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A B S T R A C T   

The circadian system plays an important role in aligning biological processes with the external time of day. A 
range of physiological functions are governed by the circadian cycle, including memory processes, yet little is 
understood about how the clock interfaces with memory at a molecular level. The molecular circadian clock 
consists of four key genes/gene families, Period, Clock, Cryptochrome, and Bmal1, that rhythmically cycle in an 
ongoing transcription-translation negative feedback loop that maintains an approximately 24-hour cycle within 
cells of the brain and body. In addition to their roles in generating the circadian rhythm within the brain’s master 
pacemaker (the suprachiasmatic nucleus), recent research has suggested that these clock genes may function 
locally within memory-relevant brain regions to modulate memory across the day/night cycle. This review will 
discuss how these clock genes function both within the brain’s central clock and within memory-relevant brain 
regions to exert circadian control over memory processes. For each core clock gene, we describe the current 
research that demonstrates a potential role in memory and outline how these clock genes might interface with 
cascades known to support long-term memory formation. Together, the research suggests that clock genes 
function locally within satellite clocks across the brain to exert circadian control over long-term memory for-
mation and possibly other biological processes. Understanding how clock genes might interface with local mo-
lecular cascades in the hippocampus and other brain regions is a critical step toward developing treatments for 
the myriad disorders marked by dysfunction of both the circadian system and cognitive processes.   

1. Introduction 

Most animals have developed a circadian system to synchronize their 
internal physiological processes with the external time of day. Histori-
cally, the circadian field has largely focused on understanding how 
circadian oscillations control the sleep/wake cycle, but a wide range of 
biological processes are affected by the circadian system, including 
feeding behavior, body temperature, metabolism, and memory forma-
tion. Memory strength in particular has been largely neglected as an 
oscillating physiological process; very little is understood about the 
mechanisms that drive diurnal fluctuations in memory. This is surpris-
ing, as the mechanisms that support memory formation are relatively 
well-characterized, as are the individual mechanisms involved in the 
molecular circadian clock. The relationship between these two molec-
ular cascades, however, is unclear despite a well-documented relation-
ship between circadian rhythms and cognitive function (Davies et al., 
1973; Fekete et al., 1985; Folkard et al., 1983; Holloway and Wansley, 

1973; Monk et al., 1983; Monk et al., 1984; Tapp and Holloway, 1981). 
Recent research has suggested that circadian clock genes function 
outside the brain’s central pacemaker to control local functions, possibly 
serving as a mechanism to provide circadian control over biological 
processes including memory formation and expression. 

Here, we will discuss how circadian genes function within and 
outside of the brain’s central pacemaker to exert circadian control over 
memory. Following a brief overview of the key genes involved in 
generating the brain’s circadian rhythm, we will discuss the limited 
work suggesting these genes might also function to modulate memory 
across the 24-hour day in rodents, focusing largely on work in the hip-
pocampus, an important memory-relevant brain region. We will then 
outline how the molecular clock interfaces with key mechanisms known 
to support memory formation and discuss how this interaction might 
serve to integrate time-of-day information with memory processes 
across the brain. 
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2. Circadian rhythms and the central pacemaker 

Circadian rhythms are intrinsic oscillations that drive the cycling of a 
body’s biological processes over a 24-hour period. This internal pace-
maker is vital to the physiology of most living organisms, as it syn-
chronizes the internal state of the body and brain with the external time 
of day. Driven by changes in the environment due to the earth’s daily 
rotation, diurnal oscillations give organisms several evolutionary ad-
vantages, including the synchrony and coordination of biological func-
tions and responses (Sharma, 2003). From cyanobacteria (Johnson et al., 
2017; Swan et al., 2018; Woelfle et al., 2004) to humans (Duffy and 
Wright, 2005; Scheer et al., 2007), most organisms can synchronize 
physiological events to regular diurnal events in the environment. 

The brain’s master circadian pacemaker is the suprachiasmatic nu-
cleus (SCN), located in the hypothalamus (Repper and Weaver, 2002). 
Made of approximately 20,000 neurons that oscillate autonomously, the 
SCN is coordinated by a complex communicative network that ensures 
synchrony to the external environment (Mieda, 2020; Noguchi et al., 
2013). The SCN sets the pace for downstream “satellite clocks,” 
including other areas of the brain and peripheral tissues like the liver, 
pancreas, and lungs. Liver cells, for example, use these oscillations to 
guide an organism’s metabolism over a 24-hour cycle (Mukherji et al., 
2019; Tong and Yin, 2013). 

Zeitgebers, or time-givers, are cues that allow an organism to align 
internal or behavioral rhythms to environmental stimuli, such as the 24- 
hour day. The most potent zeitgebers are light/dark cues (i.e. photic 
zeitgebers) that are typically provided by the sun rising and setting or, in 
a laboratory setting, the daily onset and offset of the overhead lights 
(Golombek and Rosenstein, 2010). Light is a particularly potent zeit-
geber because the SCN receives direct input from photosensitive retinal 
ganglion cells (pRGCs) via the retinohypothalamic tract (RHT). Photic 
input can therefore adjust the phase of the master pacemaker in the SCN, 
which then can indirectly impact the phase of downstream satellite 
clocks in peripheral tissues. The ability to entrain to photic zeitgebers is 
particularly important, considering most animals have endogenous 
circadian rhythms that are slightly shorter or longer than 24 h (for 
example, the free-running period of a C57Bl/6J mouse is ~ 23.6 h 
(Eckel-Mahan and Sassone-Corsi, 2015). Entraining to the actual light/ 
dark rhythms of the environment allows for a daily readjustment of the 
animal’s circadian system, ensuring internal synchrony with the 
external world. 

There are also many examples of non-photic zeitgebers that can serve 
to entrain the clock, including feeding time, temperature, social in-
teractions, or even the arousal evoked by caretaker work that consis-
tently occurs each day (such as cage changes or feeding; Kusumoto- 
Yoshida et al., 2015; Moriya et al., 2009; Mrosovsky, 1989; Opiol et al. 
2015; Peng-Li et al., 2022; Ribeiro et al., 2009). Indeed, any stimulus 
that happens around the same time every day can potentially serve as a 
zeitgeber to the SCN. The SCN in turn uses the timing information 
provided by these different zeitgebers to align the organism to the 
external time of day, functioning as the master pacemaker for satellite 
clocks throughout the rest of the brain and body. Accordingly, SCN le-
sions drastically impair free-running activity patterns in rodents (Moore 
and Eichler, 1972; Stephan and Zucker, 1972a; Tahara et al., 2012) and 
affect circadian gene oscillations in peripheral tissues. Typically, SCN 
lesions ablate clock gene oscillations in satellite tissues (Akhtar et al., 
2002; Guo et al., 2005; Hara et al., 2001; Iijima et al., 2002; Kudo et al., 
2004; Terazono et al., 2003;), although some researchers report that 
SCN lesions reduce peripheral clock gene oscillation amplitude without 
affecting their endogenous phase (i.e. SCN lesions reduce the difference 
between gene expression peaks and troughs without affecting when 
those genes peak and trough across the 24 h day; Tahara et al., 2012), 
and others have shown intact rhythms in peripheral tissues even when 
the SCN is removed (Yoo et al., 2004). These disparate results across 
studies may be from differences in the experimental design, including 
the methods through which the circadian activity pattern is monitored 

(e.g. with running wheels that provide exercise versus passive infrared 
sensors), differences in how oscillations are monitored (e.g. luciferase 
expression versus qPCR/microarray), and even how the SCN is removed 
(via electrolytic lesion or thermal lesion). Although it is not clear why 
different labs have observed varying effects of SCN lesions on peripheral 
clock gene oscillations, recent studies have suggested that the SCN may 
be specifically required to maintain synchrony across peripheral organs 
but may not be required to maintain oscillations within each organ 
(Sinturel et al., 2021). Even when peripheral clocks are dampened or 
destroyed by SCN lesions, however, rodents can successfully entrain to 
non-photic zeitgebers like food presentation, although this rhythmicity 
is lost in the absence of these cues or when only photic zeitgebers are 
provided (Saini et al., 2013;Tahara et al., 2012). The ability of animals 
with SCN lesions to entrain to non-photic external cues demonstrates the 
power and complexity that zeitgebers have in driving diurnal rhyth-
micity. Zeitgebers can therefore modulate circadian rhythmicity by 
providing time-of-day information even when the brain’s central pace-
maker is offline. 

