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Vasopressin is a neuropeptide synthesized by speciﬁc subsets of
neurons within the eye and brain. Studies in rats and mice have
shown that vasopressin produced by magnocellular neurosecretory cells (MNCs) that project to the neurohypophysis is released
into the blood circulation where it serves as an antidiuretic hormone to promote water reabsorption from the kidney. Moreover
vasopressin is a neurotransmitter and neuromodulator that contributes to time-keeping within the master circadian clock (i.e. the
suprachiasmatic nucleus, SCN) and is also used as an output signal
by SCN neurons to direct centrally mediated circadian rhythms. In
this chapter, we review recent cellular and network level studies
in rodents that have provided insight into how circadian rhythms
in vasopressin mediate changes in water intake behavior and
renal water conservation that protect the body against dehydration during sleep.
© 2017 Elsevier Ltd. All rights reserved.

Introduction
Vasopressin (VP, also known as antidiuretic hormone) is a secreted peptide produced as a
cleavage fragment of the pre-prohormone product of the Avp gene, which also codes for the carrier
protein neurophysin II, and the glycosylated protein copeptin (also known as CT-proAVP) [1,2].
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Although copeptin and neurophysin II are stored and co-released along with VP from secretory
vesicles, only VP has been found to produce biological effects. VP's actions on target cells are
mediated mainly by three types of guanine nucleotide binding (G) protein coupled receptors,
including V1aR, V1bR and V2R [3e5].
Although it is expressed mainly in the nervous system (see below), VP is best known for its different
actions as a circulating hormone. First, VP plays an important role in osmoregulation by stimulating
water reabsorption from the kidney under conditions where the body is experiencing a water deﬁcit
[6e8]. Second, circulating VP contributes also to vascular tone by promoting vasoconstriction [9e11]
and enhancing baroreﬂex gain [12e14]. Third, VP participates in stress coping and glucocorticoid
production through its ability to promote secretion of adrenocorticotropic hormone (ACTH) from the
anterior pituitary [15,16]. Therefore VP release into the circulation is a key factor in our ability to cope
with physiological stressors such as dehydration or hyperosmolality [7,8,17].
In addition to these important peripheral endocrine functions, VP is also known to be released
within the brain, where it contributes to various behavioral effects [18e20] and to the regulation of
circadian rhythms [21,22]. In this article, we speciﬁcally review how circadian changes in central and
peripheral VP secretion participate in the homeostatic control of body ﬂuid balance.
Sites of VP production
VP is mainly synthesized in a few subsets of cells and neurons. Outside the cranium, VP has been
detected in the Harderian and lacrimal glands, as well as in a subset of retinal ganglion cells [23e25].
Within the brain, its production is detected in scattered neurons located in the medial amygdala (MeA),
anterior commissural nucleus, anterodorsal preoptic nucleus, bed nucleus of the stria terminalis (BNST)
[26], locus coeruleus [27], olfactory bulb [28,29] and in accessory magnocellular nuclei such as the
nucleus circularis [30e32]. Higher densities of VP-containing neurons are found in the suprachiasmatic
nucleus (SCN) and the parvocellular zone of the hypothalamic paraventricular nucleus (PVN) [33e35].
However most of the brain's VP content is in the magnocellular neurosecretory cells (MNCs) of the PVN
and supraoptic nucleus (SON) [30,36]. Much like other secreted neuropeptides, VP is synthesized and
packaged into large dense core vesicles at the level of the Golgi apparatus [37]. The vesicles are then
transported to axon terminals where their content can be expulsed into the extracellular space by
calcium-dependent exocytosis in response to action potentials [38e46]. Interestingly, VP-containing
dense core vesicles can also be observed in the dendrites of VP-containing MNCs [47,48] and exocytosis of these vesicles can be prompted by activity-dependent and activity-independent increases in
intracellular Ca2þ [48e51].
