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Editorial
Circadian Rhythms in Regulation of Brain Processes and Role in
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The molecular circadian clock regulates rhythmic transcrip-
tion of thousands of genes throughout the brain and body,
providing transcriptional coordination of a broad range of
processes including metabolism, immune function, and
DNA repair. In turn, molecular clock disruption is associated
with a wide range of diseases such as heart disease, diabetes,
obesity, cancer, and psychiatric disorders. Circadian rhythms
in mammals are regulated by the suprachiasmatic nucleus
(SCN) in the hypothalamus, which serves as the “master
clock” for the brain and body. However, recent studies have
revealed that clock genes are rhythmically expressed
throughout the brain and play critical roles in the regulation
of normal brain processes.

For example, clock genes are involved in regulating
rhythms in long-term potentiation, dendritic spine regula-
tion, receptor trafficking, and neuronal activity in brain
region, and cell-type specific manners. Furthermore, recent
studies have suggested a critical role of the circadian system
in several disorders, including major depression, bipolar dis-
order, schizophrenia, anxiety, stress regulation, eating disor-
ders, drug addiction, and alcoholism, as well as age-related
cognitive deficits including Alzheimer’s disease. The associa-
tion of circadian rhythm disruption with cognitive function,
mood, immune system disruption, and metabolism in shift
workers as well as people with mood disorders provides
further evidence for the effects of circadian disruption on

synaptic plasticity. This research area is at the interface of
neuroscience, cell biology, endocrinology, and psychiatry.
Despite the evidence that circadian rhythms are involved in
coordination of several neural processes and in turn behav-
iors, this topic has not been extensively studied thus far.
There is much that is not known regarding how and why
circadian rhythms regulate brain processes.

The articles in this special issue represent a multidisci-
plinary collection of recent advances in the role of the circa-
dian system in normal brain functions and psychiatric
disorders. They illustrate the continuing effort to understand
the role of the circadian system in the regulation of normal
brain processes and in diseases states, as well as the potential
to take advantage of circadian regulation as a tool for the
development of therapeutic strategies.

A fundamental aspect of circadian rhythm regulation
is the entrainment of the SCN molecular clock by light.
In the article “Photoperiodic Programming of the SCN
and its Role in Photoperiodic Output,” M. C. Tackenberg
and D. G. McMahon provide an overview of the mecha-
nisms involved in entrainment of SCN rhythms and effects
on potential SCN output signals, ranging from initial
research on SCN entrainment to modern advances includ-
ing key studies from their research group. This review
serves as a foundation for understanding how the circa-
dian system is regulated by light, explores the relevance
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of circadian entrainment to human health, and highlights
the most important outstanding questions.

Changes in day length have long been associated with
alterations in mood. Understanding how seasonal changes
in light cycles impact the circuitry involved in mood regula-
tion is critical for development of effective preventative and
treatment measures. The review article by A. Porcu et al. titled
“Photoperiod-Induced Neuroplasticity in the Circadian Sys-
tem” explores how environmental light exposure impacts
clock gene and neurotransmitter expression in the SCN, as
well as brain regions involved in the regulation ofmood, sleep,
and motivational states, and thus provides a framework of
how seasonal changes in day length may translate to specific
molecules and neurocircuits involved in mood regulation.

Our understanding of the roles that glial cells play in a
range of normal brain processes is a rapidly expanding field
in neuroscience with broad clinical implications. The article
“The Role of Mammalian Glial Cells in Circadian Rhythm
Regulation” by D. Chi-Castaneda and A. Ortega reviews the
emerging evidence for circadian rhythms in glial cells. The
existence and potential role of molecular clock rhythms in
glial cells is summarized, including roles in processes with
clinical implications such as glutamate reuptake, synaptic
plasticity, and immune function.

Growing evidence suggests that clock genes in brain
regions other than the SCN are critically involved in regu-
lating the timing of cellular signaling during information
processing and memory formation. Two review articles
highlight the importance of this function: the article “Cir-
cadian Regulation of Hippocampal-Dependent Memory:
Circuits, Synapses, and Molecular Mechanisms” by K. H.
Snider et al. reviews the current hypotheses on the regula-
tion of memory processing by the molecular circadian
clock, with a focus on ERK/MAPK and GSK3β. Further-
more, they address outstanding questions in the field while
examining broader implications of circadian regulation of
synaptic plasticity. The article “Clocking In Time to Gate
Memory Processes: The Circadian Clock Is Part of the
Ins and Outs of Memory” by O. Rawashdeh et al. summa-
rizes pioneering studies from their group and others that
have accumulated evidence for the key role of circadian
Per1 regulation of MAPK, cAMP, and CREB during
hippocampus-dependent memory processes.

The importance of developing improved preventative
and therapeutic strategies for addiction has come to the fore-
front recently due to the growing opioid crisis and the obesity
epidemic. The next two articles highlight the involvement of
the circadian system in reward and addiction. The paper
“Neural Mechanisms of Circadian Regulation of Natural
and Drug Reward” by L. M. DePoy et al. provides an exten-
sive review of the current hypotheses on how the circadian
system is involved in reward regulation, ranging from
rhythms of reward sensitivity to effects of sleep disturbances
on reward processing and in turn effects of drug addiction on
the circadian system. The paper focuses on key evidence of
molecular clock regulation of the dopamine system in reward
processes identified by their research group. The authors thus
provide a framework to help address the question of how the
circadian system can be used for the treatment of addiction.

A. K. Nobrega and L. C. Lyons (“Drosophila: An
Emergent Model for Delineating Interactions between the
Circadian Clock and Drugs of Abuse”) highlight the
potential of Drosophila as a model organism for identifica-
tion of the complex interactions between the circadian sys-
tem and addiction. This extensive review discusses the
evidence for association of circadian disruption with
addiction and stress in humans and highlights how the
highly conserved mechanisms involved in these systems
can be used in simple organisms to address key questions
regarding the complex interactions of sleep, circadian
rhythms, stress, and addiction. The potential of Drosophila
as a model system in circadian rhythm research is exem-
plified by the Nobel Prize awarded to the characterization
of the molecular circadian clock. The authors include a
detailed summary of how this model system can be lever-
aged to develop novel therapeutic pharmacological targets
for addiction.

Stress signaling is intricately involved with the circadian
system, and the reciprocal interactions between these systems
are critical for the maintenance of physiological homeostasis.
Disruption of this interaction contributes to a wide array of
health issues from mood disorders, cognitive dysfunction,
metabolic disorders, and immune system dysfunction. Stress
during critical periods of development is also believed to con-
tribute to many of these disorders later in life. The article
“Perinatal Programming of Circadian Clock-Stress Cross-
talk” by M. Astiz and H. Oster reviews the current evidence
for the effects of perinatal stress on the developing circadian
system and the long-term health implications of these effects,
potentially impacting impulsivity, stress regulation, metabo-
lism and mood in adults.

The paper “Circadian Rhythms in Fear Conditioning: An
Overview of Behavioral, Brain System, and Molecular Inter-
actions” by A. Albrecht and O. Stork describes neural circuits
involved in circadian regulation of fear memory and stress
response, including recent evidence from their research
group and others regarding the role of clock genes in brain
areas involved in fear memory processing. The authors also
discuss how the interaction of the circadian system with fear
memory processing may be related to the development of
psychiatric disorders characterized by excessive fear mem-
ory, including PTSD, and how this interaction may be lever-
aged for therapeutic purposes.

Moreover, C. A. Vadnie and C. A. McClung, in “Circa-
dian Rhythm Disturbances in Mood Disorders: Insights into
the Role of the Suprachiasmatic Nucleus,” review the consid-
erable evidence for the involvement of circadian rhythm dys-
function in mood disorders, ranging from clinical studies to
animal models, including the clock delta 19 mutant mouse
model established by this group, which models several criti-
cal aspects of bipolar disorder and provides insight into
potential mechanisms involved in mania. Their article exam-
ines relationships of pharmacological therapies with the cir-
cadian system and focuses on the potential role of the SCN
in the etiology of mood disorders.

We conclude this issue with a paper from S. Kaladchiba-
chi and F. Fernandez (“Precision Light for the Treatment of
Psychiatric Disorders”) discussing the potential of light
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therapy for the treatment of psychiatric disorders. The
authors provide a chronologic review of the history of studies
focused on the effects of light on synchronizing the human
circadian system and in the treatment of depression. They
include a comparison of the effects of varying wavelengths,
intensity, and duration of light exposure and propose a
framework for the therapeutic use of light exposure.

We believe that the articles highlighted in this special
issue provide a comprehensive overview of the current state
of research on the role of the circadian system in the
regulation of normal brain processes and hope that they will
stimulate further studies into the circadian system contribu-
tion to cognitive, affective, and neurodegenerative brain
disorders ranging from cognitive dysfunction, memory
impairment, PTSD, major depression to bipolar disorder. A
deeper understanding of the role the circadian system plays
in brain function has the potential to allow us to leverage this
system for preventative and therapeutic treatments.

Harry Pantazopoulos
Karen Gamble

Oliver Stork
Shimon Amir
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Review Article
Clocking In Time to Gate Memory Processes: The Circadian Clock
Is Part of the Ins and Outs of Memory

Oliver Rawashdeh ,1 Rex Parsons,1 and Erik Maronde2
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Learning, memory consolidation, and retrieval are processes known to be modulated by the circadian (circa: about; dies: day)
system. The circadian regulation of memory performance is evolutionarily conserved, independent of the type and complexity
of the learning paradigm tested, and not specific to crepuscular, nocturnal, or diurnal organisms. In mammals, long-term
memory (LTM) formation is tightly coupled to de novo gene expression of plasticity-related proteins and posttranslational
modifications and relies on intact cAMP/protein kinase A (PKA)/protein kinase C (PKC)/mitogen-activated protein kinase
(MAPK)/cyclic adenosine monophosphate response element-binding protein (CREB) signaling. These memory-essential
signaling components cycle rhythmically in the hippocampus across the day and night and are clearly molded by an intricate
interplay between the circadian system and memory. Important components of the circadian timing mechanism and its
plasticity are members of the Period clock gene family (Per1, Per2). Interestingly, Per1 is rhythmically expressed in mouse
hippocampus. Observations suggest important and largely unexplored roles of the clock gene protein PER1 in synaptic plasticity
and in the daytime-dependent modulation of learning and memory. Here, we review the latest findings on the role of the clock
gene Period 1 (Per1) as a candidate molecular and mechanistic blueprint for gating the daytime dependency of memory processing.

1. Memory Systems

1.1. Definition. Memory can be defined as “the retention of
experience-dependent internal representations or of the
capacity to reactivate or reconstruct such representations
over time” [1]. “Internal representations” in the definition
of memory refers to neuronal encoded representations of
the surrounding environment that could guide behavior.
This definition of memory fits well with the many levels of
neuroscientific research [1–4] and originates from the view
that all memories regardless of species and task are biological
internal representations [4]. We have to bear in mind,
however, that “internal representations” could also be innate
constructs encoded by genes and established by developmen-
tal programs not necessarily related to learning [4].

1.2. History. “Memory” was initially viewed as a simple,
unitary faculty of the mind and brain [5]. Later,

converging evidence emerged from different scientific fields
that suggested the existence of multiple dissociable memory
systems [6–8]. This, however, does not mean that different
memory systems can be separated according to conventional
distinctions between stimulus modalities (visual or auditory)
and response modalities (manual or verbal), but rather refers
to different neural substrates. Evidence for the existence of
multiple memory systems emerged from observations show-
ing that different forms of brain damage in humans or exper-
imentally imposed lesions to specific brain areas can severely
impair specific forms of memory without affecting others
[5, 9]. For example, lesions to the caudate nucleus or to the
temporal stem connecting the inferior temporal cortex to
other brain structures, among which is the caudate nucleus,
impairs acquisition in monkeys trained for a long-term
visual discrimination task [10–12] without influencing the
acquisition of other learning tasks, like the delayed non-
match to sample task (DNMS) [12]. Lesions to the
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hippocampus/amygdala disrupt acquisition for DNMS but
not acquisition for the long-term visual discrimination
task [12–14]. The information gathered from lesion
experiments was consolidated into a representative map
to visualize the idea of multiple memory systems and to
illustrate the neural substrates involved in memory
processing and storage.

1.3. Short-Term and Long-Term Memory.Memories can also
be defined in terms of the time elapsed since information
encoding. Accordingly, memories are divided into short-
term and long-term memories. In general, the memory that
persists for only a short period and is directly accessible after
the learning experience took place is known as short-term
memory (STM). Short-term memory is a labile form of
memory in the context of time and is sensitive to disruption
through disturbances like electroconvulsive shocks [15].
Memories that appear at a later stage after learning
and last for a long time are known as long-term memo-
ries (LTM). Long-term memories are more stable forms
of memories.

Psychologists have come to distinguish between STM
and LTM in reference to consciousness (declarative), with-
out focusing too much on the time lapse between informa-
tion encoding and retrieval. Psychologist William James
(1890) argued that primary memory or short-term memory
can exist indefinitely as long as one’s attention remains
focused on a specific given piece of information (continu-
ous rehearsal). However, once the information leaves
consciousness (rehearsal is interrupted), even if retrieval
occurs seconds later, the retrieval of that information will
now involve a secondary memory system or long-term mem-
ory system.

2. The Circadian System and Learning
and Memory

In 1885, Ebbinghaus discovered the exponential nature of
forgetting, also known today as the retention curve or forget-
ting curve, depending on how the data is presented. In gen-
eral, the retention curve presents a decline over time in the
retention of what was learned [16]. In 1957, Kamin presented
a retention curve for avoidance learning using rats [17].
However, the retention curve Kamin plotted was somewhat
different from Ebbinghaus’s retention curve. Kamin’s reten-
tion curve was “U”-shaped with a minimum retention score
at one hour after training. At 6 h and 24h posttraining, the
animal’s memory performance was similar to the original
performance measured at 1min posttraining. Kamin
postulated that one possibility to explain the “U”-shaped
curvilinear function was to assume the existence of two
memory systems: one memory system that dominates reten-
tion immediately after training and loses strength over time
(short-term memory or primary memory system) and a
secondary memory system that starts to dominate at some
later stage following training, probably after some time of
consolidation, and increases in strength over time. This sec-
ondary memory system is represented in Kamin’s retention
curve as the second rise in the “U”-shaped curve. In fact,

the secondary rise in this “U”-shaped curvilinear function
is considered to be a behavioral indicator for memory
consolidation [18].

Holloway and Wansley [19] revisited the original study
by Kamin using a passive avoidance training protocol
with, however, a testing interval of 6 h for 72 h posttrain-
ing. Unexpectedly, the observed retention deficit in passive
avoidance behavior appeared to be alternating, suggesting
the involvement of some rhythmic biological factor(s) in
the fluctuation of retention [19]. Soon thereafter, the
group reported in a new study that the rhythmicity
(6 h period) in retention performance reflected the inabil-
ity to retrieve the newly learned experience as a result of
some rhythmic internal state (state-dependent hypothesis)
[20–22]. In 1975, Holloway provided additional supporting
evidence consistent with the biological rhythm hypothesis,
by showing that the repeated retention deficits in active
and passive avoidance tasks were absent in rats whose
“master circadian clock,” residing within the suprachias-
matic nucleus of the hypothalamus, was lesioned [22, 23].

2.1. Indirect Evidence. In recent years, the interest in the
importance of the circadian system in health expanded
explosively as evident by daily supporting scientific research
and media coverage, linking health-related issues (physio-
logical, psychological, and behavioral) to circadian distur-
bances. Thus, the saying “a healthy mind in a healthy
body” has much truth to it. In regard to the importance of
the integrity of the circadian system, the proverb could be
further elaborated to “a healthy mind in a body with an
intact circadian system.”

Many processes that influence memory, such as protein
and neurotransmitter synthesis, synaptic activity, excitabil-
ity, and hormone secretion, exhibit circadian oscillations
[24, 25]. Thus, memory processes could be circadian-
regulated through the rhythmic action of biochemical pro-
cesses that influence memory formation. Holloway, after
his initial work with Wansley, pursued the idea of the
involvement of the circadian system in learning and mem-
ory. Holloway assumed that if an organized circadian sys-
tem plays a modulation role in learning and memory,
then a disruption of the organism’s circadian system should
affect memory processing. Accordingly, Tapp and Holloway
addressed the importance of the circadian organization for
normal memory processing by disrupting the circadian sys-
tem of rats via phase shifting their light-dark cycle immedi-
ately after training. Rats that were trained on a one-trial
passive avoidance task followed by a shift in their original
light-dark cycle showed retention deficits [26]. Further-
more, the same retention deficit was also observed when
rats were subjected to the same phase shift, but several days
after training. The interpretation was that the amnesic
effects of the phase shift were dependent on the time inter-
val between the training and the phase shift. Tapp and Hol-
loway also showed that the amnesic effect of circadian
disorganization was not due to training and testing the ani-
mals in different circadian phases. Interestingly, the results
could be divided into two clusters categorized as normal
and poor retention scores. Astonishingly, the group of rats
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that showed poor retention performance also demon-
strated abnormal reentrainment to the shifted light-dark
cycles. In summary, circadian disorganization affects mem-
ory processing and supports the idea for the involvement
of a circadian component in the modulation of learning
and memory.

It was later demonstrated that phase shifts immediately
after training or shortly before training result in retention
deficits without, however, affecting more innate behaviors
such as social interaction and exploration [27]. Since reten-
tion performances appear normal when testing takes place
after reentrainment, the amnesic effect of circadian disorga-
nization is more specific for memory retrieval. Fekete et al.
[27] later found that the effect of the phase shift on memory
retrieval during testing can be attenuated by treatment with
pituitary hormones, ACTH, and vasopressin [28]. ACTH
has been proposed to improve motivation and attention
and increase arousal [29]. Additional evidence for the impor-
tance of an intact circadian organization in normal memory
processing came from studies using a conditioned place pref-
erence task to investigate the relationship between rhythm
integrity and the ability to form cognitive associations [30].
Accordingly, a consolidated circadian rhythm is a prerequi-
site to develop a preference for a specific context associated
with a rewarding stimulus.

At the time, it was unclear whether all memory sys-
tems are influenced by the circadian system similarly.
Although circadian disruption in rats also influences
hippocampus-specific memory processes, the results by
Devan et al. [31] suggested a consolidation view rather than
a temporary memory retrieval explanation [27]. This was
because animals reentrained to the new light-dark cycle for
17 days still showed retention deficits. Furthermore, a series
of experiments showed that training and testing for a place
navigation task in different circadian phases have no effect
on the expression of this learning task. In conclusion, the dif-
ferent neuroanatomical substrates known to be involved in
memory processing can be differentially modulated by the
circadian system.

2.2. Direct Evidence. Using a more direct approach to show
the involvement of the circadian system, Colwell’s lab dem-
onstrated that mice trained for tone, and contextual fear con-
ditioning, learned the tasks faster during the night as
compared to daytime and that memory retrieval for the
acquired task was better during the day than during the
night. This diurnal rhythm in acquisition and retention
persisted in constant conditions (darkness). Furthermore,
when animals were entrained to a reversed light-dark
cycle, the rhythm in acquisition and retention also reversed
[32]. Collectively, these results suggest that both acquisition
and memory retrieval are circadian-modulated and pro-
vide the first direct evidence for a circadian modulation of
memory processing in mammals.

Diurnal phase-dependent differences in the efficiency
of memory acquisition and retention were shown in the
melatonin-proficient C3H mouse strain and the melatonin-
deficient C57 strain [32]. At first glance, these results were
indicative that melatonin plays no significant role. However,

a closer look at the profile of the acquisition curves for both
strains reveals that in C3H mice, the degree of freezing was
much more robust following the last training stimulus in
mice trained during the day only. In C57 mice, however,
significant day and night differences in the magnitude of
freezing were only observed after their initial training stimu-
lus. This suggested that elevated melatonin levels during
the night might have a suppressive effect on learning the
fear-conditioning paradigm and therefore may have a
functional role in the rhythmic modulation of acquisition
by the circadian system.

To determine whether the circadian modulation of
different memory processes (acquisition, consolidation,
and retrieval) is dependent on the neuronal substrate
involved, mice were tested twice for two different cue-
dependent fear conditioning paradigms, hippocampus-
dependent (context-dependent fear conditioning) and
hippocampus-independent (tone-cued conditioning). It
was noted that the hippocampus-dependent conditioning
and rate of extinction were more pronounced in their
phase dependency as compared to the hippocampus-
independent tone-cued conditioning [33]. This study along
with previous findings supports the idea that different mem-
ory processes, dependent on the neuronal substrate(s)
involved, are selectively regulated by the circadian system.

Importantly, choosing the right experimental parame-
ters and conditions is essential to differentiate between
phase-dependent differences in memory processes as
opposed to phase-dependent differences in animal perfor-
mance. A classic example is the study by Valentinuzzi
et al. [34], showing that what appears at first glance as a
phase-dependent difference in acquisition and retention is
actually phase-dependent differences in performance, like
search pattern and swimming speed as a result of daytime-
dependent differences in the animal’s motivation to escape
from the water maze.

Is the circadian modulation of memory processing evolu-
tionary conserved? Fernandez et al., using Aplysia californica,
a diurnal invertebrate, showed for the first time that long-
term sensitization for tail/siphon withdrawal reflex condi-
tioning is more robust for daytime training when tested
24 h later, as compared to long-term sensitization for night-
time training [35]. Interestingly, short-term sensitization
did not differ in a phase-dependent manner, which again
appears to be evolutionarily conserved since studies using
rodents show similar results [32, 36]. Drosophila melanoga-
ster on the other hand does show a circadian modulation of
short-term memory [37] and was the first model to show
the involvement of the clock gene Period (Per) in long-term
memory [38].

2.3. Where Is the Clock? In mammals, most rhythms in phys-
iology and behavior are downstream outputs of the circadian
clock of the SCN; it would, therefore, be reasonable to specu-
late that the clock of the SCN is modulating memory pro-
cesses. In fact, Ralph’s lab investigated whether the rhythm
in context learning persisted in the absence of a functional
SCN clock [39] similar to the approach Holloway used when
he showed that in the absence of the SCN the Kamin effect

3Neural Plasticity



disappeared [23]. The main finding of this study is that the
phase-dependent effect on learning the conditioned place
preference task continued in animals lacking a functional
SCN clock, suggesting the existence of an oscillator other
than and independent of the SCN clock that is influencing
learning. Differences in SCN dependency likely depends on
the learning paradigm used. The latter is known to define
the neuronal substrates involved which in turn could be
influenced by distinct circadian networks. Spatial memory
for instance which involves the dorsal hippocampus is again
SCN-dependent [40].

This raises the intriguing question of whether the hip-
pocampus houses a circadian oscillator and if it does,
what is its function? Several studies have shown that clock
gene reporter mice show rhythmic luciferase activity for
the Per2 gene in the hippocampus [41], in addition to
recent findings showing that all major clockwork compo-
nents of the transcriptional/translational feedback loop
(TTFL) are rhythmically expressed in the hippocampus
[42]. The question of what the function of the hippocam-
pal oscillator exactly is and how it regulates hippocampal
function, if at all, remains a very hot topic. We will focus
on the hypothesis that suggests that clockwork compo-
nents impose a modulatory function on the molecular sig-
nature involved in memory formation, thereby imposing a
circadian modulation on memory processing. To short list
molecular candidates targeted by cycling clockwork compo-
nents requires knowledge about the key signaling and struc-
tural molecules that define the different forms of memory
(short and long term) as well as the different memory pro-
cesses (see Table 1).

3. PERIOD1 as a Modulator of
Hippocampal Function

In the mouse hippocampus, long-term memory (LTM)
formation is tightly coupled to de novo gene expression of
plasticity-related proteins and posttranslational modifica-
tions [43–45] and relies on intact cAMP/protein kinase A
(PKA)/protein kinase C (PKC)/CREB/ERK signaling [43,
46, 47] including chromatin remodeling [48–54]. Hippocam-
pal LTM-specific cellular and molecular dynamics are clearly
molded by time-of-day [55], supporting an intricate interplay
between the circadian system and memory of yet unknown
mechanism(s). Important components of the circadian
timing mechanism and its plasticity are the members of the
Period clock gene family (Per1 and Per2) [56–60], comple-
mented by cAMP-dependent signaling [61]. Per1 being
rhythmically expressed in the mouse hippocampus [42] and
shown to modulate behavioral sensitization [62] implies a
potential regulatory role for the clock gene protein PER1 in
synaptic plasticity, particularly in the temporal modulation
of learning and memory.

Both lesioning the master circadian clock in the supra-
chiasmatic nucleus (SCN) and silencing circadian outputs
blunt LTM [40, 63]. However, it is generally difficult to dis-
tinguish if these interventions affect LTM directly or indi-
rectly by acting on endogenous hippocampal circadian
oscillations via a local oscillator. Circadian core clock com-
ponents are rhythmically expressed in the hippocampus of
Per1−/− mice, yet their phases are shifted compared to con-
trol (Per1+/+) mice, despite having a functional SCN clock
that is properly phased to ambient lighting conditions [42].

Table 1: Circadian modulation of memory-relevant signaling in rodents.

Signaling
molecule

Short-term
memory

Model organism
Long-term
memory

Model organism
Memory
retrieval

Model
organism

Circadian/diurnal
rhythmicity

Model
organism

cAMP ✓ Wistar rats [104] ✓
C57BL/6× 129/
Ola mice [105]

— ✓
C57/BL6 mice

[69]

PKA X

C57BL/6J mice
[47, 106]

Sprague-Dawley
rats [107]

✓

C57BL/6J mice
[106, 108]

Sprague-Dawley
rats [107]

— ✓
C3H/H3N
mice [64]

PKC ✓
Wistar rats [109,

110]
✓ Wistar rats [111] ✓

CD1 mice
[112]

✓
C3H/HeN [64]

mice

pMAPK — ✓ C57/BL6 [113] ✓
C57BL/6
[114, 115]

✓
C57/BL6 mice

[69, 116]

pCREB X
Wistar rats [117]

Long-Evans
hooded rats [118]

✓
Wistar rats [117]

Long-Evans
hooded rats [118]

X
C57BL/6
mice [119]

✓

C3H/H3N
mice [64]

C57/BL6 mice
[69]

AC ✓
C57BL/6× 129/
SV mice [120]

✓
C57BL/6× 129/
SV mice [120]

— —

CAMKIV X
C57BL/6N mice

[121]
✓

C57BL/6 mice
[122]

— ✓
WKY rats
[123]

CAMKII X
129/BL6 mice

[124]
✓

129/BL6 mice
[124]

X
Wistar rats

[125]
✓

C57BL/6 mice
[116, 126]

✓: effect; X: no effect; —: unknown; cAMP: cyclic-adenosine monophosphate; PKA: protein kinase A; PKC: protein kinase C; pMAPK: phosphorylated
mitogen-activated protein kinase; pCREB: phosphorylated cAMP response element-binding protein; AC: adenylyl cyclase; CAMKIV: calcium/calmodulin-
dependent protein kinase type IV; CAMKII: calcium/calmodulin-dependent protein kinase type II.
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The fact that Per1−/− mice are rhythmic under both diurnal
and constant conditions similar to control littermates
(Per1+/+) suggests that these mice are ideal to investigate
the role of PER1 in hippocampal physiology, particularly
learning and memory processing as we have recently
demonstrated (Figure 1) ([64–66].

There is compelling evidence that hippocampus-
dependent memory is mirrored by alterations in the plasticity
of LTP [45, 47] and that LTP efficiency endows a circadian
component [36]. The magnitude of LTP at perforant
path-granule cell synapses in the dentate gyrus (DG) is
compromised in Per1−/− mice, while basic properties of
synaptic transmission and presynaptic short-term plasticity
appear normal, indicating that functional deficits are not
likely due to alterations in network excitability [65]. Late
LTP at Schaffer collateral-CA1 synapses has been shown
to underlie the maintenance of LTM in living animals
[44, 45]. These forms of synaptic plasticity require rapid
translation of preexisting RNA in dendritic compartments
[67, 68]. Collectively, the recorded reduction in the ampli-
tude of LTP observed in Per1−/− mice may therefore sug-
gest a specific role for PER1 in the reinforcement/
consolidation of RNA synthesis-dependent LTP and asso-
ciative spatial memories.

A comprehensive study demonstrated that the phos-
phorylation and hence the activation of both MAPK and
CREB cycle rhythmically in the hippocampus [69]. Its
functional significance is postulated to be important for
the maintenance of long-term memories. It was later

discovered that the phosphorylation of hippocampal CREB
is PER1-dependent, since mice deficient for the Per1 gene
are arrhythmic in hippocampal pCREB albeit Per1−/− mice
are rhythmic in their sleep/wake behavior under both
diurnal and constant conditions, similar to Per1+/+ mice.
Furthermore, the in vitro induction of CREB phosphoryla-
tion via the cAMP/PKA/MAPK signaling pathway is also
PER1-dependent.

Notably, long-term memory formation is dependent on
different signaling cascades, many of which converge to acti-
vate the transcription factor CREB to initiate long-term
memory-dependent gene expression [70–72]. The silencing
of one or several of these pathways will likely alter learning-
induced dynamics in CREB activation and consequently
affect long-term memory formation. It has to be emphasized
that while Per1−/− mice show a reduction in the amplitude of
in vivo LTP, they do acquire long-term spatial memory; how-
ever, compared to Per1+/+ mice, day/night differences in
memory performance are absent (ZT02 versus ZT14). This
phenomenon may be linked to the absence of day/night var-
iations in pCREB levels in Per1−/−mice. Notably, this impair-
ment in the temporal gating of PKA/MAPK-dependent
phosphorylation of CREB in the absence of Per1 is selective
to the hippocampus, as PKA activation phosphorylates
CREB in the pineal gland of Per1−/− mice [65], a model
system for cAMP signaling [73].

Whether the novel findings on the role of PER1 in
modulating signaling to CREB phosphorylation by regu-
lating the nuclear translocation of the CREB kinase
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Figure 1: PER1, learning, and memory. Working model describing the role of the clock protein PER1 in gating daytime-dependent memory
processing in the mouse hippocampus. As PER1 ties directly to memory-relevant molecular cascades, particularly pMAPK signaling, and is
rhythmically expressed in the hippocampus, it can integrate circadian time into the molecular events necessary for memory processing (image
modified from Rawashdeh et al. [65]).
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pMAPK-activated ribosomal S6kinase (P90RSK) in vitro is
the mechanism for the temporal gating in hippocampus-
dependent memory processing in vivo, is yet to be shown.
This will not be an easy task as PER1 is a complex and highly
regulated protein that could impose a regulatory function on
hippocampal physiology via a plethora of regulatory signal-
ing events as described next.

4. The Complexity Surrounding
PERIOD1 Function

Period 1, originally named Rigui, is one of three homologous
mammalian period genes which was first described by two
independent labs in 1997 [74, 75]. The discovery of the other
two orthologues (Period 2 and 3) and their interactions with
core elements of the circadian oscillator creating autono-
mous interdependent transcriptional/translational feedback
loops were published soon after [76, 77].

Within the transcriptional/translational feedback loop,
the Per1 protein (PER1) acts as a negative regulator of
the clocks’ transcriptional activator complex, a heterodi-
mer consisting of the core clock protein CLOCK [78]
and BMAL1/MOP3 [79]. The CLOCK/BMAL1-complex
binds to E-box elements which consist of a conserved six-
base-pair sequence. These E-boxes can be found in many
promoter regions throughout the mammalian genome. The
binding of the CLOCK/BMAL1-complex to an E-box facili-
tates downstream gene expression, like the period genes.
Period proteins are known to cycle back to the nucleus where
they bind to the CLOCK/BMAL1 complex, releasing the
transcription activator complex from the E-box in the pro-
moter region of the period genes and thus inhibiting Per1
expression. Comprehensive views on the workings of the
TTFL and its complexities can be found in the following
recent reviews [80, 81].

The fact that the Per1 promoter of both mouse and
human [82, 83] consists of several E-boxes suggests a com-
plex multimodal regulation of Per1 gene expression, involv-
ing the circadian regulation via CLOCK/BMAL1, and other
gene-regulatory elements, particularly those involved in the
acute (noncircadian, immediate, ligand-mediated) induc-
tions. One example is the CRE∗C/EBP element which
responds to increases in intracellular cAMP levels [84, 85],
while others respond to interleukin 6 [85].

In an analysis of the forskolin-induced cAMP/PKA/
CREB/CRE-pathway in S49 lymphoma cells, Per1 (mRNA)
was the only clock gene transcript significantly upregulated
two hours poststimulation. Such acute upregulation is similar
to known immediate early genes like the inducible cAMP
early repressor (ICER) [86] and less of a characteristic for
genes regulating the circadian clock.

In a more recent study, the CLOCK/BMAL1-driven
PER1 upregulation and the associated signal transduction
pathways in human liver cells were shown to be cAMP-
independent [87]. To differentiate between CLOCK/BMAL1
action and ligand-based Per1 upregulation via second
messenger-mediated pathways requires one or both path-
ways to be specifically inhibited using antisense techniques
and/or pharmacological inhibitors [87]. It has to be noted

that the dissection of and differentiation between the signal-
ing events involved—CLOCK/BMAL1 E-box-mediated
pathway versus acutely regulated second messenger-
dependent pathways that are dependent on cAMP/PKA or
diacylglycerol (DAG)/calcium/calmodulin-dependent pro-
tein kinase (CamK)—are rather difficult in vivo. It is also
important to mention that Per1 regulation can be cell- and
tissue-specific, as shown in the mouse suprachiasmatic
nucleus where CRE-dependent signaling appears to be essen-
tial for the circadian oscillation of clock genes [61, 88].

A recently discovered novel function for PER1 was
described in primary hippocampal neurons in which PER1
signaling via the cAMP and MAPK pathways regulates the
phosphorylation (activation) of its own transcription factor,
CREB [65]. Here, the presence of PER1 determines the
nucleocytoplasmic transport of the protein kinase pP90RSK,
thereby gating downstream cAMP-dependent gene expres-
sion in the mouse hippocampus [89]. Notably, the original
paper by Rawashdeh et al. utilized primary hippocampal cul-
tures in order to study the function of PER1 in isolation of
extrahippocampal influences on local hippocampal signaling
[65]. This is important, because the Per1−/− mice used in this
study were global knockouts.

Additional complexity in Per1 regulation emerges from
the various posttranslational modifications that PER1 can
undergo. Among the first established posttranslational mod-
ifications was its phosphorylation by casein kinase 1 [90],
isoforms delta and epsilon, and maybe also gamma2. How-
ever, there are many potentially alternative threonine, serine,
and tyrosine residues that can be phosphorylated by a vari-
ety of protein kinases as deduced from mass spectrometry,
according to PhosphoSitePlus.

Depending on the specific phosphorylation pattern,
PER1 homodimers can become targets for various protein
phosphatases (confirmed is PP1), as well as ubiquitin
transferases [91]. Each of these phosphorylation sites can
potentially be of significant importance since the mutation
of only a single PER1 phosphorylation site can have pro-
found effects on, for example, circadian feeding behavior
[92]. Some of the potentially phosphorylated amino acid
residues determine the cytoplasmic localization of PER1,
its resistance against proteasomal degradation, and nuclear
translocation [93].

PER1 interacts either directly or indirectly with PER2
and 3 and CRY1 and 2, and its nuclear translocation permits
its interaction with the CLOCK/BMAL1 complex [94] as
well as some additional proteins like NONO, WDR5 [57],
and SFPQ [95–97]. The most recent X-ray crystallographic
analysis strongly suggests that besides the known PER1-
containing multiprotein complexes there are likely many
others whose composition may be daytime and subcellular
compartment-dependent [98].

In the near future, a combination of time-resolved
immunoprecipitation or similar techniques [98, 99] in com-
bination with mass spectrometric analysis of the different
complexes, their components, and the posttranslational sta-
tus of its protein components will shed new light on the
complex yet delicate regulation of PER1 within a cell travel-
ing through circadian time.
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5. Thoughts to Consider

What is driving hippocampal rhythmicity, particularly
memory relevant signaling? One possibility is that the
hippocampus houses a local circadian oscillator to gate
hippocampal function. This idea however is not supported
on the basis of data presented by Jilg et al., which show
that all core elements of the circadian clock, with the
exception of Per1/PER1, cycle in phase [42] and not as
expected for the positive components of the TTFL to be
in antiphase relative to the components of the negative
limb. Hence, the hippocampus although rhythmic may
not contain an autonomous “ticking” oscillator. Alterna-
tively, rhythmic input of neuronal and/or humoral origin
into the hippocampus could drive day/night differences in
hippocampal function. For instance, melatonin, a pineal hor-
mone whose synthesis and release are strictly confined to
only the nighttime would in principle be able to set a
nighttime-specific hippocampal tone [100, 101]. Last but
not least, what is the functional significance behind the diur-
nal and circadian rhythmicity in hippocampal signaling
events? To date, much of the focus is on the genetic side
of things with little emphasis on the more upstream
rhythms in posttranslational modifications of kinases, their
phosphatases, and phosphatase inhibitors. One could think
of the diurnal and circadian variations in the activation
state of signaling molecules as signatures defining different
temporal states that determine the efficiency of memory pro-
cessing at different times of the day and or the maintenance
of long-term memories [40].

6. Summary and Conclusion

For an organism to register periodically, reoccurring
stimuli (rewarding or harmful) require an efficient time
management system to associate, retain, and recall tempo-
ral information. Molecular circadian clockworks, originally
discovered in neurones of the SCN [61, 102], would be the
ideal time management machinery. PER1, a core clock-
work component, is also an important element in linking
between circadian time cues (neuronal and/or hormonal)
[40, 100] and memory processing, with cAMP signaling
[61] and epigenetic modifications [103] at its center. In
fact, clock genes, constituting integral parts of the cellular
and biochemical machinery that store information about
time, may also be a molecular prerequisite for memory
storage in a much broader sense than previously antici-
pated. This may be relevant for adaptive brain functions
in both health and disease [53, 54]. As long-term memory
is afflicted in both Per1−/− mice and Per-mutant flies [38,
66], the memory-associated function of this clock gene
appears to be preserved over some 700 million years of
evolutionary distance.
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Seasonal changes in light exposure have profound effects on behavioral and physiological functions in many species, including
effects on mood and cognitive function in humans. The mammalian brain’s master circadian clock, the suprachiasmatic nucleus
(SCN), transmits information about external light conditions to other brain regions, including some implicated in mood and
cognition. Although the detailed mechanisms are not yet known, the SCN undergoes highly plastic changes at the cellular and
network levels under different light conditions. We therefore propose that the SCN may be an essential mediator of the effects of
seasonal changes of day length on mental health. In this review, we explore various forms of neuroplasticity that occur in the
SCN and other brain regions to facilitate seasonal adaptation, particularly altered phase distribution of cellular circadian
oscillators in the SCN and changes in hypothalamic neurotransmitter expression.

1. Introduction

To adapt to changes in the light-dark environment, organ-
isms have evolved an internal circadian (ca. 24 hr) clock that
drives many behavioral and physiological outputs, such as
daily cycles of sleep-wake, metabolism, hormone secretion,
and cognitive function. Light, the circadian clock, and output
behaviors interact closely to produce a temporal order that is
essential for survival [1]. In mammals, the principal circadian
pacemaker is the bilateral suprachiasmatic nucleus (SCN), a
deep brain nucleus located dorsal to the optic chiasm in the
ventral periventricular zone of the hypothalamus [2, 3].
Innervated by glutamatergic retinal afferents emanating from
the optic chiasm, the SCN is the first brain structure to
receive photic information [2]. The SCN synchronizes itself
to external light-dark cycles according to light-dependent
signals transmitted via the retinohypothalamic tract [4] and
then communicates timing information to peripheral clocks
through various output pathways [5]. At the molecular level,
circadian rhythms are controlled by an autoregulatory
transcriptional-translational negative feedback loop within
individual cells. At dawn, the transcription factor circadian

locomotor output cycles kaput (CLOCK) and brain and mus-
cle ARNT-like protein 1 (BMAL1) form complexes and bind
DNA in a specific promoter region (E-Box) to activate the
transcription of target genes, including the Period (Per1,
Per2, and Per3) and Cryptochrome (Cry1 and Cry2) gene
families. In turn, PER and CRY proteins form complexes that
translocate into thenucleus to repressCLOCK/BMAL1-medi-
ated transcriptional activation [6]. An additional regulatory
loop includes both positive and negative regulatory elements:
retinoic acid-related orphan receptor ROR (α, β, and γ)
and nuclear heme receptor REV-ERB (α and β), respectively
[7, 8]. These molecular rhythms result in appropriately timed
cycles of physiology, metabolism, and behavior.

For decades, the SCN has been described as a circadian
pacemaker transmitting one integrated, rhythmic signal to
the rest of the body. Many studies have shown, however, that
the SCN is composed of many cells with different properties
and that each cell has unique inputs and downstream targets.
SCN neurons coordinate with one another to adapt the
nucleus to different light environments, leading to highly
plastic changes at the cellular and network levels. These
changes may influence the activity of SCN targets.
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The highly plastic nature of SCN cells and networks may
explain why many physiological and behavioral processes
are affected by short or long photoperiods and why many
neurological disorders are associated with irregular light
environments. In this review, we will discuss recent studies
that have investigated the influence of photoperiod on the
SCN and other brain regions. We will highlight studies that
broaden our understanding of neuronal phenotype plasticity
and related effects on circadian rhythms and behavior.

2. Seasonal Adaptation

In addition to its role as a circadian pacemaker, the SCN also
mediates photoperiodism, a process whereby organisms
gradually adapt to the length of the daily light period (photo-
period) and track time-of-year with seasonal changes in
physiology and behavior [9]. The SCN also relays photic
signals to brain regions implicated in sleep, mood, and moti-
vational states [10], allowing for more acute regulation of
these processes by light. It is clear that changes in light input
have profound effects on the functionality of many brain sys-
tems, especially those mediating reproductive function in
seasonally breeding species such as sheep or hamsters [11].
In humans, alterations in the light environment, such as
short days during winter, are associated with mental health
deficits, including seasonal affective disorder (SAD) [12] and
cognitive dysfunction [13]. Moreover, changes in light-dark
cycles can induce anxiety- and depression-like behaviors in
both diurnal (day-active) and nocturnal (night-active) adult
rodents [12, 14, 15]. These findings suggest the possibility of
an SCN-mediated effect of photoperiod on mental health.

Individual SCN neurons demonstrate circadian rhythms
of electrical activity with a wide range of intrinsic periods
(from 22h to 28 h) [16–18]. SCN cells are autonomous
single-cell oscillators driven by an intrinsic molecular
feedback loop [16]. However, to encode photoperiodic infor-
mation, the presence of a functional neuronal network
among SCN cells is necessary [19]. The response of the
SCN to light and its ability to regulate seasonal rhythms are
dependent upon synaptic plasticity among neurons of the
SCN’s network [20]. By adjusting the phase relationship
among single cell oscillators, the SCN can code for short days
or long days. This circadian plasticity can then modulate
physiological functions to respond to environmental photo-
periodic changes. Fine tuning of multioscillatory molecular
machinery in clock neurons and daily changes at the cellular
or network level are the main features of circadian plasticity.

Melatonin, the “darkness hormone” produced by the
pineal gland, is not only a prominent rhythmic output of
the SCN mediating downstream photoperiodic responses
but also plays a key feedback role in modulating function of
the SCN, which contains a high density of melatonin recep-
tors [21]. In providing rhythmic feedback to the SCN circa-
dian clock, melatonin has both immediate and long-term
effects. Upon receptor binding, melatonin generates an
outward potassium current suppressing SCN neuronal activ-
ity during night time [22]. Moreover, melatonin decreases
VIP-induced and spontaneous release of AVP in the SCN
in nocturnal rats [23]. In the long term, melatonin induces

phase-dependent phase shifts and amplifies circadian rhyth-
micity in the SCN. Despite numerous studies reporting
effects of melatonin on circadian rhythms in rodents, its
exact role in SCN feedback has not yet been clarified. How-
ever, it is clear that under natural conditions in photoperiodic
species, there are seasonal variations in duration of nocturnal
melatonin secretion, with longer durations in winter [24],
and that these seasonal variations are SCN-dependent. Light
can affect melatonin rhythms; in particular, increased expo-
sure to evening light can delay phase of melatonin onset in
spring and summer [25]. The observation that melatonin
rhythms are altered in patients with SAD [26] demands
further investigation of the role of melatonin in modulating
circadian plasticity and its effect on mood.

Neurons in many parts of the brain (not only the SCN)
show functional adaptation in response to a change in photo-
period. One form of neuronal plasticity is neurotransmitter
respecification, which alters synaptic function and can influ-
ence behavior [27, 28]. For decades, it had been assumed that
the type of neurotransmitter expressed by a specific class of
neurons remains stable and immutable throughout life once
it is specified early in development. However, recent evidence
indicates that transmitters expressed by neurons can be
changed both in the developing [29] and in the adult brain
via alterations in gene expression, intercellular interactions,
and calcium-mediated electrical activity [30]. Interestingly,
Dulcis et al. [14] have found that altered photoperiod can
induce neurotransmitter respecification via somatostatin-
to-dopamine switching in the rat hypothalamus, with con-
comitant changes in stress-response behavior. Importantly,
summer and winter photoperiods have also been associated
with changes in the total number of dopaminergic neurons
in humans [31]. The presence of light-induced neurotrans-
mitter switching in the adult rat PVN [32] suggests the
possibility of a similar process in the SCN. The high rate of
neurotransmitter coexpression displayed by SCN neurons
even at baseline (typically GABA plus one or more neuropep-
tides) [33] suggests that they may already have in place
whatever molecular machinery is required to express
multiple neurotransmitter phenotypes [28].

3. SCN Light Input Circuits

The SCN is a bilaterally paired nucleus, located just above the
optic chiasm in the anteroventral hypothalamus, that can be
anatomically divided into ventral (core) and dorsal (shell)
regions (Figure 1) [34, 35]. The SCN is comprised of
~20,000 tightly compacted, small-diameter neurons. The
retinorecipient SCN core is made up of light-responsive
neurons that receive glutamatergic input via the retinohy-
pothalamic tract (RHT) [36, 37]. The initial step in glutamate
transmission is activation of NMDA receptors, which trigger
an increase in intracellular Ca2+ levels and stimulation of
downstream signaling pathways. The transient activation
and rapid phosphorylation of the Ca2+-cAMP response
element-binding protein (CREB) initiate transcription of
the Per1 gene, as well as other CRE-regulated genes
[38–40]. Interestingly, in other hypothalamic neurons,
glutamate and voltage-gated calcium channels can play
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a key role in neurotransmitter switching [27]. Neurons
within the SCN core that receive retinal input may express
the neuropeptide vasoactive intestinal peptide (VIP) and/or
gastrin-releasing peptide (GRP), as well as the small molecule
neurotransmitter gamma-aminobutyric acid (GABA) [41].
Viewing the SCN sagittally confirms these patterns: VIP
and GRP cells labeled in sagittal sections have been shown
to receive dense RHT innervation, whereas arginine vaso-
pressin (AVP) cells lying close to the core receive input from
relatively few RHT fibers [42]. Core neurons are thought to
synchronize the SCN shell to the external light-dark cycle
through abundant local neuronal connections [43].

Neurons of the dorsal SCN shell generate robust circa-
dian oscillations of gene expression [44, 45]. Shell neurons
express neuropeptides such as AVP or prokineticin 2
(PK2), as well as GABA.While many studies have shown that
RHT fibers are located primarily in the ventral core region,
Morin and Allen [46] found more modest RHT innervation
throughout the entire SCN. Corroborating studies using
transgenic mice to label intrinsically photosensitive retinal
ganglion cells (ipRGCs) confirmed projections to both core
and shell subregions [47, 48]. Using triple-label immunohis-
tochemistry in SCN sagittal sections, a recent study showed a
regionally distinct pattern of RHT innervation [42]. Shell
neurons are thought to play a major role in sending synchro-
nizing output signals to peripheral clocks [49].

Core SCN neurons also receive projections from the
retinorecipient intergeniculate leaflet of the thalamus and
from the raphe nuclei [46]. These projections contribute
importantly to the synchronizing effects of nonphotic stimuli
on the SCN. It would be of interest to assess the potential role
of these afferents in SCN circadian plasticity in response to
nonphotic cues.

SCN cells have been shown to project from both core and
shell subpopulations to other hypothalamic regions, includ-
ing the subparaventricular zone [50]. These hypothalamic

relay nuclei subsequently send projections widely throughout
the brain to affect the nervous and endocrine systems.
Considering the broad reach of the SCN and the anatomical
complexity of its multisynaptic output, it is challenging to
delineate the pathways by which the SCN network conveys
light information to the rest of the brain and body.

In addition to their projections to the SCN, ipRGCs make
connections to other brain regions such as the ventrolateral
preoptic area (VLPO) and lateral hypothalamus, which are
important for sleep regulation, and lateral habenula and
amygdala, which are known to control mood [48]. These
areas also receive photic signals indirectly through SCN
projections. Light information converging from ipRGCs
and the SCN at specific times of day may affect the physiolog-
ical functions of these areas, in particular modulating mood
and sleep [51]. This presents the possibility that the SCN,
in addition to functioning as a master clock, can influence
behavior by regulating light input to these brain regions.

Astrocytes are important cellular components within the
SCN, implicated in circadian clock function, regulation of
synaptic transmission, and intercellular coupling [52, 53].
Astrocytes play a critical role in the clearance of extracellular
glutamate via glutamate transporters and activity of gluta-
mine synthetase (GS) that converts glutamate to glutamine
[54, 55]. Both the glutamate transporter (GluT) and gluta-
mate enzymes are expressed in the SCN. An elegant study
performed by Leone et al. [56] found that astroglial glutamate
uptake in the mouse SCN is enhanced by daytime light, and
glutamate is degraded by prolonged daytime GS activity.
GS activity exhibits a circadian rhythm, and the presence of
light and/or modulatory input from the eyes regulates gluta-
mate metabolism in the SCN.

Differences between core and shell responsiveness to
photic input can influence how the SCN network changes
under different light conditions. A change in photoperiod
has been shown to have a reorganizing effect on SCN net-
works: exposure to a long-day photoperiod leads to greater
phase advance in rhythms of clock gene expression in core
cells as compared to shell cells, resulting in desynchrony
between the core and shell regions. This desynchrony leads
to decreases in both shell rhythmic output and clock gene
rhythm amplitude in downstream tissues [49]. Overall, it
appears that a change in photoperiod temporarily diminishes
the ability of the SCN to function as a pacemaker until core
and shell regions are synchronous once again.

The ability of the SCN to adjust to a change in photope-
riod by altering the relative circadian phase relationship
among its component cellular oscillators is an unconven-
tional form of neuronal network plasticity, revealed in SCN
neuron circadian firing patterns as well as patterns of rhyth-
mic clock gene expression. Electrophysiological recordings of
multiunit activity in the SCN of freely moving mice reveal
that the temporal distribution of neuronal firing activity is
dependent upon photoperiod: in long days, the circadian
peak of neuronal firing is broad, while in short days it is more
compressed. Exploring the single-unit activity of SCN cells
in vitro, VanderLeest et al. [32] found that firing peaks of sin-
gle cells generally remain narrow and concluded that the
broader population peak observed in long days arises from
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Figure 1: Representative confocal microscopic image of
neuropeptide expression in the mouse suprachiasmatic nucleus
(SCN). Slice was obtained from a CD1 mouse and processed
for double immunofluorescence labeling for AVP (red) and VIP
(blue). Scale bar 75 μm. AVP: arginine vasopressin; VIP:
vasoactive intestinal peptide.

3Neural Plasticity



a wider phase distribution of the firing peaks of individual
cells. Both in vitro and in vivo studies of electrical activity
in the SCN reveal a decompression of the circadian peak in
long days and a compression in short days, indicating that
the temporal distribution of single-cell activity patterns
defines the waveform of SCN rhythms (reviewed in Coomans
et al. [19]). These changes may be more pronounced in the
dorsal SCN than in the ventral SCN [57], and the detailed
mechanisms by which they occur are unknown. However, it
is now clear that plasticity in circadian phase distribution
among SCN neurons is the primary mechanism encoding
seasonal adaptation, notably via photoperiod-dependent
changes in duration of nocturnal secretion of the pineal
hormone melatonin [32].

Together, these findings suggest that environmental light
conditions may influence mood and behavior through the
SCN as well as other brain regions that receive ipRGC affer-
ents. In the SCN, seasonal changes in photoperiod induce
plastic changes in the relative phasing of cellular circadian
oscillators, which in turn dictates the pattern of nocturnal
melatonin secretion but is also modulated by melatonin
feedback. The seasonally varying pattern of integrated rhyth-
mic output from the SCN then influences other brain regions
that are more directly involved in mood and cognitive
function. This complex form of SCN neuronal plasticity
thereby contributes to photoperiodic changes in many
behavioral and physiological functions.

4. SCN Neurotransmitters
Involved in Photoperiod-Induced Plasticity

VIP, GABA, and other peptide transmitters are known to be
involved in maintaining synchronization among SCN neu-
rons and producing a coherent circadian rhythm. The same
transmitters also play a role in the phase plasticity that
underlies seasonal encoding.

VIP neurons in particular play an important role in SCN
neuron synchronization and photic signaling, and VIP
expression is influenced by light [58, 59]. VIP-expressing
cells in the ventral SCN receive light information from the
retina and communicate through their projections to the
dorsal SCN [41, 60]. Siberian hamsters housed under short-
day conditions show an overall decrease in VIP expression
throughout the circadian cycle relative to those housed
under long-day conditions [61]. In vivo and in vitro appli-
cation of VIP can mimic light-induced responses of the
SCN [62, 63]. Genetic ablation of VIP or its receptor produces
clear deficits in SCN cell synchronization in vitro [64]. More-
over, Lucassen et al. [65] have revealed critical roles for VIP in
the SCN by in vivo electrophysiological measurements in
freely moving VIP knockout mice. When transferred from a
12 : 12 hour light/dark cycle to constant darkness, VIP knock-
outs demonstrated a greater decrease of amplitude in
multiunit neural activity (MUA) and behavioral rhythms
relative to wild-type mice. Additionally, VIP knockouts did
not adapt to a change in photoperiod. Together, these data
imply a role for VIP in mediating intercellular coupling and
encoding seasonal information. Further supporting these
conclusions, Evans et al. [66] found that VIP signaling

contributes to network synchronization in both steady-state
and reorganized states during long-day exposure, acting as a
cue transmitted from the SCN core to the SCN shell. Finally,
a link between light input and synaptic remodeling has been
reported using electronmicroscopy: the density of both gluta-
matergic and nonglutamatergic synapses on neurons express-
ing VIP is increased during the day, suggesting that the SCN
can adapt continuously to environmental stimuli through
rapid and reversible synaptic remodeling [67].

GABA and its biosynthetic enzyme, glutamic acid decar-
boxylase (GAD), are widely expressed in the SCN and affect
its response to light. GABAB receptors are thought to regulate
photic signals by presynaptically modulating glutamatergic
input from the RHT, whereas GABAA receptors regulate
local SCN circuits downstream of glutamatergic input
[68, 69]. The influence of photoperiod on synaptic response
to GABA has been evaluated using Ca2+ imaging and patch
clamp electrophysiology in the SCN of mice exposed to
long-day and short-day photoperiods. In mice exposed to
long days, the polarity of GABA-evoked synaptic activity
changes from inhibitory to excitatory in most SCN neurons
[70]. Evans et al. [66] have shown that the frequency of
spontaneous postsynaptic GABA-evoked currents decreases
in short days, and photoperiod affects the equilibrium poten-
tial of GABA-evoked current, thus affecting GABA function.
Relative to the long-day photoperiod, short days resulted in
more inhibitory responses and fewer excitatory responses.
These effects were restricted to the day, and no differences
were observed in GABA-evoked responses at night. The
increase of excitatory GABAergic activity observed in long
days was reduced after blockade of the Cl− cotransporter,
suggesting a role of the cotransporter in seasonal adaptation.

