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Abstract

In mammals, the circadian oscillators that drive daily behavioral and endocrine rhythms are located
in the hypothalamic suprachiasmatic nucleus (SCN). While the SCN is anatomically well-situated to
receive and transmit temporal cues to the rest of the brain and periphery, there are many holes in our
understanding of how this temporal regulation occurs. Unanswered questions include how cell
autonomous circadian oscillations within the SCN remain synchronized to each other as well as
communicate temporal information to downstream targets. In recent years, it has become clear that
neuropeptides are critically involved in circadian timekeeping. One such neuropeptide, vasoactive
intestinal peptide (VIP), defines a cell population within the SCN and is likely used as a signaling
molecule by these neurons. Converging lines of evidence suggest that the loss of VIP or its receptor
has a major influence on the ability of the SCN neurons to generate circadian oscillations as well as
synchronize these cellular oscillations. VIP, acting through the VPAC2 receptor, exerts these effects
in the SCN by activating intracellular signaling pathways and, consequently, modulating synaptic
transmission and intrinsic membrane currents. Anatomical evidence suggests that these VIP
expressing neurons connect both directly and indirectly to endocrine and other output targets. Striking
similarities exist between the role of VIP in mammals and the role of Pigment Dispersing Factor
(PDF), a functionally related neuropeptide, in the Drosophila circadian system. Work in both
mammals and insects suggests that further research into neuropeptide function is necessary to
understand how circadian oscillators work as a coordinated system to impose a temporal structure on

physiological processes within the organism.



I. Introduction

The outputs of endocrine systems, as measured at the level of secreted hormones, are rarely static
through time. Some of this temporal variation is due to episodic challenges or changes in the
environment that require physiological responses. Other changes are quite predictable as many
hormones exhibit daily rhythms in synthesis and secretion. These rhythms are driven by endogenous
timing systems referred to as circadian oscillators. When appropriately synchronized to the
environment, these circadian oscillators provide temporal structure to an organism's physiological
processes and allow organisms to anticipate predictable changes in the environment. This temporal
organization is important for many behavioral and endocrine outputs, including reproductive functions.
In mammals, the part of the nervous system responsible for most circadian behavior can be localized to
a pair of structures in the hypothalamus known as the suprachiasmatic nucleus (SCN). Early lesion
studies (Moore and Eichler, 1972; Stephan and Zucker, 1972) provided the first information localizing
circadian clock function in mammals by establishing that the SCN is necessary for the expression of
certain behavioral and endocrine rhythms. Subsequent studies showed that SCN cells are rhythmic
both in vivo and in vitro, these cells begin to oscillate in utero, they show circadian cycles of
metabolism, and transplantation of fetal SCN restores rhythmicity in SCN-lesioned animals (see
Weaver, 1998; van Esseveldt et al., 2000 for reviews). Other circadian oscillators, for instance in the
liver, have also been discovered, and an interplay between the SCN and these peripheral oscillators
govern physiological, behavioral, and endocrine rhythms. Despite the existence of other circadian
oscillators, the clock within the SCN is still considered the “master” oscillator that coordinates daily
rhythms in the mammalian body (see Reppert and Weaver, 2002).

The SCN is a bilaterally paired nucleus made up of tightly compacted, small-diameter neurons just
lateral to the third ventricle atop the optic chiasm (van den Pol, 1980). Anatomical studies generally
support the division of the SCN into at least two subdivisions including a ventrolateral (core) and
dorsomedial (shell) (Morin et al., 2006; Fig. 1). The ventrolateral neurons are thought to act as an
integrator of external input, receiving information from three major pathways: the retino-hypothalamic
tract (RHT), the geniculohypothalamic tract (GHT) from the intergeniculate leaflet of the thalamus
(IGL) and from the raphe nuclei (Morin and Allen, 2005). RHT neurons transmit light information to
the SCN while GHT and raphe inputs are thought to modulate light information and transmit non-
photic signals. The ventrolateral neurons must integrate the environmental information and relay this
information to the rest of the SCN. In contrast, neurons of the dorsomedial shell appear to generate the
most robust circadian oscillations at least at the level of gene expression (e.g. Hamada et al., 2001; Yan

and Okamura, 2002; Nakamura et al., 2005). Most afferent projections of this area come from other
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areas in the hypothalamus, basal forebrain, brainstem, and limbic cortex (Gooley and Saper, 2005).
The fact that many core projections terminate on shell neurons further supports the idea that interplay
between these two centers is responsible for the output of circadian information from the SCN (Antle
and Silver, 2005). The outputs of the SCN largely travel to other hypothalamic regions including the
subparaventricular zone (SPZ) and the dorsomedial nucleus (Abrahamson and Moore, 2001;
Deurveilher and Semba, 2005). These hypothalamic relay nuclei send projections throughout the
central nervous system and endocrine system, providing multiple pathways by which the SCN can
convey temporal information to the brain and body (Deuveilher and Semba, 2005; Kalsbeek and Buijs,
2002; Kalsbeek et al., 2006; Fig. 1). In some cases, the anatomy of the circuits responsible for specific
outputs is beginning to be understood. For example, neurons within the dorsal SPZ appear to be
particularly important for circadian rhythms of sleep and waking while ventral SPZ neurons appear to
be particularly important for rhythmic feeding and adrenal functions (Saper et al., 2005).