Anatomical projections of VP neurons
Projections of MNCs
VP containing MNCs are chieﬂy located in the SON and PVN, but a small number of these are also
clustered in accessory magnocellular nuclei [30,36,52]. Early studies established that VP-containing
MNCs, along with neighboring oxytocin-containing MNCs, project a single axon toward the median
eminence where they course through the internal zone and collect to form the infundibular stalk
[37,53e55]. The axons of MNCs then enter the neurohypophysis, where they each branch into ~2000
neurosecretory terminals that terminate in proximity to fenestrated capillaries where the released
peptides can access the general circulation [56e58]. Previous studies using electrophysiological or
anatomical approaches have indicated that MNCs can also project axons to targets other than the
neurohypophysis [59e64]. For example, both oxytocin- and VP-containing MNCs can project to the
amygdala [65e67], and VP-MNCs in the PVN have been found to project to the SCN and lateral
habenula [5,64]. Moreover, release of VP from the dendrites of MNCs in the PVN has been shown to
mediate the activation of adjacent pre-autonomic parvocellular neurons [68]. Thus VP released by
MNCs can inﬂuence central targets via secretion from axon terminals and dendrites, whereas secretion
from neurosecretory axon terminals in the neurohypophysis can affect peripheral targets by entering
the general circulation.
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Projections of VP-containing retinal ganglion cells
VP is contained in a subset of retinal ganglion cells, notably, glutamatergic cells that contain the
photosensitive opsin protein melanopsin (OPN4) [25]. A recent study has shown that VP containing
retinal ganglion cells project densely into the SCN via the retino-hypothalamic tract, where they
contribute to the phase-synchronizing effect of light on the electrical activity of local neurons [25].
Indeed, electrical stimulation of the retino-hypothalamic tract in vivo excites a proportion of SCN
neurons and this effect can be blocked with a V1 VP receptor antagonist [25]. VP-containing retinal
ganglion cells also project to the intergeniculate leaﬂet, a central nucleus that contributes to the
regulation of circadian rhythms via inputs to the SCN [69], and to the olivary pretectal nucleus, an area
which comprises neurons involved in the pupillary light reﬂex [70].
Projections of SCN VP neurons
Neurons within the SCN are surrounded by the axons and dendrites of local VP neurons, suggesting that a major projection of these cells is directed to neurons within the SCN itself. VP from
local or extrinsic sources (e.g. from retinal ganglion cells) may contribute to the regulation and
synchrony of electrical activity rhythms in this nucleus. Indeed, a recent study has shown that V1a
and V1b receptors expressed in the SCN play an important role in maintaining circadian rhythms,
and that blocking these receptors can accelerate resetting of the clock in response to a shift in the
light schedule [71].
SCN VP neurons also project widely to other brain areas [35,44,72], and are thought to serve as a
major output of the clock and thus mediate a large number of circadian rhythms [21,22,73,74]. Indeed,
SCN VP neurons have been found to project densely to most parts of the hypothalamus, including the
anterior hypothalamic area, the dorsomedial hypothalamus, the medial preoptic area, the PVN [75], the
periventricular nucleus, the organum vasculosum lamina terminalis (OVLT), the sub PVN, the SON, and
the ventromedial nucleus [22,26,35,44,72,76e78].
Projections of other VP neurons
VP containing axons and VP receptors can be observed in most parts of the brain including the
brainstem, cerebral cortex, hippocampus, hypothalamus, olfactory bulb, thalamus and spinal cord
[5,28,29,32,35,72,79,80]. However, in most cases the speciﬁc origin of VP axons remains to be clearly
deﬁned. Notable exceptions include VP neurons in the BNST which have been found to innervate the
nucleus of the diagonal band of Broca, the lateral septum, the lateral habenula and the periventricular
grey. Some of these projections are sexually dimorphic, where subsets of VP cells and projections occur
at higher density in males [26,81]. Parvocellular PVN neurosecretory neurons have been shown to
project to the external zone of the median eminence where they release VP as a co-mediator of ACTH
release from the anterior pituitary [16,82], and non-neurosecretory parvocellular PVN neurons project
to extrahypothalamic areas including sites involved in the regulation of autonomic output in the
medulla and spinal cord [35,83].