3. Oscillations of the molecular clock 

Although the SCN functions as the brain’s master pacemaker, every 
cell in the brain and body maintains some time-of-day information in the 
form of a rhythmic molecular clock. This molecular clock is primarily 
driven by four key circadian clock genes/gene families: Circadian Lo-
comotor Output Cycles Kaput (Clock), Brain and Muscle ARNT-Like 1 
(Bmal1), Period (Per1-3), and Cryptochrome (Cry1-2) (Fig. 1). At the 
most basic level, circadian information is encoded in the rhythmic 
expression and inhibition of these genes, as they interact in a core 
negative transcription-translation feedback loop (TTFL) that rhythmi-
cally oscillates within every cell. The TTFL begins when a heterodimer of 
two transcription factors, CLOCK and BMAL1, bind to Ebox motifs up-
stream of the Per and Cry gene families (Fig. 1). The CLOCK-BMAL1 
heterodimer drives transcription of the Per and Cry genes, which are 
subsequently translated in the cytoplasm, where they heterodimerize. 
Phosphorylation of PER proteins via CK1δ/ε allows the PER-CRY com-
plex to move into the nucleus (Fu et al., 2002; Gallego and Virshup, 
2007; Isojima et al., 2009; Lee et al., 2011) where it interacts with 
transcriptional repressors to block CLOCK/BMAL1 activity, inhibiting 
subsequent transcription of the Per and Cry genes. Over time, PER and 
CRY proteins are degraded, relieving the inhibition of CLOCK-BMAL1, 
and ultimately resetting the molecular clock to enable a new round of 
Per and Cry transcription. Importantly, this entire TTFL takes approxi-
mately 24 h to complete, roughly matching the organism’s internal 
clocks with the external time of day (for review see Ko & Takashi, 2006; 
Virshup and Forger, 2007). 

In addition to this core feedback loop, there are accessory feedback 
loops that help to fine-tune the rhythm to ensure close synchrony with 
the external environment (Buhr and Takahashi, 2013). Most notably, the 
CLOCK-BMAL1 heterodimer can also bind to Ebox regions upstream of 
two nuclear orphan receptor genes, Rev-erbα, and RORα, which compete 
to bind at retinoic acid-related orphan receptor response elements 
(ROREs) in the Bmal1 promoter. REV-ERBα and RORα binding have 
opposite effects on Bmal1 transcription; RORα promotes Bmal1 tran-
scription whereas REV-ERBα inhibits Bmal1 transcription via recruit-
ment of the repressive histone deacetylase HDAC3 (Zhao et al., 2016; for 
review see Mohawk et al., 2012). This accessory loop can therefore help 
adjust the molecular clock by tightly controlling Bmal1 expression. 

While we understand a lot about how these mechanisms function in 
regulating circadian oscillations within SCN, the role of these clock 
genes outside of the SCN is largely unclear. As these genes are found 
throughout the brain and body, it is likely that they function to set local 
clocks within peripheral tissues, with the SCN functioning as a “master 
regulator” that synchronizes these satellite clocks. It is possible that 
these individual clock genes serve other, tissue-specific functions in 
downstream satellite clocks, as well, locally controlling different 
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physiological functions in distinct regions. Memory formation, which is 
strongly influenced by the circadian system, is one such process that may 
be directly modulated by circadian gene function in distinct areas of the 
brain. 

4. The molecular mechanisms of Long-Term memory 

Memory consolidation, the time-limited process through which 
memory is stabilized into long-term storage, is well-characterized at a 
molecular level. Many of the key molecular cascades necessary for 
memory consolidation oscillate across the 24-hour day, possibly 
modulating memory formation and/or consolidation across the day/ 
night cycle (Gerstner et al., 2009). In addition, memory-relevant brain 
structures, such as the hippocampus (Jilg et al., 2010), amygdala 
(Savalli et al., 2014), prefrontal cortex (Chun et al., 2015), and retro-
splenial cortex (Niu et al., 2021), show rhythmic oscillations in many of 
the core clock genes described above. How these oscillating cascades 
interact to exert diurnal control over memory formation is currently 
unknown. 

One consistent requirement for memory consolidation is transcrip-
tion (Alberini and Kandel, 2014). Although this is an incredibly complex 
process, several specific genes have been identified as necessary for 
long-term memory formation, a topic that has been reviewed extensively 
elsewhere (e.g. Johansen et al., 2011). In particular, the mitogen- 
activated protein kinase (MAPK; also called ERK)/cAMP-binding pro-
tein (CREB) cascade is a major signaling pathway necessary for memory 
formation (Alberini and Kandel, 2014; Alberini, 2009; Kandel, 2012; 
Silva et al., 1998). Inhibition of MAPK/ERK, CREB, or other key mole-
cules in this cascade around the time of learning leads to long-term 
memory impairments (Kelly et al., 2003; Ortega-Martínez, 2015; 
Selcher et al., 1999; Vogtet al., 2014). CREB is also an important 
mechanism that directly interfaces with the molecular clock. The CREB 

cascade shows a rhythmic diurnal oscillation, with hippocampal CREB 
phosphorylation peaking during the day (Rawashdeh et al., 2016). In 
addition, the two phosphorylated MAPK isoforms, pERK1 and pERK2 
oscillate relative to total MAPK (which does not change across the day/ 
night cycle), also peaking in the hippocampus during the daytime, 
around ZT4-8 (ZT = Zeitgeber Time, where ZT0 = light onset in the 
colony room; Eckel-Mahan et al., 2008). CREB directly interacts with the 
TTFL by promoting the transcription of Per genes (Tischkau et al., 2003) 
and is also downstream of Per1 (see Fig. 1; discussed later in this review), 
providing a compelling interface between the molecular signaling cas-
cades that regulate the circadian system and the mechanisms that 
regulate memory. 

4.1. The effect of circadian rhythms on memory 

It is indisputable that circadian rhythms influence long-term memory 
formation. Memories are strongly influenced by the time of day when 
they are formed or retrieved (Chaudhury and Colwell, 2002; Eckel- 
Mahan et al., 2008) and manipulations that disrupt the circadian sys-
tem typically produce marked impairments in memory formation (for 
review see Smarr et al., 2014). Memory oscillates across the day/night 
cycle and typically peaks during the day in rodents (Chaudhury and 
Colwell, 2002; Eckel-Mahan et al., 2008; Gerstner and Yin, 2010; 
Rawashdeh et al., 2014 Urban et al., 2021), although this varies across 
task and lab (Liu et al., 2022; Loss et al., 2015; Morales-Delgado et al., 
2018; Tsao et al., 2022; Winocur and Hasher, 2004). Further, disrupting 
the circadian system through SCN lesions or jet lag experiments usually 
impairs memory and cognition (Cho et al. 2000; Cho 2001; Davidson 
et al. 2006). Jet lag, caused by abruptly advancing a light or dark phase 
by > 3 h, temporarily disrupts both clock gene oscillations in the SCN 
and memory performance until the rodent re-entrains to the new light/ 
dark schedule. (Reddy et al., 2002; Sellix et al., 2012). Finally, a wide 

Fig. 1. The molecular interface between the clock and memory. The molecular clock begins when the CLOCK-BMAL1 heterodimer binds to EBox motifs in the 
Per and Cry promoters, driving their transcription. After translation in the cytoplasm, PER and CRY form a heterodimer that inhibits the CLOCK-BMAL complex to 
reduce further Per/Cry transcription. Eventually, degradation of PER and CRY alleviates this repression, starting a new round of transcription. As a major accessory 
loop, Rev-erbα and RORα compete to bind ROREs upstream of Bmal1 to promote and inhibit Bmal1 transcription, respectively, fine-tuning the clock. Importantly, 
PER1 also physically binds to phosphorylated P90RSK to allow it to move into the nucleus to phosphorylate CREB to regulate the transcriptional program necessary 
for memory formation. Diurnal oscillations in PER1 may therefore modulate memory consolidation by regulating CREB-mediated transcription. 
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range of neuropsychiatric disorders, including Alzheimer’s disease 
(Homolak et al., 2018), depression (Vadnie and McClung, 2017), PTSD 
(Albrecht and Stork, 2017), and even normal aging (Antoniadis et al., 
2000) is accompanied by disruptions in both memory and the circadian 
system, suggesting that these two biological processes are linked. 
Memory is therefore tightly coupled to the organism’s circadian cycling 
and a dysfunctional circadian system typically leads to impaired mem-
ory. As the goal of this review is to describe the molecular interface 
between the circadian system and memory formation, we will primarily 
focus on research using rodent models in which the circadian rhythm 
and memory have both been extensively profiled at molecular and 
behavioral levels. Although human circadian and memory studies have 
been conducted, they are unable to provide the detailed molecular 
resolution achieved in rodent studies and are less helpful in describing 
this molecular interface. In both rodents and humans, however, memory 
shows a similar circadian oscillation, with better memory typically 
observed during the daytime (Chaudhury and Colwell, 2002; Eckel- 
Mahan et al., 2008; Evans et al., 2017; Gerstner and Yin, 2010; 
Groeger et al., 2008; Harrison et al., 2007; Horowitz et al., 2003; McHill 
et al., 2018; Rawashdeh et al., 2014; Urban et al., 2021; Wright et al., 
2002). 

