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Clock-driven vasopressin neurotransmission 
mediates anticipatory thirst prior to sleep
C. Gizowski1, C. Zaelzer1 & C. W. bourque1

Circadian rhythms have evolved to anticipate and adapt animals 
to the constraints of the earth’s 24-hour light cycle1. Although the 
molecular processes that establish periodicity in clock neurons 
of the suprachiasmatic nucleus (SCN) are well understood, the 
mechanisms by which axonal projections from the central clock 
drive behavioural rhythms are unknown2–4. Here we show that 
the sleep period in mice (Zeitgeber time, ZT0–12) is preceded by 
an increase in water intake promoted entirely by the central clock, 
and not motivated by physiological need. Mice denied this surge 
experienced significant dehydration near the end of the sleep period, 
indicating that this water intake contributes to the maintenance of 
overnight hydromineral balance. Furthermore, this effect relies 
specifically on the activity of SCN vasopressin (VP) neurons that 
project to thirst neurons in the OVLT (organum vasculosum lamina 
terminalis), where VP is released as a neurotransmitter. SCN VP 
neurons become electrically active during the anticipatory period 
(ZT21.5–23.5), and depolarize and excite OVLT neurons through 
the activation of postsynaptic VP V1a receptors and downstream 
non-selective cation channels. Optogenetic induction of VP release 
before the anticipatory period (basal period; ZT19.5–21.5) excited 
OVLT neurons and prompted a surge in water intake. Conversely, 
optogenetic inhibition of VP release during the anticipatory 
period inhibited the firing of OVLT neurons and prevented the 
corresponding increase in water intake. Our findings reveal the 
existence of anticipatory thirst, and demonstrate this behaviour to 
be driven by excitatory peptidergic neurotransmission mediated by 
VP release from central clock neurons.

Nocturnal rodents display a surge in water intake before sleep5,6; 
however, whether the clock mediates this behaviour and serves an 
anticipatory physiological benefit remains to be determined. We  
monitored water intake in wild-type mice and confirmed that water 
intake increased significantly during the anticipatory period (AP) com-
pared to the basal period (BP; Fig. 1a, b). Increased water intake during 
the AP was not motivated by physiological stimuli for thirst, such as 
hyperosmolality7, increased core body temperature8, or hypovolaemia9  
(Fig. 1b). In addition, food restriction throughout the BP and AP 
did not prevent a significant increase in water intake during the AP 
(P < 0.05, n = 8, paired t-test, data not shown), indicating that increased 
water intake at this time does not simply reflect prandial drinking. 
These data suggest this behaviour is need-free and may be driven 
directly by the central clock. To test whether this behaviour is physio-
logically relevant, we investigated the effect of denying the water-intake 
surge during the AP on serum osmolality and haematocrit measured 
near the end of the light period (ZT10; Fig. 1c). Animals subjected to 
this procedure displayed a significantly elevated serum osmolality and 
haematocrit, indicating a state of dehydration (Fig. 1d). These data 
indicate that increased water intake during the AP mitigates the impact 
of reduced water intake during sleep, and therefore serves an important 
homeostatic function.

Previous work established that the OVLT critically regulates 
water intake in mammals10–12 and that increased activity in this area 
orchestrates thirst perception in humans13–15. Owing to the circadian 
nature of AP water intake16,17, we hypothesized that this behaviour 
relies on connections between the SCN and OVLT. In support of this 
hypothesis, cell-attached recordings in slices of mouse hypothalamus 
that retain both nuclei (Extended Data Figs 1, 2) revealed that the  
average firing rate and proportions of active OVLT neurons were sig-
nificantly increased during the subjective AP compared to BP in vitro 
(Fig. 2a–c). Equivalent results were obtained in rat OVLT neurons 
(data not shown). In agreement with these observations, the density of 
OVLT neurons expressing c-Fos protein was increased during the AP 
compared to the BP in mice, providing in vivo support for increased 
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Canada.

Figure 1 | Mice display anticipatory thirst during the AP. a, Raster 
plot shows daily water intake in 12 wild-type mice. Histogram plots 
mean ± s.e.m. water intake. b, Bar graphs compare water intake 
(****P < 0.0001, paired t-test) and physiological parameters during 
BP and AP (mean ± s.e.m.; serum osmolality, sOsm, t-test; core body 
temperature, Tb, t-test; volaemia, haematocrit, Mann–Whitney test; 
NS, P > 0.05). c, Schematic of protocol used to compare the impact of 
allowing (AP) or denying (No AP) water intake on serum osmolality 
and haematocrit at ZT10. d, Serum osmolality and haematocrit in mice 
subjected to protocol in c (mean ± s.e.m.; *P < 0.05, t-test). n as indicated.
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neuronal activation (Fig. 2d). Anatomical studies have suggested that 
VP neurons in the shell of the SCN serve as major output cells of 
the clock18–21. We therefore investigated whether such neurons pro-
jected to the OVLT by injecting fluorescent microspheres into the 
OVLT (Fig. 2e and Extended Data Fig. 3). Confocal analysis of tissue 
sections obtained one week after injection revealed the presence of 
microspheres in VP neurons in the shell of the SCN (Fig. 2f–h), but 
not in other regions containing VP neurons (Extended Data Fig. 3). 
Thus, the VP-containing fibres in the OVLT specifically emanated 
from SCN VP neurons (Extended Data Fig. 4).

