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Abstract

Twenty-four-hour rhythmicity in physiology and behavior are driven by changes in
neurophysiological activity that vary across the light-dark and rest-activity cycle. Although this
neural code is most prominent in neurons of the primary circadian pacemaker in the
suprachiasmatic nucleus (SCN) of the hypothalamus, there are many other regions in the brain
where region-specific function and behavioral rhythmicity may be encoded by changes in
electrical properties of those neurons. In this review, we explore the existing evidence for
molecular clocks and/or neurophysiological rhythms (i.e., 24-h) in brain regions outside the SCN.
In addition, we highlight the brain regions that are ripe for future investigation into the critical role
of circadian rhythmicity for local oscillators. For example, the cerebellum expresses rhythmicity in
over 2,000 gene transcripts, and yet we know very little about how circadian regulation drives 24-h
changes in the neural coding responsible for motor coordination. Finally, we conclude with a
discussion of how our understanding of circadian regulation of electrical properties may yield
insight into disease mechanisms which may lead to novel chronotherapeutic strategies in the
future.
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In this review, we consolidate the existing evidence for molecular and neurophysiological
circadian rhythms throughout the brain, discuss the challenges in investigating these extra-SCN
clocks, and describe the importance of circadian regulation of excitability for neuronal function
and diseases of the nervous system. In addition, we highlight the brain regions that are ripe for
future investigation into the critical role of circadian rhythmicity for local oscillators.
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Introduction

The primary mechanism by which the brain processes sensory information, regulates whole
body physiology, and balances hormones is electrical signaling. Specifically, the intrinsic
excitability of neurons underlies the spiking rate or pattern that encodes the overall output
signal of a neuronal network. Membrane properties can be altered by mechanisms that are
either passive (e.g., membrane potential and input resistance) or active (e.g., affecting spike
waveform dynamics). These mechanisms ultimately influence the all-or-none action
potential. Although entirely necessary, firing action potentials are energetically costly and
must be tightly regulated and synchronized with function. One evolutionarily conserved
mechanism for anticipating daily fluctuations in function is the circadian system. For
decades, we have known that neurons of the primary circadian pacemaker in the
hypothalamic suprachiasmatic nucleus (SCN) exhibit strong, intrinsic 24-h rhythmicity in
spike frequency (Kuhlman & McMahon, 2006; Brown & Piggins, 2007). However, the role
of the molecular clock in other neuron types is still largely unexplored, despite the findings
that circadian rhythmicity has been demonstrated in numerous other brain regions
(Natsubori et al., 2013b; a; 2014; Christiansen et al., 2016; Yoshikawa & Honma, 2016).
Thus, the purpose of this review is to: 1) consolidate the existing evidence for circadian
regulation of neuronal activity throughout the brain, 2) highlight the challenges in
investigating these extra-SCN clocks, pointing areas of future investigation, and 3) describe
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the importance of circadian regulation of excitability for neuronal function and diseases of
the nervous system.

At the cellular level, the molecular machinery that drives 24-hour transcriptional rhythms
consists of a transcriptional-translational feedback loop (TTFL; reviewed in (Partch et al.,
2014). Briefly, the positive limb of the TTFL begins when the CLOCK-BMAL1 heterodimer
activates the E-box elements of Perand Cry genes, inducing transcription. Negative control
occurs when the PER-CRY heterodimer interacts with CLOCK-BMAL1 and inhibits the
transcription of its own genes. A secondary feedback loop consists of CLOCK-BMAL1
activation of a nuclear orphan receptor Reverba whose protein product feeds back to
transcriptionally repress Bmall. Phosphorylation of the negative regulators of the molecular
clock (by kinases such as casein kinase 1) can target the proteins for proteasomal degradation
or increase the rate of nuclear translocation. These core clock genes regulate transcription of
an abundance of other ‘clock-controlled genes’ (43% of all protein-coding genes); however,
which genes are rhythmic and the timing of those rhythms depends on the cell- or tissue-
type (Figure 1) (Zhang et al., 2014). Within each brain region below, we will describe the
evidence for circadian rhythmicity (~24-h) of these molecular clock components.

Suprachiasmatic nucleus of the hypothalamus

Time-of-day information is communicated by the SCN to the rest of the body through
characteristic rhythms in spontaneous action potential firing, with high-frequency activity
during the day and low activity at night (Inouye & Kawamura, 1979). Additionally, SCN
cells exhibit daily changes in membrane properties such as input resistance (Rinpyt), resting
membrane potential, and action potential waveform properties such as after-
hyperpolarization amplitude (Kuhlman & McMahon, 2004; Farajnia et al., 2015; Paul et al.,
2016). Numerous ionic components underlying SCN neuronal activity rhythms have been
identified, many of which express day/night difference in mMRNA expression, protein levels,
and/or current density (for review, see (Brown & Piggins, 2007; Colwell, 2011; Meijer &
Michel, 2015; Allen et al., 2017). Briefly, increased excitatory drive during the day is
provided by increased persistent sodium current, sodium leak current, and L-type calcium
current (Pennartz et al., 1997; Pennartz et al., 2002; Flourakis et al., 2015; Paul et al., 2016).
Moreover, the fast delayed rectifier and A-type potassium currents contribute to decreased
spike width during the day (Itri et al., 2005; Itri et al., 2010), whereas increased large-
conductance calcium-activated potassium current at results in a larger after-
hyperpolarization at night (Meredith et al., 2006; Montgomery & Meredith, 2012).

The daily rhythm in SCN neuronal activity has been replicated in a variety of preparations,
including /n vivo multiunit recordings in freely moving hamsters (Yamazaki et al., 1998) and
in single cell recordings from SCN-containing brain slices in which the retinal input has
been severed (Green & Gillette, 1982). Additionally, these circadian firing patterns persist in
animals housed under constant conditions (Kuhlman & McMahon, 2004; Nakamura et al.,
2011), as well as in dispersed SCN neurons (Herzog et al., 1998). Taken together, these
studies show that daily rhythms in SCN neuronal excitability are not dependent on
environmental, retinal, or other neuronal input, thus pointing to an endogenous mechanism
driving physiological rhythms at a single-cellular level — likely the molecular clock.
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Evidence that the TTFL drives rhythms in SCN physiology is found in animal models in
which the molecular clock machinery has been disrupted. In these models, changes in the
molecular rhythms (i.e., period length or arrhythmicity) are reflected in similar changes in
SCN neuronal activity (Liu et al., 1997; Albus et al., 2002). Furthermore, recent work has
begun to elucidate the possible mechanisms by which the circadian clock affects membrane
properties such as rhythmic expression of a protein regulating channel trafficking (Flourakis
et al., 2015), phosphorylation of a regulatory kinase (Paul et al., 2016), and expression of an
auxiliary subunit (Whitt et al., 2016). Additional putative mechanisms of clock control of
neural activity may include daily changes in the distribution (e.g., clustering and
declustering) of ion channels within the plasma membrane (Colwell, 2011). Despite the
clear association between molecular and neurophysiological rhythms in the SCN, the role of
the TTFL on circadian regulation of neuronal excitability in other brain regions is still
largely unknown.

Entraining signals are transmitted to the SCN through three main afferent pathways. Light
information is projected from the retina directly to the SCN through the retinohypothalamic
tract (RHT), while nonphotic information is communicated to the SCN through the release
of neuropeptide Y and GABA from the intergeniculate leaflet of the thalamus and serotonin
from the dorsal raphe nucleus (Morin et al., 2006). The SCN projects most densely to the
nearby subparaventricular zone (SPZ), but innervates multiple hypothalamic targets
including: the paraventricular nucleus (PVN), medial preoptic area (POA), anterior
hypothalamus, ventromedial hypothalamus (VMH), and dorsomedial hypothalamus (DMH).
Outside the hypothalamus, the SCN also projects primarily to the paraventricular nucleus of
the thalamus (PVT), the lateral geniculate nucleus (LGN) and the lateral septum (LS) (Watts
et al., 1987). However, there is evidence that the SCN does not require direct neural
connections to exert influence on all of its targets. As seen in hamsters with SCN lesions,
behavioral rhythms can be restored by SCN transplants encapsulated to prevent neural
outgrowth (Silver et al., 1996). This study demonstrates that the SCN communicates at least
in part through paracrine signaling and raises the possibility that the SCN has many more
targets than those found in neuroanatomical studies.

Figure 2 depicts all of the brain regions in the mammalian brain that have evidence for
rhythmic clock gene expression and/or day-night differences in electrical properties.
Research supporting circadian regulation in these regions is described below in sections
ordered by the five primary brain divisions. It is also important to note that an overview of
the retina is not included below because the importance of the retinal circadian clock is
covered elsewhere in this Special Issue (Ko, 2018).

Telencephalon (cerebrum): Olfactory bulb

The olfactory bulb expresses core molecular clock components primarily in the mitral and
granular cell layers with higher PerZ and Per2 mRNA levels during the early night and
Bmall mRNA levels in the late night with a delay for their protein products (Namihira et al.,
1999; Shieh, 2003; Hamada et al., 2011). Interestingly, expression of PerZ and PerZ mRNA
is increased in response to light exposure (Hamada et al., 2011). /n vitroand /n vivo
bioluminescence recordings of the olfactory bulb from both transgenic Peri-luciferase

Eur J Neurosci. Author manuscript; available in PMC 2020 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paul et al.

Page 5

reporter rats and Per2/“ reporter mice demonstrate robust, sustained, and autonomous
circadian rhythms of gene expression that peak at night, independent of the SCN (Abe et al.,
2002; Abraham et al., 2005; Miller et al., 2014). Odor-induced expression of the immediate
early gene, c-Fos, in the olfactory bulb shows circadian variation even under constant dark,
with higher expression seen during the subjective night in nocturnal rodents (Amir et al.,
1999; Funk & Amir, 2000; Granados-Fuentes et al., 2006). Multi-electrode array recordings
of disassociated olfactory bulb neurons reveal a circadian rhythm in neuronal firing rate that
oscillates in phase with PerZ mRNA expression rhythms (Granados-Fuentes et al., 2004).
Interestingly, olfactory sensitivity also shows circadian rhythmicity that persists in SCN-
lesioned mice but is ablated in mice lacking Bmall or both Per and Per2 (Granados-
Fuentes et al., 2011). Whole cell, patch clamp recordings of juxtaglomerular and mitral cells
from rat sections show that melatonin decreases an outward potassium currents in a subset of
mitral cells only (Corthell et al., 2014). Electrical activity in the olfactory bulb is important
for spatial and temporal odor coding (Imai, 2014). Given the strong molecular oscillations in
this brain region, coupled with circadian regulation of firing rate, future research is needed
to determine how these electrical rhythms correspond to time-of-day dependent changes in
temporal and spatial odor coding as well as olfactory learning and plasticity in this complex
circuit.

