoms in patients with MDD (Komaram et al.
2015; Kennedy et al. 2016, 2018; Udristoiu et al.
2016; Che et al. 2018; Chen and Xie 2018). This
response is signiﬁcantly higher than placebo
(Kennedy et al. 2016, 2018), and is comparable
to SSRIs (Guaiana et al. 2013; Komaram et al.
2015; Udristoiu et al. 2016; Che et al. 2018; Chen
and Xie 2018). Intriguingly, in several studies
agomelatine had a greater effect on other
symptoms associated with depression like heartrate variability and anxiety (Yeh et al. 2016; Che
et al. 2018; Chen and Xie 2018). The use of
agomelatine as an antidepressant for BD patients,
however, has been mixed, with some studies
showing reduced depressive symptoms and
others demonstrating no improvement over placebo (Fornaro et al. 2013; Ushkalova et al. 2015;
Yatham et al. 2016).
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Conclusion

Dysregulated sleep has long been observed as a
feature of psychiatric illness. Studies have now
demonstrated a clear connection between altered
sleep and mood disorders, and the impact of jet
lag, shift work, and chronic sleep deprivation
even suggest a causative role for altered sleep/
wake times in mood disorder pathophysiology.
These ﬁndings implicate a role for circadian
rhythms, which is directly supported by human
genetic studies. Increased risk of mood disorder
diagnosis and/or increased symptom severity is
associated with clock gene mutations, and animal
models have demonstrated altered moodassociated behaviors after molecular clock
disruptions. These animal models suggest circadian rhythm disruptions contribute to mood
disorders, in part, through their interaction with
monoaminergic signaling. Furthermore, current
pharmacological therapeutics for mood disorders,
including antidepressants and mood destabilizers,
have been shown to cause changes in both behavioral and biological circadian rhythms,
implicating a fundamental role for the bidirectional relationship between circadian rhythms
and monoaminergic neurotransmission. The
HPA axis also interacts with both circadian and
monoaminergic systems and may facilitate the
contribution of environmental stressors to mood
disorder pathophysiology. Animal models of circadian disruption have abnormal HPA axis function, and stress-induced depressive-like behavior
is accompanied by changes in behavioral and
biological rhythms. Further work will be necessary to fully understand the complex interactions
between these various processes and circadian
rhythms; however, the fundamental role of circadian rhythms in mood disorders has already led to
the development of treatments that target circadian rhythm regulators like sleep, light, and melatonin. Both behavioral interventions, like light
therapy, dark therapy, and sleep deprivation, and
the drug agomelatine show therapeutic beneﬁt for
patients with mood disorders. These promising
results further emphasize the vital need to consider the role of circadian rhythms and the

molecular clock as the ﬁeld continues to both
investigate the complex underlying pathophysiology of mood disorders and develop effective
therapies to treat this major global health burden.
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Abstract

It is becoming increasingly recognized that
patients with a variety of neurodegenerative
diseases exhibit disordered sleep/wake
patterns. While sleep impairments have typically been thought of as sequelae of underlying neurodegenerative processes in sleep-wake
cycle regulating brain regions, including the
brainstem, hypothalamus, and basal forebrain,
emerging evidence now indicates that sleep
deﬁcits may also act as pathophysiological
drivers of brain-wide disease progression. Speciﬁcally, recent work has indicated that
impaired sleep can impact on neuronal activity, brain clearance mechanisms, pathological
build-up of proteins, and inﬂammation.
Altered sleep patterns may therefore be novel
(potentially reversible) dynamic functional
markers of proteinopathies and modiﬁable
targets for early therapeutic intervention
using non-invasive stimulation and behavioral
techniques. Here we highlight research
describing a potentially reciprocal interaction
between impaired sleep and circadian patterns
and the accumulation of pathological signs and
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features in Alzheimer’s disease, the most prevalent neurodegenerative disease in the elderly.
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10.1

