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a b s t r a c t
In mammals, the suprachiasmatic nucleus (SCN) contains a central clock that synchronizes daily (i.e.,
24-h) rhythms in physiology and behavior. SCN neurons are cell-autonomous oscillators that act synchronously to produce a coherent circadian rhythm. In addition, the SCN helps regulate seasonal rhythmicity.
Photic information is perceived by the SCN and transmitted to the pineal gland, where it regulates
melatonin production. Within the SCN, adaptations to changing photoperiod are reﬂected in changes
in neurotransmitters and clock gene expression, resulting in waveform changes in rhythmic electrical
activity, a major output of the SCN. Efferent pathways regulate the seasonal timing of breeding and hibernation. In humans, seasonal physiology and behavioral rhythms are also present, and the human SCN has
seasonally rhythmic neurotransmitter levels and morphology. In summary, the SCN perceives and
encodes changes in day length and drives seasonal changes in downstream pathways and structures in
order to adapt to the changing seasons.
Ó 2014 Elsevier Inc. All rights reserved.

1. Introduction
The rotation of the Earth on its axis, combined with the Earth’s
annual revolution around the Sun, causes both daily and seasonal
ﬂuctuations in photoperiod, light intensity, temperature, and food
availability. Many organisms have evolved an innate clock that
produces circadian rhythms (i.e., rhythms with a period (revolution time) of approximately 24 h) that enables them to anticipate
and accommodate these cyclic changes in the environment. The
internal clock is an adaptation to the environment, and it increases
the organism’s likelihood of survival (i.e., the organism’s ﬁtness)
(DeCoursey and Krulas, 1998). Animals that are synchronized to
both daily and annual cycles can anticipate and prepare for
changes in food availability and ambient temperature, as well as
the presence of predators, mating opportunities, and social interactions. Most animals have a clear 24-h rhythm in terms of their
physiological functions, including body temperature, hormone
production and secretion, behavioral activity, and sleep. Besides a
circadian rhythm, many animals also display a seasonal rhythm.
Seasonal breeding animals such as squirrels, hamsters and sheep
experience drastic changes in behavior, reproductive physiology
and metabolism. Other animals, like mice and rats display altered
behavioral activity patterns in response to changing day lengths
(Fig. 2A and F).
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In mammals, the central clock that synchronizes these 24-h
rhythms is located in the suprachiasmatic nucleus (SCN), a bilateral structure comprised of approximately 10,000 neurons
(Abrahamson and Moore, 2001). The SCN is located in the ventral
periventricular zone of the anterior hypothalamus, dorsal to the
optic chiasm, in close proximity to the third ventricle. The SCN is
required for the generation of overt circadian rhythms, and is synchronized to the external day-night cycle by light (Ralph et al.,
1990). Light information reaches the SCN through a monosynaptic
pathway from the retina to the SCN; this pathway is known as the
retinohypothalamic tract (RHT). Thus, the SCN is the ﬁrst and most
rostral structure in the brain to receive photic information on photoperiod. Because of its central role in detecting and encoding photic information, the SCN is indispensable for regulating daily and
seasonal rhythms.
The molecular mechanism that underlies rhythm generation is
based upon interconnected positive and negative feedback loops
that regulate the transcription of core clock genes and the function
of these genes’ protein products. The transcription factors Circadian Locomotor Output Cycles Kaput (CLOCK) and Brain and Muscle ARNT-like protein 1 (Bmal1) promote the transcription of target
genes, including the Period (Per1, Per2, and Per3) and Cryptochrome (Cry1 and Cry2) gene families. In turn, the Per and Cry proteins repress CLOCK/Bmal1-mediated gene transactivation. The
nuclear receptors ROR (a, b, and c), PPARa, and REV-ERB (a and
b) comprise an additional regulatory loop. Results obtained from
experiments using dissociated SCN cells revealed that individual
cells have a circadian rhythm in their ﬁring rate, with a wide range
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Fig. 1. Schematic overview of the pathway regulating seasonal melatonin secretion. Light synchronizes the master clock with the external day-night cycle, and photic
information received by the retina reaches the suprachiasmatic nuclei (SCN) via the retinohypothalamic tract (RHT). The external photoperiod inﬂuences the electrical
activity of the SCN, thereby enabling the SCN to code for long summer days and short winter days. This photoperiodic information is then transmitted from the SCN to the
pineal gland via a polysynaptic efferent pathway that travels through the paraventricular nucleus (PVN) to the intermediolateral cell column of the thoracic spinal cord, to the
superior cervical ganglion, and ﬁnally to the postganglionic adrenergic ﬁbers that innervate the pineal gland. Norepinephrine is released from these sympathetic nerve
endings at night, stimulating postsynaptic b1 and a1 adrenergic receptors on the pinealocytes, causing a large increase in intracellular cAMP levels. This increase in cAMP
activates serotonin N-acetyltransferase (AANAT). Oscillating levels of activated AANAT result in the rhythmic synthesis and secretion of melatonin. During short summer
nights (i.e., long photoperiod), the nocturnal melatonin signal is compressed temporally; in contrast, the signal is relatively prolonged during long winter nights (i.e., short
photoperiod). These photoperiod-induced changes in melatonin secretion have wide-reaching effects on seasonal animal physiology and behavior.

of intrinsic periods (ranging from 22 h to 28 h) (Herzog et al., 1998;
Shirakawa et al., 2000; Welsh et al., 1995). These results gave rise
to the notion that individual SCN neurons are autonomous singlecell oscillators driven by their intrinsic molecular feedback loops
(Welsh et al., 1995).
In the past decade, it has become increasingly evident that the
SCN’s ability to regulate seasonal rhythms is dependent upon the
plasticity of the SCN’s neuronal network. By adjusting the phase
relationship among single cell oscillators, the SCN can code for
short winter days and long summer days, respectively. Thus, the
SCN’s ability to encode photoperiod information requires the presence of a functional neuronal network. Hence, this is in contrast,
with the SCN’s ability to produce circadian rhythms, which is a cell
autonomous property. By encoding photoperiod information, the
SCN creates an internal representation of day length, and this representation is transmitted to other brain nuclei, including the
pineal gland, which plays a major role in the regulation of seasonal
reproduction cycles by releasing melatonin. A schematic overview
of the pathway regulating melatonin secretion is shown in Fig. 1. In
this chapter, we will review the changes that occur within the SCN
under the inﬂuence of a changing photoperiod. We will ﬁrst
describe the characteristic light response properties of SCN neurons, that are essential to measure the length of the day. Next,
we will discuss the SCN’s heterogeneous organization and the role
of the SCN in storing photoperiod information. We will then review
several of the SCN’s efferent pathways that are involved in seasonal
responses, including the pathways that lead to the pineal gland,
which plays a key role in regulating breeding cycles. Finally,
we will review the evidence showing that the human clock has
seasonal rhythmicity.
2. The SCN as a luminance detector
Irradiance detection is one of the SCN’s primary functions
(Morin and Allen, 2006; Meijer and Schwartz, 2003). By detecting
changes in ambient illumination levels, the clock becomes properly

