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1  |   INTRODUCTION

The identification of the suprachiasmatic nucleus (SCN) as 
a discrete site comprising the master circadian pacemaker in 
the mammalian brain was a landmark discovery for contem-
porary circadian research in mammalian species (Moore & 
Eichler, 1972; Stephan & Zucker, 1972). In the SCN, circa-
dian rhythmicity is generated at the single‐cell level and iso-
lated SCN neurons maintain their intrinsic rhythm (Welsh, 

Takahashi, & Kay, 2010). Generation of circadian rhyth-
micity is based on an intertwined negative feedback loop 
between “clock” genes and their protein products (Buhr & 
Takahashi, 2013; Hardin, Hall, & Rosbash, 1990; Schibler, 
2007; Vosshall, Price, Sehgal, Saez, & Young, 1994; Zehring 
et al., 1984;). Thus, each SCN neuron functions as an auton-
omous single‐cell oscillator, and the SCN network functions 
as a multi‐oscillator system.

SCN cellular communication and synchronization are 
crucial in achieving robust rhythmicity at the SCN network 
level (Enoki, Ono, Kuroda, Honma, & Honma, 2017b; Enoki 
et al., 2017a; Herzog, Geusz, Khalsa, Straume, & Block, 1997; 
Herzog, Takahashi, & Block, 1998; Liu, Weaver, Strogatz, & 
Reppert, 1997; Mieda et al., 2015; Welsh, Logothetis, Meister, 
& Reppert, 1995). When multiple neurons are electrically ac-
tive at about the same time of day (i.e., “synchronized”), the 
SCN's ensemble rhythm is strong; in contrast, if the neurons 
are not active at the same time (i.e., “desynchronized”), the 
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Abstract
In mammals, the central pacemaker that coordinates 24‐hr rhythms is located in the 
suprachiasmatic nucleus (SCN). Individual neurons of the SCN have a molecular 
basis for rhythm generation and hence, they function as cell autonomous oscillators. 
Communication and synchronization among these neurons are crucial for obtaining 
a coherent rhythm at the population level, that can serve as a pace making signal for 
brain and body. Hence, the ability of single SCN neurons to produce circadian 
rhythms is equally important as the ability of these neurons to synchronize one an-
other, to obtain a bona fide pacemaker at the SCN tissue level. In this chapter we will 
discuss the mechanisms underlying synchronization, and plasticity herein, which al-
lows adaptation to changes in day length. Furthermore, we will discuss deterioration 
in synchronization among SCN neurons in aging, and gain in synchronization by 
voluntary physical activity or exercise.
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SCN's ensemble rhythm becomes weak or is lost, despite the 
presence of functional single cell oscillators. A weak ensemble 
rhythm exercises little control over bodily functions and results 
in poor rhythmicity at the organismal level. Thus, to obtain 
a recognizable rhythmic output, not only requires oscillatory 
behavior of individual neurons, but also sufficient synchroni-
zation amongst these neurons. Lack of either of these attributes 
leads to an absence of rhythmicity at the ensemble level of the 
SCN and to complete loss of pacemaker function (Figure 1).

In this chapter, we distinguish between “oscillator”, 
“clock” and “pacemaker” (Meijer & Rietveld, 1989). We de-
fine an oscillator as a structure that is autonomously able to 
produce rhythms. Early evidence that the SCN functions as 
an oscillator come from in vitro studies, showing that in a 
continuous environment, the SCN neurons maintain to oscil-
late (Green & Gillette, 1982; Groos & Hendriks,1982), even 
when they were completely isolated (Welsh et al., 1995). A 
pacemaker is defined as a structure that has the ability to 
drive other structures rhythmic. Elegant proof for the pace-
maker function of the SCN comes from transplantation stud-
ies, first developed in the Silver lab (Lehman et al., 1987), 
and later used to transplant SCN from animals with short or 
long freerunning rhythms to SCN ablated animals, result-
ing in full restoration of the transplanted properties (Ralph 
& Menaker, 1988). The term “clock” is loosely defined and 
often used. In fact, a clock is a chronometer, and is able to 
provide the actual time. In circadian research, this would be 
close to an entrained oscillator.

2  |   NEURONAL 
SYNCHRONIZATION: MEASURING 
DAYLENGTH AND COPING WITH 
AGING

The SCN neuronal network gains important additional at-
tributes through the plasticity within the network, such as 
precision (Herzog, Aton, Numano, Sakaki, & Tei, 2004; 
Shirakawa, Honma, Katsuno, Oguchi, & Honma, 2000), 
robustness (vanderLeest, Rohling, Michel, & Meijer, 2009) 
and also the ability to code for daylength (VanderLeest et al., 
2007). Electrophysiological studies have shown that a clus-
tering of the phases of single cell oscillations (synchroniza-
tion) leads to a narrow peak of the rhythm of the whole SCN 
network, representing short days, while dispersal of activ-
ity patterns of SCN neurons (desynchronization) leads to a 
broader ensemble peak, representing long days (Coomans, 
Ramkisoensing, & Meijer, 2015; Ramkisoensing & Meijer, 
2015). The electrical activity patterns of single SCN neurons 
are less affected by photoperiod (VanderLeest et al., 2007) and 
the single‐cell waveform changes reported are not sufficient 
to explain adaptation of the ensemble output to day‐length 
(Brown & Piggins, 2009). Similarly studies of clock gene ex-
pression show a change in the distribution of peak expression 
in response to different photoperiods (Buijink et al., 2016; 
Naito, Watanabe, Tei, Yoshimura, & Ebihara, 2008), but also 
reveal spatial differences between dorsal and ventral (Evans, 
Leise, Castanon‐Cervantes, & Davidson, 2013), and between 
caudal and rostral SCN (Hazlerigg, Ebling, & Johnston, 2005; 
Inagaki, Honma, Ono, Tanahashi, & Honma, 2007). Thus, 
while the rhythm generating properties arise in individual 
cells, seasonal encoding depends on the integrity and plastic-
ity of the SCN network. The phase distribution among SCN 
neurons governs the seasonal dependent changes in the dura-
tion of activity and rest (Houben, Deboer, van Oosterhout, 
& Meijer, 2009; VanderLeest et al., 2007). Of note, seasonal 
changes in physiology such as gonadal function and prolactin 
surge, require modulation of pineal melatonin and hypotha-
lamic estrogen receptor stimulation respectively, the latter by 
direct output of the SCN (Coomans et al., 2015).

In nocturnal rodents, multiple signaling processes (e.g., 
VIP, GABA, gap junctions) affect the synchronization of 
SCN neurons. GABA is expressed in almost all SCN neu-
rons, but its effect on the network is still under debate (Ono, 
Honma, Yanagawa, Yamanaka, & Honma, 2018) and has 
been found to be synchronizing (Liu & Reppert, 2000) as well 
as destabilizing (Freeman, Krock, Aton, Thaben, & Herzog, 
2013) the neuronal network of the SCN. However, adapta-
tion of the SCN rhythm to a new phase of an abruptly shifted 
light regime requires GABAergic communication between 
the dorsal (shell) and ventral (core) part of the SCN (Albus, 
Vansteensel, Michel, Block, & Meijer, 2005). Interestingly, 

F I G U R E  1   Based on molecular feedback loops, individual cells 
are autonomous oscillators. The cellular oscillations are a prerequisite 
to obtain rhythmicity at the ensemble level (b), as is the synchrony 
among the cellular oscillations (a). An absence in either of them (c, e) 
will result in lack of rhythmicity at the tissue level (d, f)
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this coupling of shell and core SCN involves both inhibitory 
plus excitatory action of GABA, the latter being strongest 
during the night (Albus et al., 2005; Choi et al., 2008). The 
ability to act both inhibitory and excitatory as the predomi-
nant neurotransmitter in the SCN suggests that GABA con-
tributes to the excitatory to inhibitory (E/I) balance of the 
SCN network. The E/I balance in neuronal networks is a fun-
damental feature that determines many network properties 
including synchrony. The photoperiod‐induced state of syn-
chrony in the SCN is indeed correlated by a change in E/I bal-
ance (Farajnia, van Westering, Meijer, & Michel, 2014b), but 
the causal link needs to be confirmed. The daily variations in 
E/I balance are not restricted to SCN and are also reported in 
humans (Chellappa et al., 2016).

VIP promotes phase synchronization by acting through 
the VPAC2 receptor (Aton, Colwell, Harmar, Waschek, 
& Herzog, 2005; Colwell et al., 2003; Harmar et al., 2002; 
Hastings, Brancaccio, & Maywood, 2014). The strong indi-
cations for VIP as a synchronizer of SCN neurons raises the 
question of whether VIP is involved in photoperiodic encod-
ing by the SCN. The SCN activity of VIP‐deficient animals 
measured in light‐dark regimes of 12:12 (equinox), 16:8 
(long day) or 8:16 (short day) is similar to WT littermates 
(Lucassen et al., 2012). However, upon release into constant 
darkness, the rhythm of the VIP‐deficient SCN deteriorates 
almost immediately and is of poor quality, consistent with 
recordings in SCN slices (where photic information is also 
absent). The total loss of photoperiodic memory in constant 
darkness shows that VIP is indispensable for encoding day 
length information. Interestingly, a recent report shows that 
the ability of VIP to synchronize the SCN network depends 
on mTOR signaling (Liu et al., 2018) and the latter is also 
implied as a key complex involved in the effect of aging on 
clock function (Orozco‐Solis & Sassone‐Corsi, 2014).