Background

Sleep is a highly complex and regulated brain
state which, although incompletely understood,
has been implicated in cellular and network restitution, learning and synaptic plasticity, removal
of neurotoxic waste products, and modulation of
endocrine and immune functions, among other
functions (Diekelmann and Born 2010; Klinzing
et al. 2019; Tononi and Cirelli 2014; Zada et al.
2019; Xie et al. 2013; Besedovsky et al. 2019).
Sleep deprivation (SD), and even sleep fragmentation, can lead to the emergence of poor memory,
impaired cognition and epileptic seizures, and
even frank psychosis with disorganized thinking
and a loss of ability to perceive reality (Krause
et al. 2017; Joiner 2019). Sleep is therefore not a
passive and quiescent, steady state, but rather is
associated with speciﬁc and alternating neuronal
rhythms that may be broadly classiﬁed as rapideye movement (REM) or non-REM phases. REM
sleep is associated with oscillations in the theta
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and gamma frequency bands, whereas cortical
slow-wave oscillations (<1 Hz), delta waves
(1–4.5 Hz), thalamocortical spindles, and hippocampal sharp-wave ripples occur during
non-REM (NREM) sleep. The different sleep
stages and oscillations are believed to be related
to aspects of sleep physiology and linked to a
variety of physiological parameters such as
changes in hormone release, cardiovascular control, regulation of breathing, convulsive
thresholds, and gastrointestinal physiology
(Taheri et al. 2002). In this regard, it is important
to note that our knowledge of the function and
role of REM sleep, beyond its inferred contribution to implicit procedural and emotional memory
consolidation (Diekelmann and Born 2010;
Tononi and Cirelli 2014; Klinzing et al. 2019)
and forgetting (Izawa et al. 2019), signiﬁcantly
lags behind our emerging understanding of
NREM sleep, and that of its deepest phase,
slow-wave sleep (SWS), which is the primary
focus of the current chapter.
Memory consolidation is thought to occur during SWS and requires effective hippocampalcortical communication involving the ﬁne-scale
temporal coupling between hippocampal ripples,
neocortical
slow-wave
oscillations,
and
thalamocortical spindles (Diekelmann and Born
2010; Sirota et al. 2003; Latchoumane et al. 2017;
Maingret et al. 2016; Helfrich et al. 2019). Distinct patterns of ﬁring activity in speciﬁc hippocampal neuronal ensembles during awake
behavior are reactivated during subsequent SWS
and manifest as hippocampal sharp-wave ripples
(Wilson and McNaughton 1994; Rasch et al.
2007). Hippocampal memories are then posited
to be transferred to neocortical regions for longterm storage, facilitated by a priming effect of
thalamocortical spindles, and gated by the induction of up and down states (membrane depolarization and hyperpolarization, respectively) by
neocortical slow oscillations (Huber et al. 2004;
Sirota and Buzsáki 2005; Sirota et al. 2003;
Klinzing et al. 2019; but see Yonelinas et al.
2019). Interestingly, whereas slow-wave activity
has been associated with memory consolidation,
delta waves, on the other hand, have recently
been implicated in forgetting and related to the
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differences in temporal coupling of spindles to
both forms of activity (Kim et al. 2019). In turn,
the synaptic homeostasis hypothesis theorizes
that slow-wave activity during sleep enables the
brain to renormalize synaptic strength, that is
potentiated during wakefulness, through relational synaptic downscaling that enables neural
circuits to operate energy- and space-efﬁciently,
and which promotes learning and memory
(Tononi and Cirelli 2014; Tononi and Cirelli
2006). It is important to note that the memory
consolidation and homeostatic functions of
NREM sleep, often tacitly perceived as independent, may not in fact be mutually exclusive, and
may act differentially on neuronal populations
according to their intrinsic ﬁring rate properties
(Levenstein et al. 2017).
Sleep is also associated with a dramatic
increase in interstitial space due to shrinkage of
glial cells, which allows for inﬂux of cerebrospinal ﬂuid (CSF) into the brain parenchyma along
paravascular spaces surrounding penetrating vasculature, driven by slow-wave and, subsequently,
hemodynamic oscillations, and enabling convective exchange between CSF and interstitial ﬂuid
(ISF) leading to “glymphatic” clearance of waste
and metabolites (Xie et al. 2013; Iliff et al. 2013;
Fultz et al. 2019; Kiviniemi et al. 2016). Finally,
it has also been suggested that sleep and immunity are bi-directionally related, with SWS
associated with the promotion of inﬂammatory
homeostasis and cytokine production, and sleep
loss leading to low-grade systemic inﬂammation
and immunodeﬁciency (Besedovsky et al. 2012,
2019), as well as higher expression of genes characteristic of aged-microglia and microglial activation (Kaneshwaran et al. 2019).

10.2

Sleep Disruption in Alzheimer’s
Disease

Ageing alters sleep architecture, most evidently
as a reduction of non-REM-associated SWS
(Ohayon et al. 2004), but also in a variety of
other manners, including an advance in circadian
phase and reduced circadian amplitude, decreased
REM sleep, reduced sleep efﬁciency, increased
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arousals, enhanced sleep fragmentation, and
sleep-disordered breathing (e.g., obstructive
sleep apnea, OSA). Sleep disturbances are
exacerbated in AD relative to normal ageing
(Prinz et al. 1982; Bombois et al. 2010) and
become more severe with disease progression
and are associated with increased cerebrospinal
ﬂuid (CSF) levels of orexin (also known as
hypocretin), a hypothalamic neuropeptide that
regulates sleep and arousal states but also appetite, with increased levels being linked to wakefulness, and predicted by CSF levels of Aβ and
tau, the two hallmark proteins in AD (Liguori
et al. 2014; Gabelle et al. 2017). Clinical sleep
phenotypes in AD dementia include insomnia,
nighttime wakefulness and wandering, excessive
daytime sleepiness, and sundowning (a tendency
to become confused and agitated towards the
evening) (Cipriani et al. 2015) and have been
associated with differential Aβ deposition
patterns, e.g. Aβ deposition in brainstem and
precuneus was reportedly linked to daytime
sleepiness and nocturnal wakefulness, respectively (You et al. 2019). Sleep phenotypes may
in turn be exacerbated by cognitive and behavioral symptoms and other factors such as medication, lack of exercise, and nighttime lighting.
Sleep appears to be both a global phenomenon,
involving neuronal networks in brain stem,
hypothalamus and basal forebrain, and pathological sleep phenotypes may thus arise due to disruption or degeneration of speciﬁc sleep-related
circuits, for example those involving wakepromoting neurons in locus coeruleus, orexinproducing neurons in the lateral hypothalamic
area (LHA), and histaminergic neurons in the
tuberomammillary nucleus (TMN) (Swaab et al.
1985; Clark and Warren 2013; Oh et al. 2019a, b),
although local processes within speciﬁc brain
areas, particularly the cortex, may also play a
critical, albeit overlooked, role in sleep modulation (Krueger et al. 2019).
Sleep disturbances are thus prevalent in AD
and have, historically, been considered an epiphenomenon of the associated neurodegenerative
process in the disorder. However, it is now
being increasingly realized that sleep
perturbations are also manifest in early AD prior
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to
the
emergence
of
widespread
neurodegeneration and cognitive symptoms
(Musiek et al. 2015; Sprecher et al. 2017) and
even in those at risk of developing the disorder
(e.g., the presence of the apolipoprotein E epsilon4 (ApoE4) genotype, a risk factor for AD, is
also associated with increased risk of sleepdisordered breathing, Kadotani et al. 2001). In
addition, recent data indicate that sleep
impairments, via direct or indirect processes,
are, in of themselves, able to instigate the abnormal release and build-up of the pathogenic
proteins characteristic of AD, Aβ, and tau, thus
intensifying the risk of developing the disorder
and accelerating disease progression. This reciprocal interaction between sleep and AD is
exempliﬁed by the observation that sleep
disturbances increase the risk of AD, whereas
enhanced sleep hygiene has the antagonistic
effect (Osorio et al. 2011; Yaffe et al. 2011; Lim
et al. 2013a, b). In the following sections, we
highlight the groundswell of research which
supports the mediating and reciprocal role of
sleep and circadian dysregulation in the development of Aβ and tau pathology.