Despite recent advances in the field, a detailed understanding of how temporal information is
communicated both to and from the SCN is not understood. It is known that there are endogenously
oscillating neurons within the SCN that may act as pacemakers, and a great deal has been uncovered
regarding the molecular basis of rhythm generation in individual SCN neurons. However, these
individual pacemaking neurons, when separated in a dish, have different phases (Welsh et al., 1995).
Therefore, in a non-dissociated SCN, there must be some agent or mechanism involved in
synchronizing these neurons to provide a robust population signal from the SCN. This synchronization
would seem important for the spread of timekeeping cues across SCN neurons as well as for the
presentation of a clear output signal from the SCN.

One key to understanding how neurons in the SCN communicate temporal information may lie
within the different neuropeptides expressed in the SCN. Cell populations within the SCN express
distinct neuropeptides (Fig. 1). For example, many neurons within the ventrolateral SCN express the
neuropeptide VIP while many neurons in the dorsomedial shell express vasopressin. In the hamster,
there is also good evidence for a third population of calbindin positive cells that may function to “gate”
the photic response of the SCN population (Antle and Silver, 2005). Over the last few years, a number
of studies have examined the role of neuropeptides in cellular communication and function of the
circadian system. Nevertheless, it is probably fair to say that we are still in the early stages of
understanding the physiological roles played by these peptides in the SCN or in the nervous system in
general. We believe that the neuropeptide VIP: 1) acts as a major synchronizing agent among SCN
neurons, 2) modulates the molecular oscillations within individual oscillators and 3) synchronizes SCN

neurons with light cues. In this review, we seek to provide a summary of some of the field’s recent
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progress in understanding the role of VIP in the circadian system of mammals. Utilizing data from
anatomical, genetic, and physiological studies, we will propose a model of how VIP communicates
temporal cues through the SCN. As part of this summary, we will also compare the role of VIP in
mammals to the role of Pigment Dispersing Factor (PDF), a functionally related neuropeptide, in insect

circadian systems.

I1. Evidence that VIP and VPAC,R are highly expressed in the SCN

VIP is a neuropeptide in the secretin superfamily (reviewed in Vaudry et al., 2000), which includes
structurally similar pituitary adenylate cyclase-activating polypeptide (PACAP), glucagon and growth
hormone-releasing hormone. Comparative studies have revealed members of the secretin superfamily
expressed in the oldest vertebrates, jawless fish (Irwin et al., 1999). In mammals, VIP is expressed in
specific subpopulations of neurons in the brain and peripheral nervous system as well as other tissues
in the body. Anatomical organization of VIP and its receptors provided early indications that this
peptide may be important for circadian function. Studies in the rat revealed that the SCN had large
amounts of VIP- and VIP-receptor-containing neurons (Besson et al., 1986; Roberts et al., 1980;
Vertongen et al., 1998). These VIP-neurons are primarily located in the ventrolateral aspect of the
nucleus (Abrahamson and Moore, 2001; Ibata et al., 1989). Neurons in this region receive retinal input
from the RHT and express both VIP and GABA (e.g. Buijs et al., 1995). At least one study in rats has
directly demonstrated the termination of retinal afferents on VIP expressing cells (Tanaka et al., 1993).
Thus, the VIP expressing cells in the ventrolateral SCN directly receive photic information via the
RHT. These retino-recipient cells must then convey this environmental information to the rest of the
SCN (Fig. 1).

VIP binding sites are found early in vertebrate brain phylogeny with binding described in the
anuran, reptilian, avian, and mammalian brains (Dietl et al., 1990). Two receptors, encoded by distinct
genes, bind VIP with high affinity: VPAC,R and VPAC;R (Ishihara et al., 1992; Lutz et al., 1993;
Usdin et al., 1994). No known receptors specifically bind VIP without binding PACAP. VPAC,R and
VPAC;R exhibit widespread expression in the brain and mediate most or all of the biological actions
of these peptides. The SCN may be the most abundant site of expression of the VPAC,R in the central
nervous system (Sheward et al., 1995; Usdin et al., 1994; Cagampang et al., 1998; Vertongen et al.,
1998). In the mouse SCN, it has been estimated that VPAC;R are co-expressed with =~30% of VIP
expressing and ~50% of the vasopressin expressing neurons (Kallo et al., 2004b). Clearly, the VIP

signal does not have to travel far to influence SCN neurons in both the ventrolateral and dorsomedial



cell populations. The presence of the VPAC,R in the ventrolateral region also suggests that VIP signals
may “feed back” to regulate VIP secreting cells (Fig. 1).