To determine whether the activity of SCN VP neurons increased 
during the AP, we obtained visually guided cell-attached recordings 
from these neurons in slices prepared from mice in which fluorescent 
reporters are driven by the VP promoter (Fig. 2i and Extended Data 
Fig. 4). The data revealed that the average firing rate and propor-
tions of active SCN VP neurons were significantly increased dur-
ing the AP compared to the BP (Fig. 2j, k). Equivalent results were 
obtained in rat hypothalamic slices (data not shown). In agreement 
with these in vitro data, the density of SCN VP neurons expressing 

c-Fos protein was increased during the AP compared to the BP in vivo  
(Fig. 2l).

The above findings suggest that the increased firing of OVLT 
neurons may rely on excitatory neurotransmission mediated by the 
increased activity of SCN VP neurons during the AP. To test whether 
VP is released within the OVLT, we examined the effects of SCN stim-
ulation on the fluorescence of VP sensors plated over rat hypothalamic 
slices (Fig. 3a). These sensors consisted of HEK293 cells co-expressing 
the calcium indicator GCaMP6m22 and the VP V1a receptor (V1aR), 
which together promoted a dose-dependent calcium response to 
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Figure 2 | OVLT and SCN VP neurons show increased activity during 
the AP. a, Schematic illustrating recording from OVLT neurons. b, Closed 
and opened circles plot firing rate (FR) of individual OVLT neurons in 
slices from ChETA and ArchT mice, respectively (5-s excerpts shown 
above). c, Plots show firing rate (mean ± s.e.m., Mann–Whitney test) and 
percentages of active cells (χ2 test; *P < 0.05, **P < 0.01). d, Number of 
c-Fos+ cells per section (mean ± s.e.m.; ***P < 0.001, Mann–Whitney 
test). e, Image of injection site (arrow) of microspheres into OVLT  
(dotted line). f, SCN VP neurons (red) containing microspheres (white).  
g, VP-labelled neurons in mouse SCN. h, Positions of VP neurons 
containing microspheres (total of 109 cells from three separate 
experiments). i, Schematic illustrating recording from SCN VP neurons. 
j, Closed and open circles plot firing rate of individual SCN VP neurons 
in slices from ChETA and ArchT mice, respectively (5-s excerpts shown 
above). k, Plots show firing rate (mean ± s.e.m., Mann–Whitney test) and 
percentages of active cells (χ2 test). l, Number of c-Fos+ SCN VP neurons 
(mean ± s.e.m., Mann–Whitney test). n as indicated.

Figure 3 | VP released by SCN axon terminals excites OVLT neurons 
via non-selective cation channels. a, Schematic illustrating detection of 
SCN-mediated VP release in the rat OVLT. b, GCaMP6m fluorescence 
in HEK293 cells before (baseline) and after SCN stimulation (SCN; 40 s, 
10 Hz). Control cells lack V1aR, VP sensors contain both GCaMP6m and 
V1aR, and VP sensors + SR are tested in the presence of SR49059 (10 μm). 
c, SCN stimulation-induced changes in fluorescence (mean ± s.e.m.; 
****P < 0.0001; NS, P > 0.05; paired t-test). Similar results were obtained 
in mouse Extended Data Fig. 6). d, Voltage response of OVLT neuron to 
SCN stimulation (bar; 30 s, 10 Hz) in the presence of kynurenate (3 mM) 
and bicuculline (10 μm). Lower trace shows firing rate. e, Recording 
from an OVLT neuron in the presence of SR49059 (with kynurenate 
and bicuculline), layout as in d. f, Firing rate expressed as percentage of 
respective baseline (%FR) before and after SCN stimulation (30 s, 10 hz) 
without (control) or with SR49059 (mean ± s.e.m., paired t-test). Lower 
graph shows corresponding changes in membrane voltage (Vm; control, 
Wilcoxon test; SR, paired t-test; **P < 0.01, ***P < 0.001). g, Steady-state 
current−voltage (I−V) relations in OVLT neurons before (baseline) and 
after (SCN) SCN stimulation in control conditions or with SR49059.  
h, Difference currents obtained from corresponding I−V curves in g.  
i, Mean ± s.e.m. change in membrane conductance (ΔG) caused by SCN 
stimulation in control conditions or with SR49059 (**P < 0.01, Mann–
Whitney test). j, Reversal potentials (Erev) of SCN-induced currents 
measured with pipettes containing K+, Cs+, or high Cl− solutions 
(mean ± s.e.m., one-way ANOVA). n as indicated.
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exogenous VP (Extended Data Fig. 5). Electrical stimulation of the 
SCN significantly increased fluorescence in cells containing V1aRs, but 
did not do so in the presence of the selective V1aR blocker, SR49059 
(ref. 23) or in HEK293 cells lacking V1aRs (Fig. 3a–c). Importantly, 
stimulation-induced VP release was observed only in discrete regions 
of the slice (Extended Data Fig. 6), indicating that VP sensor activation 
over the OVLT did not result from volume transmission, but reflected 
local and activity-dependent release at this site.