10.3

10.3.1

Sleep Impairment Promotes
the Emergence of AD-Related
Pathological Features
Clinical Evidence

Cerebrospinal ﬂuid (CSF) Aβ and tau levels in
healthy humans display inherent diurnal
variations (decreases during sleep and increases
during wakefulness) (Kang et al. 2009; Holth
et al. 2019). Interestingly, similar oscillatory
behavior in CSF Aβ levels was also observed in
human subjects harboring a PS1 mutation
(a major cause of familial AD), but which was
lost in subjects also exhibiting Aβ deposition by
positron emission tomography (PET) imaging
(Roh et al. 2012) and supported by a previous
report of diurnal CSF Aβ oscillations that
becomes attenuated with Aβ deposition (Huang
et al. 2012). These reports indicate that CSF Aβ
and tau levels exhibit a sleep-wake cycle which
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likely reﬂects associated broad state changes in
neuronal activity (note that while overall ﬁring
rates and metabolism are decreased during sleep,
sleep sub-states differentially affect neurons
according to their ﬁring properties with markedly
heterogenous effects, see Watson et al. (2016))
and activity-dependent variations in production
and/or extracellular release of Aβ and tau (Cirrito
et al. 2005; Yamada et al. 2014; Pooler et al.
2013) as well as ﬂuctuations in their clearance
into the CSF, for example via the glymphatic/
paravascular system (Xie et al. 2013)
(Fig. 10.1). As described below, impaired sleep
and prolonged wakefulness in cognitively normal
individuals markedly disrupt these behaviors and
may initiate a deleterious cascade leading to
AD-like pathophysiology and cognitive deﬁcits.
Self-reported measures of excessive daytime
sleepiness, which may arise due to sleepdisordered breathing (e.g., OSA) or fragmented/
insufﬁcient sleep, but also the loss of wakepromoting neurons (Oh et al. 2019a), in cognitively normal adults (>60 years), was associated
with greater than double the odds of PET Aβ
deposition at follow-up ~15 years later (Spira
et al. 2018), with increased sleep latency and
sleep fragmentation also linked to cortical PET
Aβ load in cognitively normal individuals (Ettore
et al. 2019). One night of total SD, monitored
using polysomnography, in healthy middle-aged
men, was associated with an increase in Aβ42
cerebrospinal ﬂuid (CSF) levels (Ooms et al.
2014) and, similarly, overnight levels of Aβ38,
Aβ40, and Aβ42 in CSF markedly increased
(~30%) in sleep-deprived cognitively normal
adults (30–60 years) relative to controls (Lucey
et al. 2018). Natural overnight decreases in Aβ42
plasma levels were also attenuated by sleep fragmentation in psychiatrists following 90 days of
being on-call (Grimmer et al. 2020). Short-term
(24 h) SD in healthy adults (mean 27.3 years) was
also associated with signiﬁcantly increased morning plasma Aβ40 and serum malondialdehyde
levels (a marker for oxidative stress), signiﬁcantly
decreased Aβ42/Aβ40 ratio, and serum superoxide dismutase levels (a marker of antioxidant
activity), and signiﬁcantly decreased plasma lipoprotein receptor-related protein 1 (LRP-1) and
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receptor for advanced glycation end products
(RAGE) concentrations, that were correlated to
Aβ42 and Aβ40 levels, suggesting increased oxidative stress and impaired peripheral clearance of
Aβ (Wei et al. 2017). Self-reported diminished
sleep quality in cognitively normal adults was
also found to be associated with increased PET
Aβ load (Choe et al. 2019), with the number of
nocturnal awakenings in healthy older adults also
inversely correlated to insular gray matter volume, a region notably activated during sleep
spindles (Branger et al. 2016). PET Aβ burden
in healthy controls following one night of SD
increased in the right hippocampus and thalamus,
with baseline burden in subcortical areas and
precuneus negatively correlated to reported sleep
time during rested sleep, but which was not
related to genetic risk for AD (APOE genotype)
(Shokri-Kojori et al. 2018). Genetic variations in
the water-channel protein aquaporin-4 (AQP4),
expressed in astrocytic end-feet, in cognitively
normal older adults, however, were associated
with disrupted self-reported sleep quality
(Pittsburgh Sleep Quality Index, PSQI) and
found to moderate the coupling between sleep
latency/duration and PET Aβ burden (RaineySmith et al. 2018; Brown et al. 2016). Given the
implication of AQP4 in glymphatic transport
(Mestre et al. 2018), as well as the modulatory
effect of AQP4-haplotype on NREM slow-wave
energy (Larsen et al. 2019), these results support
the notion of paravascular clearance of Aβ and
suggest that genetic variations in AQP4 modulate
the efﬁcacy of this process.
SD was also observed to increase CSF tau by
over half in a human cohort (Holth et al. 2019)
with changes in phosphorylation being highly
site-speciﬁc (Barthelemy et al. 2020). Acute
sleep loss was similarly associated with increases
in blood total tau in healthy young men (Benedict
et al. 2020), and self-reports of poor sleep and
daytime sleepiness in cognitively normal subjects
(mean age 63 years) was associated with lower
CSF Aβ42/Aβ40 and higher total-tau/Aβ42
(a ratio highly concordant with Aβ PET measures
and predictive of cognitive decline, Hansson et al.
2018; Fagan et al. 2007), and ratio of chitinase-3like protein 1 (YKL-40, a glial marker of
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Fig. 10.1 Schematic of sleep-wake cycle ﬂuctuations in
interstitial and cerebrospinal ﬂuid protein levels, neuronal
activity, and glymphatic clearance. (a) Levels of Aβ and
tau in interstitial and cerebrospinal ﬂuid (ISF/CSF)
undergo sleep-wake cycle variations under normal
conditions (control, blue trace), with an increase during
wakefulness and a decrease during sleep. Sleep