2.1  |  Desynchrony in aging: Pathology or 
adaptation?
Age related changes in the circadian system often lead to 
disruptions of the sleep‐wake pattern (Hofman & Swaab, 
2006), difficulties synchronizing the endogenous clock to 
a change in the light‐dark cycle (Biello, 2009; Froy, 2011; 
Turek, Penev, Zhang, van Reeth, & Zee, 1995; Valentinuzzi, 
Scarbrough, Takahashi, & Turek, 1997) or adjusting to shift‐
work schedules (Härmä, Waterhouse, Minors, & Knauth, 
1994). These debilitating conditions can often cause personal 
and social distress. In the US, 40%–70% of the elderly popu-
lation suffers from chronic sleep disturbances with 1.5 times 
higher prevalence when living in long‐term care facilities 
and occurs 2.5 times more often in women (Byles, Mishra, 
& Harris, 2005; Kamel & Gammack, 2006) for review (Van 
Someren, 2000). Sleep disturbances in the elderly include 
long latencies falling asleep, difficulties in maintaining 

sleep, and early waking times. In addition studies suggest 
that dysfunctional circadian clocks promote age‐related de-
cline in brain function as well as neurodegenerative diseases 
(Hood & Amir, 2017). One hallmark of an old clock is a 
weakening of the central timing signal generated by the SCN 
(Farajnia, Deboer, Rohling, Meijer, & Michel, 2014a; Oster, 
Baeriswyl, Van Der Horst, & Albrecht, 2003; Satinoff et al., 
1993). Identification of the parts of the biological clockwork 
affected by aging is therefore prerequisite for development of 
intervention strategies.

The aged SCN shows attenuated amplitude of circadian 
oscillations in electrical activity (Nakamura et al., 2011) and 
neurotransmitters, e.g., vasoactive intestinal peptide (VIP), 
GABA and vasopressin (Cayetanot, Bentivoglio, & Aujard, 
2005; Hofman & Swaab, 2006; Nygard, Hill, Wikstrom, & 
Kristensson, 2005; Palomba et al., 2008; Roozendaal, van 
Gool, Swaab, Hoogendijk, & Mirmiran, 1987). This attenu-
ated signal may not be sufficient to control the phase of cir-
cadian rhythms in other brain areas and in organs like liver, 
kidney and intestine. While it is possible that this reduction 
in output signal of the SCN is caused by a lack of synchro-
nization of pacemaker neurons within the SCN (Farajnia 
et al., 2012; Watanabe, Shibata, & Watanabe, 1995), there is 
also evidence that the physiology of the SCN neuron itself 
is impacted (Aujard, Herzog, & Block, 2001; Farajnia et al., 
2012).

Ex vivo recordings of population activity and also of 
subpopulation and single cell activity in SCN of old mice 
revealed two clusters of neurons, one active during the day 
and another one in antiphase during the night (Farajnia et al., 
2012). SCN activity in young control SCN only clustered 
around the middle of the day. It is noteworthy that aging does 
not lead to random temporal distribution of neuronal activ-
ity in the SCN, but seems to resemble some re‐organization 
which still generates a rhythmic pattern of neuronal activity 
albeit with reduced amplitude. The idea that aging does not 
lead to a total loss of function and temporal chaos, but to 
re‐organization of gene expression patterns and rhythms in 
cell metabolism is gaining support from recent studies (Chen 
et al., 2016; Sato et al., 2017).

Aging is clearly associated with alterations at the network 
level, in the sense that the antiphase oscillations diminish 
SCN amplitude. However, the very presence of a residual, but 
sufficiently synchronized, network can partly rescue age‐re-
lated deterioration occurring at the single cell level (Farajnia 
et al., 2014a). Among these cellular deficits are changes in 
the circadian regulation of ion channel function and of Ca2+ 
homeostasis (Farajnia, Meijer, & Michel, 2015) will not only 
affect neuronal communication, but also the basic molecular 
mechanisms of rhythm generation (Lundkvist, Kwak, Davis, 
Tei, & Block, 2005), potentially leading to a downward spiral 
in function. This is in line with studies on aging neurons in 
other brain areas often showing not only reduced synaptic 
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density and efficiency (Burke & Barnes, 2010), but also 
exhibiting changes in Ca2+ homeostasis and Ca2+ signaling 
(Toescu, Verkhratsky, & Landfield, 2004). The latter seem to 
form a common link in cellular dysfunctions underlying sev-
eral neurological diseases like bipolar disorders, schizophre-
nia, and Alzheimer's disease (Berridge, 2012). Therefore, 
understanding the cellular mechanisms of aging‐associated 
clock disorders will allow targeting and restoration of circa-
dian dysfunction and at least alleviate the symptoms of neu-
rodegenerative diseases (Musiek, Xiong, & Holtzman, 2015). 
In addition, it may also offer mechanistic insights related to 
other neurological diseases with similar compromised Ca2+ 
homeostasis.

3  |   PHOTIC ENTRAINMENT

Environmental light is the major synchronizing or entrain-
ment signal for the mammalian SCN (Foster & Roenneberg, 
2008). For stable entrainment, it is essential that the effects 
of light on the phase of the SCN rhythm are dependent on the 
timing of light exposure. Not only is the time‐dependency 
of the effect of light a prerequisite in order for the SCN to 
entrain to the external LD cycle (Pittendrigh & Daan, 1976), 
but the phase dependency is also qualitatively similar among 
all living organisms: light induces phase delays in the early 
evening and phase advances at the end of the evening. In ad-
dition light exposure will also effect the speed the internal 
clock, leading for instance to increased period length of cir-
cadian rhythms in locomotor activity in nocturnal animals. 
This effect of light is also thought to contribute to synchroni-
zation of the clock to environmental light/dark cycles (Daan, 
1977; Pittendrigh, 1981).

Incoming light is detected in the eye by three classes of 
retinal photoreceptors: photosensitive retinal ganglion cells 
(pRGCs), which utilize the photopigment melanopsin, and 
rods and cones in the outer retina (Guler et al., 2008). Until 
recently, it was believed that melanopsin was the most im-
portant photopigment for entraining the SCN to the exter-
nal light‐dark cycle. However, evidence from our laboratory 
and others suggests that melanopsin is not required for pho-
tic entrainment and classic photoreceptors also play a role 
in this process (Panda et al., 2003; Ruby et al., 2002; van 
Diepen, Ramkisoensing, Peirson, Foster, & Meijer, 2013; 
van Oosterhout et al., 2012a). Supporting findings are: (a) 
melanopsin deficient animals entrain to light‐dark cycles 
(Panda et al., 2003), (b) the SCN of melanopsin deficient 
mice (Opn4−/−) shows sustained light responses (van Diepen 
et al., 2013; van Oosterhout et al., 2012a), (c) melanopsin de-
ficient mice show phase shifting responses that are about 50% 
of those in WT mice (Ruby et al., 2002), and iv) “rod‐only” 
mice show changes in period when brought under varying 
low illumination levels (Altimus et al., 2010). The classical 

photoreceptors project to pRGCs and thus require the pres-
ence of these cells, but not of melanopsin. The implication 
of this finding is that in addition to stimulation of melanop-
sin by blue light (480 nm wavelength light), other colors can 
also signal to the SCN, through the activation of rods and 
cones, that in turn project to pRGCs. This is of importance 
for nocturnal animals that are increasingly threatened by en-
vironmental light pollution and are affected by light at night 
(Coomans et al., 2013; Lucassen et al., 2016; Ohta, Mitchell, 
& McMahon, 2006; Stenvers et al., 2016). Additionally this 
is important for stimulating human clock function by light 
during the day, and by diminishing light stimulation at night. 
For instance, it is not sufficient to abandon blue light expo-
sure during the night in order to mimic darkness, while vice 
versa, all wavelengths of light will help to stimulate our clocks 
during the day.

Light information, once processed by retinal ganglion 
cells is transmitted to the SCN primarily via the retinohypo-
thalamic tract, which releases glutamate and PACAP at its 
terminals (Antle, Smith, Sterniczuk, Yamakawa, & Rakai, 
2009; Meijer, Albus, Weidema, & Ravesloot, 1993; Michel, 
Itri, Han, Gniotczynski, & Colwell, 2006; Morin & Allen, 
2006). This input directly affects SCN electrical discharge 
(Brown, Wynne, Piggins, & Lucas, 2011; Groos & Mason, 
1978; Meijer, Watanabe, Schaap, Albus, & Detari, 1998). 
The majority of the light responsive SCN neurons respond 
in a sustained manner to light; that is, their discharge is al-
tered for the full duration of the light stimulus. This response 
type is more typical for areas involved in non‐visual light 
processing, than for areas involved in pattern recognition 
(vision). The sustained response is of functional importance 
as it allows the SCN to “see” the length of the day or the 
duration of light exposure. It also explains that light stimuli 
of longer duration lead to larger magnitude phase shifts, as 
compared to short duration light pulses (Meijer, Rusak, & 
Ganshirt, 1992; Nelson & Takahashi, 1991). Because the 
sustained discharge level is dependent on the light intensity, 
the SCN neurons function as luminance detectors around 
dawn and dusk (their working range), and work to track 
environmental light intensities. Aside from detecting lumi-
nance, some SCN neurons also respond to colors (Walmsley 
et al., 2015).

In the rat, hamster, and mouse about 25% of the SCN 
cells are responsive to retinal illumination (Groos & Mason, 
1980; Meijer, Groos, & Rusak, 1986), and the majority of 
these responsive cells are activated by light. This is consistent 
with the excitatory action of glutamate, which mediates these 
responses.