Telencephalon (cerebrum): Cortex

Rhythms in expression of both the positive (Bmal) and negative (Perl and Per2) clock gene
components have been demonstrated throughout in the medial prefrontal cortex (mPFC) of
rats such that Per1/2 expression peaks in the early night and Bmal1 peaks in the late night
(Chun et al., 2015). In the piriform cortex of diurnal grass rats, PER1/2-immunoreactivity (-
ir) is highest in the late day. This phase difference may be associated with diurnality since
clock gene expression of human postmortem PFC (Brodmann’s areas 11 and 47) also
exhibits time-of-day variation but with Per1/2/3 expression peaks during the mid-day and
Arntl (human Bmall homolog) expression peak during the mid-night (Chen et al., 2016).
With this human brain dataset, the investigators additionally reported a large number of
clock-controlled genes with rhythmic expression specifically in the orbitofrontal cortex.
Several of these genes encode voltage-gated ion channels and glutamate receptors (i.e.,
GRIKZ2, KCNG1, and KCNH4). Thus, it is not surprising that there is evidence for circadian
control of neuronal activity in the cortex of both humans and animal models. For example,
cortical excitability in humans (Huber et al., 2013; Ly et al., 2016a) and cortical firing in
rodents (Cajochen et al., 2002; Vyazovskiy et al., 2008; VVyazovskiy et al., 2009) increase
with time awake over a 24-30 hour period due to a balance between circadian-driven arousal
and sleep homeostatic pressure. In fact, 24-hour assessment of cell-to-cell connectivity and
excitatory/inhibitory balance (via electroencephalogram; EEG) follows the daily change in
visuomotor task performance (Chellappa et al., 2016; Ly et al., 2016b), and sustained
attenuation variation over the course of the day is regulated by both circadian and
homeostatic processes in a brain-region-specific manner (Muto et al., 2016). While cortical
excitation increases with time awake, cortical inhibition starts higher in morning and
decreases during day independently of prior sleep history or deprivation (Lang et al., 2011).
As a result, cognitive performance and memory vary over the 24-hour day-night cycle with
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greatest performance during the early wake period and poorest ~12 h later (Burke et al.,
2015).

Telencephalon (cerebrum): Amygdala and bed nucleus of the stria
terminalis (BNST)

The amygdala (AMY in Fig. 1, 2) is another limbic brain region important for memory (of
fear-provoking stimuli, in particular) as well as emotional and motivational regulation (Nieh
et al., 2013). Cortical brain regions input to the basolateral amygdala (BLA), and BLA
glutamatergic neurons then project to the GABAergic neurons of the central amygdala
(CeA) (Nieh et al., 2013). While both brain regions express the core clock components, there
is some inconsistency regarding the timing of rhythmic clock gene expression in these areas.
Many studies have found that in the BLA and sometimes in the CeA, Period (Perl, Per2, and
Per3 mRNA expression peaks in the night with PER2 protein expression lagging behind
with a peak at the night-day transition (Lamont et al., 2005; Pantazopoulos et al., 2011;
Harbour et al., 2014; Chun et al., 2015; Moriya et al., 2015; Ikeno & Yan, 2016). Rhythmic
Bmall mRNA expression in the BLA or whole amygdala has been demonstrated in several
studies but with variability in circadian phase (Savalli et al., 2014; Chun et al., 2015; Moriya
etal., 2015). In the CeA, PER2 expression showed a similar peak as in the BLA in some
studies (Pantazopoulos et al., 2011; Chun et al., 2015) but an opposite phase in other studies,
with the CeA PER2 peak phase during the early night (Lamont et al., 2005; Perrin et al.,
2006; Segall et al., 2006; Segall et al., 2008; Harbour et al., 2013). In addition, Bmall
MRNA expression rhythms in the CeA peak in the middle of the night with an ~8-hour delay
from Per2 (Harbour et al., 2014). The phase of clock gene rhythmicity in the amygdala
appears to be influenced by several factors, including input from a rhythmic SCN,
environmental fear-provoking stimuli, sex and/or the estrus cycle, and temporal niche. For
example, PER2-ir rhythms in the CEA and BLA are shifted in arrhythmic rats with SCN
lesions or in mice exposed to fear-inducing stimuli such as fox urine (Lamont et al., 2005;
Pantazopoulos et al., 2011). In the oval nucleus of the bed nucleus of the stria terminalis
(BNST), a region considered to be part of the ‘extended amygdala,” PER2-ir peaks during
the night in male rats and female rats in diestrus but during the day in pregnant female rats
(Perrin et al., 2006; Segall et al., 2006; Schrader et al., 2011; Harbour et al., 2014). Finally,
temporal niche may also contribute to molecular clock phase in the amygdala. In diurnal
grass rats, PER2-ir peaks in the early day in both the CeA and BNST, while the phase is
delayed to the late day in the BLA (Ramanathan et al., 2010a). The functional significance
of the phase differences among amygdala regions is yet to be determined.

Interestingly, the acquisition and recall of fear (conditioned by either context or cue) are
greater when training occurs during the day (versus night), and these rhythms persist in
constant darkness (Chaudhury & Colwell, 2002). Once formed, extinction of fear memory
occurs more rapidly for night-trained animals (Chaudhury & Colwell, 2002). Loss of the
molecular clock in the forebrain (including the amygdala but not the SCN) reduces daytime
enhancement of contextual fear memory to night-time levels (Snider & Obrietan, 2018),
suggesting a role of the local clock in the amygdala. In fact, both the amygdala and SCN
appear to be necessary for entrainment of foraging behavior by fear. To examine fear
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entrainment, one recent study investigated circadian regulation of fear memory (fear
entrainment) with a “closed economy chamber” in which rat chambers are divided into safe
nesting areas and less safe foraging areas due to pairing a signaled or unsignaled foot shock
with either the light period or dark period (Pellman et al., 2015). When housed for several
weeks in these chambers, rats learn to forage for food at times of the day that are unlikely to
result in shock. For example, unsignaled shocks that only occurred during the dark result in
day-time foraging for food even though activity stays primarily nocturnal. Day-time
foraging behavior appears to be an entrained behavioral rhythm because release into
constant darkness (DD) upon cessation of the shocks results in continued foraging at the
night-day transition for numerous cycles. SCN-lesioned rats show no light-dark differences
in foraging or activity regardless of the time-of-day of unsignaled shocks. Rats with
amygdala lesions are unable to shift foraging to the day when shocks only occur during the
dark phase. Taken together, both the SCN and amygdala appear to be required for fear
entrainment.

One of the most important functions of the amygdala circuit is the formation of synaptic
plasticity underlying fear memory (Nieh et al., 2013). For example, repeatedly pairing
optogenetic activation of excitatory BLA neurons with a tone conditions the tone to induce
freezing behavior (a fear response in rodents)(Johansen et al., 2010). The lateral CeA
contains “on” cells which inhibit the inhibitory “off” cells when a conditioned stimulus is
present, resulting in disinhibition of the circuit that produces the fear response (Haubensak
et al., 2010). To date, no studies have examined whether the formation of synaptic plasticity
in amygdala circuit is facilitated during the day versus night and how the molecular clock
contributes to the strengthening of synapses. For the extended amygdala, one study
examined /n vivo multi-unit activity (MUA) of the BNST of hamsters and found that spike
frequency is higher during the day, in phase with the SCN (Yamazaki et al., 1998). Given
that optogenetic stimulation of BNST neurons can be anxiolytic versus anxiogenic,
depending on whether respective inhibitory or excitatory BNST neurons are targeted
(Jennings et al., 2013), future studies are necessary to determine whether increased firing
during the day corresponds to enhanced fear memory at that time-of-day. It is likely that the
neurophysiology of different sub-regions and cell types of the amygdala vary over the time
of day, and exactly how these electrical properties are circadian regulated remains an open
question. This question is important to address in light of the putative function of the
amygdala clock in regulating anxiety as well as anticipating the appropriate time of day to
avoid predation or to find food.

Telencephalon (cerebrum): Hippocampal formation

The hippocampal formation is a brain region known to be crucial for learning and memory,
particularly spatial learning and memory. It is comprised of four main subregions: Cornu
Ammonis regions 1-3 (CA1-3) and the dentate gyrus. The hippocampus expresses all the
core components of the molecular clock (Per1/2, Cry1/2, Clock and Bmall) at the transcript
and protein level (Jilg et al., 2010). Several studies have found rhythmic expression of these
core clock components (Jilg et al., 2010; Wyse & Coogan, 2010; Harbour et al., 2014; Chun
et al., 2015; Besing et al., 2017). Per2 is one of the most well-characterized clock
components in the hippocampus. In nocturnal rodents, Per2 mRNA levels peak in the late
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night, opposite in phase of peak Per2 mRNA expression in the SCN (Wang et al., 2009;
Harbour et al., 2014; Chun et al., 2015). Interestingly, hippocampal peak Per2 expression
peaks during the day in diurnal degus, in phase with Per2 expression in the SCN (Otalora et
al., 2013). Wang et al. (2009) found that rhythmic Per2expression in nocturnal mice persists
even under constant dark conditions, supporting the idea that a functional, rhythmic
circadian molecular clock exists in the hippocampus. More recent evidence reported
rhythmic expression of CryZ promoter activity in area CA1 of freely moving mice, which
persisted in both a light/dark cycle and constant darkness (Mei et al., 2018). Moreover,
organotypic hippocampal slice cultures from mPer2!“C transgenic reporter mice show that
PER2::LUC expression in the isolated hippocampal circuit oscillates over several circadian
cycles, suggesting that the hippocampus possesses an autonomous clock (Wang et al., 2009).
Notably, the hippocampus is composed of heterogenous neuronal and cellular populations,
and the characterization of clock gene expression has not been cell-type specific for the most
part. One study reported snapshots of cell-specific localization of clock proteins in C3H/J
mice and found PER1/2, CRY1/2, CLOCK, and BMAL1 expression in hippocampal
neurons, including parvalbumin-containing neurons, but not glia (Jilg et al., 2010).

There is clear evidence to support time-of-day regulation of hippocampal-dependent
learning and memory processes (for review see (Snider et al., 2018). Impairments in
hippocampal-dependent behavioral assays observed in various clock gene knockout (KO)
mice suggest that the molecular clock contributes to hippocampal-dependent learning and
memory (Sei et al., 2006; Jilg et al., 2010; Kondratova et al., 2010; Wardlaw et al., 2014;
Rawashdeh et al., 2016; Snider & Obrietan, 2018). Interestingly, mice lacking Bmall
exclusively in forebrain structures (but with normal SCN expression) show deficits in novel-
object location, novel-object recognition, Barnes maze, and contextual fear conditioning
(Shimizu et al., 2016; Snider et al., 2016; Snider & Obrietan, 2018).These findings illustrate
the importance of the local hippocampal and forebrain clock for hippocampal-dependent
learning and memory.