phased relative to the external day-night cycle and is therefore
attuned to gradual changes in day length; this information is then
used as an indication of the changing seasons. The SCN’s ability to
respond in a sustained fashion (i.e., without adaptation) to environmental light is nearly unique to the SCN and is typical of some
of the non-image-forming visual centers in the brain (Foster and
Hankins, 2007; Lucas, 2013). Irradiance detection is based on the
complementary actions of melanopsin, rods, and cones (van
Diepen et al., 2013; Lall et al., 2010; Altimus et al., 2008;
Drouyer et al., 2007). Melanopsin alone is sufﬁcient for photic
entrainment (Freedman et al., 1999; Foster et al., 1991), and in
the absence of rods and cones, sustained responses can be recorded
from ip-retinal ganglion cells (ipRGCs) and cells in the SCN (Berson
et al., 2002; Hattar et al., 2002; Wong, 2012). In the absence of melanopsin, however, sustained responses are preserved in the SCN,
and although the SCN’s phase-shifting capacity is reduced, animals
entrain normally to the light–dark cycle (Ruby et al., 2002; Panda
et al., 2002). These ﬁndings underscore the presence of overlapping
tasks of rods, cones, and melanopsin.
Recordings within the SCN have revealed the presence of a subpopulation of cells that are acutely affected by light stimuli. In nocturnal rodents, including rats, hamsters and mice, approximately
25% of the SCN’s cells are excited by light stimuli, and a smaller
population has a reverse response and is inhibited—or silenced
completely—by light (Meijer et al., 1998; Brown et al., 2011;
Aggelopoulos and Meissl, 2000; Nakamura et al., 2004). In diurnal
animals, the percentage of light responsive cells is lower, and relatively more cells are light suppressed (Meijer et al., 1989; Jiao et al.,
1999).
The magnitude of the change in the discharge rate of both lightactivated and light-inhibited SCN neurons is a function of light
intensity (Meijer et al., 1998; Aggelopoulos and Meissl, 2000).
The intensity-response curve is sigmoidal with a working range
centered around the light intensities that occur at dawn and
dusk. This working range is relatively narrow compared to the
range of light intensities that actually occurs in the environment;
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consequently, changes in environmental illumination are translated into a signal that indicates ‘‘day’’ versus ‘‘night’’, whereas
the SCN can discriminate only poorly between light intensities that
occur throughout the day (for example, to determine whether it is
a sunny day or a cloudy day). The SCN’s ability to detect changes in
illuminance is a prerequisite to determine the length of the day
and thus changes in photoperiod.

3. SCN network plasticity
The combined electrical activity of individual SCN neurons is
integrated to produce electrical activity oscillations at the SCN network level. This output signal has a sinusoidal-like waveform pattern and oscillates with 24-h precision. The peak of the SCN’s
electrical output is during the day, and the trough is during the
night. This rhythm is typical of the SCN and is present in both diurnal and nocturnal species. In vivo electrophysiology recordings in
the SCN of freely moving mice revealed that transitions in behavior
from rest to activity—and vice versa—occur at half-maximal levels
of the SCN’s electrical activity rhythm (Houben et al., 2009).
Compelling evidence suggests that plasticity in the SCN’s neuronal network plays a major role in the SCN’s ability to adjust to
changes in the photoperiod. In vivo recordings of SCN discharge
rate in freely moving mice showed that after the animals are
moved to continuous darkness, the SCN’s electrical activity waveform is retained for many circadian cycles (Houben et al., 2009;
Vanderleest et al., 2007). Thus, the SCN has a ‘‘memory’’ for photoperiod. During both long and short photoperiods, increasing electrical activity triggers the offset of behavioral activity when it
reaches the 50% level and decreasing electrical activity triggers
the onset of behavioral activity when the 50% level is reached.
Thus, the SCN’s waveform—and in particular, the peak width of
the waveform—stores photoperiodic information (Houben et al.,
2009). Waveform changes are preserved and measurable in vitro
(Mrugala et al., 2000; Jagota et al., 2000). Following a change to a
short photoperiod, the peak of the SCN’s electrical activity pattern
is compressed (i.e., the peak width becomes narrower), whereas
changing to a long photoperiod broadens the peak width
(Mrugala et al., 2000). In vitro single-cell recordings from acute
SCN slices obtained from both mice and rats that were entrained
to a 12-h photoperiod revealed that individual cells are active for
a relatively short period of time (ca. 4–5 h) (Schaap et al., 2003;
Brown et al., 2006). The majority of neurons were active throughout midday, some neurons were active at dawn and dusk, and relatively few neurons during the night (Vanderleest et al., 2007;
Schaap et al., 2003). These ﬁndings revealed that the electrical
activity patterns of individual cells differ from the electrical activity waveform of the entire SCN network, and indicate that the
waveform of the SCN rhythm is determined by the temporal distribution of the single-cell activity patterns (Vanderleest et al., 2007;
Schaap et al., 2003; Rohling et al., 2006; Brown and Piggins, 2009).
When entrained to a short photoperiod, the individual electrical
activity patterns have a narrow phase distribution, meaning that
the peak in their activity is close in time (i.e. around midday),
whereas the patterns are more widely distributed when entrained
to a long photoperiod. The narrow phase distribution of subpopulation activity patterns in a short photoperiod explains the compression of electrical activity waveforms measured at the
population level in the SCN (Vanderleest et al., 2007) (Fig. 2G–J).
Likewise, the electrical activity in the SCN of mice entrained to a
long photoperiod has a decompressed peak SCN waveform, which
can be explained by the wide distribution of subpopulation activity
patterns (Vanderleest et al., 2007; Mrugala et al., 2000) (Fig. 2B–E).
Importantly, the individual electrical activity patterns in short photoperiods are remarkably similar to the activity patterns in long
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photoperiods (Vanderleest et al., 2007; Schaap et al., 2003;
Rohling et al., 2006; Brown and Piggins, 2009). Thus, the electrical
activity pattern at the SCN population level is determined by the
phase relationship between the individual SCN neurons
(Vanderleest et al., 2007; Schaap et al., 2003; Rohling et al.,
2006; Brown and Piggins, 2009). Furthermore, the single-cell electrical activity proﬁles in the dorsal SCN differ between long photoperiods and short photoperiods while this difference is not
present in the ventral SCN (Brown and Piggins, 2009). Computational studies found that differences in single-unit activity proﬁles
in the dorsal SCN are not sufﬁcient to explain the waveform
changes at the SCN network level (Brown and Piggins, 2009;
Rohling et al., 2006). Moreover, molecular studies revealed that
the single-cell expression patterns—measured by measuring Per1
expression—do not differ between long and short photoperiods
(Naito et al., 2008). Together the studies support the hypothesis
that the phase distribution of single cells plays a key role in seasonal adaptation by the SCN (Brown and Piggins, 2009). Fig. 2 provides an illustrative overview of the seasonal information
processing by the circadian system.
Molecular and electrophysiology studies revealed differences in
regional organization within the SCN; molecular expression patterns are more region-speciﬁc, whereas electrical activity proﬁles
are more homogenous. Anatomically, the SCN can be divided in
two major sub-regions, namely the ventrolateral and dorsomedial
regions (Van den Pol, 1980). The ventrolateral SCN contains vasoactive intestinal polypeptide (VIP)-expressing neurons, whereas
the dorsomedial SCN contains predominantly arginine vasopressin
(AVP)-expressing neurons (Morin and Allen, 2006). c-aminobutyric acid (GABA) is the most common neurotransmitter in the
SCN and is expressed in both sub-regions (Moore et al., 2002). In
the past two decades, it has become increasingly clear that several
neurotransmitters in the SCN, including VIP, GABA, and gastrinreleasing peptide (GRP), are involved in the synchronization of
individual neurons. Below, we will discuss the sub-regional photoperiodic differences in clock gene proﬁles and the importance of
neurotransmitters in seasonal encoding of the SCN.
3.1. Rostro-caudal axis
As mentioned above, anatomically the SCN can be divided in a
ventrolateral and dorsomedial region, however, in seasonality also
the rostral and caudal SCN can be distinguished from each other
and exhibit differences in their response to change in day length
(Johnston, 2005; Inagaki et al., 2007; Hazlerigg et al., 2005; Yan
and Silver, 2008). For example, Hazlerigg and colleagues reported
a difference between the rostral and caudal expression patterns
of Per2, Rev-erba, and D-site albumin promoter binding protein
(Dbp) in the SCN of Siberian hamsters (Phodopus sungorus, also
known as the Djungarian hamster) following exposure to a long
photoperiod (16 h light:8 h dark) (Hazlerigg et al., 2005). Although
the peak time of RNA expression in the rostral SCN was unaffected—or delayed slightly relative to midday—following exposure
to a long photoperiod, the peak expression of all three genes was
advanced in the caudal SCN. In contrast, the expression patterns
of these genes were similar in the rostral and caudal SCN of Siberian hamsters that were previously housed in a short photoperiod
(8 h light:16 h dark), and RNA levels peaked at approximately the
same time in both sub-regions (Hazlerigg et al., 2005). Furthermore, SCN gene expression studies demonstrated that photoperiod
regulates SCN gene expression of the E-box-regulated genes (Per1,
Per2, Cry1, Rev-erba, AVP and Dbp), while Bmal1 and Cry2 are not
affected (Johnston et al., 2005). Based on these ﬁndings, a multipleoscillator model was proposed in which the caudal and rostral SCN
encode information regarding the time at which dawn and dusk
occur, respectively. Thus, as the photoperiod is lengthened, the
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Fig. 2. The SCN’s ability to regulate seasonal rhythms is dependent upon the plasticity of the SCN’s neuronal network. The graphs should be read in a clockwise manner. In a
long photoperiod (upper panel), animals display compressed activity patterns in accordance with the light–dark cycle (A; double plotted actogram). In long days, there is
relatively weak phase synchronization among the individual SCN neurons and subpopulations of SCN neurons; accordingly, the distribution of neuronal activity patterns is
wider (B; average single unit activity plotted as a function of time in h and C; double plotted histogram of SCN neuronal subpopulation activity peak times plotted as a
function of time in h). Both in vitro (D; multiunit activity in Hz plotted as a function of time in h) and in vivo (E; multiunit activity in Hz plotted as a function of time in h)
measurements of electrical activity in the SCN of mice entrained to a long photoperiod reveal a decompression of the peak in the SCN waveform, consistent with the wide
distribution of subpopulation activity patterns observed in long days. In short photoperiods (lower panel), animals have long bouts of nocturnal activity (F double plotted
actogram). Electrical recordings of small populations of SCN neurons show that in short days, these subpopulations are relatively phase-synchronized. Consequently, the
distribution of single-cell activity is narrow and reveals a clear peak in individual activity at midday (G; average single unit activity plotted as a function of time in h and H;
double plotted histogram of SCN neuronal subpopulation activity peak times plotted as a function of time in h). The narrow phase distribution of the patterns of
subpopulation activity in a short photoperiod causes a compression of the electrical activity waveform, measured at the SCN network level both in vitro (I; multiunit activity
in Hz plotted as a function of time in h) and in vivo (J; multiunit activity in Hz plotted as a function of time in h). Adapted with permission from Vanderleest et al. (2007) and
Schaap et al. (2003) (Copyright (2003) National Academy of Sciences, U.S.A. and Elsevier).