Recordings, carried out in the Rusak laboratory, in the 
day‐active 13‐lined ground squirrel, Eutamias sibericus 
(Meijer, Rusak, & Harrington, 1989), revealed that light‐sup-
pressed responses are relatively more prevalent than light‐ac-
tivated responses. These results were later confirmed in the 
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diurnal degus (Jiao, Lee, & Rusak, 1999) (Figure 2). It is not 
yet known how these inhibitory responses arise in the SCN 
of diurnal species, as glutamate, in physiological concentra-
tions, is exclusively an excitatory transmitter. It seems likely, 
therefore, that the wiring of light recipient neurons to second-
ary neurons is different in the SCN of diurnals.

The differences in light response between nocturnal and 
diurnal animals may account for differences observed when 
diurnal and nocturnal animals are brought under conditions 
of continuous darkness or continuous light. In continuous 
light, nocturnal animals respond generally with a lengthen-
ing in their period, a decrease in rhythmicity and in some 
cases even a‐rhythmicity. In contrast, several diurnal animals, 
such as Tupaia belangeri and Eutamias sibericus, show intact 
rhythms in constant light but a deterioration in rhythmicity 
when they are kept in constant dim light or darkness. These 
differences have received relatively little attention in the cir-
cadian field.

4  |   FROM CLOCK TO 
PACEMAKER

Electrical activity is determined initially by the membrane 
potential of the cells. On average, the resting potential of 
SCN neurons fluctuates during the 24‐hr period, ranging 
from −47 mV during the night to −36 mV during the day 
(Kuhlman & McMahon, 2004), contributing to the higher fir-
ing rate during the day. Electrical activity triggers the release 
of neurotransmitters and humoral factors, both within the 
SCN and at the nerve terminals that project to downstream 
brain areas. We investigated the extent to which the pattern in 
electrical activity of the SCN determines behavioral activity 
levels by simultaneous recordings of SCN electrical activ-
ity and behavior. We observed that the onset and offset of 

behavioral activity occur around half‐maximum SCN electri-
cal activity (Houben et al., 2009). Thus, the SCN appears to 
function as a gate, allowing behavioral activity when electri-
cal activity is below the 50% level and suppressing it when 
SCN activity rises above the 50% activity level. The relation 
between SCN electrical activity and behavioral activity can 
be described with a probability function that is steep at the 
50% electrical activity level, indicating that most transitions 
between rest and activity occur close to this point (Houben 
et al., 2009).

Whether the temporal pattern of behavioral activity within 
the activity and resting period, (i.e., at a smaller time scale 
of min – hours) is also observed at the level of the SCN was 
investigated with microelectrode recordings of SCN neurons 
in freely moving mice. This was combined with exposure 
of the animals to short and long “T‐cycles” (i.e., light/dark 
regimes with periods deviating from 24 hr). The use of T‐
cycles induced asymmetrical waveforms in SCN electrical 
activity, which was completely paralleled by an asymmetri-
cal distribution of behavioral activity (Figure 3). Thus, the 
highest density in behavioral activity occurred during the 
lowest levels in electrical activity (Houben, Coomans, & 
Meijer, 2014).

Moreover, we observed that the waveform of the SCN 
rhythm depends on the ratio between the endogenous period 
(tau), and the period of the external cycle (T). When tau > T, 
such as in short external cycles of for instance 22 hr, the trough 
of the rhythm is skewed to the left and occurs shortly after the 
onset of darkness. When tau < T, the waveform is skewed to 
the right and the trough is about 6 hr later. When we gradually 
decrease the T cycle length from 26 to 24 hr, we observed al-
most identical trough times in the SCN rhythms at the end of 
the night. A sudden transition occurs when T is lowered fur-
ther, from 24 to 22 hr, and the trough time flips over to the be-
ginning of the night. And thus, it appears that a small change 
in tau, around T = 24 hr, results in major shifts in the trough 
of the SCN rhythm. This phenomenon can potentially explain 
the difference in preferred activity times between early and 
late chronotypes, or between adolescents and aged individu-
als. While the difference in their cycle length is only minor, 
the slight shift from tau > T (adolescents, late chronotypes) 
to tau < T (aged individuals, early chronotypes) impacts the 
SCN rhythm waveform, and hence the preferred time of being 
active in the evening or in the morning (Houben et al., 2014).

To further test the causality between electrical activity 
and activity levels, we injected TTX into the SCN in freely 
moving animals. TTX blocks sodium dependent action 
potentials, and this leads to a silencing of SCN electrical 
activity (Figure 4). Injections of TTX during the electrical 
active phase of the SCN (when nocturnal animals are rest-
ing) caused the immediate onset of behavioral activity. The 
suppressions in SCN electrical activity were confirmed by 
concurrent electrical activity recordings at the injection 

F I G U R E  2   In nocturnal animals, such as the hamster and rat, 
the predominant light response is excitation of SCN neuronal activity, 
whereas in the 13‐lined ground squirrel and degus, the predominant 
response is inhibition. Note that the proportion on the y‐axis refers to 
the proportion of the total percentage of light responsive SCN cells in 
these animals (Based on; Meijer et al., 1986, 1989; Jiao et al., 1999)
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side, and were absent with control injections (Houben 
et al., 2014).

These experiments provide evidence that the SCN elec-
trical activity has an acute impact on behavioral activity 
and also functions outside the circadian time domain to 
regulate temporal behavior. Thus, even at a small times-
cale (min – hours) the SCN electrical activity carries in-
formation that is significant for the behavioral activity 
structure. Of note, this does not mean that the temporal 
activity profile is solely determined by the SCN. The re-
cordings are performed in conditions with minimal stress, 
with food availability ad libitum, etc. In real life, there are 
probably numerous factors that add to the profile. However, 
the identification of the relevance of electrical activity as a 
regulator for behavioral activity levels, was an unforeseen 
result, and is important for understanding the regulatory 
mechanisms underlying behavioral activity. The relevance 
of acute modulation of activity levels, such as they occur 
through “feedback” pathways to the SCN, will be discussed 
in the next section.

5  |   FEEDBACK TO THE SCN BY 
INTERNAL AND BEHAVIORAL 
SIGNALS

The SCN clock is responsive to many stimuli, either arising 
from extra‐SCN brain areas, from the animal's own behav-
ioral activity and from the environment. While it was once 
deduced that a central clock, in order to function as a robust 
and precise pacemaker, should be responsive to few, if any, 
stimuli other than light, we now appreciate that the respon-
siveness to both internal and external cues in fact adds to the 
adaptive value of the circadian system.

These responses are highly relevant and acutely modify 
the function of the SCN. As the several internal stimuli are 
themselves subject to circadian control by the SCN, their 
input to the SCN forms a positive feedback loop. The feed-
back to the SCN may not necessarily affect the molecular 
clock; rather, they may “simply” affect the level of the mem-
brane potential. This is the reason their impact may have been 

F I G U R E  3   Behavioral activity recordings under gradually shortening T cycles (a, from 24 to 22 hr), or to gradually lengthening T cycles (b, 
from 24 to 26 hr). The behavioral activity pattern shows a shift from activity predominantly in the second half of the night when tau > T (a), and 
in the first half of the night when tau < T (b). The electrical activity waveform in the SCN is measured simultaneously with the behavioral activity. 
The trough in SCN electrical activity coincides with the peak in behavioral activity and is in the second part of the night (c), or in the first part of 
the night (d). The interpretation of these finding is that the level of electrical SCN activity is of importance for the behavioral activity pattern, and 
that low electrical activity levels trigger high behavioral activity levels, in nocturnal animals. Reproduced from (Houben et al., 2014) in accordance 
with the Creative Commons Attribution License
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overlooked earlier, when the phase shifting effects of stimuli 
were the routine method of assessing their potential influence 
on the clock. The doctrine of making phase response curves 
has thereby hidden the possibility that stimuli have immediate 
effects on the SCN neurons, resulting in immediate changes 
in SCN electrical output, without shifting the phase of the 
molecular clock. For instance, the influence of sleep on SCN 
electrical activity has been elucidated with in vivo recordings 
of SCN electrical activity and simultaneous EEG recordings. 
The different sleep stages have an immediate effect on the 
SCN: REM sleep leads to an enhancement of SCN electri-
cal activity, while NREM sleep leads to a reduction in SCN 
activity (Deboer, Vansteensel, Detari, & Meijer, 2003). Yet 
these normally occurring sleep stages have no phase shifting 
effects (Mistlberger et al., 2003).

Recently, interest has developed in the effect of exercise 
on the circadian system. Exercise strengthens the circadian 
system (Hughes & Piggins, 2012; Leise et al., 2013) and 
scheduled exercise can boost the circadian rhythm of VIP 
deficient mice (Schroeder et al., 2012). In rodents, running 
wheel activity feeds back to the central clock, leading to acute 
suppression in electrical activity (Schaap & Meijer, 2001; van 
Oosterhout et al., 2012b). Consequently, behavioral activity, 
which is itself under the direct control of the SCN, feeds back 
to the SCN, resulting in a positive feedback loop, that poten-
tially enhances the rhythm amplitude of the SCN.