These data suggest that photoperiod affects GABAergic
activity by regulating cellular properties, perhaps thereby
contributing to photoperiod-induced changes in phase distri-
bution within the SCN network. Previous studies have sug-
gested that the contribution of GABA in maintaining SCN
synchrony is relatively modest [71]. However, Evans et al.
[66] reveal that GABAA signaling contributes to SCN cou-
pling specifically when SCN core cells are already out of
phase, demonstrating that GABA can either inhibit or
promote network synchrony in a manner that depends on
the dynamic state of the SCN network. In addition, GABA
release in the SCN finely regulates diurnal rhythmicity of
GABAA receptor-expressing neurons by acting as an inhibi-
tory transmitter at night and as an excitatory transmitter dur-
ing the day [72]. Collectively, these studies indicate that SCN
neuronal activity and photic signaling are regulated by
GABA, which is influenced by daily light exposure. It is likely
that the change in the polarity of the GABA response in the
SCN is a form of plasticity that importantly shapes seasonal
encoding [73].

GRP-expressing neurons are located in the ventral SCN,
and there is clear evidence of their role in transmitting light
information to other regions within the nucleus [74, 75].
Moreover, expression of GRP receptors within the SCN is
influenced by light exposure [76], and in vitro application
of GRP in SCN slices from VIP receptor-deficient mice
promotes synchronization among SCN neurons. Further
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work testing whether GRP neurons may be involved in
seasonal SCN network plasticity is warranted.

In contrast to VIP neurons, synaptic input to AVP-
expressing neurons remains constant throughout the light-
dark cycle [20]. However, daily rhythms of AVP expression
are modulated by photoperiod. Rats exposed to long days
show a longer interval of high AVP expression in the SCN
compared to those exposed to short days [77]. SCN explants
from hamsters housed under a long photoperiod display a
higher peak level of AVP expression in vitro than do SCN
from hamsters housed under short photoperiod [78].
Although it is known that AVP neurons project locally and
exogenous AVP regulates the cellular activity of SCN neu-
rons, only recently have studies revealed a role for AVP in
SCN network function [79]. Mice with a Bmal1 deletion spe-
cific to AVP neurons show diminished photoperiod
response, with an increase in activity time under long days.
Moreover, Avp-Bmal1−/− mice show a reduction of Per1
mRNA expression in the SCN after a 30min light pulse,
suggesting that deletion of Bmal1 in AVP neurons may
regulate the responsiveness of the ventral SCN to light [80].
Since AVP has been viewed as more of an SCN output signal
[81, 82], it would be of interest to test the functional conse-
quences of photoperiod exposure on the brain regions that
receive primarily AVP afferents from the SCN.

Further investigation of how photoperiod may alter the
expression of different neurotransmitters or neuropeptides
in the SCN is needed for understandingmood disorders asso-
ciated with seasonal changes in daily light exposure.

5. Clock Genes Reveal the
Topography of Photoperiod-Induced
Plasticity in the SCN

Rostral and caudal SCN neurons show differences in seasonal
adaptation, as reflected in clock gene expression [83–86].
After exposing Siberian hamsters to either long or short pho-
toperiod conditions, Hazlerigg et al. [85] found a difference
between rostral and caudal expression of PER2, REV-ERBα,
and D-site albumin promoter binding protein (Dbp) in the
SCN. Under long days, all three genes showed a phase-
advanced peak in the caudal SCN, while a slight phase delay
was observed in the rostral SCN. No difference in peak
expression was observed under short days. Similar asym-
metry was observed in the electrical activity measured in
SCN slices from Syrian hamsters [87]. Based on these
findings, a model of two separate but mutually coupled
oscillators was proposed in which caudal SCN neurons
encode information regarding dawn, while rostral SCN
neurons encode dusk [86].

Using transgenic mice with a PER1 luciferase
(PER1::LUC) reporter system, Inagaki et al. [84] found three
different oscillating cell groups in the mouse SCN: one
located in the caudal SCN and the other two in the rostral
SCN. In vitro measurements of PER1 circadian rhythms in
the SCN of mice previously exposed to long, intermediate,
or short photoperiods showed that in the rostral SCN, the
PER1 expression pattern is unimodal in short photoperiods,

whereas a bimodal pattern is observed in long photoperiods.
Surprisingly, PER2::LUC rhythms show a single cluster in
both long and short photoperiod in the retinorecipient core
SCN, suggesting differing roles for PER1 and PER2 in sea-
sonal encoding [88]. Another study showed that exposure
to long-day conditions induces a wider distribution of
PER2::LUC peak times in the rostral SCN compared to short
photoperiod, with larger period variability observed in the
dorsolateral region [89]. Taken together, these data show that
long-day exposure weakens intracellular coupling within
SCN cells, leading to more heterogeneous phases of SCN
neurons for seasonal encoding (Figure 2).

Exposure to a long photoperiod also alters expression of
Rev-erbα, Per2, and Clock genes in the SCN of the European
hamster. Interestingly, Bmal1 mRNA expression appears
clearly rhythmic under long days but is constitutively
expressed under short days [78]. Further studies are needed
to determine if the expression of the BMAL1 protein is also
affected by photoperiod. However, Per2, Rev-erbα, and Avp
genes, which are directly controlled by CLOCK:BMAL1 het-
erodimers [82, 90, 91], show decreased expression levels
under short photoperiod, which may be a direct consequence
of reduced transactivation by CLOCK:BMAL1 [78].

Clock genes play a role in epigenetic chromatin remodel-
ing, which could contribute to seasonal plasticity in the SCN.
CLOCK has histone acetyl transferase activity [92], and
rhythmic CLOCK:BMAL1 DNA binding has been shown to
promote rhythmic chromatin opening [93]. This indicates
that the circadian feedback loop mediates the rhythmic regu-
lation of chromatin accessibility and suggests that some
CLOCK:BMAL1 effects could be mediated by the activity of
other transcription factors. Photic stimulation can influence
chromatin transitions between condensed and decondensed
dynamic states in SCN cells [94], with resulting genetic
alterations. For example, Azzi et al. [95] found that DNA
methylation is necessary to temporally reorganize phase
among SCN cells in mice exposed to different photoperiods.
Furthermore, dorsal and ventral SCN cells exhibit methyla-
tion of different genes coding for neurotransmitter receptors
and ion channels, including potassium, calcium, and GABA
channels. Thus, photoperiod could act through epigenetic
mechanisms to produce spatiotemporal reorganization of
the SCN network. DNA methylation and histone acetylation
may be a dynamic mechanism that contributes to neuronal
plasticity for seasonal adaptation.

6. Photoperiod-Induced Plasticity in Other
Brain Regions

The SCN communicates light information to both hypotha-
lamic and extrahypothalamic regions through efferent neu-
ronal pathways (Figure 3). Several studies have identified
six primary efferent projections from the SCN in the rat brain
[96–99]. However, the existence of these pathways does not
necessarily imply their use in communicating all types of
photic information. For instance, in the Siberian hamster,
cutting dorsomedial and dorsocaudal projections does not
block melatonin signaling in short days, suggesting that these
projections are not involved in transmitting photoperiod
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information from the SCN to other brain areas [100]. The
SCN’s paracrine function has been suggested as an additional
output pathway; however, humoral signals diffusing from a
transplanted SCN that can restore circadian rhythmicity are
not able to restore the reproductive response to photoperiod
[101, 102]. Together, these data suggest that different path-
ways are necessary to transmit circadian phase versus day
length information from the SCN to other areas of the central
nervous system.

Seasonal adaptation could also involve SCN-independent
pathways through which light information is conveyed to
brain regions that are directly innervated by ipRGCs. For
example, an elegant study showed that an aberrant light cycle
regulates mood and cognitive function in mice without sub-
stantially altering sleep or circadian timing. Light pulses at
inappropriate times were shown to induce expression of the
transcription factor c-Fos in the amygadala, lateral habenula,

and subparaventricular nucleus, all of which are known to be
ipRGC targets. Moreover, mice exposed to the aberrant light
cycle demonstrated depression-like behavior and impaired
hippocampal long-term potentiation and learning [103].
These data suggest that light can influence brain regions
involved in mood and cognitive functions through direct
ipRGC projections to these regions.

White-footed mice (Peromyscus leucopus), small photo-
periodic rodents, were found to have reduced hippocampal
volume, impairments in hippocampal-mediated memory,
and enhanced hypothalamic-pituitary-adrenal axis reactivity
after short-day exposure [104, 105]. Moreover, a more recent
study shows that short photoperiod enhances associative fear
memory in auditory cue fear conditioning in these mice.
These behavioral effects were associated with an increase in
dendritic spine density of neurons in the basolateral amyg-
dala [106]. This finding suggests that light could influence
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Figure 2: Proposed model for photoperiod-dependent cell rearrangement in the SCN. (a) Schematic of coronal SCN slice showing
approximate spatial distributions of AVP, GRP, VIP, and astroglia. GABAergic inputs tend to result in excitatory responses under long
photoperiod (left), while responses tend to be inhibitory under short photoperiod (right). (b) Relative mRNA expression levels of Per2,
Rev-erbα, AVP, Bmal1, and VIP throughout a circadian cycle under long (left) photoperiod or short (right) photoperiod. Adapted from
Ecker et al. [48] and Aton et al. [64]. AVP: arginine vasopressin; Bmal1: brain and muscle ARNT-like protein 1; GABA: gamma-
aminobutyric acid; GRP: gastrin-releasing peptide; Per2: period 2; VIP: vasoactive intestinal peptide.
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mood directly through ipRGC projections to the amygdala
without altering the circadian system.

Dulcis et al. [14] found that the mammalian hypothala-
mus responds to different photoperiods by changing neuro-
transmitter identity. In particular, in the periventricular
nucleus, the number of dopamine-releasing neurons
increased in short days and decreased in long days, while
the inverse was observed for somatostatin neurons. These
two neuronal populations are mainly involved in the regula-
tion of the stress response. Changing dopamine and somato-
statin transmission resulted in altered anxiety and
depression-like behaviors. In line with this work, another
study found that rats exposed to long photoperiod exhibit
depressive phenotypes in the forced swimming test and cog-
nitive deficits in the novel object recognition task [107].

In contrast to nocturnal rats, crepuscular Siberian
hamsters and diurnal sand rats [108] exposed to a short pho-
toperiod show increased depressive-like behavior, as well as
reduced soma size and dendritic complexity in the hippocam-
pus CA1 region and increased spine density in the dentate
gyrus. The observed dendritic changes were correlated with
behavioral effects observed in the forced swim test, suggesting
that alterations in the hippocampus in short days may be
behaviorally relevant [109]. Depressed humans have reduced
soma size in hippocampal CA1, CA2, and CA3 regions [110],
which may account for the hippocampal volume reduction
observed in humans with major depressive disorder.

Of interest, using a diurnal rodent model (Arvichantis
niloticus), Leach and collaborators found that decreasing
daytime light intensity leads to depression-like behaviors,
without affecting daily activity rhythms [111]. The
depression-like behaviors were associated with a concomi-
tant attenuation of serotonergic functions in dorsal raphe
nucleus, periaqueductal gray, and medial cingulate cortex,

brain regions known to be involved in mood regulation.
These results demonstrate that decreased daytime light
intensity, which mimics the transition from summer to win-
ter in nature, induces depressive behaviors in diurnal grass
rats. In summer, sunlight is brighter, and humans also spend
more time outdoors (where the light is much brighter than
indoors); consequently, light intensity may be as important
as day length for regulating mood in humans.

Clock genes are expressed in cells throughout the brain,
and some of these regions respond to light stimuli and gener-
ate SCN-independent circadian oscillations [112]. In mam-
mals, responses to changing photoperiod have been
observed especially in the hippocampus, one of the most
plastic regions in the brain and also a key area that regulates
emotion and cognition [113]. Moreover, seasonal affective
disorder has been correlated with changes in hippocampal
structure, and hippocampal gene expression shows daily
rhythms regulated by the circadian system [114]. Siberian
hamsters exposed to long days show diurnal rhythms in
length of hippocampal dendrites, number of primary den-
drites, and spine density, suggesting seasonal adaptation of
hippocampal neuronal populations. Furthermore, Bmal1
mRNA is highly expressed in the hippocampus, with
increased circadian rhythm amplitude in short days com-
pared to long days [115]. Thus, light input may be processed
in the hippocampus through circadian expression patterns of
clock genes.

In contrast to other studies in which light produces cog-
nitive deficits in nocturnal rodents, Dellapolla et al. [116]
found that long photoperiod enhances long-term recognition
memory in mice, measured by spatial object recognition and
novel object recognition tasks. Interestingly, whereas clock
genes in the hippocampus were rhythmic in a neutral 12 hr
photoperiod, rhythms of Per1, Per2, Cry1, and Cry2 were
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Figure 3: Schematic view highlighting certain ipRGC (blue) and SCN (orange) projections and areas that demonstrate rhythmic activity
(clock symbol). Many areas receive input from both ipRGCs and the SCN, such as the VLPo, SPZ, LH, and LHb. The SCN receives input
from the IGL and DRN (dashed lines). Amyg: amygdala; DRN: dorsal raphe nuclei; Hipp: hippocampus; IGL: intergeniculate leaflet;
ipRGC: intrinsically photosensitive retinal ganglion cell; LC: locus coeruleus; LH: lateral hypothalamus; LHb: lateral habenula; NAc:
nucleus accumbens; PVN: paraventricular nucleus; SCN: suprachiasmatic nucleus; Sept: septal area; SPZ: subparaventricular zone; VLPo:
ventrolateral preoptic area; VTA: ventral tegmental area.
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reduced in long days. The authors suggest that long photope-
riod suppresses the core clock mechanism in the mouse
hippocampus, leading to de-repression of insulin-like growth
factor II, which then enhances hippocampal function. These
findings highlight a new way in which photoperiod may
regulate cognitive function and suggest a key role of brain
circadian clocks outside SCN in neuronal plasticity.

Finally, a number of variants in clock genes have been
associated with mood disorders, including winter depression
[117–119]. Recently, two rare missense variants in human
Per3 (PER3-P415A/H417R) were identified that cause famil-
ial advance sleep phase syndrome and are possibly associated
with seasonal affective disorder. Transgenic mice carrying
human PER3-P415A/H417R exhibit a lengthened circadian
period in constant light and delayed phase in short-day con-
ditions. At the molecular level, the mutation may exert effects
on the clock by reducing PER3 stabilizing effects on PER1
and PER2. In the tail suspension test, PER3-P415A/H417R
mice showed increased depression-like behavior, whereas
Per3−/− mice showed depression-like changes in various
behavioral tests. These behavioral phenotypes were more evi-
dent in mice exposed to a short photoperiod, suggesting an
effect of day length on depression-like behavior that may
reflect seasonality traits in humans [117]. Xu et al. also found
that 3 weeks of exposure to a shortened photoperiod
combined with subchronic unpredictable stress significantly
decreased sucrose preference and increased the levels of
plasma melatonin, Neuropeptide Y, and corticosterone in
adolescent male rats [120]. These data suggest that neuroen-
docrine changes may increase susceptibility to stress in ado-
lescence induced by exposure to a short photoperiod.
Together, these findings support the idea that clock genes
may be important in mediating seasonal effects on mood.

7. Influence of Photoperiod during
Early Development

Environmental stimuli, such as light, can affect neuronal
development [29]. In the SCN, circadian rhythms in glucose
utilization are present in the fetus, even though most connec-
tions among SCN cells develop postnatally [121]. Clock
genes become rhythmic, with low amplitude, beginning at
postnatal day 2 [122], and pups depend upon their mothers
for photic synchronization until weaning. Per1 and Per2
expression are affected by altered light cycles at postnatal
day 10, coinciding with the time when the RHT and connec-
tions to and from the SCN have developed adult features. It is
only at P20–28, when the pups are weaned that the circadian
system, becomes mature and independent from the mother’s.
Thus, the first 3 weeks after birth are critical for the develop-
ment of the circadian system and its synchronization with
the environmental photoperiod.

Previous studies have shown that seasonal photoperiods
can imprint the circadian system. For example, using real-
time gene expression and behavioral analysis, Ciarleglio and
coworkers found that perinatal exposure to long days
induced a narrower Per1 expression waveform and shorter
rhythm period compared to short-day exposure. This effect
of perinatal photoperiod also applied to circadian behavior:

mice that developed in long days also exhibited a shorter
free-running period of locomotor activity rhythms [123].
Another group found that mice reared (P0–P21) under con-
stant light (LL) showed a higher amplitude of the locomotor
activity rhythm and lower levels of VIP and AVP in the SCN
compared to mice reared under constant darkness (DD) or
12 L : 12D light/dark cycles [124]. These results suggest that
postnatal light experiences imprint the neuronal network
that regulates seasonal adaptation by affecting the clock func-
tions and output of SCN neurons. Recently, the same group
found that mice raised in constant light and exposed to the
same light condition as adults showed a shorter period and
stronger circadian rhythms of body temperature compared
to DD-raised mice and a tendency for depression-like behav-
ior compared to 12L : 12D light/dark cycle-raised mice
[125]. Moreover, compared to LD-raised mice, both LL-
and DD-raised mice showed a decrease of glucocorticoid
receptor expression in the hippocampus and increased
plasma corticosterone concentration at the onset of the
dark phase. Therefore, the postnatal light environment
induces long-term effects on the hypothalamic-pituitary-
adrenal axis and circadian system leading to a depressive
phenotype in adulthood.

Interestingly, visual system development is influenced by
light, and animals reared in DD show alterations in synaptic
organization of the retina and in visual functions [126]. A
recent study revealed that mouse eye development in utero
is modulated by the fetal light response of melanopsin-
expressing retinal ganglion cells [127]. Light induces retina
tyrosine hydroxylase (TH) activity and dopamine produc-
tion; retinal dopamine is the main factor coordinating retinal
adaptation to changes in daily illumination [128]. In order to
understand the potential effect of different photoperiods on
retinal function, Jackson et al. exposed mice to summer-
and winter-like light cycles during development and adult-
hood. Mice raised in short days showed enduring deficits in
retinal light response and light-adaptive vision due to altered
retinal dopaminergic signaling, including lower expression of
TH, that are not reversed by increasing the amount of daily
light in adulthood [129]. These results, together with the
findings from the Dulcis group [129], show that photoperiod
can regulate the activity and the phenotype of monoamine
neurons in various brain regions, starting in the retina.
Recent studies showed that patients with SAD exhibit lower
retinal sensitivity and deficits in photic luminance response
[130], which can be treated with light therapy, suggesting
a mechanism of seasonal adaptation similar to that observed
in mice.

As mentioned above, the intergeniculate leaflet receives
serotonergic innervation from the dorsal raphe nucleus
(DNR), and the SCN receives serotonergic input from the
median raphe nucleus [131]. Moreover, DNR serotonin
neurons innervate cortical and subcortical structures, which
are known to regulate depression and anxiety states [132].
Maturation of these neurons in rodents can be modulated
by environmental input in the first 3 or 4 weeks of postnatal
life [133]. In particular, raising mice in long photoperiod
increases the excitability and serotonin content of these
neurons. The developmental effects of photoperiod on
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DNR serotonin neuronal firing rate were maintained even
after reversal of photoperiod for 3–7 weeks in adulthood.
Long photoperiod also increases midbrain monoamines
and decreases anxiety- and depression-like behavior in a mel-
atonin receptor 1-dependent manner [134]. Thus, photope-
riod may regulate the maturation and physiology of
serotonin neurons in the DRN via melatonin signaling, sug-
gesting a possible mechanism for the observed variation in
the risk of mood disorders in humans born at different times
of the year [133, 135].

8. Conclusions

Our knowledge of the mechanisms by which the SCN and
other brain regions adapt to seasonal changes in photoperiod
is still incomplete. Traditional forms of neural plasticity
include formation of new neural connections, changes in
synaptic strength, and changes in synapse number. But in
addition to these more familiar mechanisms, changing pho-
toperiod can drive changes in phase relationship among
cellular circadian oscillators in the SCN and in transmitter
identity in other hypothalamic regions [136]. Further studies
may reveal whether and how these two unconventional
forms of neural plasticity might interact to mediate seasonal
changes in behavior.
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An intact communication between circadian clocks and the stress system is important for maintaining physiological homeostasis
under resting conditions and in response to external stimuli. There is accumulating evidence for a reciprocal interaction between
both—from the systemic to the molecular level. Disruption of this interaction by external factors such as shiftwork, jetlag, or
chronic stress increases the risk of developing metabolic, immune, or mood disorders. From experiments in rodents, we know
that both systems maturate during the perinatal period. During that time, exogenous factors such as stress or alterations in the
external photoperiod may critically affect—or program—physiological functions later in life. This developmental programming
process has been attributed to maternal stress signals reaching the embryo, which lastingly change gene expression through the
induction of epigenetic mechanisms. Despite the well-known function of the adult circadian system in temporal coordination of
physiology and behavior, the role of maternal and embryonic circadian clocks during pregnancy and postnatal development is
still poorly defined. A better understanding of the circadian-stress crosstalk at different periods of development may help to
improve stress resistance and devise preventive and therapeutic strategies against chronic stress-associated disorders.

1. Introduction: Regulation of
Glucocorticoid Release

In most animal species, an internal 24-hour timing system
known as circadian clock coordinates behavioral and physio-
logical processes to adapt to daily recurring changes in the
environment [1]. The mammalian circadian system is orga-
nized in a hierarchical way with a master pacemaker located
in the hypothalamic suprachiasmatic nucleus (SCN) and
subordinated clocks found throughout the brain and periph-
ery [2]. The SCN perceives time of day via direct photic input
from the retina and subsequently relays temporal informa-
tion to the body [3, 4]. Peripheral clocks are able to measure
time even in the absence of the SCN [5]. However, temporal
resetting signals (zeitgebers) from the SCN are required to
synchronize the different peripheral oscillators with each
other and with the external time in vivo [3, 6, 7]. The mech-
anism of this systemic circadian entrainment is still poorly
understood. So far, we know that the SCN uses both humoral

and neuronal pathways to transmit time information to
peripheral clocks [1, 8]. Among the most studied mediators
of circadian entrainment are glucocorticoids (GCs) that also
play an essential role, together with catecholamines, in
response to stress [9]. Under nonstressed conditions, circu-
lating GC levels display strong daily rhythmicity peaking at
the beginning of the active phase (i.e. the morning in humans
and the evening in nocturnal rodents). These circadian GC
rhythms are implicated in the coordination of clock function
in central and peripheral tissues [10, 11] Figure 1(a).

The circadian control of GC secretion results from a
cooperation of the SCN pacemaker and tissue clocks along
the hypothalamus-pituitary-adrenal (HPA) axis [3]. The
SCN controls the rhythmic secretion of adrenocorticotropic
hormone (ACTH) from the pituitary, via the regulation of
corticotropin-releasing hormone (CRH) and arginine vaso-
pressin (AVP) release from the paraventricular nucleus of
the hypothalamus (PVN). ACTH, in turn, stimulates GC
production in the zona fasciculata of the adrenal cortex
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Figure 1(a). Via autonomic pathways, the SCN also synchro-
nizes adrenal clocks, regulating the time-of-day-dependent
sensitivity of the steroidogenic machinery to ACTH stimula-
tion [3, 12–14]. Thus, an intact circadian clock network along
the HPA axis is required for a robust rhythmic secretion of
GCs [3, 14].

Besides this, during stress, brainstem and limbic fore-
brain nuclei activate the HPA axis through the PVN, result-
ing also in the release of GCs from the adrenal cortex [15].
About one hour after acute stress stimulation, GC levels
return to baseline due to the activation of a negative feedback
mechanism [16]. By binding to glucocorticoid (GR) andmin-
eralocorticoid receptors (MR), GCs inhibit the synthesis of
CRH in the hypothalamic PVN and ACTH in the pituitary,
downregulating the stress system and shutting down steroid
production at the level of the adrenal cortex [17], Figure 1(a).

2. Pathological Consequences of GC
Rhythm Disruption

By acting as an entrainment signal for circadian clocks
throughout the body, GC rhythms play a key role in coordi-
nating carbohydrate, lipid, and protein metabolism. For
example, it was shown that in the liver, many genes involved
in carbohydrate metabolism exhibit diurnal expression
rhythms. For some of these genes, the rhythmic regulation
depends on local hepatocyte clock function, but others are
under direct GC control [18–21]. Regarding behavior, circa-
dian GC secretion is essential in the regulation of sleep,
mood, and cognition. Animal studies show that GCs are able
to influence rhythmic brain functions by entraining central
clocks as well as by interacting with neuromodulatory path-
ways such as the serotonergic system [22, 23].

(a)
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Figure 1: Clock-stress coupling at systemic and molecular levels. (a) The circadian clock and stress systems influence each other’s activity at
multiple and reciprocal levels. The central clock in the suprachiasmatic nucleus (SCN) of the hypothalamus is under the regulation of the light
input from the retina. SCN controls the circadian function of the hypothalamus-pituitary-adrenal (HPA) axis to induce a rhythmic
production and secretion of glucocorticoid (GCs) hormones from the adrenal glands. Via autonomic nervous system (ANS) pathways, the
SCN further synchronizes adrenal clocks to regulate the sensitivity of the steroidogenic machinery to adrenocorticotropic hormone
(ACTH) stimulation. Peripheral clocks in liver, adipose tissue, and kidney are regulated by the SCN through the ANS and rhythmic
entraining signals such as GCs. During acute stress, brainstem and limbic forebrain nuclei activate the HPA axis through the
paraventricular nucleus (PVN) of the hypothalamus, resulting in the acute production of GCs by the adrenal cortex. About one hour after
acute stress stimulation, GC levels return to baseline due to the activation of a negative feedback mechanism. GCs inhibit the synthesis
of corticotropin-releasing hormone (CRH) in the PVN and ACTH in the pituitary, downregulating the stress system activity and
shutting down steroid production at the level of the adrenal cortex. (b) The coupling between the circadian clock and the stress
system relays, at molecular level, on two parallel transcriptional-translational feedback loops (TTLs) that modulate each other.
Hormone-bound GR binds glucocorticoid responsive elements (GREs) in the promoter region of several clock genes and various
clock-controlled genes. Conversely, CLOCK (CL)/BMAL1 (BM) heterodimers (active during the night) interact physically and acetylate
GR, thereby reducing its affinity to GREs and its translocation into the nucleus. CRY1 and CRY2 can interact with the C-terminal domain
of GR in a ligand-dependent fashion, repressing the GR-mediated transactivation of certain target genes. Additionally, REV-ERBα (active
during the day as an inhibitor of BMAL1 expression) can stabilize the nuclear localization of GR reinforcing its transcriptional activity,
through its interaction with heat shock protein 90 (HSP90). Several genes contain both, GRE and E-box elements in the promoters being
regulated by both loops. Through this complex network of interactions, GR and the clock machinery finally translate environmental
information in physiological responses.
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Therefore, disruption of circadian GC rhythms can
have numerous pathological outcomes. Various lifestyle-
associated factors such as shiftwork, social stress, sleep dis-
ruption, mistimed eating, or jetlag can alter GC rhythmicity
and thereby disrupt downstream physiology [24]. For
example, extended shiftwork is associated with metabolic
disorders such as obesity, cardiovascular diseases, insulin
resistance, and hyperlipidemia [25], while repeated jetlag
and sleep deprivation may lead to mood disorders and
cognitive impairments [26, 27].

3. Cellular Mechanism of Clock-Stress Crosstalk

A coupling between the stress system and the circadian
clock occurs not only at systemic but also at molecular
level [28] Figures 1(a) and 1(b). At target cells, GCs bind
and activate two intracellular receptors, MR and GR.
Due to its high affinity for GCs, MR is constitutively activated
under most physiological conditions. GRs, in contrast, are
only activated by higher GC concentrations, conveying pha-
sic responses, for example, at the circadian peak or during
acute stress situations [29]. GC-GR signaling is essential to
maintain physiological homeostasis in response to external
stimuli and has a key function for the coupling between the
circadian and stress systems [30, 31]. GRs act as ligand-
activated transcription factors. Upon GC binding, GC-GR
dissociates from heat shock factors (such as HSP90) and
translocates from the cytosol into the nucleus, where they
bind to glucocorticoid responsive element (GRE) DNA
motifs in regulatory regions of target genes to modulate
transcription [31] (Figure 1(b)).

The cellular circadian clockwork present in almost all
cells in the body is based on a set of clock genes organized
in a system of interlocked transcriptional-translational feed-
back loops (TTLs). Time-of-day information is translated
from the clock machinery into physiological signals through
rhythmic regulation of downstream clock-controlled genes
[32]. In nocturnal animals, the transcription factors
CLOCK (circadian locomotor output cycles kaput) and
BMAL1 (brain and muscle aryl hydrocarbon receptor
nuclear translocator-like 1; official symbol: ARNTL) bind
to E-box promoter elements during the night, to drive
the expression of three Per (period 1–3) and two Cry
(cryptochrome 1/2) genes. PER and CRY proteins form
complexes in the cytoplasm that—during the day—translo-
cate into the nucleus to inhibit CLOCK/BMAL1 activity,
shutting down their own transcription. After degradation
of nuclear PER/CRY complexes, the inhibition of CLOCK/
BMAL1 is released and a new circadian cycle begins [33],
Figure 1(b).

GR signaling and the molecular clock machinery interact
in multiple and reciprocal ways. Hormone-bound GR binds
GREs in the promoter regions of several clock genes such as
Per2 [32, 34]. The nuclear receptor Rev-ERBα, which
represses the transcription of Bmal1, contains negative GREs
mediating GR transrepression [35]. The clock gene Per1 con-
tains both,GR and E-box elements in its regulatory sequences
[36]. The presence of both, GRE and E-boxes, has also been
reported for other genes that are not part of the core

circadian TTL [21]. Besides transcriptional regulation,
recent studies suggest that clock proteins and GR can inter-
act physically. CLOCK is able to acetylate the hinge region
lysine cluster of GR, reducing its DNA-binding [37]. CRY
proteins directly bind GR, thereby decreasing its transacti-
vation potential [38]. Finally, the presence of REV-ERBα
influences the stability and nuclear localization of GR
through its interaction with heat shock protein 90 (HSP90)
[39] (Figure 1(b)).

In the adrenal glands and in some non-SCN brain
regions, GR and clock genes further interact in modulating
catecholamine biosynthesis and degradation, thus reinforc-
ing the coupling between circadian and stress systems
(reviewed in [40]). Transcription of monoamine oxidase I
(Maoa), whose product is involved in catecholamine degra-
dation, is directly activated by CLOCK/BMAL1 [41]. At the
same time, catecholamine biosynthesis is also clock regulated
and the transcription of one of its pacemaker enzymes, tyro-
sine hydroxylase (TH), is repressed by Rev-ERBα [42]. A
direct link between circadian GC and catecholamine synthe-
sis is established by GRs activating the nuclear orphan recep-
tor NURR1 (NR4A2) to induce the expression of TH, thereby
promoting catecholamine production [43]. GR also regulates
the expression of catechol-O-methyltransferase (Comt)
involved in catecholamine catabolism. In summary, a com-
plex network of interactions between GR and the clock
machinery controls time-of-day-dependent stress responses
through regulation of GR transcriptional activity and cate-
cholamine metabolism [44].

4. The Impact of Stress on
Circadian Entrainment

The rise in GC blood levels right before the active phase
allows to anticipate periods of higher energy demands and
increased probability of encountering stressful situations
[15]. Many of the processes involved in this anticipation are
under circadian clock control and are supported by the
strong entrainment effects of GCs on different peripheral
and central circadian oscillators [10]. In a transgenic rat
model expressing a luciferase reporter under the control of
Per1 promoter, adrenalectomy shifts the clock only in some,
but not all tissues. This indicates that GC entrainment effects
are highly tissue specific [45]. In addition to their effect on
clock gene expression, GCs can entrain locomotor activity
and—at least in mice—a manipulation of the phase of GC
circadian release can accelerate behavioral adaptation under
jetlag conditions [46].

In acute or chronic stressful situations, increased GC
release may reset the phase of the circadian clock system
(reviewed in [47]). In a recent paper, Tahara and colleagues
showed that restraint stress in mice-induced differential
changes in the phase and amplitude of Per2 expression in
peripheral tissues (kidney, liver, and submandibular gland)
depending on the time of the day. A stress challenge applied
at the beginning of the light phase induced a phase advance,
while stress at the beginning of the dark phase caused phase
delays of Per2 expression [48].
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5. Temporal Regulation of HPA
Axis Responsiveness

In parallel, the extent of stress responses is dependent on the
time of the day and on the nature of the stressor [49–52].
During the inactive phase, restraint/immobilization, foot
shock, or shaking stress results in a stronger increase in GC
and ACTH release than during the active phase [53, 54].
There is also evidence of a time-dependent adaptive response
to repeated and predictable stress exposure [55]. Moreover,
genetic disruption in the circadian system dramatically alters
stress system’s activity. Interestingly, the impact of clock gene
deletion on circulating GCs depends on which member of the
TTL is missing. Mice lacking a gene from the positive limb of
the molecular circadian system, such as BMAL1 or CLOCK,
show hypocortisolism and insensitivity to acute stress in
terms of behavioral and hormonal response [56, 57]. On
the other hand, mice lacking genes of the negative limb of
the TTL have shown both hyper- and hypocortisolism [58].

6. Perinatal Development and Programming of
the Circadian Stress System in Rodents

As outlined above, numerous studies in animals indicate that
adaptation to the environment is achieved by the coupling
between the circadian and stress systems through a highly
conserved and interrelated regulatory network. Interestingly,
in mammals, this network is built during a critical period of
perinatal life. During this time, adverse environmental condi-
tions interact with the genetic background to program the
coupling and, thereby, the responses to the environment later
in life. Several theoretical models have been proposed to
explain the long-term effects of early adversity, since,
depending on the circumstances, it can result in either
vulnerability or resilience to later experiences (reviewed in
[59]). Such perinatal programming process has been attrib-
uted to maternal signals (e.g., glucocorticoids, catechol-
amines, melatonin, and dopamine) reaching the embryo or
the newborn, lastingly changing gene expression through
the induction of epigenetic mechanisms [60].

7. Long-Term Outcomes of Stress or Circadian
Disruption during Development

Interestingly, both circadian disruption and stress during
pregnancy program adult metabolism and behavior similarly
[61–64]. Mice exposed to constant light either during the
prenatal or perinatal period show reduce growth rates,
impair emotion behavior and energetic metabolism, ele-
vate cognitive deficits and fear responses in the long-term
[65–68]. Pregnant rats exposed to repeated photoperiod
shifts showed altered circadian rhythms (activity, tempera-
ture, food consumption, heart rate, and hormone profiles).
Their offspring showed impaired carbohydrate metabolism,
increased adiposity, altered sensitivity to leptin and insulin,
and impaired responses to stress in adulthood [64, 69].
In a recent paper, Smarr and colleagues [70] showed that
the outcomes of chronic maternal circadian disruption
(consisting of 6 h advances in the light cycle every 4 days)

are not prevented by cross-fostering with undisturbed
mothers, highlighting the importance of the prenatal period
for programming the adult phenotype through circadian dis-
ruption. However, the early postnatal light environment
alters maternal care behavior by disrupting activity rhythms
or by inducing stress and seems to impact on the offspring’s
development as well [71–73]. Exposure to constant light con-
ditions during the suckling stage in mice programs mRNA
expression of CRH in the PVN later in life [66]. In rodents,
a high concentration of CRH in the PVN is associated with
increased despair behavior [67, 74].

A widely used protocol for inducing prenatal stress con-
sists on restraining the movement of pregnant rats by confin-
ing them to a transparent cylinder, three times a day for
45min, during the second half of gestation (prenatal restrain
stress—PRS) [75]. Adult offspring of these mothers show
prolonged corticosterone production after acute stress and
reduced expression of GR in the hippocampus [76]. HPA
axis hyperactivity is observed in PRS rats, accompanied by
enhanced sensitivity to drug abuse [77], learning impair-
ments in aged animals [78], altered emotion behaviors
related to anxiety and depression [79], and changes in sleep
patterns [80, 81]. Other interventions during pregnancy
such as prenatal hypoxia lead to altered circadian patterns
of activity in standard (12 h : 12 h) light-dark conditions and
exaggerated responses to acute stress [82]. In humans, alco-
hol abuse during pregnancy is deleterious for the normal
development of the fetal brain, affecting sleep-wake regula-
tion as well as stress responsiveness [83].

Several experimental models have been used to study
the importance of the postnatal period in the programming
process. Using maternal separation and cross-fostering
experiments has demonstrated that the mother-newborn
relationship is important for the development of the stress
system [84]. Maternal separation alters peripheral levels of
GC, decreases expression of GR in the hippocampus in mice
[84], and leads to exaggerated stress and fear responses [85].
However, recently, Santarelli et al. [86] demonstrated that
other early postnatal interventions actually confer resilience
against chronic stress in adulthood. Variations in the degree
of stress generated by maternal separation may be the reason
for these apparently conflicting results.

8. Development of Stress and Circadian
Clock Systems

It is interesting to note that, despite the different nature of
these interventions, the perinatal period represents a critical
time window in which the coupling between the circadian
and stress system can be programmed by the environment,
Figure 2. For the rodent HPA axis, at least two developmental
periods have been identified as critical for shaping its func-
tion later in life (reviewed in [87]). The first takes place dur-
ing the second half of gestation. During this time, the
embryonic PVN and limbic system structures undergo active
neuronal division and intense synaptic reorganization [88].
Meanwhile, the pituitary develops independently from hypo-
thalamic connections, because the expression of POMC
(proopiomelanocortin) and POMC-derived peptides in the
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pituitary is observed prior to the onset of CRH expression
in the PVN [89]. The development of the steroidogenic func-
tion in the adrenal cortex occurs later, depending on the pitu-
itary ACTH secretion [90]. The innervation of the adrenal
medulla by sympathetic preganglionic nerves occurs soon
before birth; during this process, baseline levels of GCs are
necessary to induce catecholamine synthesis [91].

The second important period follows immediately after
birth. The development of the stress system in rodents is
characterized by a stress hyporesponsive period (SHRP)
between postnatal day (P) 4 and 14 in rats and slightly earlier
in mice [92, 93]. This period is characterized by reduced cor-
ticosterone responses to ACTH and various stressors and
seems to be strongly dependent on maternal-newborn inter-
action [94]. In fact, maternal nursing behavior is critical to
maintain adrenal hyporesponsiveness [95]. During this
period, the hippocampus, which continues maturation,
may be the most vulnerable region to the effects of stress
([96, 97]). After the SHRP, the HPA axis of the offspring
consolidates and starts responding in an adult-like way
[93]. Of note, some studies propose adolescence as a third
critical window in HPA axis maturation [98]. In this period,
though, stress effects may be mediated primarily through the
frontal cortex. In general, juvenile HPA axis function is char-
acterized by a prolonged activation after stress induction
compared to adults, which is attributed to an incomplete
maturation of the negative feedback mechanism [99].

At the molecular level, the perinatal development of
the HPA axis is regulated by soluble vectors such as
growth factors, neuropeptides, and hormones [100]. Thus,
it is likely that different environmental conditions trans-
mitted by maternal signals reaching the embryo/newborn
affect this process.

The development of circadian rhythmicity in rodents
occurs in similar periods as that of the stress system. In mice,
neuronal division in the developing SCN takes place between
embryonic day (E)10–15 peaking at E12 [101]. Intra-SCN
circuits differentiate during the following days, and retinal
projections reach the SCN mediating the photic entrainment
shortly after birth [102]. In contrast, the molecular clock
machinery in the SCN and peripheral tissues is already
expressed earlier [103]. During midgestation, SCN explants,
as well as isolated neurons, are capable of generating molec-
ular oscillations that gradually gain robustness towards birth
[104]. However, it is still under discussion when the full
development of metabolic and behavioral rhythms together
with the response to systemic zeitgebers occurs [105].
Maternal behavioral rhythms such as locomotor activity,
body temperature, and milk availability have been impli-
cated in entrainment of embryonic and newborn clocks
[106]. It has been proposed that clocks in the embryo and
the newborn act just like peripheral oscillators entrained
by rhythmic maternal signals passing through placenta or
breast milk [107]. Indeed, in a temporal food restriction

E10 E13 E16 Birth P5 P10 P15

Stress system

Clock system

PVN & limbic system
neurogenesis

Hippocampal
neurogenesis

ANS

Pituitary development

Adrenal development

Stress hyporesponsive period

SCN neurogenesis

SCN-retina connections Photoreception

Clock gene expression

Maternal signals
Newborn signals

Tissue maturation Systemic coupling

Figure 2: Schematic developmental timeline of coupling in mice. For the rodent circadian clock and stress system development, both, pre-
and postnatal periods are critical. During the second half of gestation, the embryonic PVN and limbic system (LS) undergo active
neuronal division and intense synaptic organization. The pituitary starts developing earlier, independently from hypothalamic
connections. The development of the steroidogenic function of the adrenal cortex also occurs during this period, depending on the
secretion of ACTH. The innervation of the adrenal medulla by sympathetic preganglionic nerves occurs soon before birth. The second
important period takes place immediately after birth. The hippocampal neurogenesis in rodents is followed by a stress hyporesponsive
period (SHRP), after which the HPA axis consolidates and responds in an adult-like way. The development of circadian rhythmicity in
rodents occurs in similar periods. In mice, neuronal division in the developing SCN takes place between embryonic day (E)10–15 peaking
at E12. Intra-SCN circuits differentiate during the following days and retinal projections reach the SCN shortly after birth. In contrast, the
molecular clock machinery in the SCN and peripheral tissues is expressed earlier. From left to right, we represent the embryo
development at tissue level (predominantly driven by maternal signals), followed by the development of the systemic coupling for which
the newborn signals become essential.
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experiment, while the maternal SCN clock is phase-locked
to the light-dark cycle, the embryonic clocks are entrained
by maternal food availability, as a peripheral clock would
do [108].

GCs have been widely recognized as developmental keys,
inducing or repressing transcripts involved in growth and
maturation processes [109]. Sufficient GC levels are essential
for normal maturation of the central nervous system and
peripheral tissues [110]. Therefore, GR is expressed in most
embryonic tissues including the placenta and is essential for
survival [111]. Excess or deficient GC signaling during the
critical programming windows may alter the developmental
trajectory of embryonic or newborn tissues, with permanent
consequences [112]. During pregnancy, maternal GC levels
show a strong circadian variation, which is not translated to
the embryo. Embryonic GC concentrations remain stable
across the day due to the presence of an enzymatic barrier
in placenta, which inactivates GC [113, 114]. However, in
stressful situations, high concentrations of GCs can saturate
this barrier and reach embryonic tissues, interfering with
developmental programs of the circadian clock, stress system
and their coupling [115]. As a result of repeated perinatal
stressful interventions, an increased DNA methylation in
the GR promoter and reduced expression of GR have been
shown in the hippocampus [116]. Such epigenetic modifica-
tions have been proposed as a possible underlying mecha-
nism for an altered regulation of the HPA axis (reviewed in
[117]). GR signaling in the hippocampus inhibits the release
of CRH/AVP from the PVN, reinforcing the negative feed-
back mechanism exerted by GC at the PVN itself [118]. GC
feedback and HPA axis function can be improved in prena-
tally stressed mice by maternal sensory stimulation. By
cross-fostering experiments, it has been shown that licking
and grooming behavior can reduce GR promoter methyla-
tion and increase GR expression in the hippocampus
[119]. Besides GR, similar epigenetic changes have been
reported for other HPA axis regulatory genes [120]. In
rodents exposed to postnatal stress paradigms based on
maternal separation, POMC and CRH genes were found
hypomethylated in the offspring’s pituitary and PVN,
respectively [121, 122].

The role of maternal catecholamines has been poorly
studied as programming factors (reviewed in [123]). Their
hydrophilic nature and the lack of specific transporters
limit the concentration of catecholamines in the embry-
onic blood even in acute stress situations. Therefore, the
reported adverse effect of high levels of catecholamines
during development has been related to an alteration of
the uteroplacental circulation which affects fetal oxygen
supply [124].

The circadian hormone melatonin is produced by the
maternal pineal gland with a strong rhythmicity peaking dur-
ing the dark phase. It can cross the placenta unaltered, being
considered a strong candidate for transmitting temporal
information from the mother to the embryo. Interestingly,
melatonin receptor 1 expression is particularly strong in the
embryonic SCN [125, 126]. A disruption of melatonin rhyth-
micity by maternal exposure to constant light changes the
expression of clock genes in several embryonic tissues. This

effect can be prevented by daily injections of melatonin to
the mother [127]. After birth, melatonin is transmitted
through milk providing a reliable rhythmic signal to the pups
during the breastfeeding period [108]. Besides GCs and
xmelatonin, dopamine is also able to entrain fetal clocks
through D1 receptors, complementing the nocturnal mela-
tonin signal during the day [128]. Still, the development of
the circadian system and the mechanism of clock entrain-
ment during fetal and newborn life requires more investi-
gation. Indeed, to add further complexity, it seems that
this process is not fully dependent on maternal rhythmic-
ity, since the circadian system in offspring from mothers
lacking a functional clock (due to SCN lesions or genetic
clock deletion) develops normally [129–131]. Overall, these
results provide strong evidence for a role of the prenatal
environment and postnatal maternal behavior as critical
programming factors.

9. Medical Implications of Clock-Stress
Coupling

Interestingly, many of the effects induced by early adverse
environments in rodents reviewed above were also found in
humans (reviewed in [132]). Children from mothers who
reported altered sleep rhythms, stress, anxiety, or depression
during pregnancy show a higher incidence of attention defi-
cits, impulsivity, and mood disorders [133]. In addition,
long-term impairments of circadian cortisol release and
higher basal cortisol levels are found in these children, possi-
bly underlying the impairment on sleep, behavioral, and
emotional functions [134–137]. Circadian disruptions such
as shiftwork or jetlag are considered as risk factors for abnor-
mal brain development during pregnancy. Several epidemio-
logical studies in women further show an association
between shiftwork and increased risk of spontaneous abor-
tion, premature delivery, and low birth weight [138].

It seems clear that avoiding circadian disruptions and/or
classical stressors during pregnancy would improve the
child’s health and quality of life. Circadian disruptions
may be minimized avoiding mistimed light exposure, reduc-
ing blue light illumination in the evening and increasing
bright light exposure in the morning [139]. Additionally,
scheduled food consumption and activity during the correct
time-of-day would help to keep the maternal clock system
aligned [140].

Besides the maternal clock, it is also important to con-
sider that pregnant women at risk of giving birth before
term are treated with GCs to accelerate fetal lung develop-
ment. Several epidemiological studies show that such pre-
natal GC treatment induces long-term behavioral and
metabolic deleterious effects in children [141–143]. Further
long-term studies are in progress and will help to improve
the dose and time of administration of such treatments
[144]. As in rodents, the human HPA axis and the circa-
dian system develop during late prenatal and early postna-
tal periods [145]. Thus, another aspect that should be
considered is the exposure to constant bright light in pre-
term neonatal care units. Several illumination strategies
have recently been compared showing that rhythmic light-
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dark cycles improve sleep development and weight gain in
newborns [146, 147].

To conclude, it becomes increasingly clear that circa-
dian and stress regulation is tightly coupled at all levels
of organization. Targeting the circadian-stress crosstalk
has high medical potential regarding metabolic and cogni-
tive chronic disorders, both from a preventive and a ther-
apeutic perspective.
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Circadian modulation of learning and memory efficiency is an evolutionarily conserved phenomenon, occurring in organisms
ranging from invertebrates to higher mammalian species, including humans. While the suprachiasmatic nucleus (SCN) of the
hypothalamus functions as the master mammalian pacemaker, recent evidence suggests that forebrain regions, including the
hippocampus, exhibit oscillatory capacity. This finding, as well as work on the cellular signaling events that underlie learning
and memory, has opened promising new avenues of investigation into the precise cellular, molecular, and circuit-based
mechanisms by which clock timing impacts plasticity and cognition. In this review, we examine the complex molecular
relationship between clock timing and memory, with a focus on hippocampal-dependent tasks. We evaluate how the
dysregulation of circadian timing, both at the level of the SCN and at the level of ancillary forebrain clocks, affects learning and
memory. Further, we discuss experimentally validated intracellular signaling pathways (e.g., ERK/MAPK and GSK3β) and
potential cellular signaling mechanisms by which the clock affects learning and memory formation. Finally, we examine how
long-term potentiation (LTP), a synaptic process critical to the establishment of several forms of memory, is regulated by
clock-gated processes.

1. Introduction

Forty-five years ago, Davies et al. [1] first demonstrated
that the efficiency of both learning and memory is modu-
lated as a function of the time-of-day. Using a passive
avoidance task (where animals learn to avoid a mild foot
shock by remaining in the lighted side of a test chamber),
they demonstrated that rats learned and remembered the
task better during the day than during the night. In the
decades since, numerous labs have confirmed that learning
and memory are gated over the diurnal cycle [1–19]. Fur-
ther, many of these diurnally regulated effects on learning
and memory efficiency persist even when external time cues
are eliminated [4, 12, 17, 18, 20]; thus this gating process is
governed by inherent circadian timekeeping capacity. Cir-
cadian variation in memory is seen across phyla, from
Aplysia [21] and fruit flies [22] to mice [4] and humans
[23]. Furthermore, alterations in clock timing (whether

resulting from jet lag [24, 25] or shift work [26, 27]) cause
cognitive deficits. Likewise, cognitive impairment and dys-
regulation of the circadian timing system are comorbid
(and possibly interrelated) features of many neurodegener-
ative disorders [28, 29], including Alzheimer’s [30, 31],
Parkinson’s [32–34], and Huntington’s disease [35–37].
These findings suggest that inherent circadian timekeeping
capacity has a profound influence on the cellular and
systems-based circuitry that underlies memory formation.
As such, a better understanding of the mechanisms by
which the circadian clock modulates cognition has wide-
ranging implications for human health, disease progression,
and overall quality of life.

In this review, we focus on circadian modulation of
hippocampal-dependent forms of learning and memory. To
this end, our discussion will be focused on hippocampus-
dependent forms of spatial and contextual memory [38].
Importantly, both the circuits and many of the molecular
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mechanisms that underlie spatial and contextual memory
are well characterized [39–41], and as such, the effects of
the clock timing system can be examined within a function-
ally relevant cellular context [20, 42–44]. Further, we will
present an extensive overview of the existing hypotheses
on the mechanisms by which circadian rhythms modulate
memory efficiency, as well as comment on broader implica-
tions of these hypotheses. We will begin by briefly discuss-
ing several hippocampal forms of learning and memory,
describing the assays used to examine these processes, and
reviewing work that places these memory processes into a
circadian context.

In rodent model systems, circadian modulation of a wide
array of hippocampal-dependent memory processes has been
reported (for a summary see Table 1). Notably, while the
learning and memory assays discussed in this review require
the hippocampus, the level of this hippocampal dependence
varies from assay to assay. Some assays (e.g., novel object
location) are almost exclusively dependent on the hippocam-
pus [45], while others (contextual fear conditioning or novel
object recognition) also involve additional brain regions such
as the amygdala and perirhinal cortex, respectively [45–47].
Generally, memory processes can be divided by mecha-
nism and time scale into working or short-term memory,
intermediate-term memory, and long-term memory (which
requires both acquisition and retrieval). Working memory
is a short-term information storage system that functions
from seconds to a few minutes. It is dependent primarily
on persistent neuronal activity (i.e., continued activation of
a neuron or network after cessation of the stimulus [48])
and, at a cellular level, the trafficking of glutamate receptors
to the synaptic membrane [49–52]. The radial arm maze
is one example of a behavioral task used to measure
hippocampal-dependent working memory. In this task, mice
explore a maze with eight “arms” and a single food reward on

each arm. Since an arm that has been visited no longer has a
food reward, reentering a previously entered arm constitutes
an error. This task provides a robust assessment of visuospa-
tial learning in rodents, as arm discrimination is primarily
dictated by visual cues [53], whereas olfactory cues are crucial
only when the test is conducted in total darkness [54]. Using
this assay, several studies have shown that working memory
efficiency is modulated by the time-of-day. Along these lines,
Rawashdeh et al. [55] reported significantly better perfor-
mance (i.e., fewer errors) on the radial arm maze during the
day compared to the night. Interestingly, Hauber and Bareiss
[3] found better working memory performance on the radial
arm maze during the night. There are several potential
explanations for these disparate findings, including species
differences (Hauber and Bareiss used rats, while Rawashdeh
et al. used mice), experimental protocol differences (Hauber
and Bareiss found improvement at night following 5 days
of habituation and 10 days of training, while Rawashdeh
et al. found improvement during the day following 2 days
of habituation and 5 days of training), lighting conditions
(both studies tested rodents under dim red light (<10 lux)
during night but used different intensities of white light dur-
ing day), or the time at which training occurred (Rawashdeh
et al. tested rodents at ZT2 (day) and ZT14 (night), while
Hauber and Bareiss tested animals during a period of
ZT5-10 for day and ZT19-24 for night).

In contrast with working memory, intermediate-term
memory is a process with a time scale of several minutes to
a few hours. Mechanistically, intermediate-term memory
shifts away from the persistent neuronal activity process that
underlies working memory and towards a stronger depen-
dence on mechanisms downstream of neuronal activation,
including persistent activation of protein kinases and
inducible mRNA translation (but not gene transcription)
[39, 56, 57]. Novel object location is a test of spatial

Table 1: Hippocampus-dependent memory tasks regulated by time-of-day, sorted by memory process (WM: working memory;
ITM: intermediate-term memory; LTM: long-term memory; Acq: acquisition; Ret: retrieval).

Process Assay Phase (peak/nadir) Model Reference

WM Radial arm maze Night (21/7) Sprague–Dawley rats Hauber and Bareiss [3]

WM Radial arm maze Day (2/14) C3H/HeN mice Rawashdeh et al. [55]

WM Spontaneous alternation Night (19/7) Siberian hamsters Ruby et al. [10]

WM Sustained attention task Night (16/4) Sprague–Dawley rats Gritton et al. [12]

ITM Novel object location Night (20/8) Wistar rats Takahashi et al. [14]

ITM Novel object location Night (16/4) C57BL/6 mice Snider et al. [20]

ITM Novel object recognition Night (19/3) Siberian hamsters Ruby et al. [9]

LTM Alley maze Night (18/6) C57BL/6 Ola mice Hoffmann and Balschun [2]

LTM Contextual fear conditioning Night (14/2) C57BL/6J mice Valentinuzzi et al. [19]

LTM Contextual fear conditioning Day (4/16) C57BL/6 mice Eckel-Mahan et al. [18]

LTM (Ret) Contextual fear conditioning Day (3/21) C57BL/6J and C-3H mice Chaudhury and Colwell [4]

LTM Passive avoidance Day (6/18) Sprague–Dawley rats Davies et al. [1]

LTM Trace fear conditioning Day (6/18) C57BL/6 mice Wang et al. [5]

LTM Morris Water Maze Night (16/4) Sprague–Dawley rats Gritton et al. [12]

LTM Radial arm maze Night (21/7) Sprague–Dawley rats Hauber and Bareiss [3]

LTM (Acq) Novel object recognition Night (16/4) C57BL/6 mice Shimizu et al. [42]
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intermediate-term memory that is gated as a function of
the time-of-day. For the novel object location task, the
animal first explores two objects placed in reference to a
visuospatial arena (shapes on the walls of the arena differ-
entiate each direction). Thirty to sixty minutes later, the
animal is returned to the arena; meanwhile, one of the
objects has been moved. More time spent exploring the
object which has been moved (i.e., the object in a novel
location) indicates recollection of the initial spatial location.
Both Takahashi et al. [14] and Snider et al. [20] found that
animals were only able to discriminate between the novel
object location and the familiar object location during the
night (no discrimination was observed during the day); as
overall exploration was the same at all times tested, this
effect did not depend on time-of-day differences in the
overall amount of exploration of the objects.

In contrast to intermediate-term memory, long-term
memory involves two distinct processes. The initial process
of acquisition (the coding of an experience) depends on gene
transcription, de novo protein translation, and alterations in
neuronal connectivity but not on sustained neuronal activity
[58–61]. By contrast, the second process, retrieval (accessing
the coded experience), is regulated by synaptic strength and
glutamate receptor trafficking at the time that the memory
is accessed [58, 62, 63] and does not require protein transla-
tion or gene transcription [39, 58]. One of the best character-
ized forms of hippocampal-dependent long-term memory is
contextual fear conditioning. Contextual fear conditioning
involves first administering a mild electric foot shock to an
animal in a visuospatial context. When the animal is returned
to that context (days or even weeks later), freezing behavior
indicates an association of the shock with the visuospatial
context. Several studies have shown that contextual fear
conditioning is gated as a function of the time-of-day. Along
these lines, Chaudhury and Colwell [4] and Eckel-Mahan
et al. [18] showed that long-term contextual fear condition-
ing memory is more efficient during the day than the night.
Interestingly, Valentinuzzi et al. [19] observed more efficient
contextual fear conditioning memory during the night.
Possible explanations for these diverging time-of-day depen-
dent results include differing lighting conditions (Chaudhury
and Colwell and Eckel-Mahan et al. entrained to a 12h/12 h
light/dark cycle, while Valentinuzzi et al. used constant dim
green light with a skeleton white light photoperiod), differing
measurement methods (Chaudhury and Colwell and Eckel-
Mahan et al. used seconds freezing, while Valentinuzzi et al.
used latency to a beam break), and relation to baseline
behavior (Chaudhury and Colwell and Eckel-Mahan et al.
examined overall percent freezing, while Valentinuzzi et al.
normalized each animal’s beam breaks by subtracting
baseline beam breaks).