caudal SCN tracks dawn, and the rostral SCN tracks dusk (Johnston,
2005). Long-term in vitro measurements of circadian rhythms in
the clock gene Per1 in the SCN of mice that were previously
exposed to either a long, medium, or short photoperiod revealed
three oscillating SCN sub-regions; one sub-region is located in
the caudal SCN, and the other two sub-regions are located in the
rostral SCN (Inagaki et al., 2007). The circadian oscillation in Per1
expression in the caudal SCN was phase-locked to the offset of
behavioral activity in all three photoperiods; in contrast, the oscillation of the rostral SCN was phase-locked to the onset of behavioral activity. The Per1 expression pattern in the rostral SCN was
unimodal in short and medium photoperiods; however, in long
photoperiods, a bimodal pattern emerged, suggesting the presence
of a second oscillator in the rostral SCN (Inagaki et al., 2007).
3.2. Ventral versus dorsal SCN
Because nearly all light-responsive cells are concentrated in the
retinorecipient ventrolateral SCN (i.e., the ‘‘core’’ SCN), this subregion is acutely affected by light (Antle and Silver, 2005; Bryant
et al., 2000; Tanaka et al., 1997; Yan et al., 2007). Light increases
the expression of c-fos—measured as c-fos mRNA and c-Fos protein
immunoreactivity (c-Fos-ir)—in the ventrolateral SCN in rats, mice