While not highly studied, there is some evidence that the levels of VIP and its receptor vary with a
circadian oscillation. For example, measurements of VIP release from rat SCN slice cultures reveal
circadian oscillations that continue for a number of cycles in constant conditions (Shinohara et al.,
2000). Furthermore, in the mouse SCN, the levels of VIP mRNA show a circadian rhythm (Dardente et
al., 2004). Similarly, the mRNA coding for the VPAC;R varies with a daily cycle in rodents
(Shinohara et al., 1999; Kallo et al., 2004a). The functional significance of these rhythms is not yet
known. For example, it may be that the rhythms in peptide levels are responsible for driving outputs
from the circadian system. Alternatively, the presence (but not the rhythm) of the peptide and its
receptor may be sufficient to fulfill the functions of this signaling system.

As described above, VIP is expressed in a subpopulation of cells within the SCN. Our starting
assumption is that these neurons are using this peptide to communicate with specific post-synaptic
targets. For example, the depolarization of the VIP expressing neurons by light causes the release of
VIP and co-transmitters including GABA, and these neurotransmitters alter the membrane properties
of the next set of neurons in the circuit via activation of VPAC,R. This assumption has not been
directly tested within the SCN and we do not yet know if VIP directly mediates cell-to-cell
communication within the SCN. At this point, it is equally plausible that VIP functions more as a

paracrine signal acting at sites more distant then just the adjacent postsynaptic neurons.

I11. Genetic models and the exploration of the functional roles of VIP and VPAC;R in the
circadian system

Recently, transgenic mouse models have provided additional tools to understand the role of VIP
and the VPAC,R in the circadian system in vivo (see Shen et al., 2000; Harmar et al., 2002; Colwell et
al., 2003). The development of these models has had a major impact on research in this area. Figures 2
and 3 illustrate some of the phenotypes expressed by the VIP- and VPAC,R-deficient mice. We would
like to start by raising a couple of points that we feel are important to keep in mind when interpreting
the experiments with these transgenic models. First, it is possible that the loss of PACAP signaling
could contribute to the circadian phenotype associated with Vipr2 -/- mice. The VPAC;R also
recognizes the peptide PACAP with the same affinity as VIP. Analysis of PACAP-deficient mice
suggests that PACAP is not important for the generation of rhythmicity, and these mice primarily
present abnormalities in the light response of the circadian system (Colwell et al., 2004). Still, the loss

of the PACARP signal could contribute to the more severe phenotype seen with the Vipr2 -/- mice when
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compared to the Vip -/- mice. This brings us to a point about the VIP-deficient mice. The VIP
precursor polypeptide contains sequences encoding the peptide histidine-isoleucine (PHI, Linder et al.,
1987). The construct used in making the VIP-deficient mice also eliminates PHI and the loss of PHI
could contribute to some of the phenotype associated with the Vip -/- mice. The mRNA coding for VIP
and PHI are not differentially localized (Linder et al., 1987) and no putative PHI receptors have been
described in the mammalian nervous system. Until more information emerges, we are inclined to view
the circadian phenotypes as being solely due to the loss of VIP. These caveats point to the advantages
our field has enjoyed in having the ability to analyze and compare mice missing either VIP or

VPAC,R.

Evidence that VIP and VPAC,R are critical for the generation of coherent circadian oscillations in
behavior.

All of the VIP- and VPAC,R-deficient mice exhibit disruptions in their ability to express a
coherent circadian rhythm in constant conditions (Harmar et al., 2002; Colwell et al., 2003; Fig. 3). In
many cases, the transgenic mice exhibit wheel-running behavior that is arrhythmic on the circadian
time scale. The remainder of the mutant mice express a rhythm with a significantly shortened period
that lacks coherence and statistical power due to variability in activity onset and expansion of the
duration of wheel running activity. The extent of the arrhythmic phenotype varies from animal to
animal and between transgenic models, with the VPAC,R knockout (Vipr2-/-) mice exhibiting the
most disrupted rhythms. Recent evidence suggests that one explanation for the variability in phenotype
in the Vipr2-/- is that gastrin-releasing peptide (GRP) has some ability to compensate for the loss of the
VPAC;R (Brown et al., 2005). The instability of the circadian system of VIP- and VPAC,R-deficient
mice becomes even more apparent when the system is challenged. For example, when placed on a
skeleton photoperiod consisting of two light pulses per cycle, the VIP-deficient animals exhibit two
discrete activity bouts instead of one activity bout seen in WT controls. Finally, the over-expression of
the VPAC, receptor results in mice expressing a daily rhythm of locomotor activity with a shortened
period (Shen et al., 2000). Together, these data indicate that VIP and VPAC;R are critical for the
generation of behavioral rhythmicity in mice.