deprivation (SD) exacerbates (red trace), while suppression of neuronal activity attenuates (green trace), increases
in Aβ and tau ISF/CSF levels during wakefulness. (b)
Overall levels of neuronal activation are enhanced during
wakefulness (right inset) but diminished during sleep (left
inset), the latter period also associated with an increase in
glymphatic clearance (blue trace)

neuroinﬂammation) to Aβ42 (Sprecher et al.
2017). Abnormal nighttime behavior, as assessed
by the Neuropsychiatric Inventory Sleep
(NPI-sleep) inventory, was associated with
increased PET measured accumulation of Aβ in
precuneus, posterior cingulate and medial
orbitofrontal, and tau in entorhinal cortex, in clinically normal elderly subjects (Shokouhi 2019).
OSA, in which the airway becomes transiently
blocked, is associated with recurrent arousals
from sleep and hypoxemia, increases the risk of
developing dementia, and is associated with a
hastened age of cognitive decline (Osorio et al.
2015), increased neuronal activity, as well as
reduced slow-wave activity and sleep spindle
density (Ju et al. 2016; Ondze et al. 2003). OSA
treatment, using positive airway pressure (PAP),
may delay progression of cognitive decline
(Osorio et al. 2015) and was notably linked to
an enhancement in slow-wave activity that was
correlated to reduced post-treatment CSF Aβ