Although it is not currently clear how the circadian system governs 
memory formation, there are some major intersections between the 
genes that support memory formation and those that regulate circadian 
rhythms. One compelling idea is that rhythmic oscillation of clock genes 
in memory-relevant structures (like the hippocampus, retrosplenial 
cortex, prefrontal cortex, and amygdala) may function to exert circadian 
control over memory formation (Hartsock and Spencer, 2020). A 
massive number of transcripts (>80% of protein-coding genes in the 
baboon (Mure et al., 2018) and ~ 43% of protein coding genes in the 
mouse (Zhang et al., 2014)) show circadian oscillations in at least one 
tissue type. This includes a host of diverse “clock-controlled genes” that 
are directly transcriptionally regulated by the core clock genes them-
selves. E-box regions are found upstream of non-clock genes, for 
example, enabling enhanced expression of these genes when the CLOCK- 
BMAL heterodimer peaks in that local tissue (Hartsock and Spencer, 
2020). Although clock-controlled genes in the brain have not yet been 
characterized in detail, it is very likely that many of these genes impact 
neuronal activity and plasticity and therefore can affect memory for-
mation. Further, other key genes known to play a role in memory for-
mation (like the MAPK/ERK/CREB cascade (Eckel-Mahan et al., 2008; 
Rawashdeh et al., 2014; Rawashdeh et al., 2016)) oscillate in a circadian 
manner, despite not being directly transcriptionally coupled to the TTFL 
itself. To understand how the circadian clock regulates memory, there-
fore, it will be critical to determine how the molecular clock interfaces 
with the signaling cascades necessary for memory consolidation in the 
hippocampus and other memory-relevant brain structures. 

5. Core circadian clock genes and their roles in memory 

Clock gene oscillations are best characterized in the SCN, where 
Clock, Bmal1, Per1-3, and Cry1-2 rhythmically oscillate to establish the 
animal’s circadian activity pattern. Clock genes are present in every cell 
of the body, however, and these genes show oscillatory expression in 
many other tissues, including within memory-relevant structures in the 
brain, including the hippocampus (Chun et al., 2015; Harbour et al., 
2014), amygdala (Chun et al., 2015; Harbour et al., 2014), retrosplenial 
cortex (Urban et al., 2021), and prefrontal cortex (Chun et al., 2015; Jilg 
et al., 2010; Woodruff et al., 2018) possibly providing a mechanism 
through which circadian information is communicated locally to these 
satellite clocks. 

Disrupting circadian gene oscillations within the SCN itself can cause 
an indirect impairment in memory by disrupting the organism’s circa-
dian system and sleep/wake cycle. As the SCN controls the circadian 
functioning of a wide range of bodily processes like immunity, meta-
bolism, mood, and sleep, any disruption of the central circadian 

pacemaker within the SCN can have widespread consequences on the 
function of the organism that can indirectly impact memory. To deter-
mine whether individual clock genes function locally within memory- 
relevant structures, therefore, it is important that the manipulation is 
spatially restricted to the region of interest to avoid disruption of the 
brain’s central pacemaker. To date, only a few studies have tested the 
effects of local manipulations of individual clock genes on memory 
formation outside of the SCN (Kim et al., 2021; Kwapis et al., 2018; 
Mukherjee et al., 2010; Urban et al., 2021; Woodruff et al. 2018). These 
existing studies, however, all demonstrate behavioral effects in response 
to local manipulation of an individual clock gene outside the SCN, 
consistent with the idea that clock genes function to exert local circadian 
control over memory and other biological processes across the brain. In 
the next section, we will review what is currently known about the role 
of each individual clock gene in memory and outline the gaps in our 
knowledge to guide future studies on these molecules. 

5.1. Clock 

Clock is one of the four circadian genes that comprise the basic TTFL. 
As described above, CLOCK heterodimerizes with BMAL1 to drive 
transcription of the Per and Cry genes (King et al. 1997; Takahashi, 
1995; Vitaterna et al. 1994), initiating the positive limb of the feedback 
loop (see Fig. 1). As with the other clock genes, Clock also rhythmically 
oscillates in cells outside the SCN, although its expression is often shifted 
in satellite clocks. In the SCN, Clock expression peaks at ZT22 whereas its 
expression peaks in the hippocampus, for example, at ZT18 (Jilg et al., 
2010). This out-of-phase oscillation in Clock (and the other core clock 
genes) could function to exert circadian control over other local func-
tions regulated by specific regions of the brain. 

CLOCK is ubiquitously expressed throughout the mouse brain and 
rhythmically oscillates in the hippocampus (Jilg et al., 2010), making it 
a possible mechanism that could exert local circadian control over 
memory. Indeed, Clock-/- mice (in which Clock is globally deleted) show 
deficits in long-term spatial memory in the hippocampus-dependent 
Morris water maze task (Oishi et al., 2006). Importantly, however, 
these Clock-/- mice also have disrupted activity patterns (i.e., longer 
circadian periods and two-hour phase delays; Sei et al., 2001) that may 
indirectly affect memory. Typically, global knockout or disruption of 
Clock causes arrhythmia (King et al., 1997), although some studies have 
shown compensation from a second gene, Npas2 (DeBruyne et al., 2006). 
NPAS2, a CLOCK paralog, can bind with BMAL1 to support rhythmic 
oscillation of the molecular clock in the forebrain (Reick et al., 2001) 
even in the absence of Clock (Debruyne et al., 2006; Debruyne et al., 
2007). Although there is some debate about the effects of Clock deletion 
on a rodent’s behavioral and molecular rhythms, loss-of-function studies 
demonstrate that CLOCK is necessary for accurately maintaining 24- 
hour rhythms and NPAS2-mediated compensation is not as effective as 
CLOCK itself. For example, Per2 remains arhythmic in peripheral tissues 
of CLOCK-deficient mice, likely due to the slightly lower binding affinity 
of NPAS2 to BMAL1 compared to CLOCK, (Landgraf et al., 2016; 
Mitchell and Tjian, 1989). Together, this indicates that global deletion of 
Clock impacts SCN function, even if this impact is subtle. Global Clock 
deletion may therefore affect hippocampal memory via either local 
mechanisms (direct functioning within the hippocampus) or indirectly 
by disrupting the animal’s circadian system. 

CLOCK can also function as a histone acetyltransferase (HAT; Doi 
et al. 2006), a chromatin modifier that adds acetyl groups to histone 
tails. CLOCK primarily acetylates histone H3, but can also acetylate its 
own binding partner, BMAL1, to activate the complex’s ability to posi-
tively regulate the transcription of Per and Cry (Doi et al., 2006; Hir-
ayama et al., 2007; Nakahata et al., 2008; Sahar and Sassone-Corsi, 
2012). Little work has investigated whether CLOCK’s HAT activity is 
important for memory, however, despite the well-documented require-
ment for HAT activity in memory formation (Chatterjee et al., 2020; 
Peixoto & Abel, 2012; Pirooznia & Elefant, 2013; Stefanko et al., 2009). 
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As CLOCK is known to interact with CREB-binding protein (CBP) (Eckel- 
Mahan and Sassone-Corsi, 2013; Hardin and Yu, 2006), a HAT that plays 
a key role in memory consolidation, this molecule is well-positioned to 
serve as an epigenetic interface between the circadian clock and 
memory. 

To counterbalance its HAT activity, CLOCK also interacts with the 
histone deacetylase SIRT1, which itself is important for memory for-
mation (Nakahata et al. 2008). The acetylation of the CLOCK-BMAL1 
dimer promotes gene expression, and SIRT1 (a nicotinamide adeno-
sine dinucleotide (NAD)-dependent, Class III HDAC) acts on CLOCK and 
the CLOCK-BMAL1 dimer to regulate this expression. Studies in the liver 
have shown that SIRT1 functions to maintain and regulate the amplitude 
of circadian gene expression, possibly acting as a “rheostat” to carefully 
regulate core circadian gene expression in tandem with the HAT activity 
of CLOCK (Asher et al., 2008; Nakahata et al., 2008). Importantly, SIRT1 
is also critical for long-term memory, in part because it regulates CREB 
expression (Gao et al., 2010). Accordingly, SIRT1 knockout mice show 
impaired hippocampal memory and synaptic plasticity in hippocampal 
neurons (Michán et al., 2010). Thus, CLOCK may also affect memory 
through its interactions with SIRT1. 