Together, these studies reveal important and fundamen-
tal features of the functional effects of circadian modulation
on memory processes. However, a key issue that has not yet
been fully examined in rodent models relates to the ability
of assays to distinguish time-of-day effects mediated by
encoding from time-of-day effects that are dependent on
retrieval. Along these lines, in most rodent studies of time-
of-day modulation of long-term memory, the learning

experience and the retrieval test are conducted at the same
time-of-day (e.g., learn at early day and test at early day).
Thus, it is not possible to determine whether differences are
due to enhanced acquisition or enhanced retrieval. For
example, a task that is better during the day could be due to
better acquisition of the task; or it could be that the animals
learned the task equally well at both times but retrieved the
memory more efficiently during the day. Since the molecular
mechanisms of encoding and retrieval are distinct, clarifying
which memory process is primarily impacted by circadian
rhythms should be a top priority. Work in invertebrate
models [64, 65], as well as a handful of current studies in
rodents [4, 42], has made strides in this direction: they
designed tests of long-term memory efficiency such that the
memory is retrieved at a time-of-day that is distinct from
the time-of-day of the initial learning experience. Future
studies examining the circadian regulation of long-term
memory should seek to build on their work.

Finally, it is also important to note that time-of-day
differences in performance on hippocampal-dependent tasks
may be confounded by interactions with sleep/wake cycles
and the circadian clock. Sleep itself is a powerful modulator
of memory [66, 67], and studies of nocturnal rodents
involving a day (sleep phase) time point will certainly risk
sleep disruption. Moreover, both light during the night
(active) phase [68] and forced or novelty-induced activity
during the day (sleep) phase [69] are capable of shifting the
circadian phase of the SCN. Thus, in a standard light-dark
cycle with testing throughout the cycle, it is impossible to
completely eliminate these confounds. However, photic
effects on the circadian rhythm can be largely eliminated by
using very dim red light, a common and long-standing
practice in studies of circadian function [70–73]. Addition-
ally, assaying clock-gated locomotor rhythms over the course
of the memory assay can provide information on the extent
of circadian disruption, if any, caused by the memory assay
(as shown in Gritton et al. [12]).

2. Circadian Timing Mechanisms

At the cellular level, mammalian circadian rhythms are
generated by a self-sustaining transcription/translation
feedback loop. At its most fundamental level, this loop is cen-
tered on a basic helix-loop-helix transcription factor formed
by BMAL1 and CLOCK. This heterodimeric transcription
factor binds to E-box motifs (CACGTG) found within
the 5′ regulatory regions of Period1 and Period2 (Per1/2)
and Cryptochrome 1 and Cryptochrome 2 (Cry1/2) genes,
thus leading to their transcription. Per and Cry transcripts
are translated, dimerized, and returned to the nucleus,
where they inhibit the function of the BMAL1/CLOCK
dimer and hence inhibit their own transcription [74, 75].
Precisely timed degradation of PERIOD proteins relieves
the repression of the BMAL1 and CLOCK complex and
thus allows for a new round of Per and Cry transcription to
occur. The cycling of this feedback loop, which is set to
approximately 24 hours, sets the periodicity of the endoge-
nous cellular oscillators. The phasing, periodicity, and ampli-
tude of this molecular rhythm can be influenced by a wide
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array of intracellular effectors, including inducible kinases,
histone deacetylases, phosphatases, and ubiquitin ligases
(for reviews, see [76–80]); hence, this clock feedback loop
can be influenced by a wide array of changes in the functional
state of the cell (e.g., changes in metabolic activity, stress, and
in neurons, excitability).

In mammals, circadian timing is a distributed process,
with multiple peripheral organ systems and brain regions
exhibiting inherent oscillatory capacity [81–83]. However,
the phasing and amplitude of these distributed cell popula-
tions are set by a single brain region: the paired suprachias-
matic nucleus of the hypothalamus (SCN). The ~10,000
neurons that form the SCN utilize a variety of local paracrine
and synaptic output pathways to convey clock time to
peripheral oscillator populations in the brain [81, 83–86].
Further, multisynaptic output pathways allow the SCN to
drive rhythmic release of endocrine hormones (e.g., melato-
nin and glucocorticoids) [81, 83–86], which in turn, impart
rhythmic control over energy expenditure, metabolic activity,
and both immune and stress responses [87–90]. Further,
endocrine hormones also affect the functioning of both
the SCN clock and peripheral oscillator populations in
the brain [91–95].

Within the forebrain, time-keeping capacity has been
reported in various regions, including the cortex, hippocam-
pus, and the amygdala [81, 96, 97]. Consistent with this,
forebrain neurons appear to express all of the essential genes
required to generate cell-autonomous circadian oscillations
[96–98]. Notably, the phasing of circadian rhythms varies
between forebrain regions that are important for learning
and memory. For example, while the hippocampus and
prefrontal cortex peak in Per1mRNA expression is at the late
night, the amygdala peak of Per1 mRNA expression is at the
late day [97]. The phasing of forebrain circadian rhythms is
set by the SCN, and several entrainment mechanisms have
been described. Along these lines, SCN-driven rhythms of
corticosterone release from the adrenal glands have been
shown to contribute to hippocampal rhythm phasing
[91–93]. Hence, clamping corticosterone levels in mice
eliminates hippocampal rhythmic expression of a period1-
luciferase reporter gene [92], and Woodruff et al. observed
that the diurnal modulation of hippocampal-dependent fear
conditioning extinction was lost in adrenalectomized rats
[99]. Additionally, SCN-driven clock-gated neuronal circuits
appear to alter the balance of excitatory versus inhibitory
synaptic activity in the hippocampus (in particular via
GABAergic innervation from the medial septum [10]). This
is supported by recent work demonstrating that the spatial
memory deficits in behaviorally arrhythmic Syrian hamsters
are abolished following injection of pentylenetetrazol, a
GABA antagonist [9, 10].

3. Impacts of Circadian Disruption on Memory

Time-of-day gating of hippocampal-dependent memory is
dependent in part on the SCN. For example, SCN lesioning
(which results in the loss of circadian rhythmicity) causes
deficits in long-term novel object recognition [42], contex-
tual fear conditioning and Morris water maze performance

[100]. However, no effect of SCN lesioning was observed
on performance in intermediate-term novel object recogni-
tion [42, 100]. Interestingly, Fernandez et al. [101] found
that while an arrhythmic Siberian hamster model had def-
icits in both working memory (spontaneous alternation)
and long-term memory (novel object recognition), ablation
of the SCN rescued both forms of memory. In a related
line of work, pharmacological GABA inhibition restored
performance on the novel object recognition task in arrhyth-
mic Siberian hamsters [9, 10]. This result was used to argue
that circadian dysregulation impairs memory by increasing
GABAergic inhibition influence within the hippocampus
[101]. Together, these data reveal that the SCN timing system
has complex context-specific effects on both working and
long-term memory processes.

As with SCN lesioning, the effects of the targeted germ-
line deletion of core clock genes (e.g., Bmal1, Cry 1/2, Clock,
and Period1/2) are complex. Bmal1 is an essential component
of the circadian timing system [102], and thus, Bmal1
knockout (KO) mice are completely arrhythmic [102, 103].
Notably, Bmal1 KO mice display deficits in habituation
to a novel environment [104] and in contextual fear condi-
tioning and Morris water maze performance [103]; however,
enhancement of novel object recognition was also detected in
Bmal1 KOmice [103]. Here, it is worth noting that the mem-
ory deficits in this model are somewhat difficult to interpret
due to the widespread deleterious effects of Bmal1 deletion.
Along these lines, Bmal1 KO mice exhibit poor overall
health, including premature aging, accelerated rates of mor-
tality, reduced body weight, increased overall sleep, loss of
reproductive capabilities, disrupted metabolism, cardiomy-
opathy, and reduced skeletal muscle function [105–110].
Whether or not these phenotypic effects (including the effects
on learning and memory) are related to a loss of circadian
timing, or may also result from a loss of BMAL1 transcrip-
tional drive that is independent of the circadian timing
system, has not been fully elucidated [111].

In contrast with the complex phenotypic effects of the
germline deletion of Bmal1, the phenotypic effects resulting
from the genetic disruption of other core clock genes are less
severe. Along these lines, with respect to overt locomotor
(wheel running) activity, multiple Per1 or Per2 KO mouse
lines exhibit a shortened tau (within the 0.5–1.5 hour time
range) relative to WT mice [112–114]. Similarly, the Clock
null line has a shortened tau (0.4 h) [115], whereas the
ClockΔ19/Δ19 mutant mouse line exhibits a 4 hr lengthening
of tau and often becomes arrhythmic over an extended
period in DD [116]. In tests of hippocampal-dependent
memory, the Per1Brdm1/Brdm1 mouse loss-of-function line
[114] display normal long-term memory in the Morris water
maze and contextual fear conditioning [117], whereas a
distinct Per1 KO mouse line (Per1ldc/ldc [113]) exhibits defi-
cits on working memory in the radial arm maze [55, 96].
ClockΔ19/Δ19 mutant mice [116] display deficient long-term
memory in the Morris water maze yet have passive avoidance
memory similar to WT controls [118]. Cry1/2 double KO
mice, which are arrhythmic [119], are unable to acquire the
time-place learning task (a form of place preference) [120],
whereas arrhythmic Per1Brdm1/Brdm1/Per2Brdm1/Brdm1 double
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transgenic mice [114] display a learning curve indistinguish-
able from WT mice in the time-place learning task [121].
Overall, the complex effects of circadian gene deletion on
hippocampal-dependent memory may be due in part to the
unique role that each gene product plays in the core clock
timing loop, the degree or type of circadian phenotype
triggered by the gene deletion, and the extent to which
compensatory mechanisms may be recruited to offset the
effects of the gene disruption.

Recently, our lab [20] and others [42] investigated the
role of non-SCN cell-autonomous circadian oscillations
using conditional forebrain Bmal1 KO models, where Bmal1
is deleted in a subset of forebrain excitatory neurons (includ-
ing frontal cortex and hippocampus [20, 42], but excluding
the hypothalamus, and hence the SCN [20, 42]). This
approach specifically eliminates ancillary clocks without
impacting the master SCN clock, thus facilitating experi-
ments addressing the role of ancillary oscillators. In these
conditional Bmal1 KO mice, locomotor rhythms were
indistinguishable from WT locomotor rhythms [20, 42],
indicating that the functionality of the SCN clock was not
affected. The physical health of these animals, notably includ-
ing gross hippocampal morphology, appears unaffected by
conditional Bmal1 deletion [20]. Importantly, conditional
Bmal1 KO mice exhibit both a total loss of time-of-day
dependent novel object location and deficits in Barnes maze
performance [20] as well as abrogation of time-of-day
dependent novel object recognition [42]. As the circadian
deficits in this model are restricted to forebrain excitatory
neurons, the cognitive deficits in these mice support a
necessary role of hippocampal cell-autonomous oscillations
in learning and memory.

4. Rhythms in Kinase Signaling

Rhythmic regulation of kinase pathways appears to play a
key role in circadian modulation of learning and memory
[18, 42–44]. In particular, the ERK/MAPK pathway has
been especially well characterized in studies of both learning
and memory [122, 123] and circadian timing mechanisms
[73, 124]. An initiating event in the stimulation of the ERK/
MAPK pathway is the activation (i.e., GTP loading) of the
small GTPase Ras. Once in the GTP-bound form, Ras
triggers a series of phosphorylation and cellular translocation
events that initiates the sequential activation of Raf, MEK,
and then ERK. Once activated, ERK functions as the effector
kinase of the pathway, targeting numerous proteins within
both the cytoplasm and the nucleus. Notably, in the SCN,
the ERK/MAPK pathway is highly responsive to photic
stimulation and plays a critical role in light-evoked clock
resetting [73, 124, 125]. Much of the phase-shifting effects
of the ERK/MAPK pathway appear to be mediated via
activation of the transcription factor CREB (cAMP response
element binding protein) [73, 126]. CREB, in turn, drives the
induction of the core clock gene Per1 [127, 128]. Given these
findings, and the noted work showing that the ERK/MAPK
pathway plays an important role in learning and memory
[122, 123], it appears that the ERK/MAPK pathway is ideally
positioned to serve as a regulator of time-of-day dependent
synaptic plasticity in the forebrain.

Interestingly, as in the SCN, several studies have reported
peak ERK activation during the daytime in the hippocampus
[18, 100, 103] (Table 2). This hippocampal oscillation of ERK
phosphoactivation is absent in mice with a lesioned SCN
[100], indicating that SCN phase-setting signals are necessary

Table 2: Memory-related cellular signaling proteins or second messengers found to exhibit rhythmic expression or activity in
the hippocampus.

Protein Region Method Phase (peak/nadir) Model Reference

cAMP Whole hippocampus ELISA Day (8/20) C57BL/6 mice Eckel-Mahan et al. [18]

cAMP Whole hippocampus ELISA Day (4/16) C57BL/6 mice Wardlaw et al. [103]

K-Ras CA1 membrane rafts Western Night (16/4) C57BL/6 mice Shimizu et al. [42]

4EBP1 Whole hippocampus Western Day (4/16) C57BL/6 mice Saraf et al. [132]

Akt Whole hippocampus Western Day (4/16) C57BL/6 mice Saraf et al. [132]

CREB Whole hippocampus Western Day (4/16) C57BL/6 mice Eckel-Mahan et al. [18]

CREB Whole hippocampus Western Day (2/18) C3H/HeN mice Rawashdeh et al. [55]

eIF4E Whole hippocampus Western Day (4/16) C57BL/6 mice Saraf et al. [132]

ERK CA1 IHC Day (4/16) C57BL/6 mice Phan et al. [100]

ERK Whole hippocampus Western Day (2/14) C3H/HeN mice Rawashdeh et al. [55]

ERK Whole hippocampus Western Day (4/16) C57BL/6 mice Wardlaw et al. [103]

ERK CA1 IHC Night (16/4) C57BL/6 mice Shimizu et al. [42]

ERK Whole hippocampus Western Day (4/16) C57BL/6 mice Eckel-Mahan et al. [18]

GSK3β CA1 Western Day (9/17) C57BL/6 mice Besing et al. [43]

mTOR Whole hippocampus Western Day (4/16) C57BL/6 mice Saraf et al. [132]

S6 Whole hippocampus Western Day (4/16) C57BL/6 mice Saraf et al. [132]

Ras-GTP Whole hippocampus Western Day (8/20) C57BL/6 mice Eckel-Mahan et al. [18]

SCOP CA1 membrane rafts Western Night (16/4) C57BL/6 mice Shimizu et al. [42]
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for rhythmic hippocampal ERK/MAPK pathway activity.
Additionally, Bmal1 KO animals do not display an oscillation
in pERK [103], further indicating that this rhythm is driven
by the circadian timing system. Notably, recent research
proposes mechanisms by which the circadian clock may
regulate the hippocampal ERK/MAPK pathway. Along these
lines, the ERK inhibitor SCOP (suprachiasmatic nucleus
circadian oscillatory protein) has been shown to function as
a regulator of ERK activity rhythms in the hippocampus
[42, 129]. SCOP is a polypeptide that inhibits the ERK/
MAPK cascade by sequestering nucleotide-free Ras [130].
When a neuron is activated, leading to an increase in cyto-
plasmic Ca2+, activation of the calcium-dependent protease
calpain drives rapid degradation of SCOP. This triggers the
release of the nucleotide-free Ras, which rapidly binds to
GTP. Ras-GTP then activates the ERK/MAPK cascade.

In the CA1 region of the hippocampus, while total SCOP
expression is not regulated by time-of-day, the amount of
SCOP localized to membrane rafts (where it binds Ras) is
highest at night [42] (Table 2). Shimizu et al. [42] reported
that learning-induced ERK activation was higher at night in
WT animals, correlating with a peak in SCOP localization
to membrane rafts. However, this time-of-day regulation of
ERK was absent in SCOP conditional KO animals that lacked
SCOP in the hippocampus [42], supporting the hypothesis
that circadian gating of inducible ERK activation depends
on SCOP.

In another study that examined rhythmic regulation of
ERK/MAPK signaling, Rawashdeh et al. reported that
PERIOD1 (PER1) enhances the nuclear translocation of
pP90RSK during the day [44]. P90RSK is an ERK effector
that can phosphorylate CREB [131]. Rawashdeh et al. [44]
showed a late day peak in hippocampal CREB phosphoryla-
tion that was abrogated in the Per1ldc/ldc KO line, as well as
a reduction in CREB-dependent transcription in cultured
HT22 hippocampal cells following RNA knockdown of
Per1. Moreover, coimmunoprecipitation revealed a physical
interaction between pP90RSK and PER1, and inducible
nuclear localization of pP90RSK was absent in Per1ldc/ldcmice
[44]. Given the noted mechanism by which PER1 shuttles
P90RSK to the nucleus, and in turn regulates CREB activity
(and hence gene transcription), one would predict that
the lack of Per1 protein in Per1ldc/ldc mice would impact
long-term memory and not working memory [39]. How-
ever, Per1ldc/ldc mice display deficits on the radial arm
working memory task [55, 96], and Zuegger et al. found
no deficits in Per1Brdm1/Brdm1 loss-of-function mice on
long-term memory in the Morris water maze and contextual
fear conditioning [117].

Additionally, it is noteworthy that while Shimizu et al.
argued primarily for increased inducible phosphorylation of
ERK during the night [42], Rawashdeh et al. and Saraf et al.
argued for increased downstream effects of the ERK/MAPK
pathway during the day [44, 55, 132]. Although the phasing
of these ERK regulatory processes is distinct between these
two studies, the proposed mechanisms may not necessarily
be incompatible. Thus, using the SCN as a reference, one
finds that (1) basal ERK/MAPK activity is high in subjective
day and low at the subjective night and (2) that ERK/MAPK

is only responsive to light during the night. These findings
indicate that the circadian clock restricts specific mecha-
nisms of ERK/MAPK activation to distinct circadian time
domains [73]; additional work will be required to determine
whether a similar, time-domain-specific, clock-gating mech-
anism exist in the hippocampus.

Another kinase posited to function as a clock-modulated
regulator of hippocampal plasticity is GSK3β [43]. Multiple
studies have revealed that GSK3β signaling plays a key role
in hippocampal-dependent forms of learning and memory
[133, 134]. Interestingly, Besing et al. [43] demonstrated that
in the CA1 cell layer of the hippocampus, GSK3β activity was
rhythmic, with a peak occurring during the night. Further,
Besing et al. [43] found that the inhibition of GSK3β dimin-
ished LTP only during the night (this finding is further
discussed in Section 5). GSK3β is a constitutively active
kinase that is inhibited by phosphorylation at Serine 9.
Although the upstream mechanism that imparts rhythmicity
onto GSK3β activity is not yet clear, Besing et al. [43] specu-
late that phosphorylation at Serine 9 by the kinase Akt could
underlie the rhythm in GSK3β activity in the hippocampus.
Notably, expression of the Akt2 transcript is regulated by
the circadian clock in the liver [135], and phosphorylation
of Akt follows a circadian rhythm in cardiomyocytes [136].

At the level of clock-gated cellular timing, GSK3β has
been found to affect the core clock transcriptional loop. In
the hippocampus, both BMAL1 rhythms and period2-lucifer-
ase reporter rhythms were disrupted in knock-in mice with
constitutively high GSK3β activity [43]. Mechanistically,
GSK3β has been shown to phosphorylate BMAL1, which
led to an accelerated rate of degradation [137]. Interestingly,
in the liver, Akt has been shown to phosphorylate BMAL1,
leading to its increased cytoplasmic localization and, in turn,
a decrease in its transcriptional activity [138]. Together, these
data indicate that an Akt/GSK3β signaling cassette may
function at multiple points, both within the core clock
feedback loop and within clock-gated processes to modulate
neuronal plasticity over the 24-hour cycle.

Finally, Saraf et al. [132] reported that the circadian
clock modulates the activation state of mTOR (mammalian
target of rapamycin), a key regulator of inducible mRNA
translation in the hippocampus. Interestingly, timed daily
inhibition of mRNA translation via the injection of aniso-
mycin markedly reduced the efficiency of contextual fear
recall [132], thus raising the prospect that circadian gating
of mRNA translation plays a critical role in long-term
memory persistence or retrieval.

5. Long-Term Potentiation and the
Circadian Clock

Long-term potentiation (LTP) is a form of synaptic plasticity
that is an underlying element in the formation and mainte-
nance of a wide range of memory processes [39, 139, 140].
LTP can be subdivided into two stages: early LTP (E-LTP)
and late LTP (L-LTP). Each stage of LTP contributes to
distinctive memory processes. E-LTP occurs within the
first hour of stimulation and potentiates synaptic strength
in early, intermediate-term, and long-term memory by
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trafficking of glutamate receptors to the postsynaptic
membrane [39, 51]. L-LTP, occurring hours poststimula-
tion, is important for intermediate-term and long-term
memory and requires gene transcription and translation
for maintenance [39].

The population spike (PS) amplitude, duration, and rate
of decay of LTP have all been shown to vary based on time-
of-day in mice [43, 141–143]. Chaudhury et al. [143] demon-
strated that PS amplitude and field excitatory postsynaptic
potential (fEPSP) slope were increased in mouse hippocam-
pal slices that were obtained in subjective night, compared
to the day. Further, Chaudhury et al. [143] reported that
there was a longer duration of the enhanced postsynaptic
response in the subjective night compared to day. Interest-
ingly, the enhanced PS amplitude and fEPSP slope during
subjective night was consistent between mice kept on a 12-
hour light/dark schedule and those kept in constant darkness
[143], indicating that this component of LTP is driven by a
circadian clock-gated mechanism. Of note, other studies
have reported more efficient LTP induction in the subjective
day in rats [144] and Syrian hamsters [145]; therefore, there
are likely to be species-specific mechanisms by which the
clock regulates LTP induction over the 24-hour cycle. Fur-
thermore, germline Bmal1 knockout mice showed decreased
LTP amplitude during the day compared to wild-type ani-
mals [103]. Of note, to date, no work has shown if the diur-
nal difference in LTP PS amplitude or fEPSP slope is
abolished in Bmal1 knockout mice.

Recent work has identified several kinase signaling
pathways that may contribute to time-of-day dependent
changes in LTP. One such diurnally regulated kinase is
GSK3β. Notably, increased GSK3β activity was found to be
correlated with enhanced LTP at night, and the inhibition
of GSK3β diminished LTP only during the night [43].
Interestingly, in a constitutively active GSK3β knock-in
mouse, overall LTP was enhanced and was still higher at
night than during the day. While the downstream pathway
by which GSK3βmodulates LTP has not been demonstrated,
GSK3β is known to phosphorylate a range of targets involved
in neuronal function and memory, including CREB, tau,
β-catenin, MAP1B, and PS-1 [146].

Given that circadian modulation of LTP was still
observed in the constitutively active GSK3β knock-in mouse
[43], GSK3β is likely not the only pathway regulating time-
of-day dependent changes in LTP. Notably, activation of
ERK (another kinase diurnally regulated in the hippocampus
[18]) has also been shown to play a critical role in induction
of early LTP [123] and for the maintenance of L-LTP. The
effects on E-LTP may be ascribed to ERK regulation of the
Kv4.2 channel, which leads to a reduction in its conductance
properties, and in turn, an increase in hippocampal cellular
excitability [147, 148]. The effects of MAPK signaling on
L-LTP have been shown to result from ERK-dependent
activation of CREB-dependent transcription [123, 149].
Given the key role that ERK/MAPK signaling plays in
memory formation coupled with noted studies showing
ERK activation rhythms in the hippocampus, it is quite
tempting to posit that these daily oscillations in ERK
activity could contribute to time-of-day dependent changes

in learning and memory formation. As a starting point,
however, no study to date (to our knowledge) has demon-
strated a direct link between the rhythmic regulation of
ERK activity and the clock-gating of LTP.

Though work to date indicates that kinase pathways
contribute to circadian modulation of intermediate and
long-term memory, there is a distinct lack of evidence at
the molecular level as to how working memory is modulated
by the clock (see Table 1 for a summary of circadian
differences in working memory). Here, we provide several
mechanisms by which this process could occur. One possible
mechanism is that the clock gates E-LTP induction, which in
turn, could underlie time-of-day differences in working
memory efficiency. At a mechanistic level, clock-gated
changes in glutamate receptor trafficking efficiency may
underlie this process. As noted, E-LTP induction is depen-
dent on the rapid trafficking of AMPA receptors containing
the GluA1 subunit to the postsynaptic membrane [51, 150],
and recent work has demonstrated that glutamate receptor
trafficking is regulated by clock-gated signaling pathways.
Notably, Ras-GTP (a kinase in the ERK pathway) has been
shown to induce trafficking of GluR1 to synapses [151], and
GSK3β promotes membrane localization of NMDA recep-
tors [152]. While circadian rhythms in glutamate receptor
trafficking have not been reported, this may be a worthwhile
area of inquiry. Another possibility is related to clock modu-
lation of dendritic spine density. In support of this idea, Ikeda
et al. [153] reported an oscillation in CA1 synaptic spine den-
sity, with a peak density occurring during the early subjective
night, a time point when peak performance on working
memory tasks is observed (see Table 1).

6. Conclusions

While the emphasis of this review is on clock gating of
excitatory neuronal plasticity, it is important to place these
processes within a broader hippocampal context. Notably,
the hippocampus is a complex cellular environment with
multiple cell types, including excitatory pyramidal cells,
inhibitory interneurons, microglia, astrocytes, and oligoden-
drocytes [154]. Both glia [98, 155] and interneurons [156]
have intrinsic circadian rhythms, and both cell types impact
learning and memory [157–159]. Further, recent evidence
has demonstrated that astrocytes are crucial for setting cir-
cadian timing within the SCN [160, 161]. Thus, the work
described here, which focuses largely on excitatory neu-
rons, may only be a piece of a much larger intercellular
network of neurons and glia through which the clock
modulates cognition.

Clearly, a deeper understanding of how the circadian
clock gates hippocampal circuitry should be a priority for
further study. Potential new avenues of inquiry could include,
for instance, synaptic scaling, a process by which neurons
regulate their overall level of excitability [66, 162, 163].
While much of the research on synaptic scaling has focused
on the effects of sleep, circadian rhythms likely also play a
part in this process [164–166]. Further, work that explores
the potential impacts that cognitive or neurodegenerative
disorders have on clock gating of kinase signaling or clock
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gating of synaptic plasticity may provide clues regarding the
relationship between disease states and deficits in learning
and memory. Finally, given the tight, intertwined, relation-
ship between sleep and circadian timing, further experimen-
tation that explores the relative contribution of each process
to the modulation of cellular plasticity and cognition is
highly merited. Clearly, we are at the beginning of a new
and exciting era of work that will provide fundamental
insights into the powerful and far-reaching effects that the
circadian timing system has on cognition.
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Circadian timekeeping can be reset by brief flashes of light using stimulation protocols thousands of times shorter than those
previously assumed to be necessary for traditional phototherapy. These observations point to a future where flexible
architectures of nanosecond-, microsecond-, and millisecond-scale light pulses are compiled to reprogram the brain’s internal
clock when it has been altered by psychiatric illness or advanced age. In the current review, we present a chronology of seminal
experiments that established the synchronizing influence of light on the human circadian system and the efficacy of prolonged
bright-light exposure for reducing symptoms associated with seasonal affective disorder. We conclude with a discussion of the
different ways that precision flashes could be parlayed during sleep to effect neuroadaptive changes in brain function. This
article is a contribution to a special issue on Circadian Rhythms in Regulation of Brain Processes and Role in Psychiatric
Disorders curated by editors Shimon Amir, Karen Gamble, Oliver Stork, and Harry Pantazopoulos.

1. Introduction

Before we could even begin to decipher the depths of its influ-
ence on our mind and body, light loomed large in our con-
ceptions of existence. According to the Book of Genesis,
which is Judeo-Christianity’s most ancient written account
of the universe’s origin, God’s initial act of creation on the
first day was the inception of light out of the void, which
was separated from darkness and deemed good. If the pas-
sage is interpreted literally—as it was by many throughout
history—it underscores the preeminence of light in the hier-
archy of our being, placing it at the very foundation of our
existence. Taken more figuratively, the placement of light at
the root of the act of creation speaks to light’s role as an
important evolutionarily driving force for our physiology,
behavior, and psyche.

The scientific evidence accumulated over the ensuing
millennia has confirmed light’s primacy over the temporal
order of terrestrial organisms and organisms living close to
or with migration routes near the ocean’s surface [1, 2].

The 24-hour pattern of sunlight created by the Earth’s rota-
tion causes sweeping intraday changes in many ecosystems
of the environment, characterized by cycles of illumination,
temperature, and humidity and in the height and strength
of ocean tides [3]. These daily geophysical changes signal
reliable changes in the probability of successfully negotiating
activities linked to reproductive success [4–6]. To exploit this
predictive validity, multicellular animals were pressured to
evolve an internal timekeeping system within the brain or
other central organs that provide a close (but not altogether
accurate) approximation of night and day length. This
system was equipped with specialized photoreceptors capable
of filtering out noise from the visual environment during
dawn and dusk while using alterations in the amount and
spectral composition of twilight to extract highly specific
time-of-day information [7]. These inputs would ultimately
calibrate the central pacemaker’s representations of day and
night—so that the frequency of the pacemaker matched the
24-hour frequency of the Earth’s rotation—and phase locked
its activity to align with the rising and setting of the sun [8].
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With this information, the brain’s clock could then use a vari-
ety of electrochemical outputs to effect internal synchroniza-
tion between the central nervous system and the body’s other
organs and tissues, thus ensuring that macroprocesses such
as metabolism and immune function are coordinated with
respect to feeding and rest [9–11].

In mammals including humans, the retinohypothalamic
tract (RHT) and the intergeniculate leaflet provide input
pathways from photoreceptors in the retina to central
pacemaker neurons of the suprachiasmatic nuclei (SCN)
[12–14]. Though light operates as their chief zeitgeber (from
the German zeit= time; geber=giver, or synchronizing
agent), the SCN can interpret several exogenous and physio-
logical time-of-day cues to entrain other satellite oscillators
in the periphery and their respective signaling networks
[15]. The resulting integration and transduction of these
inputs into a singular circadian output enables precise
homeostatic timing of diverse biological and psychological
processes. The SCN achieves this in part through a multisy-
naptic pathway that connects it with the pineal gland and
the pineal gland’s secretion of melatonin [16–19], a sleep-
organizing hormone or chronobiotic [20, 21]. Light proc-
essed by-way-of the SCN suppresses melatonin secretion,
giving way to cycles of melatonin peaks and troughs that
travel in accordance to the daily photoperiod [18]. Melatonin
rhythms, in turn, facilitate cycles of arousal and offline
restorative activity that are underpinned by changes in myr-
iad biological functions such as respiration, heat generation
or cooling, blood pressure, hormone production, and neuro-
transmitter recycling [22–24].

The central role of light in circadian entrainment is now
universally acknowledged [25] and evident in hindsight,
given early characterizations of the photic transduction path-
way from the retina along the RHT to the SCN in rodents and
primates [26]. Destabilization of temporal niches with poor
indoor availability of sunlight during the day and exposure
to artificial light at night is equally acknowledged for its
deleterious effects on human health [27]. That said, establish-
ing the primacy of light among other possible synchronizing
cues available in the environment required that a significant
(and erroneous) presupposition regarding human circadian
entrainment be overcome. In the narrative that follows, we
retrace the history of nonhuman and human circadian exper-
imentation and discuss efforts made by scientists such as
Czeisler et al. and Lewy et al. to show that light was a mean-
ingful timekeeping signal that could be exploited to treat
sleep-wake disturbances and subtypes of depression with sea-
sonal or chronobiological symptoms. This history provides
an informative context for understanding the significance
of more recent findings suggesting that short, intermittent
flashes can manufacture inordinate circadian responses
relative to longer stretches of uninterrupted light. After
reviewing the “flash” literature, we speculate on ways that
millisecond photic stimulation could be applied in the clinic.
The refinement of current phototherapy methods with
respect to spectrum composition (monochromatic versus
polychromatic), patterning (microfractionation of light
administration versus multihour blocks of exposure), timing
(during sleep versus wake), and delivery (light-emitting

diodes versus fluorescent bulbs) has ushered in a new era of
sophistication that demands a reconsideration of light’s
treatment potential in various psychiatric disorders.

2. Struggles to Establish Light as the Chief
Zeitgeber in Humans

Although the intellectual shift caused by Darwin’s theory of
evolution by natural selection in the latter half of the 19th
century brought on the decline of Victorian-era anthropolog-
ical exceptionalism, some of its remnants survived well into
the 20th century in the circadian field. Even the earliest
experimental accounts of endogenously generated circadian
behaviors suggested a synchronizing role for light in their
function. During the late Baroque period, De Mairan [28]
was the first to demonstrate that circadian rhythms could
persist autonomously from the environment. In his studies,
which examined the leaf movements of a heliotrope plant
(Mimosa pudica), he observed that the plant normally
opened its leaves and pedicels during the day and closed
them at night and continued to do so for periods of time
approximating the length of the day and night when it
was moved to a room inaccessible to sunlight [28]. Seminal
studies conducted over the next two centuries would
continue to build on De Mairan’s early insights [29], culmi-
nating in the demonstration by Augustin de Candolle that
the leaf movements made by Mimosa pudica in constant
darkness displayed a free-running periodicity just off 24
hours (~23 hours) and his suggestion that light acted as a
daily resetting signal that synchronized Mimosa pudica’s
endogenous timekeeping to a period and phase closely
aligned with the solar light-dark cycle (in other words,
photoentrainment; [30]).

By the mid-20th century, Bünning lay the intellectual
seeds for our current understanding of light’s effects on the
circadian system and how these effects might be organized
according to a temporal gate [31]. Having already docu-
mented the existence of endogenous circadian rhythms in
organisms ranging from single-celled algae to humans and
the genetic inheritance of the free-running period of these
rhythms in plants [32–34], Bünning went on to propose that
light responses that served to entrain the circadian system
were phase-dependent. If light exposure occurred during a
“tension” phase, it would delay the pacemaker by 1 to 2
hours. If, however, light was presented during a “relaxation”
phase, the stimulus would advance the pacemaker’s rhythm
by a few hours (summarized in [35]). Subsequent work by
Pittendrigh, and Hastings and Sweeney, among others,
confirmed the robust phase-shifting properties of brief or
prolonged light exposure on circadian functions observed
in organisms across the biosphere [36–39]. However, it was
a landmark paper by DeCoursey in 1960 that would set the
standard for quantifying light’s control over circadian timing.
Her experiments were conducted with flying squirrels, which
were maintained in constant darkness prior to and after
delivery of a single 10min light pulse at hourly intervals that
spanned the 24-hour day [40]. DeCoursey graphically
depicted the daily rhythm of sensitivity to these photic treat-
ments, generating the first formally published phase response
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curve (PRC) to brief light exposure in mammals. Taking on
the shape of a sinusoidal wave, the circadian PRC plots the
relationship between the stimulus (light) and the measured
circadian output (e.g., locomotor activity), which is delayed
or advanced depending on the subjective time-of-day at
which the stimulus is administered. DeCoursey found that
light scheduled soon after subjective dusk produced maximal
delays in the squirrel’s activity rhythm, while light scheduled
in the hours before subjective dawn produced maximal
advances [40]. Light presented during the subjective day
had no apparent influence. These two components of the
PRC mapped well onto the tension and relaxation phases of
circadian light sensitivity proposed by Bünning decades
before, and the general shape of DeCoursey’s PRC in squir-
rels has since been replicated in just about every organism
tested to date in the laboratory ([41]; see Figure 1 for a canon-
ical PRC to light). The evolutionary conservation of this
shape almost certainly belies the central tendency of the
pacemaker to preserve an animal’s temporal niche [5]. It
aligns the activity offset of diurnal animals with light signals
that predict the end of dusk (so that the animals can remain
active while the sun is still out) and activity onset with light
signals that might telegraph the leading edge of dawn (so that
the animals can arise earlier from sleep to greet the sunrise)
[42]. The reciprocal relationship holds for nocturnal animals.

Well into the latter half of the 20th century, despite
overwhelming evidence supporting the role of light as a syn-
chronizing agent for circadian oscillations in species ranging
from unicellular algae to mammals [39, 43, 44], including
primates (reviewed in [45]), the capacity of light to act as a
similar time cue in humans remained disputed. As late as
1980, the prevailing intellectual climate in academic circles
took for granted that circadian rhythms in humans free-ran
in an environment devoid of periodic time cues. However,
uniquely in all the kingdoms of life, they were thought to be
relatively insensitive to light. Social interactions, instead,
were considered the driving force responsible for entraining
the endogenous circadian machinery (see Box 1 for a quick
review of the criteria that must be met for a stimulus to serve
as an entrainment cue). Ironically, the perpetuation of this
misunderstanding was the byproduct of confounding studies
done in part by Aschoff, who, along with Bünning and
Pittendrigh, has long been seen as one of the three most
influential scientists in the circadian field. Aschoff, himself,
coined the term zeitgeber [46], which is now ubiquitously
used in the circadian literature to describe an entraining
agent or time cue.

In the early 1960s, two groups independently set out to
determine the presence of free-running circadian rhythms
in humans. The first group, consisting of Aschoff andWever,
conducted their studies on subjects individually housed
within a sealed cellar below Munich Hospital for 8–19 days
[47], while Siffre, a renowned underground cave explorer,
subjected himself to a two-month-long inhabitation of the
underground Scarasson cavern (an ordeal later recounted in
his book titled Beyond Time; [48]). Both accounts reported
an endogenous free-running cycle of rest-activity with a
period greater than 24 hours (~25 hours), suggesting that
periodically occurring stimuli in the environment somehow

reentrained the human pacemaker to an exact 24-hour
schedule on a daily basis as they did in other animals. Ini-
tially, presuming (to their credit) that light-dark cycles would
be especially important entrainment signals for people, Asch-
off and Wever launched the first systematic investigation of
human-relevant zeitgebers in a newly-built underground
soundproof bunker specifically designed to insulate subjects
from all external time cues. Their initial observations, here,
suggested that an imposed light-dark (LD) cycle was a potent
entrainment mechanism [49]. However, during one unfortu-
nate experiment, an equipment malfunction resulted in the
administration of the imposed LD cycle without activation
of a system of gong sounds that they had set up to awaken
subjects for periodic urine collection, which along with other
measures (including sleep-wake behavior and body tem-
perature) contributed to the assessment of circadian
entrainment. To his surprise, Wever found that in the
absence of the gong sounds the imposed LD cycle was not
sufficient to entrain the subjects in question to the corre-
sponding 24-hour day and that synchronization occurred
only in experiments where the imposed LD cycle and
the gong system were used in tandem [50]. Wever ulti-
mately concluded that since the determining factor—the
gong—was being interpreted by the subjects as a social
contact with the experimenter, social cues must be more
important zeitgebers for humans than LD cycles [50].

Sixmonths afterWever’s article appeared in the European
Journal of Physiology, Aschoff and his associates’ own
study was published in Science, supporting and building
on Wever’s findings and stating that social cues were suffi-
cient for the entrainment of human circadian rhythms [51].
The crucial flaw in their conclusion was the assumption that
the social cue represented by the sounding of the gong had no
corollary zeitgebers contributing to the perceived entraining
effects. Unfortunately, Aschoff and Wever’s protocol did
not ensure the degree of light insulation that their conclusion
required. In the subjects’ living quarters, daytime was delin-
eated by ceiling-mounted fluorescent lamps controlled by
the experimenters. This overhead lighting was turned on at
subjective dawn and turned off at subjective dusk, allowing
the scientists to have total control over the LD cycle imposed
on the subjects—provided that the subjects themselves had no
independent access to ectopic sources of light. This was not the
case. The subjects were given free access to lower-intensity
kitchen, bathroom, bedside, and desktop lamps throughout
the evaluation. If these lamps were used by the subjects
every time the gong went off during the experimenter-
imposed dark period, the bona fide entrainment effects
caused by the lower-intensity light could be erroneously
attributed to the gong.

Despite the resultant view that pervaded the 1970s, a
number of scientists remained convinced that light was an
important entrainment cue for the human circadian system
and carried out their own investigations. These groundbreak-
ing studies, which are discussed in the section below, helped
reorient the prevailing entrainment paradigm for humans
and restored light to its rightful place atop all circadian
zeitgebers. In the clinical realm, these studies also prompted
the psychiatry field to take a closer look at a newly emerging
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Figure 1: Phase response curve to light. The pacemaker’s timekeeping responses to light are modeled by a sinusoidal PRC. Ostensibly, the PRC
documents how the brain’s clock shifts the body’s activities so that they are always in register with the temporal beacons of sunset and sunrise.
Light falling later-than-expected in the early evening is perceived as an extension of the sunset. Any significant illumination here will trigger a
phase delay of a person’s physiology and behavior so that they can continue to be active while the sun is still out (or perceived to still be out).
On the other hand, light falling earlier-than-expected in the very late evening is perceived as the leading edge of a sunrise. Any significant
illumination in this region will trigger a phase advance of a person’s physiology and behavior so that they can arouse from sleep earlier to
greet the sunrise (or the brain’s estimate of where in the night’s duration the sunrise should occur). By convention, delays in a PRC to
light are plotted with negative values, while advances are plotted with positive values. In many, but not all instances, phase shifts
commensurate in magnitude (hours) with the difference in timing between the photic stimulation and the onsets/offsets of a light schedule
define the PRC amplitude. Shown in red are conditions whose symptoms could benefit from readjustments in circadian timekeeping.
Targeting phototherapy to the shallow area of the delay zone can correct the advances often seen in people with bipolar disorder [87, 88].
Targeting phototherapy to the shallow area of the advance zone—right before a person wakes up—can offset the delays that often
characterize those with seasonal affective disorder [85, 86].
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tool whose utility was being explored for the treatment of
mood disorders.

3. Let There Be Light

Whereas Aschoff and Wever’s studies permitted ad libitum
use of personal lighting, Czeisler and his associates tested
the role of the LD cycle as a time cue in humans using an
experimental design analogous to that employed in most ani-
mal studies showing effective circadian photoentrainment.
Here, an absolute LD cycle was imposed on the subjects,
eliminating all secondary illumination and creating consoli-
dated alternating intervals of bright light and near darkness.
In this study [52], which was conducted at the Montefiore
Hospital Laboratory of human chronophysiology, two young
twentysomething males living in isolated apartments were
allowed to self-select times of sleep, meals, and lighting for
25 days. Over the course of about one month, the subjects
typically free-ran with a period of ~25 hours. The subjects
were then exposed to a 24-hour LD cycle with firm transi-
tions between dawn and dusk for 9 days while being deprived
control over any other light-emitting devices. After a few
transients (transition days), they became entrained to the
imposed 24-hour light schedule, before free-running again
upon release from the LD cycle into a zeitgeber-free environ-
ment with ad libitum access to food, sleep, and personal
lighting. Importantly, the subjects began to free-run with a
phase predicted by the LD cycle rather than the phase
predicted by the preexisting free-running period that had
prevailed in the first 25 days of the experiment (i.e., an

entrainment criterion). Based on these findings, Czeisler
and his colleagues concluded that an LD cycle alone could
be an effective synchronizer of the human circadian system
whether social contacts were available or not. To solidify
their conclusion, the research team went on to demonstrate
that repeated exposure to 4 hours of bright light (~9500
lux) at a circadian phase coinciding with subjective dusk
causes a rapid and stable several-hour phase delay in body
temperature and cortisol rhythms, independent of the
subject’s sleep/wake cycle [53].

By the late-1980s, in the 30 years that followed
DeCoursey’s seminal report, PRCs to light had been reported
in all eukaryotes studied except for man. Having shown the
synchronizing effect of light in a single elderly subject
exposed to bright light [53], Czeisler and his associates
expanded their sample size and—over the course of 45 indi-
vidual experiments—examined the phase responses of the
human circadian clock to bright (~9500 lux) light at various
times of the 24-hour day. Using core body temperature as a
circadian phase marker, their work [54], in conjunction with
a more obscure study done by K. Honma and S. Honma [55],
provided the field with the first quantitative human PRC to
light. In addition to demonstrating that the response of the
human circadian pacemaker to light is well within the range
of sensitivity observed in lower organisms, Czeisler et al. also
challenged the contemporaneous belief that human circadian
timekeeping was not impacted by exposure to ordinary room
light. In an auxiliary analysis, the results of 23 resetting trials
in which the subjects’ treatment with bright light (~9500 lux,
5 hours) had occurred midway between an 11-hour block of
room light (~150 lux) were compared to trials where bright-
light treatment was either preceded or followed up by 11
hours of room light. The circadian phase at which bright light
was administered was controlled for across these conditions.
Nevertheless, the researchers found that the timing of expo-
sure to room light (~150 lux) could affect the magnitude
and direction of phase shifts induced by the bright-light
regimen, suggesting that the photic sensitivity of the human
circadian pacemaker extended down to at least 150 lux and
was far greater than had been recognized up to that point.

Having retreated from his earlier position that changes in
light intensity produced no observable effects on free-
running circadian rhythms [50, 56], Wever once again found
himself on the wrong side of a scientific debate by maintain-
ing that exposure to light above 2500 lux was required to
exert a direct effect on the human circadian pacemaker, such
that any effects observed after stimulation with less than 1500
lux could be attributed to behavioral factors alone [57, 58].
Two converging lines of evidence steadily contradicted this
notion. First, based on the ancillary analysis of their human
PRC data, Czeisler and his associates began to explore the
human circadian pacemaker’s lower range of light sensitivity.
Nine young male subjects participated in a 16-day study
during which light treatment consisted of multiple 5-hour
exposures to moderately bright light of approximately 1260
lux [59] or lower-intensity light at 180 lux [60]. After an
initial phase assessment period, the 5-hour exposures were
timed so that they were centered 1.5 hours after the endoge-
nous temperature minimum (late night/early morning).

Generally, to demonstrate that an environmental variable
acts as an entrainment cue for the circadian system, four
criteria must be met:
(1) The absence of all other time cues. In the absence of time

cues, self-sustaining, but unentrained, circadian rhythms
“free-run” with a period deviating slightly from 24 hours;
the circadian rhythm under investigation must be free-
running with an independent period prior to the admin-
istration of the entraining signal and must resume its
free-running period after the signal is removed.

(2) The control of period. Following exposure to the entrain-
ment signal’s environmental cycle, the endogenous
period of the investigated circadian rhythm must adjust
itself so that it is aligned to the period imposed by the
entrainment signal.

(3) A stable phase relationship. A stable and reproducible
phase relationship must emerge between the timing of
the circadian rhythm investigated and the timing of
the entrainment signal, whereby the resulting phase
of the circadian rhythm is independent of clock-time
and solely dependent on the time cue imposed by the
entrainment signal.

(4) The control of phase. When the entrainment signal is
removed, the resulting circadian rhythm must free-run
with a phase determined by the entrainment signal and
not by the free-running rhythm prevailing prior to
entrainment.

Box 1
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Based on mathematical modeling of light’s drive on the
human circadian pacemaker by Kronauer [61, 62], the
researchers predicted that light scheduled at this phase would
cause an advance in the subjects’ core body temperature
rhythm. As predicted, 180 lux of light produced a significant
phase advance of temperature rhythms; moreover, the
advance achieved was almost 50% of the shift observed with
1260 lux [59, 60]. Similar circadian photosensitivity has been
shown to occur in the delay zone with the delivery of 100-lux
light over 6.5 hours [63].

The second line of evidence suggesting that the human
circadian system was responsive to moderate intensity light
concerned a separate corpus of work on melatonin that also
struggled to overcome the idea that, alone in the animal king-
dom, evolution had conferred in humans an ability to escape
the biological controls imposed by sunlight. Melatonin, one
of the principal organizers of the sleep/wake cycle, was first
isolated from bovine pineal glands by Lerner et al. in the late
1950s [64, 65]. Soon, in both diurnal and nocturnal animals,
its production from the pineal gland was found to be low
during the day and restricted predominantly to the nighttime
[66, 67]. These observations across temporal niches hinted at
a role for ambient light in shaping the brain’s melatonin
regulation. On the heels of a demonstration in rodents
that melatonin secretion was, indeed, inhibited by light
[68, 69], studies in numerous other mammalian species
confirmed that the hormone is gated by exposure to artificial
or natural lighting and that its major release period is closely
linked to the evening: invariably, the onset of melatonin
secretion coincides with sunset and its offset with sunrise
(reviewed in [70]).

The circadian rhythm resulting from the relationship
between light and melatonin secretion was shown to free-
run in superfused avian pineal glands [71], suggesting that
melatonin rhythms—at least in birds—were a direct output
of the endogenous clock machinery and not (only) a passive
response to photic stimulation. These observations set the
stage for melatonin’s eventual use as a reliable marker for cir-
cadian phase in humans (so-called “dim light melatonin
onset or DLMO”) [72]. However, just as the human circadian
pacemaker was thought to be insensitive to resetting by light,
it was generally accepted throughout the 1970s that human
melatonin production was similarly unaffected [73–80]. A
sea change in this outlook started in 1978 when for the first
timeWetterberg and a separate team at the National Institute
of Mental Health (NIMH) led by Lewy et al. reported that
bright-light exposure at night could block melatonin secre-
tion in healthy subjects, as well as those with various medical
conditions [81, 82]. Later studies continued to lower the bar
for the minimum intensity of light considered necessary for
curtailing acute melatonin secretion. Estimates now suggest
that significant reductions are possible in humans with as
little as 200–300 lux [63, 83].

4. Light as a Therapeutic Tool

Within the blink of an eye in 1980-1981, Czeisler et al. and
Lewy et al. had quickly provided two lines of evidence show-
ing that physiologically relevant levels of light exposure could

produce measurable responses in human brain function.
Since humans likely had many biological rhythms that were
entrained to the terrestrial LD cycle, Lewy and his associates
theorized that bright artificial light could be used experimen-
tally to manipulate these rhythms for therapeutic ends and
particularly so in psychiatric disorders. They first tested this
possibility in a patient whose yearly bouts with depression
coincided with the shortened day lengths of winter and
receded with the onset of spring [84]. The researchers ini-
tially hypothesized that this seasonal rhythm was determined
by the patient’s truncated photoperiod and that by extending
the length of the day with bright artificial light at dawn
(between 6 am and 9 am) and dusk (between 4pm and
7pm), they might rectify his winter depression. This was, in
fact, the case after 4 days of exposure to 2000-lux light sched-
uled as described [84]. Despite their initial hypothesis about
day length, Lewy et al. eventually settled on the proposal that
the observed antidepressant effects of light were predicated
on a synthetic correction of abnormally phased circadian
rhythms (i.e., the “phase shift hypothesis or PSH;” [85, 86]).
From this perspective, they reasoned that many mood disor-
ders could be reenvisioned as chronobiological disorders
where the phase of the endogenous circadian system was
mismatched with respect to real-time and one’s sleep sched-
ule. Bright-light administration could bring this system back
into balance. It is worth noting that the PSHmodel was likely
influenced by the earlier thinking and work of Kripke and his
associates, who provided some of the first evidence that (1)
the circadian clock of a patient meeting diagnostic criteria
for bipolar disorder was accelerated relative to that of neuro-
typical individuals, hampering the patient’s synchronization
with the 24-hour day, and (2) the therapeutic effects of
lithium in this condition might derive from the drug’s circa-
dian phase-delaying properties [87, 88]. Kripke et al. were
some of the first active investigators of bright-light therapy
in mood disorders [89] and, along with Wehr et al. at
NIMH [90, 91], were contemporaries of Lewy et al. and
their efforts to establish the treatment potential of sched-
uled bright-light exposure.

According to the PSH, individuals suffering from winter
depression, or seasonal affective disorder (SAD) as it is com-
monly referred to today [92], were hypothesized to suffer
mostly from abnormal delays in circadian timing [85, 86].
The majority would therefore preferentially respond to
morning bright light, which—assuming a human PRC to
light—would provide a corrective phase advance. The PSH
also proposed the existence of a minor subgroup of SAD
patients whose circadian rhythms were abnormally phase-
advanced and who would benefit from the delays in timing
that would come with evening bright-light exposure. Provid-
ing support for this model, Lewy and colleagues found that
out of 8 SAD patients tested, 7 preferentially responded to
the antidepressant effects of morning bright-light adminis-
tration and did so with corresponding advances in their
DLMO [93]. Only one patient was found to preferentially
respond to evening light with a corresponding DLMO delay
(ibid). Together, these preliminary findings argued that
mood disorders had circadian underpinnings and could be
treated or supplemented with the timed delivery of light.
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The findings would spawn a multitude of clinical trials exam-
ining the efficacy of bright-light therapy. In addition to SAD
[94–99], studies have looked at bright light’s effects on other
mood disorders including nonseasonal forms of depression
such as bipolar disorder and major depressive disorder
(reviewed in [100–102]), as well as sleep disorders (reviewed
in [103, 104]) and neurodegenerative diseases, such as Par-
kinson’s [105, 106] and Alzheimer’s [107].

The 1990s were met with a larger wave of success stories
that accompanied several investigations of light’s antidepres-
sant efficacy in those suffering from SAD. In an aggregated
sample of more than 300 subjects living across the United
States at the same Northerly latitude, teams led by Terman
et al. (Columbia University, New York, 41° N), Eastman
et al. (Rush Medical Center, 42° N), and Lewy et al. (Oregon
Health Sciences, 45° N) showed that scheduled morning
exposure to 2500–10,000 lux of cool-white fluorescent light
over 2 weeks could reduce behavioral ratings of depression
relative to placebo [108–110]. These reductions were
sufficiently large to meet remission criteria in upwards of
30–60% of the patients tested, a feat rarely observed even in
large clinical trials of antidepressant drugs such as Prozac
[111]. The Terman-Eastman-Lewy studies were published
back-to-back in the Archives of General Psychiatry. The rigor
of their studies—and the visibility that came with their pub-
lication venue—inched the psychiatry field closer towards
formally recognizing light’s utility as a therapy or therapeutic
adjunct in mood disorders [112]. However, later meta-
analyses of scheduled bright-light exposure in seasonal and
nonseasonal depression would prove ambivalent in their
support of light’s clinical efficacy. At least five meta-analyses,
including two compiled for the Cochrane Database of
Systematic Reviews, have questioned the statistical relevance
of the phototherapeutic effects reported due to risks of bias in
patient selection, small sample sizes, limited use of placebo
controls, allowance of patient self-rating of outcome mea-
sures, and lack of checks on treatment compliance [96, 98,
99, 113, 114]. A less charitable interpretation would suggest
that the bulk of scientific literature that has accumulated in
support of bright-light treatment is built atop a sandcastle
foundation: any results must be interpreted with the utmost
caution due to, more often than not, flawed experimental
design. And yet, randomized and double-blind clinical trials
to the present day continue to suggest the utility of scheduled
light exposure for symptom mitigation in SAD [115–118].
This stream of peer-reviewed study has reached a point
where Medicare and most insurance companies have deemed
it medically appropriate to treat patients whomeet diagnostic
criteria for SAD with high-intensity light boxes capable of
emitting 10,000 lux [119, 120]. Arguably, in the final analysis,
this recognition has come at the expense of a wider recogni-
tion that light treatment has a therapeutic value in other affec-
tive disorders andmight have unexplored potential to address
various symptoms associated with other conditions listed
across the DSM-V (Diagnostic and StatisticalManual ofMen-
tal Disorders, Fifth Edition), including neurodevelopmental,
neurocognitive, eating, and substance abuse disorders.