To investigate this, we provided running disks to animals, 
to allow for recording of electrical SCN activity, while simul-
taneously enabling the animals’ display of disk running. We 
first recorded the mice without a disk, and then added disks 
to the cages for a week. We observed that the presence of 
a disk resulted in significantly higher levels of activity but 
also to more rest during the resting phase. Furthermore, we 
noted that running wheel behavior resulted in an increased 
rhythm amplitude of SCN electrical activity (Figure 5, van 
Diepen and Meijer, unpublished results). We conclude that 
the higher amplitudes are caused by activity induced sup-
pressions during the trough of the electrical activity rhythm 
(when the animal is active) and a lack of behaviorally induced 
suppressions during the resting phase. Note that animals run 
in wheels voluntarily, even when wheels are placed outdoors 
and non‐captive animals are recorded (Meijer & Robbers, 
2014). In laboratory conditions, mice run about 6–8 km per 
day (Farajnia et al., 2012), which is similar to the distances 
mice run in the wild (Krebs, Kenney, & Singleton, 1995). 
Providing running wheels are likely essential in obtaining 
healthy animal models. Thus performing experiments while 
animals have unnaturally low levels of behavioral activity, 
will affect both the welfare of the animal as well as the va-
lidity of the animal model and should be avoided (Gu et al., 
2015). It is important to distinguish between voluntary and 
involuntary activity. When activity levels are increased by 

F I G U R E  4   Suppressing SCN electrical activity stimulates behavioral activity. TTX was applied through a cannula aimed at the SCN, while 
simultaneously, the electrical activity was recorded in the SCN. TTX but not control injections resulted in a decrease in SCN electrical activity (a, 
b). The decrease in SCN electrical activity triggered behavioral activity, plotted in blue, below the electrical activity trace, that was significantly 
different from behavioral activity levels following control stimulation (c). Reproduced from (Houben et al., 2014) in accordance with the Creative 
Commons Attribution License
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the experimental paradigm, the electrical activity of the SCN 
increased instead of decreased. Moreover, voluntary activity 
results in phase shifts, while involuntary (imposed) activity 
does not (Webb, Antle, & Mistlberger, 2014). Apparently, 
involuntary behavior exploits neuronal pathways that are dif-
ferent from those that are activated by voluntary behavior.

Aged animals displayed a lower amplitude of the SCN 
electrical activity rhythm in vitro (Farajnia et al., 2012). The 
decrease in amplitude was attributable in the first place to a 
higher trough of the rhythm, explainable by a subpopulation 
of neurons that peaked in antiphase. It may not be surprising, 
therefore, that especially a lowering of the trough, induced by 
enhanced behavioral activity levels during the active phase 
(night), may boost the strength of the rhythm in aged mice. 
The challenge, then, is to create situation or condition in 
which voluntary activity will take place in the aged, rather 
than to impose an activity program on them.

6  |   PERSPECTIVES

Circadian clocks in multicellular organisms have evolved 
over more than 500 million years in order to provide a tem-
poral order to physiological functions and behavior. How ro-
bust should this timing system be, in order to have adaptive 
significance? Over the past decades, we have faced a “para-
digm shift” with respect to our view on this question. While 
we initially reasoned and expected that the SCN clock should 
be largely unresponsive to cues other than light, in order to 
be a robust predictor of time, we have now learned that the 
SCN is responsive to many cues, both from the internal and 
external world.

In this review we have discussed the plastic organization 
of the SCN network, which serves to obtain a sufficiently high 
amplitude based on the activity of many single cell oscillators. 
Moreover, plasticity at the level of synchronization is a bio-
logical strategy to adapt to the length of the day, with narrow 
phase distributions in short days, and broad phase distributions 
in long days. The ensemble activity of the SCN is synchronized 

to the environmental light dark cycle, and is a pacemaker sig-
nal for downstream areas, rendering rhythmicity in brain and 
body (Figure 6). Our increasing understanding of the SCN as a 
pacemaker will help the elderly, who suffer from lack of rhyth-
micity and sleep disorders. A lack of SCN rhythmicity can re-
sult from insufficient amplitude of single cell oscillations and/
or from insufficient synchrony among them. Physical activity 
––during the normal activity phase of the animal–– strength-
ens the function of the SCN, by acute suppression of electri-
cal activity that is superimposed on the trough of the rhythm 
(leading to a deeper trough). Hence, the individual neurons of 
the SCN, that oscillate on the basis of a feedback loop between 
clock genes and protein products, are part of a larger networks 
with feedback pathways, not only within the SCN, but also in-
volving other brain areas, physiology, and behavior. In healthy 
individuals, this is a positive feedback loop, in which properly 
timed behavioral activity and the SCN rhythm strengthen each 
other. In pathological conditions, a lack of physical activity, a 
sedentary life style, or shift work will lead to further decline in 
pacemaker activity. It is all in the loop.

ACKNOWLEDGEMENTS

This work was supported by the Swiss VELUX Foundation 
(project 1131 to JHM and project 1291 to SM).

CONFLICT OF INTEREST

The author declares to have no conflict of interest.

AUTHOR CONTRIBUTIONS

JHM and SM wrote the manuscript.

ORCID

Stephan Michel   https://orcid.org/0000-0001-5506-5037 

REFERENCES

Albus, H., Vansteensel, M. J., Michel, S., Block, G. D., & Meijer, J. H. 
(2005). A GABAergic mechanism is necessary for coupling disso-
ciable ventral and dorsal regional oscillators within the circadian 

F I G U R E  5   SCN recordings in the presence and absence of a 
running disk. The presence of a running disk resulted in enhanced 
amplitude of the SCN electrical activity rhythm (Van Diepen and 
Meijer, unpublished results)

F I G U R E  6   Bidirectional influences between the molecular 
machinery in oscillatory cells and integrative functions that evolve at 
the network levels, or even results from environmental input

 14609568, 2020, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejn.14388 by U

niversity O
f L

eiden, W
iley O

nline L
ibrary on [23/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0001-5506-5037
https://orcid.org/0000-0001-5506-5037


490  |      MICHEL and MEIJER

clock. Current Biology, 15, 886–893. https://doi.org/10.1016/j.
cub.2005.03.051

Altimus, C. M., Gueler, A. D., Alam, N. M., Arman, A. C., Prusky, G. 
T., Sampath, A. P., & Hattar, S. (2010). Rod photoreceptors drive 
circadian photoentrainment across a wide range of light intensities. 
Nature Neuroscience, 13, 1107–U1102. https://doi.org/10.1038/
nn.2617

Antle, M. C., Smith, V. M., Sterniczuk, R., Yamakawa, G. R., & Rakai, 
B. D. (2009). Physiological responses of the circadian clock to 
acute light exposure at night. Reviews in Endocrine & Metabolic 
Disorders, 10, 279–291. https://doi.org/10.1007/s11154-009-9116-6

Aton, S. J., Colwell, C. S., Harmar, A. J., Waschek, J., & Herzog, E. 
D. (2005). Vasoactive intestinal polypeptide mediates circadian 
rhythmicity and synchrony in mammalian clock neurons. Nature 
Neuroscience, 8, 476–483. https://doi.org/10.1038/nn1419

Aujard, F., Herzog, E. D., & Block, G. D. (2001). Circadian rhythms 
in firing rate of individual suprachiasmatic nucleus neurons from 
adult and middle‐aged mice. Neuroscience, 106, 255–261. https://
doi.org/10.1016/S0306-4522(01)00285-8

Berridge, M. J. (2012). Dysregulation of neural calcium signaling in 
Alzheimer disease, bipolar disorder and schizophrenia. Prion, 6, 
2–13.

Biello, S. M. (2009). Circadian clock resetting in the mouse changes with 
age. Age, 31, 293–303. https://doi.org/10.1007/s11357-009-9102-7

Brown, T. M., & Piggins, H. D. (2009). Spatiotemporal heterogeneity 
in the electrical activity of suprachiasmatic nuclei neurons and their 
response to photoperiod. Journal of Biological Rhythms, 24, 44–54. 
https://doi.org/10.1177/0748730408327918

Brown, T. M., Wynne, J., Piggins, H. D., & Lucas, R. J. (2011). Multiple 
hypothalamic cell populations encoding distinct visual information. 
Journal of Physiology, 589, 1173–1194. https://doi.org/10.1113/
jphysiol.2010.199877

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

Buijink, M. R., Almog, A., Wit, C. B., Roethler, O., Olde Engberink, 
A. H., Meijer, J. H., … Michel, S. (2016). Evidence for weakened 
intercellular coupling in the mammalian circadian clock under long 
photoperiod. PLoS ONE, 11, e0168954. https://doi.org/10.1371/
journal.pone.0168954

Burke, S. N., & Barnes, C. A. (2010). Senescent synapses and hippo-
campal circuit dynamics. Trends in Neurosciences, 33, 153–161. 
https://doi.org/10.1016/j.tins.2009.12.003

Byles, J. E., Mishra, G. D., & Harris, M. A. (2005). The experience 
of insomnia among older women. Sleep, 28, 972–979. https://doi.
org/10.1093/sleep/28.8.972

Cayetanot, F., Bentivoglio, M., & Aujard, F. (2005). Arginine‐vaso-
pressin and vasointestinal polypeptide rhythms in the suprachi-
asmatic nucleus of the mouse lemur reveal aging‐related alter-
ations of circadian pacemaker neurons in a non‐human primate. 
European Journal of Neuroscience, 22, 902–910. https://doi.
org/10.1111/j.1460-9568.2005.04268.x

Chellappa, S. L., Gaggioni, G., Ly, J. Q., Papachilleos, S., Borsu, C., 
Brzozowski, A., … Vandewalle, G. (2016). Circadian dynamics in 
measures of cortical excitation and inhibition balance. Scientific 
Reports, 6, 33661. https://doi.org/10.1038/srep33661

Chen, C. Y., Logan, R. W., Ma, T., Lewis, D. A., Tseng, G. C., Sibille, 
E., & McClung, C. A. (2016). Effects of aging on circadian patterns 

of gene expression in the human prefrontal cortex. Proceedings of 
the National Academy of Sciences of the United States of America, 
113, 206–211. https://doi.org/10.1073/pnas.1508249112

Choi, H. J., Lee, C. J., Schroeder, A., Kim, Y. S., Jung, S. H., Kim, J. S., 
… Kim, Y. I. (2008). Excitatory actions of GABA in the suprachias-
matic nucleus. Journal of Neuroscience, 28, 5450–5459. https://doi.
org/10.1523/JNEUROSCI.5750-07.2008

Colwell, C. S., Michel, S., Itri, J., Rodriguez, W., Tam, J., Lelievre, 
V., … Waschek, J. A. (2003). Disrupted circadian rhythms in 
VIP‐ and PHI‐deficient mice. American Journal of Physiology: 
Regulatory, Integrative and Comparative Physiology, 285, 
R939–R949.