Circadian patterns of VP in blood and CSF
Previous work involving radioimmunoassay detection in samples of CSF (cerebrospinal ﬂuid) and
serum from rats have shown that the concentration of VP in the brain and periphery follows a fairly
well-deﬁned circadian pattern, but that these cycles are not in phase with each other (Fig. 1) [84e91].
Based on the information provided above, it is likely that the VP cycle detected in CSF is generated by
the SCN, whereas the VP cycle detected in plasma samples reﬂects changes in secretion by the axon
terminals of MNCs in the neurohypophysis. Indeed, lesion studies have conﬁrmed that the CSF VP cycle
is determined by the SCN [88], whereas peripheral VP release is mediated by the neurohypophysial
axons of MNCs [92].
Experiments in rats have shown that CSF VP levels begin to rise sharply in the hours that precede
the end of the dark (active) phase, reach a peak in the ﬁrst half of the light (inactive) phase, and then
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Fig. 1. Circadian patterns of VP release in blood and CSF. The top schematic illustrates a sagittal view near the midline region of
the rat brain. VP neurons in the SCN (blue) project widely throughout the brain (not shown) and levels of VP can be detected in
samples of CSF collected from the ventricles (blue dots). VP containing MNCs in the SON (purple) project to the neurohypophysis
where the peptide is released into the bloodstream. The lower graphs represent VP levels in CSF of rats reported by Reppert and
colleagues [91] and VP levels in rat blood reported by Terwel and colleagues [86].

drop to a minimum at the onset of darkness (Fig. 1). These results are in agreement with studies
showing that identiﬁed SCN VP neurons in slices of rat and mouse hypothalamus ﬁre at a signiﬁcantly
higher rate during the light phase compared to the dark phase [22] and that the activity of these
neurons begins to increase signiﬁcantly two hours before the end of darkness [44]. Thus the activity of
the SCN VP neurons is consistent with the pattern of VP level detected in CSF. The mechanism
responsible for VP release into the CSF is unknown. It is possible that VP simply diffuses into the CSF
from the extracellular space, or that it is transported thereby ependymal cells [93]. Another possibility
is that VP is released speciﬁcally by neurosecretory axons that contact the cerebral ventricles. While
there is no direct support for this hypothesis, VP-positive processes arising from SCN neurons are
known to come into close proximity with the walls of the third ventricle, and previous studies have
reported the existence of subependymal VP-positive ﬁbers [93,94].
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Although further work is required to establish the basis for VP release into the CSF, the mechanisms
responsible for VP release into the blood are well established [52,95e98]. Speciﬁcally, VP release into
the circulation is directed by the ﬁring rate and pattern of VP MNCs that send neurosecretory axons to
the neurohypophysis. As mentioned earlier, release at this site requires Ca2þ-dependent exocytosis
which is triggered by the arrival of action potentials into the neurosecretory terminals and subsequent
opening of voltage-gated Ca2þ channels [38e43,99e101]. As illustrated in Fig. 1, radioimmunoassay of
plasma samples collected from rats have shown that systemic VP levels show a pronounced increase
during the late part of the light (inactive) phase and reach a peak during the initial hours of the dark
(active phase) after which they decline to a minimum toward the end of the dark phase and beginning
of the light phase [84e87]. These ﬁndings are supported in part by recordings from unidentiﬁed (i.e. VP
or oxytocin-containing) MNCs in the SON which show a signiﬁcant increase in mean ﬁring frequency
during the second part of the light phase and much lower ﬁring rates during the dark phase [102].