and hamsters (Jac et al., 2000; Silver et al., 1996; Colwell and
Foster, 1992; Ebling et al., 1991). Moreover, the ventral SCN has
light-induced alterations in clock gene expression (Yan et al.,
1999; Dardente et al., 2002; Kuhlman et al., 2003; Karatsoreos
et al., 2004; Schwartz et al., 2000) and acute responses in electrical
activity (Kuhlman et al., 2003; Shibata et al., 1984a,b; Groos and
Mason, 1980; Meijer et al., 1986, 1992). The up-regulation of cfos expression following a light pulse is dependent on the circadian
phase (i.e. the time of the cycle) and occurs exclusively during subjective night (Sumova et al., 1995; Travnickova et al., 1996;
Illnerova et al., 2000). In rats that are ﬁrst entrained to a long photoperiod and subsequently housed in continuous darkness, the
interval for c-fos mRNA expression and c-Fos-ir in the ventral
SCN in response to a light pulse was signiﬁcantly shorter than in
rats from short photoperiods (Sumova et al., 1995). The after
effects of photoperiod on the interval of c-fos expression indicates
that the ventral SCN has a memory of the previous photoperiod
(Sumova et al., 2004). Moreover, in hamsters a striking difference
in c-Fos expression in the ventral SCN during the dark phase was
found between hamsters housed in a long and short photoperiods
(Yan and Silver, 2008).
The dorsomedial sub-region of the SCN (i.e., the ‘‘shell’’ of the
SCN) does not receive direct light input (Jac et al., 2000;
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Schwartz et al., 2000; van den Pol, 1991; Guido et al., 1999a,b;
Sumova et al., 1998); instead, this sub-region receives non-photic
input from the cortex, basal forebrain, and hypothalamus (Jac
et al., 2000; van den Pol, 1991; Cagampang et al., 1994). To synchronize with the external light–dark cycle, the dorsomedial SCN
is dependent on projections from the ventral SCN. The functional
difference between the various sub-regions of the SCN becomes
clear in the case of temporal asynchrony between the SCN and
the external light–dark regimen, which is triggered by exposure
to a shift in the external cycle (de la Iglesia et al., 2004; Albus
et al., 2005). Although the ventral SCN adapts rapidly to a new
external cycle, the dorsal SCN requires several days to resynchronize (Yan and Silver, 2008; Reddy et al., 2002; Nagano et al.,
2003). Accordingly, the dorsal SCN lacks a light-induced up-regulation of c-fos mRNA levels; however, the dorsal SCN has spontaneous rhythmic expression of c-fos and the protein product c-Fos
(Sumova et al., 1998). This rhythmic expression of c-fos in the dorsal SCN persists in continuous darkness for at least two cycles, in
contrast to the light-induced c-fos expression rhythm in the ventral
SCN. The spontaneous c-fos expression rhythm in the dorsal SCN
may represent rhythmic intrinsic neuronal activity that is driven
by a molecular feedback loop (Sumova et al., 1998). Rhythms in
c-fos expression—and c-Fos protein levels—adapt to the external
photoperiod. In rats entrained to a long photoperiod, the dorsal
SCN had a longer c-Fos-ir interval compared to the dorsal SCN of
rats that were entrained to a short photoperiod (Sumova et al.,
2000). The extension of the c-Fos-ir interval was attributed solely
to an earlier morning onset of high c-Fos-ir expression in long days
(approximately 7 h) compared to short days, as the evening decline
in c-Fos levels occurred at approximately similar times under both
light regimens (Sumova et al., 2000). Thus, the seasonal adaptation
of c-fos mRNA and c-Fos protein patterns in the dorsal SCN reﬂects
seasonal adaptation of the dorsal SCN’s molecular clock machinery.
Like the ventral SCN, the dorsal SCN also has photoperiod memory
(Sumova et al., 2000). Thus, even though the ventral SCN receives
direct light input, the dorsal SCN is indirectly affected by it and
both sub-regions adjust to the photoperiod in a similar time frame
(Sumova et al., 2004, 2000). It is difﬁcult to reconcile the rostralcaudal differences in the SCN observed under different photoperiods with the anatomical organization of the SCN, which is mainly
speciﬁed along the ventro-dorsal axis.
3.3. Neurotransmitters involved in seasonal encoding
Several neurotransmitters are involved in synchronization and
in the coupling between SCN neurons; therefore, each of these
transmitters may play a key role in seasonal encoding of the SCN.
The primary neurotransmitter in the ventral SCN is VIP. In the ventral SCN, VIP-expressing cells receive light information from the
retina, and they project to the dorsal SCN (Abrahamson and
Moore, 2001; Antle et al., 2009). The in vivo and in vitro application
of VIP can mimic the light-induced responses of the SCN (Reed
et al., 2001; Piggins et al., 1995), and applying VIP to SCN neurons
isolated from VIP-deﬁcient mice can restore synchrony in the clock
neurons (Maywood et al., 2011; Aton et al., 2005). Furthermore, the
absence of VIP or its receptor (VIP2R, also known as VPAC2) attenuates the SCN’s electrical activity (Brown et al., 2007) and molecular rhythmicity (Maywood et al., 2011). In mice, the loss of either
VIP or VPAC2 causes behavioral disruptions such as the loss of a
coherent circadian rhythm in continuous darkness, as well as
changes in the ability to entrain to various light–dark cycles
(Aton et al., 2005; Colwell et al., 2003; Harmar et al., 2002;
Ciarleglio et al., 2009). The importance of VIP in seasonal adaptation of the SCN became obvious from in vivo electrophysiological
SCN measurements in freely-moving VIP knockout mice. VIP
knockout mice housed in a long, medium or short photoperiod
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showed no differences in SCN peak width after release in darkness
and hence, lost the ability to encode photoperiodic information
(Lucassen et al., 2012).
The GRP-expressing SCN cells are located in the ventral subregion of the SCN and play a role in transducing light-related information to other regions in the SCN (Gamble et al., 2007; Antle
et al., 2005). The in vitro application of GRP to SCN slices mimics
the phase-shifting response to light (McArthur et al., 2000) and
can increase synchronization among SCN neurons in SCN slices
from VIP receptor-deﬁcient mice (Maywood et al., 2011, 2006).
Thus, GRP may be involved in both synchronization and coupling
between SCN neurons, and its role should be further explored.
The majority of neurons in the dorsal SCN contain the neuropeptide AVP. The expression of AVP (measured as mRNA and peptide production) is rhythmic (Cagampang et al., 1994). Moreover,
the rhythm of AVP expression is driven by the intrinsic molecular
feedback loop of the core clock machinery. The rhythm of AVP
expression is also subject to changes in photoperiod. The SCN of
rats housed in a long photoperiod had signiﬁcantly longer AVP
expression interval compared to the SCN of rats housed in a short
photoperiod (Sumova et al., 2000; Tournier et al., 2007). Furthermore, SCN slices obtained from hamsters housed in a long photoperiod reached higher peak levels of AVP expression than slices
obtained from hamsters housed in a short photoperiod (Tournier
et al., 2007). Finally, the in vitro application of AVP restored both
rhythmicity and synchrony in SCN obtained from VIP-deﬁcient
mice (Maywood et al., 2011), and these effects may have been
mediated by changes in intracellular calcium levels (Irwin and
Allen, 2010).
The role of GABA in synchronization in the SCN was examined
in desynchronized SCN (obtained from mice that were entrained
to an extremely long photoperiod, i.e., 20 h). In SCN slices were
GABAA signaling was blocked desynchrony among the SCN cells
was maintained, while untreated SCN slices regained synchrony
(Evans et al., 2013). This indicates that GABAA signaling promotes
resynchronization in long days (Evans et al., 2013). GABA is the
most prevalent neurotransmitter in the SCN, and the SCN has both
classic GABAergic inhibition and GABAergic excitation (Albus et al.,
2005; Choi et al., 2008; De and Pennartz, 2002; Wagner et al.,
2001; Irwin and Allen, 2009). In vitro experiments revealed that
GABAergic excitation is functionally important for synchronizing
the dorsal and ventral SCN (Albus et al., 2005). Recently, the inﬂuence of photoperiod on the ratio between GABAergic excitation
and GABAergic inhibition was examined. Remarkably, in the SCN
of mice that were housed previously in long days, slightly more
GABAergic neurons were excitatory (40%) than inhibitory (36%);
in contrast, in the SCN of mice that were housed in short days, a
higher percentage of GABAergic neurons were inhibitory (52%)
than excitatory (28%) Farajnia et al., 2014. The ratio between excitatory and inhibitory GABAergic neurons changed by blocking the
Cl cotransporter NKCC1 using bumetanide, which suggests the
involvement of NKCC1 in seasonal adaptation. Whether photoperiod also affect GABAergic inhibitory-excitatory balance in other
brain regions should be investigated in future studies. The ﬁnding
that photoperiod alters the balance in dopamine and somatostatin
underscores the potential large inﬂuence of photoperiod on neurotransmitter signaling in the brain (Dulcis et al., 2013).
3.4. Phase shifts
In early studies, Elliott and Pittendrigh found that light pulses
triggered a larger shift in running-wheel activity in hamsters
entrained to short days as compared to long days (Pittendrigh
et al., 1984). Later studies performed in mice and hamsters have
supported these ﬁndings (Vanderleest et al., 2009; Evans et al.,
2004; Reﬁnetti, 2002). Moreover, the effect of light on the SCN
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can be mimicked in vitro by applying a glutamate receptor agonist.
In vitro, an NMDA pulse caused a signiﬁcantly larger delay in the
SCN of mice from a short photoperiod compared to the SCN of mice
from a long photoperiod (Vanderleest et al., 2009). In addition,
after advancing the light–dark cycle, the high-amplitude SCN
rhythms in mice entrained to a short photoperiod advanced significantly more than the low-amplitude SCN rhythms in mice
entrained to a long photoperiod (Ramkisoensing et al., 2014).
These ﬁndings are unexpected in view of the current knowledge
that the amplitude of the SCN rhythm is larger in short days than in
long days. The limit-cycle oscillator theory is often used to model
the phase-shifting behavior of oscillators. A special property of
the limit cycle is that the original rhythm (period) is restored when
it is perturbed, and predicts that in general oscillators with high
amplitude shift to a lesser degree than low-amplitude oscillators
in response to an external perturbation of a given magnitude
(Arnol’d and Levi, 1988; Winfree, 2000; Pittendrigh et al., 1991).
Based on this prediction, one would have expected that low-amplitude SCN rhythms—as occur in long days—would have a larger
phase shift than high-amplitude SCN rhythms.
One possible way to reconcile this discrepancy between theory
and experimental observations is to take into consideration the differences in synchronization in long and short days (Vanderleest
et al., 2009). In a more synchronized SCN neuronal population
(i.e., in short days), the majority of the individual cells will respond
with a common phase-shifting response to an external perturbation, which will lead to a large shift at the ensemble network level.
If the neuronal population of the SCN is less synchronized, the individual cells will have divergent phase-shifting responses, resulting
in a smaller shift in the SCN network. Simulation studies have recapitulated precisely the experimental observations and demonstrated that the synchrony among individual cells determines the
phase-shifting response of the SCN network (Vanderleest et al.,
2009). Thus, although the limit-cycle oscillator theory may well
predict the behavior of an individual oscillator, it cannot predict
the behavior of a network of oscillators