Coomans, C. P., Ramkisoensing, A., & Meijer, J. H. (2015). The suprachi-
asmatic nuclei as a seasonal clock. Frontiers in Neuroendocrinology, 
37, 29–42. https://doi.org/10.1016/j.yfrne.2014.11.002

Coomans, C. P., van den Berg, S. A. A., Houben, T., van Klinken, J. 
B., van den Berg, R., Pronk, A. C. M., … Meijer, J. H. (2013). 
Detrimental effects of constant light exposure and high‐fat diet on 
circadian energy metabolism and insulin sensitivity. Faseb Journal, 
27, 1721–1732. https://doi.org/10.1096/fj.12-210898

Daan, S. (1977). Tonic and phasic effects of light in the entrainment of 
circadian rhythms. Annals of the New York Academy of Sciences, 
290, 51–59. https://doi.org/10.1111/j.1749-6632.1977.tb39716.x

Deboer, T., Vansteensel, M. J., Detari, L., & Meijer, J. H. (2003). Sleep 
states alter activity of suprachiasmatic nucleus neurons. Nature 
Neuroscience, 6, 1086–1090. https://doi.org/10.1038/nn1122

Enoki, R., Oda, Y., Mieda, M., Ono, D., Honma, S., & Honma, K. I. 
(2017a). Synchronous circadian voltage rhythms with asynchronous 
calcium rhythms in the suprachiasmatic nucleus. Proceedings of 
the National Academy of Sciences of the United States of America, 
114, E2476–E2485. https://doi.org/10.1073/pnas.1616815114

Enoki, R., Ono, D., Kuroda, S., Honma, S., & Honma, K. I. (2017b). 
Dual origins of the intracellular circadian calcium rhythm in the 
suprachiasmatic nucleus. Scientific Reports, 7, 41733. https://doi.
org/10.1038/srep41733

Evans, J. A., Leise, T. L., Castanon‐Cervantes, O., & Davidson, A. J. 
(2013). Dynamic interactions mediated by nonredundant signaling 
mechanisms couple circadian clock neurons. Neuron, 80, 973–983. 
https://doi.org/10.1016/j.neuron.2013.08.022

Farajnia, S., Deboer, T., Rohling, J. H., Meijer, J. H., & Michel, S. 
(2014a). Aging of the suprachiasmatic clock. Neuroscientist, 20, 
44–55. https://doi.org/10.1177/1073858413498936

Farajnia, S., Meijer, J. H., & Michel, S. (2015). Age‐related changes in 
large‐conductance calcium‐activated potassium channels in mam-
malian circadian clock neurons. Neurobiology of Aging, 36, 2176–
2183. https://doi.org/10.1016/j.neurobiolaging.2014.12.040

Farajnia, S., Michel, S., Deboer, T., vanderLeest, H. T., Houben, 
T., Rohling, J. H., … Meijer, J. H. (2012). Evidence for neu-
ronal desynchrony in the aged suprachiasmatic nucleus clock. 
Journal of Neuroscience, 32, 5891–5899. https://doi.org/10.1523/
JNEUROSCI.0469-12.2012

Farajnia, S., van Westering, T. L., Meijer, J. H., & Michel, S. (2014b). 
Seasonal induction of GABAergic excitation in the central mamma-
lian clock. Proceedings of the National Academy of Sciences of the 
United States of America, 111, 9627–9632. https://doi.org/10.1073/
pnas.1319820111

Foster, R. G., & Roenneberg, T. (2008). Human responses to the 
geophysical daily, annual and lunar cycles. Current Biology, 18, 
R784–R794. https://doi.org/10.1016/j.cub.2008.07.003

 14609568, 2020, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejn.14388 by U

niversity O
f L

eiden, W
iley O

nline L
ibrary on [23/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.cub.2005.03.051
https://doi.org/10.1016/j.cub.2005.03.051
https://doi.org/10.1038/nn.2617
https://doi.org/10.1038/nn.2617
https://doi.org/10.1007/s11154-009-9116-6
https://doi.org/10.1038/nn1419
https://doi.org/10.1016/S0306-4522(01)00285-8
https://doi.org/10.1016/S0306-4522(01)00285-8
https://doi.org/10.1007/s11357-009-9102-7
https://doi.org/10.1177/0748730408327918
https://doi.org/10.1113/jphysiol.2010.199877
https://doi.org/10.1113/jphysiol.2010.199877
https://doi.org/10.1007/978-3-642-25950-0
https://doi.org/10.1007/978-3-642-25950-0
https://doi.org/10.1371/journal.pone.0168954
https://doi.org/10.1371/journal.pone.0168954
https://doi.org/10.1016/j.tins.2009.12.003
https://doi.org/10.1093/sleep/28.8.972
https://doi.org/10.1093/sleep/28.8.972
https://doi.org/10.1111/j.1460-9568.2005.04268.x
https://doi.org/10.1111/j.1460-9568.2005.04268.x
https://doi.org/10.1038/srep33661
https://doi.org/10.1073/pnas.1508249112
https://doi.org/10.1523/JNEUROSCI.5750-07.2008
https://doi.org/10.1523/JNEUROSCI.5750-07.2008
https://doi.org/10.1016/j.yfrne.2014.11.002
https://doi.org/10.1096/fj.12-210898
https://doi.org/10.1111/j.1749-6632.1977.tb39716.x
https://doi.org/10.1038/nn1122
https://doi.org/10.1073/pnas.1616815114
https://doi.org/10.1038/srep41733
https://doi.org/10.1038/srep41733
https://doi.org/10.1016/j.neuron.2013.08.022
https://doi.org/10.1177/1073858413498936
https://doi.org/10.1016/j.neurobiolaging.2014.12.040
https://doi.org/10.1523/JNEUROSCI.0469-12.2012
https://doi.org/10.1523/JNEUROSCI.0469-12.2012
https://doi.org/10.1073/pnas.1319820111
https://doi.org/10.1073/pnas.1319820111
https://doi.org/10.1016/j.cub.2008.07.003


      |  491MICHEL and MEIJER

Freeman, G. M. Jr, Krock, R. M., Aton, S. J., Thaben, P., & Herzog, E. D. 
(2013). GABA networks destabilize genetic oscillations in the cir-
cadian pacemaker. Neuron, 78, 799–806. https://doi.org/10.1016/j.
neuron.2013.04.003

Froy, O. (2011). Circadian rhythms, aging, and life span in mam-
mals. Physiology, 26, 225–235. https://doi.org/10.1152/physiol. 
00012.2011

Green, D. J., & Gillette, R. (1982). Circadian rhythm of firing rate recorded 
from single cells in the rat suprachiasmatic brain slice. Brain Research, 
245, 198–200. https://doi.org/10.1016/0006-8993(82)90361-4

Groos, G., & Hendriks, J. (1982). Circadian rhythms in elec-
trical discharge of rat suprachiasmatic neurones recorded 
in vitro. Neuroscience Letters, 34, 283–288. https://doi.
org/10.1016/0304-3940(82)90189-6

Groos, G., & Mason, R. (1978). Maintained discharge of rat suprachias-
matic neurons at different adaptation levels. Neuroscience Letters, 8, 
59–64. https://doi.org/10.1016/0304-3940(78)90098-8

Groos, G. A., & Mason, R. (1980). The visual properties of rat and cat 
suprachiasmatic neurons. Journal of Comparative Physiology, 135, 
349–356. https://doi.org/10.1007/BF00657651

Gu, C., Coomans, C. P., Hu, K., Scheer, F. A., Stanley, H. E., & Meijer, 
J. H. (2015). Lack of exercise leads to significant and reversible loss 
of scale invariance in both aged and young mice. Proceedings of the 
National Academy of Sciences of the United States of America, 112, 
2320–2324. https://doi.org/10.1073/pnas.1424706112

Guler, A. D., Ecker, J. L., Lall, G. S., Haq, S., Altimus, C. M., Liao, H. 
W., … Hattar, S. (2008). Melanopsin cells are the principal con-
duits for rod‐cone input to non‐image‐forming vision. Nature, 453, 
102–105. https://doi.org/10.1038/nature06829

Hardin, P. E., Hall, J. C., & Rosbash, M. (1990). Feedback of the 
Drosophila period gene product on circadian cycling of its 
messenger RNA levels. Nature, 343, 536–540. https://doi.
org/10.1038/343536a0

Härmä, M., Waterhouse, J., Minors, D., & Knauth, P. (1994). Effect 
of masking on circadian adjustment and interindividual differences 
on a rapidly rotating shift schedule. Scandinavian Journal of Work, 
Environment & Health, 20, 55–61.