VP rhythms and osmoregulation during sleep
Circadian rhythms have evolved to adapt the behavior and physiology of living organisms to the
constraints of the earth's 24 h light cycle. The maintenance of adequate body hydration is one of the
important daily challenges faced by terrestrial mammals because these animals cannot acquire water
during sleep despite incessant water loss through production of urine and evaporation of alveolar lung
ﬂuid. The potential impact of overnight dehydration in sleeping animals is not negligible. Indeed, an
increase in total extracellular solute concentration (i.e. osmolality) as small as 1e2% is sufﬁcient to
induce osmoregulatory responses, such as thirst and systemic VP release [17,92,103]. Mammals have
evolved a combination of behavioral and humoral responses to mitigate this problem. For example
rodents display a surge in water intake during the last two hours of the active period [104e107] and
this additional intake has been found to signiﬁcantly reduce the dehydrating effect of sleep in mice
[44]. Moreover, the rise in plasma VP that occurs during the late part of the inactive period serves to
progressively enhance water reabsorption by the kidney and thus reduce urine production while the
animal is sleeping. This effect provides a signiﬁcant homeostatic beneﬁt because humans lacking this
daily plasma VP rhythm commonly suffer from nocturnal polyuria and perturbed sleep [108e112].
Intriguingly, VP is itself both a mediator and an effector of circadian rhythms. As mentioned earlier,
its release into the SCN by the axon terminals of retinal ganglion cells and by the axons and dendrites of
local VP neurons plays an important role in maintaining synchronization with the light cycle [25,71].
Moreover, SCN VP neurons are thought to serve as key outputs of the central clock [21,22]. In the
remainder of this chapter, we review how VP released by the axon terminals of SCN neurons contributes to the circadian control of peripheral VP release and water intake prior to sleep.
Circadian control of systemic VP release
Circulating VP activates V2 receptors in the kidney to promote water reabsorption from the collecting ducts [113]. By increasing the reabsorption of water relative to other solutes contained in the
glomerular ultraﬁltrate, VP promotes the formation and excretion of a small amount of highly
concentrated urine, thereby conserving body water and opposing the development of plasma hyperosmolality. The gradual rise in VP levels that occurs during the late sleep period (LSP) is therefore an
important homeostatic osmoregulatory response.
Circadian control of GABA inhibition
As mentioned earlier, electrophysiological recordings from rat SON MNCs in vivo have shown that
the action potential ﬁring rate of SON neurons increases during the LSP. Moreover, a speciﬁc analysis of
the putative VP-MNCs (those showing a “phasic” pattern of ﬁring) revealed a peak in mean ﬁring rate
near the beginning of the dark period [i.e. early wake period (EWP)] [102]. Because VP release from the
neurohypophysis is dictated by the arrival of action potentials into the neurohypophysial neurosecretory axon terminals, this progressive increase in ﬁring frequency is likely responsible for the surge in
circulating VP during the LSP/EWP.
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Electrophysiological experiments performed using horizontal hypothalamic slices have allowed an
analysis of the mechanisms by which SCN neurons may contribute to the increased activity of SON
MNCs during the LSP/EWP compared to the mid sleep period (MSP). First, as expected, the electrical
activity of SCN neurons was found to be higher during the MSP than during the LSP/EWP. Thus the
increased activity of SON MNCs at this time is likely to result in part from the removal of an inhibitory
inﬂuence of the SCN neurons.
Indeed, electrical stimulation of the SCN has been shown to evoke short latency inhibitory responses in a majority (80%) of SON VP MNCs in vivo [114], and to cause fast, bicuculline-sensitive
inhibitory postsynaptic potentials (IPSPs) or inhibitory postsynaptic currents (IPSCs) in vitro
[114,115]. These observations are consistent with data showing that a majority of SCN neurons contain
GABA [116,117]. Therefore in principle, a reduction in GABAergic drive caused by the reduced ﬁring of
SCN neurons during the LSP/EWP could mediate an increase in the ﬁring of SON neurons due to a
positive shift in excitatory-inhibitory synaptic balance. Whether such a shift in SCN-driven synaptic
balance contributes to the activation of MNCs during the LSP/EWP remains to be determined.