At a cellular level, SCN neurons typically exhibit a daily rhythm of electrical activity with high
activity during the day and low activity during the night (Fig. 2). This rhythm is essential for SCN
neurons to remain synchronized with each other as well as control rhythmicity in other regions of the
body. VIP- and VPAC,R-deficient mice fail to exhibit the midday peak in electrical activity that is
characteristic of impulse rhythms from SCN brain slices (Cutler et al., 2003; Brown et al., 2007).
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Furthermore, the loss of the rhythms in electrical activity is more pronounced in the mice who express
the most severe disruption in their rhythms in wheel running activity (Brown et al., 2007). The loss of
electrical rhythmicity in the knockouts could be due to a deficit in communication or a deficit in the
generation of single cell oscillations. This issue was examined using high-density dispersed cultures of
SCN neurons grown on a microelectrode array (Aton et al., 2005). Herzog and colleagues found that
both the ability of the population to remain synchronized as well as the ability of single cells to
generate oscillations are compromised in mice deficient in VIP or its receptor (Aton et al., 2005).
Importantly, in the VIP-deficient mice, the daily administration of a VPAC,R agonist was sufficient to
restore robust rhythmicity to the SCN neural population. It is not yet known if the tonic application of
the agonist would also be able to “rescue” the rhythmicity in the SCN cultures or whether the phasic
application is necessary.

In recent years, the field of circadian rhythms has moved rapidly to identify the rhythmically
expressed genes responsible for the generation of circadian rhythms in the SCN. One of the more
surprising observations that emerged from the initial description of the Vipr2 -/- mice is that the
rhythms in clock gene expression were lost (Harmar et al., 2002; Fig. 2). When the VPAC,R-deficient
mice were placed in constant dim red light, expression of mPerl, mPer2, mCryl and mBmall was
uniformly low and arrhythmic in the SCN as measured by in situ hybridization, while WT controls
exhibited robust rhythms. These observations led the authors to suggest that VIP/VPAC;R signaling is
essential for the basic molecular oscillation thought to drive cell-autonomous rhythms (King and
Takahashi, 2000; Reppert and Weaver, 2001). Important support for this interpretation comes from a
recent study following Perl gene expression within the SCN using optic imaging (Maywood et al.,
20006). In this study, the Vipr2 -/- mice were crossed onto mice carrying either the mPerl::luciferase or
mPerl::GFP transgenes. Using these optical reporters, SCN slice cultures were found to exhibit low
levels of mPerlexpression without the robust circadian variation seen in the controls. Furthermore, the
single cell imaging indicates that fewer cells were rhythmic and that the normal synchrony of
mPerlexpression in the SCN was lost in the Vipr2 -/- mice. These findings measuring gene expression
(Maywood et al., 2006) echo the results of the analysis of electrical activity (Aton et al., 2005; Brown
et al., 2007) with both indicating that VIP/VPAC;R are necessary for the synchrony among the SCN
cells as well as the maintenance of rhythmicity within individual SCN neurons (Fig. 2). Unfortunately,
comparable data examining rhythmic gene expression in the VIP-deficient mice has not yet become
available.

These observations with VIP and VPAC;R bring up an important issue regarding molecular

oscillations. While 24-hour transcriptional/translational feedback loops in individual neurons may
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ultimately control the expression of circadian rhythmicity, agents outside of these loops, such as VIP,
are also necessary for normal expression of this rhythmicity. One means by which VIP affects
molecular oscillations could be through membrane currents, as a growing body of evidence suggests
that membrane excitability and/or synaptic transmission are required for generation of molecular
oscillations. In Drosophila, electrically silencing circadian pacemaker neurons with the expression of a
non-voltage sensitive potassium (K") channel blocks behavioral rhythms as well as circadian rhythms
in expression of the PER and TIM proteins (Nitabach et al., 2002). This suggests that keeping the cells
in an appropriate voltage range may be required for the generation of rhythmicity at the single cell
level. Similarly, in the mammalian SCN, membrane hyperpolarization, caused by lowering the
extracellular concentration of K or blocking calcium (Ca*") influx in SCN cultures by lowering the
extracellular Ca*" concentration, reversibly abolishes the rhythmic expression of mPerl and mPER2
(Lundkvist et al., 2005). The blockade of voltage-sensitive Ca®" channels also abolishes the oscillatory
patterns of Per2 and Bmall expression in a cell line (SCN2.2) derived from the SCN (Nahm et al.,
2005). These results strongly suggest that a transmembrane Ca”" flux is necessary for sustained
molecular rhythmicity in the SCN. Another study measuring mPerl-luc activity within single neurons
in a slice (Yamaguchi et al., 2003) supports the view that membrane electrical activity is critical for
circadian rhythmicity. Exposing SCN slices to TTX damps Perl rhythmicity in individual neurons.
Furthermore, TTX treatment decreases levels of Perl and Per2 transcripts and proteins. Together these
findings in flies and mammals strongly support the view that the normal function of intrinsic
membrane currents is required for rhythmicity in gene expression and raise the possibility that

neuropeptides function to regulate these currents.