Among possible culprits, it is more likely than not that
patient compliance is one significant factor that has

historically weighed down estimates of light’s efficacy when
exposure has been carefully timed to a subject’s endogenous
circadian phase. The reasons for this are not difficult to
understand. The standard treatment approach that has
emerged with “bright-light therapy” involves the use of a
fluorescent ballast that produces diffuse white light within a
few feet of the subject’s eyes. Administration is timed within
the morning as close to waking as possible [121]. An oft-cited
dose-response curve has become universally accepted for
antidepressant action. It has a defined threshold of 5000
lux, which can be achieved with a threshold dose of 2500
lux over two hours, 5000 lux over one hour, or 10,000 lux
for a minimum exposure period of 30min (the de facto gold
standard protocol given most healthcare insurance policies).
Thus, for a commitment of at least half an hour at a fixed
time each morning, a person on a light regimen must sit rel-
atively still in front of an uncomfortably bright lamp while
the demands of an early morning schedule (e.g., making
breakfast, preparing for a commute to work, and getting
children ready for school) go on about them. The person
must do this with steady discipline on weekdays with an
ever-changing social calendar, as well as on weekends and
holidays. What is more, they are encouraged to do so even
when experiencing temporary unpleasant effects such as
headache, eye strain, nausea, or jitteriness [122, 123].

In retrospect, the two decades’ worth of misunderstand-
ings perpetuated by Wever and others have left long-term
psychological scars in the circadian and psychiatry research
fields with respect to light’s dynamic range of action in the
human brain. Many assume—even today—that patients
require extended periods of bombardment with high-inten-
sity, broad-spectrum light to elicit any desired therapeutic
changes. This viewpoint is only now evolving with our grow-
ing understanding of mammalian circadian photoreception
in the retina and the important role of melanopsin [124],
which is a short-wavelength (blue) sensitive opsin expressed
by a subset of retinal ganglion cells that project directly to
the SCN via the RHT. Cells bearing melanopsin are innately
photosensitive [125] but also receive inputs from rods and
cones. Coordination of signaling between the three leads to
stable circadian photoentrainment and phase-shifting
responses to light exposure (though the precise logic for
how this occurs remains poorly defined in humans as does
the extent of connectivity between rods/cones and
melanopsin-containing cells; [126–129]). The fact that the
action spectra for melatonin suppression and phase resetting
in humans do peak with blue wavelengths (446–480 nm;
[130–132]) has led a few researchers to conjecture that mela-
nopsin might help to mediate the antidepressant effects of
light in SAD. Several investigations have explored this
possibility, finding that treatment with narrowband blue
light-emitting diodes (LEDs), blue-enriched white LEDs, or
high color temperature lamps reduces depressive ratings on
the SIGH-SAD (structured interview guide for the Hamilton
depression rating scale, seasonal affective disorders) to an
extent similarly observed after exposure to 10,000 lux broad-
band fluorescent light [133–136]. These reductions could be
achieved with perceived illuminances between 100 and
1000 lux.

7Neural Plasticity



Further inquiries have been made into whether physio-
logical melanopsin responses are different in individuals suf-
fering from depression or whether preexisting variants in the
melanopsin gene (OPN4) might mediate depression risk.
Available data suggest that the melanopsin-mediated pupil-
lary constrictions that occur postillumination are, in fact,
diminished in people suffering from either major depressive
disorder or SAD [137, 138]. A specific coding variant of
OPN4 (P10L) resulting from a single nucleotide polymor-
phism in exon 1 (rs2675703), a sequence corresponding to
the N-terminal tail of the melanopsin protein, has also been
shown to segregate more in samples of patients with SAD
compared to control samples [139]. These findings suggest
that differences in the nonvisual circadian system may very
well predispose some individuals to mood disorders and
affect their responses to light treatment.

From a larger perspective, the intersection of the circa-
dian photoreception and depression literatures that occurred
throughout the 2000s began to provide a roadmap for how to
escape the “hammer” approach that has long dominated
phototherapy practice. As of 2010, regimens making use of
lower-intensity light administration with smaller devices
capable of producing specific wavelength emissions could
be entertained as next-generation treatment strategies with
more antidepressant efficacy and fewer compliance issues.
However, another basic discovery in the human circadian
field in the last several years foretells of even greater possibil-
ities for how we might soon use light to improve mental
health. In the last section of this review, we summarize recent
findings showing that millisecond sequences of light can
trigger inordinate circadian phase shifts relative to continu-
ous exposure and speculate on the various ways this
phenomenon can be harnessed to develop patient-oriented
phototherapies. The computational space that flash exposure
offers, combined with the more sophisticated control mecha-
nisms of light administration promised by LEDs, reopens the
discussion on what psychiatric conditions would benefit
therapeutically from ocular photic stimulation. Considering
the interconnectivity of the RHT and SCN with centers in
the brain that manage information and emotion [14, 140],
precision treatments with flash LED exposure have the
potential to cast a wide net.

5. Precision Light: The Future of Phototherapy

In an uncanny coincidence, two competing visions for how
light is processed by the circadian system were published to
varying receptions in 1984. The first, published in the
esteemed journal Nature by Takahashi and colleagues, intro-
duced the concept of “circadian reciprocity,” the idea, now
widely held, that the size of a circadian phase shift in
response to light is derived simply enough from just the
intensity and duration of the light exposure [141]. Under this
model, the SCN is considered nothing more than a graded
photon counter: the greater the number of photons regis-
tered over a defined period in the subjective night, the
greater the resulting phase shift that should be observed
in an animal’s physiology and behavior up to some satura-
tion level [141–144]. The second vision, published more

obscurely as a rapid communication in the Journal of Exper-
imental Zoology by the noted Indian chronobiologists Joshi
and Chandrashekaran [145], showed that a single bright flash
of submillisecond light delivered via a Metz mecablitz
flashgun could produce significant advances and delays
(30–60min) in the flight activity of the Schneider’s roundleaf
bat, Hipposideros speoris [145]. Joshi and Chandrashekaran
would go on to publish a series of PRCs to light pulses of
varying durations from 0.083 to 3.33 milliseconds (ms) soon
after [146]. At all these durations, the pulses engineered
phase shifts inHipposideros speoris comparable in magnitude
to 15min of continuous illumination with 1000-lux incan-
descent or fluorescence light (ibid). The observation that very
short perturbations of light approaching 1/2000 s in dura-
tion could reset the circadian clock was not completely
novel; Bruce et al. had demonstrated this decades earlier
both in the sporulation rhythms of the fungus Pilobolus
sphaerosporus [44] and in the eclosion rhythm of Drosoph-
ila pseudoobscura [39]. However, the results in bats proved
that these exposure periods were also relevant for mam-
mals and not just an interesting phenomenon consigned
to lower organisms.

It was not until 1998 that investigators would test and
expand on these results in mice, rats, and hamsters, animal
models with a considerably larger following in biomedical
research. Using studio-grade xenon flashtubes (Dyna-Lite
Flash Head), Van den Pol et al. found that a train of 2ms
pulses delivered every 1 or 5 s for 5min, or on the minute
for an hour, caused multihour phase delays in mouse run-
ning wheel activity [147]. The magnitude of this response
approximated the maximal shifts in running wheel activity
that are typically seen in this species after 10–15min of unin-
terrupted light exposure [148]. Arvanitogiannis and Amir
showed that even briefer flashes, 10μs in length, could also
reset the clock in rats and do so with a combinatorial logic
that integrated the responses of these flashes with shorter
and longer episodes of light [149]. As few as five 10μs flashes
generated from a grass stimulator system could induce
behavioral and cellular correlates of clock resetting (ibid).
Vidal and Morin have provided the most in-depth character-
ization published thus far on the effects of millisecond light
exposure on the mammalian circadian system [150]. Probing
the advance zone of Syrian hamsters (Mesocricetus auratus)
with the same Dyna-Lite Flash equipment that Van den Pol
et al. had used several years before, the researchers discovered
that just ten 2ms pulses—that is, a total stimulus package
lasting 20ms—could establish maximal drive on the circa-
dian pacemaker. Interestingly, the efficacy of this pulse train
was influenced by the rest interval between the flashes.
Advances in hamster wheel running were optimized when
the interstimulus interval reached 4–8 s but were impaired
with quicker turnover; animals, receiving ten 2ms pulses
each separated by 0.5 s, for instance, mounted a very weak
phase response or none at all [150].

The nonvisual circadian system appears deceptively sim-
ple to most outside observers. One could argue that this per-
ception has been abetted by concepts such as reciprocity and
the notion underlying it that the hardware in the brain that
most determines circadian responsivity are the photosensors
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themselves in the retina. The more light the retina “sees,” the
more this message is couriered to the SCN and the bigger the
phase shift that results. This outlook has been emboldened
since the discovery of melanopsin and the meticulous dissec-
tion of melanopsin-containing retinal ganglion cell pathways
that has ensued since the early 2000s. This outlook, perhaps
unwittingly, has reduced the perceived role of the SCN and
its 16,000-neuron strong clock network to that of a passive
engine in photoentrainment when, in reality, this nexus sits
at the crossroads of a muchmore deliberative body that spans
known (and unknown) specializations in the retina, the
intergeniculate leaflet, and the complex circuits that inter-
connect them [14, 151]. Carefully peeling back the layers of
flash data that have been compiled in rodents, one would
be hard-pressed to conclude that photon counting is the sole
mechanism by which phase shifts are calculated. A priori,
this makes sense. The natural changes that occur in ambient
illumination during twilight progressions between day and
night involve changes in both quality (spectral composition)
and quantity (intensity, probability of exposure). While wan-
ing or ramping light intensity is the most conspicuous change
that accompanies dusk and dawn, respectively, we have lost
sight of the fact that these illumination differences present
just the last step of the estimated 30–60min twilight progres-
sion. For the bulk of this period, the photic information that
signals to the brain that day is giving way to night (or vice-
versa) concerns grades of color temperature. Under the
continuous daylight of the high arctic summer, daily oscilla-
tions of color temperature suffice as powerful synchronizers
of avian locomotor activity [152, 153]. Recent laboratory
experiments have demonstrated the synchronizing effects of
photoperiod cycling every 12 hours between two different
wavelength-enriched lights as well [154, 155]. Let us step
back a moment to consider what these data are really telling
us: they provocatively suggest that light intensity changes are
expendable (i.e., not absolutely necessary) for circadian
photoentrainment, rendering the reciprocity hypothesis non-
sensical. Do these data invalidate the reciprocity hypothesis
altogether? Of course not. However, they make plain that
the nonvisual circadian system factors in more than just pho-
tons when engineering phase shifts that will realign endoge-
nous rhythms with the solar day. This is the proper context
for the flash experiments that were started with Pittendrigh,
kept alive by Joshi and Chandrashekaran, and then
bequeathed to Van Den Pol et al., Arvanitogiannis and Amir,
and Vidal and Morin: we do not understand the computa-
tions that the clock network is making and, not surprisingly,
just as in other systems like the trisynaptic circuits of the hip-
pocampus, the content, duration, frequency schedule, and
overall pattern with which information is sent matters.

Judging by the number of citations accrued over the past
decade (all <30), articles documenting flash stimulation of
circadian phase-shifting have not received a great deal of
attention from the basic circadian research community. The
lack of visibility of this literature has not deterred study in
humans, however. In a string of experiments that started
around 2010, Zeitzer et al. showed that the human circa-
dian system has the capacity to respond to 2ms pulses
of broadband light delivered either once (473 lux, tungsten

lamp) or twice (3000 lux, xenon lamp) a minute for an hour
[156, 157]. The integration of these hour-long light sequences
delayed rhythms in salivary melatonin by 30–45min in flash-
treated subjects, while subjects left in the dark exhibited no
net phase change (ibid). Zeitzer et al. also made the unique
observation that these flash protocols could still exert their
circadian effects in people as they lay asleep, doing so without
influencing alertness, sleep architecture, or state transitions
between nonrapid eye movement (NREM) and REM sleep
[157, 158]. The electroencephalogram (EEG) spectrum
measured from C3/C4/O1/O2 remained unaffected when
comparing EEG signals recorded during the photic stimula-
tion to the signals recorded an hour before, with spectral
power conserved in all the major frequency bands [157]. That
flash stimuli maintain their circadian efficacy during sleep
harkened back to another dynamic strategy of sleep-time light
administration that was developed by Terman et al. in the late
1980s [159]. This strategy, called dawn simulation, presents a
gradually rising light signal that starts dim (starlight illu-
mination) and continues to brighten along the trajectory
of a protracted sunrise until reaching ~250 lux, where it
attenuates around a subject’s habitual wakeup. Much of the
CPU-controlled treatment occurs in the last 2-3 hours of
the subject’s slumber. Though dawn simulation was never
widely adopted, both Terman et al. and Avery et al. found
evidence for its antidepressant efficacy in several cohorts with
SAD [159–165].

What is especially remarkable about the human flash
studies is that they opened the door to the idea that light’s
phase-shifting properties could be dissociated from its ability
to suppress melatonin. In two separate cohorts totaling ~40
subjects, Zeitzer et al. found that millisecond patterns of
2000–3000 lux photic stimulation that triggered phase shifts
of DLMO did not influence the overall salivary concentration
of melatonin, unlike continuous light exposure at the same
intensity, which led to 50% reductions in hormone secretion
[156, 158]. Similar to Vidal and Morin’s results in rats,
Zeitzer and Najjar described a phase shift logic of millisecond
pulsing where circadian drive was maximized with interstim-
ulus intervals ranging from about 3–8 sec [158]. At around
7.6 sec, they discovered that flash integration resulted in
phase delays more than twofold larger than those quantified
after one hour of continuous equiluminous light exposure
(despite a 3800x difference in total exposure duration). Still
no effects on melatonin were observed at interstimulus
intervals near ~7.6 s. The magnitude of this dichotomy is
not trivial. It underscores the possibility that different flash
protocols might be devised to selectively target the SCN
versus the pineal gland.

The psychiatry field now sits at the precipice of a new
world of possibilities for how light administration might
improve the disease trajectories of those battling mental
illness. At this moment, a corpus of work suggests that much
finer photosyntaxes provide instruction sets for the central
pacemaker, directing it to switch the timing and phase of
endogenous rhythms. These instruction sets likely vary
across the subjective evening and are compiled differently
depending on modulatory input from other zeitgebers. They
might offer the opportunity to execute complex commands
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that bypass the SCN through its use as a conduit or through
redirection of information at the level of the retina to one of
many other central areas of the brain. And they can be
realized because of parallel advances in light delivery tech-
nology that have been made with LEDs, which emit nearly
monochromatic light with highly precise temporal control.
The warmup time for the onset of an LED—and on/off
cycles—can reach nanosecond speeds. This, combined with
their high energy efficiency (i.e., luminous efficacy, light
output produced per watt of electricity invested), makes
LEDs ideal for use in small medical devices [166]. In short,
the software and hardware for circadian reprogramming, or
reprogramming of affect or cognition, are at a convergence
in their development that would allow for a realistic explora-
tion of their potential. The possibilities for this exploration
are vast and are tangibly illustrated by a brief case study of
Smith-Magenis syndrome (SMS).

People with SMS, a neurodevelopmental disorder result-
ing from haploinsufficiency of the RAI1 gene and bearing
many similarities to autism spectrum disorder (e.g., speech
and language impairment, behavioral inflexibility, motor ste-
reotypies, and other repetitive behavior; [167–169]), exhibit
disturbances in sleep and circadian rhythms that are tightly
linked to inverted circadian patterns of melatonin secretion
[170–175]. Individuals with SMS produce high levels of
melatonin during the day (i.e., over 50 pg/ml concentration
in plasma) and levels as low as 10 pg/ml during the evening,
a concentration about half of that usually recorded in neuro-
typicals at night [171, 172]. It is an open question as to
whether the phase reversal of melatonin rhythms in people
with SMS results from a true inversion, or alternatively, is
derived from a significant daily phase advance or delay of
melatonin secretion [176]. In any event, here is a reoccurring
clinical case where impaired gene expression [177] and dis-
tortions in molecular mechanisms of circadian clock function
[178, 179] leave an individual differentially responsive to
light and darkness’ effects on melatonin [180]. In principle,
this raises the possibility that patterned light can regulate
melatonin more dynamically, with protocols that might
step-up or down its secretion at night or those that might
bypass it altogether. For the person with SMS, this might be
just the tip of the iceberg for how light could be used to
improve mental and physical health. Human neuroimaging
experiments suggest that blue light (~470–480 nm) adminis-
tration triggers activation of an attention-memory circuit
that recruits the locus coeruleus, hippocampus, and frontal-
parietal cortices [181]. Other experiments, at least in rodents,
have demonstrated the ability of green light (525–530nm) to
alleviate pain using a pathway running from the retina down
the rostral ventromedial medulla to the spinal cord [182]. By
just manipulating the color spectrum of light, separate
portals appear to be ratcheted open from the retinal ganglion
cells to different areas of the brain. These pathways may be
routes by which select neuropsychiatric problems associated
with SMS (e.g., distractibility versus self-injurious behavior)
are isolated for targeted rehabilitation with sleep-time pho-
totherapy. No doubt other case studies can be made for
other disorders, such as Alzheimer’s disease or major depres-
sive disorder in aging individuals.

6. Conclusion

We have come a long way from the days when Czeisler et al.
and Lewy et al. worked to disabuse the scientific community
of the notion that humans were immune to light’s effects on
the circadian-sleep system. What started as an outright rejec-
tion, however, has evolved into just as firm a belief that light’s
resetting properties are first-and-foremost dependent on
exposure (i.e., reciprocity, irradiation×duration). Looking
back, it is clear that this dogma grew out of the void that
was left when the notion crumbled that the human circadian
system vis-à-vis light was unique above all animals. It was
intuitive to many that, if the human circadian system was
not privileged, then it certainly was not as photosensitive as
the systems studied in lower organisms such as fungi and
Drosophila [39]. Along with the circadian flash literature,
recent work continues to refute these beliefs (see [183] for a
description of human resetting with a single 15 s light expo-
sure). The fact that people are responsive to millisecond
introductions of light has important implications for psychi-
atry. Because the effects of quick flashes do not trail-off with
repeated application [158], the amount of information that
can be delivered to the brain to exert change increases
dramatically. The breadth of this information pool is set by
the parameter space inherent to photobiology: intersecting
ranges of light intensity, duration, wavelength enrichment,
timing, fractionation, and photoperiod history. It is massive
in scope and promises a time where it may be possible to
tailor an intervention to meet the unique needs of each and
every patient.
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Though the seasonal response of organisms to changing day lengths is a phenomenon that has been scientifically reported for nearly
a century, significant questions remain about how photoperiod is encoded and effected neurobiologically. In mammals, early work
identified the master circadian clock, the suprachiasmatic nuclei (SCN), as a tentative encoder of photoperiodic information. Here,
we provide an overview of research on the SCN as a coordinator of photoperiodic responses, the intercellular coupling changes that
accompany that coordination, as well as the SCN’s role in a putative brain network controlling photoperiodic input and output.
Lastly, we discuss the importance of photoperiodic research in the context of tangible benefits to human health that have been
realized through this research as well as challenges that remain.

1. Introduction

Outside of the tropics (where day length remains relatively
consistent throughout the year), the changing photoperiod
is a reliable and predictable seasonal signal that presents an
opportunity for organisms to adapt to seasonal changes in
factors such as temperature and resource availability in an
anticipatory fashion. The first scientific observation that
changing day length was a critical factor in seasonal
responses was reported in 1920 by Garner and Allard
[1]. In that study, they observed that certain plants could
only attain the flowering and fruiting stages of their devel-
opment when housed in particular day lengths: while
some species required long days and others required short
days, those light durations were the critical factors in their
reproductive cycle. Since that time, seasonal responses
have been described and studied in a wide variety of different
organisms [2–5]. More recently, seasonal factors have been
linked to human health. While we have benefitted greatly
from understanding the seasonal responses of the organisms
on which we rely for survival, evidence is emerging that we
are also photoperiodic organisms ourselves [6]. Over the last

several years, much research has been done on the rela-
tionship among photoperiods, especially extreme photope-
riods, and psychiatric health, sleep, and noncommunicable
diseases [7–12].

The ability of organisms to exhibit daily biological time-
keeping is well-established. Organisms ranging from bacteria
to humans have innate, endogenous 24-hour biological oscil-
lations that persist into constant conditions and can be
entrained by the external light-dark cycle of the Earth. These
rhythms allow for a myriad of time-dependent functions,
including predator avoidance [13], sun-based navigation
[14–16], metabolic regulation during hibernation and torpor
[17–20], and photosynthetic efficiency [21–23]. In mammals,
these daily rhythms are orchestrated by a central circadian
pacemaker located in the hypothalamus, the suprachiasmatic
nucleus (SCN) [24]. The SCN consists of approximately
20,000 neurons and is not a homogenous structure. It can
be divided into two major subregions based on neurochemi-
cal composition, connectivity, and spatial position. These
subregions are typically referred to as the dorsomedial
(also referred to as the dorsal or shell SCN) and ventrolateral
(ventral or core SCN). The SCN receives input from the
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retina directed towards its ventrolateral subregion, while its
dorsomedial region features numerous direct and indirect
projections to other hypothalamic nuclei controlling homeo-
static function and to the rest of the brain [25]. When consid-
ering the SCN’s primary function to integrate external light
information with endogenous timekeeping and then to
orchestrate a wide range of behavioral and physiological
responses, the structure is a prime candidate for controlling
seasonal rhythms.

The first suggestion that circadian pacemakers were
involved in orchestrating seasonal responses was made by
Bünning in 1936 [26] and refined in 1960 [27]. He proposed
that a portion of a plant’s circadian cycle was light-requiring,
or “photophilic,” while the other portion was dark-requiring,
or “scotophilic.” In this model, when a short-day plant in its
photophilic phase is exposed to dark, a short-day mechanism
is successfully initiated, while a long-day plant in its scoto-
philic phase exposed to light will have a long-day mechanism
successfully induced. This theory was accepted and further
refined by Pittendrigh and Minis, who suggested that it over-
looked the primary function of the circadian pacemaker’s
response to light to set the phase of the pacemaker [28]. This
combined view, in which the master circadian pacemaker
integrates information about both the time of day and the
length of day, was a critical factor in the way Pittendrigh
viewed the circadian clock and its entrainment by light, for
the following thirty years [29]. The experimentation of
Pittendrigh et al. on entrainment theory resulted in an
increased understanding how circadian pacemakers entrain,
or synchronize, to the light cycle. Notably, how a circadian
rhythm synchronizes to a light-dark cycle to produce stable
entrainment is dependent on the length of the photoperiod,
with different photoperiods producing characteristic phase
angles of entrainment [28].

When the SCN was conclusively identified as the locus of
a mammalian master clock, investigations began into the
mechanisms of mammalian circadian entrainment at a cellu-
lar level. In 1995, it was established that the duration of the
light-sensitive phase of the SCN, measured via c-fos gene
expression, was longer in rats housed in short photoperiods
than those housed in long photoperiods [30]. When rats were
switched from long to short photoperiod, the light responsive
phase took as long as two weeks to reach the decompressed
short-photoperiod phenotype, demonstrating that there
were lasting effects of photoperiod within the SCN [31].

Later, invaluable descriptions of the cellular and network
properties of the SCN began to emerge and continue through
today (for review, see [32]). These findings enabled new
approaches in determining the biological mechanism for
mammalian photoperiodic encoding [33, 34], as well as
in elucidating the neurophysiological basis for seasonal
outputs like depression-anxiety behavior and reproduction.
A principal goal of this line of research, which continues
today, is to define the neurobiological network that orches-
trates photoperiodic responses. While future improvements
to our understanding of this network will produce bene-
fits for medicine and society, current research on the
subject has already yielded useful applications in clinics
and beyond.

2. The SCN as a Site of Photoperiodic Encoding

Though the idea that the circadian pacemaker can encode
seasonal information was generally accepted by the circa-
dian field in the 1960s, at that time, the mechanistic basis
of seasonal encoding was difficult to examine with the
experimental tools at hand. Substantial progress on the
understanding of the cellular and molecular mechanisms
underlying daily oscillations in the SCN provided a greatly
enhanced basis to study the mechanisms of encoding the
season light cycle. A key piece of the puzzle was the elucida-
tion of the molecular mechanisms of the mammalian circa-
dian clock-works. This provided not only critical insight
into the molecular and genetic foundations of daily time-
keeping, but in addition, it provided a whole new generation
of experimental tools. Since the clockwork was found to be
a gene-based oscillator, probes and transgenes that enabled
real-time gene expression analysis provided a new way to
visualize and quantify circadian rhythmicity in SCN neurons
and networks.

Within each SCN neuron, a genetic feedback loop
known as the transcription-translation feedback loop
(TTFL) was found to be the foundation of the autonomous
near 24-hour rhythms in gene expression and neuronal firing
rate (for reference, see [35]). In this loop, the transcription of
the Period (Per1 and Per2) and Cryptochrome (Cry1 and
Cry2) genes is initiated through the CLOCK∷BMAL1 tran-
scription factor complex acting on E-box enhancer elements
in the promoter regions of Per and Cry (and many other
circadian-regulated genes). The protein products of the Per
and Cry genes then accumulate in the cytoplasm, where they
heterodimerize and reenter the nucleus to inhibit their own
transcription. This process takes roughly 24 hours to com-
plete, thus forming a self-sustaining circadian oscillation in
both core clock genes and other circadian-regulated genes.
This feedback loop contributes to intracellular calcium
rhythms and rhythmic electrical activity through daily
oscillations in ion channel and receptor transcription [32].
The result of these interlocking rhythms is a particular daily
waveform of circadian gene expression and firing rate within
individual SCN neurons and across the SCN neuronal net-
work, in which the degree of synchrony between individual
SCN neuron gene expression or electrical activity cycle sets
the overall waveform of SCN gene expression or electrophys-
iological activity [36–38]. These waveforms have been exten-
sively studied in equinox (12 hours light : 12 hours dark)
conditions. Generally, SCN neurons fire at a higher rate
(approximately 6–10Hz) during the day and at a lower rate
(approximately 1-2Hz) during the night. This firing pattern
persists into constant conditions. Light pulses during the
low-firing phase at night have been shown to transiently
increase firing rate and gene expression as part of a phase-
shifting response of the clock [39–41].

Do the cellular or network gene and electrical rhythm
waveforms change across different photoperiods? If so, this
change could form a basis for photoperiod encoding. Reports
from studies on hamsters [42], mice [43], and sheep [44]
showed Per1 mRNA levels had a longer elevated phase when
assayed during long days compared to short days. This result,
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however, could be explained by the light activation from the
retina increasing neuronal activity and, as a result, Per1
transcription. Sumová and colleagues addressed that possi-
bility by assaying the Per1 (as well as other clock gene)
mRNA levels in the SCN of rats that had been housed
in different photoperiods but were then transferred to con-
stant darkness, thus eliminating the proximal effect of light
exposure [45, 46]. In these tests, the high-expression phase
of the Per1 mRNA rhythm was found to lengthen in rats
previously housed in long days when compared to short
days. Cry1 mRNA was also found to have significant dif-
ferences between long- and short-photoperiod rats, but
Bmal1 and Clock mRNA were not significantly affected
by photoperiod.

When asking a similar question about the effect of
photoperiod on electrical activity within the SCN, Schaap
and colleagues found that different photoperiods altered
the waveform of the spike frequency rhythm of the SCN,
extending the high-firing phase and contracting the low-
firing phase in long days, with the opposite effect occurring
in short days [47]. Simulations suggested that while SCN
neurons fire individually in the same waveform regardless
of photoperiod (i.e., each individual neuron’s high-firing
phase duration remains unchanged across different photo-
periods), changing their phase relationship can combine to
produce the firing rate waveform changes observed between
the two photoperiods. Further investigation into the phase
distribution of SCN neurons in long or short photoperiod
revealed that while single SCN neurons do in fact main-
tain the same daily firing rate profile across short and long
photoperiods, the phase relationship between the neurons
does in fact change, broadening in long photoperiods [48].
Interestingly, a population of approximately 50 neurons
is required before a differentiable photoperiodic profile
emerges. Thus, a key finding of these studies was that photo-
period was encoded in the SCN at the network level, rather
than at the cellular level.

Studies examining the photoperiodic response of gene
expression rhythms within the SCN have found results simi-
lar to those detailing the response of rhythms in firing rate.
Inagaki reported that while individual neurons maintained
the same waveform of Per1 transcriptional activity read out
with Per1∷luc expression across different photoperiods, their
phase relationships to one another were more widely distrib-
uted in long photoperiods than in short [49]. Ciarleglio et al.
found similar results when examining the effect of proximal
photoperiods on the Per1 transcriptional activity rhythm
read out by a Per1∷GFP reporter [50]. Thus, increasing pho-
toperiod (long days) was found to increase the phase dis-
persal of both single SCN neuron gene and electrical
activity. Interestingly, fitting with this trend, constant light,
which can be considered the most extreme long photoperiod,
can result in a complete dispersal of SCN neuron phasing,
producing both behavioral and SCN tissue level arrhythmi-
city while essentially randomizing the phase of the still
cycling individual SCN neurons [51]. Clear parallels exist
between the rhythmic profiles of firing rate and circadian
gene expression in the SCN across photoperiods, demon-
strating that the photoperiodic response of the SCN goes

beyond simple light-driven changes, including a persistent
change at the network level. These results, in conjunction
with the spike frequency rhythm waveform studies already
discussed, provide ample evidence that phase variance of
SCN neurons is an encoding mechanism for photoperiod
within the SCN.

The results described above were obtained by exposing
adult rodents to different photoperiods. What, then, are the
effects of photoperiods experienced during development? In
terms of the development of clock gene rhythms in the
SCN, the effect of photoperiods on the timing and waveform
of these rhythms was shown to be measurable by P10 in the
rat [52] suggesting that the interval photoperiod encoding
begins during the perinatal period. In addition, Cambras
and colleagues showed in a series of studies that noncircadian
lighting conditions (principally LL and DD) experienced by
rodents during development and maturation can have lasting
effects on the circadian system and its responsiveness light
[53–56]. Ciarleglio et al. subsequently studied the impact of
entrainment to different photoperiods during perinatal
development on the resulting cellular and network properties
of the SCN and on locomotor behavior rhythms [50], asking
whether exposure to different seasonal photoperiods during
development and maturation can have enduring effects on
clock properties. Interestingly, in contrast to photoperiod
encoding in adult animals that acts primarily at the network
level altering the phase distribution of clock neurons, peri-
natal photoperiods induced enduring changes in the wave-
form of single SCN neurons to program overall SCN gene
expression waveform later in life. Consonant changes were
apparent in locomotor behavioral rhythms and in the phase
stability of SCN entrainment to different photoperiods in
adulthood. Thus, results to date suggest that while photope-
riod encoding primarily resides at the network level in the
mature SCN (but see [57]), during development, photope-
riod programs rhythms at the cellular level in a manner that
persists into adulthood.

As mentioned previously, the SCN is a heterogeneous
structure, with two principal regions identified by their neu-
ropeptide gene expression—the ventrolateral region by
vasoactive intestinal peptide (VIP) expression and the dor-
somedial region by arginine vasopressin (AVP) expression.
Are different SCN regions differentially involved in encod-
ing? In terms of rhythmicity and acute responses to light,
the predominantly retinorecipient ventrolateral SCN has
been shown to lag behind the dorsomedial SCN in gene
expression ([58], but see [36]) by approximately 1 hour but
has also been shown to respond to phase-shifting light
stimuli rapidly while the dorsomedial SCN shifts more slowly
[40, 59–61]. Because of this steady phase angle difference, as
well as photoperiod-dependent differences in c-Fos rhythms
in the two regions [62], differences between the phasing of
the two regions of the SCN between short and long photope-
riods became an experimental focus. Brown and Piggins
found that the phasing of the electrical activity in the dorsal
SCN was less tightly organized than the ventral SCN in slices
collected from animals in equinox conditions and that the
electrical activity profile of the dorsal SCN did not change
across short or long photoperiods. The overall SCN
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waveform change in electrical activity observed in long days
versus short days was found to be caused by changes within
the ventral SCN alone [63]. Likewise, AVP mRNA profiles
have been shown to be altered between long and short photo-
periods, indicating a change in profile within the dorsome-
dial SCN [64]. Significant phase differences have also been
demonstrated between the rostral/anterior and caudal/pos-
terior SCN [65]. Those differences are enhanced in long
photoperiods compared to short [66–68]. Buijink and col-
leagues found that phase distribution differences in PER2
expression under long day conditions were associated with
changes in period stability within the dorsolateral anterior
SCN [69]. Looking at the SCN along the anterior-posterior
axis rather than the dorsal-ventral axis, using coronal slices,
both Inagaki using Per1∷luc [49] and Buijink using PER2∷-
LUC [69] found that the photoperiodic differences in the
phase variance of cellular gene expression rhythm profiles
were emphasized in the anterior SCN versus the posterior.
The functional significance of the regional differences in
phase distribution remains poorly defined. One possibility
is that subregions with large phase differences comprise
the morning and evening (M and E) oscillators proposed
by Pittendrigh and Daan [70]. Inagaki and colleagues
observed a bimodal distribution of the phase of anterior
SCN neurons in long photoperiods, corresponding to these
M and E oscillators [49]. Recent work by Yoshikawa and
colleagues used horizontal slices, as opposed to the
previously-used coronal slices, to better localize putative
M and E oscillators along the anterior-posterior axis [71].

Considering that the dorsal SCN is the source of many of
SCN efferents, a question arises about how seasonal informa-
tion encoded within the phase distribution of ventrolateral
SCN neurons is relayed to the dorsomedial SCN for signaling
to the rest of the brain. Neurotransmission within the SCN is
a major research focus, with many signaling molecules
released within the SCN. The phase difference between the
dorsal and ventral SCN has been shown to increase as photo-
period length increases, with resynchronization between the
two regions after transfer to constant conditions being sensi-
tive to TTX, GABAA blockers, and VIP antagonists [72].
GABA, the predominant neurotransmitter within the SCN,
was found to have a significant role in the coupling of dor-
somedial and ventrolateral SCN, with the addition of the
GABAA blocker bicuculline to SCN slice cultures mimicking
the effect of physically disconnecting the two SCN subregions
with a knife cut [73]. In that study, Albus and colleagues
found that the transient response to a phase-shifting light
pulse involved a bimodal distribution of electrical activity
during the phase resetting. When the SCN was cut in half,
separating dorsomedial from ventrolateral SCN, the electrical
response to the light pulse was unimodal for each region,
but the two regions were out of phase. The retinorecipient
ventrolateral SCN half was more responsive to the light pulse,
with the dorsomedial SCN not undergoing a significant shift.
Interestingly, the blockade of GABAA receptors with bicu-
culline yielded similar results to the physical cut, with unim-
odal electrical activity in each half and a significantly smaller
phase shift within the dorsomedial region as compared to the
ventral region. This study provided compelling evidence that

GABAA receptors mediate dorsal-ventral SCN coupling.
Later, when the spatial relationship of the photoperiodic
response within the SCN became clearer, the GABA-
mediated signaling results took on new meaning. Farajnia
and colleagues followed up on this line of research in 2014,
showing that the dual role of GABA within the SCN (acting
as both an excitatory and inhibitory neurotransmitter) may
be an integral part of the SCN’s photoperiodic response
[74]. In that study, excitatory GABAergic activity was found
to be higher during the day in a long photoperiod than at
night, while in a short photoperiod, excitatory GABAergic
activity was found to be lower during the day than at night.
Closer examination of the electrical properties of GABA sig-
naling in these two photoperiodic conditions revealed a dif-
ferential rate of excitatory and inhibitory currents. The
period instability observed by Buijink and colleagues within
the anterior SCN during long photoperiods can contribute
to the SCN reaching the altered phase distribution among
its constituent neurons [69]. This period-instability mecha-
nism may occur in conjunction with active decoupling that
was demonstrated in models described by Myung and col-
leagues, in which differential effects of GABA reception are
used as attractive and repulsive forces within the SCN net-
work [75].

The phase distribution of SCN neurons found to be a
characteristic of a particular photoperiod is primarily
driven by neurons in the ventral SCN, which is often
defined by its expression of VIP, an important neuropep-
tide for interneuronal coupling in the clock. VIP was
found to be required for the persistence of the photoperi-
odic electrical activity profile of the SCN into constant con-
ditions [76]. This result suggests that the VIPergic population
of the SCN, mostly within the ventral half, is necessary for
encoding at least the duration of locomotor activity.

3. The SCN and Photoperiodic Response
Signaling through Melatonin

How then does the SCN fit into a putative photoperiod
response network in the brain? An important aspect of
creating a map that links light input to the retina with
photoperiodic outputs is the understanding of the direct
neurophysiological basis of each of those outputs. Once these
neural correlates are understood, a framework can be made
for how differing durations of light exert effects on those
structures. While in many cases these brain structures have
been defined, the enumeration of each of these cases is
beyond the scope of this review. Rather, we will focus on
examples of those structures and outputs that may be directly
related to the SCN’s photoperiodic role, particularly in con-
junction with the SCN’s indirect projections to the pineal
gland and its role in regulating melatonin rhythms.

The release of melatonin by the pineal gland is a prime
candidate for transmitting photoperiodic cues throughout
the brain (for review, see [77, 78]). Melatonin is clearly
involved in seasonal control of reproductive behavior, one
of the most well-studied photoperiodic outputs [79]. Sea-
sonal reproductive behaviors have been shown to be sensitive
to melatonin applications and are ablated with removal of the

4 Neural Plasticity



pineal gland, the source of melatonin in the brain [80–82].
Further upstream, those seasonal changes were found to be
mediated by the periventricular nucleus (PVN) and the
SCN [83, 84]. This forms a photoperiodic response circuit,
with the SCN projecting indirectly to the pineal gland
through a chain of polysynaptic connections that include
the PVN. In addition to reproductive behavior, body weight
changes associated with different photoperiods (which have
been shown to be influenced by melatonin, [85]) have been
traced to hormone and neuropeptide signaling differences
within the arcuate nucleus of the hypothalamus [86]. Inter-
estingly, while long infusions of melatonin replicate short
days in Siberian hamsters and induce a reduced body weight
phenotype, SCN lesions eliminate those effects, suggesting a
role for the SCN both downstream and upstream of melato-
nin signaling in the photoperiodic signaling network [80].
Another target for indirect melatonin signaling from the
pineal is the Raphe nucleus. Recent evidence shows that
changes in Raphe serotonin neuron firing rate across differ-
ent developmental and proximal photoperiods are melato-
nin-dependent, with melatonin-receptor knockout mice
lacking photoperiod-specific firing rates [87].

Not all photoperiodic effects are melatonin-dependent,
however. Recent work on C57BL/6 mice, which do not pro-
duce substantial amounts of melatonin, has shown that mice
in long photoperiods undergo body weight increases and
have altered plasma metabolic profiles [88]. Earlier work in
the same mouse model and in Fischer 344 rats shows an
altered corticosterone profile in long versus short days [89].
Mice with genetic defects in melatonin synthesis have been
shown to have modulated locomotor behavior in different
photoperiods, manifested as shorter durations of activity in
long photoperiods and longer durations of activity in short
photoperiods [90]. The work discussed previously demon-
strating the necessity of VIP neurons in the persistence of
long and short-day locomotor behavior duration patterns
into constant conditions was also performed in the
melatonin-deficient 129/Sv mice, demonstrating that the per-
sistence of this photoperiodic output is not melatonin-
dependent [76]. With few afferent connections, the retina
may be an example of an SCN- and melatonin-independent
photoperiodic system, with different day lengths altering
ERG responses in a persistent manner [91].

In the retina and Raphe, as in the SCN itself, photope-
riods experienced during the development and maturation
of these neural circuits have been demonstrated to have
enduring effects that shape sensory perception and behavior
in adulthood. Within a circadian context, developmental
photoperiod was shown to persistently change the waveform
of circadian Per1 promoter activation in the SCN, as read out
by Per1∷GFP, as well as the phase angle of the peak relative to
dusk and the duration of the locomotor activity phase [50].
Photoperiod effects within the mouse retina are develop-
ment-dependent, with animals raised on short photoperiods
continuing to have reduced retinal sensitivity (short-photo-
period ERG phenotype) despite being moved to long photo-
periods during adulthood [91]. In the Raphe nucleus,
enduring changes in serotonin neuron firing rate were found
to be dependent on the developmental photoperiod, with

proximal photoperiod playing a less prominent role [87].
Mice matured in long, summer-like photoperiods exhibit
increased serotonin neuron firing, increased midbrain sero-
tonin content, and decreased depression and anxiety-like
behaviors in adulthood. In the extreme of constant light,
the disruption of the SCN and behavioral rhythms observed
in adult mice [51] is much more dramatic and pervasive with
perinatal exposure [92]. The SCN is likely to play a role in the
encoding of lasting developmental photoperiod effects, with
recent work demonstrating that individual SCN neurons
exhibit enduringly altered Per1::GFP expression rhythm pro-
files across different developmental photoperiods [50]. In
contrast to studies mentioned above where gene expression
and firing rate rhythms remained consistent across photope-
riods but changed their phase relationship in adult animals
exposed to different photoperiod, this work focused on
animals reared in particular photoperiods. Photoperiods
experienced during the perinatal period had lasting effects
into adulthood on the gene expression waveforms of individ-
ual SCN neurons, their phase relationships to the light cycle,
and their intrinsic periods [50]. Considering the influence
that the SCN has on the rest of the brain, enduring changes
within the SCN during development may help explain the
persistent effects of early-development photoperiod observed
in other tissues, such as the Raphe. The precise timing of this
critical developmental window, as well as the underlying
changes within the SCN neurons that lead to the altered neu-
ronal period, remains undetermined.

It remains an open question which photoperiod-
dependent behaviors and physiological responses are
mediated through the SCN, regardless of how well the photo-
period may imprint onto the phase distribution of the SCN
neurons. While the inputs and outputs of the SCN are a
consistent subject of study, most of these connections are
examined in the context of circadian timing and regulation.
Moving forward, careful experimentation will be required
to determine the role that the SCN, or any other structures
capable of encoding seasonal light information, plays in a
particular photoperiodic output. Further, these studies will
need to differentiate between those photoperiodic effects that
are directly driven by light, those that persist for some length
of time even after photoperiodic input has ceased, and those
that are imprinted developmentally and produce lasting
changes to physiology.

4. Applications in Medicine and Society

Whereas the evidence for seasonality driven by photoperiod-
ism in many animals and plant species is widespread and
compelling, such evidence is less developed for humans. Still,
there are dramatic examples of the impact of seasonality on
human health, particularly in the developmental domain,
consonant with the developmental origins of adult disease.
There is also demonstrated promise of the application of
circadian photobiology to address these issues. For example,
in 2015, Boland et al. reported the results of a “SeaWAS”
(Season-Wide Association Study) in which they analyzed
the medical records of more than 1.7 million patients at
Columbia University Medical Center for associations of
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medical diagnoses for 1688 diseases with season of birth [93].
They found significant associations with 55 diseases includ-
ing ADHD, asthma, and 9 cardiovascular conditions. This
approach, combined with PheWAS analysis of genomic data,
holds great promise in revealing the gene by environment
interactions underlying disease risk from developmental
exposures to season variables.

Therapeutic intervention based on circadian photobiol-
ogy has already begun in the clinic. Circadian light therapy
has long been recognized as a successful treatment for sea-
sonal depression [94]. Another salient recent example is the
work of Ohta and colleagues who defined perinatal exposure
to constant light as a potential risk factor for disruption of the
developing mammalian biological clock in mice [92] and
then applied this to the neonatal intensive care unit (NICU)
where infants may be exposed to constant light. To ensure
proper circadian light cycles for premature infants and the
ability of medical staff to provide continuous care, Ohta
and colleagues targeted stabilization of the developing
clock by selective optical filtering of wavelengths that affect
clock entrainment to produce a circadian day and night
while preserving the ability of the staff to provide care. [95].
This resulted in enhanced day-night activity rhythms and
increased weight gain critical in premature infants. These ini-
tial cohorts of infants are being tracked in a longitudinal
study to ascertain if there are lifetime benefits of maintaining
circadian cohesion during development.

5. Conclusion

Our understanding of ourselves as photoperiodic organisms
has given new importance to research into the neural basis
for photoperiodic responses. While much progress has been
made in demonstrating the ability of the mammalian master
circadian clock, the SCN, to encode photoperiodic infor-
mation, as well as in identifying various brain structures
involved in many types of photoperiodic outputs observed,
there remains a great deal to be understood. At present, there
is a myriad of day-length-dependent responses in physiology
that range from purely light driven, to transiently sustained,
to permanent. More must be learned about the physiology
that underlies the differences between these types of
responses. Some may rely on the SCN, while others may act
independently of the clock. Likewise, many clearly depend
on melatonin but others may not require melatonin signaling
to occur. We have already observed the benefits that medi-
cine and society may see when photoperiodic research is
applied, but to truly modify or medically intervene with this
system, a better understanding is required.
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Circadian rhythms are biological oscillations with a period of about 24 hours. These rhythms are maintained by an innate
genetically determined time-keeping system called the circadian clock. A large number of the proteins involved in the regulation
of this clock are transcription factors controlling rhythmic transcription of so-called clock-controlled genes, which participate in
a plethora of physiological functions in the organism. In the brain, several areas, besides the suprachiasmatic nucleus, harbor
functional clocks characterized by a well-defined time pattern of clock gene expression. This expression rhythm is not restricted
to neurons but is also present in glia, suggesting that these cells are involved in circadian rhythmicity. However, only certain
glial cells fulfill the criteria to be called glial clocks, namely, to display molecular oscillators based on the canonical clock protein
PERIOD, which depends on the suprachiasmatic nucleus for their synchronization. In this contribution, we summarize the
current information about activity of the clock genes in glial cells, their potential role as oscillators as well as clinical implications.

1. Introduction

Most light-sensitive organisms have built-in time-measuring
devices that are commonly known as circadian clocks. The
term circadian was introduced by Halberg to describe the
biological rhythms that have a period of approximately 24 h
and are known as circadian rhythms [1]. Circadian rhythms
are present along the phylogenetic scale, in mammals regu-
late a plethora of functions such as the rest-activity cycle,
hormone secretion, and daily variations in metabolism and
body temperature [2].

The intracellular circadian clock is based on a transcription-
translation feedback system that drive the self-sustaining
clock mechanism in the suprachiasmatic nucleus (SCN, the
“master clock”) and in peripheral tissues (“peripheral
clocks”) [3, 4]. At the molecular level, the molecular machin-
ery that generates circadian rhythms involves CLOCK- (cir-
cadian locomotor output cycles kaput) BMAL1 (brain and

muscle aryl hydrocarbon receptor nuclear translocator-like
protein 1) heterodimers that control the periodic expression
of Per (periods 1–3) and Cry (cryptochrome 1,2) genes. These
gene products form the PER-CRY heterodimer that is trans-
located to the nucleus inhibiting their own transcription.
Additionally, an accessory regulatory loop involves the
rhythmic regulation of Bmal1 transcription through the
coordinated action of the transcriptional repressor REV-
ERBα (Reverse Erb alpha) and the transcriptional activator
RORα (retinoid-related orphan receptor-alpha) [5–8].

In mammals, the SCN synchronizes multiple peripheral
clocks, in numerous tissues and cell types, presumably via
the combination of neural and humoral signaling [2, 9].
The general consensus of the cellular identity of the oscillat-
ing cells in the brain points to the neurons, although it has
been demonstrated that the glial cells are circadian oscilla-
tors as well, and their synchronization also depends on the
SCN [10–12].
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Glial cells make up a large fraction of human nervous
system cells, with numbers exceeding those of neurons by a
factor of ten, depending on the brain structure studied. Par-
ticularly, glial cells occupy about half the volume of the brain
and participate in diverse functions, including regulation of
synaptic transmission, plasticity, behavior, and synapse
development, and these cells are also involved in neurode-
generation [13–17]. Interestingly, it has been described that
glial cells also play an important role in the regulation of cir-
cadian rhythms [18–23], although little attention has been
paid to this function. Accordingly, we summarize here the
recent findings about clock genes in glial cells, the plausible
role of the glial cells as cellular oscillators, and the possible
medical implications of clock genes in this cell type.

2. Clock Genes in Glial Cells

2.1. Astrocytes. This type of glial cell is involved in the buff-
ering of extracellular K+, regulating neurotransmitter release
[24], forming the blood-brain barrier, releasing growth fac-
tors, and the regulation of complex brain mechanisms, such
as sleep homeostasis [25] and memory [26–28], among
other functions.

In 1990, it was suggested that glial cells might express
molecular oscillators, which are based on the clock protein
PER. Particularly, it was demonstrated that PER was local-
ized both in neurons and glial cells of the fly brain, which
showed robust circadian rhythms and abundance [11]. Sub-
sequently, Ewer and coworkers reported that certain weakly
rhythmic flies contained detectable PER only in glia, suggest-
ing that glial oscillators play an important role in the
pacemaker driving rhythmic behavior [12]. Later, it was con-
firmed the rhythmic expression of clock genes in rat and
mouse astrocytes, indicating that these cells contain a PER-
based molecular oscillator that damps in the absence of neu-
ronal signals [29, 30]. These astroglial cultures were capable
to display a sustained rhythmicity for 7 days when cocultured
with SCN explants, whereas cortical explants did not influ-
ence rhythmicity [29], suggesting that the presence of sus-
tained rhythms in glial cells requires a secreted neuronal
factor expressed in the SCN. Temperature cycles entrain
Per1 rhythms in astroglial cultures [29] however are unlikely
to be a relevant factor, since exposure to SCN explants sus-
tained glial rhythms without any change in temperature.

Several studies have explored the role of the mammalian
PER-based oscillator in glial physiology. It has been reported
that Glast (glutamate/aspartate transporter) expression and
protein levels within the SCN present a diurnal rhythm in a
light/dark (12/12 h) cycle [31]. However, it was not deter-
mined whether this rhythm persist or not in nonrhythmic
conditions (constant darkness or constant light), in other
words in lack of environmental information. Results of Spa-
nagel and collaborators are complementary with the observa-
tion concerning to GLAST levels, which do not display an
obvious rhythmicity in the Per2 mutant mice pointing out
the presence of a circadian control [31]. Beaulé and col-
leagues reported that cultured cortical astrocytes from Clock
mutant animals have reduced GlastmRNA and protein levels
[32], proposing that the vast majority of glial glutamate (Glu)

uptake activity is a function of the transcription factors Clock
and Npas2 (neuronal PAS domain protein 2) and of the tran-
scriptional regulator Per2 [32, 33]. This dependence could be
explained by the involvement of CLOCK and NPAS2 in the
indirect regulation of Glast transcription or in GLAST pro-
tein stabilization and/or localization [34]. It should be noted
that no evidence has been demonstrated for circadian
changes in Glu uptake, suggesting a noncircadian role for
clock proteins that might be involved in the regulation of
Glast gene transcription or Glast mRNA translation and/or
stability [32, 33].

Concerning Glu, it is known that this neurotransmitter
participates in photic entrainment of circadian rhythms. In
2015, it was reported that in cultured Bergmann glial cells,
BMAL1 expression is Glu time- and dose-dependent. This
phenomena might be a result of stabilization of the protein
after it has been phosphorylated by PKA (cyclic AMP-
dependent protein kinase) and/or PKC (Ca2+/diacylglyc-
erol-dependent protein kinase), pointing out that Glu is
critically involved in glial BMAL1 expression and that glial
cells are important in the control of circadian rhythms in
the cerebellum [22].

It has been recently demonstrated that not only SCN
neurons but also SCN astrocytes possess pacemaking proper-
ties [35]. By using long-term live imaging, Brancaccio and
colleagues simultaneously codetected circadian oscillations
of neuronal and astrocytic intracellular calcium ([Ca2+]i)
within the SCN, with [Ca2+]i levels peaking during the circa-
dian day and night. Thereby, these oscillations of [Ca2+]i
were antiphasic and showed a complementary waveform
[35]. In the same study, it was reported widespread circadian
oscillations of extracellular Glu ([Glu]e) in the SCN in phase
with astrocytic [Ca2+]i. These circadian oscillations of [Glu]e
are generated intrinsically in the SCN and also depend
directly on astrocytic metabolism [35]. Using pharmacolog-
ical inhibition of the glial and neuronal isoforms of the Glu
transporters, a continuing circadian oscillation of Glu
release by astrocytes is observed. Remarkably, [Glu]e oscilla-
tions are generated by concerted rhythms of release and
uptake, and blocking Glu uptake impairs the fine-tuning
of the [Glu]e/[Ca

2+]i relationship, reducing the robustness
of the rhythms of neuronal [Ca2+]i across the SCN. Conse-
quently, SCN cellular oscillators progressively desynchronize,
until the [Glu]e/[Ca

2+]i alignment is restored. Presynaptic
NMDA (N-methyl-D-aspartate) receptors 2C-mediated glu-
tamatergic gliotransmission inhibit neuronal activity during
circadian night, and this mechanism is essential to sustain
circadian rhythmicity in the dorsal SCN [35]. Accordingly,
during the circadian night, SCN astrocytes are metaboli-
cally active (high [Ca2+]i) and release high levels (baseline
activity) of Glu into the extracellular space, which in turn
activates presynaptic NR2C-expressing neurons in the dor-
sal SCN, thereby increasing GABAergic inhibitory tone
across the circuit. In contrast, during the circadian day,
[Glu]e is reduced by diminished glial release and increased
EAAT-mediated Glu uptake and consequently, GABAergic
tone is reduced, thereby derepressing spontaneous mem-
brane potential, neuronal [Ca2+]i, and facilitating electrical
firing [35].
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Moreover, it was reported that SCN astrocytes are func-
tional circadian oscillators, which modulate the period of
SCN and the rest-activity rhythms [36]. The loss of rhythm
in SCN astrocytes by Bmal1 deletion leads to an extended cir-
cadian period of rest-activity rhythms. This Bmal1 deletion
in a small proportion of SCN cells appears to change the
period of the SCN and behavior by the loss of rhythmicity
in 20% of SCN cells that express AVP (arginine-vasopressin)
or 10% of cells that express Aldh1L1 (specific astrocytic
marker) or GFAP (glial fibrillary acid protein) [36].

Earlier studies in SCN astrocytes revealed high-
amplitude daily rhythms in the expression of GFAP [37]
and their coverage of the soma and dendrites of vasointest-
inal polypeptide- and AVP-expressing SCN neurons, which
are related with modifications in synaptic innervation of
these neurons [38, 39]. Rhythmic pattern of GFAP was
observed in constant darkness in the SCN of hamsters, rats,
and mice [37, 40], suggesting that these rhythms are intrinsic
and independent of external light cues. Although the role of
daily oscillations of GFAP in SCN is unknown, it has been
associated with two main aspects of the clock functioning:
metabolic exchanges and plasticity [38]. According to this
last aspect, it has been demonstrated that mice lacking the
Gfap show impaired long-term depression in the cerebel-
lum, reduced eye-blink conditioning [41], longer periods
of activity, and more arrhythmicity in constant light con-
ditions compared to wild type [40, 42]. These results indi-
cate that GFAP in glial cells plays a role in the regulation
of neuronal function.

A daily variation of GFAP in the mouse SCN, as well as
the NF-κB (nuclear factor-κB) expression in SCN astrocytes
has been documented using tissue slices and primary cell cul-
tures [43]. Particularly, in the latter case, LPS (lipopolysac-
charide), IL-1α (interleukin-1 alpha), and TNFα (tumor
necrosis factor alpha) promoted the activation of NF-κB,
indicating that SCN astrocytes mediate the input signals to
the circadian system from the immune system via NF-κB
signaling [43].

RORα is expressed in astrocytes but not in microglia.
Studies using staggerer mice, which have a 122 bp deletion
in the RORα gene, allowed the identification of several func-
tions of this nuclear receptor, both in the periphery and in the
CNS. Interestingly, a massive cerebellar neurodegeneration
leading to severe ataxia was also observed in these mice [44].

Furthermore, it has also been reported that RORα-
deficient mice have abnormal immune responses, associated
with increased levels of IL-1β, IL-6, and TNFα [45]. An
additional report showed that in primary astrocyte cul-
tures, RORα directly participates in the regulation of the
inflammatory reaction via the inhibition of the NF-κB path-
way. Thus, in a noninflammatory condition, the nuclear
receptor directly increases IL-6 expression, while in an
inflammatory condition, RORα reduces cytokine-induced
Il-6 upregulation [46].