levels (Ju et al. 2019). Sleep disordered breathing
in cognitively normal older adults was associated
with increased Aβ PET load and neuronal activity
(as measured by functional magnetic resonance
imaging, fMRI) most notably in the posterior
cingulate cortex and precuneus (André et al.
2020), whereas witnessed apneas in healthy
elderly individuals were also linked to elevated
tau-PET signals in entorhinal cortex and inferior
temporal lobe (Carvalho et al. 2020). Patients
with subjective cognitive impairment (SCI) and
OSA exhibited lower CSF Aβ42 levels, higher
lactate and total-tau/Aβ42 levels, and reduced
sleep quality, in comparison with SCI controls
and those with OSA and concurrent CPAP treatment (Liguori et al. 2017). Reduced CSF Aβ
levels in OSA patients have been ascribed to the
breathing disorder inducing internal highpressure ﬂuctuations disrupting paravascular/
glymphatic ﬂow during sleep between the interstitial ﬂuid (ISF) and CSF (Xie et al. 2013; Iliff
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et al. 2013; Kiviniemi et al. 2016), and leading to
increased ISF and reduced CSF Aβ levels, respectively (Ju et al. 2016). In addition, disrupted
NREM sleep and impaired slow-wave
oscillations would be expected to compromise
CSF inﬂux and efﬂux within the brain (Fultz
et al. 2019) leading to interstitial Aβ accumulation that could be further enhanced by increased
neuronal activity during OSA-related arousals.
Interestingly, diminished reductions in circadian
blood pressure during sleep were also associated
with disrupted cerebral blood ﬂow (CBF) regulation and increased PET Aβ load in posterior cingulate of patients with amnestic mild cognitive
impairment (Tarumi et al. 2015). The observed
impairment of CBF dynamics could suggest a
mechanism by which clearance of Aβ by
glymphatic/paravascular or other processes (Iliff
et al. 2013; Xie et al. 2013; Kiviniemi et al. 2016)
is disrupted by disordered sleep, particularly in
light of the recent observation of a link between
slow activity, hemodynamic oscillations, and
ﬂow of CSF within the brain (Fultz et al. 2019).
Nevertheless, it is difﬁcult to exclude the possibility that sleep disturbances, such as breathing
disorders, which impair such clearance (Xie et al.
2013), and have been associated with the absence
of nocturnal BP reductions (Wolf et al. 2010),
underpin these results.
One night of total SD in healthy young men
also resulted in a signiﬁcant increase in morning
serum levels of neuron-speciﬁc enolase (NSE)
and S100 calcium binding protein B (S-100B)
(Benedict et al. 2014). Since these factors are
typically localized to neuronal and glial cytoplasm, these ﬁndings could reﬂect neuronal damage and/or disruption to the blood brain barrier
(BBB) during sleep loss (He et al. 2014). Partial
SD (maximum of 4 h sleep) in healthy adults
(20–40 years), with preserved SWS (monitored
using polysomnography and actigraphy), was
also associated with increased CSF orexin-A
(an isoform of orexin) concentrations (Olsson
et al. 2018). Furthermore, CSF orexin-A was
found to be upregulated in cognitively normal
elder individuals and correlated to CSF Aβ42,
phosphorylated-tau, and total-tau levels (Osorio
et al. 2016).
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Disruption of NREM slow-wave activity has
been associated with age-related memory
impairment (Mander et al. 2013) and even mild
disruption and suppression of slow-wave activity
can negatively impact memory performance in
healthy individuals (Van Der Werf et al. 2009).
In turn, reduced and fragmented slow-wave sleep,
evinced by polysomnography, was shown to be
associated with increases in CSF Aβ42 levels in
cognitively normal elderly individuals at low risk
of AD (Varga et al. 2016). Importantly, the
degree of impairment of slow-wave activity
correlates with PET Aβ burden in medial prefrontal cortex and predicts overnight memory retention (Mander et al. 2015; and see Winer et al.
2019), suggesting that cortical Aβ pathology
affects memory by disturbing hippocampalcortical communication (as conﬁrmed and
extended in our translational work, described
below). An inverse relationship between NREM
slow-wave activity measured using single channel electroencephalography (EEG) and tau-PET
levels was also found in several brain areas of
predominantly cognitively normal participants
(>60
years),
including
entorhinal,
parahippocampal, orbital frontal, precuneus, inferior parietal and temporal regions, and also with
CSF tau/Aβ42 levels (Lucey et al. 2019). The
degree of impairment in slow oscillation-sleep
spindle coupling also predicted tau burden in
medial temporal lobe, but not cortical Aβ load,
such that weaker coupling was associated with
increased tau (Winer et al. 2019). Targeted suppression of slow-wave sleep in healthy older
adults (35–65 years, conﬁrmed using
polysomnography) increased CSF Aβ40, with
worse home sleep quality (measured by
actigraphy) also associated with increased CSF
tau (Ju et al. 2017). Indeed, sleep spindle density
during NREM sleep in clinically normal elderly
subjects undergoing polysomnography was signiﬁcantly and inversely correlated with CSF total
tau levels and suggested to be a mechanism by
which tau may disrupt memory consolidation
(Kam et al. 2019a). Adults with amnestic mild
cognitive impairment displayed a signiﬁcant relationship between impaired SWS and increased
Aβ42 plasma levels, whereas, interestingly,
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reduced REM sleep in the same population was
correlated to thinning of the posterior cingulate
and precuneus (Sanchez-Espinosa et al. 2014),
the functional hubs of the default mode network
(DMN). Since slow-wave activity is also
associated with reduced activity of the DMN, a
distributed brain network in which Aβ accumulation is initiated (Samann et al. 2011; Palmqvist
et al. 2017), it is possible that a loss in slow-wave
activity leads to heightened activity of the DMN
and subsequently more Aβ accumulation.

10.3.2

On the Interaction Between
Sleep, Memory, and Epilepsy
in AD

Epileptiform activity is a prevalent phenomenon
in AD patients, the incidence of which exceeds
that observed in the general population, and is
associated with an earlier onset of cognitive
deﬁcits, exacerbated neurodegeneration, and an
enhanced risk of mortality (Forstl et al. 1992;
Scarmeas et al. 2009; Vossel et al. 2013, 2016).
Notably, recent work has suggested that the prevalence of epileptiform activity in AD is likely
underestimated, as many may be sub-clinical in
nature, localized to deep brain regions undetectable to surface recordings, and to markedly preponderate during sleep (Lam et al. 2017; Vossel
et al. 2016). Sleep and epilepsy have long been
associated as familiar bedfellows (Derry and
Duncan 2013), with reports of increased epileptiform activity during sleep in focal epilepsy
(Malow et al. 1998) and an association between
nocturnal seizures, respiratory disorders (such as
OSA), and sudden death in epilepsy (SUDEP)
(Ryvlin et al. 2013; Lamberts et al. 2012). The
presence of pathological epileptiform activity
during sleep, a period critical for memory consolidation (Diekelmann and Born 2010), may therefore underpin the hastened cognitive decline seen
in AD patients with epilepsy. Indeed, emerging
research has now posited that physiological sleep
circuits are “hijacked” by epileptic activity
(Beenhakker and Huguenard 2009). More specifically, recent work has indicated that post-ictal
sleep is associated with the reactivation of

175

interictal discharges (IEDs) and seizure-related
neuronal activity patterns, mimicking natural processes involved in memory consolidation during
slow-wave sleep following a behavioral experience (Bower et al. 2015, 2017; Wilson and
McNaughton 1994; Diekelmann and Born 2010;
Klinzing et al. 2019). In this context, it is interesting to note that hippocampal IEDs in a rodent
model of temporal lobe epilepsy have been
shown to co-opt hippocampal-cortical communication during NREM sleep, essential for memory
consolidation (Colgin 2011), by replacing hippocampal ripples and autonomously driving
thalamocortical spindles in prefrontal cortex, the
extent to which being correlated to memory
impairment (Gelinas et al. 2016). Importantly,
IEDs were also found to induce cortical spindles
with high temporal reliability in humans with
focal epilepsy, suggesting that the mechanisms
subserving physiological sleep-related memory
consolidation are usurped by epileptic processes
and underscoring the potential of therapeutically
targeting aberrant oscillatory network activity in
AD (Gelinas et al. 2016).