Circadian modulation of glutamate release
Interestingly, previous work has shown that a tonically active excitatory drive originating from OVLT
neurons contributes signiﬁcantly to the spontaneous activity of SON MNCs in vivo [118]. Experiments
in vitro have shown that this drive is mediated in part by osmosensitive OVLT neurons and that further
activation of the OVLT-SON pathway contributes to the increased activity of MNCs and VP secretion
under hyperosmotic conditions [119e123]. Experiments in our laboratory showed that excitatory
transmission in the OVLT-SON pathway is inhibited presynaptically in response to repetitive stimulation of the SCN [77,124]. Presynaptic inhibition of the OVLT-SON excitatory pathway has been shown
to affect the responsiveness of MNCs to hyperosmotic stimuli and to reduce the electrical activity of
MNCs due to a decrease in the effectiveness of spontaneous excitatory postsynaptic currents (sEPSCs)
at inducing action potentials [125]. Thus the high electrical activity of SCN neurons during the MSP
dampens the excitatory tone mediated by the OVLT, and removal of this inﬂuence as SCN neurons
reduce their electrical activity during the LSP/EWP contributes to the increased ﬁring rate of SON MNCs
and elevated systemic VP secretion at this time (Fig. 2). Interestingly, pharmacological experiments in
slices indicate that part of the SCN's inhibitory effect is mediated by VP secretion, consistent with the
hypothesis that VP efferents from the SCN are important mediators of the circadian clock's output
[21,22].
Circadian control of thirst
As mentioned earlier, nocturnal rats and mice display an increase in water intake during the last
part of the dark (i.e. active) period [104,106,107] and the extra water ingested at this time signiﬁcantly
reduces the dehydrating impact of withholding water during the sleep period in mice [126]. Recent
experiments have shown that increased water intake during the late wake period (LWP, ZT21.5e23.5),
compared to the “basal period” (BP, ZT19.5e21.5) that precedes it, is not motivated by primary homeostatic drives such as hyperosmolality, hyperthermia or hypovolemia [44,127]. Rather, experiments
summarized below showed that this increase in water intake during the LWP is driven by an excitation
of OVLT neurons mediated by the release of VP from the axon terminals of SCN VP neurons (Fig. 3).
Partial support for this hypothesis was ﬁrst provided by the observation that optogenetic activation
of glutamatergic neurons in the OVLT and adjacent median preoptic nucleus could stimulate water
intake in mice [128] and by the ﬁnding that a higher proportion of OVLT neurons express the activitydependent gene c-Fos during the LWP than during the BP [44]. Retrograde tracing and immunocytochemistry showed that a subset of SCN VP neurons in mice project axons into the core of the OVLT, and
electrical stimulation of the SCN was found to depolarize and excite OVLT neurons recorded in horizontal hypothalamic slices in vitro. This effect persisted in the presence of blockers of ionotropic
glutamate and GABA receptors, but was blocked by application of a VP V1a receptor antagonist. These
ﬁndings indicated that VP serves as an output neurotransmitter of the SCN that can mediate the
excitation of OVLT neurons.
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Fig. 2. SCN VP neurons cause presynaptic inhibition of MNCs. The upper schematic illustrates that SON MNCs receive excitatory
(glutamatergic) synaptic inputs from the OVLT. VP neurons in the SCN project to the SON where VP release causes presynaptic
inhibition of OVLT-SON excitatory synapses. During the MSP the activity of SCN neurons is high which lowers synaptic excitation and
action potential ﬁring in MNCs. During the LSP/EWP the SCN neurons reduce their activity and VP's braking effect is removed,
allowing MNCs to ﬁre at a higher rate and increase VP secretion into the blood to enhance water reabsorption during the ﬁnal hours
of sleep.