Evidence that VIP and VPAC,R are critical for the synchronization of circadian oscillations to the
environment.

The loss of VIP/VPAC;R also appears to alter the synchronization of the circadian oscillator to the
environment (Fig. 3). This phenotype is best seen in the experiments in which VIP or VPAC,;R
knockout animals are released into constant darkness (DD) from an LD cycle. A normally entrained
animal will start its activity from a phase predicted from the prior LD cycle. For example, WT mice
begin their free-running rhythm within 30 min of the time of lights-off in the prior LD cycle. In
contrast, the VIP KO animals start their activity about 8 to 10 hours before the time of the prior lights-
off (Colwell et al., 2003). The shorter period of the knockout mice cannot account for this large shift in
activity onset, and we postulate that most of this response must be due to an alteration in the processes

that couple the oscillator to the environment. This argument is supported by the altered phase angle of
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entrainment seen in the VIP knockout mice entrained to a single light pulse per cycle. Similarly, the
VPAC;R knockout mice also exhibit an extremely large advance in activity onset after release into DD
(Harmar et al., 2002). Further supporting a role for VPAC,R in photic signaling, overexpression of the
VPAC,R results in mice which entrain more quickly to a phase shift compared to controls (Shen et al.,
2000).

Thus, these data from the transgenic models are consistent with the suggestion that VIP is required
for normal light-induced synchronization of the circadian system. This proposition is supported by
previous behavioral pharmacology studies in which application of VIP alone (Piggins et al., 1995) or
in combination with other peptides (Albers et al., 1991) can mimic the phase shifting effects of light.
Application of VIP also phase shifts the circadian rhythm of vasopressin release (Watanabe et al.,
2000) and neural activity (Reed et al., 2001) measured in vitro. Finally, a study reports that VIP
induces rPerl and rPer2 gene expression during the subjective night (Nielsen et al., 2002). The normal
light induction of these Per genes is absent in the Vipr2 -/- mice (Harmar et al., 2002), which also
show a lack of phase gating in their response to light (Hughes et al., 2004). Together, these
observations suggest that the VIP/VPAC;R signaling pathway is critical for coupling of the oscillator
to the environment. Given the anatomical localization of VIP in the retino-recipient SCN neurons (Fig.
1), the simplest explanation is that the loss of VIP prevents the spread of photic information from the

ventral neurons to the rest of the SCN circuit.

1VV. Mechanisms that underlie the functional roles of VIP and VPAC,R in the SCN

Evidence that VIP/VPAC,R are positively coupled to the AC/PKA pathway

VPAC;R are G-protein-coupled receptors with characteristic seven transmembrane domains, three
extracellular and intracellular loops, an extracellular amino-terminus and intracellular carboxy-
terminus (Harmar, 2001). All members of this family can also regulate cyclic AMP (cAMP)
concentrations by coupling to adenylyl cyclase (Harmar, 2001). In a number of systems, including in
the SCN, VIP binding is followed by adenylyl cyclase activity leading to increases in cyclic AMP
(cAMP) and PKA (Meyer-Spasche and Piggins, 2004; Rea, 1990; Vanecek and Watanabe, 1998).
Downstream in the PKA and the other intracellular signaling pathways is the phosphorylation of
CREB and other transcription factors. Interestingly, the mPerlpromoter has CRE domains (Hida et al.,
2000), and thus provides a mechanism for VIP to regulate the molecular clock itself. Indeed, the
application of VIP to SCN neurons in the night results in increased expression of Perl and Per2

(Nielsen et al., 2002). While other signaling pathways may ultimately be shown to be involved; at this
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point, the simplest model is that the AC/PKA pathway mediates the effects of VIP and VPAC,R
activation in the SCN (Fig. 4).

Evidence that VIP/VPAC.R regulates inhibitory synaptic transmission

Understanding the effects of VIP on synaptic transmission can provide clues as to how VIP
signaling might synchronize cells within the SCN. It has been established that individual cells within
the SCN oscillate with different phases, and application of GABA can synchronize these cellular
oscillators (Liu and Reppert, 2000). Electrophysiological experiments characterizing GABAx-
mediated spontaneous inhibitory post-synaptic currents (sIPSCs) have found that VIP is a potent
modulator of GABA-mediated synaptic transmission within the SCN (Itri and Colwell, 2003; Fig. 4).
VIP and VPAC,R agonists both increase sIPSC frequency through a presynaptic mechanism
independent from PHI. The effect of VIP is mediated by VPAC,R and is a cAMP/PKA-dependent
mechanism (Itri and Colwell, 2003). This VIP regulation of inhibitory synaptic transmission appears to
be responsible for driving a circadian rhythm in GABA-mediated synaptic transmission (Itri et al,
2004). Interestingly, our data is consistent with findings that other hypothalamic neuropeptides have
the ability to prime vesicle stores for activity-dependent release (Ludwig and Leng, 2006), and this
priming could be one mechanism by which VIP affects GABA release. Our studies demonstrate that
VIP and VPAC;R modulate GABA-mediated synaptic transmission between SCN neurons and, we
speculate, that this mechanism may be important in the loss of synchrony seen in the VIP- and
VPAC,R-deficient mice. However, a recent study examining cellular communication among SCN
neurons in culture concluded that endogenous GABA controls the amplitude of SCN neuronal
rhythms, but unlike VIP, it is not critical for maintaining synchrony among SCN neurons (Aton et al.,
2006). More work will be required to understand VIP’s possible role as a regulator of synaptic

communication within the SCN circuit.