Given that the local clock can affect circuit function, it is reasonable to assume that the
circadian clock would also modulate electrical properties across time of day. However, there
is surprisingly little research examining circadian rhythms of electrophysiological
phenomenon in the hippocampus and even fewer studies assessing whether the rhythms that
do exist are clock-controlled. Barnes et al. (1977) observed diurnal variation in the
amplitude of extracellular excitatory postsynaptic potentials (EPSP) and population spikes of
granule cells in the dentate gyrus, evoked by perforant pathway stimulation. The study was
conducted in awake and moving rats and squirrel monkeys over at least 24 hours and
sampled every 30 minutes. In the rats, larger amplitude EPSPs and population spikes were
recorded during the dark period compared to the light, with peak amplitude in the middle of
the dark phase. This pattern persisted, but with a slight phase advance, in a blinded rat.
Interestingly, as opposed to the nocturnal rats, the amplitudes of evoked responses were
larger during the light period in diurnal squirrel monkeys. However, West and Deadwyler
(1980) used similar methods and found reduced population spike amplitude during the dark
period, compared to the light, and no difference in amplitude of evoked EPSPs. These
findings were independent of behavioral state as measured by EEG and circulating
corticosterone levels. In contrast, another study using similar methods found a robust diurnal
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rhythm in population EPSP slope, which peaked during the dark phase, yet greater
population spike amplitude in the light phase (Cauller et al., 1985). These oscillations
persisted in both constant dark and constant light but with a period not equal to 24 hours.
Although there are some discrepancies in these three early studies that could be due to
differences in experimental protocols, they all suggest time-of-day-dependent variation in
electrophysiological properties within the hippocampus. Recently, recordings of
spontaneous activity in CA1 of freely moving rats revealed that the firing rates of CA1
pyramidal neurons oscillate over a circadian cycle, but activity was not correlated to the
light-dark cycle and was instead entrained by food (Munn & Bilkey, 2012; Munn et al.,
2015).

An important and well-studied phenomenon in hippocampal physiology is synaptic
plasticity, including long-term synaptic potentiation (LTP) and long-term depression (LTD).
Over 30 years ago, the first study to examine circadian regulation of LTP in CA1 and dentate
gyrus of rat hippocampal slices found that both the incidence and magnitude of LTP differed
across the light-dark cycle (Harris & Teyler, 1983). LTP in the dentate gyrus was more likely
to occur and displayed greater magnitude in the dark period. Conversely, LTP in CA1 was
more likely to occur and displayed greater magnitude in the light period. Raghavan et al.
(1999) found that in Syrian hamster hippocampal slices, LTP was greater during the day, in
agreement with previous findings in the rat (Harris & Teyler, 1983). These data would
suggest that, in nocturnal rodents, LTP is enhanced during their inactive period. However,
more recent studies using hippocampal slices from C57 and C3H mice show that LTP of the
Schaffer collateral-CA1 synapse is greater during the night, compared to day (Chaudhury et
al., 2005; Besing et al., 2017). This nighttime enhancement is still present in C3H mice
released into constant darkness (Chaudhury et al., 2005). Similarly, studies in rats examining
LTP /n vivoand in slice have also found greater LTP during the night, compared to the day
in both CA1 and dentate gyrus (Bowden et al., 2012; Nakatsuka & Natsume, 2014).
Discrepancies across studies could be attributed to different stimulation protocols used to
induce LTP and outcome metrics used to measure LTP (i.e., population spike versus EPSP).
Recently, it has been shown that hippocampal LTP is impaired in mice with disrupted core
clock genes (Wang et al., 2009; Wardlaw et al., 2014). LTD has not been as thoroughly
examined for circadian variability as LTP in hippocampus. Bowden et al. (2012) observed no
diurnal variation of LTD in the dentate gyrus of rats recorded /n vivo. However, Yang et al.
(2012) found that the ability to induce LTD /n vivoin rats is greater during the day
compared to night and is dependent upon sleep pressure. In conclusion, the hippocampus
appears to express a functional, autonomous clock and displays circadian rhythmicity in
some measures of neural activity and plasticity. Given the important role that the
hippocampus plays in learning and memory, understanding how the autonomous
hippocampal clock modulates physiology and function is an exciting and important area of
research.

Telencephalon (cerebrum): Lateral septal complex

The lateral septum (LS) is an area involved in the regulation of mood and motivation which
receives inputs from a wide range of brain regions (Sheehan et al., 2004), including sparse
innervation from the SCN (Watts et al., 1987). Rhythms in PER1 expression have been
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reported in the LS of adult rats, with peak expression occurring during the mid-night in ad
/ib fed animals and during the light-dark transition in animals fed during the mid-day
(Angeles-Castellanos et al., 2007). The timing of PER1 expression also appears to respond
to the timing of feeding in nursing rabbits. Specifically, rabbits that nurse pups during the
day or during the night exhibit PER1 expression rhythms in the LS that peak ~8 hours after
nursing in both groups (Meza et al., 2015), suggesting that maternal behavior is a stronger
entraining signal in the LS than the light-dark cycle. Surprisingly, in the same study, PER1
expression in the LS showed no change across the 24-hour cycle in non-nursing female
rabbits (Meza et al., 2015). Although there is no day/night difference in glucose utilization
inrat LS (Room & Tielemans, 1989), /in vivo MUA recordings in the LS of freely moving
hamsters show a rhythm in neuronal activity that peaks during the night and persists in
animals in constant darkness (YYamazaki et al., 1998). However, indirect measures of
neuronal activity, such as c-Fos and cytochrome oxidase, suggest that LS activity is highly
sensitive to timing of feeding (Angeles-Castellanos et al., 2007; Olivo et al., 2017). Thus,
more work is needed to determine if rhythms in LS neuronal activity observed /n vivoare a
result of rhythmic feeding behavior or due to circadian regulation of excitability in LS
neurons.

Telencephalon (striatum): Caudate putamen and nucleus accumbens

Rhythms in both the positive and negative regulators of the TTFL have been reported
throughout the striatum. Transcription of Bmall peaks during the early day, whereas Per1
and Per2transcription peaks in antiphase (Cai et al., 2009; Sahar et al., 2010). This early
night peak in Per1/2expression coincides with a nightly increase in striatal dopamine (DA)
levels and wheel running activity (Hood et al., 2010), which is followed by a peak in PER1/2
protein levels during the dark to light transition in nocturnal animals (Hood et al., 2010;
Ramanathan et al., 2010b). Importantly, in diurnal grass rats, the rhythm in PER1/2
expression instead peaks in the late day in both dorsal and ventral striatum (Ramanathan et
al., 2010b). Interestingly, blocking D2 receptor (D2R) activation — through treatment with an
antagonist, DA depletion, or genetic D2R knock-out — severely dampens the rhythm of
Per1/2 expression in the caudate putamen (CP), located in the dorsal striatum (Hood et al.,
2010; Sahar et al., 2010). Although these reports would suggest that the dorsal striatum
requires D2R signaling to maintain robust molecular rhythms, CP cultures which lack
DAergic input from the substantia nigra (SN) exhibit robust PER2::LUC rhythms. These
rhythms persist for multiple cycles, suggesting that the region is capable of expressing self-
sustaining oscillations as well (Natsubori et al., 2014). The nucleus accumbens (NAc), an
area involved in reward processing located in the ventral striatum, is also capable of
maintaining PER2::LUC oscillations in culture. However, rhythmicity in the NAc is
associated with the behavioral response to a learned helplessness protocol, with NAc
cultures from resilient animals more likely to exhibit PER2::LUC rhythmicity than cultures
from helpless mice (Landgraf et al., 2016).

Many studies have reported daily rhythms in electrophysiological activity of the dorsal and
ventral striatum. Early work using /n vivo MUA recordings in the striatum show rhythmic
activity in both the CP and NAc, with peak neuronal activity at night during the animal’s
activity phase (Inouye & Kawamura, 1979; Yamazaki et al., 1998). Interestingly, the period
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of neuronal activity in tau mutant hamsters mirrors the shortened behavioral and molecular
rhythms seen in this model (Ralph et al., 1990; Liu et al., 1997; Lowrey et al., 2000), with
the MUA cycle lasting as little as 20 hours in DD (Yamazaki et al., 1998). Consistent with
the nighttime increase in NAc activity /7 vivo, NAc medium spiny neurons (MSNs) also
exhibit day/night differences in passive and active membrane properties as seen in single cell
patch clamp recordings of MSNs in brain slice (Parekh et al., 2017). At night, NAc MSNs
from mice show an increase in Rinpyt and an increased frequency of induced firing in
response to current injection. Additionally, night-phased MSNs have reduced rheobase, the
minimum amount of current needed to induce spiking, which is likely a result of the
increased Rinpyt (Parekh et al., 2017). Interestingly, MSNs from ClockA19 mutant are more
hyperpolarized than wildtype (WT) neurons during both times of day and have similar levels
of induced spiking as seen in WT neurons (Parekh et al., 2017). Day/night differences MSN
excitability could provide an intriguing mechanism for regulating time-of-day changes in
reward learning (Webb et al., 2009); however, more work is needed to determine which of
the MSN subtypes (i.e. D1 or D2 receptor-expressing) exhibit neurophysiological rhythms
before the effect of these rhythms can be fully understood.

Diencephalon (Interbrain): Paraventricular nucleus (PVN), organum

vasculosum of the lamina terminalis (OVLT), and supraoptic nucleus (SON)

of the hypothalamus

The paraventricular nucleus of the hypothalamus (PVN) is a brain center of great importance
in the control of sympathetic tone, neuroendocrine function, body fluid balance, and many
other body functions (Ferguson et al., 2008). The PVN contains a mixed and complex
integration of various neuronal subtypes and circuits that mediate this center’s control of
these body functions. Magnocellular neurons produce and secrete oxytocin (Oxt) and
arginine vasopressin (AVP), and parvocellular neurons project to the median eminence,
various autonomic control sites in the medulla such as the nucleus tractus solitarius and
rostral ventrolateral medulla (each discussed later), or directly to spinal tracts that convey
sympathetic nerve activity. Given the robust daily rhythms of AVP and Oxt release along
with strong diurnal rhythms in autonomic tone, the PVN plays a very likely role in the
circadian control of these factors.

Studies have demonstrated direct projections from the SCN to the PVN in both rat (Cui et
al., 2001) and human (Dai et al., 1997). Inhibition of GABAergic signaling from the SCN to
the PVN results in an inappropriate time of day release of melatonin indicating SCN
inhibitory actions on PVVN-mediated melatonin secretion (Kalsbeek et al., 2000).
GABAergic and glutamatergic projections from the SCN also mediate PVN autonomic
activity in a time-dependent manner relative to insulin and glucose handling by the liver and
pancreas (Kalsbeek et al., 2008). AVP mediated connections between the SCN and PVN
regulate light sensitive inhibition of feeding behavior in rodents (Nakata et al., 2016;
Santoso et al., 2017). As analyzed by /n-situ hybridization in rats, the PVN has a very robust
clock gene expression rhythm that even rivals the amplitude of the SCN; however, the PVN
clock gene expression and activity profile appears to be in antiphase to that of the SCN.
Specifically, Bmall mRNA expression peaks early in the light phase, and Perl and Per2
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peak in the early dark phase in the PVN (Abe et al., 2002; Girotti et al., 2009; Chun et al.,
2015). In both the SCN and PVN, c-fos mMRNA expression, an indicator of neuronal activity,
corresponds with Per and Per2 expression (Girotti et al., 2009). Protein expression of PER1
and PER2 in dopaminergic neurons of the PVN in rat follows the diurnal trend observed in
gene expression studies with no observable rhythm in CLOCK protein (Sellix et al., 2006).