To date, all of the work on Clock manipulates its expression in a 
global manner, affecting Clock both in memory-relevant structures and 
within the SCN itself. It is therefore impossible to determine whether 
Clock plays a local role within the hippocampus in regulating spatial 
memory formation, or whether its effects on memory occur indirectly 
due to disruption of the circadian system. Future studies should there-
fore manipulate Clock directly within the hippocampus or other 
memory-relevant brain regions to directly test whether it plays a role in 
memory formation that is distinct from its circadian function within the 
SCN. Further, future studies should determine whether hippocampal 
Clock interacts with SIRT1, HDAC3, and other epigenetic mechanisms 
during memory formation and whether these interactions change across 
the day/night cycle. 

5.2. Bmal1 

The second core clock molecule, BMAL1, which binds to CLOCK to 
drive Per and Cry transcription, seems to be particularly indispensable 
for the circadian system. Bmal1-/- mice fail to entrain to light/dark cycles 
and display complete arrhythmia under constant-dark conditions 
(Bunger et al., 2000), indicating that this gene is critical for normal 
rhythmicity, even in the presence of light/dark zeitgebers. 

Consistent with its vital role in the circadian system, global Bmal1 
knockout causes widespread physiological consequences, including 
drastic impairments in memory. Wardlaw and colleagues (2014) 
demonstrated that Bmal1-/- mice show impaired learning and memory in 
multiple hippocampus-dependent tasks, including the Morris water 
maze and context fear conditioning (Wardlaw et al., 2014), although 
these mice show intact object recognition memory, which is often re-
ported to be hippocampus-independent (Broadbent et al. 2004; Clark 
et al. 2000; Good et al. 2007; McNulty et al., 2012; Winters et al., 2004). 
Additionally, using the open-field task, Kondratova and colleagues 
(2010) showed that Bmal1 knockout mice show impairments in habit-
uation both within and between sessions, suggesting that both short- and 
long-term memory, respectively, are impaired. Hippocampal long-term 
potentiation (LTP) is also impaired in Bmal1-/- mice, suggesting that 
Bmal1 knockout might limit memory formation by impairing plasticity 
within hippocampal synapses (Wardlaw et al., 2014). These impair-
ments in both memory and LTP may stem from disruptions in the MAPK 
pathway, which is critically important for hippocampal long-term 
memory (Atkins et al., 1998; Berman et al., 1998; Cammarota et al., 
2000; Crow et al., 1998; Kelly et al., 2003; Marin et al., 1997; Selcher 
et al., 1999; Sharma et al., 2003). Bmal1-/- mice show no diurnal oscil-
lation in either MAPK activity or cAMP levels and, strikingly, fail to 
show learning-induced increases in MAPK phosphorylation in the hip-
pocampus (Wardlaw et al., 2014). Therefore, Bmal1 seems to play a 

critical role in hippocampal memory formation via its regulation of the 
cAMP/MAPK signaling pathway in the hippocampus. 

Although organism-wide knockout of Bmal1 produces impairments 
in hippocampal long-term memory, again it is not clear whether these 
effects are from Bmal1 deletion within the hippocampus per se. Because 
Bmal1 plays a key, indispensable role in the organism-wide circadian 
system, its disruption causes widespread effects on the health of the 
animal, including a complete disruption of the animal’s circadian ac-
tivity pattern. As circadian system disruptions alone can negatively 
impact memory, it is not possible to dissociate whether the observed 
effects are due to Bmal1 disruption within the hippocampus or whether 
they stem from the disruption of the SCN-mediated circadian system 
itself. To address this, Snider and colleagues (2016) crossed Bmal1flox/flox 

mice with CAMKII-Cre mice to selectively delete Bmal1 throughout the 
hippocampus, cortex, and other forebrain regions while sparing Bmal1 
expression in the SCN. Unlike global Bmal1-/- mice, these forebrain- 
specific Bmal1 knockout animals displayed normal circadian activity 
patterns but showed impairments in short-term memory in the 
hippocampus-dependent object location memory task and disruptions in 
hippocampal long-term memory in the spatial Barnes maze task. Thus, 
selective deletion of Bmal1 in the forebrain impairs learning and mem-
ory without affecting the core circadian system in the SCN, suggesting 
that Bmal1 may function independently in memory-relevant structures 
to modulate memory formation. As this deletion was still relatively 
widespread, however, removing Bmal1 across the entire forebrain, it is 
still somewhat unclear whether Bmal1 functions specifically in the 
hippocampus to regulate memory. Thus, future studies will need to test 
whether site-specific deletion of Bmal1 in the hippocampus and other 
memory-relevant structures is indeed sufficient to impair long-term 
memory formation. 

5.3. Cryptochrome 

As part of the negative loop of the molecular circadian clock, CRY1 
and CRY2 heterodimerize with the three PER homologs (PER1, 2, and 3) 
to turn off CLOCK-BMAL1-mediated transcription, ultimately repressing 
their own expression. In Drosophila, CRY1 acts as a photoreceptor, 
oscillating based on light exposure and entraining the circadian system 
to the external environment (Emery et al., 1998). In mammals, however, 
there is little evidence to suggest that CRY1 and CRY2 work in a light- 
dependent manner. Instead, they function independent of light expo-
sure (Griffin et al. 1999), and their expression is not altered even in 
constant-dark conditions (Miyamoto and Sancar, 1998). 

It is interesting to note that in contrast to Bmal1 knockout mice, 
which show early mortality rates alongside other health complications 
(Wardlaw et al., 2014), global Cry1/2 knockout mice are behaviorally 
arrhythmic under constant-dark conditions but can successfully main-
tain rhythmic activity patterns with 12-hour light/dark cues (van der 
Horst et al., 1999). In addition, Cry1/2-/- mutants show an altered 
behavioral phenotype including increased locomotion in the dark phase, 
impaired object recognition memory, and increased anxiety levels, but 
do not show any change in auditory fear memory (de Bundel et al., 
2013), suggesting that the effects of Cry knockout are more subtle 
compared to other clock gene knockouts. 

One putative role for the Cry genes is to control time-place learning, 
the ability to learn that a specific event occurs in a particular time and 
place. To test this idea, Van der Zee and colleagues (2008) developed a 
novel time-place learning paradigm in which a 3-arm maze is baited 
with food but also has one arm that delivers a footshock, with the 
aversive arm changing based on the time of day. Despite being able to 
learn both the aversive and appetitive information normally, Cry1/2-/- 

mice failed to learn to avoid the shock-delivering arm based on time-of- 
day information. Thus, Cry1/2 knockout mice were unable to learn the 
time-place information necessary to avoid a particular arm at a specific 
time of day, indicating they have deficient time-place learning. 

Together, the data suggest that global deletion of the Cry genes 
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impairs some forms of memory, but not others. Time-place learning (Van 
der Zee et al., 2008), object recognition memory (de Bundel et al., 
2013), and contextual fear conditioning (Van der Zee et al., 2008) are 
impaired by Cry deletion, although auditory fear conditioning is intact 
(de Bundel et al., 2013). As it is unclear whether time-place learning 
requires the SCN, the hippocampus, the cortex, or multiple brain re-
gions, it is difficult to make a conclusion about why the Cry genes sup-
port some types of memories and not others. Further, because all of the 
work to date uses global disruption of the Cryptochrome genes, it is not 
possible to conclude with any certainty whether Cry1 or Cry2 function 
directly within memory-relevant structures to regulate memory forma-
tion. As with the other clock genes, site-specific disruption will be 
necessary to determine whether Cry1 or Cry2 plays a role in memory 
formation outside of the SCN. 

5.4. Period 

The Period gene family (Per1-3) plays a well-established role in the 
negative arm of the circadian TTFL, in which the PER homologs bind to 
CRY proteins to shut down Per/Cry transcription by blocking the activity 
of CLOCK/BMAL. Most of the research conducted on Per genes focuses 
on Per1 and Per2, as Per3-/- mice show normal circadian activity patterns 
(Bae et al., 2001; Pendergast et al., 2010; Shearman et al., 2000), 
although some studies suggest that Per3 could play a role in tissue- 
specific clock function outside the SCN (Pendergast et al., 2012). In 
contrast, global deletion of both Per1 and Per2 produces severe 
arrhythmia (Bae et al., 2001; Zheng et al., 2001), indicating that these 
genes are critical for normal circadian cycling. 