10.3.3

Mechanistic Lessons from
Translational Models

Prior to Aβ aggregation into plaques, young
APP/PS1 mice (a transgenic mouse model of
AD which overproduces Aβ) display diurnal
variations in hippocampal ISF Aβ levels
(decreases during sleep and increases during
wakefulness) that are correlated to ISF lactate
levels, but which become markedly attenuated
with the emergence of plaque pathology, though
can be “rescued” by Aβ immunization (Roh et al.
2012; Kang et al. 2009). Acute SD and orexin
infusion (to promote wakefulness) were found to
enhance ISF Aβ levels in mice, while chronic
(21 day) sleep restriction increased plaque deposition and was counteracted by treatment with a
dual orexin receptor antagonist (Kang et al.
2009). Accordingly, APP/PS1 mice harboring an
orexin gene knockout exhibited reduced Aβ
pathology and increased sleep time, which was
reversed by SD and rescue of orexigenic neurons,
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Fig. 10.2 The effects of Aβ on non-REM sleep slowwave activity, sleep-related neuronal networks, neuronal
hyperexcitability, and memory performance. Top panel:
Slow-wave oscillations, and their long-range coherence,
observed in wild-type (WT) mice (left), are impaired in
mice which overexpress the amyloid precursor protein

(APP) and overproduce Aβ (middle), but can be rescued
by suppression of Aβ or enhancement of GABAergic
inhibition in the same animals (right). Second panel from
top: The impairment of slow waves results in a breakdown
of long-range coupling of activity between cortex, hippocampus, and thalamus (denoted by cortical slow waves,
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although hippocampal overexpression of orexin
did not recapitulate these effects (Roh et al.
2014). As well as increased Aβ deposition being
correlated to induced sleep fragmentation in
APP/PS1 mice (Minakawa et al. 2017), chronic
SD in wild-type rats and mice was associated with
increased expression of beta-site amyloid precursor protein cleaving enzyme 1 (BACE1) (Chen
et al. 2017; Zhao et al. 2017), but decreased levels
of plasma Aβ levels and plasma soluble LRP-1
(Zhao et al. 2019). Notably, LRP-1 has been
implicated in modulating amyloid precursor protein (APP) processing (Ulery et al. 2000),
mediating Aβ transport across the blood brain
barrier (Storck et al. 2016), and recently shown
to regulate endocytosis of tau and subsequent
inter-neuronal propagation (Rauch et al. 2020).
Intracerebroventricular injection of Aβ oligomers
into 8–10 week wild-type mice disrupted sleep
patterns, and a 1 month chronic sleep restriction
protocol was associated with signiﬁcant reduction
in synaptophysin and postsynaptic density protein
95 (PSD-95) (markers of pre and post synaptic
integrity, respectively) in hippocampus, but not
frontal cortex (Kincheski et al. 2017). Reduced
and fragmented sleep was also observed in a
Drosophila model of AD which overexpresses
Aβ pan-neuronally, with SD enhancing intrinsic
neuronal hyperexcitability and increasing Aβ burden that was rescued through suppression of neuronal excitability (Tabuchi et al. 2015).
SD exacerbates ISF tau sleep-wake cycle
ﬂuctuations, and chronic SD, interestingly, was
found to promote the spread of tau pathology
from hippocampus to locus coeruleus (LC) in a
P301S mouse model of tauopathy (Holth et al.
2019). Notably, since tetrodotoxin (TTX)
abolished the SD-induced elevation in ISF tau
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levels, and in light of other reports of enhanced
tau propagation with increased neuronal activity
(Wu et al. 2016) and activity-dependent tau
release (Pooler et al. 2013; Yamada et al. 2014),
this suggests a putative process by which tau
increases with wakefulness and SD (Holth et al.
2019). SD in APP/PS1 mice was associated with
phosphorylation of endogenous tau (alongside
increased plaque deposition) and mitochondrial
dysfunction (Qiu et al. 2016), the latter also
observed in frontal cortex in WT mice subjected
to sleep restriction (Zhao et al. 2016). SD in
young 3xTg mice, a transgenic model of AD
with both plaques and tangles, induced a decline
in learning and memory alongside a signiﬁcant
increase in total insoluble tau and MC-1 immunoreactivity, indicating an effect on tau solubility
and conformation, respectively (Di Meco et al.
2014). Interestingly, no effects on Aβ were found,
although the authors did report a signiﬁcant
increase in glial ﬁbrillary acidic protein (GFAP)
expression, a marker for astrocytosis, as well as a
signiﬁcant reduction in PSD-95 in sleep-deprived
mice similarly to Kincheski et al. (2017) (Di Meco
et al. 2014). Notably, chronic short sleep in
P301S mice was also seen to prompt an early
increase in AT8 and MC-1, indicative of
increased tau phosphorylation and pathological
conformational changes, in the brainstem locus
coeruleus (a putative site for early tau pathology),
as well as increased microglial (Iba-1) and astrocytic activation (GFAP) in hippocampus (Zhu
et al. 2018). It is interesting to note that tau itself
may play a role in the regulation of the sleepwake cycle, with tau knockout mice exhibiting
increased wakefulness and decreased NREM
sleep time (Cantero et al. 2010). Moreover, tau
deﬁcient Drosophila exhibit dysregulation of