Interestingly, in the diurnal, day-active grass rat, Arvicanthis niloticus, the PVN oscillation
of clock genes is in phase with that of the SCN. When grass rats are given access to running
wheels at night, they become nocturnally active, and the PVN expression of PerI and Per2
rhythms resembles that of other nocturnal rodents, namely peaking during the dark phase.
Neither diurnal nor nocturnal temporal niche changes nocturnal increases in melatonin
(Martin-Fairey et al., 2015). This result suggests that PVN oscillations of clock genes may
be more closely related to the activity preference of the animals, highlighting potential roles
for the purported role of the SPZ as a switch as discussed elsewhere in this review, and
indicates that the nocturnal rise in melatonin may not depend on the phase of the local PVN
oscillator. These studies suggest there is an intricate relationship between the activity of the
SCN and the PVN (Kalsbeek et al., 2011); however, to our knowledge, there are currently no
studies that have directly investigated circadian rhythms in neuronal activity of neuronal
populations within the PVN.

The supraoptic nucleus (SON) is a collection of magnocellular neurosecretory cells that also
release AVP and Oxt. Similar to the PVN, the SON contains GABAergic and glutamatergic
projections from the SCN (Cui et al., 1997). The SON also receives projections from the
organum vasculosum lamina terminalis (OVLT), which is a circumventricular organ lacking
an intact blood-brain barrier and is a vital component of osmosensation and thirst drive
(Bourque, 2008). Signaling along networks including the OVLT, SON, and the PVN
maintains body fluid status in response to increases in plasma osmolality through promotion
of thirst drive and through secretion of AVP from magnocellular neurons that acts via the
kidney to reabsorb water (Bourque, 2008). In both the SON and OVLT of rats, PerI mRNA
expression peaks during early-to-mid dark phase hours (Abe et al., 2002).

An impressive body of work by Bourque and colleagues over the years has also
demonstrated the influence of circadian factors on these networks. Many of these influences
are already elegantly reviewed in detail (Trudel & Bourque, 2012; Gizowski & Bourque,
2018). In brief and of particular interest to this review, Bourque and colleagues have
demonstrated that SCN activity blunts SON neuronal response to input from the OVLT. As
SCN activity increases during the early to mid-sleep phases (Brown & Piggins, 2007;
Okamura, 2007), the sensitivity of the SON to input from the OVLT is inhibited (Trudel &
Bourque, 2010; 2012). During the later sleep periods, SCN neuronal activity decreases and
the inhibitory drive on the SON is removed. This frees the SON to respond with greater
effect to input from the OVLT, thereby increasing AVP secretion (Trudel & Bourque, 2010).
Consistent with this idea is the prior report that SON neurons have increased firing
frequency /n vivo during the late day (Bhumbra et al., 2009). The physiological effect of this
pathway is to allow for a late sleep, non-osmotically driven increases in AVP secretion to
prevent nocturnal polyuria and interrupted sleep. Additional work from Bourque and
colleagues demonstrate that AVP-expressing SCN neurons whose activity increases prior to
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the sleep phase and that project to the OVLT drive an anticipatory thirst mechanism (Trudel
& Bourque, 2010; Gizowski et al., 2016; Gizowski & Bourque, 2018).

Diencephalon: Dorsomedial hypothalamus (DMH), ventromedial
hypothalamus (VMH), lateral hypothalamus (LHy), and arcuate nucleus
(ARC) of the hypothalamus

The dorsomedial hypothalamus (DMH) is a region of the hypothalamus important for
control of feeding, drinking, and stress response. The DMH receives neural inputs from both
the SCN and the SPZ and projects to the ventrolateral preoptic area and VMH (for review
see (Bernardis & Bellinger, 1998; DiMicco et al., 2002). Studies have provided mixed
results regarding the phase of the molecular clock of the DMH. The DMH shows rhythmic
PER2::LUC expression in organotypic cultures from both rats and mice albeit with variable
periodicities (Guilding et al., 2009; Herichova et al., 2017). Additionally, mRNA collected
over a 24-h period from rats indicated peak of Per2 mRNA levels in the early night
(Herichova et al., 2017). However, multiple other rodent studies reported very low or a lack
of rhythmic Per1 or Per2expression unless there was also restricted access to food, with
peak times varying depending on timing of meals (Mieda et al., 2006; Verwey et al., 2008;
Verwey et al., 2009; Verwey & Amir, 2011). Another study investigated the impact of aging
on components of the molecular clock and reported that while Bmall expression is
arrhythmic in the DMH, Clock expression is rhythmic in both young (4 months) and old (16
month) mice and that peak expression shifts from mid-day (~ZT 7) to late night (~ZT 22)
with age (Wyse & Coogan, 2010). Complimentarily to PER2::LUC rhythmicity in DMH,
multiunit discharge is rhythmic in ~half of the DMH slices; however, these rhythms
dampened rapidly (Guilding et al., 2009).

The lateral hypothalamus (LHy) contains the primary orexinergic neurons for the brain that
are important for many physiological processes such as feeding and arousal (Yamanaka et
al., 2003; Adamantidis & de Lecea, 2009). Rhythmicity in organotypic mPer-Luc rat
cultures containing the LHy is evident in ~75% of the cultures with peak expression at ~ZT
14 (Abe et al., 2002). Population sampling of clock gene transcriptional rhythms in the LHy
shows that Per2, Cryl1, Cry2, and Perl peak in the light-dark transition or early-mid night,
whereas Bmall expression is rhythmic in dark fed animals only, with delayed peak
expression in the late night (Opperhuizen et al., 2016). Interestingly, all clock gene
rhythmicity is lost when animals are fed exclusively during the light phase (Opperhuizen et
al., 2016). Several studies report varying results of electrical rhythms in the LHy. For
example, Koizumi and Nishino (1976) reported that the LHy electrical activity is inversely
related to activity of the VMH (see below) with higher LHy activity during the day and
lower activity at night. In contrast, Ono et al. (1981) reported low day-time activity and high
night-time activity in single unit recordings in the rat LHy /n vivo. However, very few
neurons expressed a rhythm in firing rate, and a majority showed low activity at both times
of day (Ono et al., 1981). A more recent study reported higher c-Fos staining in orexinergic
neurons in the LHy at night compared to during the day (Ramirez-Plascencia et al., 2017),
suggesting that cell-type specificity may be important for measuring physiological rhythms
in LHy neurons.
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Somewhat less is known regarding the rhythmicity of clock genes and electrophysiology in
the ventromedial hypothalamus (VMH). Initial evidence suggested that there were no
detectable rhythms in organotypic slice cultures from mPer2-4c mice (Guilding et al., 2009)
or in PerI mRNA expression obtained from diurnal degu brains (Otalora et al., 2013).
However, a more recent study reported mRNA rhythms in the VMH for Per1/2 (peaking at
the light-dark transition) and for Bmal1 (peaking at night), and these rhythms were lost in
mice with Bmall knockout specifically in nutrient-sensing neurons of the VMH (Orozco-
Solis et al., 2016). Recordings /n vivo from the rat VMH region indicated that there is a day/
night difference in the frequency of MUA volleys (more volleys during the light phase than
the dark) and that these volleys correlate with acute fluctuations in blood pressure and heart
rate rhythms (Hirasawa et al., 1996). It may be that VIMH neurons rhythmically fire, but only
under certain conditions. Specifically, Guilding et al. (2009) found no rhythmicity in isolated
VMH firing and predicted that the VIMH may be a slave oscillator to the SCN, supporting
the finding that VMH is more active at night compared to day when the SCN is intact or
with scheduled food access (Inouye, 1983).

The arcuate nucleus (ARC) is the region critical for neuroendocrine secretions and functions
as the homeostatic control center for the body. The neurons in the ARC are important for
control of rhythmic physiological processes such as food intake and metabolism (Cone et al.,
2001; Cowley et al., 2003). As this region is important for rhythmic processes, it has been
well investigated in the context of circadian gene expression. Uchida et al. (2016) found that
PER2::LUC expression in the ARC had a period of ~24.4. Loss of CryZand Cry2
differentially affected period length in PER2::LUC rhythms, with CryZ knockout (KO)
animals having a shortened period (~22 h) and Cry2 KO animals showing a longer period
(~26 h). Two other studies using PER2::LUC mice reported ~23-h periods for the ARC or
ARC complex (including the median eminence and pars tuberalis; (Piek, 1986; Guilding et
al., 2009). Interestingly, Guilding et al. (2009) identified the number of rhythmic cells in
both the dorsal and lateral regions of the ARC, with the dorsal region having a higher
percentage of rhythmic cells. Follow up experiments using forskolin to resynchronize
cultures indicated that the dampened rhythmicity in the ARC was due to cells drifting out of
synch with one another over time. Additionally, organotypic ARC cultures from the PerI-luc
rat exhibited peak Per transcription in the ARC at ~ZT 14 (Abe et al., 2002). This result is
consistent with population sampling experiments of Per1/2 mRNA expression in the ARC
that showed peaks in the early night ((Wang et al., 2017) but see also (Kriegsfeld et al.,
2003). Interestingly, clock gene rhythmicity is lost in the ARC of nocturnal animals with
food access only during the day (Wang et al., 2017). In rats, PerZis expressed in some but
not all dopaminergic neurons (Sellix et al., 2006). Surprisingly, PerI expression does not
vary across time-of-day in the ARC of the diurnal degu (Otalora et al., 2013). As for positive
regulators of the TTFL in the ARC, BMAL1-ir is not expressed rhythmically in young or old
mice but CLOCK-ir does have a diurnal rhythm in both age groups, with a shift in peak
expression from ~ZT 6 to ~ZT 23 as the animals age (Wyse & Coogan, 2010). These clock
gene rhythms may drive neuronal activity as the immediate early gene c-Fos is expressed in
a larger number of ARC cells during the night compared to the day (Ramirez-Plascencia et
al., 2017). Although one classic study reported a lack of a circadian rhythm in electrical
discharge in ARC slices (Groos & Hendriks, 1982), a more recent study reported that brain
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slices containing the ARC maintained in vitro show circadian periodicity of both multi- and
single-unit activity, although peak activity is not related to time of sacrifice or prior light-
dark (LD) cycle (Guilding et al., 2009). It is clear that more research is necessary to
determine if electrical rhythms of ARC neurons are driven by the molecular clock.

Diencephalon: Hypothalamic preoptic area (POA) and tuberomammillary
nucleus (TMN)

The preoptic area (POA) is a region that controls thermoregulation and is involved in sexual
and parental behavior and differs in function between males and females (reviewed in
(Paredes, 2003). Female mice exhibit anti-phase expression of PER2 and BMAL1,
specifically in neurons expressing gonadotropin-releasing hormone, with peak expression
during the night and day, respectively (Hickok & Tischkau, 2010). Circadian expression and
neuronal activation in these neurons may be involved in controlling time-of-day specific
control of luteinizing hormone (Finn et al., 1998). In addition, nursing induces rhythmic
Perl expression in the POA of female rabbits, with a peak occurring 8 hours after nursing
(Meza et al., 2015). While relatively little is known about molecular clock gene rhythmicity
in this region, electrical rhythms in MUA measured in the POA is greater at night compared
to the day (Inouye, 1983). A more recent examination of light sensitivity of POA neurons
reported that despite the numerous light insensitive neurons in this region, the basal firing
rate of these light-insensitive neurons varied across the 24-h day with higher rates in the late
day and lower rates in the late night (Brown et al., 2011).