The involvement of this pathway in causing increased water intake during the LWP was demonstrated using a combination of electrophysiology and optogenetic approaches. In horizontal hypothalamic slices that retain the intact SCN-OVLT pathway, the average ﬁring rates of SCN VP neurons and
OVLT neurons were both found to be signiﬁcantly higher during the subjective LWP than BP, consistent
with the pattern of c-Fos expression in vivo. Using transgenic mice in which VP neurons express the
blue-sensitive excitatory opsin ChETA (enhanced channelrhodopsin 2), the ﬁring rate of OVLT neurons
recorded during the BP could be increased by applying blue laser light to the OVLT. Since there are no
VP neurons in this area, and only SCN neurons project VP containing the axon terminals to the OVLT, it
was concluded that the effect of blue light was speciﬁcally caused by ChETA-evoked neurotransmitter
release from these axon terminals. The excitatory effect of blue light could be blocked by inhibiting VP
V1a receptors, indicating that VP released from the axon terminals of SCN neurons was speciﬁcally
responsible for mediating the excitation of OVLT neurons.
To examine if VP release from the axon terminals of SCN VP neurons is capable of driving water
intake, blue light was delivered through a ﬁberoptic microprobe directed speciﬁcally at the OVLT of
ChETA mice. When blue light was applied to the OVLT during the BP, the mice increased their water
intake to a level equivalent to that observed during the LWP, indicating that VP release from the axon
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Fig. 3. SCN VP neurons excite thirst-promoting neurons in the OVLT. The upper schematic illustrates that OVLT neurons receive
inputs from VP neurons in the SCN. Activation of this pathway causes VP release and postsynaptic excitation of OVLT neurons. During
the MWP SCN neurons are inactive and OVLT neurons are quiescent. However during the last 2 h of the active period (LWP), SCN VP
neurons increase their activity and excite thirst-promoting neurons in the OVLT to stimulate water intake before sleep.

terminals of SCN neurons is sufﬁcient to produce the increased water intake observed at this time. The
reverse approach was used in transgenic mice in which the inhibitory opsin archaerhodopsin 3 (ArchT)
was speciﬁcally expressed in VP neurons to allow suppression of VP release from the axon terminals of
SCN VP neurons with yellow light. Application of yellow light to the OVLT was found to suppress the
ﬁring rate of OVLT neurons during the LWP in vitro, suggesting that the entire spontaneous activity of
these neurons at this time may be driven by VP release from the SCN. Indeed, application of yellow light
to the OVLT in vivo caused a suppression of water intake during the LWP, indicating that VP release from
the axon terminals of SCN neurons is necessary to promote water intake at this time [44].
Summary
Circadian rhythms allow the body to maintain homeostasis despite behavioral and physiological
challenges created by the earth's 24 h light cycle and the need to sleep (and not drink) during a signiﬁcant fraction of the day. VP is a key mediator of the circadian adaptations that help maintain body
hydration, notably by mitigating the dehydrating effect of sleep. Speciﬁcally, SCN neurons release VP
into the OVLT to drive thirst and create a systemic water reserve before sleep (Fig. 3). Moreover, the
decrease in activity of SCN VP neurons that occurs during the late sleep period ampliﬁes the synaptic
excitation of MNCs (Fig. 2). This effect promotes VP release into the circulation and enhances renal
water conservation during the ﬁnal part of the sleep period.
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Research agenda
- Additional studies are needed to fully define the neural circuits between the circadian clock
and osmoregulatory nuclei such as the OVLT and SON
- Interactions between the SCN neurons and targets in the OVLT and SON should be examined
at other parts of the circadian cycle
- The role of endogenous clocks within osmoregulatory nuclei and the kidney should be
examined
- Studies in humans are required to examine if SCN-driven anticipatory water intake occurs
prior to sleep
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