4. SCN efferent pathways
4.1. Peripheral clocks
In vertebrates, most peripheral cell types contain endogenous
circadian oscillators (Yoo et al., 2004; Yamazaki et al., 2000;
Balsalobre et al., 1998; Nagoshi et al., 2004; Welsh et al., 2004).
For example, tissue explants obtained from heart, lung, and liver
have revealed oscillations in the expression of their clock genes
(Yoo et al., 2004; Yamazaki et al., 2000). The molecular mechanism
underlying these peripheral clocks is the same mechanism that
underlies the central clock. However, non-transcriptional oscillations could also play a role as shown by peroxiredoxins that
undergo 24-h redox cycles in erythrocytes (O’Neill and Reddy,
2011).
The SCN synchronizes the peripheral clocks via humoral and
neuronal outputs (Kalsbeek et al., 2006, 2010; Vujovic et al.,
2008), and when input from the SCN is lost, the peripheral clocks
rapidly become desynchronized (Yoo et al., 2004; Yamazaki et al.,
2000). Synchronization of peripheral clocks to the light–dark cycle
is essential for maintaining seasonal physiology. Exposing rats to a
different photo affects the expression of Per1 in the liver and Per2
in the lung and heart (Bendova and Sumova, 2006). Exposing
Syrian hamsters (Mesocricetus auratus, also known as the golden
hamster) to either short or long days signiﬁcantly changes the
circadian expression of Per1 in the lung and heart, as well as
the clock-controlled gene Dbp in the heart (Carr et al., 2003). The
expression proﬁles of clock genes in the SCN and peripheral tissues

are differentially altered by photoperiod (Carr et al., 2003; Sumova
et al., 2002). The rhythm of clock gene expression in the SCN
adjusts to the transition from long to short days primarily by
phase-advancing the expression decline; in contrast, the expression of Rev-erba in the liver—as well as the rhythm of locomotor
activity—adjusts to the same transition by advancing the onset of
activity. Exposing an animal to short days for several months
causes the animal to revert to a long photoperiod-like physiology.
Although the rhythm of clock expression in peripheral tissues
reﬂects long day-like behavior, the expression proﬁle of clock
genes in the SCN continues to reﬂect short days, resulting in a clear
dissociation between the SCN and the peripheral clocks (Carr et al.,
2003). This functional dissociation suggests that regulation of the
peripheral clocks by the photoperiod is not driven solely by the
SCN and/or melatonin and is likely under the control of other factors such as food intake and/or locomotor activity. Indeed, placing
animals on a restricted feeding regimen can entrain the liver independent of the SCN and the light–dark cycle (Stokkan et al., 2001;
Parkanova et al., 2012).
4.2. Neural and humoral pathways
The SCN signals to both intrahypothalamic and extrahypothalamic target areas via efferent neural pathways. Anatomical studies
using anterograde and retrograde tracers in the rat brain identiﬁed
the following six primary efferent projections from the SCN (Watts
and Swanson, 1987; Watts et al., 1987; Stephan et al., 1981; Berk
and Finkelstein, 1981; Swanson and Cowan, 1975): (i) ﬁbers that
terminate in the zone between the SCN and the paraventricular
nucleus (PVN), as well as the periventricular nucleus and anterior
hypothalamic area (with some axons continuing dorsally and terminating in the mid-rostrocaudal parts of the PVN, and some axons
terminating caudally in the dorsomedial nucleus); (ii) rostrally
directed ﬁbers that terminate in the ventral parts of the medial
preoptic area and anteroventral periventricular nucleus; (iii) anterodorsally oriented ﬁbers that traverse the medial preoptic nucleus
(including adjacent regions) and terminate ventrally in the intermediate lateral septal nucleus; (iv) ﬁbers that run caudal to the
third group and terminate in the preoptic continuation of the
bed nucleus of the stria terminalis, as well as in the parataenial
nucleus and rostral part of the PVN; (v) laterally directed ﬁbers
that traverse the optic tract and terminate in the ventral lateral
geniculate nucleus; and (vi) ﬁbers that extend posteriorly through
the anterior hypothalamic and retrochiasmatic areas and terminate between the arcuate nucleus and ventral parts of the ventromedial nucleus, as well as in adjacent parts of the lateral
hypothalamic area.
In Siberian hamsters, obstruction of the dense efferent projections that originate in the dorsal tips of the SCN and traverse dorsomedially and dorsocaudally does not block short-day melatonin
signals, suggesting that these projections are not the route that
the SCN uses to transmit photoperiod information to other areas
of the central nervous system (Song et al., 1998). Other projections
that might be responsible for transmitting the short-day signal
include the rostrally and caudally traversing ﬁbers along the ventral surface of the brain (Song et al., 1998). An additional pathway
may involve humoral output from the SCN. The SCN’s exocrine
function has been suggested based on experiments in which SCN
transplants restored circadian activity rhythms in SCN-lesioned
animals and animals that were arrhythmic due to other factors
(Tousson and Meissl, 2004; Silver et al., 1990; Lehman et al.,
1987; Earnest et al., 1999). Encapsulating the transplanted SCN,
which prevents neural outgrowth, did not prevent the restoration
of circadian rhythmicity, suggesting that humoral signals diffuse
from the transplanted SCN (Silver et al., 1996). Moreover, the structural integrity of the SCN seems unnecessary for maintaining