Other nuclear receptors involved in the inflammatory
response are REV-ERBα and REV-ERBβ; both receptors
are expressed in rat C6 cells and in astrocyte cultures derived
from rat cortex and spinal cord [47]. Particularly, in rat C6
astroglial cells, it has been reported that TNF significantly

increases chemokine Ccl-2 (monocyte chemoattractant pro-
tein-1), Il-6, iNOS (inducible nitric oxide synthase), and
Mmp-9 (matrix metalloprotease-9) mRNA levels. However,
both isoforms of REV-ERB inhibit TNF-induced upregula-
tion of Ccl-2 and Mmp-9 mRNA levels. Particularly, REV-
ERBα and REV-ERBβ decrease MMP-9 expression via
HDAC3 (histone deacetylase 3) [47]. Moreover, it has been
shown that REV-ERBα inhibits Il-6 upregulation in murine
skeletal muscle cells and macrophages [48–50], suggesting
that the activity of this nuclear receptor is tissue-specific.

Circadian expression of clock genes such as Per1, Per2,
Cry1, and Bmal1 can be observed in mice spinal cord. Sur-
prisingly, circadian expression of GS (glutamine synthetase,
a glial-enriched enzyme) and COX-1 (cyclooxygenase-1) at
both mRNA and protein levels was also detected in the same
brain area [51]. Moreover, circadian changes in the expres-
sion of GS suggest that astrocyte metabolism is subjected to
circadian modulation. Whereas, the disruption of astroglial
function using fluorocitrate (a glial metabolic inhibitor) led
to the suppression of the oscillating expression of not only
GS and COX-1 but also the expression of clock genes. These
findings suggest that spinal circadian expression of clock
genes depends on the activity of astrocytes, since the inhibi-
tion of astrocytic function disrupts circadian gene mRNA
expression [51].

Gliotransmission is the process by which astrocytes com-
municate with immediate glia and neurons through the
release of transmitters such as ATP and Glu [42, 52, 53]. In
vivo, a circadian pattern of ATP release appears to derive pri-
marily from astrocytes within the SCN; however, the func-
tional implications of these extracellular ATP rhythms are
unknown [54]. Moreover, it has been shown that astrocytes
display daily extracellular ATP oscillations that rely on key
clock genes (Clock, Per1, and Per2) and inositol triphosphate
signaling [55], suggesting that extracellular ATP levels are
augmented at specific hours of the day, and probably, a
clock-induced increase in energy metabolism and glial
activity is present [55].

Mammalian and insect glial cells modulate circadian
neuronal circuitry and behavior via glial calcium signaling
[19]. Genetic manipulations of glial vesicle trafficking, the
membrane ionic gradient, or internal calcium storage all lead
to arrhythmic locomotor activity in Drosophila, an organism
in which astrocytes, but not other glial cell types, are relevant
for the circadian modulation of behavior. It should be noted
that Drosophila and mammalian astrocytes elicit similar
functions due to their preserved morphology and molecular
signatures. Besides, PER-based glial oscillator is not essential
for the free-running behavioral rhythmicity, although the
possibility that this oscillator is required for circadian photic
sensitivity or the expression of a different rhythm cannot be
ruled out [19].

Recently, Xu and colleagues reported the existence of
canonical circadian clock genes in mammalian retinal Müller
glia. This study not only demonstrated that retinal Müller
cells generate molecular circadian rhythms isolated from
other retinal cell types but also demonstrated that these reti-
nal cells exhibit unique features of their molecular circadian
clock compared to the retina as a complex system. However,
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it is important to highlight that the authors mention that
both mouse and human Müller cells exhibit species-specific
differences in the gene dependence of their clocks [56].
Accordingly, it was observed that human Müller cells exhibit
in vitro circadian rhythms in clock gene expression, although
the rhythm in these cells does not seem to depend on Per1
expression. Whereas, in mouse Müller cells, knockout or
knockdown of Per1 led to arrhythmicity, suggesting that
human Müller cells may have a decreased dependence in
Per1 expression to regulate rhythmicity [56]. Additional
evidence reported by Tosini and Menaker demonstrates
that the mammalian neural retina contains a genetically
programmed circadian oscillator [57]. Nevertheless, Xu
and coworkers propose to Müller glia as a candidate clock
cell population in the mammalian retina [56]. The results
obtained in both reports indicate that both neurons and
glia play an important role in the generation of circadian
rhythms in this autonomous oscillator.

2.2. Microglia. These glial cells are the main innate immune
cells of the CNS and play essential functions in the mainte-
nance of neuronal circuitry, regulation of behavior, and func-
tional state of neurotransmission [20, 21].

Knowledge about a molecular clock in this type of glial
cells is relatively recent. In 2011, it was demonstrated that
the clock genes are constitutively expressed in both cultured
murine microglia and the microglial cell line BV-2 cells. In
the same study, it was also reported that ATP selectively pro-
motes the expression of mRNA and corresponding protein
for Per1 via P2X7 purinergic receptor subtype in microglial
cells [58]. Years later, it was confirmed that cortical microglia
contain an intrinsic molecular clock capable of regulating
diurnal changes of its morphological aspect [20]. Specifically,
it has been demonstrated in mice that microglia controls the
sleep-wake cycle-dependent changes in synaptic strength
through the extension and retraction of their processes
[21]. Hayashi and colleagues showed that CatS (Cathepsin
S, a microglia-specific lysosomal cysteine protease in the
brain) exhibits a circadian expression in cortical microglia.
Such expression of CatS induces diurnal variations in the
synaptic strength of the cortical neurons via the proteolytic
modification of the perineuronal environment. Conversely,
alterations in CatS lead to hyperlocomotor activity, as well
as the deletion of the diurnal variations in the synaptic activ-
ity and dendritic spine density of the cortical neurons as a
consequence of failure to downscale the synaptic strength
during sleep [20, 59]. This process is necessary for the acqui-
sition of subsequent novel information after waking [20];
therefore, dysfunction of microglia intrinsic circadian clock
could be involved in social behavior abnormalities [59] and
neuropsychiatric disorders, including depression and cogni-
tive impairment [60, 61].

In 2015, Fonken and coworkers reported that microglia
possesses circadian clock mechanisms and displays rhythmic
fluctuations in both basal inflammatory gene expression and
inflammatory potential. It is interesting to note that inflam-
matory potential in microglia is associated with time-of-day
differences, this is because of the circadian differences
observed in sickness response [23].

Recently, Nakazato and colleagues demonstrated that
Bmal1modulates Il-6 upregulation inmicroglial cells exposed
to LPS using siRNA targeting Bmal1 and Bmal1-deficient
mice [62]. These results suggest that an intrinsic microglial
clock may regulate microglial inflammatory responses under
pathological conditions in vivo. It was also observed that
Bmal1 bindings to the Il-6 promoter region only in cells
exposed to LPS; for which, they suggest that histone modifi-
cation occurred at the Il-6 promoter region with E-box
elements [62].

2.3. Oligodendrocytes. These cells are the myelinating glia of
the CNS, provide axonal metabolic support [63], and con-
tribute to neuroplasticity [64]. Scarce information regarding
clock genes in these cells is available. A previous study sug-
gested that oligodendrocytes’ proliferation depends on the
time-of-the-day in the hippocampal hilus, indicating a close
connection between the temporal information and glial cells
in this structure [65]. To date, there is no report showing that
oligodendrocytes have an internal circadian clock. However,
it has been suggested that clock genes might regulate OPC
(oligodendrocyte precursor cell) proliferation, since these
cells in the hippocampus express cyclin D1 [18], which is reg-
ulated by Per2 gene [66].

3. Clinical Implications

Recent studies indicate that defective clock genes in glial cells
participate in diverse brain pathologies, mainly in psychiatric
diseases. However, it is important to keep in mind that a sin-
gle clock gene can have different repercussions on health and
that several clock genes may be related to the same pathology
(for detailed review, see reference [67]). Particularly, muta-
tions in Clock, Npas2, and/or Per2 are all involved in a hyper-
glutamatergic scenario due to a decrease in GLAST
expression and as consequence, a reduction in Glu uptake
[31, 32, 68]. In this scenario, astrocytic Glu release has clear
pathophysiological implications like stroke, multiple sclero-
sis, and dementia [69]. Additionally, it has been established
that Glu regulates the levels of dopamine and other neuro-
transmitters and neuropeptides that mediate both positive
and negative aspects of drug reinforcement and reward. In
this manner, both hyper- and hypoglutamatergic states in
specific brain areas are directly involved in different stages
of addiction, including development, persistence, and absti-
nence [68]. Fascinatingly, clock genes participate in the mod-
ulation of common mechanisms of drug abuse-related
behaviors [31, 70].

Moreover, alterations in Per1, Per3, and Bmal1 lead
essentially to changes in both short- and long-term memory,
chronic oxidative stress in the brain, variations in cocaine
sensitization, and association with a number of psychiatric
diseases [71–77]. Similarly, Npas2, Gsk3β, Dbp, Cry1, and
Clock are involved in variations in drugs sensitization, as well
as in diverse psychiatric diseases, mainly bipolar disorder,
schizophrenia, Alzheimer, and unipolar major depressive
disorder [32, 78–82].

Nowadays, disturbances in the sleep parameters are com-
mon. These disturbances are associated with a spectrum of
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neurological and psychiatric disorders. Interestingly, clock
genes are also involved in variations related with sleep time,
sleep fragmentation, and atypical responses following sleep
deprivation [83–85]. However, sleep disruptions also have
severe consequences in the immune system, leading to an
impaired immune function [86, 87]. In line with these
reports, it has been established that immune cells exhibit cir-
cadian expression of clock genes, which in turn, participate in

the regulation of diverse immunological activities. Particu-
larly, REV-ERB is involved in neurodegenerative disorders
with an inflammatory component [47]. It has been demon-
strated that this clock gene represses macrophage gene
expression [88] and targets inflammatory function of macro-
phages through the direct regulation of Ccl-2 [50]. On the
other hand, Bmal1 controls rhythmic trafficking of inflam-
matory monocytes to sites of inflammation [89]. Taking

Table 1: Circadian functions regulated by the glial cells.

CG/CCG/molecule Circadian functions References

Astrocytes

Clock
Regulation of the glutamatergic system (Glast mRNA and protein levels) [32]

Modulates ATP release [55]

Npas2 Regulation of the glutamatergic system (Glast mRNA and protein levels) [32]

Per1
Regulation of nociceptive processes [51]

Modulates ATP release [55]

Per2

Regulation of the glutamatergic system (GLAST protein levels) [31, 32]

Regulation of nociceptive processes [51]

Modulates ATP release [55]

Regulates to cyclin D1 [66]

Bmal1
Modulates the period of the SCN and behavior [36]

Regulation of nociceptive processes [51]

Cry1 Regulation of nociceptive processes [51]

Gfap Participates in metabolic exchanges and plasticity [38, 40–42]

NF-κB SCN astrocytes mediate the immune signals to the circadian system via NF-κB signaling [43]

RORα
Participates in the regulation of the inflammatory response (inhibits NF-κB pathway and

regulates IL-6 expression)
[44–46]

REV-ERBα/REV-ERB β
Participates in the regulation of the inflammatory response (both isoforms inhibit

TNF-induced upregulation of Ccl-2 and Mmp-9; and REV-ERBα inhibits Il-6 upregulation)
[47–50]

GS
Regulation of the glutamatergic system (glutamate-glutamine metabolic cycle) [51]

Regulation of various spinal sensory functions [51]

COX-1 Regulation of various spinal sensory functions [51]

IP3 Modulates ATP release (IP3-dependent calcium signaling) [55]

ATP Regulation of the energy metabolism and glial activity [55]

Ca2+
Modulation of circadian behavior [19]

Regulates the release of gliotransmitters [35]

Glu
Regulates BMAL1 expression (Glu time- and dose-dependent) [22]

Provides the inhibitory astrocytic-neuronal coupling signal during nighttime in
the SCN via NMDAR2C

[35]

Microglia

ATP Upregulates the Per1 mRNA expression via P2X7 purinergic receptor subtype [58]

CatS
Regulates the synaptic strength, including neuronal transmission and spine density via

the proteolytic modification of the perineuronal environment
[20, 21, 59]

Bmal1 Implicated in the inflammatory response (modulates Il-6 upregulation) [62]

Oligodendrocytes

Cyclin D1 Regulation of the OPC proliferation [18]

ATP: adenosine triphosphate; Bmal1: brain and muscle ARNT-like protein 1; Ca2+: calcium; CatS: cathepsin S; CGs: clock genes; CCGs: clock-controlled genes;
Ccl-2: monocyte chemoattractant protein-1; Clock: circadian locomotor output cycles kaput; COX-1: cyclooxygenase-1; Cry1: cryptochrome 1; Gfap: glial fibrillary
acidic protein; GLAST: glutamate aspartate transporter; Glu: glutamate; GS: glutamine synthetase; Il-6: interleukin-6; IP3: inositol triphosphate;Mmp-9: matrix
metalloprotease-9; NF-κB: nuclear factor-kappaB; NMDAR2C: N-methyl-D-aspartate receptor 2C subunit; Npas2: neuronal PAS domain protein 2; P2X7:
purinoreceptor; OPCs: oligodendrocyte precursor cells; Per: period; REV-ERB: reverse Erb; RORα: retinoid-related orphan receptor-alpha; SCN:
suprachiasmatic nucleus; TNF: tumor necrosis factor.
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these reports together, it is possible to suggest that circadian
disruptions exacerbate inflammatory responses in both
periphery [90] and CNS [91].

Additionally, it has been shown thatRORα is an important
molecular player in diverse pathological processes including
oxidative stress-induced apoptosis and cerebral hypoxia,
both in neurons and astrocytes, due to its neuroprotective
properties [44].

Finally, abnormal microglial cells are also associated with
neurological disorders [92–94]. Taking into consideration
that a risk factor for psychiatric diseases is the dysfunction
of the clock system, it is relevant to suggest that the microglial
clock might be an interesting target for the development of
novel neurological therapeutic agents.

4. Conclusion

The expression of clock genes in glial cells has great impor-
tance for the maintenance of a healthy brain (Table 1).
Actually, clock genes are relevant for the development of
novel strategies for the treatment of a wide range of human
diseases such as metabolic and cardiovascular diseases,
immune system dysfunction, neuropsychiatric disorders,
and even cancer. Specifically, changes in the expression of
clock genes in glial cells lead to problems related to an imbal-
ance of the glutamatergic system, resulting in neurological
disorders; therefore, understanding the role that glial cells
play in brain circadian physiology is extremely relevant.
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Endogenous circadian oscillators orchestrate rhythms at the cellular, physiological, and behavioral levels across species to
coordinate activity, for example, sleep/wake cycles, metabolism, and learning and memory, with predictable environmental
cycles. The 21st century has seen a dramatic rise in the incidence of circadian and sleep disorders with globalization,
technological advances, and the use of personal electronics. The circadian clock modulates alcohol- and drug-induced behaviors
with circadian misalignment contributing to increased substance use and abuse. Invertebrate models, such as Drosophila
melanogaster, have proven invaluable for the identification of genetic and molecular mechanisms underlying highly conserved
processes including the circadian clock, drug tolerance, and reward systems. In this review, we highlight the contributions of
Drosophila as a model system for understanding the bidirectional interactions between the circadian system and the drugs of
abuse, alcohol and cocaine, and illustrate the highly conserved nature of these interactions between Drosophila and mammalian
systems. Research in Drosophila provides mechanistic insights into the corresponding behaviors in higher organisms and can be
used as a guide for targeted inquiries in mammals.

1. Introduction

1.1. Alcohol and Drug Abuse. The long-term chronic abuse of
alcohol and other drugs has adverse consequences for indi-
vidual health, society, and the economy [1–3]. Alcohol is
one of the most commonly used and abused drugs in the
United States [4] and the world [5]. As of 2014, 17 million
Americans have an alcohol use disorder (AUD) representing
79% of the people diagnosed with substance use disorders,
and additional 2.6 million (12.1%) have comorbid AUD
and illicit drug use disorder [4]. Alcohol and other drugs of
abuse collectively account for ~75,000 deaths annually in
the US [6, 7]. In the United States, the health and economic
costs associated with alcohol abuse are estimated at approxi-
mately $223 billion annually [1] with costs associated with
other drugs of abuse including tobacco, illicit drugs, and pre-
scription opioids collectively estimated at approximately
$571.6 billion annually [8–10]. In the past few years, cocaine
use has reemerged as a public health problem with a 26%
increase in the number of new users in 2015 compared to

2014, with the greatest increase in users occurring among
young adults [11]. Understanding the factors that contribute
to alcohol and substance abuse and addiction and drug
pathologies is critical for the development of therapies for
the prevention and treatment of substance abuse disorders.

1.2. The Link between the Circadian Clock and Drug Use.
From bacteria to humans, circadian clocks regulate cellular,
physiological, and behavioral rhythms in coordination with
the natural light-dark cycle (Figure 1). In addition to light,
entrainment of the peripheral circadian system can be
mediated by food intake schedules, exercise, or social activity
[12–14]. The circadian clock modulates rhythms in metabo-
lism, gene expression, hormone production, cell regenera-
tion, and brain wave activity [15–17]. In the past two
decades, the importance of the circadian clock in modulating
alcohol and drug use and the associated pathologies has
become more apparent (Figure 2). Individuals with an eve-
ning chronotype, the behavioral pattern reflecting an indi-
vidual’s circadian phase, exhibit higher levels of alcohol
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Figure 1: Measures of the circadian rhythm. (a) Cycles of peaks and troughs of activity occur at approximately 24-hour intervals. The period
of the cycle is the time between successive peaks (or troughs) of activity whereas the extent of the increase or decrease in activity represents the
amplitude of the cycle. (b) An early-night light pulse results in a phase delay. (c) A late-night light pulse results in a phase advance.
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Figure 2: The bidirectional relationship between the circadian clock and alcohol. (a) The circadian clock modulates alcohol sensitivity and
alcohol consumption. Alcohol acts upon circadian oscillators to affect phase shifting of oscillators as well as expression patterns of
circadian genes leading to circadian dysfunction. (b) The master circadian clock in the brain modulates the behavioral sensitivity to
alcohol including hyperactivity, sedation, recovery, and tolerance. (c) Alcohol affects the master circadian clock in the SCN as well as in
peripheral oscillators in the liver, kidney, and heart.
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use [18, 19] and increased drug use [20, 21]. Recent
research using functional imaging has shown that evening
chronotypes have altered neural responses to reward com-
pared to morning chronotypes with increased activity in
the ventral striatum and decreased reactivity in the medial
prefrontal cortex [22] which has previously been associ-
ated with increased alcohol consumption [23].

1.3. Circadian Misalignment. Impairments of the circadian
system or desynchronization adversely affects individual
health with increased risk of obesity, diabetes, cardiovascular
diseases, cancer, and mood disorders [24–28] (Figure 3).
Recently, research in animal models and humans has linked
circadian dysfunction with increased risk of drug and alcohol
abuse. Drug abuse and drug-related pathologies appear
higher in populations in which circadian misalignment and
sleep deprivation are common [3, 29] including shift workers
[30–32] and aging individuals [33]. These substance abuse
issues are expected to escalate with increases in the aging
population and the proportion of people working extended
and rotating shifts [34–36]. Drug abuse and alcohol abuse
affect the functioning of the circadian system with the subse-
quent circadian dysfunction increasing the risks and harms
of drug abuse. In this review, we will discuss factors contrib-
uting to the increase in sleep and circadian disorders and
focus on Drosophila as a model for investigating the bidirec-
tional interactions between the circadian clock and drug use.

2. Factors Contributing to the Increase in
Circadian and Sleep Disorders

2.1. Work Schedules. In the past few decades, the number of
individuals affected by circadian or sleep disorders has

rapidly risen [37]. Insufficient sleep is a pervasive problem
affecting approximately 30% of adults and 60% of adoles-
cents [38]. Technological advances and globalization have
driven changes in occupational and professional practices
with a greater number of individuals working extended hours
and shift work. In the United States and other developed
countries, approximately 15–30% of the population work
irregular or shift work schedules [36, 38] contributing to
increased circadian and sleep disorders. Individuals working
longer days and extended work weeks have become increas-
ingly more common with more than 18% of the people in
the United States working more than 48 hours per week
[36]. These problems are compounded by poor entrainment
of the circadian clock in modern societies.

2.2. Circadian Entrainment and Artificial Light at Night. The
circadian system and sleep profiles evolved in coordination
with the natural light-dark cycles with light providing the
strongest zeitgeber or entrainment signal to the circadian
oscillator. With the majority of the world’s population now
living in urban environments [39], artificial indoor lighting
substitutes for the natural light-dark cycle entrainment of
the circadian clock. Studies in the United States, Canada,
and England found that individuals spend less than 12% of
their time outside or less than 1-2 hours per day overall
[40–43]. As indoor light levels (100–300 lux) are orders of
magnitude lower than those of direct sunlight (10,000 lux
range), decreased time outdoors results in weaker signals to
the circadian clock and poorer entrainment [44]. In contrast
to light signals during the day, light at night shifts the phase
of the circadian clock (Figures 1(b) and 1(c)). It has been
estimated that 99% of individuals living in the United States
and Europe and 80% of the people worldwide experience
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Figure 3: Central and peripheral circadian regulation of metabolic function. Under normal conditions, the central circadian oscillator in the
SCN is entrained by light and synchronizes peripheral oscillators. Meal timing can also entrain the liver oscillators. Environmental
perturbations such as shift work, jet lag, sleep restriction, and substance abuse create misalignment between the SCN and the peripheral
oscillators resulting in metabolic syndromes and disease.
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significant light pollution at night [45, 46]. During the night,
light from a full moon is less than 1.0 lux of light, usually 0.1–
0.3 lux [45]. However, artificial light at night is considerably
higher from a variety of sources including outdoor lighting
estimated at 5–15-lux light exposure, indoor evening lighting
at 100–200-lux light exposure, and personal electronic use
ranging up to 100-lux light exposure [45]. In the past decade,
the shift from the use of incandescent light bulbs to the use
of fluorescent and LED lights with shorter wavelengths
increases the potential for circadian disruption at night as
melanopsin, the circadian photopigment, is particularly sen-
sitive to shorter-wavelength blue light [47, 48]. Increased
exposure to artificial light at night has been associated with
increased risk of cancer, diabetes, obesity, and mood and
behavioral disorders [45, 49–51]. Increased artificial light at
night [46, 52] combined with reduced individual exposure
to daytime sunlight [43] contributes to weakened circadian
entrainment and circadian dysfunction. Poor entrainment
and low-level circadian function make it more difficult to
maintain synchronization of central and peripheral circa-
dian clocks in the face of circadian perturbation.

2.3. Evening Chronotype. An individual’s chronotype may
also increase the risk of circadian desynchronization. Indi-
viduals with evening chronotypes are prone to even greater
late-night phenotypes with less exposure to sunlight and
more reliance on artificial lighting compounding the prob-
lem [53]. The phase of the circadian clock changes with
development and aging. Whereas young children have a
morning chronotype, in teenagers and young adults, the
biological clock is naturally shifted by several hours result-
ing in the prevalence of evening chronotypes in this age
group [54–56]. Fixed work and school schedules compound
the problem of circadian dysfunction in individuals with an
evening chronotype.

2.4. Personal Electronics. The use of personal electronics and
shifts in activity patterns between weekdays and weekends
strongly contribute to the rise in circadian and sleep disor-
ders. The use of smartphones and personal electronics at
night has further potentiated circadian disorders and associ-
ated problems by increasing exposure to light during the
night [45, 57, 58]. Computer and cell phone use at night by
adolescents has been correlated with decreased weekday
sleep [59]. Teenagers and young adults are particularly sus-
ceptible to smartphone dependence [60], with more than
50% of adults and approximately 75% of children and adoles-
cents exhibiting signs of dependence upon their smartphones
including anxiety [61]. Smartphone dependence appears
almost universal around the world contributing to sleep
disorders and poor sleep quality in teenagers, college
students, and adults [62, 63].

2.5. Social Jet Lag. Social jet lag, defined as a change in
activity/rest patterns between workdays and free days, results
in individuals continuously undergoing shifts to their circa-
dian clock and a perpetual state of circadian misalignment
as peripheral circadian oscillators have insufficient time to
resynchronize prior to the next phase shift (Figure 3). Social

jet lag is prevalent in adults and adolescents, particularly
in individuals with an evening chronotype, with estimates
of social jet lag affecting almost 70% of individuals [64].
Social jet lag has been correlated with increased obesity
[65], diabetes, cardiac function and heart disease [66, 67],
and depression [68]. Higher levels of alcohol use observed
in individuals with evening chronotypes may be com-
pounded by social jet lag [18].

3. Drosophila as a Versatile Model System

3.1. Advantages of Drosophila. Drosophila is an excellent
model system for dissecting the bidirectional connections
between the circadian clock and drugs of abuse as the signal-
ing pathways that regulate reward processes, addiction, and
circadian function are highly conserved between Drosophila
and mammals [69–71]. The free-running period in Drosoph-
ila is approximately 24 hours with flies exhibiting crepuscular
activity under laboratory conditions including dawn antici-
patory activity [72, 73]. The relatively short life cycle, the
ability to generate large populations in a short time period,
and the low cost of culture and maintenance in Drosophila
permit complex genetic experiments to be completed in a
fraction of the time it would take in vertebrate models
[74, 75]. Powerful neurogenetic techniques including for-
ward genetic screens, reverse genetic techniques with
genome-wide RNAi lines available, and optogenetic moni-
toring to assess individual neuronal changes using voltage
or calcium sensors have enhanced the utility of the Drosoph-
ila model [76–81]. Drosophila also provides an excellent
model to study the complexity of the aging process, offering
the ability to characterize single-gene mutations that extend
or shorten lifespan [82–85]. Similar to mammals, Drosophila
shows declines with aging in functional and behavioral per-
formance including sensory functions [86, 87], circadian
and sleep-like behavior [88–92], learning and memory
[93–95], locomotion [96–98], and organ function [99–101].

3.2. Conservation between Drosophila and Mammals. The
physiological mechanisms underlying most biological pro-
cesses between Drosophila and mammals are remarkably
well conserved despite the obvious differences in anatomi-
cal structure and complexity [102, 103]. The fly genome
contains approximately 14,000 genes, and it is estimated
that nearly 75% of the genes implicated in human diseases
have functional orthologs in the fly, with 80 to 90% similar-
ity in conserved functional domains at the nucleotide level
or protein sequence [104–106]. Anatomically,Drosophila has
functional equivalents of the mammalian heart [107–109],
lung [110, 111], kidney [112, 113], gut [114–116], and repro-
ductive tract [117, 118].

Despite the considerable neuroanatomical differences
between flies and mammals, the molecular, cellular, genetic,
and electrophysiological properties underlying neuronal
behavior and synaptic plasticity also are well conserved
[119, 120]. The approximately 100,000 neurons constituting
the fly brain form discreet networks that regulate complex
behaviors such as sleep [121–123], learning and memory
[124, 125], grooming and feeding [69, 126–129], circadian
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rhythms [130–134], aggression [135, 136], and courtship
[137, 138]. The fundamental mechanisms comprising the
homeostatic systems and neurochemical circuits are also
conserved between Drosophila and mammals [69, 139, 140].
At the molecular level, neurotransmission also appears
highly conserved from Drosophila to mammalian species
with classical neurotransmitters including acetylcholine,
GABA, glutamate, dopamine, octopamine, serotonin, hista-
mine, and peptide neurotransmitters such as neuropeptide
Y/neuropeptide F and insulin-like peptides common to
both [69, 141, 142].

The striking mechanistic similarities to mammals have
propelled Drosophila to the forefront as a competitive model
to investigate the link between the circadian system and drug
sensitivity, abuse, and addiction. In this review, we highlight
Drosophila research revealing the interactions between the
circadian clock and two drugs of abuse, alcohol and cocaine,
and the parallels to mammalian systems.

4. Drosophila as a Model for the Circadian
Clock

Since the 1950s and the pioneering work of Colin Pitten-
drigh, Drosophila has been a prominent model for research
defining the conceptual, functional, and molecular basis of
the circadian clock [143–147]. The circadian clock in
Drosophila modulates a broad spectrum of physiological
and behavioral processes including locomotor activity, sleep
patterns, courtship, learning and memory, feeding behavior,
chemosensation, and immune responses [148–157]. As in
mammals, the Drosophila circadian oscillators also coordi-
nate rhythms in peripheral organs, such as olfactory and
gustatory sensitivity rhythms [158–160] and the mitotic
response of gut stem cells to damage [161].

Konopka and Benzer isolated the first clock gene mutants
in 1971 using forward genetics in Drosophila and analysis
of the period length of the circadian rhythm in eclosion
[162]. Flies with mutations in the gene period (perL, perS,
and per01) exhibit rhythms in eclosion that are longer,
shorter, or arrhythmic, respectively [162]. Identification of
per spawned additional genetic screens for components of
the circadian clock leading to the discovery of timeless,
clock, cycle, doubletime, shaggy, casein kinase 2 subunits,
and cryptochrome [163–172]. These studies and subsequent
identification of the corresponding genes facilitated research
in mammalian systems leading to the discovery of mamma-
lian per and clock genes, the first circadian genes identified
and sequenced in mice [173–175].

The Drosophila central brain circadian system comprises
approximately 150 clock neurons organized into a network
of oscillators: the small and large ventral lateral neurons
which control the morning peak of activity and the lateral
dorsal and dorsal neurons that control the evening peak of
activity [176, 177]. Circadian rhythms generated by both
the Drosophila and mammalian clock are driven by inter-
locking autoregulatory transcriptional/translational feedback
loops along with posttranscriptional regulatory elements
that facilitate the rhythmicity of the clock and generate
the 24-hour period [176, 178–183]. Figure 4 provides an

overview of the molecular clock in Drosophila and mammals.
As additional information on the molecular mechanisms of
the core circadian oscillators in Drosophila and mammals is
provided in many excellent reviews [176, 184–186], we only
briefly describe the core clock mechanism below.

In Drosophila, the positive regulatory elements in the
core oscillator are the basic-helix-loop-helix transcriptional
elements clock (clk) and cycle (cyc) which form a heterodimer
and bind to the per and timeless (tim) DNA promoters to
activate transcription of the core circadian genes, per and
tim [166, 167, 171], and hundreds of clock-controlled output
genes [187, 188]. Monomers of the PER protein are unstable,
phosphorylated by doubletime (DBT), and targeted for
degradation. As dTIM and dPER levels rise, they form a
dTIM/dPER/DBT complex which translocates to the nucleus
and binds to the dCLK/dCYC complex [165, 172, 189],
thereby inhibiting transcription of the per and tim genes
[182, 189]. In mammals, the positive regulatory elements
are the transcriptional elements CLOCK (CLK) and BMAL1
(instead of CYC) which form a heterodimer to activate
transcription of the clock genes: three orthologs of period
(mPer1, mPer2, and mPer3) and two cryptochrome genes
(mCry1 and mCry2) as well as other clock-controlled genes
[190, 191]. Following translation of the proteins mPER and
mCRY, the proteins dimerize to mediate stability and
nuclear translocation and then interact with the mCLK/
mBMAL1 complex in the nucleus, inhibiting further tran-
scriptional activation [191]. In flies as in mammals, post-
transcriptional elements are necessary for the regulation
of protein stability, nuclear entry, and fine-tuning of period
length [170, 189, 192]. These include the kinases doubletime
(DBT), the homolog to mammalian casein kinase 1 epsilon
(CK1E) [172] which targets dPER for phosphorylation and
subsequent degradation [165], and dSHAGGY, a homolog to
the mammalian glycogen synthase kinase-3 (mGSK3) [193]
which aids in nuclear translocation of the dTIM/dPER/dDBT
complex [170, 189, 192]. The above provides a brief outline of
the core circadian oscillator with more detailed descriptions
of the circadian oscillator and its components in Drosophila
and mammalian models available in several recent review
articles [176, 180, 189, 194].

5. Drosophila as a Model for Studies of Alcohol
Neurobiology

5.1. Alcohol-Induced Behaviors. As a model system, Dro-
sophila has exemplified the value of invertebrate research
and its parallels and conversion into meaningful knowledge
in mammalian systems particularly for studies of drugs of
abuse [139, 195, 196]. See Table 1 for comparisons of drug-
induced behaviors and assays used in Drosophila and rodent
models. Stereotypical behaviors associated with alcohol
exposure are conserved between flies, rodents, and humans
[74, 139, 197] including hyperactivity in response to low
concentrations of alcohol followed by loss of motor control
as alcohol exposure progresses [139, 198–200]. Prolonged
exposure to alcohol results in the development of functional
tolerance, sedation, and eventually death [139, 198–200].
Similar to mammalian species, Drosophila also exhibits sex
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differences in alcohol sensitivity with males less sensitive to
the acute behavioral effects of alcohol but more susceptible
to alcohol-induced mortality than females [201, 202].

The molecular and neural mechanisms underlying
alcohol-induced behavioral changes appear conserved
between flies and mammals [69, 198, 199, 203] making
Drosophila a practical model for studying the development
of functional tolerance, addiction, and reward pathways.
Functional tolerance includes the development of rapid
and chronic tolerance due to changes in neuronal plasticity

rather than changes in the absorbance and metabolism of
alcohol [204–206]. Like higher vertebrates, flies develop
rapid tolerance following a single alcohol exposure and
chronic tolerance with multiple or prolonged alcohol expo-
sure [71, 139, 200]. Drosophila demonstrates a preference
for alcohol-containing food over non-alcohol-containing
food [198, 207–209], although the question has arisen as
to whether the underlying preference is due to its caloric
value [210]. Recent research has shown that the preference
for and voluntary consumption of alcohol in Drosophila are
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Figure 4: The molecular clocks of Drosophila (a) and mammals (b). (a) In Drosophila, dCLK and CYC form a dimer, which binds to the E
boxes in the promoter of per and tim as well as to other clock-controlled genes to facilitate transcription. PER and TIM proteins form a
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experience-dependent based upon previous alcohol exposure
[211] and independent of caloric, gustatory, or olfactory
biases for alcohol [209]. Drosophila also exhibits alcohol
addiction-like behavior preferring alcohol-containing food
even when accompanied by a noxious stimulus as well as
relapse-like behavior with high levels of alcohol consumption
after alcohol deprivation [198, 208].

5.2. Molecular Pathways in Alcohol Responses. The power
of genetic approaches in Drosophila has facilitated the
identification of molecular and cellular mechanisms that
mediate alcohol-induced behavior and neural plasticity
[212, 213] with many of the identified genes and molecular
pathways playing a similar role in mammalian responses to
alcohol [214, 215].

5.2.1. cAMP-PKA Pathway.Mutagenesis studies in flies have
provided substantial evidence for the role of the cAMP-
protein kinase A pathway in alcohol-induced behavioral
responses including the adenylyl cyclase-encoding gene,
rutabaga; the cAMP phosphodiesterase-encoding gene,
dunce; and the PKA-C1-encoding gene, dco [216]. Increased
sensitivity to alcohol-induced sedation is observed in ruta-
baga flies although dunce mutant flies exhibit sensitivity to
alcohol-induced sedation similar to wild-type flies [216].
Flies with mutations in PKA show altered alcohol sensitivity
with mutations in the catalytic subunit (dco mutation)
making them more sensitive to the sedating effects of alcohol

[216] while flies with a mutation in the RII subunit of PKA
exhibit reduced sensitivity to alcohol-induced sedation
[217]. The preference for alcohol self-administration and
potentially the processing of its reward salience are also
dependent upon adenylyl cyclase activity [209]. The role of
cAMP-PKA signaling in alcohol neurobiology appears
conserved across species. Genetic downregulation of the
cAMP-PKA pathway in mice through manipulation of G
protein transduction increases sensitivity to ethanol while
upregulation of adenylyl cyclase activity reduces the sensitiv-
ity of mice to alcohol-induced sedation [218]. Mice with a
knockout mutation in the RIIβ subunit of PKA exhibit low-
ered alcohol sensitivity [219] similar to what is observed in
flies. The PACAP-like analog amnesiac encodes a putative
neuropeptide which may trigger the cAMP-PKA pathway
via adenylate cyclase activity [220]. Flies with mutations in
the amnesiac gene also exhibit increased sensitivity to the
sedative effects of alcohol [216]. Thus, the cAMP-PKA
pathway appears to be a key regulator in behavioral alcohol
sensitivity and the preference for alcohol across species.

5.2.2. The LMO-ALK Axis. Drosophila LIM-domain only
(dLmo), also known as Beadex, encodes a transcriptional reg-
ulator that affects behavioral responses in the adult fly to
alcohol and cocaine. In flies, decreased dLmo levels increase
alcohol sensitivity with flies sedating more quickly while
increased dLmo decreases sensitivity to alcohol sedation
[221]. Similarly, mice with reduced expression of Lmo3

Table 1: Behavioral measures and assays of drug addiction in Drosophila and rodents.

Behavior Assay
Examples of research studies

Drosophila Rodents

Reward/preference
Induced state that leads to conditioned reinforced
behavior

(1) Self-administration
(2) Electrical stimulation
(3) Conditioned place preference
(4) Conditioned taste preference
(5) Conditioned taste avoidance

(1) [198, 207, 211]
(2) [200]
(3) [198, 200]
(4) [198, 398]
(5) [198]

(1) [399]
(2) [400, 401]
(3) [402, 403]
(4) [399, 404]
(5) [405, 406]

Drug seeking
Affective state inferred from increased behavioral
responses to drugs, drug-associated cues, or stress

(1) Self-administration
(2) Electrical stimulation

(1) [198]
(2) [200]

(1) [407, 408]
(2) [409, 410]

Functional tolerance
Adaptations in neural function
Rapid tolerance
Following a single acute exposure when drug has
metabolized
Chronic tolerance
Following prolonged or repeated drug exposures

(1) Injection behavioral assays
(2) Self-administration
(3) Sedation and negative geotaxis

assay

(1) [228]
(2) —
(3) [204, 205, 280]

(1) [405, 411]
(2) [412]
(3) [413, 414]

Sensitization
Increased motor-stimulant response following repeated
drug exposures

(1) Locomotor activity test (1) [332, 334, 415, 416] (1) [324, 417–420]

Withdrawal
Aversive state that motivates drug seeking

(1) Conditioned place aversion
(2) Sedation and negative geotaxis
(3) Self-administration

(1) —
(2) [421, 422]
(3) —

(1) [423]
(2) [424, 425]
(3) [426, 427]

Relapse/reinstatement
Spontaneous recovery of drug seeking after abstinence
or extinction of behavior may be triggered by
cues previously paired with drug use or stress

(1) Self-administration
(2) Electrical stimulation
(3) Injections

(1) [198, 428]
(2) —
(3) —

(1) [429, 430]
(2) [431, 432]
(3) [433]
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exhibit increased sensitivity to the sedating effect of alcohol
[221, 222]. Lmo3-null mice also drink more alcohol in the
“drinking in the dark” test compared to wild-type mice
[222]. In a microarray analysis for gene targets with inverse
expression of the Bx repressor, the Drosophila homolog of
anaplastic lymphoma kinase (dAlk) was found to be nega-
tively regulated by dLmo [221]. Flies with mutations in dAlk
show increased resistance to alcohol-induced sedation [223].
dAlk has been shown to modulate Erk activity in the fly brain
and likely influences sensitivity to alcohol via Erk signaling
[224]. Similarly, rodent and human orthologs of dAlk include
Bx (Lmo4) and Alk that have been shown to modulate
alcohol sensitivity and consumption and may be involved
in alcohol dependence [223, 225–227]. Alk-knockout mice
also show higher alcohol consumption compared to wild-
type mice [223].

5.2.3. GABA Neurotransmission. The effects of alcohol on
neurotransmission, particularly on glutamate and GABA
neurotransmission, are also conserved across species [69,
71, 215]. Alcohol affects GABA neurotransmission through
binding to GABAA and GABAB receptors [215]. In Drosoph-
ila, GABAB receptor activity mediates alcohol sensitivity and
upregulation inhibits rapid tolerance to alcohol exposure
[228]. Flies with GABABR1 downregulation through RNAi
expression have decreased GABAB receptor function and
exhibit decreased alcohol-induced motor impairments [228].
Pharmacological downregulation of GABAB also decreases
alcohol sensitivity whereas flies treated with a GABAB ago-
nist (3-APMPA) fail to develop rapid alcohol tolerance
[228]. Similarly in mice, the GABAB agonist baclofen blocks
the development of rapid tolerance [229] and GABAB antag-
onists attenuate the acute sensitivity to alcohol [230]. How-
ever, the observed effect of baclofen on self-administration
of alcohol has varied with some studies indicating that bac-
lofen decreases voluntary alcohol consumption [231, 232]
while others demonstrate increased alcohol consumption
[233, 234]. This confusion has recently been answered, at
least in part, as enantiomer specificity was found to be a
critical factor in the directionality of baclofen on alcohol
consumption [235]. In alcoholic patients, baclofen has also
been shown to reduce alcohol craving [236–240].

5.2.4. Glutamate Signaling. The protein Homer functions as
an adaptor protein in the postsynaptic density coupling
membrane proteins with downstream signaling, including
glutamate receptors. Transcript levels of homer decrease in
wild-type flies following alcohol exposure, and homerR102

mutant flies demonstrate increased sensitivity and decreased
tolerance to alcohol exposure [241]. Homer2-KO mice dem-
onstrate reduced voluntary drinking, reduced preference for
alcohol, and increased sensitivity to alcohol confirming a
conserved role of Homer function in the regulation of
alcohol-induced behaviors [242]. More recently, chronic
alcohol exposure has been shown to increase Homer2a/b
and mGluR1 expression in the nucleus accumbens core
(NaCc) and central amygdala (CeA) of rats reinforcing pre-
vious research that chronic alcohol induces glutamatergic
plasticity in the brain [243, 244].

5.2.5. Potassium Channels. Further evidence for the high
degree of conservation in alcohol tolerance arises from the
studies of the gene slowpoke (slo) that encodes the Big Potas-
sium (BK) channel-forming subunits. SLO is necessary for
the acquisition of rapid tolerance with reduced slo expression
in flies eliminating the ability to acquire tolerance [245–247].
Increasing slo expression in the Drosophila brain mimics
functional alcohol tolerance [245, 248]. Mammalian BK
channels encoded by slo are inhibited and potentiated by
alcohol [249–251]. Stimulation of BK channels in the rat
supraoptic nucleus and striatum increases the response to
alcohol-induced tolerance [252]. The actions of alcohol on
BK channels are dependent upon the ?1–?4 subunits shown
to reduce the potentiation of BK channels following acute
alcohol exposure [250, 253–255].

5.2.6. Reward Signaling: Dopamine and NPY. Reward
pathways mediating alcohol addiction and abuse are also
conserved between flies and mammals [69, 139]. Dopamine
is a pleiotropic modulator of behavior strongly implicated in
the development of reward and addiction in mammals and
flies [256–260]. In flies, dopamine signaling via D1 receptors
is necessary for alcohol-induced hyperactivity and preference
[200, 257, 261] with dopaminergic neurons in the ellipsoid
body of the central complex critical for the regulation of
alcohol-induced hyperactivity [257]. Similarly, fast and steep
increases in dopamine activate low-affinity D1 dopamine
receptors necessary for the rewarding effects of alcohol
and triggering alcohol-induced conditioned responses in
mammals [262].

Another neuropeptide, neuropeptide Y (NPY), plays a
prominent role in the negative affective behaviors associated
with stress and alcohol [263, 264] with a conserved role in
reward pathways across species. In mammalian studies, rats
selectively bred for high alcohol preferences have low levels
of NPY expression in the striatum and increased anxiety-
like behaviors [265]. Mice selected for high alcohol prefer-
ence also show blunted NPY in the nucleus accumbens core
and shell in response to acute alcohol exposure compared
to control mice [266]. Manipulations of NPF signaling, the
Drosophila homolog of NPY, affect alcohol preference with
inhibition of the NPF pathway enhancing alcohol preference
while NPF activation reduces alcohol preference [267]. Flies
with loss-of-function mutations in NPF/NPFR1 signaling
also exhibit decreased sensitivity to alcohol sedation whereas
flies in which NPF is overexpressed show increased sensitiv-
ity to alcohol sedation [268].

5.2.7. Cellular Stress Pathways. Genes involved in cellular
stress responses may also have a conserved role in the devel-
opment of alcohol tolerance including heat shock proteins,
cytochrome P450 proteins, and glutathione transferases
[269]. The hangover gene is a Zn-finger transcription factor
necessary for cellular oxidative stress responses [270]. Flies
with a mutation in hangover exhibit decreased rapid alcohol
tolerance, although no differences are observed in alcohol-
induced sedation [247]. The human ortholog of hangover is
ZNF699, and human studies have identified polymorphisms
in this gene associated with alcohol dependence [271, 272].
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Another stress-related gene involved in alcohol tolerance is
the microtubule-associated protein jwa (alias ARL6IP5,
addicsin), which increases in response to oxidative stress
and heat shock in mammals [273, 274]. In flies, RNAi-
mediated knockdown of djwa decreases the development
of alcohol tolerance [275]. In mammals, the homologous
addicsin has been implicated in the development of mor-
phine tolerance [276]. While considerably more research
needs to be done, there appears to be a conserved role for
proteins involved in cellular stress responses in alcohol
and drug tolerance across species.

5.2.8. Regulation of Cytoskeletal Elements. Regulation of
actin dynamics also has been implicated in alcohol-induced
behavioral responses. The Rho family of GTPases, including
Rho1, Rac1, and Cdc42, regulates actin dynamics. In flies,
Ras suppressor1 (Rsu1) regulates alcohol sensitivity function-
ing through the regulation of actin dynamics upstream of
Rac1 GTPase [277]. Flies with mutations in Rsu1 exhibit
reduced sensitivity to alcohol and a naïve preference for
higher alcohol consumption that remains unchanged with
experience [277]. Furthermore, the Rho GTPase activator
protein 18B (RhoGAP18B) with three protein isoforms affect
actin dynamics of which the RhoGAP18B PC isoform also
affects the sensitivity to alcohol-induced sedation and hyper-
activity [278, 279]. The loss of the full-length RhoGAP18B
PC protein decreases alcohol sensitivity [278, 280]. Human
genome-wide association studies have found correlations
between Rsu1 SNP and ventral striatum activity, and a muta-
tion in Rsu1 is associated with alcohol dependence [277].
Further, activation of the Arf6 small GTPase results in
increased resistance to alcohol-induced sedation, and flies
with reduced expression are more sensitive to alcohol [281,
282]. The Efa6 activation of Arf6 is required for normal
responses to alcohol-induced sedation as Arf6 and Efa6
mutant flies show reduced sensitivity to alcohol-induced
sedation and no rapid tolerance to alcohol exposure [283].
Human genome-wide association studies show correlations
between SNPs of Arf6 and Efa6 and increased alcohol drink-
ing behavior [283].

The strikingly similar molecular and cellular mechanisms
underlying alcohol-responsive behaviors in flies and mam-
mals validate Drosophila as a model for alcohol research.
Although obvious neuroanatomical differences exist between
mammals and flies, alcohol affects brain regions in flies for
which functionally similar parallels can be drawn to specific
mammalian brain regions [139, 199]. The brain regions
involved in Drosophila alcohol neurobiology and detailed
description of genes and molecular pathways have been the
subject of several recent reviews [71, 139, 199, 200, 284].

6. Drosophila Links Circadian and Alcohol
Neurobiology

The interaction between time of day and the sensitivity to
alcohol was described more than a half-century ago with
studies in mice detailing time-of-day differences in alcohol
toxicity [285]. Since that time, numerous behavioral studies
have documented the circadian regulation of alcohol

sensitivity and the bidirectional influence of alcohol on the
functioning of the circadian clock [286–289]. The emergence
of Drosophila as a model for alcohol research has expanded
the opportunities for defining the bidirectional interactions
between alcohol and the circadian clock using behavioral
and genetic studies.

6.1. Circadian Regulation of Alcohol Behavioral Sensitivity.
As the neural circuitry and molecular signaling pathways
may differ between alcohol-induced behaviors, the potential
for circadian regulation of multiple behaviors has been
examined in Drosophila including the loss of righting reflex
which reflects the loss of postural motor control after alcohol
exposure, alcohol-induced sedation, the recovery from seda-
tion, and functional tolerance. In Drosophila, the circadian
clock differentially regulates acute behavioral sensitivity to
alcohol dependent upon time of day with circadian rhythms
in alcohol-induced loss of righting reflex and sedation
occurring in both light-dark cycles and constant darkness
[202, 290]. Flies exhibit the greatest sensitivity to alcohol
during the mid-to-late subjective night in correspondence
to the flies’ inactive phase [202, 290]. The time to recover
from the sedative effects of alcohol is also significantly greater
at night [202]. Phase-dependent correlation of alcohol sensi-
tivity with activity may be a conserved feature of circadian
regulation as mice also exhibit rhythms in alcohol sensitivity
with increased sensitivity during the day (inactive period)
and decreased sensitivity at night (active period) [291].
Humans show time-of-day rhythms in the consumption of
alcohol and alcohol sensitivity [292, 293]. However, not all
alcohol-induced behaviors are directly regulated by the circa-
dian clock. In Drosophila, the degree of rapid tolerance
assessed at four hours does not show dependence upon the
time of alcohol exposure, although rhythms are observed in
the loss of righting reflex in both the initial alcohol exposure
and the test exposure [290]. Alcohol absorbance also does not
vary based upon time of exposure [290] or between circadian
clock mutants and wild-type flies [294].

6.2. Circadian Dysfunction Increases Alcohol Sensitivity.
When the circadian clock is rendered nonfunctional through
either genetic or environmental manipulations, Drosophila
exhibits significantly increased behavioral sensitivity to
alcohol [202]. per01 mutant flies are more susceptible to
alcohol-induced sedation with significantly shorter alcohol
exposure required for sedation and longer recovery times to
regain postural control compared to wild-type flies [202].
Constant light is frequently used in Drosophila as an envi-
ronmental method to ablate molecular and behavioral circa-
dian rhythmicity without the need for genetic manipulations
[150, 290, 295–297] as genetic mutations or constitutive
knockouts present during development may affect neural
circuitry thus influencing adult behavior. Flies housed in
constant light exhibit increased sensitivity to alcohol and
longer recovery times [202, 290]. Circadian arrhythmicity
arising from the per01 mutation or constant light exposure
also appears associated with increased alcohol-induced
mortality in Drosophila [298].
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Disruption of the circadian oscillator affects alcohol
behaviors and toxicity across species. mPer2 mutant mice
display increased voluntary alcohol intake and fail to exhibit
diurnal rhythms in the behavioral response to alcohol
[291, 299]. In humans, the regulation of alcohol consump-
tion appears altered with gene variations in hper2 determined
by single-nucleotide polymorphism analysis correlated with
higher or lower alcohol consumption [299, 300]. The Per2
gene and the circadian clock have also been postulated to
play a role in regulating developmental changes following
alcohol exposure as mper2 mutant mice fail to exhibit the
persistent hypothalamic changes associated with early-life
alcohol exposure in wild-type mice [301]. In mice, genetic
or environmental disruption of the circadian clock increases
alcohol-induced pathologies including intestinal permeabil-
ity and hepatic inflammation [302] and significantly alters
gene expression for many genes involved in inflammation
or metabolic responses [303]. Alcohol-induced colorectal
cancer in mice is also increased with circadian desynchroni-
zation from shifting light-dark cycles [304]. In humans, cir-
cadian misalignment in night-shift workers is postulated to
be a contributing factor to the development of liver injury
with alcohol consumption [30]. Thus, circadian desynchro-
nization appears to be a key factor in alcohol sensitivity and
alcohol-induced pathologies across species.

6.3. Circadian Clock and Alcohol Tolerance. The develop-
ment of alcohol tolerance and associated changes in neural
plasticity also appears to require a functional circadian clock,
even though the degree of rapid tolerance following alcohol
exposure does not vary with time of day [290]. Flies with
mutations in core oscillator genes including per01 and tim01

fail to develop functional tolerance following alcohol expo-
sure while cyc01 flies only acquire weak tolerance [294]. Flies
with the circadian clock rendered nonfunctional by constant
light also fail to develop tolerance [294]. However, mutant
ClkJrk flies develop tolerance similar to that of wild-type flies
raising the possibility that PER and other core clock compo-
nents regulate alcohol-induced behaviors independent of the
circadian clock [294].

6.4. Effect of Alcohol on the Circadian Clock. The interactions
between the circadian clock and alcohol are bidirectional. In
rodent models, acute and chronic alcohol exposure results in
phase shifts in locomotor activity rhythms and alters the
ability of the circadian system to respond to perturbations
[305–308]. Furthermore, chronic alcohol administration
alters SCN function by disrupting the SCN responsiveness
to light and nonphotic resetting as shown through in vivo
and in vitro studies [305, 309]. Chronic alcohol exposure
also affects neuropeptide signaling in the SCN decreasing
the amount of vasopressin and VIP in SCN neurons [286].
In humans, chronic alcohol use or acute binge alcohol con-
sumption appear to be strongly linked to sleep and circa-
dian disorders [3, 310, 311]. The mRNA expression of
clk1, bmal1, per2, cry1, and cry2 is significantly reduced in
alcoholic patients [312]. However, unlike rodent models, a
single acute alcohol exposure in humans does not appear

sufficient to affect the phase-shifting ability of the circadian
system [313].

Alcohol differentially affects central and peripheral
oscillators. Studies in mice and rats demonstrate that
repeated alcohol exposure results in major alterations in
peripheral rhythms reducing the correlation in the phase
relationships between body temperature and activity
rhythms as well as altering and blunting the rhythms in
plasma corticosterone, glucose, lactic acid, triglycerides, and
cholesterol [287, 314, 315]. Distinct tissue-specific interac-
tions and changes in gene expression have also been observed
following chronic alcohol use in clock mutant mice for the
hippocampus, liver, and colon [303]. Alcohol administration
increases CLOCK and PER2 protein levels in intestinal
epithelial cell cultures and increases measures of alcohol-
induced permeability [316]. At the molecular level, chronic
alcohol exposure appears to have the greatest effect on phase
shifts or disruptions of core clock and clock-controlled genes
in the liver rather than in the SCN [315, 317]. Chronic
alcohol phase advances the rhythms in Per1 expression in
the adrenal and pituitary clocks and Per2 expression in the
liver clocks, without affecting the molecular clock in the
SCN resulting in discord in the phase relationships between
the SCN and peripheral oscillators [314, 317]. However, ear-
lier research suggested that chronic alcohol administration
affected the rhythmic expression of proopiomelanocortin,
Per2, and Per3 in the SCN [318].

Bidirectional interactions between alcohol and the circa-
dian clock are also conserved in Drosophila. For example,
developmental alcohol exposure during the third larval instar
affects period length in adult flies [319, 320]. With substantial
evidence attesting to the value of Drosophila as a model for
alcohol research and the parallels between the interactions
of the circadian system with alcohol neurobiology across
species (see Table 2), Drosophila appears poised for future
studies probing the mechanism through which the circadian
clock modulates these behaviors.

7. Interactions of the Circadian
System with Cocaine

7.1. Circadian Modulation of Cocaine Behaviors. One of the
earliest hints of an interaction between cocaine and the circa-
dian system arose from studies of patients with seasonal
affective disorder and seasonal variations in cocaine abuse
[321, 322]. Subsequent research in rodent models found that
the effects of acute cocaine exposure on locomotor activity
were dependent upon the time of day [323] as was cocaine-
induced behavioral sensitization [324–326]. Similar to alco-
hol behaviors, cocaine sensitization appears lowest during
the night [324–326] correlated with the animal’s activity
period. Cocaine self-administration also varies with the circa-
dian cycle [327] suggesting strong interactions between
cocaine and the circadian system.

7.2. Cocaine’s Effects on the Circadian Clock. Similar to alco-
hol, cocaine also bidirectionally interacts with the circadian
clock. Cocaine administration disrupts light-induced phase
shifts of the SCN during the night while cocaine

10 Neural Plasticity



administration during the day induces phase advances as
shown through in vivo studies in mice and in vitro studies
using SCN slices [328, 329]. The effects of cocaine on phase
shifting of the circadian clock appear mediated through sero-
tonin transporter antagonism and Per2 [329]. Repeated
cocaine exposure has also been shown to differentially affect
per2 gene expression in the caudate putamen in rats [330].

7.3. Genes Mediating Circadian Cocaine Responses. At the
first glance, Drosophila may seem an unusual model to
forward the studies of drug abuse, but the extent of readily
available mutants and the ease of behavioral screens acceler-
ated the identification of genes involved in circadian-cocaine
interactions (Table 3). In response to cocaine, Drosophila
exhibits motor and reflexive behaviors including groom-
ing and locomotor circling similar to those of mammals
[331–333]. One of the first studies demonstrating the inter-
play between circadian genes and the drugs of abuse showed
that flies with mutations in the circadian gene per failed to
sensitize to cocaine (indicated by erratic jumping, twirling,
and paralysis) even after repeated exposures to cocaine
compared to wild-type Canton-S flies [334]. However, per
mutants with altered period length rather than arrhythmicity
display differential responses to cocaine; perSmutants exhibit
increased responsiveness followed by a weak sensitization to

cocaine exposure while perL mutants show normal initial
behavioral responses to cocaine but no sensitization [334].