Per1 and Per2 each play a key role in memory and in generating the 
circadian activity pattern, although loss of either Per homolog has a 
much less severe effect on the animal’s circadian system compared to 
loss of both Per1 and Per2. Global Per1-/- mice show a rhythmic but 
slightly shortened (~1 h) activity period that is spared in the presence of 
photic-zeitgebers (Cermakian et al., 2001). Similarly in the absence of 
Per2 (Per2-/-), animals show a shortened circadian activity period that is 
lost entirely during complete darkness (Zheng et al., 1999). Interest-
ingly, global Per1 knockout animals also show shifted oscillations of core 
clock genes in peripheral tissues (including in the hippocampus (Jilg 
et al., 2010)), although the expression of these clock genes is spared in 
the SCN (Cermakian et al., 2001), suggesting that Per1 may specifically 
function to regulate circadian output to satellite clocks. 

Of all the clock genes, the Per genes have the most extensive evidence 
demonstrating they play a local role in memory-relevant structures to 
regulate memory. For one, Period family genes are known to oscillate in 
the dorsal hippocampus across the day/night cycle. In the hippocampus, 
Per1 mRNA expression peaks around ZT12-16 and troughs at ZT22, 
whereas PER1 protein shows its highest expression at ZT22 and its 
lowest expression at ZT6 (Jilg et al., 2010). In the hippocampus, Per2 
mRNA is expressed but does not rhythmically oscillate. PER2 protein 
levels also do not show a rhythmic oscillation in the hippocampus, 
although a dip in PER2 expression has been observed at ZT10 (Jilg et al., 
2010). Finally, although the diurnal dynamics of Per3 have not been 
fully characterized in the hippocampus, its expression in the SCN peaks 
during the daytime, at ZT6-9, and shows a trough at night, between 
ZT15-21 (Zylka et al., 1998), whereas Per1 and Per2 peak at ZT6 and 
ZT12, respectively (Albrecht et al., 1997; Sun et al., 1997; Zheng et al., 
2001) and both Per1 and Per2 trough in the subjective night (Albrecht 
et al., 1997; Yan & Okamura, 2002). 

Perhaps most convincingly, research exists that directly manipulates 
Per1 within memory-relevant structures (the dorsal hippocampus 
(Kwapis et al., 2018), the ventromedial prefrontal cortex (Woodruff 
et al., 2018), and the retrosplenial cortex (Urban et al., 2021)) to show 
that this clock gene plays a key role in long-term memory formation that 
is independent of its pacemaker function within the SCN. The Stehle 
group first identified Per1 as a clock gene that also plays an important 
role in memory formation (2010). Specifically, they found that global 

Per1-/- mice showed long-term memory impairments in a hippocampus- 
dependent radial arm maze task (Jilg et al., 2010), suggesting that Per1 
regulates memory formation. In subsequent studies, these researchers 
uncovered a potential mechanism through which Per1 could provide 
local control over memory: by regulating the activity of CREB (Raw-
ashdeh et al., 2014; Rawashdeh et al., 2016). As previously described, 
CREB plays a well-documented role in memory formation, functioning 
as a transcription factor that promotes the expression of a number of 
genes necessary for long-term memory (Kandel, 2012). Further, hippo-
campal CREB phosphorylation at Ser133 is known to oscillate across the 
day/night cycle, peaking during the daytime in mice (Eckel-Mahan 
et al., 2008) along with its upstream activator, MAPK/ERK, which also 
shows increased phosphorylation during the daytime (Eckel-Mahan 
et al., 2008). Rawashdeh and colleagues showed that global deletion of 
Per1 disrupts the diurnal oscillation of both CREB and MAPK phos-
phorylation in the hippocampus, suggesting that Per1 may regulate 
memory formation by controlling CREB activity (2014). Indeed, subse-
quent work by this group demonstrated that PER1 protein directly in-
teracts with the CREB kinase P90RSK when it is phosphorylated 
(pP90RSK), shuttling this kinase to the nucleus where it can phosphor-
ylate and activate CREB to initiate the transcriptional program necessary 
for long-term memory (Fig. 1; Rawashdeh et al., 2016). Thus, this group 
has proposed that Per1 functions as a “gate” within the dorsal hippo-
campus, controlling the sensitivity of CREB-mediated transcription in 
the hippocampus to modulate the likelihood of long-term memory for-
mation across the circadian cycle. In all of this work, however, Per1 was 
deleted throughout the brain, not just in the dorsal hippocampus. It is, 
therefore, possible that the observed effects on memory and gene 
expression were due to disruption of the molecular clock within the SCN, 
rather than disruption within the hippocampus. 

Evidence for a site-specific role of Per1 within a memory-relevant 
brain region was demonstrated by the Wood Lab in 2018. Kwapis and 
colleagues (2018) independently identified Per1 as a key gene regulated 
by the repressive histone deacetylase HDAC3 during memory formation. 
Specifically, the authors found that deleting HDAC3 in the dorsal hip-
pocampus ameliorated age-related impairments in memory formation. 
Using an unbiased RNA-seq approach, they identified Per1 as one of four 
key genes restored by HDAC3 deletion, suggesting that HDAC3 might 
impair memory in the old hippocampus by repressing Per1 expression. 
To test this, they bidirectionally manipulated Per1 levels directly within 
the dorsal hippocampus and found that tissue-specific repression of Per1 
impaired spatial memory in young mice whereas local overexpression of 
Per1 improved memory in old mice. Importantly, the SCN was not 
thought to be impacted by these manipulations, as the SCN-dependent 
free-running periods were unaffected in response to local genetic dele-
tion of HDAC3 (a major regulator of Per1) within the dorsal hippo-
campus, consistent with the idea that Per1 is able to function 
autonomously within the dorsal hippocampus, possibly providing local 
circadian control over memory formation. Similar work from Woodruff 
and colleagues (2018) has demonstrated that site-specific knockdown of 
both Per1 and Per2 in the ventromedial prefrontal cortex prevents en-
hancements in fear extinction typically observed at night, suggesting 
that Per1 may also exert circadian control over extinction memory in the 
prefrontal cortex. Finally, our group has recently demonstrated that Per1 
knockdown within the retrosplenial cortex, another key brain region 
necessary for spatial memory, impairs memory for context fear condi-
tioning (Urban et al., 2021), suggesting that Per1 may exert circadian 
control over memory in a number of different memory-relevant brain 
regions. Surprisingly, we found that Per1 overexpression in the RSC 
actually impaired memory in young male mice but had no effect in fe-
males, suggesting that this clock gene may have sex-specific functions. 
While there is clearly a need to further investigate sex differences in 
peripheral clock gene function, overall this work suggests that Per1 is a 
key interface between the molecular clock and memory across the brain. 

Together with the work from Rawashdeh and colleagues, this sug-
gests that Per1 may function independently within memory-relevant 
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brain regions to modulate memory formation across the day/night cycle. 
Per1 is therefore particularly well-positioned to integrate the circadian 
system with memory, although much work remains to determine how 
widespread this role is across the brain and to determine the precise 
mechanisms through which Per1 regulates memory. Further, because 
these site-specific manipulations of Per1 are not limited to one phase of 
memory, it is difficult to determine whether these manipulations 
affected acquisition, consolidation, or retrieval of the memory, an 
outstanding question that will need to be addressed. Moving forward, it 
will also be important to establish how this system is altered in aging 
individuals, who typically show severe impairments in both long-term 
memory and circadian rhythmicity as well as reduced levels of hippo-
campal Per1 (Kwapis et al., 2018). Per1, which may function as an 
interface between memory and the circadian rhythm, could therefore 
represent a novel therapeutic target for improving both memory and 
circadian rhythmicity in old age. 

6. Conclusion 

The circadian system plays a key role in regulating physiological 
processes across the brain and body. One major function controlled by 
the circadian system is memory formation, which is directly affected by 
circadian gene expression. Despite this connection, the role of circadian 
genes in memory outside of the SCN is largely unexplored, as most of the 
work to date investigates memory in global knockout animals that lack 
circadian gene expression throughout the brain, including in the brain’s 
central pacemaker, the SCN. Recent work has begun to explore the ef-
fects of local clock gene manipulations directly within memory-relevant 
brain structures, however. The results to date demonstrate that clock 
genes, most notably Per1, may function autonomously within memory- 
relevant brain regions, including the hippocampus and retrosplenial 
cortex, to modulate memory across the 24 h day/night cycle. Circadian 
genes may therefore play very different roles outside of the SCN, 
exerting circadian control over memory by locally functioning in satel-
lite clocks across the brain. 

CRediT authorship contribution statement 

Chad W. Smies: Conceptualization, Visualization, Writing – original 
draft, Writing – review & editing. Kasuni K. Bodinayake: Conceptu-
alization, Visualization, Writing – original draft. Janine L. Kwapis: 
Conceptualization, Writing – original draft, Writing – review & editing, 
Supervision, Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements: 

We thank Lauren Bellfy for her contributions to scientific discussions. 