The tuberomammillary nucleus (TMN) is a small region of the hypothalamus that is
responsible for producing histamine and involved in the sleep/wake system (Eriksson et al.,
2001; Huang et al., 2001). Histamine is wake-promoting and has been shown to increase
during the dark phase (Fell et al., 2015). The molecular clock in the TMN is somewhat
understudied; however, one study reported peak Perl, Cry1, and Rev-erba mRNA rhythms
at the light-to-dark transition (Yu et al., 2014). Importantly, these rhythms are lost in
histamine-neuron specific Bmall knockout mice (Yu et al., 2014). The number of c-Fos-
labelled cells is higher at night compared to day in all three sub-nuclei of the TMN, a pattern
that persists in constant darkness (Ko et al., 2003; Ramirez-Plascencia et al., 2017).
However, neuronal activation also occurs when animals were awake during the light phase
compared to when they are sleeping. Thus, the authors hypothesized that there are acute
effects of sleep versus wake as well as circadian effects controlling histaminergic neuronal
activity (Ko et al., 2003). Similarly, Takahashi et al. (2006) reported that histaminergic
neurons fire only when an animal is awake. Interestingly, c-Fos staining in the TMN of the
diurnal grass rat showed a reversal of this pattern, with highest c-Fos expression during the
day and lowest levels during the late night (Castillo-Ruiz et al., 2013). More research is
necessary to determine whether the TMN molecular clock regulates any of these
physiological effects across time-of-day or behavioral states.

Diencephalon: Hypothalamic sub-paraventricular zone (SPZ)

One of the densest efferent synapses from the SCN is to the subparaventricular zone (SPZ)
of the hypothalamus (Watts et al., 1987). Here, circadian gene expression exhibits 24-hour
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variation in animals housed in a light-dark cycle with Per1/2as well as Cry1 transcription
peaking in the mid-late day (Jiang et al., 2012; Mei et al., 2018). /n vivo Cry1 transcriptional
reporter rhythmicity persists in the absence of an LD cycle (Mei et al., 2018). Surprisingly,
PER2-ir peaks during the late night in diestrus female rats (Schrader et al., 2010). While sex
may impact the SPZ molecular clock phase, temporal niche does not. Specifically, the phase
of the molecular clock in the SPZ is the same in both diurnal and nocturnal rodents, similar
to the SCN but unlike the other extra-SCN brain regions. Both PER1-ir and PER2-ir rhythms
peak in the late day or day-night transition in grass rats regardless of whether they are
naturally diurnal or induced to be nocturnal (Ramanathan et al., 2010b). Like clock gene
expression, neuronal activation (as reported by cFos-ir) in nocturnal rats or mice, as well as
diurnal grass rats, is high during the early day, declining throughout the light period. During
the night, however, c-Fos-ir is higher in diurnal grass rats and lower in nocturnal rats and
mice (Schwartz et al., 2004; Todd et al., 2018). Multi-unit activity recordings of mice show
an anti-phase relationship between SCN and SPZ with higher SCN spike rates during the
day and higher SPZ spike rates during the night, both of which are independent of the LD
cycle but dependent upon the molecular clock (Nakamura et al., 2008). Day-night
differences in spike rates of SPZ neurons in diurnal animals are yet to be determined. In
mice, greater neuronal activation during the early day compared to the early night is
functionally associated with reduced aggression at that time of day since chemogenetic
inhibition of VMH-projecting SPZ neurons reduces aggression specifically in the early night
(Todd et al., 2018). Future studies should examine whether neurophysiological activity of
SPZ neurons in diurnal models are associated with diurnal variation in aggressive and social
behavior.

paraventricular nucleus (PVT) and lateral geniculate nuclei

Daily rhythms in protein levels of PER1 and PER2 have been reported in the paraventricular
nucleus of the thalamus of mice and rats (Mendoza et al., 2005; Angeles-Castellanos et al.,
2007; Feillet et al., 2008). Interestingly, PER expression, which typically peaks during the
mid-to-late night in the PVT, is sensitive to changes in feeding behavior (e.g., time-restricted
feeding; (Angeles-Castellanos et al., 2007). Although the PVT molecular clock is sensitive
to outside factors, it does not depend on external inputs for its rhythmicity as evidenced by
self-sustaining PerI-/uc rhythms seen in PVT cultures (Abe et al., 2002). Time-of-day
changes in the excitability of PVT neurons have been extensively characterized in rats. As
seen in most neurons in the thalamus, PVT cells are capable of displaying two different
patterns of action potential firing: tonic firing and bursting (Zhang et al., 2006). Although
the proportion of tonic versus bursting cells is similar during the day and night, the vast
majority (>90%) of PVT are silent during the day, whereas approximately half of nighttime
cells are spontaneously active (Kolaj et al., 2012). This daytime decrease in excitability is
paired with changes in intrinsic properties as neurons are more hyperpolarized and with
lower Rijnpyt during the day (Kolaj et al., 2012). Furthermore, two currents which contribute
to burst firing the PVT neurons — T-type calcium current and hyperpolarization-activated
cation current — are enhanced during the night (Kolaj et al., 2012).
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The lateral geniculate nuclei (LGN) of the thalamus are recipients of some of the densest
inputs from melanopsin-containing intrinsically photoreceptive retinal ganglion cells outside
the SCN (Brown et al., 2010). Furthermore, neuropeptide Y containing cells from the ventral
LGN and intergeniculate leaflet (IGL) project to the SCN via the geniculohypothalamic tract
and contribute to the process of photic and non-photic entrainment (for review see
(Harrington, 1997). While the LGN are considered part of the extended circadian network
(Morin, 2013), there have been very few studies which have focused on circadian
rhythmicity of the cells in these nuclei. One study using /n7 vivo recordings in mice reported
diurnal variation in the basal activity levels neurons in the LGN, with neuronal firing
peaking during the early to mid-night (Brown et al., 2011). This is consistent with previous
studies showing increased glucose utilization during the night in the LGN of mice and rats
(Inouye & Kawamura, 1979; Jay et al., 1985; Room & Tielemans, 1989).

Epithalamus: Habenula (medial and lateral)

The habenula, a bilateral structure located in the epithalamus, plays a role in behavioral
flexibility (Baker & Mizumori, 2017), emotion, motivation, pain processing, learning and
memory, stress, and sleep-wake regulation (for review see (Bano-Otalora & Piggins, 2017).
It is divided into two main regions, the lateral habenula (LHb) and the medial habenula
(MHDb). The LHb receives inputs from the cerebral cortex, lateral hypothalamus, and globus
pallidus and has efferent projections to the rostromedial tegmental nucleus, median raphe,
caudal dorsal raphe, and pontine central gray (Quina et al., 2015), while the medial habenula
receives inputs from the medial septum and sends signals to the interpeduncular nucleus
(Herkenham & Nauta, 1979; Omelchenko et al., 2009). Although an early 7in-situ
hybridization study demonstrated the presence of Clock, Per1, and Per2 mRNA in the MHb
at one time of day (Shieh, 2003), rhythmicity of clock genes in the LHb and MHb has only
recently been investigated. Recordings of bioluminescence in LHb cultures from both
mPer2-4¢ and Peri-luctransgenic mice reveal low amplitude rhythms of expression of these
core clock components (Guilding et al., 2010; Sakhi et al., 2014b). In mice deficient for both
Cry1and CryZ, rhythmic expression of PerI-/ucis ablated, suggesting it depends on a
functional circadian clock (Sakhi et al., 2014b). Both Per2 mRNA and PER2 protein have
diurnal rhythmic oscillations in rat LHb, with higher expression during the day compared to
night (Zhao et al., 2015). However, this day/night difference is lost in animals fed a free-
choice high-fat-high-sucrose diet, implicating diet in the regulation of LHb molecular
rhythms (Blancas-Velazquez et al., 2017).

Circadian rhythms in firing frequency in the habenula have been extensively studied, with
mixed results across species. /n vivo extracellular recordings in rats reveal that baseline
firing rates are higher during the subjective day compared to night in the LHb and MHb
(Zhao & Rusak, 2005). Additionally, populations of neurons within the LHb and MHb are
responsive to photic stimulation, with a greater number of responsive cells in the LHb
compared to MHb (Zhao & Rusak, 2005). Baseline firing rates of LHb neurons /n vitro also
peak during the day, but with no differences in firing rate across time of day in MHb (Zhao
& Rusak, 2005). However, recent work in mice shows that the resting membrane potential
and spontaneous firing rate of MHb neurons varies across time of day, with more
depolarized potentials occurring during the late day when MHb neurons are most active
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(Sakhi et al., 2014a). Firing rate does not change across time of day in Cry1/2 deficient
mice, suggesting that a functional molecular clock contributes to this diurnal variation
(Sakhi et al., 2014a). Furthermore, whole-cell recordings in the LHb reveal that the time-of-
day changes in LHb firing frequency — which is usually lower in early day compared to the
late day — are lost in Cry1/2deficient mice (Sakhi et al., 2014b). It is important to note that
temporal differences in firing frequency (Zhao & Rusak, 2005) may be due to presynaptic
input rather than intrinsic LHb activity because Park et al. (2017) reported an increase in
mini-excitatory post-synaptic current (mEPSC) frequency and paired-pulse ratio (when
stimulating in stria medullaris) in afternoon compared to morning.

In support of the electrophysiology studies described above, Tavakoli-Nezhad and Schwartz
(2005) examined immediate early gene activation in the LHb and found that c-Fos
expression in hamsters exhibited higher expression during the subjective night compared to
subjective day. Interestingly, in hamsters with “split” circadian locomotor activity, c-Fos
expression in the LHb was asymmetric across hemispheres during their active phase
(Tavakoli-Nezhad & Schwartz, 2005). Paul et al. (2011) found that wheel running during
hamsters’ inactive period induces c-Fos expression in both LHb and MHb, suggesting that
previous findings of day-night rhythms in c-Fos expression (Tavakoli-Nezhad & Schwartz,
2005) may be dependent upon locomotor activity or arousal. However, Paul et al. (2011)
also compared c-Fos expression in hamsters running during the day to hamsters running
during the night and found higher c-Fos expression in the night group, indicating that
circadian phase may indeed affect c-Fos expression. Disrupting the habenula projections
resulted in altered daily activity in hamsters, implicating the habenula as a possible regulator
of daily locomotor activity (Paul et al., 2011).