This research spurred subsequent studies inmice examin-
ing the relationship between per and cocaine responsiveness.
Inmice, theperiod gene also appears strongly linked to cocaine
behaviors. Mice with a mutation inmPer1 do not sensitize to
cocaine [324], and circadian rhythms in Per1 expression in
the striatum appear necessary for rhythms in cocaine sensiti-
zation [326]. Recently, a variable repeat polymorphism in
hPer2 was correlated with higher expression in cocaine-
addicted individuals and cocaine users [335]. mPer2 mutant
mice display hypersensitization to cocaine, although they
exhibit normal levels of conditioned place preference (CPP)
with cocaine reward [324].

Additional evidence for the role of PER in cocaine
responses comes from studies of flies with mutations in
proteins that interact with PER. Flies with a mutation in
doubletime (homolog of casein kinase 1-epsilon) require a
higher dosage of cocaine to exhibit cocaine-induced behav-
iors with the first cocaine exposure but do not show signif-
icant sensitization with multiple exposures [334]. CLK and
CYC mutant flies display increased initial sensitivity to
cocaine compared to wild-type flies but fail to develop sen-
sitization following the second exposure [334]. In mam-
mals, additional circadian genes have also been implicated

Table 2: Genes that mediate circadian and alcohol interactions.

Fly ortholog
Encoded
protein

Genetic
manipulation

Drosophila alcohol-related
phenotypes

Mammalian
homolog

References

per01 PER ↓ expression
↑ alcohol sensitivity
↓ rapid tolerance
↑ recovery time

mPer1;
mPer2

[202, 290, 291, 294, 299, 301, 318]

tim01 TIM ↓ expression
↑ alcohol sensitivity
↓ rapid tolerance

— [294]

cyc01 CYCLE ↓ expression
↑ alcohol sensitivity
↓ rapid tolerance

BMAL [30, 294]

ClkJRK CLOCK ↓ expression No change CLOCK [294, 434]

Table 3: Genes mediating circadian and drug interactions in flies and mammals.

Gene/manipulation
Mechanism
of action

Drug-related phenotypes
in Drosophila

Reference
Drug studied in

mammals
Reference

per01
Regulation of

circadian rhythms
↓ behavioral sensitization

to cocaine
[334]

mPer1 and mPer2: cocaine,
morphine, and
amphetamines

[324, 326, 336, 435, 436]

clk
Regulation of

circadian rhythms
↓ behavioral sensitization

to cocaine
[334]

Clk: cocaine, morphine,
and amphetamines

[324, 336, 437, 438]

cyc01
Regulation of

circadian rhythms
↓ behavioral sensitization

to cocaine
[334]

Bmal: cocaine and
amphetamine

[324, 336, 436]

tim01 Regulation of
circadian rhythms

No change in response
to cocaine

[334] — —

dbt
Regulation of

circadian rhythms
↓ behavioral sensitization

to cocaine
[334]

Csnk1?: cocaine,
amphetamines, and opiods

[439–442]

dLmo
Regulation of

dopamine receptor
expression

↑ sensitivity to cocaine
and nicotine and weak
circadian rhythms in
locomotor activity

[333] Lmo4: cocaine [338, 443]
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in cocaine responses. ClockΔ19 mutant mice exhibit
increased cocaine self-administration and conditioned place
preference in response to cocaine compared to wild-type
mice [336, 337].

While the above studies highlight the role of multiple cir-
cadian genes, particularly per, in mediating drug-induced
behaviors, the function of these genes in drug behaviors
may be distinct from their function in the regulation of the
circadian clock. For example, tim0

flies exhibit behavioral
responses to cocaine similar to wild-type flies suggesting a
divergence between the regulation of circadian function and
that of cocaine behavior [334]. Intriguingly, regulation of
cocaine behaviors appears to involve the small ventral lateral
neurons in Drosophila, considered circadian pacemaker
neurons, although neurotransmission through the primary
circadian neuropeptide PDF is not required for cocaine
behavioral responses [333]. Within the small ventral lateral
neurons, the Lim-only gene lmo appears involved in both
cocaine sensitization and circadian locomotor activity
rhythms. lmo expression/function is inversely correlated with
cocaine sensitivity as mutants with low levels of LMO exhibit
increased cocaine sensitivity while flies in which overexpres-
sion of LMO occurs demonstrate increased resistance to the
acute effects of cocaine [333]. lmo mutant flies display poor
locomotor activity rhythms. In mice, lmo4 also regulates
cocaine sensitization [221] and the expression of lmo4 is
regulated by the circadian clock [338] reinforcing the rela-
tionship between the circadian clock and cocaine behaviors.

7.4. Circadian Regulation of the Reward System. A conserved
feature of circadian influence on drug abuse and addiction
arises from circadian regulation of the reward system. Bio-
genic amines produced in both the central and peripheral
nervous system control motor behaviors in vertebrates and
invertebrates [339–342]. Cocaine and other drugs of abuse
act directly on the mesolimbic dopamine system and other
pathways to promote drug-seeking behavior. In mammals
and flies during reward learning, the valence and reward
properties of a stimulus involve dopamine signaling, gluta-
mate, and GABA in a complex feedback and feedforward
network [343, 344]. In Drosophila, reward learning requires
dopaminergic projections to the mushroom body neurons
[125, 345] whereas in mammals, dopaminergic innervation
from the ventral tegmental area to the striatum, the bed
nucleus of the stria terminalis, and the nucleus accumbens
is required for reward preference [346].

InDrosophila and mammals, the responsiveness of dopa-
mine receptors is regulated by the circadian clock and depen-
dent on functional expression of the per gene [347–349].
Using direct application of a D2 agonist, quinpirole, to the
D2 receptors of the ventral nerve cord, Andretic and col-
leagues found that functional circadian genes are necessary
for behavioral responses to cocaine in behaviorally active
decapitated flies [334]. Furthermore, flies with mutations in
per, clock, or cycle show no induction of tyrosine decarboxyl-
ase activity (TDC) which is necessary for the synthesis of
tyramine, an important element for cocaine sensitization in
Drosophila [332, 334]. Similarly in mammals, mice mutant
in Clock show increased tyrosine hydroxylase (TH), the

rate-limiting enzyme for dopamine synthesis as well as other
dopamine-related genes, and increased cocaine CPP [336].
Furthermore, many of the diurnal differences in cocaine
self-administration may be due to the regulation of dopami-
nergic transmission. Andretic and Hirsh [347] identified
diurnal regulation of dopamine receptor responsiveness in
Drosophila. Likewise in mammals, most of the components
of dopaminergic transmission including the dopamine
receptor, dopamine transporter, and tyrosine hydroxylase
exhibit diurnal rhythms [350–352]. More detailed dis-
cussions of the interactions of the circadian system with
drug neurobiology in mammals may be found in recent
reviews [348, 353–355].

Per1-knockout mice fail to display conditioned place
preference (CPP) with cocaine reward [324] which is regu-
lated by the circadian clock through the pineal gland and
melatonin [356]. Recently, melatonin also was shown to sig-
nificantly reduce motivation for cocaine and cocaine-seeking
behavior in rats [357]. In summary, these studies suggest that
a functional core circadian oscillator is necessary to drive
pineal gland/melatonin outputs that regulate striatal per1
gene expression to affect cocaine behaviors. However, the
relationship between per1 regulation and cocaine behavior
is complicated as Per1 mutant mice self-administer cocaine
and display reinstatement of cocaine administration follow-
ing extinction similar to wild-type counterparts [358]. This
is reminiscent of the differential circadian modulation of
alcohol-induced behaviors and suggests different neurobio-
logical mechanisms underlying various drug behaviors.

7.5. Impact of Drosophila Circadian Cocaine Research.
Despite the successes with the use of Drosophila as a model
for investigations of drug abuse, surprisingly little research
in Drosophila has been performed in the past few years
delineating additional circadian-drug interactions outside of
alcohol neurobiology. However, the research in Drosophila
identifying links between PER and cocaine sensitization
directly fostered research in mammals investigating circadian
interactions with morphine [359–361] and methamphet-
amine [362]. Thus, research in Drosophila has provided
impetus and conceptual advances in our understanding of
the influence of the circadian clock on behavioral responses
to drugs as well outlining roles circadian genes and neurons
can play outside of the circadian clock in drug responses.

8. Potential Avenues for Future
Drosophila Research

Despite the progress in research outlining connections
between the circadian system, substance abuse, and the
reward system, our understanding of the scope of these inter-
actions and the underlying mechanisms through which these
connections occur remains limited in both Drosophila and
mammalian models directly impacting the prevention and
treatment of drug-induced pathologies and addiction disor-
ders. Techniques in rodent models have rapidly advanced
over the past decade with sophisticated innovations permit-
ting tissue-specific manipulations in gene expression and
neuronal activity. Despite these advances, research in rodent
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models remains expensive and time consuming, reinforcing a
need for the continued use of alternative model systems. The
ease of maintenance, relatively short lifespan, and the neuro-
genetic approaches possibly have permitted Drosophila to
remain at the forefront of neuroscience and disease research
facilitating more targeted research in mammalian models.
Primary areas of circadian-drug research in which Drosoph-
ila could provide advancement can be grouped into three
strategic classifications: (1) system-level research (behavioral
sensitivity and pathology) for defining the interactions
between the circadian clock, sleep, and substance abuse;
(2) identification of molecular networks for identifying the
connections between the circadian system and substance
neurobiology; and (3) drug discovery and small-molecule
screening for therapy development.

8.1. System-Level Research. Behavioral research has exposed
bidirectional interactions between the circadian system and
substance abuse; however, the scope of these interactions
remains undefined. Alcohol and cocaine represent the only
drugs of abuse for which circadian interactions have been
studied in Drosophila. Yet, considerable research has been
done on dopaminergic signaling and reward pathways in
Drosophila with significant parallels shown to mammals
making Drosophila a suitable choice for studies of additional
drugs of abuse. For example, dopamine and octopamine
modulate the acute activating effects of nicotine on locomo-
tion and the startle response [261, 363]. As substance abuse
is often comorbid with additional substance abuse, poor
nutrition, or sleep disorders, the ease of large-scale behavioral
studies in Drosophila facilitates combinatorial studies.

The effects of other drugs of abuse including nicotine,
morphine, amphetamine, and cannabinoids have been
studied in Drosophila [364–366], expanding the possibilities
for further investigation of the bidirectional interactions
between the circadian clock and drug neurobiology using
Drosophila. Comparatively little research has been done
to dissect the relationship between endocannabinoid or
cannabinoid use and circadian clock function in humans
or rodent models [367–369]. However, research has shown
that cannabinoids can excite circadian clock neurons, and
this may be linked to the behavioral effects of time dissocia-
tion experienced by marijuana users [370, 371]. Given the
increasing prevalence of marijuana use with the number of
users in the United States more than doubling since 2002 to
9.5% of the adult population and approximately 30% of those
individuals meeting the criteria for addiction [372], more
research is needed on the interactions of marijuana with the
circadian clock. The physiological activities of endocannabi-
noids on cell signaling appear conserved between Drosophila
and mammalian systems [373], and Drosophila has been
used to investigate the role of cannabinoids as therapeutics
[374, 375]. As concurrent use of marijuana and alcohol
increases the effects of the individual drugs [376–378], com-
binatorial studies are needed. Thus, Drosophila may be a
practical model for fast high-throughput studies translatable
to mammalian models.

Considerably more behavioral research is needed to
identify circadian modulation of sensitivity or toxicity

encompassing multiple exposure paradigms across age
groups. The circadian system weakens with age across
species resulting in damped molecular rhythms and altered
behavioral and metabolic rhythms [89, 379, 380]. In both
humans and animal models, older subjects demonstrate
greater difficulty in phase shifting after perturbations to the
circadian system [381, 382]. The weakening of the circadian
system with age may contribute to the increased sensitivity
to or toxicity of drugs of abuse observed in older individuals.
In rodent models, aged animals appear more sensitive to the
effects of alcohol and alcohol withdrawal [383, 384], although
little research has been done examining circadian interac-
tions with alcohol or drugs of abuse in aged animals. With
its relatively short lifespan, Drosophila is an excellent system
for the aging system with analogous age-related changes to
those observed in rodent models and humans.

8.2. Molecular Networks. With approximately 20,000 esti-
mated human genes and an untold number of regulatory
elements [385], identifying the underlying molecular or
genetic mechanisms for complex behavioral and physiolog-
ical issues remains an enormous challenge without potential
candidates identified from animal models. This is particu-
larly true for substance abuse disorders affecting the central
nervous system that also result in widespread damage
across tissues. Despite the neuroanatomical and morpho-
logical differences separating flies from humans, parallels
exist for disease research affecting the central nervous sys-
tem, heart, liver, kidneys, and gut [386], crucial organs for
understanding the addictive and pathophysiological impacts
of drug abuse.

Drosophila orthologs have been identified for approxi-
mately 75% of known human disease genes [105, 386–390].
The rapid cross-species translational value of Drosophila
research has been demonstrated in alcohol neurobiology
through the identification of the epidermal growth factor
signaling pathway [195] and the role of a tyrosine kinase
receptor, anaplastic lymphoma kinase [223], and the tran-
scriptional regulator Lmo in alcohol behaviors [221]. Like-
wise, Drosophila has provided a model for the identification
of candidate genes involved in addiction and reward behav-
iors [71, 139, 391]. The wide repertoire of tools in Drosophila
to permit cost-effective large-scale genetic screens includes
genome-wide RNAi screens with available collections of
RNAi transgenic lines against every Drosophila gene [392],
complete sets of micro RNA sponges with conditional
expression possible [124, 393], and CRISPR-mediated
mutations [394, 395].

8.3. Drug Discovery. The identification of new drugs for
pharmaceutical use starting with target identification or
small-molecule screening is a lengthy and expensive process
often lasting more than a decade with costs up to $1 billion
[396]. To streamline this process, high-throughput screens in
Drosophila and other invertebrate models such as C. elegans
have been employed more frequently in the past few years
as a platform for target identification, drug discovery, and
small-molecule screening. Previous research has demon-
strated the predictive validity of Drosophila in preclinical
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research. Drosophila has proven beneficial for the validation
and development of cancer drugs as well as for screening
previously approved drugs for alternate purposes [397].
The tractability of Drosophila for large-scale screens include
(1) viability and development assays for embryos, larvae,
pupae, and adults; (2) whole-organism drug screens for
absorption, metabolism, or toxicity; and (3) reporter assays
including luciferase or GFP expression assays [397]. With
the high degree of phylogenetic conservation in cellular
signaling pathways, mechanistically the similarities between
the Drosophila and mammalian circadian system make
Drosophila an ideal platform for drug discovery for the
identification of potential targets or therapeutics impacting
the circadian system.

Through the ages, technological innovations have
engineered societal changes transforming cultural norms
and causing the urbanization of societies. Rapid advances in
communication, networking, and information dissemination
in the past two decades have solidified the establishment of a
24/7 global society further contributing to the rise of individ-
ual circadian and sleep disorders. The swiftness with which
these technology-driven societal and cultural changes have
become entrenched in children, adolescents, and adults
makes it unlikely that the physical and mental health prob-
lems arising from circadian and sleep disorders will vanish.
Thus, there is a critical need for continued research to delin-
eate the mechanisms through which the circadian clock or
circadian dysfunction affects substance abuse and conversely
how substance abuse contributes to alterations in the func-
tioning of the circadian system. Renewed research emphasis
on invertebrate models as a practical and economical model
to tackle these problems will provide basic biological insights
into molecular pathways and cellular interactions associated
with defined behaviors that can subsequently be investigated
in more complex model systems with rapid translational
impacts. Research inDrosophila has the capability to advance
the understanding of the molecular changes or the genetic
risk factors that transform substance use to abuse and addic-
tion potentially providing new avenues for the identification
of therapeutic interventions to minimize the risk of drug
abuse and drug toxicity.
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Circadian rhythms are endogenously generated near 24-hour variations of physiological and behavioral functions. In humans,
disruptions to the circadian system are associated with negative health outcomes, including metabolic, immune, and psychiatric
diseases, such as addiction. Animal models suggest bidirectional relationships between the circadian system and drugs of abuse,
whereby desynchrony, misalignment, or disruption may promote vulnerability to drug use and the transition to addiction, while
exposure to drugs of abuse may entrain, disrupt, or perturb the circadian timing system. Recent evidence suggests natural
(i.e., food) and drug rewards may influence overlapping neural circuitry, and the circadian system may modulate the
physiological and behavioral responses to these stimuli. Environmental disruptions, such as shifting schedules or shorter/longer
days, influence food and drug intake, and certain mutations of circadian genes that control cellular rhythms are associated with
altered behavioral reward. We highlight the more recent findings associating circadian rhythms to reward function, linking
environmental and genetic evidence to natural and drug reward and related neural circuitry.

1. Introduction

Circadian rhythms are near 24-hour oscillations in physiol-
ogy and behavior, which help an organism adapt to changes
in their internal or external environment to optimize func-
tion and promote survival. Synchrony or temporal coordina-
tion of circadian oscillators between central and peripheral
tissues, in addition to alignment of those oscillators with
the external environment, is important for maintaining
organismal homeostasis. For example, disruptions to the
circadian system are associated with poor health outcomes,
including neurological diseases and psychiatric disorders.
The circadian system is hierarchically organized in mam-
mals, with the master circadian pacemaker of the suprachias-
matic nucleus (SCN) receiving photic (i.e., light) input from
the eye and nonphotic inputs from disparate brain regions.
The SCN relays timing information to other areas of the
brain and the periphery through neural and humoral

outputs. Coordination of these systems by the SCN is impor-
tant for modulating the phases of peripheral oscillators. At
the cellular level, timing information is kept by the molecular
clock, a series of transcriptional and translational negative
feedback loops. These feedback loops are driven primarily
by circadian genes and their proteins. The transcription of
Period (Per1, Per2, and Per3) and cryptochrome (Cry1 and
Cry2) genes are driven by CLOCK and BMAL1 heterodimers
binding to enhancer elements (E-boxes) at their promoters.
The accumulation of PERs and CRYs in the cytoplasm even-
tually translocate to the nucleus to interaction with CLOCK/
BMAL1, effectively repressing their own transcription. Other
genes form “auxiliary” loops providing stability and robust-
ness to the core molecular clock loops.

Disruptions in sleep and circadian rhythms are observed
across many psychiatric disorders (reviewed in [1]; reviewed
in [2]), including addiction (reviewed in [3, 4]; reviewed in
[5–7]). Moreover, polymorphisms in specific circadian genes
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are associated with drug intake and dependence in humans
[8–12]. Evidence from animal studies suggests a bidirectional
relationship between circadian rhythms and drugs of abuse.
While circadian disruption, whether environmental or
genetic, can impact “reward” function and drug-related
behaviors, such as self-administration [13–16], exposure to
drugs of abuse can also alter molecular, cellular, and behav-
ioral rhythms [16–19], the expression of circadian genes
[20], and sleep [21, 22].

After prolonged consistently timed exposure to drugs of
abuse, rhythms may become entrained, as evident from
anticipatory behavioral activity paralleled by temporal-
specific changes of molecular rhythms in “reward” circuits
[23–25]. Restricted feeding schedules may also entrain loco-
motor rhythms where anticipatory activity precedes feeding
(reviewed in [26]), suggesting food, possibly acting a “natural
reward,”may be controlled or impacted by the circadian sys-
tem. Natural and drug rewards seem to impact similar neural
circuits (e.g., mesocorticolimbic dopamine system) with con-
sequences on reward-related behaviors, such as behavioral
anticipation. This review will examine the role of circadian
rhythms in natural and drug reward, particularly the overlap-
ping circuit, cellular, and molecular mechanisms of food and
drug response. We also discuss the parallels between human
and animal research within circadian rhythms and addiction,
while highlighting key areas of future investigation.

2. Natural Reward

Eating behavior is driven by the need to maintain energy
homeostasis, which is critical for survival and regulated by
central and peripheral systems. Food is the most potent
natural reward conserved across species. An organism must
remember where, when, and how to obtain food to continue
survival and improve reproduction, particularly during times
of scarcity. Homeostatic and hedonic mechanisms may inter-
act to regulate food intake, especially when food is abundant,
since certain foods are more or less “rewarding.” For exam-
ple, palatable food has higher hedonic value than bland food
and promotes greater activation within reward areas of the
brain (see van der [27]). This activation closely parallels the
activation pattern of drugs of abuse. Both drugs of abuse
and food are potent reinforcers, which enhance dopamine
release in reward-related brain regions (reviewed in [28]).
Regardless of classification, rewards are powerful entraining
forces, which can shift circadian rhythms.

2.1. Circadian Rhythms and Food. Beyond the hedonic value
of food, organisms may use food and other stimuli to entrain,
or adapt, to their environment to enhance survival; for exam-
ple, the presence and consumption of food can shift circadian
rhythms. Animals predominately eat during their active
phase, with rhythms driving, seeking and feeding behavior
at certain times of day. These feeding rhythms are in part reg-
ulated by circadian genes. Mutations in the Per1 gene phase
advances food intake into the sleep period, leading to obesity
[29]. Similarly, mPer2 knockout mice become obese after
consuming food equally across the day and night (inactive
and active phase, resp.) [30]. Day-night patterns of food

intake are also abnormal in ClockΔ19 mutants and BMAL1
null mice, with intake occurring more evenly across the
24-hour period [31, 32]. Moreover, metabolic homeostasis
requires normal feeding rhythms, as shown by increased
adiposity in rodents restricted to sleep phase feeding
[33, 34]. On the other hand, active phase restriction of
feeding prevents increased adiposity, glucose intolerance,
and other measures typically induced by 24-hour access
to high-fat diet [35].

Circadian rhythms are sensitive to changes in environ-
mental stimuli, phase shifting (i.e., phase advance is the onset
of the rhythm to an earlier time of day, while phase delay is
the onset of the rhythm to a later time of day), and entraining
across species to allow animals to adapt their behavior when
necessary. Food is a potent stimulus of rhythm entrainment.
Regardless of caloric restriction, locomotor rhythms will shift
toward the time of a daily meal or a highly palatable snack
(reviewed in [36]). For example, mice will begin to shift their
activity into the light (inactive) phase, representing an
advance of locomotor rhythms, when given chocolate with-
out food restriction repeatedly during midday [37]. Further-
more, restricting feeding to a 12-hour period shifts the phase
of circadian gene expression in peripheral cells, but not the
SCN [38].

In addition to entraining circadian oscillators, food can
reorganize temporal activity, for example, diurnality can be
induced in rodents by a timed, daily palatable meal [37] or
working for food while food restricted [39]. However, when
mice are required to work to obtain chocolate with access
to ad libitum chow, no shift in activity is observed [37]. This
suggests that animals will continue to seek out food during
their active phase, even when palatability is high if they are
not energetically challenged. More importantly, these results
indicate that an animal’s metabolic state and the palatability
of food play critical roles in how food shifts circadian
rhythms. The shift seen in animals working for food seems
to require an energetic challenge since it cannot be induced
by increased running wheel activity or increased reward or
palatability [37]. Furthermore, a daytime food reward is suf-
ficient to induce a shift to diurnality even though this shift is
smaller than that observed in the presence of food restriction
([39]; van der [40]).

Since metabolic state is important for inducing robust
shifts in behavioral circadian rhythms, it is a fairly common
practice to utilize food restriction [38, 41, 42]. However,
when attempting to measure how food shifts and entrains
rhythms in brain activity, the use of food restriction may be
problematic. Hunger induced by food restriction could mask
or artificially inflate the effects of a meal; therefore, it is
important to include an ad libitum fed control group. Alter-
natively, a timed exposure to palatable food can be used
alongside ad libitum access to chow. For example, a modest
amount of entrainment in c-Fos expression occurs in the
hypothalamus, which controls hunger, when a palatable food
is present [43].

In addition to food entraining circadian rhythms, ani-
mals will learn to associate environmental cues, such as time
of day with a food reward, or a scheduled meal. It is critical to
account for time of day when studying food-related
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behaviors. The time of training and testing must overlap and
be restricted to a certain circadian timeframe when studying
conditioned place preference for food. Here, time is an inter-
nal circadian contextual cue that is critical for food-related
behaviors in certain rat strains as well as marmosets [44, 45].

Anticipation, which is observed before a scheduled meal,
particularly in rodents, is another example of a strong associ-
ation between time of day and food. An increase in locomo-
tion, core body temperature, and corticosterone usually
precedes a timed meal (reviewed in [26]). The SCN does not
appear to play a role in food entrainment since lesions fail to
prevent the formation of anticipatory rhythms associatedwith
restricted feeding schedules [46]. Although the brain regions
responsible are largely unknown, the food-entrainable oscilla-
tor may be neuronal since anticipatory activity is resistant to
adrenalectomy [47, 48] and cirrhosis [49]. Discovering the
brain region, or regions, responsible for anticipation has been
challenging. The food-entrainable oscillator could consist of a
neuronal network, or circuit, and not a singular brain region
[50], which is further complicated by the implication that
the involvement of an oscillator could vary depending on the
type of food.

In general, palatable food produces distinct effects com-
pared to standard lab chow. Palatable food, such as chocolate,
increases c-Fos expression, or activation, of corticolimbic
regions including the prefrontal cortex (PFC) and nucleus
accumbens (NAc) [51]. Moreover, the addition of palatable
sucrose activates distinct neuronal networks in chow-
restrictedmice. Chow restriction entrainsmultiple subregions
of the hypothalamus, activating the lateral, dorsomedial, and
paraventricular nuclei during anticipation [42, 52]. The addi-
tion of palatable sucrose displaces most hypothalamic activity
induced by restricted feeding, instead of activating the PFC,
lateral septum, and NAc [42]. Relative to mice with restricted
access to standard chow,mice with access to chocolate display
a greater increase in amplitude and larger phase shift in
rhythmof PER1 in corticolimbic structures, such as the amyg-
dala, NAc, and PFC [41]. On the other hand, food restriction
induces a higher amplitude of PER1 in the hypothalamus than
chocolate [41]. These findings suggest that the mechanisms
underlying anticipation of food may be distinct, depending
on the type of food, and involve molecular rhythms.

Food-anticipatory activity is likely driven by both meta-
bolic needs and reward. Accordingly, anticipation of palatable
food entrains and/or activates the hypothalamus, even in the
absence of food restriction, as well as reward-related brain
circuitry (see Figure 1). Daily access to a palatable, fatty meal
induces a modest amount of entrainment in c-Fos expression
in the hypothalamus [43] and the anticipation of chocolate is
associated with increased entrainment of PER1 expression in
the dorsomedial hypothalamus [41]. Reward, motivation, or
“wanting” also appear to contribute to anticipatory activity
when limited access is given to a palatable food. For example,
c-Fos expression is also induced in many corticolimbic
structures, such as the PFC, NAc, and central amygdala [52].

Importantly, while ingesting, palatable food induces acti-
vation in reward-related brain regions such as the PFC and
NAc and repeated presentations are required for these
regions to become activated during anticipation [51]. Since

repeated presentations are also required for anticipation to
occur, anticipation-induced corticolimbic activation could
underlie anticipatory activity. Furthermore, reward-related
activation predating anticipation-related activation suggests
that while the circuits mediating reward and anticipation
may not be completely distinct, the underlying mechanisms
may be different, but further study is needed. The transition
from reward-induced activation to anticipation-induced
activation in the case of food may extend to other rewarding
substances, such as drugs of abuse, and importantly, could be
a major contributor to relapse.

2.2. Potential Peripheral Mechanisms of Reward. In addition
to the central mechanisms underlying reward and reward
anticipation, peripheral oscillators may also impact reward.
Primarily, peripheral hormones like estradiol and cortisol
(corticosterone in the rodent) modulate neuronal activity,
in turn altering circadian activity and reward. These periph-
eral hormones cycle in a daily rhythm. For example, estradiol
cycles in an ultradian rhythm repeating approximately every
6 hours with an asymmetric peak in the early morning in
humans [53]. Estrogen is known to modulate activity in
circadian brain regions like the SCN where 17beta-estradiol
administration increases firing frequency and miniature
excitatory postsynaptic currents. This suggests that estrogen
could be modulating and regulating circadian rhythms [54].

Fluctuations in circulating gonadal hormones, through
treatment or normal menstrual cycling, also alter reward-
related activity in the brain. In humans, when estrogen is
unopposed by progesterone during the follicular phase of
menses, reward-related brain regions are more active during
anticipation, including the orbitofrontal cortex, amygdala,
and striatum [55]. Hormone treatment early in menopause
also increases anticipatory activity in the reward system,
specifically the striatum and ventromedial PFC [56]. In non-
human primates and rodents, the effects of estradiol on
reward-related behavior are mixed. The reinforcing effects
of cocaine do not vary across menstrual cycle phase in rhesus
macaques [57], whereas estradiol treatment increases cocaine
intake [58] and enhances acquisition for self-administration
in rodents [59], while concurrent progesterone administra-
tion inhibits these effects. Together, these results suggest that
estradiol plays an important role in reward, although some
species differences exist. Generally, higher estradiol levels,
whether through natural cycling or administration, promote
reward-related behaviors as well as activity in reward-related
brain regions.

Glucocorticoids, or stress hormones, which are released
when the hypothalamic-pituitary-adrenal axis is activated
by stress, also play a role in reward across species, but the
results are mixed. These hormones also cycle over the
24-hour period, with a peak in the early morning during the
daily shift to activity. In rodents, decreased glucocorticoids
through adrenalectomy decrease reward through effects in
the NAc, namely, decreased extracellular dopamine and Fos
expression ([60]; reviewed in [61]). In humans, when high
doses of cortisol are administered, activity in the striatum
and basolateral amygdala decreases, but this is not specific to
reward condition in a monetary incentive delay task [62].
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On the other hand, acute stress, which can increase cortisol,
decreases activity in the dorsal striatum and orbitofrontal cor-
tex during reward [63]. These results demonstrate that the

effects of glucocorticoids on reward are still unclear. Species
differences alone do not drive these mixed results, since the
method of glucocorticoid induction (whether stress-induced

Prefrontal cortex
Dorsal striatum
Nucleus accumbens

Amygdala
Hypothalamus
Lateral habenula

(a)

Prefrontal cortex:
cingulate and insula
Dorsal striatum
Medial preoptic area
Nucleus accumbens

Ventral pallidum
Amygdala
Hippocampus
Thalamus

(b)

Figure 1: Multiple brain regions are activated or regulated by reward. Anticipation of (a) natural rewards, namely, food and (b) drugs of abuse
activate discrete circuitry. The rhythmic expression of circadian genes in this and other brain regions is also altered by food or drugs of abuse
demonstrating one potential mechanism by which reward influences circadian rhythms. (a) Anticipating a scheduled meal or palatable snack
activates or increases c-Fos expression in the prefrontal cortex (PFC), nucleus accumbens (NAc), central amygdala, and hypothalamus.
Furthermore, palatable food alters the expression of circadian genes in these and other brain regions. Per1 rhythms are altered and shifted
in the amygdala, NAc, and PFC, whereas the amplitude of Per2 rhythms are intensified in the lateral habenula [116] as well as the
suprachiasmatic nucleus (SCN not shown), cortex, and striatum [117] during anticipation of chocolate or after consumption of a
high fat/high sugar diet or sucrose, respectively. (b) Anticipating drugs of abuse can activate multiple brain regions including the caudate,
thalamus, insula, NAc, hippocampus, ventral pallidum, and cingulate. Similar to food, drugs of abuse also alter the expression of circadian
genes. Specifically, cocaine alters the rhythm of Npas2 and Drd3 as well as the expression of numerous circadian genes in the NAc, most
of which are upregulated. Circadian rhythms of period genes are also altered after withdrawal from morphine in the SCN, PFC, NAc,
central and basolateral amygdala, hippocampus, and ventral tegmental area (not shown). Although it is beyond the scope of this figure to
examine the differences in activation and circadian gene expression in various stages of addiction, it is important to note that acute versus
chronic exposure to rewards have some distinct effects on the reward circuity in the brain. For example, it is known that the role of
various brain regions shifts during extended exposure to drugs of abuse (reviewed in [118]). It is thought that this shift contributes to the
transition from use to abuse to dependence. Similarly, circadian genes may be contributing to this transition since mutations in these
genes cause a loss of rhythmicity [16], which is also thought to contribute to loss of control over drug taking and the transition to addiction.
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or through exogenous administration) also appears to play an
important role.

Together, it appears that peripheral hormones may play a
key role in modulating reward-related brain regions and may
bridge the gap between related changes in circadian rhythms
and reward. Future research should focus on the importance
of the oscillations of these peripheral hormones on reward
since it is still unknown as to whether the circadian nature
of these hormones is relevant to their roles in reward.

2.3. Neural Mechanisms of Food and Drug Reward. The long-
standing question of whether any reward, whether “natural,”
such as food or sex, or drugs of abuse, has the same underly-
ing mechanisms still remains largely unanswered. The brain
evolved to respond to natural rewards, which are necessary
for survival and reproduction. Both uncontrolled food intake,
which is often compared to drug addiction, and drugs of
abuse “hijack” reward and motivation associated neural
circuitry (reviewed in [64]). Across species, both natural
rewards and drugs of abuse predominately affect the cortico-
limbic reward system.

Palatable food, like drugs of abuse, has reinforcing effects
mediated in part by enhanced dopamine release into reward-
related areas of the brain (reviewed in [28]). For example,
both sucrose and saccharin increase extracellular dopamine
in the NAc of rats [65, 66], while palatability of food corre-
lates with dopamine levels within the dorsal striatum [67].
Moreover, milkshakes, a highly palatable food, trigger striatal
activation, whereas frequent ice cream consumption blunts
striatal responses in humans [68]. The activation of reward
circuits by repeated, restricted access to food, as discussed
prior, can induce anticipatory activity. Similarly, exposure
to drugs of abuse, such as methamphetamine and cocaine,
induces anticipatory activity, potentially through entrain-
ment of the circadian clock [23–25].

Although both food and drugs of abuse entrain rhythms,
a single oscillator may not be responsible for generating
reward-entrained rhythms. Rats are capable of entraining
and showing anticipation, to both food and cocaine rewards
separately, indicating that rewarding stimuli can be differen-
tiated in a circadian fashion. Moreover, two separate free-
running rhythms occurred after entrainment to food and
cocaine rewards ceased. Together, these findings suggest
that more than one oscillator generates reward-induced
rhythms [23].

In addition to differences in circadian entrainment,
anticipation of both food and drugs of abuse recruit corti-
colimbic brain regions (see Figure 1). Anticipation of nico-
tine due to the presentation of cues activates the caudate,
thalamus, insula, NAc, and cingulate in humans [69]. In
rats, anticipation of ethanol after the presentation of cues
increases activity in the caudate, insula, hippocampus, ven-
tral pallidum, NAc, and medial preoptic area [70]. This
brain activity appears to be due to building anticipation
induced by cues since repeated presentations over 5-6 days
are required. This is similar to PFC and NAc activation
induced by food anticipation, which requires 3–5 repeated
presentations [51]. Although these studies did not use circa-
dian entrainment of drug anticipation, they demonstrate that

similar prefrontal cortical and striatal brain regions are active
during anticipation of both food and drugs of abuse.

Interestingly, the hippocampus, medial preoptic area,
and dorsal striatum appear to be activated by drug anticipa-
tion alone. These regions may have simply not been studied
in food anticipatory experiments or these may be truly dis-
tinct effects. Future studies will need to examine additional
brain regions of interest in order to determine which regions
are universal, and which play a role in drug anticipation only.
Another important consideration is that most experiments
measuring brain activation induced by food anticipation
investigate the PFC as one brain region [51, 52]. In future
studies, it will be critical that distinct PFC subregions, such
as the cingulate, orbitofrontal, prelimbic, and insula are
examined separately. These various subregions of the PFC
should be studied independently since they are critical for
different features of addiction. Furthermore, this more
specific analysis will allow for a better, more in-depth com-
parison of results between species and will paint a clearer
picture of the roles of cortical subregions identified in
human drug anticipation experiments, such as the insular
and cingulate cortices.

On the other hand, the amygdala and the hypothalamus
were only activated by food anticipation, even though both
regions are believed to contribute to drug reward. The amyg-
dala is critically important for the drug-related learning crit-
ical for associating cues with drugs of abuse [71], and studies
suggest that the hypothalamus is involved in drug seeking.
For example, hypothalamic orexin/hypocretin neurons play
a role in cocaine seeking but do not appear to contribute to
seeking motivated by a palatable food [72]. These results sug-
gest that even though the hypothalamus is involved in meta-
bolic regulation, food ingestion, and anticipatory activity in
food-entrained rodents, distinct mechanisms likely underlie
reward seeking between food and drugs of abuse. Taken
together with findings that food and subsequently anticipa-
tion alone activate reward-related brain regions, these results
suggest that although the brain regions mediating reward for
food and drugs of abuse may be similar, how/when the
regions are recruited and the underlying mechanisms by
which those regions regulate reward may be very distinct.

In addition to parallels in brain circuitry, there are other
fundamental differences in food and drug reward mecha-
nisms. Palatable food is sometimes preferred over drugs of
abuse, for example, rats tend to prefer saccharin and sucrose
to cocaine [73]. Moreover, it has been shown that half of the
mice tested prefer peanut butter compared to peanut butter
mixed with methamphetamine [24]. From an evolutionary
perspective, it is reasonable for food to be highly potent
and rewarding since it is critical to survival. Since self-
administration of highly palatable food, compared to drugs
of abuse, is less time-consuming and complex, we should
continue to leverage the potency of food to study the under-
lying processes giving rise to reward versus anticipation as
well as increased and uncontrollable food intake. Despite
food being a more potent reward in some circumstances,
drugs of abuse have greater consequences in other regards.
For example, associations between drugs of abuse and stim-
uli last longer than for natural reinforcers, indicating cues

5Neural Plasticity



are especially powerful in the context of drug use (discussed
in [64, 74]).

In the future, studies should continue to examine differ-
ent types of reward in parallel. This will allow us to elucidate
whether the mechanisms underlying the rewarding effects of
drugs of abuse and natural rewards are different. Identifying
the parallels and distinctions across types of reward could
help us treat both obesity and drug addiction.

3. Loss of Rhythmicity and Loss of Control

3.1. Drugs of Abuse Alter Rhythms. Like natural rewards,
there are diurnal variations in behavioral responses to drugs
of abuse and drug taking in self-administration paradigms
[19, 75]. For example, drug intake and self-administration
of cocaine and ethanol are higher in rodents at night, during
the active phase [19, 20, 76]. Not only are there natural
rhythms to drug taking and reward, but exposure to drugs
of abuse induces behavioral, anticipatory rhythms, poten-
tially through entrainment of the circadian clock ([23–25];
reviewed in [77]).

Drugs of abuse induce behavioral rhythms, but drug
exposure is also known to regulate circadian genes and alter
circadian rhythms. Exposure to drugs of abuse alters expres-
sion of circadian genes, such as, Period, Clock, and Npas2
([15, 78]; reviewed in [77]). More importantly, volitional
cocaine intake via self-administration regulates circadian
genes, upregulating Clock, Bmal1, cryptochrome1 (Cry1), and
Period2 (Per2) [20]. In addition, cocaine can induce phase
shifts in circadian rhythms (reviewed in [77]). For example,
even one acute injection of cocaine causes mice to phase
advance 1 hour, and this effect is exacerbated in Per2mutant
mice. These findings suggest that cocaine might also regulate
free-running circadian rhythms.

3.2. Loss of Rhythmicity in Drug Self-Administration. Chronic
exposure to drugs of abuse also causes a loss of rhythmicity in
locomotor activity. These altered diurnal activity patterns are
usually driven by increases in locomotor activity during the
inactive period. For example, repeated amphetamine admin-
istration increases daytime locomotor activity in adolescent
female rats [17]. Chronic alcohol exposure also increases
daytime locomotor activity in mice, eliminating the typical
rhythm as well as the peak in activity during the early night
[79]. Over time, drugs of abuse also cause a loss of rhythmic-
ity in self-administration and drug intake. Extended access or
access to high doses of cocaine causes a loss of rhythmicity in
drug taking, as evidenced by responding that continues well
into the light phase, in lieu of predominating at night [19].

Drug exposure can alter rhythmicity, but mutations in
circadian genes can also impact self-administration. Mice
with a dominant negative mutation in the Clock gene self-
administer cocaine equitably during the day and night. On
the other hand, wild-type mice fail to acquire criteria for
self-administration, but only during the day. This suggests
that decreased Clock function increases vulnerability for
cocaine use, at least in part by reducing rhythmicity and
increasing drug use during the day [16]. Deletion of the
circadian rhythm gene Per1 also causes a loss of circadian

rhythmicity in alcohol intake, again normalizing intake
across time of day [80]. Loss of rhythmicity can also be seen
for natural rewards, like palatable food. mPer2 knockout
mice eat the same amount of a high-fat diet during the day
and night, which leads to obesity [30].

In addition to a loss of rhythmicity, chronic exposure to
drugs of abuse can also cause an overall increase in, or loss
of control over, drug intake. Increases in drug taking can be
seen across species in extended access paradigms. In
rodents, extended access to cocaine causes escalation and
the development of excessive drug intake [81, 82]. In non-
human primates, unlimited access produces erratic and
rapid binge-like patterns of cocaine self-administration,
which can ultimately lead to seizures and death [83, 84].
Escalated or excessive drug intake and as compulsive or
habit-like drug seeking despite adverse consequences are
primary features of drug addiction, which contribute to
the development of substance dependence. Therefore, a loss
of control over intake could model a transition to an
addiction-like state.

Loss of control or escalation in drug taking appears to be
closely paralleled by, and potentially driven by, a loss of
rhythmicity and increased daytime responding in rodents
[19]. When drug taking increases during the inactive phase,
it reflects a loss of control in drug seeking and taking. In this
case, animals are likely sacrificing time usually dedicated to
sleep and rest. However, it is difficult to propose a causal or
correlational relationship between loss of rhythmicity and
loss of control because only a few key studies have examined
rhythmicity or patterns of drug taking across a 24-hour
period [19, 80]. Others, that do examine phase differences,
do not always compare initial drug use to use after long-
term exposure. Therefore, even if no differences in day-
and-night responding are found, this cannot be correlated
to an escalation of intake over time [85].

These questions are understudied because they are
especially difficult and time-consuming experiments. Due
to cost and space limitations, it is difficult to study self-
administration over a 24-hour cycle. In addition to exper-
imental challenges, unlimited access to drugs of abuse can
cause death or health deterioration in animals. An alternative
method is to use discrete trials spread out over a 24-hour
period [19] or to use shorter access periods of self-
administration and compare animals that self-administered
during either the active or inactive phase.

In addition to being a key feature of addiction, escala-
tion and loss of control over drug taking also contribute to
other addiction-related behaviors. For example, paradigms
which produce escalation also increase reinstatement of
drug seeking, a model of relapse [86]. On the other hand,
the role of rhythmicity in other addiction-related behaviors
is less clear. In order to determine whether rhythmicity
might play a role in other addiction-related behaviors,
rhythms of self-administration can be correlated with mea-
surements of reinforcement, motivation, and/or relapse-
like behavior. If altered rhythmicity plays a critical role in
the progression to substance dependence, it should contrib-
ute or at least correlate to other critical behaviors related to
the overall phenotype of addiction.

6 Neural Plasticity



In order to study the relationship between rhythmicity
and loss of control, it is important to consider which param-
eters trigger escalation and compare those to parameters
which do not: more versus fewer discrete trials, high versus
low unit doses, and longer access sessions (approximately 6
versus 1 hour). Studies might successfully investigate the link
between loss of rhythmicity and loss of control if these
parameters are investigated further. For example, if we can
slow down the progression of escalation, we can determine
whether a loss of rhythmicity occurs prior to and is therefore
potentially contributing to escalation.

Overall, parallels in loss of rhythmicity and loss of con-
trol have been difficult to connect. Future research should
strive to complete and more elegant long-term studies exam-
ining patterns of self-administration. Future experiments
should build on the existing literature and examine how
other factors, such as mutations in circadian genes, previous
drug or stressor exposure, or developmental stage, affect
patterns and timing of self-administration. At the least,
studies should attempt to investigate self-administration
during both the active and inactive phases. It is possible that
these phases will shed light onto the mechanisms underlying
the development of different phases of addiction, with dark
phase self-administration paralleling the development of
substance use/abuse, and drug taking during the light cycle
paralleling loss of control and the development of substance
abuse/dependence.

3.3. Sleep Dysregulation and Circadian Rhythms.One parallel
between loss of rhythmicity and loss of control in drug use is
sleep deprivation. Increased drug intake during the inactive
period is probably interrupting sleep, and excessive drug
intake causes animals to neglect sleep. For example, a
24-hour access to cocaine causes rapid, erratic, and continu-
ous self-administration across phase, which continues until
the point of exhaustion in nonhuman primates, when drug
taking is discontinued for a period of sleeping and eating
[83]. Even in rats, self-administration of cocaine can cause
generally deteriorated health and increased mortality [87].

Drug exposure also has direct effects on sleep across
species. Cocaine self-administration during the day decreases
sleep efficiency and increases sleep fragmentation in rhesus
macaques [22]. This is very closely paralleled in rats,
where withdrawal from cocaine self-administration reduces
nonrapid-eye-movement (NREM) and REM sleep and
increases sleep fragmentation [21]. In addition, withdrawal
from long access cocaine self-administration reduces glucose
utilization in both reward-related (caudate, NAc, amygdala,
etc.) and sleep-related (dorsal raphe, locus coeruleus, and
thalamus) brain regions in rats [82]. These findings can also
be extended to other drugs of abuse. After ethanol with-
drawal, mice show disruptions in sleep, with reduced NREM
sleep and increased REM sleep [88]. These results parallel
human findings, where addicts report sleep disturbances
[7, 89, 90]. More specifically, a reduction in sleep and an
increase in sleep fragmentation are reported during cocaine
withdrawal ([91]; reviewed in [6, 92, 93]).

These symptoms closely resemble chronic insomnia, and
it is thought that these sleep disruptions promote relapse.

Recent studies have investigated the role of cocaine-induced
sleep fragmentation in cocaine craving by augmenting or
attenuating REM sleep fragmentation following cocaine
self-administration in rats. Interestingly, as REM sleep
fragmentation changes, the incubation of cocaine craving
changes in parallel [21]. In addition, chronic sleep depriva-
tion increased drug taking and incentive motivation for
cocaine in high drug-taking rats [94]. Together, these find-
ings demonstrate the cyclical relationship between drug
exposure and sleep, with drug use affecting sleep and
impaired sleep further perpetuating drug use.

It is important to note that although these studies exam-
ine sleep, they do not necessarily investigate circadian
rhythms. Sleep and circadian rhythms are often not distin-
guished, being discussed interchangeably. It is important that
studies attempt to measure both sleep and circadian pheno-
types in order to gain insight about where sleep and circadian
rhythms converge and diverge. Circadian rhythms and sleep
can be studied concurrently by measuring sleep through elec-
troencephalography (EEG) and electromyography (EMG) as
well as circadian rhythms of locomotor activity, body tem-
perature, and so forth [95, 96]. PiezoSleep mouse behavioral
tracking systems have made this easier since they measure
sleep/wake cycles through floor sensors, eliminating the
EEG-/EMG-associated surgery. In addition, sleep/wake
rhythms can be measured in vivo with circadian oscillations
in gene expression or protein levels being examined in tissue
ex vivo [95, 96].

It is particularly critical to investigate sleep and circadian
rhythm disruptions in addiction research since sleep distur-
bances are a major symptom of addiction, which can
trigger relapse. Using sleep boxes or measuring circadian
rhythms, ex vivo are particularly important for studies
examining addiction-related behaviors where limiting
additional surgical exposures is critical. For example, mice
self-administering drugs of abuse have already undergone
an intravenous catheterization, and in many cases, an addi-
tional viral vector placement. If an additional surgery for
measuring EEG/EMG is not absolutely required, it should
be avoided. Furthermore, measuring activity rhythms with
wheel running should be avoided because of the risk that
the exteriorized self-administration port would catch on
the wheel and injure the animal. Regardless, it is difficult
to measure sleep and activity rhythms during active self-
administration since mice typically self-administer drugs
in an operant chamber. However, these measurements can
be taken for a period before and/or after the length of drug
exposure or daily during the drug self-administration para-
digm if the hours of self-administration, when mice are out
of the home cage, are excluded. Sleep disturbances in addicts
might be more effectively treated once we better understand
what causes them; understanding circadian rhythms might
shed light onto how drugs of abuse alter sleep.

3.4. Rhythms of Drug Self-Administration and Treatment.
Rhythms of drug self-administration will also be critical
to study independently of escalation. Importantly, self-
administration of cocaine under 3 discrete trials/hour (one
infusion available during each trial) is tightly coupled during
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the dark phase of a normal light/dark cycle. In constant, dim
light self-administration continues to be rhythmic in the
absence of light-dark cues, although it is progressively phase
delayed. On the other hand, in constant light, rhythms of
self-administration become fragmented and animals take
significantly less cocaine [97]. Taken together, these results
suggest that cocaine intake is produced through a circadian
mechanism and that circadian control of self-administration
is influenced by light.

Determining the mechanisms by which various factors
affect the rhythm of drug self-administration, and drug
intake overall, will inform future treatment options. In the
future, studies should continue to attempt to limit not only
drug taking as above but also motivation and drug seeking
with changes to light conditions, including lengthened or
shortened light exposure. This paper suggests that light
(or darkness in diurnal species) could be a useful therapy to
suppress cocaine intake. In addition to changes in light/dark
exposure, the appropriate phase-controlled timing of addi-
tional treatments, perhaps during the times of day with the
highest periods of intake, could be critically important to
the efficacy of treating addiction.

4. Circadian Rhythms and Drugs of Abuse:
Human and Animal Parallels

4.1. Circadian Clock Genes. Drawing parallels between
human and animal methods, mechanisms, and treatments
is one of the most challenging necessities facing research
today. Research focused on circadian genes, and drug use
has been making strides in this vein, as indicated by a
fairly large literature paralleling the role of circadian clock
genes in addiction in both rodents and humans. Two of
the genes that have been most extensively studied are
Period and Clock.

Mutations in Per1 and Per2 have been extensively studied
in rodents. For example,mPer1 and mPer2 null mutant mice
increase ethanol intake and conditioned place preference
[14]. In humans, various single nucleotide polymorphisms
(SNP) within Per1 and Per2 are associated with alcohol
drinking. For example, one SNP in Per1 is associated with
alcohol dependence [13]. Per1 is also associated with
drinking and stressor exposure. mPer1mice consumed more
alcohol in response to social defeat stress [13], whereas a SNP
in Per1 interacts with early life stress to predict problematic
alcohol use in humans [8]. Two different SNPs in Per2 are
associated with stressful events and alcohol drinking in
young adults [10] as well as reward dysfunction in humans,
respectively [11].

Mutations and variants in Clock are also associated with
drug use across species. In rodents, ClockΔ19 mice, with a
dominant negative mutation in the Clock gene, have
increased ethanol intake and self-administration of cocaine
[15, 16]. In humans, variants in the CLOCK gene are associ-
ated with heavy cocaine use, although not DSM-IV diagnosis
of dependence [9].

Even though there is extensive research on circadian
rhythm genes and drug use across species, it is unclear
whether these findings tell us something important. For

example, on a mechanistic level, it is uncertain whether SNPs
matter. The research is the most complete for alcohol, but
SNPs have not been studied systematically across drugs of
abuse. Furthermore, SNPs do not seem to always correlate
with the severity of drug use and dependence. It is also
unclear whether the mechanisms underlying the association
between SNPs and drug use in humans actually contribute
to the role of circadian genes in addiction. More technologies
and mouse models are being created so we are now more
capable of paralleling findings in humans and animals. With
the advent of CRISPR, it is much easier to create humanized
mouse lines with targeted changes to specific genes. Future
studies should aim to identify whether the effects of SNPs
associated with drug use or dependence in humans parallel
the effects of mutations in Period or Clock genes in rodents.
If effects are consistent across mutations and SNPs, that
would suggest the mechanisms underlying these effects are
similar and the parallel between human and rodent literature
is stronger. These mouse lines can then be used to probe for
underlying mechanisms and develop potential therapeutics
based on those mechanisms and then the clinical researchers
can build on these mechanisms to confirm they are paralleled
in humans or test novel therapies.

4.2. Dopamine Receptors in the Striatum.Drugs of abuse, spe-
cifically psychostimulants, activate dopamine signaling, over-
riding natural reward circuitry. The ratio of D1 and D2
receptors plays an important role in the rewarding effects of
cocaine; D1R signaling appears to enhance [98], while D2R
signaling decreases cocaine reward [99]. In addition, future
cocaine preference negatively correlates with D2-/D3R-bind-
ing availability in the ventral striatum in rats [100]. These
results indicate that a predominance of D1R over D2R signal-
ing must be present for the rewarding effects of cocaine. It
has also been hypothesized that the transition to compulsive
intake could result from this predominance.

In mice, acute cocaine causes both fast stimulation of
D1R and slower stimulation of D2R containing neurons
in the dorsal striatum [101]. This suggests that cocaine
reward may be mediated by not only the abrupt activation
of D1R neurons but also a longer-lasting, progressive deac-
tivation of D2R neurons in the dorsal striatum [101]. Inter-
estingly, in mice exposed to chronic cocaine, acute cocaine
stimulates D1R and D2R neurons less, while inducing a
slower, yet longer-lasting increase in D1R activation. This
altered D1R neuron stimulation induced by acute cocaine
extends the predominance of D1R over D2R signaling,
which is typically rapid and short lasting [102]. Striatal
D2R downregulation might contribute to the sustained
signaling imbalance.

Similarly, cocaine abuse potently affects dopamine recep-
tors in the striatum in humans, reducing D2/3 availability,
which is associated with increased drug craving [103] and
vulnerability to relapse [104]. Cocaine abusers show damp-
ened stimulant-induced increases in dopamine, as shown
by reduced D2/D3 receptor binding, in the striatum, despite
the induction of intense craving [105]. Interestingly, reduced
D2R signaling during intoxication is maintained even when
cocaine-associated cues are present [106]. It has been
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hypothesized that this reduction in D2 signaling could be
contributing to compulsive drug use.

Dopamine may also play a critical role in the relationship
between reward and circadian rhythms (see Figure 2).
Extracellular dopamine fluctuates rhythmically in the dorsal
striatum, with its peak amplitude during the active phase
[107]. Furthermore, D2R activity contributes to the rhythm
ofPer2 expression in striatum [107], indicating that dopamine
interacts with the circadian clock in reward-related brain
regions. Therefore, drug-induced changes to the dopamine

system may play a critical role in the disruption of circadian
rhythms in addicts. For example, sleep disturbances are one
of the key effects of chronic drug use in rodents [82, 87, 88]
and in humans [7, 89, 90].

Sleep-wake disruptions may be regulated not only by
circadian rhythms but also by ultradian rhythms, which are
cycles that repeat every few hours in the body, such as alert-
ness and appetite. The dopaminergic ultradian oscillator
cycles with the circadian clock, but the two can become desyn-
chronized when dopaminergic tone is elevated like in drug
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Figure 2: Potential mechanisms by which circadian rhythms impact reward. One of the primary mechanisms by which circadian rhythms
might affect reward and reward-related behaviors is through monoaminergic signaling in the nucleus accumbens (NAc). In particular,
circadian clock genes control regulatory processes involved in the synthesis, function, and degradation of dopamine (DA). Clock is
thought to be a negative regulator of reward, since mutations in the Clock gene increase preference and drug taking. CLOCK and other
related genes may be negatively regulating DA through their transcriptional actions. (a) Overall, dopaminergic signaling is reduced
through CLOCK’s actions (and increased in ClockΔ19 mutant mice) because genes that increase dopaminergic signaling are negatively
regulated by clock genes while genes that decrease dopaminergic signaling are positively regulated. (b) Tyrosine hydroxylase (TH), the
rate-limiting enzyme in the synthesis of dopamine (DA), is negatively regulated, whereas monoamine oxidase A (MAOA), an enzyme
which breaks down DA in the synapse and cholecystokinin (CCK), a regulatory peptide which negatively affects DA output is positively
regulated by clock genes [114, 119]. (c) These changes in dopaminergic neurons in the VTA influence dopaminergic, and potentially
glutamatergic, signaling in the NAc, which could mediate increases in reward seen in mice with mutations in clock genes. This could hold
true in humans, with circadian disruptions or polymorphisms in circadian genes increasing dopaminergic signaling in the NAc, which
leads to increased vulnerability to substance dependence.
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abuse [108]. This desynchronization can lead to aberrant
arousal, similar to disturbed sleep-wake cycles seen across
psychiatric disorders, including addiction. However, less
is known about the mechanisms underlying ultradian
rhythms compared to circadian rhythms. Future research
should focus on dissecting the contributions of ultradian
and circadian rhythm disturbances to drug addiction.