Funding 

This work was supported by the National Institutes of Health (grants 
R00AG056596 and R21AG068444) awarded to J.L.K.; the Whitehall 
Foundation (grant 2020-05-06 to J.L.K.); and was conducted while 
Janine Kwapis was a Glenn Foundation for Medical Research and AFAR 
Grant for Junior Faculty awardee (grant A21105). This work was also 
conducted while Chad Smies was a Verne M. Willaman Distinguished 
Graduate Fellow in the Eberly College of Science at Penn State. 

Author disclosure statement 

The authors declare that they have no conflicts of interest. 

References 

Akhtar, R. A., Reddy, A. B., Maywood, E. S., Clayton, J. D., King, V. M., Smith, A. G., 
Gant, T. W., Hastings, M. H., & Kyriacou, C. P. (2002). Circadian cycling of the 
mouse liver transcriptome, as revealed by cDNA microarray, is driven by the 
suprachiasmatic nucleus. Current biology : CB, 12(7), 540–550. https://doi.org/ 
10.1016/s0960-9822(02)00759-5 

Alberini, C. M. (2009). Transcription factors in long-term memory and synaptic 
plasticity. Physiological reviews, 89(1), 121–145. https://doi.org/10.1152/ 
physrev.00017.2008 

Alberini, C. M., & Kandel, E. R. (2014). The regulation of transcription in memory 
consolidation. Cold Spring Harbor perspectives in biology, 7(1), Article a021741. 
https://doi.org/10.1101/cshperspect.a021741 

Albrecht, A., & Stork, O. (2017). Circadian Rhythms in Fear Conditioning: An Overview 
of Behavioral, Brain System, and Molecular Interactions. Neural plasticity, 2017, 
3750307. https://doi.org/10.1155/2017/3750307 

Albrecht, U., Sun, Z. S., Eichele, G., & Lee, C. C. (1997). A differential response of two 
putative mammalian circadian regulators, mper1 and mper2, to light. Cell, 91(7), 
1055–1064. https://doi.org/10.1016/s0092-8674(00)80495-x 

Antoniadis, E. A., Ko, C. H., Ralph, M. R., & McDonald, R. J. (2000). Circadian rhythms, 
aging and memory. Behavioural brain research, 111(1–2), 25–37. https://doi.org/ 
10.1016/s0166-4328(00)00145-5 

Asher, G., Gatfield, D., Stratmann, M., Reinke, H., Dibner, C., Kreppel, F., 
Mostoslavsky, R., Alt, F. W., & Schibler, U. (2008). SIRT1 regulates circadian clock 
gene expression through PER2 deacetylation. Cell, 134(2), 317–328. https://doi.org/ 
10.1016/j.cell.2008.06.050 

Atkins, C. M., Selcher, J. C., Petraitis, J. J., Trzaskos, J. M., & Sweatt, J. D. (1998). The 
MAPK cascade is required for mammalian associative learning. Nature neuroscience, 1 
(7), 602–609. https://doi.org/10.1038/2836 

Bae, K., Jin, X., Maywood, E. S., Hastings, M. H., Reppert, S. M., & Weaver, D. R. (2001). 
Differential functions of mPer1, mPer2, and mPer3 in the SCN circadian clock. 
Neuron, 30(2), 525–536. https://doi.org/10.1016/s0896-6273(01)00302-6 

Berman, D. E., Hazvi, S., Rosenblum, K., Seger, R., & Dudai, Y. (1998). Specific and 
differential activation of mitogen-activated protein kinase cascades by unfamiliar 
taste in the insular cortex of the behaving rat. The Journal of neuroscience : the official 
journal of the Society for Neuroscience, 18(23), 10037–10044. https://doi.org/ 
10.1523/JNEUROSCI.18-23-10037.1998 

Broadbent, N. J., Squire, L. R., & Clark, R. E. (2004). Spatial memory, recognition 
memory, and the hippocampus. Proceedings of the National Academy of Sciences of the 
United States of America, 101(40), 14515–14520. https://doi.org/10.1073/ 
pnas.0406344101 

Buhr, E. D., & Takahashi, J. S. (2013). Molecular components of the Mammalian 
circadian clock. Handbook of experimental pharmacology, 217, 3–27. https://doi.org/ 
10.1007/978-3-642-25950-0_1 

Bunger, M. K., Wilsbacher, L. D., Moran, S. M., Clendenin, C., Radcliffe, L. A., 
Hogenesch, J. B., Simon, M. C., Takahashi, J. S., & Bradfield, C. A. (2000). Mop3 is 
an essential component of the master circadian pacemaker in mammals. Cell, 103(7), 
1009–1017. https://doi.org/10.1016/s0092-8674(00)00205-1 

Cammarota, M., Bevilaqua, L. R., Ardenghi, P., Paratcha, G., Levi de Stein, M., 
Izquierdo, I., & Medina, J. H. (2000). Learning-associated activation of nuclear 
MAPK, CREB and Elk-1, along with Fos production, in the rat hippocampus after a 
one-trial avoidance learning: Abolition by NMDA receptor blockade. Brain research. 
Molecular brain research, 76(1), 36–46. https://doi.org/10.1016/s0169-328x(99) 
00329-0 

Cermakian, N., Monaco, L., Pando, M. P., Dierich, A., & Sassone-Corsi, P. (2001). Altered 
behavioral rhythms and clock gene expression in mice with a targeted mutation in 
the Period1 gene. The EMBO journal, 20(15), 3967–3974. https://doi.org/10.1093/ 
emboj/20.15.3967 

Chatterjee, S., Angelakos, C. C., Bahl, E., Hawk, J. D., Gaine, M. E., Poplawski, S. G., 
Schneider-Anthony, A., Yadav, M., Porcari, G. S., Cassel, J. C., Giese, K. P., 
Michaelson, J. J., Lyons, L. C., Boutillier, A. L., & Abel, T. (2020). The CBP KIX 
domain regulates long-term memory and circadian activity. BMC biology, 18(1), 155. 
https://doi.org/10.1186/s12915-020-00886-1 

Chaudhury, D., & Colwell, C. S. (2002). Circadian modulation of learning and memory in 
fear-conditioned mice. Behavioural brain research, 133(1), 95–108. https://doi.org/ 
10.1016/s0166-4328(01)00471-5 

Cho, K. (2001). Chronic ’jet lag’ produces temporal lobe atrophy and spatial cognitive 
deficits. Nature neuroscience, 4(6), 567–568. https://doi.org/10.1038/88384 

Cho, K., Ennaceur, A., Cole, J. C., & Suh, C. K. (2000). Chronic jet lag produces cognitive 
deficits. The Journal of neuroscience : the official journal of the Society for Neuroscience , 
20 (6), RC66. https://doi.org/10.1523/JNEUROSCI.20-06-j0005.2000. 

Chun, L. E., Woodruff, E. R., Morton, S., Hinds, L. R., & Spencer, R. L. (2015). Variations 
in Phase and Amplitude of Rhythmic Clock Gene Expression across Prefrontal 
Cortex, Hippocampus, Amygdala, and Hypothalamic Paraventricular and 
Suprachiasmatic Nuclei of Male and Female Rats. Journal of biological rhythms, 30(5), 
417–436. https://doi.org/10.1177/0748730415598608 

Clark, R. E., Zola, S. M., & Squire, L. R. (2000). Impaired recognition memory in rats after 
damage to the hippocampus. The Journal of neuroscience : the official journal of the 
Society for Neuroscience, 20(23), 8853–8860. https://doi.org/10.1523/ 
JNEUROSCI.20-23-08853.2000 

C.W. Smies et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/s0960-9822(02)00759-5
https://doi.org/10.1016/s0960-9822(02)00759-5
https://doi.org/10.1152/physrev.00017.2008
https://doi.org/10.1152/physrev.00017.2008
https://doi.org/10.1101/cshperspect.a021741
https://doi.org/10.1155/2017/3750307
https://doi.org/10.1016/s0092-8674(00)80495-x
https://doi.org/10.1016/s0166-4328(00)00145-5
https://doi.org/10.1016/s0166-4328(00)00145-5
https://doi.org/10.1016/j.cell.2008.06.050
https://doi.org/10.1016/j.cell.2008.06.050
https://doi.org/10.1038/2836
https://doi.org/10.1016/s0896-6273(01)00302-6
https://doi.org/10.1523/JNEUROSCI.18-23-10037.1998
https://doi.org/10.1523/JNEUROSCI.18-23-10037.1998
https://doi.org/10.1073/pnas.0406344101
https://doi.org/10.1073/pnas.0406344101
https://doi.org/10.1007/978-3-642-25950-0_1
https://doi.org/10.1007/978-3-642-25950-0_1
https://doi.org/10.1016/s0092-8674(00)00205-1
https://doi.org/10.1016/s0169-328x(99)00329-0
https://doi.org/10.1016/s0169-328x(99)00329-0
https://doi.org/10.1093/emboj/20.15.3967
https://doi.org/10.1093/emboj/20.15.3967
https://doi.org/10.1186/s12915-020-00886-1
https://doi.org/10.1016/s0166-4328(01)00471-5
https://doi.org/10.1016/s0166-4328(01)00471-5
https://doi.org/10.1038/88384
https://doi.org/10.1177/0748730415598608
https://doi.org/10.1523/JNEUROSCI.20-23-08853.2000
https://doi.org/10.1523/JNEUROSCI.20-23-08853.2000