ä
Fig. 10.2 (continued) hippocampal sharp-wave ripples,
and thalamocortical spindles) in mice which overexpress
APP/overproduce Aβ (middle) compared to WT animals
(left), but can again be restored following suppression of
Aβ or enhancement of GABAergic inhibition (right). Bottom panels: Neuronal hyperexcitability and impaired

memory performance is also observed in APP/Aβ mice
compared to controls and can be similarly rescued (labeling convention follows that in upper panels). The model is
supported by mediation analysis (see supplementary ﬁgure
S9 in Keskin et al. 2017)
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circadian and sleep patterns alongside disruption
of circadian pacemaker neurons (Arnes et al.
2019), and expression of the 0N4R isoform of
tau in the Drosophila clock network was reported
to result in elevated locomotor activity and loss of
nighttime sleep, as well as increased diurnal and
nocturnal spiking in large lateral ventral clock
neurons (Buhl et al. 2019).
Our recent work has provided evidence of Aβ-dependent neuronal hyperactivity (Busche et al.
2008, 2012; Busche and Hyman 2020; Harris
et al. 2020) as well as impairment in slow-wave
oscillations in APP mouse models of AD, which
correlates with deﬁcits in learning and memory
and can be rescued by BACE inhibition (i.e., Aβ
suppression) or enhancement of GABAAergic
inhibition (Busche et al. 2015; Keskin et al.
2017) (Fig. 10.2). In particular, these slow-wave
oscillations, which manifest as propagating
travelling waves similarly to that observed in
humans (Massimini et al. 2004; Muller et al.
2018), were disrupted by both endogenous and
exogenous Aβ, resulting in impaired long-range
coherence of cortical slow-wave activity, as well
as large-scale functional decoupling of coherent
activity between cortex and hippocampus, and
cortex and thalamus (Busche et al. 2015; Keskin
et al. 2017) (Fig. 10.2). These ﬁndings are consistent with another report that optogenetic activation of parvalbumin-positive interneurons in sleep
deprived mice rescued contextual fear memory
consolidation (Ognjanovski et al. 2018). Our
results are also in line with another report of
disrupted slow-wave connectivity between hippocampal CA1 and medial frontal cortex during
NREM sleep in APP/PS1 mice, and decreased
coupling between cortical spindles and hippocampal ripples relative to WT animals
(Zhurakovskaya et al. 2019). Impairment of
slow-wave oscillations, characterized by
prolonged down states and reduced neuronal ﬁring, has also been reported in the Tg4510 mouse
model of tauopathy (Menkes-Caspi et al. 2015),
and the coupling between sleep spindles and cortical slow oscillations was observed to be markedly reduced in the PS19 mouse model of
tauopathy (Kam et al. 2019b). These experimental reports therefore support the notion that
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disrupted NREM slow-wave activity is a feature
of several AD mouse models and recapitulate
clinical ﬁndings. While less is known on the
relationship between AD pathologies and REM
sleep in animal models, it is interesting to note
that intra-hippocampal injection of Aβ was
observed to induce a pronounced decrease in
theta-band frequency power during REM sleep
in rats (Maleysson et al. 2019). Optogenetic inhibition of hippocampal theta oscillations during
REM sleep also impaired object recognition and
contextual fear memory (Boyce et al. 2016).

10.4

A Putative Multi-level
Feedback Model
of Pathophysiology

Taken together, the above clinical and translational literature indicates that sleep impairment,
per se, is associated with aberrant production/
release and, ultimately, deposition of Aβ and tau
pathology. These effects have multiple probable
etiologies,
including
an
increase
in
neurometabolic rate due to disrupted sleep and
increased wakefulness (Scalise et al. 2006;
Buchsbaum et al. 1989), leading to enhanced
activity-dependent release of Aβ and tau (Cirrito
et al. 2005; Yamada et al. 2014; Pooler et al.
2013), as well as oxidative stress promoting further production of Aβ (Frederikse et al. 1996;
Gabuzda et al. 1994) and tau phosphorylation
(Melov et al. 2007). In turn, increased levels of
Aβ in the brain induce neuronal hyperexcitability
(Busche et al. 2008, 2012) providing positive
feedback to the aforementioned effects, and
impairing slow-wave activity and long-range
networks, thus affecting memory processing
(Busche et al. 2015; Keskin et al. 2017), as well
as glymphatic clearance mechanisms that rely on
slow-wave oscillations to drive brain metabolites
into the periphery (Fultz et al. 2019; Iliff et al.
2013; Kiviniemi et al. 2016; Xie et al. 2013; van
Veluw et al. 2020). In a toxic pas de deux,
disrupted sleep, in of itself, exacerbates deﬁcits
in clearance of pathogenic proteins by the
glymphatic system and/or via the BBB (the permeability of which is vulnerable to inﬂammation,
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disordered sleep and subject to the sleep-wake
cycle) (He et al. 2014; Cuddapah et al. 2019;
Haruwaka et al. 2019), and thwarts restorative
cellular processes, including nuclear maintenance, that might ameliorate the above pathological processes (Everson et al. 2014; Zada et al.
2019), and affects inﬂammatory homeostasis, further contributing to a vicious cycle leading to the
accumulation of Aβ and tau pathology. Finally,
several of these processes, including disordered
sleep, impairment of slow-wave activity, Aβ-dependent neuronal hyperactivity, perturbed
DNA repair, and reduced BBB integrity, conspire
to promote the emergence of epileptiform activity, that appropriates and recurrently ampliﬁes
these pathological mechanisms and sets in motion
a feedback system leading to accelerated accumulation of AD-related peptides and, ultimately,
neurodegeneration and dementia (Fig. 10.3).