Epithalamus: Pineal gland

The pineal gland is situated in the middle of the brain, tucked between the two hemispheres,
and is the primary source of the neurohormone melatonin. Melatonin is often referred to as
the “night hormone,” and its nocturnal release signals photoperiod length and season to the
rest of the brain and body. The pineal gland has long been recognized as a key component of
the circadian system. Circadian clock gene expression is rhythmic with the positive TTFL
components peaking at the beginning of the day and the negative TTFL components peaking
at night (Wongchitrat et al., 2011; Andrade-Silva et al., 2014). Reverb-a mRNA expression
peaks in anti-phase to Bmall with highest Reverb-a mRNA expression at the beginning of
the night (Wongchitrat et al., 2011; Andrade-Silva et al., 2014). These rhythms persist in
constant conditions and are entrained by norepinephrine (Andrade-Silva et al., 2014).
Regardless of temporal niche, melatonin is produced at night and suppressed by light. In
mammals, rhythmic melatonin production and light-induced melatonin suppression are
mediated by a multi-synaptic pathway from the retina to the pineal via the SCN, spinal cord,
and superior cervical ganglion (Cassone, 1998). In some vertebrates such as birds and fish,
pineal cells are light-sensitive (Vatine et al., 2009; Cassone & Westneat, 2012; Hur et al.,
2012). Numerous organs of the zebrafish, including the pineal gland, are light-sensitive, and
photostimulation of these organs is critical to induce clock gene rhythmicity in embryos as
well as promote maturation of the pineal clock (Vatine et al., 2009). Likewise, the avian
pineal gland has photoreceptors, and pinealectomy results in arrhythmic locomotor activity,
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song, and call (Cassone & Westneat, 2012). Transcriptional profiling of the chick pineal
revealed ~400 rhythmic genes, including some encoding ion channels (Bailey et al., 2003).
Nocturnal melatonin release in the chick pineal gland appears to rely on depolarization of
the membrane and activation of voltage-gated calcium currents (Harrison & Zatz, 1989).
Interestingly, one study reported that single unit activity of chick pineal cells maintained in
vitro is higher during the day than during the night despite nocturnal release of melatonin
(Schenda & Vollrath, 2000). In rodents such as rats, gerbils, hamsters and guinea pigs,
however, it has long been known that the pineal neurons spontaneously fire with a higher
rate during the night than during the day (Semm et al., 1981; Reuss & Vollrath, 1984; Stehle
et al., 1987; Stehle & Reuss, 1988). These electrical rhythms are clearly important for pineal
function, the most important of which is melatonin production. Given the importance of
melatonin for reducing oxidative stress, amyloid aggregation, and inflammation (Alghamdi,
2018), a better understanding of the mechanisms of clock-controlled electrical firing of
pineal neurons is needed.

Mesencephalon (Midbrain): Periaqueductal gray, raphe nuclei, reticular

formation, midbrain trigeminal nucleus

The sensory neurons of the midbrain trigeminal nucleus, which contribute to daily rhythms
in food intake (Yokoyama et al., 2013), exhibit PerZ transcriptional rhythms ex vivo (Hiler et
al., 2008). Although expression of PerI-lucis also detected in the cells of the dorsal and
median raphe nuclei (DRN and MRN), these areas do not exhibit sustained rhythms in
culture (Abe et al., 2002; Hiler et al., 2008). Interestingly, while PER2::LUC expression is
arrhythmic in DRN organotypic cultures under normal conditions, rhythms can be induced
in this area by exposure to a learned helplessness paradigm independent of the behavioral
outcome (Landgraf et al., 2016). Conversely, in another mood-regulating area, the
periaqueductal gray area (PAG), PER2::LUC rhythmicity was less likely to be measured in
animals that developed helplessness. In this case, arrhythmicity was due to a loss of
synchrony in single cell PER2::LUC rhythms (Landgraf et al., 2016). /n vivo MUA
recordings from the MRN of freely moving rats show daily rhythms in activity which peak
at night, but in the DRN, both rhythmic and arrhythmic activity patterns have been reported
(Inouye & Kawamura, 1979). Similarly mixed results have been reported in the midbrain
reticular formation, which contains the DRN and MRN (Inouye & Kawamura, 1979).
Despite conflicting evidence of activity rhythms in the raphe nuclei, extensive work has
demonstrated that release of serotonin (5-HT) in downstream targets — including SCN,
cortex and surrounding raphe areas — varies across the 24-hour cycle with peak 5-HT levels
found during the day (Quay, 1968; Cagampang et al., 1993; Cagampang & Inouye, 1994);
but see also (Crespi & Jouvet, 1983). Furthermore, 5-HT has been shown to play a large role
in the process of nonphotic entrainment in the SCN (for review, see (Pontes et al., 2010).
Given the importance of neuronal activity of serotonergic neurons in seasonal affective
disorder (Green et al., 2015), a better understanding of how the local midbrain clock
regulates neuronal firing is needed.
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Midbrain: Ventral tegmental area (VTA) and substantia nigra (SN)

Rhythmic mRNA expression of Per2, Bmall, and Reverba have been reported in ventral
midbrain samples containing ventral tegmental area (VTA) tissue (Chung et al., 2014).
However, attempts to measure sustained molecular rhythms in VTA organotypic cultures ex
vivo have yielded mixed results — with cultures from PerZ-/uc rats being arrhythmic (Abe et
al., 2002) and less than one third of VVTA cultures from mPer2-4¢ mice showing rhythms
(Landgraf et al., 2016) but see also (Logan et al., 2015). Evidence of circadian regulation of
V/TA neurophysiology has been equally unclear. Early rodent studies of glucose utilization
during the day or night report no change across time of day in the VTA (Jay et al., 1985;
Room & Tielemans, 1989). Consistent with these findings, multiple groups have reported no
differences in neuronal activity across a variety of /n vivo conditions. In anaesthetized rats,
single unit activity of dopaminergic (DA) neurons does not appear to change when broadly
comparing day and night (Luo et al., 2008; Luo & Aston-Jones, 2009; Dominguez-Lopez et
al., 2014); however, at a higher resolution (6 time points) the rate of DA neuron firing
exhibits a 12-hour rhythm, with peaks in during the early day and early night (Dominguez-
Lopez et al., 2014). Yet the rate of DA neuronal activity in freely moving mice during
spontaneous REM sleep across the 24hr cycle showed no rhythm (Sidor et al., 2015).
Conversely, multiunit activity (MUA) in the VTA of freely moving mice across all vigilance
states shows a 24hr rhythm — with peak activity at night — that persists in LD and DD (Fifel
et al., 2018); however, when the MUA rhythms for different vigilance states were examined
separately, only activity during NREM sleep remained rhythmic (Fifel et al., 2018).
Altogether, these issues raise the importance of considering cell-type, vigilance state, and
temporal resolution when assessing rhythmic electrical properties within the VTA.

Compared to the VTA, circadian rhythms in the neighboring substantia nigra (SN) have been
less well studied. The SN from Peri::/ucrats and mice have both been reportedly arrhythmic
in culture (Abe et al., 2002; Hiler et al., 2008), but one study in Per2::luc rats reported robust
rhythms in SN cultures (Natsubori et al., 2014). Importantly, molecular rhythms were
present in SN from animals with intact SCN and those with SCN lesions, suggesting that
molecular rhythms in the SN do not depend on external signals from the SCN to drive them.
Physiologically, /n vivo MUA of freely moving rats showed a daily rhythm — with peak
activity at night — that was lost when the SCN outputs were severed (Inouye & Kawamura,
1979; Inouye, 1983). The nightly increase in SN activity is consistent with glucose
utilization which is also elevated during the dark phase in the pars compacta and pars
reticulata regions in rats (Room & Tielemans, 1989). Interestingly, an earlier study of
glucose utilization in mice reported no day/night difference in either SN region (Jay et al.,
1985). Similarly, MUA in SN of freely moving mice across all vigilance states does not
appear to vary across the 24-hour cycle (Fifel et al., 2018). However, when MUA during
NREM sleep was examined separately, lateral SN showed a day/night difference in LD —
with peak activity occurring during the night (Fifel et al., 2018). Given that DA release in the
dorsal striatum exhibits a clear 24-hour rhythm (Hood et al., 2010) and receives input from
DA neurons of the SN, future work should examine if daily rhythms are present in the
different nigral cell types (i.e. DA and GABA).
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Metencephalon (Hindbrain): Medulla, nucleus of the solitary tract (NTS),
rostral ventrolateral medulla (RVLM), inferior olivary nucleus (ION)
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The nucleus tractus solitarius (NTS) and rostral ventrolateral medulla (RVLM) along with
hypothalamic areas such as the PVN comprise major sites of autonomic and blood pressure
control. In general, the RVLM is an integration site for presympathetic pathways and is an
important source of vasomotor sympathetic tone and a key player in baroreflex control of
blood pressure (Guyenet, 2006). The NTS receives input from a number of visceral centers
including cardiopulmonary baroreceptor, chemoreceptor, and gastrointestinal afferents
(Andresen & Kunze, 1994; Paton, 1999; Grill & Hayes, 2009). There is a close functional
relationship between the NTS and RVLM as baro- and chemoreceptor inputs communicated
through the NTS influence RVLM activity and modulate sympathetic tone. Because of the
robust blood pressure and sympathetic diurnal rhythms seen in mammals, these areas are of
particular interest in the study of circadian control of blood pressure.

Both the NTS and RVLM express clock genes in a cyclic manner. In both the NTS and
RVLM of Sprague-Dawley rats, Bmall mRNA expression peaks at the transition between
dark and light periods, Per2 peaks in the beginning of the dark period, and the clock output
gene dbp peaks at the end of the light period. Interestingly, there was no observable rhythm
in Clock expression (Herichova et al., 2007). Unlike the PVN, the clock gene expression
rhythm in the NTS and RVLM is in phase with that of the SCN. In the NTS of C57BL/6
mice, Bmall mMRNA expression peaks at the beginning of the light period, PerZ and Per?
peak at the start of the dark period, Rev-erba peaks in the middle of the light period, and
Clockand Cry1 have little rhythmicity (Kaneko et al., 2009).

Unfortunately, there are no studies to our knowledge that have directly investigated diurnal
changes in the neuronal activity of these centers. Indirect evidence would suggest that these
centers have an important contribution to the diurnal rhythm of blood pressure and
autonomic tone. One study overexpressing the angiotensin type Il receptor into the RVLM
demonstrated a blocking of the nocturnal rise in blood pressure likely due to a continual
attenuation of vasomotor sympathetic tone (Gao et al., 2008). This would suggest RVLM
driven increases in sympathetic tone contribute to the nocturnal rise in blood pressure in
rodents. Future work directly addressing these areas will be invaluable to understanding their
contribution towards diurnal autonomic tone and blood pressure control during normal
physiological function and during disease states such as hypertension.

The inferior olivary nucleus (ION) comprises the source of climbing fibers into the Purkinje
cells of the cerebellum. It has a very high density of synaptic processes and is important in
cerebellar learning and motor control (Schweighofer et al., 2013). ION neurons of the
hamster express Perl (Yamamoto et al., 2001), and rat ION express Perl, Per2, and Clock
(Shieh, 2003), but the rhythmicity of these clock genes in the ION is currently unexplored.

Metencephalon (hindbrain): Locus Coeruleus

The locus coeruleus (LC) is composed of noradrenergic neurons that receive input from the
SCN through the dorsomedial hypothalamus (DMH) and is involved in promoting

Eur J Neurosci. Author manuscript; available in PMC 2020 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paul et al.