Evidence that VIP/VPAC;R regulates intrinsic membrane properties of SCN neurons

VIP can regulate intrinsic voltage-sensitive ion channels in other brain regions (e.g. Wang and
Aghajanian, 1990; Haug and Storm, 2000; Sun et al., 2003) and is likely to have the same effect in the
SCN (Fig. 4). Extracellular recordings indicate that application of VIP alters the firing rate of a
subpopulation of SCN neurons with most neurons exhibiting a decreased firing rate, although a few
cells are activated (Reed et al., 2002). These VIP-induced changes in firing rate are modulated, but not
mediated, by GABA, receptors. Furthermore, the application of VIP or VPAC,R agonist induces an

inward current mediated by the closure of K” channels in SCN neurons (Pakhotin et al., 2006). This
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type of regulation is more likely to provide an explanation for the VIP-induced excitation than the
suppression of firing seen with extracellular recordings. It seems likely that VIP will regulate multiple
currents within the SCN neurons. We have found that VIP regulates a fast delayed rectifier K* current
(Itri and Colwell, unpublished). This current is important for the expression of daily rhythms in the
frequency of action potentials in SCN neurons (Itri et al., 2005). Interestingly, the net result of the loss
of the VPAC,R is that the resting membrane potential of SCN neurons of the mutant mice were
significantly hyperpolarized compared to controls (Pakhotin et al., 2006). We speculate that this
chronic membrane hyperpolarization may underlie the loss of rhythmicity in firing rate and gene
expression seen in SCN neurons from VIP- and VPAC,R-deficient mice. Indeed, depolarization of
SCN neurons appears to be able to “rescue” the weak rhythms of gene expression observed in the SCN

of VPAC,R-deficient mice (Maywood et al., 2006).

V. VIP/VPAC;R involvement in the regulation of circadian outputs

In the past, the field of circadian rhythms has focused more on the basic mechanisms involved in
the generation of circadian oscillation than on the mechanisms by which the circadian system regulates
other physiological systems, including endocrine functions. In recent years, this focus has been
changing to include the study of the output systems that are clearly critical to the development of an
integrated view of circadian organization (Kriegsfeld and Silver, 2006). Among other findings, we now
have a much better appreciation for the distributed organization of the circadian timing system. Clock
genes have been described in neurosecretory cells (Kriegsfeld et al., 2003), the pituitary (von Gall et
al., 2002) and peripheral endocrine glands (e.g. Bittman et al., 2003). We assume that these genes drive
circadian oscillations in these endocrine cell populations and would normally have access to some type
of synchronizing signal from the SCN. In the case of endocrine systems, neural pathways emanating
from the SCN appear to be responsible for at least some of this communication. For example, the
polysynaptic pathway by which the SCN regulates the secretion of melatonin from the pineal has been
particularly well described (Klein, 1985). Anatomical studies have found that bothVIP and vasopressin
expressing neurons send projections to a wide range of targets important for neuroendocrine function,
mainly through a number of relay nuclei including the SPZ, dorsomedial nucleus of the hypothalamus
(DMH), medial preoptic area (MPOA) and paraventricular nucleus of the hypothalamus (PVN) ( van
den Pol, 1991; Abrahamson and Moore, 2001; Kalsbeek and Buijs, 2002; Kalsbeek et al., 2006; Fig.
1). Among SCN targets are corticotrophin-releasing hormone expressing, thyrotropin-releasing
hormone expressing, and gonadotropin releasing hormone expressing neurons of the hypothalamus

(Kalsbeek and Buijs, 2002). There has also been evidence to suggest a direct connection between the
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SCN and the hypothalamic supraoptic nucleus (SON) and arcuate nucleus (ARC) (Cui et al., 1997;
Saeb-Parsy et al., 2000). Furthermore, polysynaptic pathways from the SCN targeting the autonomic
nervous system also regulate endocrine outputs (Kalsbeek and Buijs 2002; Kalsbeek et al., 2006). Thus
there are multiple neural pathways from the SCN that can regulate endocrine activity.