Harmar, A. J., Marston, H. M., Shen, S., Spratt, C., West, K. M., Sheward, 
W. J., … Hastings, M. H. (2002). The VPAC(2) receptor is essen-
tial for circadian function in the mouse suprachiasmatic nuclei. Cell, 
109, 497–508. https://doi.org/10.1016/S0092-8674(02)00736-5

Hastings, M. H., Brancaccio, M., & Maywood, E. S. (2014). Circadian pace-
making in cells and circuits of the suprachiasmatic nucleus. Journal of 
Neuroendocrinology, 26, 2–10. https://doi.org/10.1111/jne.12125

Hazlerigg, D. G., Ebling, F. J., & Johnston, J. D. (2005). Photoperiod 
differentially regulates gene expression rhythms in the rostral 
and caudal SCN. Current Biology, 15, R449–R450. https://doi.
org/10.1016/j.cub.2005.06.010

Herzog, E. D., Aton, S. J., Numano, R., Sakaki, Y., & Tei, H. (2004). 
Temporal precision in the mammalian circadian system: A reliable 
clock from less reliable neurons. Journal of Biological Rhythms, 19, 
35–46. https://doi.org/10.1177/0748730403260776

Herzog, E. D., Geusz, M. E., Khalsa, S. B., Straume, M., & Block, G. 
D. (1997). Circadian rhythms in mouse suprachiasmatic nucleus 
explants on multimicroelectrode plates. Brain Research, 757, 285–
290. https://doi.org/10.1016/S0006-8993(97)00337-5

Herzog, E. D., Takahashi, J. S., & Block, G. D. (1998). Clock con-
trols circadian period in isolated suprachiasmatic nucleus neurons. 
Nature Neuroscience, 1, 708–713. https://doi.org/10.1038/3708

Hofman, M. A., & Swaab, D. F. (2006). Living by the clock: The circa-
dian pacemaker in older people. Ageing Research Reviews, 5, 33–51. 
https://doi.org/10.1016/j.arr.2005.07.001

Hood, S., & Amir, S. (2017). Neurodegeneration and the circadian clock. 
Frontiers in Aging Neuroscience, 9, 170. https://doi.org/10.3389/
fnagi.2017.00170

Houben, T., Coomans, C. P., & Meijer, J. H. (2014). Regulation of circa-
dian and acute activity levels by the murine suprachiasmatic nuclei. 
PLoS ONE, 9, e110172. https://doi.org/10.1371/journal.pone.0110172

Houben, T., Deboer, T., van Oosterhout, F., & Meijer, J. H. (2009). 
Correlation with behavioral activity and rest implies circadian 
regulation by SCN neuronal activity levels. Journal of Biological 
Rhythms, 24, 477–487. https://doi.org/10.1177/0748730409349895

Hughes, A. T., & Piggins, H. D. (2012). Feedback actions of locomo-
tor activity to the circadian clock. Progress in Brain Research, 199, 
305–336. https://doi.org/10.1016/B978-0-444-59427-3.00018-6

Inagaki, N., Honma, S., Ono, D., Tanahashi, Y., & Honma, K. (2007). 
Separate oscillating cell groups in mouse suprachiasmatic nucleus 
couple photoperiodically to the onset and end of daily activity. 
Proceedings of the National Academy of Sciences of the United 
States of America, 104, 7664–7669. https://doi.org/10.1073/
pnas.0607713104

Jiao, Y. Y., Lee, T. M., & Rusak, B. (1999). Photic responses of su-
prachiasmatic area neurons in diurnal degus (Octodon degus) and 
nocturnal rats (Rattus norvegicus). Brain Research, 817, 93–103. 
https://doi.org/10.1016/S0006-8993(98)01218-9

Kamel, N. S., & Gammack, J. K. (2006). Insomnia in the elderly: Cause, 
approach, and treatment. American Journal of Medicine, 119, 463–
469. https://doi.org/10.1016/j.amjmed.2005.10.051

Krebs, C. J., Kenney, A. J., & Singleton, G. R. (1995). Movements of 
feral house mice in agricultural landscapes. Australian Journal of 
Zoology, 43, 293–302. https://doi.org/10.1071/ZO9950293

Kuhlman, S. J., & McMahon, D. G. (2004). Rhythmic regulation of mem-
brane potential and potassium current persists in SCN neurons in the 
absence of environmental input. European Journal of Neuroscience, 
20, 1113–1117. https://doi.org/10.1111/j.1460-9568.2004.03555.x

Lehman, M. N., Silver, R., Gladstone, W. R., Kahn, R. M., Gibson, M., 
& Bittman, E. L. (1987). Circadian rhythmicity restored by neural 
transplant. Immunocytochemical characterization of the graft and its 
integration with the host brain. Journal of Neuroscience, 7, 1626–
1638. https://doi.org/10.1523/JNEUROSCI.07-06-01626.1987

Leise, T. L., Harrington, M. E., Molyneux, P. C., Song, I., Queenan, H., 
Zimmerman, E., … Biello, S. M. (2013). Voluntary exercise can 
strengthen the circadian system in aged mice. Age, 35, 2137–2152. 
https://doi.org/10.1007/s11357-012-9502-y

Liu, C., & Reppert, S. M. (2000). GABA synchronizes clock cells 
within the suprachiasmatic circadian clock. Neuron, 25, 123–128. 
https://doi.org/10.1016/S0896-6273(00)80876-4

Liu, D., Stowie, A., de Zavalia, N., Leise, T., Pathak, S. S., Drewes, 
L. R., … Cao, R. (2018). mTOR signaling in VIP neurons regu-
lates circadian clock synchrony and olfaction. Proceedings of the 
National Academy of Sciences of the United States of America, 115, 
E3296–E3304. https://doi.org/10.1073/pnas.1721578115

Liu, C., Weaver, D. R., Strogatz, S. H., & Reppert, S. M. (1997). Cellular 
construction of a circadian clock: Period determination in the su-
prachiasmatic nuclei. Cell, 91, 855–860. https://doi.org/10.1016/
S0092-8674(00)80473-0

Lucassen, E. A., Coomans, C. P., van Putten, M., de Kreij, S. R., 
van Genugten, J. H., Sutorius, R. P., … Meijer, J. H. (2016). 

 14609568, 2020, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejn.14388 by U

niversity O
f L

eiden, W
iley O

nline L
ibrary on [23/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.neuron.2013.04.003
https://doi.org/10.1016/j.neuron.2013.04.003
https://doi.org/10.1152/physiol.00012.2011
https://doi.org/10.1152/physiol.00012.2011
https://doi.org/10.1016/0006-8993(82)90361-4
https://doi.org/10.1016/0304-3940(82)90189-6
https://doi.org/10.1016/0304-3940(82)90189-6
https://doi.org/10.1016/0304-3940(78)90098-8
https://doi.org/10.1007/BF00657651
https://doi.org/10.1073/pnas.1424706112
https://doi.org/10.1038/nature06829
https://doi.org/10.1038/343536a0
https://doi.org/10.1038/343536a0
https://doi.org/10.1016/S0092-8674(02)00736-5
https://doi.org/10.1111/jne.12125
https://doi.org/10.1016/j.cub.2005.06.010
https://doi.org/10.1016/j.cub.2005.06.010
https://doi.org/10.1177/0748730403260776
https://doi.org/10.1016/S0006-8993(97)00337-5
https://doi.org/10.1038/3708
https://doi.org/10.1016/j.arr.2005.07.001
https://doi.org/10.3389/fnagi.2017.00170
https://doi.org/10.3389/fnagi.2017.00170
https://doi.org/10.1371/journal.pone.0110172
https://doi.org/10.1177/0748730409349895
https://doi.org/10.1016/B978-0-444-59427-3.00018-6
https://doi.org/10.1073/pnas.0607713104
https://doi.org/10.1073/pnas.0607713104
https://doi.org/10.1016/S0006-8993(98)01218-9
https://doi.org/10.1016/j.amjmed.2005.10.051
https://doi.org/10.1071/ZO9950293
https://doi.org/10.1111/j.1460-9568.2004.03555.x
https://doi.org/10.1523/JNEUROSCI.07-06-01626.1987
https://doi.org/10.1007/s11357-012-9502-y
https://doi.org/10.1016/S0896-6273(00)80876-4
https://doi.org/10.1073/pnas.1721578115
https://doi.org/10.1016/S0092-8674(00)80473-0
https://doi.org/10.1016/S0092-8674(00)80473-0


492  |      MICHEL and MEIJER

Environmental 24‐hr cycles are essential for health. Current Biology, 
26, 1843–1853. https://doi.org/10.1016/j.cub.2016.05.038

Lucassen, E. A., van Diepen, H. C., Houben, T., Michel, S., Colwell, 
C. S., & Meijer, J. H. (2012). Role of vasoactive intestinal pep-
tide in seasonal encoding by the suprachiasmatic nucleus clock. 
European Journal of Neuroscience, 35, 1466–1474. https://doi.
org/10.1111/j.1460-9568.2012.08054.x

Lundkvist, G. B., Kwak, Y., Davis, E. K., Tei, H., & Block, G. D. 
(2005). A calcium flux is required for circadian rhythm generation 
in mammalian pacemaker neurons. Journal of Neuroscience, 25, 
7682–7686. https://doi.org/10.1523/JNEUROSCI.2211-05.2005

Meijer, J. H., Albus, H., Weidema, F., & Ravesloot, J. H. (1993). The 
effects of glutamate on membrane potential and discharge rate of 
suprachiasmatic neurons. Brain Research, 603, 284–288. https://doi.
org/10.1016/0006-8993(93)91249-R

Meijer, J. H., Groos, G. A., & Rusak, B. (1986). Luminance cod-
ing in a circadian pacemaker: The suprachiasmatic nucleus of the 
rat and the hamster. Brain Research, 382, 109–118. https://doi.
org/10.1016/0006-8993(86)90117-4

Meijer, J. H., & Rietveld, W. J. (1989). Neurophysiology of the suprachi-
asmatic circadian pacemaker in rodents. Physiological Reviews, 69, 
671–707. https://doi.org/10.1152/physrev.1989.69.3.671

Meijer, J. H., & Robbers, Y. (2014). Wheel running in the wild. 
Proceedings of the Royal Society B: Biological Sciences, 281. 
https://doi.org/10.1098/rspb.2014.0210