Page 22

wakefulness and behavioral arousal (Aston-Jones et al., 2001) and helps to regulate the
sleep-wake cycle (Aston-Jones & Bloom, 1981; Gonzalez & Aston-Jones, 2006). Several /in
vivo studies in rats have shown through EEG and extracellular recordings that the LC has
greater tonic firing during the active period compared to the inactive period (Aston-Jones &
Bloom, 1981; Aston-Jones et al., 2001; Gonzalez & Aston-Jones, 2006; Gompf & Aston-
Jones, 2008). Gonzalez and Aston-Jones (2006) found that amplitude of the sleep-wake
rhythm can be reduced by either light deprivation (i.e., DD housing) or via loss of
noradrenergic input to the LC, indicating that the functional role of the LC in maintaining
sleep-wake amplitude depends on light exposure.

Orexin, a wake regulatory neuropeptide expressed by neurons in the DMH, shows circadian
rhythmicity and is increased in expression in the hypothalamus during the rat active period
(Gompf & Aston-Jones, 2008). The LC receives inputs from orexin neurons of the DMH,
and LC neurons show increased c¢-fos expression during times when LC impulse activity is
high. Extracellular single unit /n vivo recordings in rats show that orexin activation of LC
neurons causes an increase in firing prior to and during the active period and that blocking
orexin receptors prevents the increase in firing during the wake period. These data suggest
that orexin signaling may aid in regulation of sleep and waking (Gompf & Aston-Jones,
2008).

Regarding the molecular clock, the expression of Perl was examined in organotypic slices
from mPer1.:/uc mice for up to five days. Surprisingly, no signal was detected in the LC
(Hiler et al., 2008). However, Per1 expression was also examined in Syrian hamsters at ZT
3,9,12.5, and 22. In free running hamsters, PerZ expression was found to be rhythmic and
higher at ZT 9 and 12.5 than ZT 3. When exposed to constant light, Syrian hamsters adopt a
split activity pattern, allowing researchers to examine whether rhythmicity was controlled by
the SCN and whether lateralization of signaling occurs. While lateralization of Perl
expression was found in other brain regions, it was not observed in the LC (Mahoney et al.,
2013).

Metencephalon (hindbrain): Cerebellum

While the cerebellum is predominantly known for its role in motor coordination, it also
plays a role in circadian food anticipatory activity in mice (Mendoza et al., 2010) and
exhibits rhythmic expression of the core circadian clock components, including 24-hour
rhythmicity in Perl, Per2, Rev-erba, and dbp mRNA levels in both rats and mice (Rath et
al., 2012; Rath et al., 2014). Peak expression of these genes in the cerebellum is delayed by
4-6 hours from SCN clock phase. Arrhythmic animals with SCN lesions, however, no longer
exhibit rhythmic clock gene expression, suggesting that the SCN and cerebellum have a
hierarchical relationship (Rath et al., 2012). Since there are no direct connections from the
SCN to the cerebellum, the mechanism by which circadian rhythmicity in the cerebellum is
entrained to the SCN or the LD cycle is unknown; however, several studies have
hypothesized some form of hormone signaling (Mendoza et al., 2010; Mordel et al., 2013;
Guissoni Campos et al., 2018). Interestingly, clock gene expression is localized to granule
cells and Purkinje cells in mice (Rath et al., 2014). In primates, however, PER1/2-ir is
expressed in the purkinje cell layer (the primary output of the cerebellum), but not the
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granule or molecular cell layers, with higher expression during the day (ZT 10) compared to
the night (ZT 19) (Guissoni Campos et al., 2018). Bmall deletion specifically in granule
cells renders expression of the majority of clock genes arrhythmic; however, circadian
locomotor behavior is not significantly changed (Bering et al., 2017). Although the
cerebellum has >2,000 rhythmic transcripts (detected in animals housed in DD for two
cycles; (Pizarro et al., 2013), it is surprising that we know very little about the function of
the molecular clock in this important area of the brain.

One possibility is that the molecular clock regulates rhythmic membrane properties of
cerebellar neurons. To illustrate this point, we searched the CircaDB database for rhythmic
genes in the cerebellum that were also associated with electrical activity (determined by
searching the CircaDB database genes with JTK_CYCLE p-value < 0.05 in the cerebellum
using a gene list encoding ion channels related to electrical activity using
amigo.geneontology.org/amigo (GO:0005244), filtered for Mus musculus; (Pizarro et al.,
2013). We found numerous rhythmic gene transcripts (number of transcripts indicated)
encoding expression of ion channel subunits such as calcium (3), chloride (3), potassium
(13), and sodium (3) as well as receptors for excitatory/inhibitory neurotransmitters (5).
Thus, the molecular clock may play a role in physiology in this region. Two studies have
empirically tested this possibility (Mordel et al., 2013). First, the investigators performed
multi-electrode array recordings from organotypic cerebellar slice cultures lasting 2-5 weeks
and found no day-night differences in the firing rate of Purkinje cells (Mordel et al., 2013).
However, when the culture medium was replaced roughly every 24 hours, rhythmicity in
spiking activity was induced and lasted up to 5 days, suggesting that the Purkinje cells clock
phase may have exhibited inter-cellular desynchrony, thus preventing the observation of a
whole circuit rhythm. Second, this study measured day-night differences in intrinsic firing
properties of Purkinje cells using whole-cell patch clamp recordings. No day-night
differences were observed in spike frequencies of neurons firing with either a tonic or a
trimodal-like firing pattern. In addition, there were no day-night differences in excitatory or
inhibitory synaptic events. As with any study reporting null results, the interpretation can be
difficult. Limitations of this study include: possible effects of cerebellar organization (e.g.,
zebrin 11 expression banding), use of pups from postnatal days 0-3 prior to cerebellar
network development, and potential light contamination during dark phase experiments. The
second study (Frederick et al., 2014) examined day-night differences in local field potential
(LFP) oscillations in the rat cerebellum and striatum through dopaminergic mechanisms
based on evidence that rhythms of dopamine levels (Owasoyo et al., 1979; Hood et al., 2010;
Ferris et al., 2014) and expression of D2 receptors are linked with expression of Per2 (Hood
et al., 2010; Gravotta et al., 2011). The coherence of oscillations of these regions was
explored because of their cooperative role in sensory motor control and locomotor
regulation. The investigators observed day-night differences in oscillatory activity, with slow
oscillations (0-3 Hz) decreased at the beginning of the active period and 3-8 Hz activity
increased during the same period. The influence of the circadian clock on transition of
oscillatory activity could aid in establishing optimal neuronal conditions that allow for
transitioning between sleep and wake activity. While these efforts are a great start at
answering the question of the functional role of the molecular clock in the cerebellum, much
more work needs to be done.
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Electrical rhythms in invertebrate species

One of the earliest reports of circadian regulation of intrinsic membrane properties in
invertebrate species involved experiments in the marine mollusk Bulla gouldiana. 1solated
basal retinal neurons of the Bulla have 24-hour variation in membrane potential and
potassium conductance, and these rhythms correlate with spike frequency of the intact eye
(Michel et al., 1993). Other mollusks such as the crayfish, Procambarus bouvieri, exhibit
self-sustained oscillations in electroretinogram (ERG) amplitude across time-of-day. Even
when the retinal clocks are uncoupled by splitting the supraesophageal ganglion, ERG
rhythms cycle independently but in anti-phase to one another (Barrera-Mera, 1985). The
supraesophageal brain is an important circadian center in other sea invertebrates as
evidenced by anecdotal observations of /in vivo recordings from Octopus vulgarus which
exhibits increased spiking during rest and sleep periods (Brown et al., 2006). Even arachnids
show spontaneous electrical activity in the suboesophageal ganglion with greater incidence
of periodic waves at night compared to the day (Carricaburu & Munoz-Cuevas, 1986).
Classic work in the cockroach demonstrated that multi-unit activity rhythms of the cervical
connectives and the optic tract are in anti-phase to one another with neural activity peaking
in the day in the optic tract versus the night in the cervical connectives (Colwell & Page,
1990). Interestingly, the periodicity of the cockroach optic lobe can drive the period of
locomotor rhythms in animals with transplanted lobes acquired from cockroaches reared in
altered light cycles (Page, 1982). Taken together, these results suggest that the electrical
activity rhythms of the optic lobe are a critical component of the insect circadian clock.
More recent work has shown more specifically that the accessory medulla of the optic lobe
is critical for nocturnal behavior such that electrical recordings from this region show rapid
increases in electrical activity more frequently at night (Schneider & Stengl, 2007).
Neurophysiological activity of clock neurons in these invertebrates is inhibited or excited by
GABA (see (Giese et al., 2018) in this Special Issue) similar to results reported in vertebrate
clocks, where GABA is involved in entrainment and synchronization (Albers et al., 2017).
Invertebrate electrical rhythms may be important for learning given that these cockroaches
are better at olfactory learning and recall during the night phase compared to during the day
(Decker et al., 2007). Like the cockroach, pigment dispersing factor (PDF)-expressing cells
in the cricket accessory medulla have higher spike frequencies during the early night
compared to the early day (Abdelsalam et al., 2008).

Circadian rhythmicity in Drosophila melanogaster has played a seminal role in
chronobiology (see (Helfrich-Forster et al., 2018) in this Special Issue) as exemplified by the
recent Nobel Prize in Physiology or Medicine for the discovery of the autonomous
molecular clock (Nobelprize.org, 2017). These clock neurons form a network that consists
of dorsal neurons and lateral neurons, some of which express PDF, a rhythmically released
neuropeptide that is critically important for the fly clock network (Helfrich-Forster et al.,
2018). The study of the intact neural circuits in Drosophila using electrophysiology has been
notoriously difficult; however, several research groups have been successful. For example,
the PDF-expressing, small ventral lateral neurons (s-LN,s) in the fly homologue of the
cockroach accessory medulla exhibit changes in electrical membrane properties that feed
back to impact the function of the molecular clock. Specifically, when these cells are
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chronically hyperpolarized, flies display both molecular and behavioral arrhythmicity
(Nitabach et al., 2002). To investigate 24-h membrane potential changes of the s-LN,s, one
group utilized a recently developed genetically encoded fluorescent voltage indicator called
Arclight and found that the s-LNv terminals have greater spontaneous membrane activity
during the early morning than the early evening, consistent with the fly’s diurnal circadian
rhythm (Cao et al., 2013). In addition to the s-LN,s, other clock neurons in the fly circadian
network show 24-h variation in neurophysiology. Electrophysiological recordings of the cell
bodies of large LN, clock neurons as well as the posterior dorsal neurons (DN1p)
demonstrate responsiveness to light (Sheeba et al., 2008) and neurophysiological rhythms
with higher spontaneous firing rate and depolarized membrane potential during the early day
compared to the early night (Sheeba et al., 2008; Flourakis et al., 2015; Julienne et al.,
2017). At least in the DN1ps, this day-night difference is due to activation of a sodium leak
current (encoded by NALCN) (Flourakis et al., 2015). Areas outside the optic lobe also
show circadian electrical rhythms. Recordings from the fly antennae revealed robust
circadian variation in the electroantennogram response to ethyl acetate in wild-type flies
(Krishnan et al., 2005), suggesting that circadian control of electrical activity is important
for functional physiological responses during the day and night. In summary, the study of
invertebrates has made important contributions to our understanding of chronobiology, and
these models will continue to be useful for examining how the circadian clock regulates
neuronal activity to drive rhythmic behavior.