We next investigated the effects of SCN stimulation on OVLT neu-
rons using whole-cell voltage recordings. Electrical stimulation of the 
SCN (30 s at 10 Hz) caused reversible depolarization and excitation of 
OVLT neurons in either mouse or rat hypothalamic slices (data not 
shown). These effects persisted during blockade of ionotropic gluta-
mate and γ-aminobutyric acid (GABA) receptors (Fig. 3d, f), support-
ing our hypothesis that OVLT neurons may be directly depolarized 
and excited by a postsynaptic action of VP itself. Single-cell RT−PCR 
revealed that OVLT neurons express V1aRs (Extended Data Fig. 7); 
therefore, we investigated whether such receptors mediated these excit-
atory effects. Indeed, the effects of SCN stimulation were abolished by 
SR49059 (Fig. 3e, f). Moreover, voltage-clamp analysis revealed that 
SCN stimulation caused a V1aR-dependent increase in membrane 
conductance associated with the appearance of an inward current that 
reversed near −25 mV (Fig. 3g–i). The reversal potential of the current 
was unaffected by changes in the intracellular concentrations of potas-
sium or chloride ions (Fig. 3j), indicating that VP released by the axon 
terminals of SCN neurons excites OVLT neurons by V1aR-dependent 
activation of non-selective cation channels.

To determine whether the increased firing rate of OVLT neurons 
during the AP is caused by the SCN–OVLT projection, we examined 
the impact of manipulating VP release using optogenetic approaches 
in mice expressing excitatory E123T mutant channelrhodopsin 2 
(ChETA)24, or inhibitory archaerhodopsin-3 (ArchT)25 driven by 
the VP promoter (Extended Data Figs 4, 8). Application of blue light 
(473 nm) over the OVLT in hypothalamic slices prepared from ChETA 
mice caused VP release as measured by VP sensors (Fig. 4a–c). In addi-
tion, blue light significantly increased the firing rate of OVLT neurons 
in ChETA preparations during the BP (Fig. 4d). Consistent with the 
involvement of VP release and V1aRs in this effect, the firing rate in the 
presence of blue light was significantly reduced by bath application of 
SR49059 (Fig. 4d), but was unaffected by the selective V1bR antagonist 
SSR149415 (ref. 26) (10 nM, n = 24, P > 0.05, Mann–Whitney test; data 
not shown). Conversely, activation of ArchT with yellow light (589 nm) 
reduced the firing of OVLT neurons during the AP, and this effect was 
occluded and mimicked by SR49059 (Fig. 4d). Taken together, these 
data support our hypothesis that increased OVLT firing during the AP 
is specifically dependent on postsynaptic V1aRs and VP release from 
the axon terminals of SCN VP neurons.

To further investigate the involvement of V1aRs in increasing the 
activity of OVLT neurons and water intake during the AP in vivo, 
additional experiments were performed on V1aR knockout (V1aR−/−) 
mice. Although a rise in c-Fos expression was observed in SCN VP neu-
rons of V1aR−/− mice during the AP (BP n = 11, AP n = 12, P < 0.001, 
Mann–Whitney test; data not shown), this effect was absent in OVLT 
neurons (Fig. 4e). V1aR−/− mice also failed to show an increase in water 
intake during the AP (Fig. 4f and Extended Data Fig. 7), indicating 
that V1aRs are necessary to activate OVLT neurons and generate this 
behaviour.