C.P. Coomans et al. / Frontiers in Neuroendocrinology 37 (2015) 29–42

rhythmicity, as even micropunches are sufﬁcient to restore activity
patterns (LeSauter et al., 1996). Even though locomotor rhythm can
be restored by SCN transplants, the transplants are unable to
restore the reproductive response to day length (Lehman et al.,
1987), suggesting that neural efferent pathways are necessary for
transmitting information regarding day length from the SCN.
4.3. Melatonin
4.3.1. Melatonin signaling
The SCN conveys photoperiodic information to the pineal gland
via a polysynaptic efferent pathway as shown in Fig. 1. This pathway runs from the paraventricular nucleus of the hypothalamus, to
the intermediolateral cell column of the thoracic spinal cord, to the
superior cervical ganglion, and ﬁnally to the postganglionic adrenergic ﬁbers that innervate the pineal gland. During night time, norepinephrine is released from these sympathetic nerve endings and
stimulates postsynaptic b1 and a1 adrenergic receptors on pinealocytes, triggering a large increase in intracellular cyclic adenosine
monophosphate (cAMP) levels Klein et al., 1970. This increase in
cAMP activates serotonin N-acetyltransferase (also known as arylalkylamine N-acetyltransferase, or AANAT), a key regulatory
enzyme in the melatonin biosynthesis pathway (Klein and
Weller, 1970a). Oscillations in the level of AANAT cause the rhythmic synthesis and secretion of melatonin (Klein and Weller,
1970b). In both diurnal (i.e., day-active) as well as nocturnal (i.e.,
night-active) animals, melatonin levels are high during the dark
phase. Upon exposure to light, AANAT levels decrease rapidly, in
turn reducing melatonin levels. When entrained to a long photoperiod, the light-induced decrease in AANAT is advanced by an earlier
dawn, whereas the dark-induced increase in AANAT is delayed by a
later dusk. As a result, the duration of the nocturnal melatonin signal is compressed during the relatively short nights in the summer
and expanded during the long winter nights (Illnerova and
Vanecek, 1980). Thus, the temporal pattern of melatonin levels
serves as a humoral signal conveying information regarding both
the time of day and day length. Photoperiod-induced changes in
melatonin secretion have wide-reaching effects on seasonal animal
physiology and behavior, as the MT1 and MT2 melatonin receptors
are distributed widely throughout the body, including the central
nervous system, heart, endocrine system, and immune system.
Because the SCN expresses high levels of melatonin receptors, melatonin serves as a feedback system on the clock (Duncan et al.,
1989; Maywood et al., 1995; McArthur et al., 1991). Melatonin
has been shown to inhibit glucose uptake by the SCN as well as
inhibit SCN single-unit activity during the late subjective day
(Cassone et al., 1987, 1988; Shibata et al., 1989). Furthermore, melatonin can mediate a phase advance in the central clock at the late
subjective day and late subjective night (Hunt et al., 2001). However, the precise role of this hormone in the circadian system is still
a subject of debate. Pinealectomy (removal of the pineal gland) has
only limited effects on mammalian circadian rhythmicity (Morin,
1993); moreover, C57Bl/6 mice—a melatonin-deﬁcient inbred
mouse strain (Ebihara et al., 1986)—have normal locomotor activity rhythms (Roseboom et al., 1998; Schwartz and Zimmerman,
1990). In contrast, giving daily injections of melatonin can
restore—at least partially—circadian activity patterns in animals
housed in continuous conditions (Cassone et al., 1986a,b;
Cassone, 1992; Armstrong et al., 1986; Chesworth et al., 1987),
but only if the SCN is intact (Cassone et al., 1986a).
4.3.2. The seasons and melatonin
Melatonin is secreted at night, and the duration of melatonin
production reﬂects the length of the dark period (i.e., the scotoperiod); thus, daily melatonin secretion is prolonged in the winter
(when nights are longer) as compared to the summer (Illnerova
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and Vanecek, 1985). In the laboratory setting, seasonal responses
can be evoked by the administration of exogenous melatonin
(Bartness et al., 1993). For example, long-lasting pulses of melatonin in pinealectomized Siberian hamsters elicit a short day-like
response, thus mimicking winter even in hamsters that are housed
in a long photoperiod (Bartness and Goldman, 1988). This result has
been conﬁrmed in hoofed animals with intact melatonin signaling.
Prolonging the melatonin signal by giving oral or intramuscular
melatonin to sheep and deer housed in long days triggers a short
day-like reproductive response (Bubenik, 1983; Nett and
Niswender, 1982; English et al., 2014; Kennaway et al., 1984;
Poulton et al., 1987). Using radiolabeled melatonin as a tracer, several high-afﬁnity binding sites for melatonin have been identiﬁed in
the Siberian hamster brain; these sites include the paraventricular
nucleus, the stria medullaris, the nucleus reuniens, the pars tuberalis (PT), and the SCN Duncan et al., 1989; Weaver et al., 1989. Quantitative autoradiography has revealed that the density of melatonin
receptors in the SCN of Syrian hamsters is lower in short photoperiods than in long photoperiods (Schuster et al., 2001). The SCN of
hedgehogs, however, has a similar number of melatonin-binding
sites under both long and short photoperiods (Gauer et al., 1993).
Moreover, unlike in the Syrian hamster, changing the photoperiod
does not affect melatonin receptor density in the SCN of Siberian
hamsters, although the amplitude of the melatonin peak is higher
under short photoperiods than under long photoperiods (Schuster
et al., 2001; Recio et al., 1996). Consistent with this ﬁnding, Siberian
hamsters lack a circadian rhythm in melatonin binding in the SCN
(Schuster et al., 2001; Recio et al., 1996). In contrast, in the rat
SCN, melatonin receptors ﬂuctuate daily, with increased receptor
density during the day and decreased density at night (Gauer
et al., 1993; Tenn and Niles, 1993). In summary, photoperiod affects
the level of melatonin-binding sites in the SCN of Syrian hamsters,
but not in the SCN of hedgehogs or Siberian hamsters, while the
effect of photoperiod in the rat has yet to be investigated.
The pars tuberalis (PT) in the pituitary gland expresses the highest density of melatonin receptors of any tissue and is the most conserved site of expression across mammalian species. The PT plays a
role in mediating some of the seasonal photoperiod-induced
responses in mammals, including the photoperiod-induced regulation of prolactin (Ross and Morgan, 2002; Morgan, 2000). In short
photoperiods, the density of melatonin receptors is reduced in the
PT of both Syrian hamsters and Siberian hamsters (Schuster et al.,
2001). This short photoperiod-induced decrease in melatonin-binding capacity is directly determined by the duration of the nocturnal
melatonin signal (Messager et al., 1999; Gauer et al., 1994; Stanton
et al., 1991). Thus, the short photoperiod-induced reduction in melatonin receptor density in the PT of both Syrian hamsters and Siberian hamsters—and in the SCN of Syrian hamsters—is likely due to a
long-term, gradual melatonin-induced inhibition of melatonin
receptor gene expression (Schuster et al., 2001).