Neurobiology of Learning and Memory 193 (2022) 107651

8

Crow, T., Xue-Bian, J. J., Siddiqi, V., Kang, Y., & Neary, J. T. (1998). Phosphorylation of 
mitogen-activated protein kinase by one-trial and multi-trial classical conditioning. 
The Journal of neuroscience : the official journal of the Society for Neuroscience, 18(9), 
3480–3487. https://doi.org/10.1523/JNEUROSCI.18-09-03480.1998 

Davidson, A. J., Sellix, M. T., Daniel, J., Yamazaki, S., Menaker, M., & Block, G. D. 
(2006). Chronic jet-lag increases mortality in aged mice. Current biology : CB, 16(21), 
R914–R916. https://doi.org/10.1016/j.cub.2006.09.058 

Davies, J. A., Navaratnam, V., & Redfern, P. H. (1973). A 24-hour rhythm in passive- 
avoidance behaviour in rats. Psychopharmacologia, 32(2), 211–214. https://doi.org/ 
10.1007/BF00428692 

De Bundel, D., Gangarossa, G., Biever, A., Bonnefont, X., & Valjent, E. (2013). Cognitive 
dysfunction, elevated anxiety, and reduced cocaine response in circadian clock- 
deficient cryptochrome knockout mice. Frontiers in behavioral neuroscience, 7, 152. 
https://doi.org/10.3389/fnbeh.2013.00152 

Debruyne, J. P., Noton, E., Lambert, C. M., Maywood, E. S., Weaver, D. R., & 
Reppert, S. M. (2006). A clock shock: Mouse CLOCK is not required for circadian 
oscillator function. Neuron, 50(3), 465–477. https://doi.org/10.1016/j. 
neuron.2006.03.041 

DeBruyne, J. P., Weaver, D. R., & Reppert, S. M. (2007). CLOCK and NPAS2 have 
overlapping roles in the suprachiasmatic circadian clock. Nature neuroscience, 10(5), 
543–545. https://doi.org/10.1038/nn1884 

Doi, M., Hirayama, J., & Sassone-Corsi, P. (2006). Circadian regulator CLOCK is a histone 
acetyltransferase. Cell, 125(3), 497–508. https://doi.org/10.1016/j. 
cell.2006.03.033 

Duffy, J. F., & Wright, K. P., Jr (2005). Entrainment of the human circadian system by 
light. Journal of biological rhythms, 20(4), 326–338. https://doi.org/10.1177/ 
0748730405277983 

Eckel-Mahan, K. L., Phan, T., Han, S., Wang, H., Chan, G. C., Scheiner, Z. S., & 
Storm, D. R. (2008). Circadian oscillation of hippocampal MAPK activity and cAmp: 
Implications for memory persistence. Nature neuroscience, 11(9), 1074–1082. 
https://doi.org/10.1038/nn.2174 

Eckel-Mahan, K., & Sassone-Corsi, P. (2013). Metabolism and the circadian clock 
converge. Physiological reviews, 93(1), 107–135. https://doi.org/10.1152/ 
physrev.00016.2012 

Eckel-Mahan, K., & Sassone-Corsi, P. (2015). Phenotyping Circadian Rhythms in Mice. 
Current protocols in mouse biology, 5(3), 271–281. https://doi.org/10.1002/ 
9780470942390.mo140229 

Emery, P., So, W. V., Kaneko, M., Hall, J. C., & Rosbash, M. (1998). CRY, a Drosophila 
clock and light-regulated cryptochrome, is a major contributor to circadian rhythm 
resetting and photosensitivity. Cell, 95(5), 669–679. https://doi.org/10.1016/ 
s0092-8674(00)81637-2 

Fekete, M., van Ree, J. M., Niesink, R. J., & de Wied, D. (1985). Disrupting circadian 
rhythms in rats induces retrograde amnesia. Physiology & behavior, 34(6), 883–887. 
https://doi.org/10.1016/0031-9384(85)90008-3 

Evans, M., Kelley, P., & Kelley, J. (2017). Identifying the best times for cognitive 
functioning using new methods: Matching university times to undergraduate 
chronotypes. Frontiers in human neuroscience, 11, 188. https://doi.org/10.3389/ 
fnhum.2017.00188 

Folkard, S., Wever, R. A., & Wildgruber, C. M. (1983). Multi-oscillatory control of 
circadian rhythms in human performance. Nature, 305(5931), 223–226. https://doi. 
org/10.1038/305223a0 

Fu, L., Pelicano, H., Liu, J., Huang, P., & Lee, C. (2002). The circadian gene Period2 plays 
an important role in tumor suppression and DNA damage response in vivo. Cell, 111 
(1), 41–50. https://doi.org/10.1016/s0092-8674(02)00961-3 

Gallego, M., & Virshup, D. M. (2007). Post-translational modifications regulate the 
ticking of the circadian clock. Nature reviews. Molecular cell biology, 8(2), 139–148. 
https://doi.org/10.1038/nrm2106 

Gao, J., Wang, W. Y., Mao, Y. W., Gräff, J., Guan, J. S., Pan, L., Mak, G., Kim, D., Su, S. C., 
& Tsai, L. H. (2010). A novel pathway regulates memory and plasticity via SIRT1 and 
miR-134. Nature, 466(7310), 1105–1109. https://doi.org/10.1038/nature09271 

Gerstner, J. R., & Yin, J. C. (2010). Circadian rhythms and memory formation. Nature 
reviews. Neuroscience, 11(8), 577–588. https://doi.org/10.1038/nrn2881 

Gerstner, J. R., Lyons, L. C., Wright, K. P., Jr, Loh, D. H., Rawashdeh, O., Eckel- 
Mahan, K. L., & Roman, G. W. (2009). Cycling behavior and memory formation. The 
Journal of neuroscience : the official journal of the Society for Neuroscience, 29(41), 
12824–12830. https://doi.org/10.1523/JNEUROSCI.3353-09.2009 

Golombek, D. A., & Rosenstein, R. E. (2010). Physiology of circadian entrainment. 
Physiological reviews, 90(3), 1063–1102. https://doi.org/10.1152/ 
physrev.00009.2009 

Good, M. A., Barnes, P., Staal, V., McGregor, A., & Honey, R. C. (2007). Context- but not 
familiarity-dependent forms of object recognition are impaired following excitotoxic 
hippocampal lesions in rats. Behavioral neuroscience, 121(1), 218–223. https://doi. 
org/10.1037/0735-7044.121.1.218 

Groeger, J. A., Viola, A. U., Lo, J. C., von Schantz, M., Archer, S. N., & Dijk, D. J. (2008). 
Early morning executive functioning during sleep deprivation is compromised by a 
PERIOD3 polymorphism. Sleep, 31(8), 1159–1167. 