Meijer, J. H., Rusak, B., & Ganshirt, G. (1992). The relation between 
light‐induced discharge in the suprachiasmatic nucleus and phase 
shifts of hamster circadian rhythms. Brain Research, 598, 257–263. 
https://doi.org/10.1016/0006-8993(92)90191-B

Meijer, J. H., Rusak, B., & Harrington, M. E. (1989). Photically 
responsive neurons in the hypothalamus of a diurnal 
ground squirrel. Brain Research, 501, 315–323. https://doi.
org/10.1016/0006-8993(89)90648-3

Meijer, J. H., Watanabe, K., Schaap, J., Albus, H., & Detari, L. (1998). 
Light responsiveness of the suprachiasmatic nucleus: Long‐
term multiunit and single‐unit recordings in freely moving rats. 
Journal of Neuroscience, 18, 9078–9087. https://doi.org/10.1523/
JNEUROSCI.18-21-09078.1998

Michel, S., Itri, J., Han, J. H., Gniotczynski, K., & Colwell, C. S. (2006). 
Regulation of glutamatergic signalling by PACAP in the mamma-
lian suprachiasmatic nucleus. BMC Neuroscience, 7, 15. https://doi.
org/10.1186/1471-2202-7-15

Mieda, M., Ono, D., Hasegawa, E., Okamoto, H., Honma, K., Honma, 
S., & Sakurai, T. (2015). Cellular clocks in AVP neurons of the 
SCN are critical for interneuronal coupling regulating circadian be-
havior rhythm. Neuron, 85, 1103–1116. https://doi.org/10.1016/j.
neuron.2015.02.005

Mistlberger, R. E., Antle, M. C., Webb, I. C., Jones, M., Weinberg, J., 
& Pollock, M. S. (2003). Circadian clock resetting by arousal in 
Syrian hamsters: The role of stress and activity. American Journal of 
Physiology: Regulatory, Integrative and Comparative Physiology, 
285, R917–R925.

Moore, R. Y., & Eichler, V. B. (1972). Loss of a circadian ad-
renal corticosterone rhythm following suprachiasmatic le-
sions in the rat. Brain Research, 42, 201–206. https://doi.
org/10.1016/0006-8993(72)90054-6

Morin, L. P., & Allen, C. N. (2006). The circadian visual system, 
2005. Brain Research Reviews, 51, 1–60. https://doi.org/10.1016/j.
brainresrev.2005.08.003

Musiek, E. S., Xiong, D. D., & Holtzman, D. M. (2015). Sleep, circadian 
rhythms, and the pathogenesis of Alzheimer disease. Experimental 
& Molecular Medicine, 47, e148. https://doi.org/10.1038/
emm.2014.121

Naito, E., Watanabe, T., Tei, H., Yoshimura, T., & Ebihara, S. (2008). 
Reorganization of the suprachiasmatic nucleus coding for day 
length. Journal of Biological Rhythms, 23, 140–149. https://doi.
org/10.1177/0748730408314572

Nakamura, T. J., Nakamura, W., Yamazaki, S., Kudo, T., Cutler, T., 
Colwell, C. S., & Block, G. D. (2011). Age‐related decline in circa-
dian output. Journal of Neuroscience, 31, 10201–10205. https://doi.
org/10.1523/JNEUROSCI.0451-11.2011

Nelson, D. E., & Takahashi, J. S. (1991). Sensitivity and integra-
tion in a visual pathway for circadian entrainment in the hamster 
(Mesocricetus auratus). Journal of Physiology, 439, 115–145. 
https://doi.org/10.1113/jphysiol.1991.sp018660

Nygard, M., Hill, R. H., Wikstrom, M. A., & Kristensson, K. (2005). 
Age‐related changes in electrophysiological properties of the mouse 
suprachiasmatic nucleus in vitro. Brain Research Bulletin, 65, 149–
154. https://doi.org/10.1016/j.brainresbull.2004.12.006

Ohta, H., Mitchell, A. C., & McMahon, D. G. (2006). Constant light 
disrupts the developing mouse biological clock. Pediatric Research, 
60, 304–308. https://doi.org/10.1203/01.pdr.0000233114.18403.66

Ono, D., Honma, K. I., Yanagawa, Y., Yamanaka, A., & Honma, 
S. (2018). Role of GABA in the regulation of the central cir-
cadian clock of the suprachiasmatic nucleus. The Journal of 
Physiological Sciences, 68, 333–343. https://doi.org/10.1007/
s12576-018-0604-x

Orozco‐Solis, R., & Sassone‐Corsi, P. (2014). Circadian clock: Linking 
epigenetics to aging. Current Opinion in Genetics & Development, 
26, 66–72. https://doi.org/10.1016/j.gde.2014.06.003

Oster, H., Baeriswyl, S., Van Der Horst, G. T., & Albrecht, U. (2003). 
Loss of circadian rhythmicity in aging mPer1−/− mCry2−/− mu-
tant mice. Genes & Development, 17, 1366–1379. https://doi.
org/10.1101/gad.256103

Palomba, M., Nygard, M., Florenzano, F., Bertini, G., Kristensson, K., 
& Bentivoglio, M. (2008). Decline of the presynaptic network, in-
cluding GABAergic terminals, in the aging suprachiasmatic nucleus 
of the mouse. Journal of Biological Rhythms, 23, 220–231. https://
doi.org/10.1177/0748730408316998

Panda, S., Provencio, I., Tu, D. C., Pires, S. S., Rollag, M. D., Castrucci, 
A. M., … Hogenesch, J. B. (2003). Melanopsin is required for non‐
image‐forming photic responses in blind mice. Science, 301, 525–
527. https://doi.org/10.1126/science.1086179

Pittendrigh, C. S. (1981). Circadian systems: Entrainment. In J. Aschoff 
(Ed.), Handbook of behavioral neurobiology: Biological rhythms, 
Vol. 4 (pp. 95–124). New York, NY: Plenum Press.

Pittendrigh, C. S., & Daan, S. (1976). Functional‐analysis of circadian 
pacemakers in nocturnal rodents. 4. Entrainment ‐ pacemaker as 
clock. Journal of Comparative Physiology, 106, 291–331. https://
doi.org/10.1007/BF01417859

Ralph, M. R., & Menaker, M. (1988). A mutation of the circadian 
system in golden hamsters. Science, 241, 1225–1227. https://doi.
org/10.1126/science.3413487

Ramkisoensing, A., & Meijer, J. H. (2015). Synchronization of biologi-
cal clock neurons by light and peripheral feedback systems promotes 
circadian rhythms and health. Frontiers in Neurology, 6, 128.

Roozendaal, B., van Gool, W. A., Swaab, D. F., Hoogendijk, J. E., 
& Mirmiran, M. (1987). Changes in vasopressin cells of the rat 

 14609568, 2020, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejn.14388 by U

niversity O
f L

eiden, W
iley O

nline L
ibrary on [23/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.cub.2016.05.038
https://doi.org/10.1111/j.1460-9568.2012.08054.x
https://doi.org/10.1111/j.1460-9568.2012.08054.x
https://doi.org/10.1523/JNEUROSCI.2211-05.2005
https://doi.org/10.1016/0006-8993(93)91249-R
https://doi.org/10.1016/0006-8993(93)91249-R
https://doi.org/10.1016/0006-8993(86)90117-4
https://doi.org/10.1016/0006-8993(86)90117-4
https://doi.org/10.1152/physrev.1989.69.3.671
https://doi.org/10.1098/rspb.2014.0210
https://doi.org/10.1016/0006-8993(92)90191-B
https://doi.org/10.1016/0006-8993(89)90648-3
https://doi.org/10.1016/0006-8993(89)90648-3
https://doi.org/10.1523/JNEUROSCI.18-21-09078.1998
https://doi.org/10.1523/JNEUROSCI.18-21-09078.1998
https://doi.org/10.1186/1471-2202-7-15
https://doi.org/10.1186/1471-2202-7-15
https://doi.org/10.1016/j.neuron.2015.02.005
https://doi.org/10.1016/j.neuron.2015.02.005
https://doi.org/10.1016/0006-8993(72)90054-6
https://doi.org/10.1016/0006-8993(72)90054-6
https://doi.org/10.1016/j.brainresrev.2005.08.003
https://doi.org/10.1016/j.brainresrev.2005.08.003
https://doi.org/10.1038/emm.2014.121
https://doi.org/10.1038/emm.2014.121
https://doi.org/10.1177/0748730408314572
https://doi.org/10.1177/0748730408314572
https://doi.org/10.1523/JNEUROSCI.0451-11.2011
https://doi.org/10.1523/JNEUROSCI.0451-11.2011
https://doi.org/10.1113/jphysiol.1991.sp018660
https://doi.org/10.1016/j.brainresbull.2004.12.006
https://doi.org/10.1203/01.pdr.0000233114.18403.66
https://doi.org/10.1007/s12576-018-0604-x
https://doi.org/10.1007/s12576-018-0604-x
https://doi.org/10.1016/j.gde.2014.06.003
https://doi.org/10.1101/gad.256103
https://doi.org/10.1101/gad.256103
https://doi.org/10.1177/0748730408316998
https://doi.org/10.1177/0748730408316998
https://doi.org/10.1126/science.1086179
https://doi.org/10.1007/BF01417859
https://doi.org/10.1007/BF01417859
https://doi.org/10.1126/science.3413487
https://doi.org/10.1126/science.3413487


      |  493MICHEL and MEIJER

suprachiasmatic nucleus with aging. Brain Research, 409, 259–264. 
https://doi.org/10.1016/0006-8993(87)90710-4

Ruby, N. F., Brennan, T. J., Xie, X. M., Cao, V., Franken, P., Heller, 
H. C., & O'Hara, B. F. (2002). Role of melanopsin in circadian re-
sponses to light. Science, 298, 2211–2213. https://doi.org/10.1126/
science.1076701

Satinoff, E., Li, H., Tcheng, T. K., Liu, C., McArthur, A. J., Medanic, 
M., & Gillette, M. U. (1993). Do the suprachiasmatic nuclei os-
cillate in old rats as they do in young ones? American Journal of 
Physiology, 265, R1216–R1222.