5. Seasonal physiology and the SCN
5.1. Hibernation and the SCN
Hibernation is an energy-conserving strategy used by many
species to cope with annually recurring periods of cold and/or food
shortage. For most mammalian hibernators, the hibernation season
is marked by prolonged intermittent periods of hypometabolism
that generally last 4–10 days, with brief recurrent returns to
euthermic body temperature lasting approximately 6–24 h (Ruby,
2003). When hibernating (i.e., in a state of deep torpor), body temperature, cardiac function, and respiratory rate are reduced, muscle
tone is more relaxed, and the animal adopts a heat-conserving
‘‘curled-up’’ body position.
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The hibernation season for the golden-mantled ground squirrel
(Spermophilus lateralis) lasts approximately six months (from
autumn through winter) and is spent in an underground hibernaculum. This period of deep torpor interrupted by spontaneous periods of arousal eventually turns to a state of continuous arousal
during spring and summer. The body weight of these squirrels also
follows a seasonal rhythm: in the summer, they increase their food
intake and fat mass, and in the winter these fat reserves are
depleted gradually despite the animal’s reduced energy expenditure. When these squirrels are transferred to a constant photoperiod and temperature condition, this annual rhythm in body
weight change persists (Heller and Poulson, 1970). Lesioning the
SCN can disrupt the animal’s natural annual rhythm in body mass,
but only when the animal is exposed to temperatures similar to
temperatures experienced during the winter (Ruby et al., 1998).
When SCN-lesioned squirrels are housed at 23 °C, only 20% of
the animals display disruptions in their annual body mass rhythm
(Zucker et al., 1983; Lee and Zucker, 1991). Interestingly, experiments that measured the uptake of radiolabeled 2-deoxyglucose
in ground squirrels revealed that during hibernation, the SCN is
more metabolically active relative to other brain regions (Kilduff
et al., 1982); indeed, of the 96 brain structures that were studied,
the only brain regions with a metabolic rate higher than the SCN
during deep hibernation were the paratrigeminal nucleus (which
integrates visceral and somatic information) and the cochlear
nucleus (Kilduff et al., 1990). The uptake of 2-deoxyglucose by
the SCN increased when the animal entered hibernation and
remained high throughout the entire hibernation period (Kilduff
et al., 1989). As the animal returned to its euthermic state, the
uptake of 2-deoxyglucose by the SCN declined abruptly. In the
SCN, expression of the light-responsive transcription factor c-Fos
increases during deep hibernation and peaks during arousal from
hibernation (Bitting et al., 1994; Revel et al., 2007). Complete—or
even partial—ablation of the SCN disrupts the animal’s normal
hibernation pattern and the weight loss that usually occurs during
hibernation (Ruby et al., 1998, 1996; Dark et al., 1990). These
results suggest that the SCN plays an important functional role in
hibernation. However, the SCN’s role in hibernation might not be
circadian per se, as the clock genes Per1, Per2, and Bmal1, as well
as the clock-controlled gene AVP, do not oscillate in the SCN of
hibernating European hamsters (Cricetus cricetus, also known as
the common hamster or black-bellied hamster). Moreover, hibernating marmots and European hamsters do not have rhythmic
plasma melatonin levels or rhythmic AANAT expression (Revel
et al., 2007; Florant et al., 1984). However, because these experiments were performed at different ambient temperatures and in
a variety of species and/or strains, the results are difﬁcult to compare. Nevertheless, although its exact role remains unclear, the
SCN seems to be required for establishing annual hibernation patterns and the related rhythmic ﬂuctuations in body weight.

by both luteinizing hormone (LH) and follicle-stimulating hormone
(FSH), which together regulate seasonal changes in gonad size.
Exposing male hamsters to a short photoperiod causes gonadal
regression, which is accompanied by the cessation of spermatogenesis and a decline in testosterone secretion. Photoperiod also
affects the body weight of hamsters, although the effect differs
among species. For example, in short days, Syrian hamsters gain
weight, whereas Siberian hamsters lose weight (Bittman et al.,
1991; Bartness and Wade, 1984; Wade and Bartness, 1984). This
opposite effect of photoperiod on weight change in two different
hamster species represents different strategies used to cope with
food shortage during the winter months (for review, see Morgan
et al. (2006)); Syrian hamsters accumulate fat prior to the winter,
and that added fat is then utilized in the winter; in contrast, Siberian hamsters reduce their food intake prior to the winter in order
to acclimate their energy requirements to accommodate the
reduced food availability during the winter months.
5.2.1. Seasonal breeding and the SCN
Exposure to artiﬁcial light during the subjective night suppresses the circadian rhythms of activity and SCN output
(Coomans et al., 2013; Fonken et al., 2013; Ohta et al., 2005;
Shuboni and Yan, 2010). Even ecologically relevant levels of seemingly dim light—similar to the levels of light pollution produced in
urban areas (i.e., approximately 5 lux)—can affect the circadian
system in rodents (for review, see Fonken and Nelson (2014)).
For example, these low levels of illumination during the night prevent short-day responses in reproduction and body mass in Siberian hamsters (Ikeno et al., 2014). In addition, lesioning the SCN
disrupts the photoperiod-induced responses to short day exposure
in both Syrian hamsters and Siberian hamsters (Bittman et al.,
1991; Rusak and Morin, 1976; Stetson and Watson-Whitmyre,
1976). Melatonin secretion is also disrupted by lesioning the
SCN; however, the lack of photoperiod-induced response after
SCN lesioning cannot be attributed exclusively to disrupted melatonin signaling. The infusion of exogenous melatonin to mimic
short days does not elicit short day-like responses in gonad size
or body weight in SCN-lesioned Siberian hamsters (Bartness
et al., 1991). In contrast, the nocturnal infusion of melatonin does
cause short-day-like gonad atrophy in SCN-lesioned Syrian hamsters (Maywood et al., 1990).
The mink is a short-day breeder that becomes sexually inactive
when day length exceeds 10 h and reaches peak sexual activity in
February. Complete destruction of the SCN in minks abolishes the
short day-evoked increase in testicular activity, comparable to the
studies performed in long-day breeders (Maurel et al., 1991). Testicular regression in summer is not triggered by day length and, in
line with this, is not abolished by lesioning the SCN (Maurel et al.,
1991; Boissin-Agasse et al., 1986). Thus, in the mink, the SCN regulates testicular activity under short day conditions, but does not
regulate testicular regression during long days.

5.2. Seasonal breeding
Seasonal breeders adapt their reproductive cycle to the changing seasons in order to maximize reproductive success and offspring survival. Many species of birds, voles, mice, and hamsters
breed in the spring and have a gestation period of only several
weeks; thus, these species are classiﬁed as so-called ‘‘long-day
breeders’’. On the other hand, goats, sheep, and deer breed in the
autumn and have a gestation period of approximately six months;
thus, these species are classiﬁed as ‘‘short-day breeders’’. The offspring of both long-day breeders and short-day breeders are born
in the spring and/or summer, when food is abundant. These seasonal breeders primarily use the changing photoperiod as a breeding calendar, as this is the most reliable seasonal environmental
cue to indicate the time of year. Seasonal reproduction is regulated