Griffin, E. A., Jr, Staknis, D., & Weitz, C. J. (1999). Light-independent role of CRY1 and 
CRY2 in the mammalian circadian clock. Science (New York, N.Y.), 286(5440), 
768–771. https://doi.org/10.1126/science.286.5440.768 

Guo, H., Brewer, J. M., Champhekar, A., Harris, R. B., & Bittman, E. L. (2005). 
Differential control of peripheral circadian rhythms by suprachiasmatic-dependent 
neural signals. Proceedings of the National Academy of Sciences of the United States of 
America, 102(8), 3111–3116. https://doi.org/10.1073/pnas.0409734102 

Hara, R., Wan, K., Wakamatsu, H., Aida, R., Moriya, T., Akiyama, M., & Shibata, S. 
(2001). Restricted feeding entrains liver clock without participation of the 

suprachiasmatic nucleus. Genes to cells : devoted to molecular & cellular mechanisms, 6 
(3), 269–278. https://doi.org/10.1046/j.1365-2443.2001.00419.x 

Harbour, V. L., Weigl, Y., Robinson, B., & Amir, S. (2014). Phase differences in expression 
of circadian clock genes in the central nucleus of the amygdala, dentate gyrus, and 
suprachiasmatic nucleus in the rat. PloS one, 9(7), Article e103309. https://doi.org/ 
10.1371/journal.pone.0103309 

Harrison, Y., Jones, K., & Waterhouse, J. (2007). The influence of time awake and 
circadian rhythm upon performance on a frontal lobe task. Neuropsychologia, 45(8), 
1966–1972. https://doi.org/10.1016/j.neuropsychologia.2006.12.012 

Hardin, P. E., & Yu, W. (2006). Circadian transcription: Passing the HAT to CLOCK. Cell, 
125(3), 424–426. https://doi.org/10.1016/j.cell.2006.04.010 

Hartsock, M. J., & Spencer, R. L. (2020). Memory and the circadian system: Identifying 
candidate mechanisms by which local clocks in the brain may regulate synaptic 
plasticity. Neuroscience and biobehavioral reviews, 118, 134–162. https://doi.org/ 
10.1016/j.neubiorev.2020.07.023 

Hirayama, J., Sahar, S., Grimaldi, B., Tamaru, T., Takamatsu, K., Nakahata, Y., & 
Sassone-Corsi, P. (2007). CLOCK-mediated acetylation of BMAL1 controls circadian 
function. Nature, 450(7172), 1086–1090. https://doi.org/10.1038/nature06394 

Holloway, F. A., & Wansley, R. A. (1973). Multiple retention deficits at periodic intervals 
after active and passive avoidance learning. Behavioral biology, 9(1), 1–14. https:// 
doi.org/10.1016/s0091-6773(73)80164-6 
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Morales-Delgado, N., Popović, N., De la Cruz-Sánchez, E., Caballero Bleda, M., & 
Popovic ́, M. (2018). Time-of-Day and Age Impact on Memory in Elevated Plus-Maze 
Test in Rats. Frontiers in behavioral neuroscience , 12 , 304. https://doi.org/10.3389/ 
fnbeh.2018.00304. 

Moriya, T., Aida, R., Kudo, T., Akiyama, M., Doi, M., Hayasaka, N., Nakahata, N., 
Mistlberger, R., Okamura, H., & Shibata, S. (2009). The dorsomedial hypothalamic 
nucleus is not necessary for food-anticipatory circadian rhythms of behavior, 
temperature or clock gene expression in mice. The European journal of neuroscience, 
29(7), 1447–1460. https://doi.org/10.1111/j.1460-9568.2009.06697.x 

Mukherjee, S., Coque, L., Cao, J. L., Kumar, J., Chakravarty, S., Asaithamby, A., 
Graham, A., Gordon, E., Enwright, J. F., 3rd, DiLeone, R. J., Birnbaum, S. G., 
Cooper, D. C., & McClung, C. A. (2010). Knockdown of Clock in the ventral 
tegmental area through RNA interference results in a mixed state of mania and 
depression-like behavior. Biological psychiatry, 68(6), 503–511. https://doi.org/ 
10.1016/j.biopsych.2010.04.031 

Mukherji, A., Bailey, S. M., Staels, B., & Baumert, T. F. (2019). The circadian clock and 
liver function in health and disease. Journal of hepatology, 71(1), 200–211. https:// 
doi.org/10.1016/j.jhep.2019.03.020 

Mure, L. S., Le, H. D., Benegiamo, G., Chang, M. W., Rios, L., Jillani, N., Ngotho, M., 
Kariuki, T., Dkhissi-Benyahya, O., Cooper, H. M., & Panda, S. (2018). Diurnal 
transcriptome atlas of a primate across major neural and peripheral tissues. Science 
(New York, N.Y.), 359(6381), eaao0318. 

Mrosovsky, N. (1989). Nonphotic enhancement of adjustment to new light-dark cycles: 
Masking interpretation discounted. Journal of biological rhythms, 4(3), 365–370. 
https://doi.org/10.1177/074873048900400305 

Nakahata, Y., Kaluzova, M., Grimaldi, B., Sahar, S., Hirayama, J., Chen, D., 
Guarente, L. P., & Sassone-Corsi, P. (2008). The NAD+-dependent deacetylase SIRT1 
modulates CLOCK-mediated chromatin remodeling and circadian control. Cell, 134 
(2), 329–340. https://doi.org/10.1016/j.cell.2008.07.002 

Niu, Q., Song, Z., Tang, K., Chen, L., Wang, L., Ban, T., Guo, Z., Kim, C., Zhang, H., 
Duan, C. G., Zhang, H., Zhu, J. K., Du, J., & Lang, Z. (2021). A histone H3K4me1- 
specific binding protein is required for siRNA accumulation and DNA methylation at 
a subset of loci targeted by RNA-directed DNA methylation. Nature communications, 
12(1), 3367. https://doi.org/10.1038/s41467-021-23637-4 

Noguchi, T., Wang, L. L., & Welsh, D. K. (2013). Fibroblast PER2 circadian rhythmicity 
depends on cell density. Journal of biological rhythms, 28(3), 183–192. https://doi. 
org/10.1177/0748730413487494 

Oishi, K., Ohkura, N., Kadota, K., Kasamatsu, M., Shibusawa, K., Matsuda, J., 
Machida, K., Horie, S., & Ishida, N. (2006). Clock mutation affects circadian 
regulation of circulating blood cells. Journal of circadian rhythms, 4, 13. https://doi. 
org/10.1186/1740-3391-4-13 

Opiol, H., Pavlovski, I., Michalik, M., & Mistlberger, R. E. (2015). Ultrasonic 
vocalizations in rats anticipating circadian feeding schedules. Behavioural brain 
research, 284, 42–50. https://doi.org/10.1016/j.bbr.2015.02.003 

Ortega-Martínez, S. (2015). A new perspective on the role of the CREB family of 
transcription factors in memory consolidation via adult hippocampal neurogenesis. 
Frontiers in molecular neuroscience, 8, 46. https://doi.org/10.3389/ 
fnmol.2015.00046 

Pendergast, J. S., Friday, R. C., & Yamazaki, S. (2010). Distinct functions of Period2 and 
Period3 in the mouse circadian system revealed by in vitro analysis. PloS one, 5(1), 
Article e8552. https://doi.org/10.1371/journal.pone.0008552 

Peng-Li, D., Andersen, T., Finlayson, G., Byrne, D. V., & Wang, Q. J. (2022). The impact 
of environmental sounds on food reward. Physiology & behavior, 245, Article 113689. 
https://doi.org/10.1016/j.physbeh.2021.113689 

Pendergast, J.S., Niswender, K.D., & Yamazaki, S. (2012). Tissue-specific function of 
Period3 in circadian rhythmicity. PloS one, 7(1), e30254. https://doi.org/10.1371/ 
journal.pone.0030254. 

Pirooznia, S. K., & Elefant, F. (2013). A HAT for sleep?: Epigenetic regulation of sleep by 
Tip60 in Drosophila. Fly, 7(2), 99–104. https://doi.org/10.4161/fly.24141 

Rawashdeh, O., Jilg, A., Jedlicka, P., Slawska, J., Thomas, L., Saade, A., 
Schwarzacher, S. W., & Stehle, J. H. (2014). PERIOD1 coordinates hippocampal 
rhythms and memory processing with daytime. Hippocampus, 24(6), 712–723. 
https://doi.org/10.1002/hipo.22262 

Rawashdeh, O., Jilg, A., Maronde, E., Fahrenkrug, J., & Stehle, J. H. (2016). Period1 
gates the circadian modulation of memory-relevant signaling in mouse hippocampus 
by regulating the nuclear shuttling of the CREB kinase pP90RSK. Journal of 
neurochemistry, 138(5), 731–745. https://doi.org/10.1111/jnc.13689 

Reddy, A. B., Field, M. D., Maywood, E. S., & Hastings, M. H. (2002). Differential 
resynchronisation of circadian clock gene expression within the suprachiasmatic 
nuclei of mice subjected to experimental jet lag. The Journal of neuroscience : the 
official journal of the Society for Neuroscience, 22(17), 7326–7330. https://doi.org/ 
10.1523/JNEUROSCI.22-17-07326.2002 

Reick, M., Garcia, J. A., Dudley, C., & McKnight, S. L. (2001). NPAS2: An analog of clock 
operative in the mammalian forebrain. Science (New York, N.Y.), 293(5529), 
506–509. https://doi.org/10.1126/science.1060699 

Reppert, S. M., & Weaver, D. R. (2002). Coordination of circadian timing in mammals. 
Nature, 418(6901), 935–941. https://doi.org/10.1038/nature00965 
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