Sato, S., Solanas, G., Peixoto, F. O., Bee, L., Symeonidi, A., Schmidt, 
M. S., … Sassone‐Corsi, P. (2017). Circadian reprogramming in the 
liver identifies metabolic pathways of aging. Cell, 170, 664–677 
e611. https://doi.org/10.1016/j.cell.2017.07.042

Schaap, J., & Meijer, J. H. (2001). Opposing effects of behavioural 
activity and light on neurons of the suprachiasmatic nucleus. 
European Journal of Neuroscience, 13, 1955–1962. https://doi.
org/10.1046/j.0953-816x.2001.01561.x

Schibler, U. (2007). The daily timing of gene expression and physiology 
in mammals. Dialogues in Clinical Neuroscience, 9, 257–272.

Schroeder, A. M., Truong, D., Loh, D. H., Jordan, M. C., Roos, K. P., 
& Colwell, C. S. (2012). Voluntary scheduled exercise alters diurnal 
rhythms of behaviour, physiology and gene expression in wild‐type and 
vasoactive intestinal peptide‐deficient mice. Journal of Physiology, 
590, 6213–6226. https://doi.org/10.1113/jphysiol.2012.233676

Shirakawa, T., Honma, S., Katsuno, Y., Oguchi, H., & Honma, K. I. 
(2000). Synchronization of circadian firing rhythms in cultured rat 
suprachiasmatic neurons. European Journal of Neuroscience, 12, 
2833–2838. https://doi.org/10.1046/j.1460-9568.2000.00170.x

Stenvers, D. J., van Dorp, R., Foppen, E., Mendoza, J., Opperhuizen, 
A. L., Fliers, E., … Deboer, T. (2016). Dim light at night disturbs 
the daily sleep‐wake cycle in the rat. Scientific Reports, 6, 35662. 
https://doi.org/10.1038/srep35662

Stephan, F. K., & Zucker, I. (1972). Circadian rhythms in drinking be-
havior and locomotor activity of rats are eliminated by hypothalamic 
lesions. Proceedings of the National Academy of Sciences of the 
United States of America, 69, 1583–1586. https://doi.org/10.1073/
pnas.69.6.1583

Toescu, E. C., Verkhratsky, A., & Landfield, P. W. (2004). Ca2+ regulation 
and gene expression in normal brain aging. Trends in Neurosciences, 
27, 614–620. https://doi.org/10.1016/j.tins.2004.07.010

Turek, F. W., Penev, P., Zhang, Y., van Reeth, O., & Zee, P. (1995). Effects 
of age on the circadian system. Neuroscience and Biobehavioral 
Reviews, 19, 53–58. https://doi.org/10.1016/0149-7634(94)00030-5

Valentinuzzi, V. S., Scarbrough, K., Takahashi, J. S., & Turek, F. W. 
(1997). Effects of aging on the circadian rhythm of wheel‐running 
activity in C57BL/6 mice. American Journal of Physiology, 273, 
R1957–R1964.

van Diepen, H. C., Ramkisoensing, A., Peirson, S. N., Foster, R. G., 
& Meijer, J. H. (2013). Irradiance encoding in the suprachiasmatic 
nuclei by rod and cone photoreceptors. The FASEB Journal, 27, 
4204–4212. https://doi.org/10.1096/fj.13-233098

van Oosterhout, F., Fisher, S. P., van Diepen, H. C., Watson, T. S., 
Houben, T., Vanderleest, H. T., … Meijer, J. H. (2012a). Ultraviolet 

light provides a major input to non‐image‐forming light detection 
in mice. Current Biology, 22, 1397–1402. https://doi.org/10.1016/j.
cub.2012.05.032

van Oosterhout, F., Lucassen, E. A., Houben, T., vanderLeest, H. T., 
Antle, M. C., & Meijer, J. H. (2012b). Amplitude of the SCN clock 
enhanced by the behavioral activity rhythm. PLoS ONE, 7, e39693. 
https://doi.org/10.1371/journal.pone.0039693

Van Someren, E. J. (2000). Circadian rhythms and sleep in human aging. 
Chronobiology International, 17, 233–243. https://doi.org/10.1081/
CBI-100101046

van der Leest, H. T., Rohling, J. H., Michel, S., & Meijer, J. H. (2009). 
Phase shifting capacity of the circadian pacemaker determined by 
the SCN neuronal network organization. PLoS ONE, 4, e4976. 
https://doi.org/10.1371/journal.pone.0004976

Van der Leest, H. T., Houben, T., Michel, S., Deboer, T., Albus, H., 
Vansteensel, M. J., … Meijer, J. H. (2007). Seasonal encoding by 
the circadian pacemaker of the SCN. Current Biology, 17, 468–473. 
https://doi.org/10.1016/j.cub.2007.01.048

Vosshall, L. B., Price, J. L., Sehgal, A., Saez, L., & Young, M. W. 
(1994). Block in nuclear localization of period protein by a sec-
ond clock mutation, timeless. Science, 263, 1606–1609. https://doi.
org/10.1126/science.8128247

Walmsley, L., Hanna, L., Mouland, J., Martial, F., West, A., Smedley, 
A. R., … Brown, T. M. (2015). Colour as a signal for entraining the 
mammalian circadian clock. PLoS Biology, 13, e1002127. https://
doi.org/10.1371/journal.pbio.1002127

Watanabe, A., Shibata, S., & Watanabe, S. (1995). Circadian rhythm 
of spontaneous neuronal activity in the suprachiasmatic nucleus 
of old hamster in vitro. Brain Research, 695, 237–239. https://doi.
org/10.1016/0006-8993(95)00713-Z

Webb, I. C., Antle, M. C., & Mistlberger, R. E. (2014). Regulation of 
circadian rhythms in mammals by behavioral arousal. Behavioral 
Neuroscience, 128, 304–325. https://doi.org/10.1037/a0035885

Welsh, D. K., Logothetis, D. E., Meister, M., & Reppert, S. M. (1995). 
Individual neurons dissociated from rat suprachiasmatic nucleus ex-
press independently phased circadian firing rhythms. Neuron, 14, 
697–706. https://doi.org/10.1016/0896-6273(95)90214-7

Welsh, D. K., Takahashi, J. S., & Kay, S. A. (2010). Suprachiasmatic 
nucleus: Cell autonomy and network properties. Annual 
Review of Physiology, 72, 551–577. https://doi.org/10.1146/
annurev-physiol-021909-135919

Zehring, W. A., Wheeler, D. A., Reddy, P., Konopka, R. J., Kyriacou, 
C. P., Rosbash, M., & Hall, J. C. (1984). P‐element transforma-
tion with period locus DNA restores rhythmicity to mutant, ar-
rhythmic Drosophila melanogaster. Cell, 39, 369–376. https://doi.
org/10.1016/0092-8674(84)90015-1

How to cite this article: Michel S, Meijer JH.  
From clock to functional pacemaker. Eur J  
Neurosci. 2020;51:482–493. https://doi.org/10.1111/
ejn.14388

 14609568, 2020, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejn.14388 by U

niversity O
f L

eiden, W
iley O

nline L
ibrary on [23/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/0006-8993(87)90710-4
https://doi.org/10.1126/science.1076701
https://doi.org/10.1126/science.1076701
https://doi.org/10.1016/j.cell.2017.07.042
https://doi.org/10.1046/j.0953-816x.2001.01561.x
https://doi.org/10.1046/j.0953-816x.2001.01561.x
https://doi.org/10.1113/jphysiol.2012.233676
https://doi.org/10.1046/j.1460-9568.2000.00170.x
https://doi.org/10.1038/srep35662
https://doi.org/10.1073/pnas.69.6.1583
https://doi.org/10.1073/pnas.69.6.1583
https://doi.org/10.1016/j.tins.2004.07.010
https://doi.org/10.1016/0149-7634(94)00030-5
https://doi.org/10.1096/fj.13-233098
https://doi.org/10.1016/j.cub.2012.05.032
https://doi.org/10.1016/j.cub.2012.05.032
https://doi.org/10.1371/journal.pone.0039693
https://doi.org/10.1081/CBI-100101046
https://doi.org/10.1081/CBI-100101046
https://doi.org/10.1371/journal.pone.0004976
https://doi.org/10.1016/j.cub.2007.01.048
https://doi.org/10.1126/science.8128247
https://doi.org/10.1126/science.8128247
https://doi.org/10.1371/journal.pbio.1002127
https://doi.org/10.1371/journal.pbio.1002127
https://doi.org/10.1016/0006-8993(95)00713-Z
https://doi.org/10.1016/0006-8993(95)00713-Z
https://doi.org/10.1037/a0035885
https://doi.org/10.1016/0896-6273(95)90214-7
https://doi.org/10.1146/annurev-physiol-021909-135919
https://doi.org/10.1146/annurev-physiol-021909-135919
https://doi.org/10.1016/0092-8674(84)90015-1
https://doi.org/10.1016/0092-8674(84)90015-1
https://doi.org/10.1111/ejn.14388
https://doi.org/10.1111/ejn.14388