The relationship between circadian rhythms and addic-
tion appears to be cyclical. Dopamine and drugs of abuse
can disrupt rhythms, but sleep disturbances can also affect
the dopaminergic system. Sleep deprivation decreases avail-
ability of D2 and D3R in the ventral striatum [109]. This
finding seems to be a result of a downregulation of D2/D3
receptors in the ventral striatum, in lieu of dopamine
increases, after sleep deprivation [110]. In this particularly
translational study, a similar lack of change in dopamine
levels in the ventral striatum was also seen in rats after
one night of sleep deprivation [110]. Importantly, in
cocaine abusers, sleep duration predicts D2/D3 availability
[111]. This suggests that impaired sleep contributes to
lower striatal D2/3 in cocaine abusers and that intervening
with sleep patterns could improve treatment outcomes.
However, it is again important to note that sleep distur-
bances might not necessarily correspond to changes in
circadian rhythms.

Several studies have examined relationships between
drugs of abuse, dopamine receptor type, the ventral striatum,
and circadian genes. One study indicates that circadian genes
might play a role in regulating dopamine receptor availabil-
ity, possibly in the context of drug exposure. For example,
striatal D2R levels are associated with the genotype of a novel
variable number tandem repeat polymorphism in the PER2
gene. Furthermore, genotype distribution is varied in cocaine
abusers compared to controls [112].

Another study found that disturbing circadian rhythms
with exposure to constant light increases expression of
Per1, Per2, and D1R in the striatum could contribute to vul-
nerability to morphine consumption and preference in rats
[113]. In mice, genetic manipulations of circadian clock
genes impact cocaine preference as well as dopamine recep-
tor expression (see Figure 2 for potential mechanisms). A
dominant negative mutation in the Clock gene increases
cocaine preference [114], whereas knocking out NPAS2, or
knocking down NPAS2 in the ventral striatum, decreases
cocaine preference [115]. Clock, and more so Npas2, is
enriched in D1-containing neurons in the striatum, and
ventral striatal NPAS2 knockdown disrupts the rhythmic
expression of Drd3 (dopamine receptor 3) [115]. Further-
more, chronic cocaine exposure disrupts diurnal rhythms in
Drd3 and Drd1 [115].

Recently, a fair amount of research has investigated the
role that circadian genes play in the effects of drugs of
abuse on dopamine receptor availability and distribution
in the ventral striatum. These studies emphasize the impor-
tance of circadian rhythms and circadian genes in one of
the most prominent and well-studied mechanisms underly-
ing addiction. Moving forward, we should continue to lay
the groundwork for understanding how circadian rhythms
and addiction are connected.

5. Summary

Taken together, these findings could help answer one of the
most important questions facing thefield of circadian rhythms
and addiction today: do rhythmsmatter for treatment? Circa-
dian rhythms appear to be important for drug taking and
potentially for the transition to substance dependence and if
rhythms matter for patient outcomes. It is critical to continue
answering the questions posed in this review. Based on find-
ings that sleep disturbances, whether induced by drugs of
abuse or not, disrupt reward-related circuitry, it appears that
treating sleep disturbances could be critically important.
These treatments could occur preventively, for example, dur-
ing development when sleep disruptions begin, or retrospec-
tively, in the case of drug exposure where sleep disturbances
are a symptom of use and withdrawal, which contribute to
relapse. Moreover, determining the mechanisms by which
drug taking is regulated by the circadian clock will lead to the
development of novel therapies, including light therapy, and/
or treatment approaches, such as phase-controlling treatment.

Fortunately, parallel findings studying circadian rhythms
and/or sleep, and drug addiction are becoming more fre-
quent in animal models. However, it is important to remem-
ber the shortcomings of mouse models. For example, the
SCN appears to adapt much faster in rodents than it does
in humans, which could lessen the severity or impact of sleep
disruptions in rodent models. Therefore, care should be used
when directly comparing circadian impairments and sleep
disruptions across species.

Due to this additional factor, clinical research should take
advantage of the mechanistic findings from animal models
and try to create therapies for drug-induced impairments in
circadian rhythm, but it is possible these mechanisms will
be slightly different. Most of the animal literature is still
building on a few, older human studies with very small sam-
ple size; therefore, updating and building on the existing
human literature is imperative. In particular, studies aimed
at manipulating circadian sleep and then investigating the
effects on reward or vulnerability to drug use would be a
crucial addition to the field.

Despite the difficulties, paralleling animal and human
behavioral studies and manipulations will ensure the field
progresses rapidly. Clinical research is critical, but we need
to leverage those findings by using animal models to discover
possible mechanisms and gain information about potential
druggable targets. These results can be brought full circle
into human studies in order to improve treatments options
and approaches.
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Circadian rhythm disturbances are a common symptom among individuals with mood disorders. The suprachiasmatic nucleus
(SCN), in the ventral part of the anterior hypothalamus, orchestrates physiological and behavioral circadian rhythms. The SCN
consists of self-sustaining oscillators and receives photic and nonphotic cues, which entrain the SCN to the external
environment. In turn, through synaptic and hormonal mechanisms, the SCN can drive and synchronize circadian rhythms in
extra-SCN brain regions and peripheral tissues. Thus, genetic or environmental perturbations of SCN rhythms could disrupt
brain regions more closely related to mood regulation and cause mood disturbances. Here, we review clinical and preclinical
studies that provide evidence both for and against a causal role for the SCN in mood disorders.

1. Introduction

Circadian rhythm disruptions are a major hallmark of mood
disorders. Dampened and phase-shifted temperature, activ-
ity, and hormonal rhythms are frequently reported in major
depressive disorder (MDD) and bipolar disorder (as
reviewed in [1–4]). Studies link both environmental and
genetic circadian rhythm disruptions with mood disorders.
Disrupting circadian rhythms by shift work or jet lag can
worsen or cause mood symptoms [5–7]. Furthermore, sea-
sonal changes in day length can affect mood [8]. In terms
of genetic disruptions, many circadian genes have been asso-
ciated with mood disorders [9–13]. Since treatments that
directly target the circadian system are used as therapies for
mood disorders (e.g., light and dark therapies, agomelatine,
social rhythm therapy, and sleep phase advance), correcting
circadian disruptions may stabilize a mood [14–17].

Thus, one theory to explain the presence of circadian
rhythm disruptions in mood disorders is that disrupted circa-
dian rhythms in the master pacemaker, or suprachiasmatic
nucleus (SCN), cause mood disturbances. Alternatively, some
studies suggest that light directly impacts other brain regions,
independent of the SCN, to control mood [18]. A third view-
point is that sleep and circadian rhythm changes are a

symptom of mood disorders and are not causal. Here, we
discuss preclinical and clinical work that provide insight into
whether there may be a role for the SCN in mood regulation.

2. Circadian Rhythms and the Central Clock

Circadian rhythms are endogenous processes with an
approximate 24 hr cycle. At the cellular level, circadian
rhythms are generated by a molecular clock that consists of
multiple transcriptional/translational negative feedback
loops (as reviewed in [19]). The positive arm of the core
molecular clock consists of the transcription factors CLOCK
and BMAL1, which heterodimerize and regulate the expres-
sion of many clock-controlled genes. Notably, CLOCK/
BMAL1 drives the expression of Period (Per1, Per2, and
Per3) and Cryptochrome (Cry1, Cry2), which make up the
negative arm of the core molecular clock. PER and CRY
heterodimerize and enter the nucleus, where they can inhibit
their own transcription. When PER and CRY levels become
low, CLOCK/BMAL1 then reinitiate transcription of Per
and Cry. The timing of this molecular clock is regulated by
numerous kinases (e.g., casein kinase 1, CK1, and glycogen
synthase kinase-3, GSK-3), phosphatases, and ubiquitin
ligases (e.g., FBXL3) that affect the heterodimerization and
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degradation of PER and CRY (as reviewed in [20]). In addi-
tion to this core transcriptional/translational feedback loop,
there is a secondary feedback loop involving the orphan
nuclear receptors, REV-ERBα and RORα [20]. CLOCK/
BMAL1 drives the expression of Rev-erbα and Rorα, which
in turn regulate the rhythmic expression of Bmal1.

Although nearly all tissues express circadian genes, the
SCN has several properties that make it capable of driving
and synchronizing rhythms. One property is that the SCN
consists of self-sustaining oscillators. When the SCN is iso-
lated, it exhibits persistent, robust electrical and molecular
rhythms (as reviewed in [21]). At the tissue level, SCN
firing frequency is high during the day and low at night
[21]. Thus, in diurnal animals, the peak in SCN activity
occurs when the animals are active, whereas in nocturnal
animals, the peak in SCN activity occurs when the animals
are inactive. Progress has been made in identifying many
of the ion channels underlying spontaneous SCN neural
activity (as reviewed in [22]).

Another important property of the SCN is that some
SCN neurons can directly respond to external cues, or zeitge-
bers. One powerful external cue is light. The SCN receives
light information from glutamatergic projections from
intrinsically photosensitive retinal ganglion cells (ipRGCs)
[23, 24]. When animals are free-running in constant dark-
ness, light has little phase-shifting effects during the middle
of the subjective day, when SCN activity is high [25]. How-
ever, exposure to light during the subjective night phase shifts
SCN neural activity and bodily rhythms (as reviewed in [26]).
Specifically, glutamate from ipRGCs acts on NMDA and
AMPA receptors on retinorecipient SCN neurons to increase
neural activity and activate cellular signaling. Early in the
subjective night, when PER levels are decreasing, ipRGC
signaling increases Per expression, inducing a phase delay.
Late in the subjective night, when Per expression is starting
to increase, ipRGC signaling induces an increase in Per
expression, promoting a phase advance. The SCN also
responds to nonphotic cues, such as behavioral arousal (as
reviewed in [27]).

A unique property of the SCN is the SCN network, which
allows for robust, synchronized SCN neuronal rhythms (as
reviewed in [28]). The SCN is a heterogenous tissue with a
complex network. The majority of SCN neurons are
GABAergic and secrete different peptide neurotransmitters.
The peptide neurotransmitters are expressed in distinct
regions of the SCN, indicating that they have different func-
tional roles. Many of these distinct SCN neurons exhibit
electrical and molecular rhythms when isolated, but the
rhythms are weaker and unstable [29–31]. Thus, the intrin-
sic SCN network appears to be important for generating
robust, synchronized SCN oscillations. Numerous mecha-
nisms have been implicated in the coupling of SCN neurons,
including specific neuropeptides, gap junctions, astrocytes,
and GABAergic signaling (as reviewed in [28, 32]). Vasoac-
tive intestinal peptide (VIP) and arginine vasopressin (AVP)
are two of the more well-studied neuropeptides involved
in regulating SCN rhythms. Studies indicate that VIP is
necessary to maintain and synchronize rhythms in the
SCN [33, 34], whereas AVP is involved in maintaining

high amplitude output from the SCN and in modulating
SCN re-entrainment [35–37].

The SCN network is also essential for integrating afferent
signals and generating synchronized bodily rhythms. Tract
tracing studies have identified many of the SCN inputs and
outputs (as reviewed in [38]). The main SCN inputs come
from ipRGCs, the median raphe, and intergeniculate leaflet,
which relay information about photic and nonphotic cues
(Figure 1(a)). Transplant studies have revealed that the
SCN sustains circadian rhythms by both synaptic connec-
tions and hormonal mechanisms [39, 40]. In terms of direct
outputs, the SCN mainly projects to other hypothalamic
regions, such as the dorsomedial nucleus (DMH), paraventri-
cular nucleus (PVN), and the medial preoptic area (MPOA)
(as reviewed in [38]). The SCN also projects to regions
outside of the hypothalamus, such as the paraventricular
zone of the thalamus (PVT) and septum (Figure 1(b)). Some
studies suggest that SCN directly projects to the lateral
habenula, but this is still debatable [41, 42]. Furthermore,
multisynaptic pathways from the SCN have been identified
[38, 43]. Specifically, the SCN indirectly projects to the locus
coeruleus, ventral tegmental area, and dorsal raphe, suggest-
ing mechanisms through which the SCN could regulate
arousal, reward, and mood.

3. Circadian Rhythm Disturbances in
Humans with Mood Disorders

3.1. Circadian Rhythm Disturbances in Depression. Decades
of research have pointed out associations between rhythm
disturbances and depression (Table 1). Sleep disruptions
are a commonly reported circadian-related disturbance in
depression (as reviewed in [1]). It should be noted that
although sleep timing is regulated by the circadian system,
sleep is a complex biological process that is also regulated
by homeostatic mechanisms. Currently, sleep-wake disrup-
tions are included in the diagnostic criteria forMDD. Individ-
uals with typical depression frequently report early morning
awakening and disrupted sleep (as reviewed in [1]). Con-
versely, in atypical depression, individuals often have later
sleep times and sleep longer, but experience daytime fatigue.
Moreover, hypersomnia and insomnia are associated with
greater suicidality, emphasizing the importance of treating
sleep disturbances in depression [44]. More specifically, stud-
ies indicate that reduced latency to REM sleep, increased
REM time, and decreased slow-wave sleep frequently occur
in depression [45–48].

In the 1980s, it was proposed that the phase of rhythms
tightly controlled by the central clock is disturbed in depres-
sion (as reviewed in [4]). Specifically, multiple studies
pointed to a phase advance in hormonal rhythms in depres-
sion [48–50]. However, more recent studies indicate that
rhythms are delayed in depression [51–55]. Supporting the
phase delay hypothesis, as discussed later, some SSRIs speed
up rhythms [56]. Moreover, early morning bright light
therapy, which induces phase advances, can be effective in
reducing symptoms of seasonal and nonseasonal depression
[57, 58]. Furthermore, delayed sleep phase syndrome and
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westward travel (induces phase delays) can increase vulnera-
bility to depression [5, 59, 60].

Studies also show that rhythm amplitude is dampened in
depression. Reduced body temperature amplitude and
increased nocturnal body temperature are frequently found
in depression [50, 61, 62]. Studies also reported dampened
activity, cortisol, thyroid-stimulating hormone, melatonin,

and heart rate rhythms in depression [50, 63–65]. Interest-
ingly, there are some reports of rhythm amplitude increasing
as patients recover, suggesting that enhancing rhythms may
be therapeutic [50, 66].

There is also evidence to support that molecular rhythms
are disrupted in depression. A postmortem study by Li and
colleagues used a time-of-death analysis to determine
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Figure 1: Inputs and outputs of the suprachiasmatic nucleus (SCN). (a) The main inputs to the SCN come from the intrinsically
photosensitive retinal ganglion cells (ipRGCs), median raphe (MnR), and intergeniculate leaflet (IGL) (as reviewed in [38]). The
retinohypothalamic tract (RHT) originates from ipRGCs and primarily terminates in the SCN. The RHT terminals release glutamate (Glu)
and pituitary adenylate cyclase-activating polypeptide, which entrain the SCN to the light-dark cycle [379, 380]. ipRGCs also project to
the IGL [381]. The pathway from the IGL to the SCN is called the geniculohypothalamic tract (GHT). GHT terminals release GABA and
neuropeptide Y onto the SCN (as reviewed in [382]). GHT relays photic and nonphotic information to the SCN. The SCN also receives
input from midbrain raphe nuclei, directly from the MnR and indirectly from the dorsal raphe (DR) through the IGL [383]. Serotonergic
(5HT) signaling in the SCN modulates the effects of photic cues and plays a major role in the effects of nonphotic cues [130, 131]. (b) The
SCN projects to other areas of the hypothalamus, including the paraventricular nucleus (PVN), dorsomedial nucleus (DMH), and the
medial preoptic area (MPOA) (as reviewed in [38]). The SCN also directly projects to areas outside of the hypothalamus, such as the
paraventricular nucleus of the thalamus (PVT), septum (Sptm), and lateral habenula (LHb). The SCN indirectly projects to the ventral
tegmental area (VTA), locus coeruleus (LC), and DR [38, 43].
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whether there were differences in gene expression rhythms
in six mood-related brain regions (anterior cingulate, dorso-
lateral prefrontal cortex, hippocampus, amygdala, nucleus
accumbens, and cerebellum) in subjects with depression
[67]. Out of 12,000 transcripts, hundreds of rhythmic genes
were identified in control subjects. The genes with the most
robust rhythms were clock genes. Remarkably, many circa-
dian genes were not rhythmic in depressed patients. Further-
more, by comparing gene expression between controls and
depressed patients that died at similar times, it was concluded
that gene expression rhythms were likely phase shifted and
desynchronized from external time in depression. Li and
colleagues also looked at genes thought to be in-phase and
out-of-phase in controls versus depressed subjects. Phase
relationships held up in controls, but were disrupted in
depressed subjects, indicating that gene expression rhythms
were desynchronized from one another in individual brain
region in depression.

It is possible that perturbations in circadian genes
underlie some of the circadian rhythm disturbances observed
in depression. Genetic studies have implicated many circa-
dian genes in MDD. These genes include CRY1, NPAS2,
NR1D1 (REV-ERBα), and others (as reviewed in [68, 69]).
However, many of the findings need to be replicated in larger
sample sizes.

3.2. Circadian Rhythm Disturbances in Bipolar Disorder.
Bipolar disorder is characterized by reoccurring episodes of
mania with or without episodes of depression. As with
MDD, sleep disturbances frequently occur in bipolar disor-
der and are part of the diagnostic criteria for bipolar disorder.
Specifically, there is typically reduced sleep during manic
episodes, and insomnia or hypersomnia during depressive
episodes (as reviewed in [70]). There have been mixed find-
ings on how sleep architecture is affected in bipolar disorder.
The most consistent finding is reduced REM latency and
increased REM density in mania, suggesting that there is
not a “decreased need for sleep” during mania as stated
in the DSM-5, but an inability to obtain sufficient sleep
[71–73]. Sleep disturbances are also prevalent during euthy-
mia, indicating that sleep is still affected after mood has stabi-
lized [74]. Although sleep disturbances are present in between
mood episodes, sleep disturbances worsen just before relapse

and more so during mood episodes, again highlighting the
need for treatments for sleep disturbances [75, 76].

Dampened and shifted circadian rhythms may explain
some of the sleep disturbances frequently found in and
reported by patients with bipolar disorder. Actigraphy
studies have revealed less rhythmic activity and dampened
activity amplitude in bipolar disorder [77–79]. Others have
reported dampened body temperature and hormonal
rhythms in bipolar disorder [80]. In addition, one of the most
commonly reported rhythm-related findings in bipolar dis-
order is an evening chronotype [81–83]. There have been
mixed findings on whether metabolite, sleep-wake, body
temperature, and hormone rhythms are delayed or advanced
in bipolar disorder [84–87]. One explanation is that the
phase changes in rhythms may be state dependent. Some
studies suggest that rhythms are advanced during mania,
delayed during depressive episodes, and more entrained
when patients reach a euthymic state [88–90]. Particularly
interesting is the study by Moon and colleagues showing that
clock gene expression rhythms from buccal cells and cortisol
rhythms from saliva were mostly advanced during manic
episodes and delayed during depressive episodes in hospital-
ized bipolar patients relative to controls [88]. Moon and
colleagues then showed that rhythms are delayed in the
previously manic patients and advanced in the previously
depressed patients during recovery, suggesting that buccal
cell clock gene and saliva cortisol rhythms could be used as
state markers. Conversely, hypersensitivity to light-induced
suppression of melatonin has been proposed to be a trait
marker for bipolar disorder [91, 92], but other studies have
found no difference in light-induced melatonin suppression
in patients with bipolar disorder [87, 93].

As with MDD, genetic studies have implicated clock
genes in bipolar disorder (see [94]). These genes include
CLOCK, BMAL1, PER3, NR1D1, and others. There is a high
interest in identifying genetic risk factors for bipolar disorder
since the heritability is estimated to be as high as 85% [95].
However, whether disruptions in these genes are risk factors
for bipolar disorder is still controversial, as many of these
findings have not been replicated.

For a comprehensive discussion of circadian rhythm dis-
ruptions in depression and bipolar disorder, see the following
reviews [1–4, 96, 97].

Table 1: Sleep and circadian disturbances in major depressive disorder and bipolar disorder.

Psychiatric disorder Sleep and circadian disturbances

Major depressive disorder

Reduced latency to REM, increased REM time, and decreased slow-wave sleep [45–48]
Advanced hormonal rhythms [48–50]

Delayed rhythms or an evening chronotype [51–55]
Reduced body temperature amplitude and increased body temperature at night [50, 61, 62]

Dampened activity, cortisol, thyroid-stimulating hormone, melatonin, and heart rate rhythms [50, 63–65]

Bipolar disorder

Reduced sleep during mania and hypersomnia or insomnia during depression (as reviewed in [70])
Reduced latency to REM and increased REM density during mania [71–73]

Evening chronotype [81–83]
Less rhythmic and dampened rhythms [77–80]

Phase delayed or phase-advanced sleep-wake, metabolite, hormone, or body temperature rhythms [84–87]
Advanced rhythms during mania and/or delayed rhythms during depression [88–90]

Increased sensitivity to light-induced melatonin suppression [91, 92]
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3.3. The Central Clock in Mood Disorders. A few studies
suggest that SCN function is perturbed in mood disorders.
Zhou and colleagues found increased AVP-immunoreactive
cells, but decreased AVP mRNA in the SCN of subjects with
depression or bipolar disorder relative to controls [98]. Zhou
and colleagues interpreted the results as suggesting that AVP
transport and release is decreased in the SCN of subjects with
mood disorders, which results in a buildup of AVP in SCN
neurons. These findings were corroborated by a later study
from the same laboratory. In this study, the number of cells
that was AVP and/or VIP-immunoreactive was increased in
the SCN of individuals with major depression or bipolar
disorder [99]. Interestingly, Wu and colleagues also found
that the number of AVP and/or VIP-immunoreactive cells
was positively correlated with disease duration and nega-
tively correlated with the age of onset. Thus, SCN AVP and
VIP signaling may be altered in mood disorders.

Nitric oxide signaling in the SCN may also be affected in
mood disorders. Nitric oxide synthase (NOS)-immunoreac-
tive neurons were found to be reduced in the SCN of patients
with depression or bipolar disorder relative to controls [100].
Nitric oxide signaling in the SCN conveys photic informa-
tion, and thus individuals with mood disorders may exhibit
disrupted nitric oxide signaling-dependent responses to
changes in the light-dark cycle [101]. Preclinical studies have
implicated nitric oxide signaling in mood regulation [102].
Thus, altered nitric oxide signaling may affect both mood
and circadian rhythms.

Disrupted melatonin feedback onto the SCN may also
occur in mood disorders. Wu and colleagues found increased
melatonin type 1 receptor (MT1)-immunoreactive cells in the
SCN of subjects with depression or bipolar disorder [99]. In
this same study, the number of SCN MT1-immunoreactive
cells was positively correlated with the duration of disease
and negatively correlated with the age of onset [99]. One
possible explanation, provided by the authors, was that the
increase in SCN MT1-immunoreactive cells was a compen-
satory response due to potentially low levels of melatonin
in the subjects with mood disorders. However, melatonin
levels were not measured in this study. Furthermore, low
melatonin levels have not been consistently reported in
mood disorders [103].

Although there are no reports of SCN structural abnor-
malities in mood disorders, there is evidence of reduced
hypothalamic volume and dilation of the third ventricle in
mood disorders [104, 105]. Furthermore, some neuroana-
tomical differences have been found in direct targets of the
SCN. Several studies showed alterations in the size and func-
tion of the PVN in subjects with mood disorders [106–110].
Functionally, the SCN to PVN circuit is important for the
control of pituitary hormones and melatonin secretion from
the pineal gland (as reviewed in [111]). If the SCN to PVN
circuit is disrupted in mood disorders, this may explain alter-
ations in hormone rhythms. The habenula, another possible
direct output of the SCN, has been implicated in mood and
circadian regulation. Some studies show reduced habenula
volume, but other studies have found opposite or no differ-
ence in habenula volume in subjects with mood disorders
[112–115]. Notably, deep brain stimulation (DBS) of the

main lateral habenula afferent reduced depressive symptoms
in several patients [116, 117]. Based on animal studies, it is
hypothesized that DBS of the main lateral habenula afferent
reduced depressive symptoms in these small studies by
suppressing lateral habenula activity. Several animal models
exhibiting depression-like behavior show increased habenula
metabolism [118, 119]. Moreover, the antidepressant, fluox-
etine, reduced lateral habenula metabolism in rats [120].
Preclinical studies also show that lesioning the lateral
habenula can reduce depression-like behaviors [121, 122].
The lateral habenula is an intriguing putative target of the
SCN since it exhibits intrinsic neuronal and molecular oscil-
lations [123, 124]. Moreover, some lateral habenula neurons
respond to retinal illumination [123], presumably through
indirect neuronal connections, such as through the SCN,
since ipRGCs preferentially project to the parahabenula
[125]. The lateral habenula is known to modulate monoam-
inergic nuclei activity, thus the lateral habenula could act as
a relay between the SCN and brain regions more closely
involved in mood regulation (as reviewed in [126]).

4. Effects of Pharmacotherapies on the SCN

4.1. SSRIs. Serotonin reuptake inhibitors (SSRIs) have
remained a first-line treatment for MDD, but as revealed by
the Sequenced Treatment Alternatives to Relieve Depression
(STAR∗D) trial, the majority of patients do not achieve
remission after treatment with an SSRI [127]. Thus, there
is a need to better understand the mechanisms underlying
SSRI efficacy. There are numerous interactions between the
circadian and serotonergic systems, suggesting that the
effects of SSRIs on circadian rhythms could influence efficacy
(as reviewed in [128]). The SCN receives serotonergic projec-
tions from the median raphe nucleus, and in turn, the SCN
indirectly projects to midbrain raphe nuclei [43, 129].
Serotonin levels peak in the SCN during the active phase of
mammals [130, 131]. In the SCN, serotonin plays a key role
in the phase-shifting effects of nonphotic cues (e.g., behav-
ioral arousal). Specifically, serotonin receptor antagonists
reduced the phase-advancing effects of behavioral arousal
during the inactive phase of nocturnal animals, indicating
that serotonin signaling in the SCN is involved in the
phase-advancing effects of nonphotic cues [132]. Further-
more, serotonin or serotonin receptor agonists induced
phase advances in SCN neural activity in vitro and in
behavioral activity rhythms when administered in the SCN
[133–136]. Not surprisingly, SSRIs have similar effects on
circadian rhythms (Table 2). The SSRI, fluoxetine, phase
advanced SCN neural activity rhythms [56, 137]. Fluoxetine
also phase advanced locomotor activity rhythms in both
nocturnal and diurnal animals [130, 131]. Overall, these
studies suggest that SSRIs could treat a delayed component
of circadian rhythms in depression.

Few studies have examined the effects of chronic SSRI
treatment on circadian rhythms in rodents. Some studies
show no effects of chronic SSRI treatment on the phase of
entrained rhythms or the period of free-running rhythms
[138–140]. Conversely, it has been reported that chronic
fluoxetine treatment shortens the period of locomotor
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activity rhythms in mice [141, 142], which is supported by
the finding that the SSRI sertraline shortened the period of
PER1::LUCIFERASE (PER1::LUC) bioluminescent rhythms
in the mouse SCN [143]. In future studies, it will be impor-
tant to confirm whether chronic SSRI treatment affects
circadian period and other circadian measures in various
animal models.

The slow-acting effects of antidepressants on mood may
be related to a gradual restoration of circadian rhythms by
chronic antidepressant treatment. Since chronic SSRI treat-
ment decreases and desensitizes serotonin receptors, it may
affect SCN synaptic plasticity (as reviewed in [144]). Several
serotonin receptor subtypes expressed in the SCN are known
to have circadian-related effects (as reviewed in [131]). Thus,
chronic use of SSRIs may modulate circadian rhythms
through affecting the expression or availability of specific
subtypes of serotonin receptors in the SCN. Supporting this
theory, fluoxetine reduced the expression of 5HT1B receptors
in the SCN of aged Syrian hamsters [140]. Another intriguing
hypothesis is that chronic SSRI use may affect circadian
rhythms and mood through brain-derived neurotrophic
factor (BDNF)-tropomyosin-related receptor kinase (TrkB)
signaling in the SCN. There is evidence to support that
SSRI-mediated restoration of BDNF-TrkB signaling in the
brain partially underlies the antidepressant-like effects of
SSRIs in animal models of depression (as reviewed in
[145, 146]). Interestingly, TrkB receptors in the SCN are
known to regulate photic phase shifts [147–149]. Thus, it is
possible that chronic SSRI treatment facilitates the resyn-
chronization of misaligned rhythms in individuals with
depression through BDNF-TrkB signaling in the SCN.

4.2. Lithium. Lithium, a commonly prescribed mood stabi-
lizer, is known to affect multiple aspects of circadian rhythms.
One well-established effect of lithium is lengthening circadian
period. Lithium lengthens the period of rhythms in a wide
range of species, including insects, nocturnal animals, diurnal
animals, humans, and plants [150–157]. In animals, lithium
likely increases the period of behavioral and physiological
rhythms through its actions in the SCN. Lithium lengthens
the period of SCN neural activity and SCN PER2::LUC

bioluminescent rhythms [153, 156, 158–160]. Lithium also
increases the amplitude of PER2::LUC rhythms in the SCN,
suggesting that lithium enhances the amplitude of physiolog-
ical and behavioral rhythms as well [153, 156]. Thus, lithium
may correct phase-advanced and dampened rhythms in
patients with mood disorders, which could contribute to the
mood-stabilizing effects of lithium. Indeed, there is some
evidence to support this since a study by Kripke and
colleagues showed that individuals with bipolar disorder that
responded to lithium had faster rhythms than nonresponders
before treatment [157].

One well-studied target of lithium that may explain some
of its circadian-related effects is GSK-3. GSK-3 is a serine/
threonine kinase consisting of two paralogs, GSK-3α and
GSK-3β. GSK-3 is different from typical kinases in that it is
usually active and regulated by phosphorylation of inhibitory
serine residues [161]. Lithium directly and indirectly inhibits
GSK-3 (as reviewed in [162]). Pharmacological and genetic
studies in animal models indicate that the effects of lithium
on amplitude may be explained by inhibition of GSK-3,
but GSK-3 does not appear to be involved in the effects
of lithium on rhythm period. Specifically, GSK-3 inhibitors
increase the amplitude of circadian rhythms like lithium,
but shorten circadian period, unlike lithium [153, 163].
Mice that express GSK-3α and GSK-3β with serine residues
that have been mutated to block GSK-3 inhibition (GSK-3
knockin, GSK-3 KI mice) have decreased wheel-running
rhythm amplitude and, on a mixed background, have a lon-
ger free-running activity period [164]. These effects seem to
be mediated by GSK-3 in the SCN. Inhibition of GSK-3 was
shown to reduce the period and increase the amplitude of
PER2::LUC rhythms in SCN explants [165]. Moreover,
GSK-3 KI mice exhibited increased SCN firing frequency
during the night, indicating that chronically increased
GSK-3 activity reduces the day/night difference in SCN
neural activity [164].

Preclinical studies indicate that GSK-3 also regulates
mood-like behaviors. The most consistent finding is that
GSK-3 regulates mania-like hyperactivity. Amphetamine
administration, at doses that induce hyperactivity, decrease
the inhibitory serine phosphorylation on GSK-3 [166, 167].

Table 2: Effects of pharmacotherapies for mood disorders on locomotor and SCN rhythms.

Drug Effects on locomotor activity in rodents Effects on the SCN in rodents

SSRIs
Phase-advanced locomotor activity [130, 131]
Shortened locomotor activity period [141, 142]

Phase-advanced neural activity when applied with
L-tryptophan in rats [56]

Phase-advanced neural activity [137]
Shortened PER1::LUC period [143]

Lithium Lengthened locomotor activity period [153–155]
Lengthened neural activity period [158]

Lengthened PER2::LUC period [153, 156, 159, 160]
Increased amplitude of PER2::LUC rhythms [153, 156]

Valproic acid Shortened locomotor activity period [183]
Phase-shifted PER2::LUC rhythms [160]

Increased amplitude of PER2::LUC rhythms [160]
Shortened PER2::LUC period [183]

Agomelatine
Phase-advanced rhythms [227]
Accelerated re-entrainment [232]

Entrained locomotor activity rhythms [228, 233]
Decreased firing rate [230, 231]
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Inhibiting GSK-3 suppresses the effects of psychostimulants,
while increasing GSK-3 activity enhances the effects of psy-
chostimulants [168, 169]. Moreover, GSK-3 KI and GSK-3β
overexpressing mice are hyperactive [169, 170]. Conversely,
GSK-3α KOmice are hypoactive [171]. Genetic and pharma-
cological studies also suggest that GSK-3 regulates depression
and anxiety-like behaviors. GSK-3α KOmice and GSK-3β+/−

mice show reduced depression-like behavior [171, 172].
Conversely, GSK-3 KI mice exhibit increased anxiety- and
depression-like behaviors [169]. However, these results con-
flict with the conclusion that increased GSK-3 activity results
in mania-like hyperactivity. One interpretation by Polter and
colleagues is that elevated GSK-3 activity increases sensitivity
to stress and may therefore induce depression or mania-like
behavior, depending on the environment [169].

GSK-3 phosphorylates several key components of the
molecular clock (e.g., PER2, CRY1, CLOCK, BMAL1, and
REV-ERBα), which points to mechanisms by which lithium
may regulate the timing of the SCN and molecular rhythms
in mood-related brain regions [173–177]. GSK-3 phosphor-
ylates PER2, promoting its nuclear translocation and degra-
dation [174]. Thus, lithium could increase the amplitude of
PER2 rhythms through inhibition of GSK-3. It is controver-
sial whether GSK-3 is involved in the period lengthening
effects of lithium, as previously discussed. Genetic variants
in other genes (i.e., CACNA1C, RORA, and PER3) have
been implicated in the effects of lithium on rhythm ampli-
tude or period, indicating that lithium may affect circadian
rhythms through direct or indirect actions on other clock
genes [178, 179].

4.3. Valproic Acid. Valproic acid, an anticonvulsant used
as a treatment for mania, also affects the central clock.
Valproic acid increased the amplitude of PER2::LUC
rhythms in the mouse SCN [160]. Valproic acid induced
phase advances or delays in PER2::LUC rhythms in the
mouse SCN depending on the timing of drug application
[160]. Past studies reported inconsistent effects of valproic
acid on circadian period [160, 180–182]. A recent study by
Landgraf and colleagues presented convincing evidence
that valproic acid has opposing effects on circadian period
compared to lithium [183]. Valproic acid shortened the
period of mouse wheel-running activity, PER2::LUC
rhythms in mouse SCN explants, PER2::LUC rhythms in
mouse hippocampal cell culture, and PER2::LUC rhythms
of cultured human fibroblasts from patients with bipolar
disorder [183].

The ability of valproic acid to inhibit GSK-3, or inhibit
class I HDACs (which bind to CLOCK and BMAL1), could
potentially explain both the mood-stabilizing and circadian
effects of valproic acid (as reviewed in [184, 185]). Preclinical
studies support that GSK-3 inhibitors and possibly HDAC
inhibitors have mood-stabilizing effects [166, 186]. In terms
of circadian rhythms, it was shown that the HDAC inhibitor
trichostatin A induced phase shifts and an enhancement of
SCN PER2::LUC rhythms similar to valproic acid [160]. It
is known that there are rhythms in the acetylation of clock
proteins and in histone acetylation at clock gene promoters
[187, 188]. Thus, HDAC inhibition by valproic acid could

affect circadian rhythms by increasing the acetylation of the
molecular clock. On the other hand, GSK-3 inhibitors
shorten circadian period, which could also explain the
period-shortening effects of valproic acid [153, 163, 183].
Future studies aimed at uncovering the molecular mecha-
nisms of the effects of valproic acid have potential to lead to
new therapeutics for mood disorders and increase our under-
standing of the biology of circadian regulation.

4.4. Melatonin. The SCN regulates melatonin secretion from
the pineal gland through a multisynaptic pathway involving
the PVN (as reviewed in [111]). The SCN inhibits melatonin
synthesis during the day and stimulates melatonin produc-
tion at night [189]. Thus, melatonin levels are the highest at
night in both nocturnal and diurnal animals. Melatonin
exerts most of its effects via the MT1 and MT2 G protein-
coupled melatonin receptors, which are widely expressed
in the brain (including the SCN) and peripheral tissues
[190–192]. Several studies suggest that the nightly release
of melatonin is involved in regulating rhythms in other
bodily tissues [193–195].

Melatonin also feeds back onto the SCN, which is
thought to underlie the circadian-related effects of melato-
nin. In rodents and humans, melatonin induces phase
advances when given at the light-to-dark transition and, to
a lesser extent, phase delays when administered at the dark-
to-light transition [196–198]. Melatonin also phase shifts
SCN neural activity rhythms at dusk and dawn [199–201].
Moreover, melatonin suppresses SCN neural activity and
increases the amplitude of physiological rhythms, indicating
that melatonin can enhance rhythms through its actions in
the SCN [202–205]. Melatonin also entrains circadian
rhythms; an action that is also dependent upon the SCN.
Specifically, daily administration of melatonin at the light-
to-dark transition entrained free-running rhythms in rodents
[206]. Melatonin did not entrain the free-running rhythms of
SCN-lesioned rodents, indicating that the SCN is necessary
for the entraining effects of melatonin [206]. Together, these
studies suggest that melatonin may be a useful adjunct
therapy for treating circadian disruptions in mood disorders.

Dampened or phase-shifted melatonin rhythms have
been reported in mood disorders, especially depression
[207–212]. Preclinical studies indicate that melatonin has
antidepressant-like effects [213–217]. However, in humans,
there is no evidence to support that melatonin is an effective
treatment for depression [218].

Agomelatine, a synthetic melatonin analog, also produces
antidepressant-like effects in preclinical studies [219, 220].
Studies suggest that the synergistic actions of agomelatine
at both MT1/MT2 and 5HT2C receptors underlie the
antidepressant-like effects of agomelatine in animal models
(as reviewed in [221, 222]). Agomelatine was approved in
2009 as a treatment for MDD in the European Union, but
it is controversial whether agomelatine is more efficacious
than other antidepressants [223]. Several studies showed that
agomelatine improved sleep in individuals with depression,
suggesting that agomelatine may be particularly useful for
sleep disturbances in depression [224–226]. However, it is
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unclear whether the sleep/circadian effects of agomelatine
contribute to its efficacy as an antidepressant.

Since agomelatine is a MT1/MT2 receptor agonist, it is
not surprising that agomelatine similarly affects circadian
rhythms. Agomelatine also induces phase shifts, decreases
SCN neural firing, entrains rhythms, and accelerates re-
entrainment [204, 227–233]. Similarly, the SCN is thought
to be the site of action for the circadian-related effects of
agomelatine [234]. Although differing from melatonin,
agomelatine acts as a 5HT2C receptor antagonist. 5HT2C
receptors are expressed in the SCN, and studies indicate
that 5HT2C receptors play a role in some of the circadian-
related effects of agomelatine [235]. Specifically, the
5HT2C receptor agonist, Ro60-0175, was shown to reduce
the ability of agomelatine to suppress SCN neural firing,
indicating that inhibition of 5HT2C receptors by agomela-
tine contributes to its effects on dampening SCN neural
activity [231].

5. Effects of SCN Manipulations on Mood-Like
Behaviors in Rodents

Early studies investigated whether the SCN regulates mood
by assessing mood-like behaviors in SCN-lesioned rats.
Two groups found that lesioning the SCN resulted in less
immobility in the forced swim test [236, 237]. One inter-
pretation is that disrupting SCN function has antidepres-
sant effects. However, since the behavioral tests in these
studies were likely carried out during the light phase, when
immobility time in the forced swim test may be higher,
lesioning the SCN could have ameliorated the circadian
variation in mood-like behaviors [238]. A third study inves-
tigated whether lesioning the SCN affected anxiety-like
behaviors of rats that had or had not experienced social
defeat [239]. Tuma and colleagues found that lesioning the
SCN had no effect on anxiety-like behaviors of defeated or
nondefeated controls when in the presence of an enclosed
aggressive rat, suggesting that the SCN does not regulate
anxiety-like behavior [239]. Overall, it is difficult to draw
conclusions about the role of the SCN in mood regulation
from these studies since they lack information about the
behavior of the animals across the day and since pathways
traversing the SCN were destroyed.

To determine the role of the SCN in mood regulation
in a neuroanatomically intact system, Landgraf and col-
leagues disrupted the SCN molecular clock by virally
knocking down Bmal1 expression in the SCN [240]. They
achieved a 60% knockdown of SCN BMAL1, which
resulted in a dampening and lengthening of SCN PER2::LUC
rhythms. SCN BMAL1 knockdown also lengthened wheel-
running rhythms. Most notably, disruption of SCN molec-
ular rhythms increased depression-like behavior in the
learned helplessness and tail suspension tests. Addi-
tionally, SCN BMAL1 knockdown increased anxiety-like
behavior in the light/dark box. Together, these findings
suggest that reduced amplitude and increased period of
SCN molecular rhythms can cause increased depression
and anxiety-like behavior.

6. Light Cycle Manipulations and the SCN

6.1. Seasonal Affective Disorder (SAD). Seasonal changes in
day length (photoperiod) affect mood. SAD is commonly
characterized as reoccurring fall/winter depression with
spontaneous remissions occurring in the spring/summer
[8]. It has been proposed that winter depression in SAD is
caused by an expansion and/or delay in the offset of melato-
nin secretion, driven by photoperiodic changes in SCN
activity (as reviewed in [241, 242]). From rodent work, it is
known that during short winter-like days the peak of SCN
neuronal activity is compressed, whereas during long
summer-like days the peak of SCN neuronal activity is
expanded [243]. Since the SCN inhibits melatonin synthesis
during the day and promotes melatonin synthesis at night,
compressed SCN activity during the winter results in a
lengthening of melatonin release (as reviewed in [189]).
Alternatively, due to a later dawn in the winter, melatonin
and other rhythms that are tightly controlled by the SCN
may be delayed in SAD [244]. In humans, there have been
some reports of delayed melatonin offset or increased sea-
sonal changes in melatonin in individuals with SAD, but
these changes in melatonin are not consistently observed
(as reviewed in [245, 246]).

A study in rats has suggested that photoperiodic-induced
neurotransmitter switching may explain the effects of photo-
period onmood-like behaviors [247]. Exposing nocturnal rats
to a short photoperiod reduced anxiety- and depression-like
behaviors and produced a switch from somatostatin to dopa-
minergic neurons in hypothalamic brain regions that receive
input from the SCN. A long photoperiod had the opposite
effect, increasing anxiety- and depression-like behaviors and
producing a switch from dopaminergic to somatostatin
neurons in the hypothalamus. Dulcis and colleagues then
examined the effects of ablating dopaminergic neurons in
these hypothalamic regions in combination with housing
the rats in different photoperiods. Ablating hypothalamic
dopaminergic neurons increased depression- and anxiety-
like behaviors, resembling the effects of a long photoperiod.
The mood-related effects of ablating the hypothalamic dopa-
minergic neurons were reduced by exposing the rats to a short
photoperiod and enhanced by exposing the rats to a long
photoperiod, indicating that hypothalamic neurotransmitter
switching may underlie the effects of photoperiod on mood.
Photoperiod-induced neurotransmitter switching may also
occur in humans. A postmortem study of brains obtained
from individuals from a high altitude (Scotland) showed that
there was an increased number of dopaminergic neurons in
the midbrain during long photoperiod months [248].
Although different brain regions, this was opposite to what
was observed in rats. The opposing effects are likely due to
differences in the circadian system between nocturnal and
diurnal species.

Since there are fundamental differences in the circadian
system of nocturnal versus diurnal animals, researchers have
been moving towards using diurnal rodents for studying
SAD (as reviewed in [249]). For example, melatonin has
opposite effects on body temperature [250, 251] and sleep
[251, 252] in nocturnal versus diurnal animals. Thus, it is
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not too surprising that in nocturnal rodents melatonin
reduces [213, 214, 253], but in diurnal rodents melatonin
increases or has no effect on anxiety- and depression-like
behaviors [253, 254]. Moreover, if melatonin plays a role in
the mood-related effects of photoperiods, many nocturnal
mouse species would not be ideal model organisms since
most strains have lost the ability to synthesize melatonin
due to acquired mutations in enzymes involved in melatonin
synthesis [255, 256]. It is also known that photoperiod can
have opposite effects in diurnal versus nocturnal rodents.
Short photoperiods compress the length of the active phase
in diurnal animals, but expand the length of the active phase
in nocturnal animals [257]. Regarding the effects of photope-
riod on mood-like behaviors, long and short photoperiods
appear to have inconsistent effects in nocturnal animals
[247, 258, 259]. Conversely, increasing studies show that
short photoperiods, or winter-like light schedules, increase
anxiety- and depression-like behaviors in diurnal rodents
(as reviewed in [260, 261]). A study by Leach and colleagues
suggests that diurnal animals are more vulnerable to the
mood-like effects of short photoperiods since diurnal animals
are less able to adapt SCN clock gene expression and locomo-
tor rhythms to short photoperiods relative to long photope-
riods [262]. Finally, diurnal rodent models of SAD appear
to respond to current treatments for depression [263, 264].
Thus, studies argue that diurnal SAD rodent models have
construct, face, and predictive validities.

6.2. Constant Light and Constant Dark. Constant lighting
conditions affect mood-like behaviors in rodents, but the role
of the SCN in the effects of constant lighting on mood is
unclear. Constant light and especially dim light at night
models are translationally relevant to understand how expo-
sure to artificial light at night may impact human mental
health. Constant light and dim light at night increase
depression-like behavior and have mixed effects on anxiety-
like behavior in rodents [265, 266]. Constant bright light
has greater disruptive effects on circadian rhythms relative
to dim light at light. Constant light desynchronizes the
molecular rhythms of neurons in the SCN [267]. As a result,
constant light flattens hormonal and body temperature
rhythms (as reviewed in [268]). Moreover, constant light per-
turbs locomotor rhythms, typically increasing period length,
inducing rhythm splitting, and arrhythmia. Some studies
show that dim light at night has subtle effects on homecage
circadian activity rhythms and dampens SCN molecular
rhythms [268, 269]. Like constant light and dim light at
night, constant dark also increases depression-like behavior
[270–272]. Under constant darkness, rodents still exhibit
robust circadian rhythms, but do appear to show a decreased
amplitude of sleep-wake rhythms [273]. The common link
between these studies is that they implicate SCN amplitude
in mood regulation. There is also evidence to support that
constant lighting may disrupt mood by inducing monoamin-
ergic neuron apoptosis, but it is unclear if these effects are
related to SCN amplitude [271, 274].

6.3. Jet Lag. Jet lag can provoke or exacerbate mood distur-
bances in humans [5]. Shifting the light-dark cycle in rodents

also affects mood-like behaviors. Five weeks of repeated
phase advances, or advances and delays, increased anxiety-
like behavior in mice [275]. In another study, five weeks of
repeated delays reduced anxiety-like behavior in rats,
suggesting that delays and advances have opposing effects
on mood-like behaviors [276]. Interestingly, human studies
do indicate that eastward jet lag and westward jet lag have
opposing effects on mood. In individuals with mood disor-
ders, eastward jet lag is more likely to precipitate manic
episodes, whereas westward jet lag is more likely to induce
depressive episodes [5, 277]. The detrimental effects of
repeated phase shifts may be due to a chronic internal desyn-
chronization of circadian rhythms. Studies indicate that the
resynchronization of extra-SCN oscillators takes longer than
the SCN [278, 279]. Thus, experiencing frequent changes in
the light-dark schedule may not allow extra-SCN regions to
catch up.

Siberian hamsters are used as a unique model for study-
ing the effects of persistent desynchronization after a phase
shift. Siberian hamsters are unique in that they do not readily
entrain to a 5 h phase delay. When Siberian hamsters are
exposed to a phase-advancing light pulse followed by a phase
delay in the photocycle on the subsequent day, they become
arrhythmic [280]. Arrhythmic, socially isolated, aged ham-
sters had increased depression-like behavior, but decreased
anxiety-like behavior [281]. In another study, arrhythmic
Siberian hamsters showed impaired novel object recognition
and spatial memory [282]. Circadian gene expression
rhythms were arrhythmic in the SCN of behaviorally
arrhythmic hamsters, and lesioning the SCN rescued the
spatial and recognition memory of the hamsters, suggesting
that a dysfunctional SCN caused the cognitive and behavioral
disturbances in the arrhythmic hamsters [282, 283]. How-
ever, it is unknown whether lesioning the SCN normalizes
their depression- and anxiety-like behaviors, which would
indicate that an arrhythmic, intact SCN causes mood-like
disturbances. Since mood-like behaviors of young hamsters
were not affected and circadian rhythms become less robust
with age, this suggests that circadian disturbances have
greater effects on mood in older individuals or vulnerable
populations [281, 284].

6.4. T Cycles (Non-24 h Cycles). T cycle studies have yielded
mixed conclusions on whether circadian rhythm disruptions
may explain the effects of light on mood. In a study by
Karatsoreos and colleagues, mice exposed to a T20 schedule
(LD 10 : 10) had reduced anxiety-like behavior, cognitive
flexibility, and dendritic complexity in the medial prefrontal
cortex [285]. The T20 schedule did not affect overall sleep,
but activity rhythms and sleep timing, thus showing an asso-
ciation between circadian rhythm disruptions and disturbed
anxiety and cognitive-related behaviors [286]. In a study
by LeGates and colleagues, exposure to a T7 schedule
(LD 3.5 : 3.5) slightly increased the period of body tempera-
ture and activity rhythms of mice [18]. Exposure to the T7
cycle also increased depression-like behavior, but had no
effect on anxiety-like behavior. Since no difference was found
in SCN Per2 expression rhythms, and the mice maintained
rhythmic locomotor activity, it was concluded that T7
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cycle-induced mood-like disruption was likely due to an
SCN-independent mechanism. A third study by Ben-Hamo
and colleagues showed that rats exhibit increased immobility
in the forced swim test and decreased sexual behavior after
exposure to a T22 cycle (LD 11 : 11) [238]. Previously, it
was shown that rats under a T22 cycle displayed two different
locomotor activity rhythms with two different periods [287].
This was attributed to a desynchronization of SCNmolecular
rhythms, since the ventral and dorsal SCN of T22-exposed
rats had a desynchronized expression of circadian genes
[287]. Thus, together, these T cycle studies emphasize that
light may affect mood through multiple mechanisms [266].

7. The SCN in AnimalModels ofMoodDisorders

7.1. Stress-Related Models. Evidence supports that stress is a
risk factor for depression [288, 289]. In rodents, chronic
stress can produce behaviors resembling depression in
humans, and these depression-like behaviors are responsive
to antidepressant treatment [290]. In rodents, chronic stress
disrupts body temperature, activity, and hormone rhythms
[291–294]. Thus, there is interest in determining whether
chronic stress disrupts SCN function, which may explain
some of the effects of chronic stress. Some studies show that
chronic stress paradigms dampen PER1, PER2, CLOCK, or
BMAL1 expression rhythms in the SCN [292, 295–297].
Specifically, in a study from our lab, unpredictable chronic
mild stress (UCMS) desynchronized the phase of clock gene
expression rhythms in the SCN of mice [292]. Furthermore,
SCN PER2::LUC amplitude was greatly reduced following
UCMS. Most notably, SCN PER2::LUC amplitude was
positively correlated with swim time in the forced swim test
and open arm time in the elevated plus maze, indicating that
UCMS-mediated disruption of the molecular clock in the
SCN was directly associated with the severity of depression-
and anxiety-like behaviors of the mice.

On the other hand, there are studies showing no effect or
opposite effects of stress paradigms on PER expression
rhythms in the SCN of rodents [298–300]. These conflicting
results may be related to the type of stressor (e.g., social
defeat stress, learned helplessness), different paradigm dura-
tions, and the timing of the stressors. Furthermore, since pre-
vious studies have focused on determining the effects of stress
on the core molecular clock in the SCN, these studies may
have missed stress effects on SCN neural activity. Just because
stress has no effect on the molecular clock in the SCN does
not necessarily mean that stress has no effect on SCN output.
However, another interpretation is that the SCN is more
resilient to the effects of stress. Thus, more work is needed
to determine if SCN neuronal rhythms are disrupted in
chronically stressed mice, and if the SCN plays a role in the
mood-like phenotype of chronically stressed rodents.

7.2. Sleep Deprivation Models. Since a few studies report that
sleep deprivation can trigger hypomania or mania in bipolar
disorder, researchers have used sleep deprivation paradigms
to model mania-like behaviors in rodents [301, 302]. Typi-
cally, sleep deprivation is induced using the platform model,
where rodents are placed on a small platform surrounded by

water [303]. If the animal falls asleep, it will fall in the water.
Thus, rodents will stay awake. Investigators typically sleep
deprive rodents for 72hrs. After the sleep deprivation period,
the animals show mania-like behaviors such as insomnia,
hyperactivity, aggression, stereotypy, and hypersexuality
(as reviewed in [304]). Lithium and antipsychotics prevent
some of the effects of sleep deprivation, indicating that the
model has predictive validity [303, 305].

Sleep deprivation is known to affect circadian gene
expression. Sleep deprivation increases Per1–3 expression
[306–308]. More recently, Curie and colleagues showed that
sleep deprivation increased PER2 protein levels in the brain,
liver, and kidney [309]. Notably, the SCN was resilient to the
effects of sleep deprivation on PER2 levels [309]. Since
perturbing circadian genes affects sleep homeostasis, it is
thought that sleep deprivation-induced changes in circadian
gene expression are involved in identifying sleep need
(as reviewed in [310]). It is important to note that these
studies looked at the effects of shorter periods of sleep depri-
vation than is typically used to induce mania-like behaviors,
thus longer sleep deprivation periods may have greater effects
on circadian gene expression. Sleep deprivation-induced
changes in circadian gene expression in mood-related brain
regions may underlie the effects of sleep deprivation on affect.
Although the SCNmay be resilient to the effects of sleep dep-
rivation on molecular rhythms, studies do indicate that sleep
deprivation affects SCN neural activity. Sleep deprivation
dampens SCN neural activity and attenuates light-induced
increases in SCN neural activity [311, 312]. Moreover, sleep
deprivation attenuates the photic phase-shifting of locomo-
tor activity [312, 313]. Furthermore, as previously discussed,
behavioral arousal during the rest period increases serotonin
in the SCN and induces large phase advances during the day
in nocturnal animals [132, 314].

Shorter periods of sleep deprivation are antidepres-
sant (as reviewed in [315]). Sleep deprivation also pro-
duces antidepressant-like effects in some animal models
[316, 317]. Unfortunately, the effects of sleep deprivation are
short lived in humans. Although, there is evidence to support
that combining sleep deprivation therapy with bright light
therapy, sleep phase advance, and medication produces
long-lasting antidepressant effects in some individuals [318].
Since these treatments can all affect circadian rhythms, it is
possible that combining the treatments increases the likeli-
hood of realigning circadian rhythms in depressed patients.

7.3. DAT-KDMice.Aprominent theory is thatmanic episodes
in bipolar disorder are associated with a hyperdopaminergic
state. Support for this theory was originally based on studies
showing that psychostimulants produce some mania-like
symptoms, whereas antidopaminergic drugs reduce manic
symptoms (as reviewed in [319]). More recently, neuroimag-
ing studies support that in hypomania there is increased acti-
vation of brain regions that are targets of reward-related
dopamine projections [319, 320]. A study by Anand and
colleagues suggested that reduced dopamine transporter
(DAT) availability could explain the increase in reward-
related circuitry in hypomania, but this has not been
replicated by other studies [321].
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To determine the behavioral and neurobiological conse-
quences of reduced DAT availability, researchers developed
DAT knockdown (DAT-KD) mice, with ~90% knockdown
of DAT. DAT-KD mice exhibit hyperactivity, stereotypy,
reduced spatial d (more linear movements), increased
risk-taking, and increased motivation for reward, but no
sensorimotor deficits in prepulse inhibition tests, indicat-
ing that DAT-KD mice display many mania-like behaviors
[322–326]. Moreover, valproic acid reduced hyperactivity
in DAT-KD mice, suggesting that some of the behaviors
of DAT-KD mice are responsive to mood stabilizers
[327]. Although these mice have been primarily consid-
ered a useful model of mania-like behaviors, elevated
dopamine signaling and many of the behaviors of DAT-
KD mice are relevant for studying other psychiatric disor-
ders such as attention-deficit/hyperactivity disorder and
schizophrenia [326].