VIP released from SCN neurons may directly affect some of these output targets. VPAC,R is found
in the major hypothalamic relay nuclei receiving afferents from the SCN, suggesting that the VIP/
VPAC;R signaling system may have important effects outside of the SCN as well (Kallo et al., 2004b).
A variety of studies have implicated VIP and VPAC,R in the circadian regulation of gonadotropin-
releasing hormone neurons (e.g. Harney et al., 1996; Gerhold and Wise, 2006). There is also evidence
to suggest a role for VIP in the temporal regulation of the hypothalamic pituitary adrenal axis
(Scarbrough et al., 1996; Buijs et al., 1999), though more studies are required to address this point. In
general, we feel that understanding the role of VIP and VPAC,R in the regulation of the endocrine

outputs of the circadian system will be an important area of future research.

V1. Parallels between VIP in mammals and PDF in insects

There is evidence that synaptic interactions involving neuropeptides play critical roles in the
maintenance and synchronization of circadian rhythms in non-mammalian systems. In Drosophila, the
neuropeptide PDF is expressed in a subset of lateral circadian pacemaker neurons implicated in driving
locomotor activity rhythms (Helfrich-Forster, 1995). Flies lacking PDF (Renn et al., 1999), or flies in
which the PDF expressing subset of clock neurons have been functionally silenced (Nitabach et al.,
2002), exhibit parallel and striking deficits in free-running rhythms in behavior. Chronically
depolarizing these same neurons also disrupts behavioral rhythms (Nitabach et al., 2006). In constant
conditions, the loss of PDF disrupts the ability of flies to sustain molecular oscillations. Furthermore,
pacemaker cells lose the ability to regulate the timing of PER and TIM entry into the nucleus, an event
that is critical to the generation of rhythms (Nitabach et al., 2002). The dysfunction leads to the
dispersal in the phasing of individual cells indicating a loss of synchrony within neuronal subgroups
(Lin et al., 2004). The loss of rhythmicity in transcription and protein activity could be due to loss of
rhythmicity at the single pacemaker cell (Peng et al., 2003) or due to the loss of synchrony between
cell populations (Lin et al., 2004). A recent study reports that the slowpoke mutant displays arrhythmic
behavior in constant conditions, which is thought to result from a mishandling of PDF accumulation
and/or release (Fernandez et al., 2007). In these Drosophila mutants, molecular oscillations in the
small ventral lateral cells are intact in constant conditions. However, the dorsal neurons of these

mutants, which receive PDF inputs, show desynchronized oscillations of PER and TIM. This recent

13



finding further supports the importance of communication between the different pacemaker cell
groups, mediated by PDF in generating synchronized cell oscillations and rhythmic behavior.

The role of PDF in the Drosophila circadian system is still under active investigation. For
example, a recent study described a strain that lacked any detectable PDF oscillations, yet displayed
normal circadian rhythms indistinguishable from the WT (Kula et al., 2006). The authors suggest that
PDF may play only a minor role in the Drosophila circadian system. Alternatively, it may be that the
presence of PDF is more functionally important than the rhythms in PDF levels. With the recent
identification of the PDF receptor GOP (groom of PDF, also known as HAN or PDFR), the functional
role of PDF in the circadian system, its downstream effectors and outputs will surely be clarified
(Hyun et al., 2005; Lear et al., 2005; Mertens et al., 2005).

There are many parallels between this emerging story in Drosophila and the work being done with
VIP in the mammalian SCN (Table 1). Briefly, the loss of PDF and VIP in free-running conditions
results in a decline into behavioral arrhythmicity in a majority of mutants. The presumed molecular
basis for the behavioral phenotype is a loss in synchrony between pacemaker cells as well as deficits in
the ability of pacemaker cells to generate oscillations. The same behavioral and molecular phenotypes
are observed when their respective receptors are knocked-out. Future findings and further
characterization of neuropeptidergic signaling in both the mouse and fly circadian system will help us
understand how these signaling systems play such an important role in the regulation of neuronal

circuitry crucial for behavioral rhythmicity and homeostasis.

VII. Summary

In this review, we summarize the evidence that VIP plays distinct and important roles in the
generation of circadian rhythms and the regulation of these rhythms by the environment. Specifically,
we present evidence that VIP acting through VPAC,R acts to 1) modulate the molecular oscillations
within individual oscillators 2) synchronize individually oscillating neurons with each other and 3)
synchronize SCN neurons with light cues. We also present recent data describing the mechanisms by
which VIP may be acting to produce these diverse actions in SCN neurons including presynaptic
regulation of GABA release as well as postsynaptic modulation of intrinsic membrane currents.
Finally, we hope to show the relevance of studying VIP in the mammalian circadian system by using it
as a model to understand problems of oscillations and coupling in other systems. While we are just
beginning to uncover the roles of VIP in the mammalian circadian system, more research will improve