Neuronal
activity

A

Glymphatic
clearance

Slow wave
activity

Tau

Neurodegeneration

Dementia
Fig. 10.3 A putative multi-level feedback model describing possible interactions between several pathological
mechanisms that are self-amplifying and exacerbated by
sleep impairments, leading to the development of AD
features and accelerated AD progression
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Methodological Considerations

Polysomnography remains the gold standard for
quantitative sleep assessment, but it is manually
scored by sleep-specialists and based only on
short intervals of data with only summary statistics provided. This results in large amounts of
potentially informative data being discarded.
New methods in deep learning may help to access
the full richness of the data in the future, but
currently the technique cannot be performed in a
home environment, and this limitation will introduce confounds and alterations in sleeping
behaviors within the clinical setting. Actigraphy,
in turn, currently only provides crude measures of
rest and activity, and it is thus paramount that
more advanced home monitoring systems are
developed which allow continuous recording of
sleep variables in the patient’s natural environment. In addition, sleep assessments based on
clinical history and patient self-report scales are
inherently unreliable, perhaps more so in the
elderly and in patients with neurodegenerative
disorders, and there is a lack of standardized
instruments that allow comprehensive screening
for a spectrum of sleep problems in the context of
dementia. Quantitative unbiased biomarkers,
including those for sleep debt, hypoxia, and circadian phase, are therefore urgently needed.
However, in this regard, methodological
approaches remain imperfect, with the recent
report of erroneous CSF AD biomarkers resulting
from repeated lumbar punctures (Olsson et al.
2019), and the limitations of PET imaging
approaches to quantify Aβ and tau deposition at
the earliest stages, being two cases in point. In
addition, further research is needed to clarify what
forms of AD-related proteins are most critical to
disease progression, with recent work by us
indicating that soluble forms of Aβ and tau, as
opposed to Aβ plaques and neuroﬁbrillary
tangles, are key drivers of neuronal dysfunction
(Busche et al. 2012, 2019; Keskin et al. 2017;
Busche and Hyman 2020; Harris et al. 2020).
Moreover, in the case of translational
experiments, transparent efforts must be made to
disambiguate the effects of induced sleep
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disruption from those arising epiphenomenologically as a result of other factors, such as stress
(Kang et al. 2007).

10.6

Conclusions and Future
Directions

It is evident that sleep and its physiological
mechanisms are disrupted in AD, but it is becoming increasingly recognized that sleep impairment
and its sequelae can manifest before widespread
neurodegeneration and cognitive symptoms
emerge. Growing evidence now suggests that
sleep perturbations, either directly or indirectly,
modulate the release and accumulation of pathogenic proteins in AD, through a myriad of recurrent processes, and thereby increase the risk of
development of AD and accelerate disease progression. Importantly, these data, concerning the
relationship between tau pathology and sleep disruption in particular, also highlight the value in
examining the role of pathological sleep
phenotypes in other tauopathies such as
frontotemporal dementia, in which evidence of
marked sleep impairment has recently emerged
and become the focus of intense research (Warren
and Clark 2017). Despite the complexity of the
interaction between sleep and AD, and while it is
currently not possible to point to the initiating
mechanism which drives this pathological coupling, sleep has emerged as a potentially
modiﬁable target for early therapy in AD, for
which no disease-modifying treatment has yet
been found. For example, non-invasive circuitbased interventions that enhance slow-wave
sleep such as transcranial magnetic and direct
current stimulation have been shown to improve
memory and cognitive performance in AD
patients and healthy older individuals (Marshall
et al. 2006) (Nguyen et al. 2017; Westerberg et al.
2015; Ladenbauer et al. 2017; Diep et al. 2020).
Other approaches to enhance cognition have
included the use of pharmacological agents (e.g.,
GABA modulators or orexin receptor antagonists,
see Herring et al. 2020) to increase sleep spindle
density (Mednick et al. 2013) or the use of closedloop auditory stimulation of slow-wave activity

and sleep spindles (Ngo et al. 2013), albeit there
is some debate whether the latter technique is able
to reliably improve memory performance (Henin
et al. 2019). In addition, sleep impairment is also,
importantly, amenable to cognitive behavioral
therapies (Geiger-Brown et al. 2015; Morin and
Benca 2012) as well as environmental
adjustments and interventions (Herberger et al.
2019). In turn, a greater understanding of sleep
in AD may render sleep readouts as valuable
diagnostic tools to identify risk of developing
the disease and/or disease stage, particularly
when integrated with blood-based, CSF, or neuroimaging biomarkers. It remains to be seen
whether sleep disruption can explain, in part, the
marked clinical heterogeneity in AD, such as age
of disease onset and disease course, and whether
it is truly causal for disease progression. For that
level of understanding it will be necessary to
better elucidate the mechanisms and functions of
sleep, and the role of different sleep stages, about
which we still know surprisingly little. This,
unfortunately, parallels our lack of knowledge
on how variant AD affects the awake brain and
its physiology, and further technical advances
will be essential to addressing these open
questions in the future.
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