Circadian regulation of excitability: Implications for disease

Circadian regulation of neurophysiology is likely to have important implications for diseases
of the nervous system, particularly those associated with aging. As animals age, circadian
locomotor amplitude declines in parallel with reduced SCN firing rhythmic amplitude
(despite normal PER2-ir rhythms) as well as impaired neurophysiological activity rhythms
in the SPZ (Nakamura et al., 2011), the most dense projection of the SCN to other brain
regions (see above). In addition to this circadian decline associated with the normal aging
process, neurodegenerative diseases are also likely to exhibit circadian-related deficits early
in the disease progression. As an example of how circadian control of extra-SCN neuronal
activity can become dysregulated in disease, we will briefly discuss three neurodegenerative
disorders whereby time-of-day variation in neuronal excitability may be significant in
prevention or disease progression, recognizing that these examples can be applied to many
more disease states. In Parkinson’s disease (PD), dopaminergic neurons of the SN pars
compacta provide the main source of dopamine necessary for the initiation of movement
(Zhou & Palmiter, 1995; Giros et al., 1996; Gainetdinov et al., 1998). The ability to
regeneratively fire action potentials (pacemaking) is a feature of these neurons (Dragicevic
et al., 2015) that when dysregulated, may render these neurons selectively vulnerable to
toxins, metabolic stress, aging, and neurodegenerative diseases such as PD. In fact, a-
synuclein overexpression alters the firing rates of SCN and SN pacemaking neurons (Kudo
et al., 2011a; Subramaniam et al., 2014). One theory proposes that triggers of PD narrow the
“physiological bandwidth” such that the neurons do not fire quickly enough in some states
but have a spike rate that is too high in other states). As a result, this narrow physiological
bandwidth reduces flexibility and disrupts calcium homeostasis (Duda et al., 2016).
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Circadian clock control of membrane properties and pacemaking may allow an adaptable
range of firing as the physiological state changes across time-of-day. Interestingly, fly
models of PD also exhibit loss of locomotor rhythmicity as well as day-night differences the
membrane properties of clock neurons (Julienne et al., 2017). Specifically, two different fly
models of PD (expressing mutations in PTEN-induced putative kinase 1/PINK1 or in the E3
ubiquitin ligase parkin) show loss of day-night differences in I-LN,, membrane properties of
these flies is associated with weakly rhythmic or arrhythmic locomotor activity (Julienne et
al., 2017).

Alzheimer’s disease (AD) is also thought to involve dysfunctional neurophysiology early in
the disease, prior to neuronal death. Specifically, memory encoding is putatively disrupted
by network hypersynchrony in the oscillatory rhythms formed by coordinated activity of
excitatory and inhibitory neurons (Palop & Mucke, 2016). Pathologically, Alzheimer’s
disease is characterized by aggregation of amyloid-f peptides (Ap) into oligomers, fibrils,
and amyloid plaques, sometimes due to the mutations in amyloid precursor protein or
presenilins (as in early-onset, familial AD) (Palop & Mucke, 2016). Levels of AB in
cerebrospinal fluid and interstitial fluid is molecular clock—dependent, with Ap levels
increasing throughout the active phase in both humans and rodents (Kang et al., 2009; Kress
et al., 2018). In animal models of AD as well as people with familial dominant AD, these
AP rhythms are dampened (Huang et al., 2012; Roh et al., 2012). This rhythm is significant
because acute application of AP increases firing rate and decreases inhibitory postsynaptic
currents in hippocampal pyramidal cells (Kurudenkandy et al., 2014), and AB levels are
reduced when hyper-excitability is inhibited (Tabuchi et al., 2015). Not only can disrupting
the molecular clock accelerate AD pathology (Kress et al., 2018) but this disruption also
likely disrupts electrical properties of cortical and hippocampal neurons.

Another neurological disorder known for aggregating proteins and neurodegeneration is
Huntington’s disease (HD). Like AD and PD, patients with this disease are known to present
with disrupted sleep including advanced sleep phase, insomnia, reduced rapid eye movement
(REM) sleep, and REM sleep behavioral disorder (Mattis & Sehgal, 2016). Circadian
disruption has been studied in two different mouse models. In the R6/2 HD transgenic
mouse model (which expresses the first exon of the HTT gene with 245 CAG repeats),
circadian gene expression of Per2and Bmall are disrupted in the SCN (Morton et al., 2005)
while SCN firing rate rhythms are unaltered (Pallier et al., 2007). In contrast, the day-night
difference in PER2 expression in the SCN of a different HD transgenic mouse model (which
expresses the entire human HTT gene with 97 CAA-CAG repeats) is unaltered while peak
SCN firing rate during the day is reduced resulting in loss of day-night electrical rhythms
(Kudo et al., 2011b). These results suggest that the molecular clock and/or
neurophysiological activity of neurons are impaired in this disease. The dorsal striatum is
one of the most important motor centers impacted in HD, and future studies should
investigate the molecular clock and electrophysiological changes during both day and night
in animal models of HD, given the evidence for both rhythmic clock gene expression (Cai et
al., 2009; Sahar et al., 2010) and firing rhythms (Inouye & Kawamura, 1979; Yamazaki et
al., 1998) as described above. Taken together, all of this work in neurodegenerative diseases
suggest that molecular clock dysfunction can disrupt excitability of neurons throughout the
brain.
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Conclusions: Areas of future investigation

Although rhythmic electrical activity throughout the brain has been reported over the last
few decades, we know surprisingly little about how the cellular molecular clock controls
membrane properties. Much of the research in this area has been devoted to understanding
membrane physiology of SCN neurons, with less focus on extra-SCN brain regions. In the
past decade, we have learned more about the role of the molecular clock in controlling
neurophysiology and brain-region specific functions, although there are still many questions
which need to be addressed. Regarding the molecular clock, are clock genes expressed
selectively in certain neuronal populations (e.g., excitatory versus inhibitory neurons) or
with population-specific phase differences? The phase relationship between positive and
negative molecular clock components may also be important. In the SCN, the length of time
for Perl rhythms to entrain to a 6-h light pulse is much shorter than for Bmall rhythms (Ono
et al., 2017). Dynamic phase relationships of molecular clock components outside the SCN
have yet to be explored but may be important for subsequent physiological changes. For
example, acquisition of object location memory induces Per expression in hippocampus,
and Per? induction is required for long-term memory formation (Kwapis et al., 2018). Given
the complex circuitry in each brain region, the phase and coupling strength of the molecular
clock in specific cell types is also likely to affect electrical activity and thus, circuit function.
Future studies should also determine whether the SCN is necessary for 24-hour rhythmicity
in extra-SCN membrane physiology? When sampling clock gene expression or measuring
electrical activity /n vivo, it is imperative to consider behavior — feeding/fasting cycles,
sleep/wake states, etc. Is the measured change in clock phase or electrical activity a result of
the change in behavior or does locomotor behavior induce transcription or alter the neuronal
firing rate? How do differences in experimental protocols alter the results across multiple
studies? Results can greatly vary depending on whether measurements were made in vivo
versus a slice or primary cultures, in the presence or absence of certain pharmacological
blockers, or in different species (including diurnal versus nocturnal). However, despite the
multitude of factors which could mask physiological rhythms, a remarkable number of
extra-SCN oscillators discussed here appear to exhibit daily changes in excitability or
membrane properties. As circadian regulation of neuronal activity in different brain regions
becomes more apparent, determining how the timing of rhythms in different areas relate to
each other becomes more important. Thus, future research must determine the hierarchical
nature of the circadian system when it comes to controlling neuronal excitability.
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SPz subparaventricular zone
TMN tuberomammillary nucleus
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VMH ventromedial hypothalamus
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Figure 1.
Ilustration of timing molecular rhythms in regions throughout the brain of nocturnal

rodents. Where data is available, areas are shaded based on the timing of peak Perl/2 mRNA
expression (solid) of WT animals under standard conditions (12:12 LD with ad /libitum
access to food; variations in light intensity were not taken into account). Areas in which only
protein levels (grid pattern) or luciferase assays (striped) have been examined are colored
according to the predicted timing of peak Perl/2 expression (i.e. 3 hours before peak protein
levels). Gray areas are those that express rhythms but timing is still unknown. Unfilled areas
are those which express physiological rhythms, but molecular rhythms are not present or
have yet to be explored. The amygdala is colored based on Per2 expression in the central
nucleus. For details see text. AMY, amygdala; ARC, arcuate nucleus; BNST, bed nucleus of
the stria terminalis; CP, caudate putamen; CX, cortex; DMH, dorsomedial hypothalamus;
Hb, habenula; HPF, hippocampal formation; ION, inferior olivary nucleus; LC, locus
coeruleus; LGN, lateral geniculate nucleus; LHy, lateral hypothalamus; LS, lateral septum;
ME, median eminence; MEV, midbrain trigeminal nucleus; NAc, nucleus accumbens; NTS,
nucleus of the solitary tract; OVLT, organum vasculosum of the lamina terminalis; OB,
olfactory bulb; PAG, periaqueductal gray; POA, medial preoptic area; PVN, paraventricular
nucleus of the hypothalamus; PVT, paraventricular nucleus of the thalamus; RCh,
retrochiasmatic area; RN, raphe nuclei; RVLM, rostral ventrolateral medulla; SCN,
suprachiasmatic nucleus; SN, substantia nigra; SO, supraoptic nucleus; SPZ,
subparaventricular zone; TMN, tuberomammillary nucleus; VMH, ventromedial
hypothalamus; VTA, ventral tegmental area.
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Figure 2.
Summary of brain regions expressing molecular and/or physiological rhythms. Areas shaded

in red have demonstrated daily rhythms in neuronal excitability. Green shaded areas exhibit
oscillations in one or more core molecular clock component. Blue areas are regions which
express both molecular and neurophysiological rhythmicity. For details see text. AMY,
amygdala; ARC, arcuate nucleus; BNST, bed nucleus of the stria terminalis; CP, caudate
putamen; CX, cortex; DMH, dorsomedial hypothalamus; Hb, habenula; HPF, hippocampal
formation; IOC, inferior olivary complex; LC, locus coeruleus; LGN, lateral geniculate
nucleus; LHy, lateral hypothalamus; LS, lateral septum; ME, median eminence; MEV,
midbrain trigeminal nucleus; NAc, nucleus accumbens; NTS, nucleus of the solitary tract;
OVLT, organum vasculosum of the lamina terminalis; OB, olfactory bulb; PAG,
periaqueductal gray; POA, medial preoptic area; PVN, paraventricular nucleus of the
hypothalamus; PVT, paraventricular nucleus of the thalamus; RCh, retrochiasmatic area;
RN, raphe nuclei; RVLM, rostral ventrolateral medulla; SCN, suprachiasmatic nucleus; SN,
substantia nigra; SO, supraoptic nucleus; SPZ, subparaventricular zone; TMN,
tuberomammillary nucleus; VMH, ventromedial hypothalamus; VVTA, ventral tegmental
area.
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