our understanding of this and other neuropeptidergic signaling systems in the mammalian brain.
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Figure 1 illustrates a simplified model of a circuit within the SCN. Light signals are detected and
transmitted through neurons in the retina directly to the SCN via the retinohypothalamic tract (RHT).
These neurons use glutamate (Glut) and PACAP as transmitters. The neurons in the ventral region of
the SCN receive most of this retinal information along with information from the raphe nuclei, carried
by serotonin (SHT), and the intergeniculate leaflet of the thalamus (IGL), carried by neuropeptide Y
(NPY). These ventral neurons, in turn, use GABA and VIP to communicate with other neurons within
the different SCN cell populations, including the vasopressin (VP) expressing neurons of the dorsal
SCN. Neural outputs from the SCN can arise from the ventral or dorsal cell populations, but most
projections are to a few key relay nuclei within the hypothalamus. While there are a few reported direct
connections from the SCN to some neuroendocrine outputs, strong evidence exists for an indirect
endocrine output pathway that utilizes these hypothalamic relay nuclei and in some cases, the
autonomic nervous system as well. 3V, third ventricle; OC, optic chiasm; CRH, corticotrophin-
releasing hormone; TRH, thyrotropin-releasing hormone; GnRH, gonadotropin releasing hormone;
DMH, dorsomedial nucleus of the hypothalamus; SPZ, subparaventricular zone; PVN, paraventricular
nucleus of the hypothalamus; MPOA, medial preoptic area; PNS, parasympathetic nervous system;

SNS, sympathetic nervous system.

Figure 2 illustrates the putative deficits in the SCN of VIP-deficient mice. A) Based on the published
results with Vipr2 -/- mice (Harmar et al, 2002) as well as our own unpublished data, we expect that
the rhythms in extracellularly recorded multi-unit activity (MUA) and clock gene expression will be
reduced in the mutant mice. B) In this schematic, we seek to illustrate two explanations for the loss of
thythms in the SCN cell population of mutant (solid lines) compared to WT (dashed lines) mice. The
sine waves represent rhythmic cells while the straight line represents arrhythmic cells. One possibility
is that the single cell oscillators may lose their ability to generate oscillations (proposed by Harmar et
al., 2002). Alternatively, the single cell oscillators may lose their synchrony (proposed by Colwell et
al., 2003). There is evidence that suggests that both factors are at work in the Vip -/- and Vipr2 -/- mice
(Aton et al., 2005; Maywood et al., 2006; Brown et al., 2007).

Figure 3 illustrates the key behavioral deficits exhibited by the VIP-deficient mice (see Colwell et al.,
2003). The black bars represent the daily wheel running activity with successive days plotted one on
top of the other. WT mice (left panel) exhibit stable activity patterns in an LD cycle. When released
into DD on day 8, the mice exhibit a period of =23.5 hrs. Exposure to a brief light pulse at CT 16
(asterisk) will reset the phase of the activity cycle. VIP KO mice (right panel) in a LD cycle are
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entrained though activity onset is variable compared to controls. When placed into DD, the mice start
their activity from a phase 8 to10 hrs earlier compared to WT. The period of the activity rhythm is
~22.5 hrs. Many, but not all of the Vip -/- mice, eventually become arrhythmic in DD. The Vipr2 -/-
mice exhibit a similar phenotype (see Harmar et al., 2002). Furthermore, VIP KO mice fail to shift
their behavioral rhythms in response to a phase-delaying light pulse during early subjective night, as

indicated by the yellow asterisk.

Figure 4 illustrates the possible mechanisms that underlie VIP’s actions in SCN neurons. In all cases,
we expect that VIP would activate VPAC;R to stimulate the AC/PKA signaling pathway. This VIP-
activated cascade has at least three actions within the SCN including modulation of intrinsic voltage

gated channels, presynaptic regulation of GABA release, and alterations in transcription via CREB.
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Table 1. Comparison between the Phenotypes expressed by VIP and PDF deficient

organisms.
Neuropeptides VIP PDF
Knockouts
Behavioral -dampened amplitude of rhythms -dampened behavior rhythm
Phenotype with some arrhythmic with ~70% arrhythmic
-shortened period -shortened period
-weakened light response
Cellular -fewer electrically rhythmic cells -loss of synchrony in Per subcellular
Phenotype -loss of synchrony in electrical localization and staining intensity
activity -loss of synchrony among different
cell groups
Molecular -dampened molecular oscillations -dampened molecular oscillations
Phenotype -reduced mRNA levels -Per protein continues to oscillate but
-Loss of synchrony in mPER1 overall protein levels are reduced
expression
Receptors VPAC2 GOP (groom of PDF)
Class -class B G-protein coupled receptor -class B G-protein coupled receptor
similar to calcitonin receptor similar to calcitonin receptor
Knockouts -phenocopies VIP KO -phenocopies PDF KO
Downstream -regulation of cAMP/PKA -regulation of cAMP/PKA

Targets
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Fig 2
A Putative Circadian Deficits in VIP-Deficient Mice
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Fig 3
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Fig 4

Mechanisms of VIP’s Action in SCN
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