Circadian rhythms are also disrupted in DAT-KD mice.
DAT-KD mice have a longer activity period and increased
sensitivity to photic phase delays [183]. Surprisingly, SCN
PER2::LUC rhythms from wildtype and DAT-KD mice were
indistinguishable. Landgraf and colleagues did observe
lengthening of SCN PER2::LUC rhythms after application
of a D1R agonist. Thus, they concluded that the SCN
explants had lost afferent dopaminergic projections, which
may explain why PER2::LUC rhythms were not affected in
DAT-KD mice. Chronic valproic acid treatment, using the
same administration paradigm found to reduce hyperactivity
in these mice, shortened the wheel-running period of the
DAT-KD mice [183, 327]. Wheel-running rhythms then
lengthened upon removal of valproic acid. When applied to
SCN slices, valproic acid shortened PER2::LUC period, but
at a higher concentration than needed to affect wheel-
running rhythms. Interestingly, valproic acid shortened
PER2::LUC rhythms in a mouse hippocampal cell line at
lower concentrations, suggesting that extra-SCN regions are
more sensitive to the period shortening effects of valproic
acid and mediate the effects of valproic acid on wheel-
running rhythms. Thus, if SCN rhythms are disrupted in
DAT-KD mice, it may not greatly contribute to the
mania-like phenotype of DAT-KD mice since valproic acid
affected hyperactivity and wheel-running rhythms at doses
that did not alter PER2::LUC rhythms in the SCN. How-
ever, it is possible that at lower doses, valproic acid
affected SCN neural activity rhythms or other molecular
targets in the SCN. Thus, it would be interesting to look
in more detail at the effects of DAT-KD and valproic acid
on SCN rhythms.

7.4.MyshkinMice.Myshkinmicewere selected in an epilepsy-
like phenotype-driven N-ethyl-N-nitrosourea (ENU) muta-
genesis screen [328]. When backcrossed for 20 generations
onto a C57BL/6NCr strain, these mice no longer exhibited
stress-induced seizures, but showed mania-like behaviors
[329]. HeterozygousMyshkinmice (Myk/+) show hyperactiv-
ity in the open field, increased object exploration, increased
risk-taking behavior in the elevated plus maze and light/dark
box, and increased reward seeking [329]. Moreover, lithium
and valproic acid produce therapeutic-like effects in Myk/+

mice, reducing hyperactivity and risk-taking behavior [329].
Myk/+ mice carry a missense mutation in the Atp1a3 gene,
encoding the neuron-specific α3 subunit of Na+/K+-ATPase
[328]. The mutation reduces Na+/K+-ATPase activity and
increases glutamate-evoked Ca2+ signaling in cortical neu-
rons, suggesting that the mutation increases neuronal excit-
ability [328]. Studies have implicated ATP1A3 in bipolar
disorder, further supporting the translational utility of these
mice [330, 331].

Since Atp1a3 is expressed in the SCN and circadian
rhythm disturbances frequently occur in mania, Timothy
and colleagues looked at the wheel-running rhythms of
Myk/+ mice [332]. Myk/+ mice had longer wheel-running
periods and active phases. Myk/+ mice also had dampened
wheel-running rhythms, with some Myk/+ becoming
arrhythmic in constant conditions. To determine if pertur-
bations in the SCN could explain the circadian phenotype
of Myk/+ mice, Timothy and colleagues looked at SCN
PER2::LUC rhythms and neural activity. While there was
no difference in SCN PER2::LUC rhythms, whole-cell
current-clamp recordings revealed that the Myk mutation
resulted in a loss in the day/night change in SCN spontane-
ous firing frequency. Thus, indicating the Myk mutation
dampens SCN neural activity rhythms. Myk/+ mice were
also more sensitive to photic phase delays and did not show
a typical phase advance in response to light pulses late in the
active phase, suggesting that the SCN of Myk/+ mice may
respond differently to ipRGC input [332]. Indeed, the SCN
of Myk/+ mice showed greater AMPA-evoked increases in
intracellular Ca2+, supporting that the SCN of Myk/+ mice
is more sensitive to glutamate from ipRGCs during the early
subjective night.

Thus, Na+/K+-ATPase can regulate both mania-like
behaviors and circadian rhythms. The findings by Timothy
and colleagues indicate that the circadian phenotype of
Myk/+ mice is likely mediated by a loss of Na+/K+-ATPase
in the SCN, but the brain regions underlying the mood-
related effects of the Myk mutation are unclear [332]. Thus,
brain region-specific manipulations of the Na+/K+-ATPase
α3 subunit may be worthwhile to determine whether the
circadian and mania-like phenotypes of Myk/+ mice are
due to pleiotropic effects of the Atp1a3 gene.

7.5. Circadian Gene Models

7.5.1. ClockΔ19 Mice. ClockΔ19 mice were selected in a circa-
dian phenotype-driven ENU mutagenesis screen [333].
ClockΔ19 mice carry a point mutation that results in the
removal of exon 19 during gene splicing, which leads to a
dominant-negative CLOCK protein [334]. Heterozygous
ClockΔ19 mice exhibit greater photic phase delays and
advances relative to wildtype mice [335]. In constant dark-
ness, homozygous ClockΔ19 mice have a longer activity
period and eventually become arrhythmic [333]. In the
SCN, the Clock mutation lengthens the neuronal firing
period and dampens Per expression [335, 336]. Similarly,
overexpressing ClockΔ19 in neuromedin S-positive cells,
where neuromedin S is a peptide that is highly expressed in
the SCN, lengthened running wheel and SCN PER2::LUC
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rhythms [337]. Thus, the circadian phenotype of ClockΔ19
mice is likely due to disrupted Clock function in the SCN.

It is well established that ClockΔ19 mice display many
mania-like behaviors, including hyperactivity in the open
field, increased risk-taking in the elevated plus maze and
light/dark box, reduced immobility in the forced swim test,
and increased reward seeking [338–340]. ClockΔ19 mice also
display mood-like cycling with increased mania-like behav-
iors during the day and returning to a euthymic-like state
during the night [340].

Work from our lab suggests that CLOCK in the VTA
plays a primary role in mood regulation. Knocking down
CLOCK in the VTA is sufficient to produce mania-like
hyperactivity and increased risk-taking behavior, whereas
expressing functional CLOCK in the VTA of ClockΔ19 mice
normalizes the locomotor and risk-taking behavior to wild-
type levels [339, 341]. During the day, when ClockΔ19 mice
display mania-like behaviors, tyrosine hydroxylase expres-
sion was elevated, as well as the firing rate of VTA dopami-
nergic neurons [340, 342]. Inhibiting tyrosine hydroxylase
activity during the day reversed the mania-like behaviors of
ClockΔ19 mice [340]. Moreover, optogenetic stimulation of
VTA dopaminergic neurons during the day induced hyper-
activity and more risk-taking behavior [340]. Together, this
work indicates that elevated VTA dopaminergic neuron sig-
naling underlies the hyperactivity and risk-taking behavior
in ClockΔ19 mice.

Overall, pharmacological and brain-region specific
studies in the lab indicate that the effects of the ClockΔ19
mutation on circadian rhythms and mood are likely pleio-
tropic effects. In a study by Arey and colleagues, a casein
kinase 1 inhibitor, which is known to increase circadian
period, reduced the risk-taking behaviors of ClockΔ19 in
the elevated plus maze and light/dark box [343]. Thus, the
casein kinase 1 inhibitor likely exacerbated the longer period
of ClockΔ19, but still reduced their risk-taking behaviors.
Furthermore, knocking down CLOCK in the VTA increased
locomotor activity and produced risk-taking behavior, but
decreased circadian period, opposite of ClockΔ19 mice
[341]. Together, these studies indicate that the increased
risk-taking behaviors induced by impaired CLOCK function
are not dependent upon having a long circadian period.

7.5.2. Rev-erbα KO Mice. Preclinical studies have shown that
REV-ERBα regulates a multitude of mood-related behav-
iors. Rev-erbα KO mice show reduced immobility in the
forced swim and tail suspension tests, increased risk-
taking behavior in the elevated plus maze, hyperactivity,
elevated aggression, and increased motivated behaviors
[344, 345]. REV-ERBα is not necessary to maintain circa-
dian rhythms, as REV-ERBβ appears to have some overlap-
ping functions [346]. However, Rev-erbα KO mice do have a
shorter circadian period, increased sensitivity to photic
phase advances, and a reduced amplitude of Bmal1 expres-
sion in the SCN [347].

Although loss of REV-ERBα affects SCN molecular
rhythms, the aberrant mood-like behaviors in Rev-erbα KO
mice appear to be due to the actions of REV-ERBα outside
of the SCN. Specifically, Rev-erbα KO mice have elevated

tyrosine hydroxylase levels in the substantia nigra and VTA
as the result of loss of direct repression of tyrosine hydroxy-
lase transcription by REV-ERBα [345]. Pharmacological
inhibition of tyrosine hydroxylase reduced the locomotor
activity of the Rev-erbα KO mice to wildtype levels [345].
Moreover, pharmacological inhibition of REV-ERBα in the
ventral midbrain recapitulated the mania-like behaviors of
Rev-erbα KO mice [345]. Together, these experiments
suggest that loss of REV-ERBα in the ventral midbrain
largely explains the mania-like behavior of Rev-erbα KO
mice. Interestingly, as a nuclear receptor, REV-ERBα is a
druggable circadian molecular target. Thus, REV-ERB ago-
nists may be useful for treating mood disorders, if their side
effects can be overcome.

7.5.3. FBXL3 and CRY. FBXL3 is a member of the F-box and
Leu-rich repeat family of E3 ubiquitin ligases. A mutation in
Fbxl3 (After hours, Afh) was discovered by an ENUmutagen-
esis screen to result in a long circadian activity period [348].
SCN PER2::LUC rhythms are also delayed and dampened in
Afh mice [348]. Moreover, Afh mice are more sensitive to
photic delays and advances [349]. In terms of mood-related
behaviors, Afhmice display reduced depression-like behavior
and increased risk-taking, similar to ClockΔ19 mice [350].
FBXL3 promotes the ubiquitination and proteasomal degra-
dation of CRY [351]. Thus, the Afh or Fbxl3mutation results
in an upregulation and stabilization of CRY, which underlies
the period lengthening effects of Afh [321, 352]. Further sup-
porting that FBXL3 regulates circadian period through CRY,
a mutation in Cry2 that enhances FBXL3 binding to CRY2
resulted in a shortened activity period in mice [353].

Cry knock-out mice studies support that Cry modu-
lates mood-related behaviors. Specifically, Cry1−/− mice
have increased depression-like behavior, Cry2−/− mice have
reduced sucrose preference, and Cry1−/−;Cry2−/− double
knock-out mice have increased anxiety-like behavior
[354–356]. Together, these studies suggest that abnormally
reduced FBXL3-mediated destabilization of CRY may
result in a longer period and mania-like behavior. Con-
versely, increased FBXL3-mediated destabilization of CRY
may result in a shorter period and depression-like behavior.
However, not all studies support this model. For example,
Cry2−/− mice have a lengthened period, suggesting that the
effects of these genes on the central clock are dissociable from
the effects on mood-like behaviors [321].

7.5.4. Per Mice. Mice expressing mutant Per2 (Per2Brdm1−/−

mice), which have a deletion incorporating the PAS domain
that is important for protein/protein interactions, display
some mania-like behaviors [357]. Per2Brdm1−/− mice show
reduced immobility in the forced swim test, increased
sensitivity to cocaine, and elevated alcohol consumption
[358–360]. However, loss of functional Per2 does not result
in consistent effects on anxiety-like behavior [361]. A differ-
ent Per2 mutant mouse (Per2ldc), which also has a deletion
that incorporates the PAS domain, was found to have incon-
sistent anxiety-like behaviors across measures in the elevated
plus maze and light/dark box [361]. Although when crossed
with mice that lack functional Per1, the double mutant mice
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showed increased anxiety-like behavior, indicating that dis-
rupting both genes is necessary to perturb anxiety-like
behavior [361]. Together, this work suggests that the posi-
tive and negative arms of the molecular clock have opposite
roles in the regulation of anxiety-like behavior. ClockΔ19
mice show decreased anxiety-like behavior, whereas loss
of functional PER1 and PER2 has the opposite effect
[339]. Thus, it would be interesting to examine other
mood-like behaviors of Per1ldc/Per2ldc double mutant mice
to determine if the opposing roles of CLOCK and PER only
apply to anxiety-like behaviors.

More recently, Per3 was shown to regulate mood-like
behavior in rodents. Zhang and colleagues assessed the
depression-like behaviors of Per3 knockout mice (Per3−/−)
and hPER3-P415A/H417R transgenic mice [362]. hPER3-
P415A/H417R was generated to express human PER3 with
two missense variants that had been identified to cause famil-
ial advance sleep phase that is associated with increased
depression and seasonality symptoms. Interestingly, both
Per3−/− and hPER3-P415A/H417R showed increased immo-
bility in the tail suspension tests. The missense mutations
decreased PER3 protein levels and PER3 repressor activity,
indicating that loss of functional PER3 increases the risk
for depression.

The stability and localization of Period genes in the SCN
sets the oscillating speed of circadian rhythms. Loss of either
Per1 or Per2 leads to period shortening and subsequently
arrhythmia in constant conditions [357, 363]. Per3 is thought
to play a lesser role in regulating the central pacemaker, as
Per3−/− mice exhibit only a slightly shorter free-running
period and slightly shorter period of PER2::LUC rhythms in
the SCN [364, 365]. Interestingly, a recent study by Shi and
colleagues identified another missense mutation in hPER3
(hPER3-P856A) that is associated with MDD, but slightly
lengthens circadian period [366]. Thus, increased or
decreased PER3 transcriptional activity may increase risk
for MDD. Since the effect on circadian period was small,
Shi and colleagues concluded that any mood-related effects
of hPER3 variants were likely due to changes in clock-
controlled genes as opposed to SCN timing [366]. Further
supporting a role for Per genes outside of the SCN in the
modulation of mood and anxiety-like behaviors, Spencer
and colleagues showed that knocking down both Per1 and
Per2 in the nucleus accumbens was sufficient to increase
anxiety-like behavior in mice [361]. Thus, although Per genes
regulate both the central clock and mood-related behaviors,
these can be independent effects.

8. Conclusions and Future Directions

8.1. Circadian Rhythm Disturbances in Humans with Mood
Disorders. Many studies point to disrupted circadian
rhythms in MDD and bipolar disorder. Some of the most
consistent findings are an evening chronotype in mood dis-
orders, dampened body temperature rhythms in depression,
and delayed rhythms in depression [50, 53, 55, 81]. Notably,
there is even postmortem evidence that molecular rhythms
are disrupted in mood-related brain regions in mood disor-
ders [67]. Perturbations in circadian gene expression may

underlie rhythmic disturbances in some individuals. Numer-
ous studies have implicated circadian genes in mood disor-
ders, but many of the genetic findings have not been
replicated [68, 69]. It is possible that targeted studies looking
at genetic associations with depression or bipolar disorder in
patients with similar circadian disruptions will move the field
forward. Several recent large GWAS studies have identified
associations between genetic loci near circadian genes with
chronotype [367–369]. In addition, mutations in PER2 have
been linked with advanced sleep phase syndrome [370],
while mutations in CSNK1D and CRY1 have been linked to
delayed sleep phase syndrome [371, 372]. Thus, together,
these studies indicate that links can be identified between
chronotypes and circadian gene perturbations. Since it can
be challenging to objectively determine chronotype in sub-
jects with mood disorders, researchers are also studying
rhythm disturbances by looking at molecular rhythms in
patient-derived fibroblasts [178, 179].

While there is convincing evidence that molecular
rhythms are disrupted, it is less clear if the SCN is affected
in mood disorders. Studies have implicated AVP, nitric
oxide, and melatonin signaling in the SCN in mood disor-
ders, but it is unknown whether SCN neural activity is altered
in MDD or bipolar disorder [98–100]. This is a challenging
question to address given that the SCN is small and lies deep
within the brain. Some studies have imaged the SCN in
humans, indicating that it may be possible to identify differ-
ences in SCN responsiveness to circadian challenges in
subjects with mood disorders [373, 374].

8.2. Effects of Pharmacotherapies on the SCN. It is well
established that SSRIs, lithium, and agomelatine influence
circadian rhythms, suggesting that these drugs could correct
rhythm disturbances in individuals with mood disorders.
The most robust findings being that lithium lengthens circa-
dian period, SSRIs induce phase advances, and activation of
melatonin receptors induce phase shifts at dawn and dusk
[131, 137, 153, 197, 198]. Studies suggest that the circadian-
related effects of SSRIs, lithium, and agomelatine are due to
their actions in the SCN [137, 153, 199]. Landgraf and col-
leagues recently showed that valproic acid shortens circadian
rhythms [183]. In future studies, it will be important to rep-
licate Landgraf and colleagues’ finding and uncover the
mechanisms underlying the circadian- and mood-related
effects of valproic acid.

From our understanding, there is little known about the
effects of other classes of drugs on SCN rhythms. Haloperidol
was shown to increase Per1 expression in the SCN, suggest-
ing that antipsychotics affect SCN molecular rhythms [375].
However, if antipsychotics influence the central clock, it is
likely through indirect mechanisms, since D1R seems to
mediate the effects of dopamine in the SCN [183, 376].
Low-dose ketamine, a promising rapid-acting antidepressant
treatment strategy, may also affect the SCN since gluta-
matergic signaling in the SCN is crucial for photic entrain-
ment. Ketamine was found to dampen circadian gene
expression amplitude in mouse embryonic fibroblasts
[377]. Thus, studies looking at the effects of other classes of
drugs on SCN rhythms may help elucidate the mechanisms
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underlying the associations of circadian disruptions with
mood disorders.

8.3. Insights from Studies in Animal Models. Preclinical stud-
ies looking at the effects of circadian gene disruption and
environmental disturbances support a complex relationship
between circadian rhythms and mood (Figure 2). There is
evidence to support that disrupting SCN function can causes
mood-like disturbances, light can disrupt mood independent
of the SCN, and that circadian rhythm disruptions are a
noncausal symptom.

The most compelling evidence that the SCN regulates
mood comes from the study by Landgraf and colleagues
showing that disrupting molecular rhythms in the SCN
causes depression- and anxiety-like behaviors in mice [240].
Lesion studies also suggest that a disrupted intact SCN rather
than loss of the SCN can lead to aberrant behaviors [239,
282]. If the SCN plays a key role in mood regulation, this
leads to many further questions. Do certain types of SCN
disruptions cause mood changes? As discussed, genetic per-
turbations in mice can produce period changes, amplitude
reductions, increased sensitivity to photic phase shifts, and
mood-like disturbances [183, 327, 329, 332, 333, 335, 339].
Importantly, shifted rhythms, dampened rhythms, and
light hypersensitivity have been found in some individuals
with mood disorders [50, 88, 91]. In future work, it will also
be important to determine which SCN circuits and cell
types affect mood. With optogenetic and cell type-specific
genetic tools, these more specific questions about the role
of the SCN in mood regulation will likely be answered
in the coming years.

Light cycle manipulation studies suggest that light regu-
lates mood through multiple mechanisms, both dependent
and independent of the SCN. Long and short photoperiods,
constant light conditions, shifting light-dark schedules, and
various T cycles can all affect mood-like behaviors in animal
models. Notably, some of these light schedules, like T7 cycles,
do not greatly disturb behavioral circadian rhythms or
circadian gene expression, indicating that disrupting SCN
function is not necessary for light to affect mood [18].
Moreover, it is known that ipRGCs can directly project to
mood-related brain regions, indicating that there are circuits
through which light could affect mood independent of the
SCN (as reviewed in [378]).

Lastly, animal model studies argue that circadian rhythm
disruptions can be an independent symptom of mood
disorders. Studies disrupting the expression or function of
circadian genes show that circadian genes can regulate circa-
dian rhythms and mood-like behaviors independently. For
example, knocking down Clock expression in the VTA repli-
cated many of the mania-like behaviors of ClockΔ19 mice,
but shortened the circadian period, opposite to what is
observed in ClockΔ19 mice [341]. Thus, the effects of Clock
on mood-like behavior is dissociable from the effects of Clock
on the period length of circadian rhythms. Moreover, genetic
animal model studies suggest that there are not directional
associations between the speed of circadian rhythms and
mood-like behaviors. For example, Rev-erbα KO mice and
ClockΔ19 both exhibit mania-like behaviors, but display
opposite changes in period length [333, 339, 345, 347]. Fur-
thermore, since both SSRIs (antidepressant) and valproic acid
(antimanic) shorten rhythms, the effects of pharmacological

Mood

Mood-related
brain regions

SCN

ipRGCs

Light Stress

Figure 2: Potential mechanisms underlying the associations between circadian rhythm disruptions and mood disorders. Seasonal changes, jet
lag, and shift work may disturb mood in vulnerable individuals through projections from intrinsically photosensitive retinal ganglion cells
(ipRGCs) directly to mood-related brain regions, or to the suprachiasmatic nucleus (SCN). Alternatively, other environmental insults
(e.g., stress) and genetic disturbances (e.g., circadian gene mutations) can affect mood-related brain regions and SCN function. The SCN
may disturb mood by directly or indirectly affecting the function of brain regions more closely tied to mood regulation, explaining
how circadian rhythm disturbances could affect mood. Conversely, environmental and genetic factors may influence the SCN and
mood-related brain regions independently, explaining how circadian rhythm disturbances could be a noncausal symptom of mood disorders.
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treatments on circadian period may not be correlated with
their primary effects on mood [56, 183].

8.4. Summary. The literature highlights that there are multi-
ple mechanisms that may explain the associations between
rhythm disruptions and mood disturbances, one of those
mechanisms being disrupted SCN function (Figure 2). We
theorize that a disrupted SCN could affect mood by causing
internal desynchronization across mood-related brain
regions. However, we acknowledge that light could affect
mood independent of the SCN through ipRGCs projecting
directly or indirectly to mood-related brain regions. Thus,
light, other environmental factors, or genetic perturbations
may influence mood independent of the central clock.

Overall, these studies suggest that circadian-based ther-
apeutics could treat specific populations of patients with
circadian and mood disturbances. With the ability to mea-
sure patients’ molecular and behavioral rhythms, in addi-
tion to detection of genetic polymorphisms, the field is
on the cusp of identifying biomarkers for specific subpop-
ulations with circadian and mood disturbances. Animal
studies will continue to be important for elucidating the
mechanisms underlying the mood and circadian-related
effects of therapeutics, gene disruptions, and environ-
mental disturbances, which may lead to novel treatment
strategies for mood disorders.
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The formation of fear memories is a powerful and highly evolutionary conserved mechanism that serves the behavioral adaptation
to environmental threats. Accordingly, classical fear conditioning paradigms have been employed to investigate fundamental
molecular processes of memory formation. Evidence suggests that a circadian regulation mechanism allows for a timestamping
of such fear memories and controlling memory salience during both their acquisition and their modification after retrieval.
These mechanisms include an expression of molecular clocks in neurons of the amygdala, hippocampus, and medial prefrontal
cortex and their tight interaction with the intracellular signaling pathways that mediate neural plasticity and information storage.
The cellular activities are coordinated across different brain regions and neural circuits through the release of glucocorticoids and
neuromodulators such as acetylcholine, which integrate circadian and memory-related activation. Disturbance of this interplay by
circadian phase shifts or traumatic experience appears to be an important factor in the development of stress-related
psychopathology, considering these circadian components are of critical importance for optimizing therapeutic approaches
to these disorders.

1. Introduction

Oscillation of behavioral and physiological processes over the
course of the day is observed across the animal kingdom and
provides an evolutionary conserved feature to anticipate and
settle for basic needs such as food and resting periods [1]. In
mammals, circadian rhythms are paced by a small nucleus,
the suprachiasmatic nucleus (SCN), within the hypothala-
mus [2, 3]. Timing of the master clock is achieved by
transcriptional/translational feedback loops that drive rhyth-
mic changes in the expression of specific clock genes. In brief,
the feedback loop contains the clock proteins CLOCK and
BMAL1, which form an activator complex that functions as
a positive transcription factor for the period (PER) and cryp-
tochrome (CRY) genes. The PER and CRY proteins in turn
form heterodimers that translocate to the nucleus and

function there as a repressor for the CLOCK:BMAL1
complex. CRY:PER complexes are degraded over time in
ubiquitin-dependent pathways to a sufficient level to relieve
the repression on CLOCK:BMAL1, thus generating an
approximately 24-hour cycle. Further, kinases control the
nuclear shuttling and degradation of the CRY:PER complex
to adjust it to external stimuli [4–6]. Such a cellular clock is
especially well coupled and synchronized within neurons of
the SCN, but it is found in other brain regions as well as in
peripheral tissues. In the latter, they drive circadian expres-
sion of genes involved in a wide range of physiological
processes such as metabolism, sleep/activity, and control of
body temperature, and these cues can feedback to the SCN
in order to adjust the internal clock [2, 3, 7, 8]. Accordingly,
it can be assumed that circadian rhythms in brain regions
other than the SCN help to coordinate different aspects of
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sensorimotor coordination and higher brain functions with a
circadian rhythm.

Over the past decade, evidence has accumulated that the
circadian system modulates fundamental processes of learn-
ing and memory formation [9, 10]. Forming episodic
memories, that is, acquiring and remembering information
about previous events, is especially important for an individ-
ual and crucial for promoting its survival and well-being.
Anchoring such memories to day and activity phases can be
useful to predict similar events in the future. These functions
are particularly relevant as it comes to the experience of aver-
sive events and the development of coping or avoidance
mechanisms upon learning. Classical “Pavlovian” fear condi-
tioning is a powerful and evolutionary well-preserved process
observed across various species serving this function [11]. In
this review, we will discuss the current state of knowledge
concerning the interaction of the fear memory and circadian
system at the behavioral, molecular, and brain systems levels.

2. Procedures, Processes, and Circuits of Fear
Conditioning

Pavlovian fear conditioning is frequently employed by
researchers to study the fundamental neurobiological pro-
cesses of aversive memory formation. Here, an innately
aversive event, the so-called unconditioned stimulus (US),
is coupled to an initially neutral stimulus, which thus
becomes the conditioned stimulus (CS). Rodents are the
most widely used model organisms to study fear condition-
ing. Here, mild electrical footshocks as the US are often pre-
sented together with tones as the CS during the conditioning
phase. Consequently, the CS tone will develop predictive
value for the US [12]. The strength of the fear memory is
tested during the retrieval phase, usually 24–48 h after train-
ing to test for long-term memory or even weeks later to test
for remote fear memory. During retrieval, the animal is re-
exposed to the tone and its defensive behavior comprising
of freezing (immobility except for respiratory movement),
and risk assessment (orientation towards the stimulus, alert
watching with head movements, and stretched attend pos-
ture) is monitored [13]. The amount of freezing is directly
related to the strength of the fear memory trace, with less
intensive training (few US-CS pairings, low footshock inten-
sity) resulting in low freezing and intensive training (higher
number of CS-US pairings and high footshock intensity) in
higher levels of freezing [14, 15].

Cues with other modalities can function as a CS as well
(e.g., a light stimulus or an olfactory stimulus), but also the
complex, multimodal environment in which the foot shock
is delivered can elicit a fear response. Such contextual fear
conditioning takes place in the absence of a discrete CS [16],
but to some degree, also during any stimulus-dependent fear
conditioning procedure. But since the cue is the more salient
fear-eliciting stimulus, the context of the initial CS-US pairing
is then referred to as the background context [17].

Importantly, fear memory formation is not a singular
event, but, once formed, memory traces can undergo con-
stant modification. During retrieval of conditioned fear, the
original fear memory trace becomes labile and susceptible

to modulation. While in the absence of an interfering stimu-
lus, the fear memory trace is maintained; it can also be
updated with new information, a process called reconsolida-
tion [18, 19]. Reconsolidation thereby requires similar
biochemical processes as consolidation of the original fear
memory [20, 21]. However, if the CS is repeatedly reintro-
duced to the animal without reinforcement by concomitant
US pairings, the fear memory trace towards the CS is extin-
guished. During extinction training, a new memory trace is
formed and the individual learns that the CS should no
longer elicit a fear response and the original fear memory
trace is suppressed [22].

For the acquisition and consolidation of a fear memory
trace, its retrieval, and its extinction, three key brain regions
have been in the focus of attention: the amygdala, hippocam-
pus, and prefrontal cortex. During fear conditioning, sensory
information from various thalamic and cortical areas as well
as nociceptive information are conveyed to the lateral subnu-
cleus of the amygdala (LA), thus providing the neurobiolog-
ical basis for CS-US pairings [23]. The LA then provides
inputs into the central nucleus (CeA), which projects to
various areas in the brain stem, hypothalamus, and periaque-
ductal grey that generate the actual fear response consisting
of freezing, peripheral arousal, and stress hormone release
[13]. The LA is further closely connected to the basolateral
nucleus (BLA) and both are often referred together as the
basolateral complex. The BLA is believed to receive contex-
tual information from the hippocampus [24]. Indeed, many
lesion studies demonstrate that the hippocampal formation
is required for establishing contextual and traced fear mem-
ory (with a temporal separation of CS and US) [16, 25, 26].
The dentate gyrus (DG) subregion of the hippocampal for-
mation receives input from the entorhinal cortex via the
perforant pathway. Information are then projected to the
Cornu ammonis subfield (CA3) via mossy fibers and from
there to CA1 via Schaffer collaterals but are also closely inter-
connected and allow for example for backpropagations of the
CA3 to DG [27, 28]. Within this so-called trisynaptic path-
way, spatial and temporal information are processed before
being projected to the BLA and other brain areas. However,
in reverse, the BLA is also able to modulate plasticity in the
dentate gyrus and CA1 areas [29], and LA and dorsal CA1
synchronize their oscillatory neuronal activity at the theta
frequency range during encoding and retrieval of cued and
contextual fear memory [30, 31]. Of note, direct anatomical
projections from the BLA exist to the ventral pole of the hip-
pocampal formation [32]. Indeed, many lesion studies as well
as pharmacological and optogenetic interventions demon-
strate that especially the ventral hippocampus contributes
to the formation and expression of cued and contextual fear
memory, while the dorsal portion mediates predominantly
cognitive processes such as spatial learning and pattern sepa-
ration processes [33–36]. However, cognitive processes in the
dorsal hippocampus might also be required for determining
the specific context in which fear conditioning took place,
thereby avoiding generalization of fear memory to other
nonreinforced stimuli or environments [37–40].

The medial prefrontal cortex is indispensable for extinc-
tion of fear memory. The infralimbic portion of the PFC
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(IL) sends strong projections to inhibitory cells located
between the BLA and CeA regions of the amygdala, the so-
called intercalated (ITC) cells. During extinction memory
retrieval, these ITC cells are activated via IL inputs and
inhibit the output from the CeA, thus preventing a fear
response. The prelimbic portion of the mPFC (PL), however,
sends excitatory projections to the BLA and is active during
fear conditioning itself, leading to an increased fear response
[22]. The mPFC also tightly controls activity in the hippo-
campal formation. Correspondingly, fear extinction is highly
context specific and lesions of the hippocampus interfere
with extinction memory [41, 42]. Together, a bidirectional
circuit between the amygdala, hippocampus, and PFC medi-
ates fear memory consolidation, retrieval, and extinction.

In order to establish a long-term fear and extinction
memory, consolidation processes take place in all of the
involved areas, which lastingly facilitate the interplay of such
neurons that have been activated during acquisition. This is
achieved on a cellular level by a reorganization of the syn-
apse, including rearrangement of neurotransmitter receptors
and other synaptic proteins as well as modulation of extracel-
lular matrix proteins around the synapse [43]. These
processes are dependent on transcription of specific target
genes and translation into proteins, which are initiated via
intracellular signaling cascades. During both fear and extinc-
tion memory formations, activation of neurons leads to an
increase in intracellular calcium levels, which activate the
second messenger protein cyclic adenosine monophosphate
(cAMP) that in turn triggers the activation of protein kinases
such as protein kinase A (PKA) and the extracellular-
regulated kinase (ERK)/mitogen-activated protein kinase
(MAPK). Activated MAPK then enters the nucleus and
phosphorylates the cAMP response element-binding protein
(CREB), which serves as a transcription factor [21, 44].
Together with other transcription factors, for example c-
Fos or c-Jun, CREB mediates fear conditioning-dependent
expression changes in numerous target genes in a highly
complex pattern [45–47].

3. Fear Conditioning and Extinction: Timing
Matters

Mice and rats, the most commonly used model organisms in
fear memory research, are nocturnal animals and display
their highest activity during the dark phase [48–50].

Several studies investigated whether fear memory
strength depends on the circadian phase. In mice, acquisition
of cued fear memory is faster when training takes place in the
inactive light phase, and freezing levels are higher when
tested during the inactive phase, regardless of the initial
training time point [51]. Increased fear memory to a condi-
tioned tone is also observed in rats tested and trained in the
inactive, light phase as compared to those in their active
phase [52]. A similar relationship has previously been
reported for amygdala-dependent conditioned taste aversion,
where memory strength is greater when conditioning occurs
during the inactive phase [53]. Another study performed in
rats found that using a less-intensive auditory-cued fear con-
ditioning protocol than the one used in [52] found no

differences on acquisition and retrieval of conditioned fear
when comparing training and retrieval during the light
versus the dark phase [54]. However, this study reported a
phase-dependent effect on extinction learning, which is facil-
itated when extinction training and testing are performed
during the active, dark phase [54]. This is in agreement with
findings in mice that showed increased extinction rates when
extinction training takes place during the dark phase [51].

Modulating the time point of training and testing
within the dark or light phase (e.g., the beginning of the
dark phase versus second half of the dark phase) has no
apparent impact on fear memory strength in mice and rats
[50, 55, 56] but affects extinction in humans. In young
men, extinction learning is improved in the morning com-
pared to that in the evening and correlates with higher
levels of the stress hormone cortisol in the morning [57].
The facilitation of extinction during the inactive phase in
rats is also dependent on natural fluctuations of glucocor-
ticoids and abolished by adrenalectomy.

Furthermore, rhythmical patterns have been observed for
the retrieval of aversive memories. As initially described by
Kamin in 1957, optimal performance in an active avoidance
tasks occurs at 24 h intervals between training and testing
[58–60]. Further experiments revealed that retrieval of avoid-
ance memory is most successful at periodic 24h intervals
between training and testing (e.g., 24, 48, and 72 h after
training), while impairments that occur in those intervals
are shifted for 6 h (e.g., retrieval of 6 h, 18 h, and 30 h after
training) [61, 62]. This suggests circadian state dependency
of aversive memory retrieval or “timestamping”. A similar
effect is observed in contextual fear conditioning, where fear
memory retrieval is enhanced when the testing is performed
at 24h intervals after training [63, 64]. In this way, the
time of the training becomes part of the training context
and re-exposure to the time component facilitates retrieval.
Similar effects are not observed for the more salient cue
[12, 50, 51, 56]. However, in animals trained with auditory
cues, timestamping is also observed for background con-
text fear memory, as contextual retrieval is impaired at
12 h but not 24h after training [65]. Interestingly, time-
stamping of the background context is only effective when
the training occurs during the light, inactive phase [65],
when contextual fear memory formation is enhanced [51].

Interestingly, when contextual and auditory-cued fear
conditioning trainings and testing are performed in the inac-
tive phase and posttraining sleep restriction is added to the
protocol, the freezing levels are rather reduced [52, 66]. By
contrast, fear memory obtained in the dark phase appears
much more resistant to the effects of sleep deprivation [66],
thus pointing towards the importance of sleep for memory
consolidation processes that might be also relevant for the
circadian effects in fear memory formation [67]. Indeed,
postacquisition processes last well into sleep phases, and neu-
ronal activity of the amygdala, hippocampus, and prefrontal
cortex during rapid-eye-movement (REM) sleep appears to
support the consolidation of emotional memories [68, 69].
Accordingly, inhibiting oscillatory brain activity in the hip-
pocampus during REM sleep phases within a 4 h time win-
dow after cued fear conditioning disrupts contextual fear
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memory components [70]. In accordance with the general
circadian activity pattern, sleep deprivation has a more pro-
nounced impact on fear memory formation when performed
during the inactive phase, where sleep phases are more likely
[66]. However, for the retrieval of extinction memory, the
circadian phase of sleep deprivation seems less important
and does not correlate with the sleeping time [71]. Thus,
extinction memory efficacy may relate to a greater extent to
sleep-specific neuronal events, while additional circadian
mechanisms may contribute to the consolidation of the ini-
tial fear memory trace.

4. Disrupting Fear Memory by Circadian Shifts

In addition to the observed mild impact of the circadian time
of testing on fear and extinction memory formation, disrup-
tions of the circadian rhythm can indeed have negative con-
sequences on emotional memory formation. These findings
are of special relevance, since acute circadian phase shifts in
forms of jet lag and shift work are increasing in modern life.

In mice, acute phase shifts of six hours or more in the
light-dark cycle reduce contextual fear memory, in parallel
to increased glucocorticoid release and disruption of sleep
patterns [64]. Reduced cued fear memory has been observed
as well in “jet-lag model”, consisting of six 8 h advanced light
shifts within 18 days [65]. However, applying such photoshift
protocols repeatedly (4 sessions with phase advances for 3 h
over 6 days, 64 days protocol in total) alters hippocampus-
dependent spatial learning but leaves cued and contextual
fear conditioning unaltered or even increases it [72–74].

As reviewed by Krishnan and Lyons [9], disruption of
circadian rhythms affects not only fear memory formation
but also other learning and memory paradigms. For example,
shortening of the light-dark cycle to 11 h-11 h phases dissoci-
ates locomotor activity rhythms in rats and impairs passive
avoidance learning while leaving more cognitive tasks such
as object recognition memory formation unaltered [75]. In
Siberian hamsters made arrhythmic by a brief light pulse
paradigm, cognitive problems arise with deficits in novel
object recognition memory and spontaneous alternations
[76, 77]. Interestingly, lesion of the SCN rescues these cogni-
tive deficits [78].

In reverse, circadian shifts can be also induced through
aversive events. Social defeat stress induced by interactions
with other aggressive animals, for example, alters circadian
undulations of locomotor activity, body temperature, and
heart rate without affecting internal circadian rhythms mea-
sured under free-running dark conditions (see [48] for
review). This suggests that while the SCNmaster clock works
unaltered by social stress, subordinate oscillators are affected.
However, severe stress, such as recurrent foot shocks on spe-
cific day times, is able to shift behavioral activity rhythms
even under free-running conditions and is dependent on
the function of the SCN in conjunction with the amygdala
[79]. This further illustrates that the regions important for
fear memory can coordinate the circadian rhythm of behav-
ior in response to a fear-evoking threat, working as subordi-
nate circadian oscillators.

5. Clock Genes Are Expressed in Fear Memory
Brain Circuits

How may the amygdala, hippocampus, and PFC function as
subordinate circadian oscillators? Clock genes are expressed
in these regions and show diurnal expression patterns.
PER2 is the best investigated example, with the highest
expression levels in the BLA and in the dentate gyrus and
CA13 subareas of the hippocampus towards the end of the
dark phase and at the beginning of the light phase, while
expression levels in the CeA and in frontal cortical areas peak
at the beginning and themiddle of the dark phase [50, 80–82].
In other clock genes such as PER1, CRY1 and CRY2, CLOCK
and BMAL1 show diurnal expression patterns, at least in the
hippocampal formation, as well [83]. Lesion of the SCN
reduces the oscillation of PER2 expression in the amygdala
subnuclei and the DG [80], suggesting that the SCN master
clock drives limbic oscillations of PER2. Noteworthy, gluco-
corticoids, which are released with a circadian pattern from
the adrenal glands under baseline conditions and as a bolus
under stress, can modulate clock gene expression levels as
well. Adrenalectomy abolishes PER2 expression rhythms
only in the CeA [80] and in frontal areas [82] but not in the
BLA and DG [80] or in the SCN itself [82]. In the CeA and
frontal areas, PER2 rhythms can also be modulated by appli-
cation of external glucocorticoids [82, 84]. For the CeA, it was
further demonstrated that knock down of the HPA axis pep-
tide CRF as well as chronic stress exposure induces shifts in
rhythmical PER2 expression, while mice lacking the gluco-
corticoid receptor display no PER2 oscillations (see [84] for
review). An acute stressor such as exposure to a fear-
inducing odor found in the feces of predator animals is able
to shift oscillatory rhythms of PER2 expression not only in
the CeA but also in the hippocampus and the BLA [85].

Together, these findings suggest that clock gene expres-
sion oscillations may be shifted by stressful stimuli in brain
regions relevant for fear memory and its extinction. Whether
clock genes themselves are crucial for fear memory formation
may be determined using transgenic mice, but results so far
are not fully conclusive. Mice lacking the PER2 gene display
decreased hippocampus-dependent trace fear memory in
which they have to remember a time contingency between a
CS and US. By contrast, simple auditory-cued fear memory
is unaffected in thesemutants [81]. In another study however,
hippocampus-dependent spatial memory as well as contex-
tual fear memory were found unaffected in PER2 and also
PER1 knock out mice [86]. Mutant mice carrying a double
knock out for the PER2 binding partners CRY1 and CRY2
likewise display no deficits in cued memory [87]. Chrypto-
chromes, however, inhibit a complex of the clock proteins
CLOCK and BMAL1, which function as transcriptional acti-
vators in the circadian expression feedback loop of clock
genes [4]. When BMAL1 is abolished, such transgenic mice
show impaired spatial and contextual fear memory [88].

Interestingly, BMAL1 and also PER2 knock out mice
display perturbed MAPK pathway activation in the hippo-
campus [81, 88], suggesting that memory deficits observed
in these animals may involve impairments in key molecular
pathways of fear conditioning.
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6. Molecular Rhythms of Fear Conditioning

Reduced levels of phosphorylated CREB and a lack of circa-
dian oscillations have been observed in PER2 and also in
PER1 knock out mice [81, 89]. Thus, activation of CREB as
a transcription factor happens with a circadian pattern and
appears to be driven by clock genes. Indeed, variations in spa-
tial memory strength are dependent on the daytime of testing
and may relate to circadian rhythms of CREB phosphoryla-
tion [89]. A possible mechanism for such gating effects of
clock genes on the MAPK pathway has been recently
described by Rawashdeh et al. [90]. In their model, PER1
is suggested to form a complex with the MAPK-activated
ribosomal S6 kinase (p90RSK), which translocates to the
nucleus upon neuronal activation. There, p90RSK is a
potent modulator for CREB phosphorylation. Together,
this can explain why activation of the MAPK pathway,
facilitating hippocampus-dependent spatial memory for-
mation, becomes especially effective in stimulating CREB
phosphorylation when expression levels of PER1 are high
during the light phase. This matches the circadian pattern
of contextual fear memory strength, inducing the highest
freezing levels when both fear conditioning training and
testing are performed during the light phase [90]. The
behavioral time pattern coincides with a peak in activation
of MAPK pathway components upstream of P-CREB dur-
ing the light phase, namely, the second messenger cAMP
and the phosphorylation forms of the kinases MEK1/2
and ERK1/2 [91]. This circadian oscillation of MAPK
pathway activation is impaired after lesion of the SCN
[92], suggesting modulation by the superordinate circadian
rhythm generator. Similar to activation of their upstream
kinases of the MAPK pathway, the eukaryotic translation
initiation factor 4E (eIF4E) and the eIF4E-binding protein
(4EBP) display a peak in phosphorylation during the light
phase and are significantly reduced during the dark phase.
Abolishing circadian rhythms by continuous light expo-
sure (12 h/12 h light/light cycle) disrupts the circadian
phosphorylation pattern of the translation initiation factors
and reduces contextual fear memory strength [93]. Note-
worthy, the peaks in activation of memory-related MAPK
signaling cascades as well as protein translation occur
during the inactive phase and might relate to system con-
solidation of memory during sleep. Accordingly, inhibition
of translation during the inactive phase two days after
training, when the memory trace has been already estab-
lished, impairs remote retrieval of fear memory [93].

While these processes are well described for hippocampal
neurons, it remains to be resolved whether similar processes
take place in other areas, such as the amygdala and frontal
cortical areas, and may add to circadian effects on cued fear
conditioning and extinction.

7. Circadian Rhythms in Neuromodulator
Release

Coordinating the activation of multiple brain regions during
fear memory formation requires long-distance network
interactions and the adjustment of activity through release

of neuromodulators. During an aversive task such as fear
conditioning, the glucocorticoid stress hormones and the
monoaminergic neurotransmitter noradrenaline are strongly
released, supporting memory consolidation [94]. Circadian
rhythms of glucocorticoid release are well described in
rodents and humans. Plasma concentrations of corticoste-
rone, the main glucocorticoid in rodents, are maximal at
the beginning of the dark phase and minimal in the morning
after the onset of the light phase [95]. Such a circadian
rhythm of corticosterone release is driven by SCN inputs to
its neighboring structure within the hypothalamus, the para-
ventricular nucleus (PVN) [96]. The PVN regulates the
release of hormones that lead to glucocorticoid release from
the adrenal glands (hypothalamic-pituitary-adrenal axis,
HPA axis) [97]. The glucocorticoid receptor (GR) itself is a
powerful transcription factor that also targets the clock genes
PER1 and PER2 and can induce phase shifts of circadian
rhythms in subordinate oscillators. In addition, the PER-
responsive CLOCK/BMAL1 complex can regulate transcrip-
tional activity of GRs via epigenetic mechanism [96]. Thus,
the HPA axis for mediating stress responses and the circa-
dian clock system are closely interacting on multiple levels.
Boosting corticosterone levels shortly before fear condition-
ing training facilitates fear memory consolidation through
activation of GR [98–100] and is required for establishing
extinction memory [101, 102]. Upon retrieval, high levels of
corticosterone can also interfere with reconsolidation pro-
cesses, thereby weakening the original fear memory [103,
104]. Accordingly, in mice with high levels of endogenous
corticosterone plasma levels during retrieval of an auditory-
cued fear, increased freezing to the background context is
observed upon a second retrieval [105]. This suggests that
high levels of corticosterone can induce a form of generaliza-
tion by reconsolidation processes. Thereby, the specificity of
the fear memory is reduced and the conditioned response
generalizes to cues with less predictive values. Moreover, a
detailed analysis comparing animals with high or low corti-
costerone responses of the HPA axis during different phases
of the dark cycle (the beginning of dark cycle with high
plasma corticosterone levels versus the middle of the dark
phase where corticosterone plasma levels are already low-
ered) showed that the generalization effect is not observed
when reactivation takes place during the beginning of the
dark phase, that is, in those animals with a blunted combined
circadian and stress-induced corticosterone response during
reconsolidation [105]. The loss of the predictive specificity
of cue and context in cued versus unpaired, contextual fear
conditioning is also induced by administration of corticoste-
rone during initial fear memory training conducted during
the light phase [106], when endogenous corticosterone levels
are usually low. Together, these data illustrate that circadian
rhythms of the HPA axis and the expression of clock genes
interact closely with molecular factors such as MAPK path-
way in determining the strength of fear memory. This is also
underlined by findings in adrenalectomized rodents, where
freezing levels increase in animals trained in the dark phase
and daytime effects on extinction are abolished [54]. The data
furthermore suggest that an imbalance in this interaction, for
example, artificially out-of-phase increase in corticosterone
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level, leads to a more unspecific fear memory trace. Similar
generalization phenomena are observed in patients suffering
from posttraumatic stress disorder (PTSD), which can be
viewed as maladaptive fear memory formation to the trau-
matic event [107]. In PTSD patients, altered circadian fluctu-
ation of glucocorticoid levels and hyperresponsiveness of the
HPA axis have been reported (see [108, 109] for review).
While the first findings onmanipulating glucocorticoid levels
during retrieval of the traumatic memories seem a promising
therapeutic option [110], systematically investigating and
utilizing interactions of the circadian clock and HPA axis
responsiveness could provide further supportive avenues in
those settings.

Pharmacological studies demonstrate that neuromodula-
tors involved in fear memory formation also display circa-
dian rhythms in release and metabolism. Serotonin for
example is released from midbrain raphe nucleus neurons
that send projections to various brain regions, including
those relevant for fear conditioning, as well as to the SCN.
Serotonin synthesis and the firing rate of serotonergic
neurons are maximal during the inactive phase and are
essential for maintaining circadian rhythms of corticosterone
release and behaviors such as locomotion and food intake
(see [111] for review).

In addition to the possible neuromodulatory regulation
of the SCN master clock, circadian rhythms of serotonin
levels have been observed within the amygdala and hippo-
campus, with higher levels towards the end of the dark phase
[112]. However, whether serotonin (5HT) augments or
impairs fear memory formation also strongly depends its
binding to different receptor subtypes. Activation of the
5HT2A receptor subtype in the amygdala results in increased
acquisition and expression of cued but not contextual fear
memory, while activation of 5HT1A receptors in the amyg-
dala and hippocampus impairs contextual fear conditioning
(see [113] for review). Thus, interactions of circadian effects
on serotonergic impacts on fear memory strength need
further evaluation.

Likewise, acetylcholinergic neurotransmission via certain
muscarinergic and nicotinergic receptor subtypes appears to
facilitate cued and contextual fear conditioning. It may also
regulate the interactions of the amygdalo-hippocampal sys-
tem together with frontal cortical areas during extinction
training (see [114–116] for review). Acetylcholine release is
increased in the hippocampus during contextual fear condi-
tioning training and correlates with freezing levels measured
briefly after [117]. However, acetylcholine levels also corre-
spond to general locomotor activity and are therefore high
during the active, dark phase within the prefrontal cortex
and hippocampus [117, 118], whereas the fear memory
strength is increased during conditioning and testing in the
inactive phase [51, 90]. Performance in a passive avoidance
task is more successful during the active dark phase, but it
is diminished by blocking the degeneration of acetylcholine.
The same pharmacological stimulation has no impact when
performed during the light phase, where internal acetylcho-
line levels are lower. However, when reducing acetylcholiner-
gic neurotransmission further during the light phase, such
aversive memory retrieval is impaired while the same

blockage has less impact on avoidance memory retrieval dur-
ing the dark phase [119]. Thus, acetylcholinergic effects on
aversive memory strength need to be synchronized with
circadian patterns of other factors to be most effective and
may contribute, in parallel to the proposed role of corticoste-
rone rhythms, to fear generalization phenomena when out of
sync. Accordingly, acetylcholine provides inputs on vaso-
pressin cells of the SCN, thereby providing also a feedback
to the master clock. Once activated by acetylcholine, vaso-
pressin in the SCN is repeatedly released with a 24h delay.
Since acetylcholine is especially released during arousing
events, as well as during fear conditioning training, such
recurrent vasopressin release in the SCN might contribute
to the timestamping observed during fear conditioning [63]
and might influence phase shifts [120] and the rest of the
SCN master clock after fear conditioning [121].

8. Summary and Conclusions

Classical fear conditioning is a powerful tool to understand
the neurobiological basis of emotional memory formation.
Humans display increased fear responses at night [122]; like-
wise, especially contextual fear conditioning in nocturnal
rodents appear to be more effective during their inactive
phase, when lights are on.

From an evolutionary perspective, remembering the
when and where of a threat through the inactive phase, when
the animal is more prone to retreat to and rest in its nest,
occurs highly relevant for survival. Encountering a threaten-
ing situation during exploration of the environment, forag-
ing, and so on during the active phase however seems more
likely; thus, fear memory strength might be tuned down
somewhat in order to cope appropriately with expectable
aversive events. Thus, circadian effects on fear memory
appear linked to the natural activity rhythms of the animals.
In this line, disruption of fear memory due to sleep depriva-
tion appears especially effective when performed during the
inactive phase, when the probability of sleep is higher.

It is therefore conceivable that the fear conditioning and
the circadian system interacts onmany levels (see also Figure 1
for summary). First, molecular signaling pathways relevant
for the consolidation of long-term fear memories are modu-
lated by genes that drive the internal clock [89, 90], and defi-
ciency in clock genes results in impairments in contextual
fear memory [88]. Other learning types addressing hippo-
campal functions as well as cellular models of learning that
lastingly alter synaptic plasticity are similarly modulated by
the internal clock (see, e.g., [9, 10] for recent reviews).
Whether these processes can also be observed in the amyg-
dala or frontal cortical areas relevant for extinction remains
to be investigated in detail. A special role of the hippocampus
in combining circadian and contextual processes, however,
has become evident, since time-place encoding of an event
as part of episodic memory formation is one of the primary
hippocampal tasks and most likely would contain also
daytime information [63].

Second, neuromodulators such as acetylcholine that dis-
play a circadian modulation and may also affect the SCN
master clock [120] are crucial for fear memory formation.
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Figure 1: Overview of circadian fear memory system interactions. (a) On the behavioral level, fear memory strength is higher when fear
conditioning and its retrieval took place during the inactive, light phase [51], while extinction memory is facilitated when training and
testing took place during the dark, active phase [54]. On evolutionary aspects, this may relate to the increased significance of aversive
events occurring during the inactive phase, when the animal usually retires to the nest. Further, the increased probability of posttraining
sleep, which is required for memory consolidation, may strengthen fear memory acquired during the inactive phase. (b) On the brain
circuit level, fear and extinction memory strength are determined by an interaction of the amygdala, hippocampus, and medial prefrontal
cortex (mPFC). While cue associations are stored in the lateral and basolateral nuclei of the amygdala (LA/BLA), contextual information
is processed by the hippocampal formation (DG: dentate gyrus; CA: Cornu ammonis, 1–3) [13, 16]. For extinction of fear memory, the
infralimbic cortex (IL) is important in inhibiting conditioned responses, mediated trough the central amygdala (CeA) [22]. The expression
of clock genes such as period (PER) 2 displays a circadian rhythm with different phase settings within the LA/BLA (light orange) and
hippocampal subregions (light green) versus the CeA (dark orange) and IL (blue) [80–82]. Adrenalectomy (AdX) abolishes the circadian
expression pattern of PER2 only in the CeA and the IL [80, 82], which correspond to circadian rhythms of corticosterone (CORT) plasma
levels [95] depicted in the lower graph. In addition, fear memory consolidation strength is modulated by serotonin (5HT) and
acetylcholine (ACh), which show circadian variations in amygdala and/or hippocampal tissue levels as well [112, 117]. (c) On the
molecular level, it has been shown in hippocampal neurons that different components of the MAPK pathway display a circadian
activation profile, with peaks during the light phase for the second messenger cAMP (dark red), the kinase ERK1/2 (light green), the
transcription factor CREB (dark green), and the protein translation initiation factor eIF4E (light red) [90, 91, 93]. Moreover, the nuclear
translocation of p90RSK, a kinase that activates CREB and modulates translation, is regulated by the clock protein PER1, thereby
modulating transcriptional activation of CREB-dependent downstream proteins [90]. PER1 expression levels are further regulated by
corticosterone signaling, adding a further level of stress and circadian systems interactions [96].
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For the stress hormone corticosterone, the underlying
interactions have begun to unravel; they describe circadian
effects of reconsolidation and corticosterone levels on fear
memory [105] and effects of corticosterone on expression
of clock genes in areas relevant for fear memory and
extinction [80, 82].

Third, an interaction of circadian rhythms and fear mem-
ory are potentially relevant for the pathogenesis and therapy
of neuropsychiatric disorders. Excessive fear conditioning
and impaired extinction have been implicated as key behav-
ioral mechanisms of anxiety disorders such as phobias, panic
disorder, and PTSD. Targeting molecular pathways involved
in fear memory consolidation, reconsolidation, and extinc-
tion therefore lay the basis for an evidence-based therapy
for these disorders [107]. Clock genes, in interaction with
modulators such as corticosterone, provide interesting
new targets for understanding many neuropsychiatric dis-
orders [123], and understanding the interplay of circadian
processes in fear memory carries the potential to open
new therapeutic avenues.
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