5.2.2. Prolactin
Most species of seasonally breeding mammals have a seasonal
pattern of prolactin secretion, with peak secretion occurring in
the spring and/or summer and the nadir occurring in the autumn
and/or winter (for review, see Curlewis (1992)). Prolactin (also
known as luteotropic hormone or luteotropin) is a polypeptide
hormone that is both synthesized in and secreted from lactotrophs,
specialized cells in the anterior pituitary gland. Prolactin is best
known for its role in stimulating the production of milk in female
mammals; however, more than 300 separate biological activities
have been attributed to prolactin involving reproduction, immune
responses, angiogenesis, osmoregulation, metabolism, and behavior. In addition to seasonal ﬂuctuations, prolactin secretion follows
a diurnal cycle and the ovulatory cycle. In rats, stimulating the
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uterine cervix (either through mating or by artiﬁcial stimulation)
induces the twice-daily secretion of prolactin secretion (Smith
and Neill, 1976; Gorospe and Freeman, 1981; Butcher et al.,
1972). The diurnal surge in prolactin secretion begins in the afternoon (between 1 pm and 3 pm), peaks in the early evening
(between 5 pm and 7 pm), and returns to basal levels by midnight.
The nocturnal surge begins at 1 am, peaks in the early morning
(between 3 am and 7 am), and returns to basal levels by 11 am.
The ovulatory cycle of prolactin secretion in female rats includes
a pre-ovulation surge in prolactin in the afternoon of the proestrus
phase, and this surge coincides with an estradiol-induced surge in
luteinizing hormone.
Surges in prolactin secretion occur in response to hypothalamic
dopaminergic inhibition and in response to stimulation by hypothalamic-releasing neurohormones such as oxytocin and thyrotropin-releasing hormone. Several studies suggest that prolactin
secretion is controlled by the coordinated activity of neuroendocrine dopamine and oxytocin, both of which are controlled by daily
output from the SCN. Exposing rats to continuous light, which
inhibits SCN output by 50% (Coomans et al., 2013), suppresses
the abovementioned cervix-stimulated prolactin surge (Pieper
and Gala, 1979; Bethea and Neill, 1979). Lesioning the SCN abolishes both the mating-induced prolactin surge and the cervical
stimulation-induced prolactin surge (Jakubowski and Terkel,
1986; Kawakami and Arita, 1981; Kawakami et al., 1980; Bethea
and Neill, 1980). Furthermore, knocking down the clock genes
Per1, Per2, and CLOCK within the SCN, thereby disrupting the circadian rhythmicity in behavior and physiology, blocks the proestrus
and estradiol-induced prolactin surges (Poletini et al., 2007). Inhibiting the neurotransmitter VIP in the SCN by injecting antisense
oligonucleotides disrupts both the prolactin surge induced by cervical stimulation and the estradiol-induced surge in ovariectomized rats (Harney et al., 1996; Egli et al., 2004; Kennett et al.,
2008). In addition, administration of vasopressin to the medial preoptic area during a prolactin surge suppresses this surge (Palm
et al., 2001). The SCN transmits circadian information via vasopressin-containing ﬁbers to estrogen receptor-containing neurons in
the medial preoptic area and/or via VIP-containing projections to
dopaminergic and/or oxytocinergic neurons in the paraventricular
nucleus and the periventricular nucleus, thereby controlling the
timing of the circadian surge in prolactin (and likely the seasonal
surge in prolactin as well). Thus, the SCN plays a role in regulating
prolactin, thereby coordinating seasonal physiology.

6. The seasons and the human SCN
In human populations, a wide variety of seasonal rhythms have
been reported (Halberg et al., 1983; Aschoff, 1981), including seasonal ﬂuctuations in birth rate (Roenneberg and Aschoff, 1990),
blood pressure (Imai et al., 1996), and sleep (Kohsaka et al.,
1992); for review, see Foster and Roenneberg (2008)). On the other
hand, other studies failed to detect signiﬁcant differences in
human physiology as a result of changing photoperiod (for review,
see Bronson (2004)). For example, measuring plasma melatonin
levels in healthy urban subjects revealed no difference in the duration of elevated night melatonin levels between the summer and
winter seasons (Illnerova et al., 1985). However, the melatonin
rhythms were phase-delayed by approximately 1.5 h in the winter
compared to the summer. It is likely that the use of artiﬁcial light
in modern society limits the ability of the circadian system to synchronize to naturally occurring changes in day length, thereby
attenuating our photoperiod-induced seasonal physiology (Wehr
et al., 1995). Furthermore, one-fourth of the world’s population
practices daylight saving time (in which the clock is changed by
one hour twice a year), which disrupts the seasonal adaptation of
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the human circadian system to the changing photoperiod when
the clocks are advanced in the spring (i.e., at the start of summer
time) (Kantermann et al., 2007).
A few studies reported seasonal changes in the human SCN. For
example, a study of postmortem brain specimens found that serotonin (5-HT) levels have seasonal ﬂuctuations, particularly in the
hypothalamus (Carlsson et al., 1980). Speciﬁcally, the concentration of 5-HT peaked in October–November and reached a nadir
in December–January. Consistent with this ﬁnding, similar seasonal patterns have been reported for L-tryptophan (a precursor
of serotonin) in the blood (Maes et al., 1995), as well as 5-HT and
its metabolites in the cerebrospinal ﬂuid (Brewerton et al., 1988).
Another study using single-photon emission computed tomography (SPECT) found a seasonal rhythm in the availability of serotonin transporter binding sites in the hypothalamus of healthy
female subjects (Neumeister et al., 2000). Brain-derived neurotrophic factor (BDNF), which interacts closely with 5-HT in both neuronal functioning and plasticity, also ﬂuctuates seasonally in
humans (Molendijk et al., 2012). The reductions in 5-HT concentration and transporter binding sites during the winter coincide with
an increased prevalence of depression during this same period. 5HT is strongly involved in the regulation of circadian rhythms by
the SCN. For example, the SCN receives robust serotonergic projections from the midbrain raphe nuclei, and changes in 5-HT affect
circadian behavior and neuroendocrine rhythms in rodents. The
seasonal ﬂuctuations in 5-HT levels may reﬂect changes in serotonergic projections to the SCN, which induce seasonal rhythmicity
in both physiology and behavior.
Seasonal changes in SCN morphology have been identiﬁed using
postmortem brain tissue obtained from young subjects (males and
females 6–47 years of age). In early autumn (i.e., from August
through October), the number of vasopressin-containing and VIPcontaining neurons was signiﬁcantly higher than in late spring/
early summer (i.e., from April through June) (Hofman and Swaab,
1992, 1993; Hofman et al., 1993). The SCN-PVN axis is essential
for relaying photoperiodic information to other parts of the body.
The volume of the PVN also ﬂuctuates seasonally, peaking in the
spring (Hofman and Swaab, 1992). In contrast, other brain regions
that are not involved in the temporal organization of biological
processes do not ﬂuctuate seasonally, suggesting that seasonal
changes in morphology are limited to brain regions that play a role
in the transmission of photoperiod-related information. As one
ages, the seasonal ﬂuctuation in SCN morphology is progressively
reduced (Hofman and Swaab, 1995); for example, the annual ﬂuctuation in vasopressin-containing neurons in the SCN diminishes
in elderly people (i.e., in individuals 50–95 years of age). This
observation is consistent with other perturbations in the circadian
system observed in aging humans and other mammals, including
fragmented activity patterns and a decline in neuronal activity in
the SCN (Meijer et al., 2012; Farajnia et al., 2012; Nakamura
et al., 2011).

7. Conclusions
It is becoming increasing clear that in addition to orchestrating
circadian rhythmicity, the SCN also plays an important role in seasonal physiology. The unique light response characteristics of SCN
neurons enables these cells to measure the length of the day (i.e.,
the photoperiod). This information is then encoded by the SCN
by adjusting the level of phase synchrony among the individual
SCN neurons. At the molecular level, the regional organization is
clearly heterogeneous, whereas at the level of electrical activity,
changes in phase synchrony are integrated and measurable
throughout the SCN. The ensemble electrical activity of the entire
SCN reﬂects the length of the day. Thus, the ability of the SCN to

38

C.P. Coomans et al. / Frontiers in Neuroendocrinology 37 (2015) 29–42

encode photoperiod information is dependent on the integrity of
the neuronal network. Seasonal changes in certain physiological
functions are regulated by structures that lie downstream of the
SCN. The SCN projects to intrahypothalamic and extrahypothalamic target areas, and it projects indirectly to numerous endocrine
systems in our body. Despite the widespread use of artiﬁcial light,
many studies report the presence of seasonal rhythms in humans,
although other studies found no evidence of such rhythms. In the
human SCN, seasonal rhythms are well documented. Whether seasonal rhythms are important to humans, and whether they contribute to our health and/or fertility, are open questions that
must be addressed.
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