Finally, to determine whether increased water intake during the AP is 
driven by the central clock, we examined the effects of optogenetically 
regulating VP release in vivo via light delivery through an implanted 
fibre-optic cannula targeting the OVLT (Extended Data Fig. 9). As in 
wild-type mice, ChETA and ArchT mice that were implanted but not 
photostimulated displayed significant increases in water intake dur-
ing the AP (Extended Data Fig. 10). Application of blue light to the 
OVLT, but not adjacent sites (Extended Data Fig. 9), in ChETA mice 
during the BP significantly increased water intake, whereas yellow light 

had no effect (Fig. 4g). Notably, water intake induced by blue light 
(0.50 ± 0.16 ml h−1) was equivalent to that observed during the AP in 
implanted but unstimulated ChETA mice (0.43 ± 0.09 ml h−1, P > 0.05, 
Mann–Whitney test; data not shown), suggesting that light-induced 
VP release is sufficient to cause a surge in water intake similar to that 
observed during the AP. Conversely, application of yellow light to the 
OVLT in ArchT mice abolished the water-intake surge observed during 
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Figure 4 | Optogenetic and V1aR-dependent control of OVLT neuron 
firing and water intake. a, Schematic illustrating detection of light-
mediated SCN VP release in the OVLT. b, GCaMP6m fluorescence in 
VP sensors before (baseline) and after application of blue light (50 ms, 
22 mW, 5 Hz, 30 s) and after wash. c, Changes in fluorescence induced by 
blue light (mean ± s.e.m.; ****P < 0.0001, paired t-test). d, Firing rate 
(mean ± s.e.m.) of OVLT neurons recorded in slices with or without light 
and/or SR49059 expressed as percent of average firing rate of control cells 
during BP in ChETA mice (Kruskal–Wallis one-way ANOVA on ranks and 
Dunn’s post-hoc test; *P < 0.05; NS, P > 0.05) or during AP in ArchT mice 
(control vs. yellow light, Mann–Whitney test; other comparisons, Kruskal–
Wallis one-way ANOVA; 2-s excerpts shown above bars). e, Number 
of c-Fos+ OVLT cells in wild-type and V1aR−/− mice (mean ± s.e.m.; 
two-way ANOVA and Holm Sidak post-hoc test). f, Changes in the rate 
of water intake expressed as percent of average values in BP in wild-type 
and V1aR−/− mice (mean ± s.e.m.; paired t-test). g, Water intake (5-min 
bins) in seven trials from six ChETA mice in which blue light was applied 
at ZT20.5 (30 min, 22 mW). Changes in water intake induced by blue or 
yellow light (ZT20.5−21) expressed as percent of average intake during 
corresponding baselines (ZT19.5−20.5; mean ± s.e.m.; **P < 0.01; blue 
light, paired t-test; yellow light, Wilcoxon test). h, Water intake (5-min 
bins) in six trials from four ArchT mice in which yellow light was applied 
at ZT22.5 (30 min, 13 mW). Changes in water intake induced by yellow 
or blue light (ZT22.5−23) expressed as a percent of average intake during 
corresponding baselines (ZT21.5−22.5; mean ± s.e.m.; paired t-test). n as 
indicated.
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the AP (Fig. 4h), indicating that VP released from the axon terminals 
of SCN neurons is necessary to drive anticipatory thirst.

Our study reveals that increased water intake during the AP is not 
motivated by physiological need, but anticipates and protects against 
overnight dehydration. How the central clock mediates adaptive behav-
iours of this kind was heretofore unknown. Our findings indicate 
that activity-dependent VP release from the axon terminals of clock 
neurons onto OVLT neurons is necessary and sufficient to generate 
anticipatory thirst. Whether the SCN drives other behaviours by VP 
neurotransmission remains to be determined.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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MethOds
Animals. Animals were treated in strict accordance with the guidelines outlined 
by the Canadian Council on Animal Care (http://www.ccac.ca/), and experi-
ments adhered to protocols approved by the Facility Animal Care Committee 
of McGill University (protocol no. 1190). Long–Evans rats (80−150 g) and C57/
B6 mice (60−90 d) were obtained from Charles River Laboratories. VP-Cre 
(VP-IRES2-Cre-D) knock-in mice were bred in our colony with either ChETA 
(R26-CAG-LSL-2XChETA-tdTomato) or ArchT mice (Ai40D; obtained from 
Jackson Laboratories). V1aR knock-out (V1aR−/−) mice were bred in our col-
ony (obtained from J. N. Crawley)27. All experiments were performed on male 
animals, except for one experiment (Extended Data Fig. 8) where a female was 
used. In vitro experiments were performed on mice aged 2−4 months, exper-
iments on rats were done on animals weighing 80−150 g, and in vivo mouse 
experiments were done on animals aged 2−3 months. Animals were subjected 
to a strict 12 h:12 h light:dark cycle.
Water-intake monitoring. C57/B6 mice were individually housed in computer- 
interfaced metabolic Oxylet cages from PanLab (Harvard Apparatus) to measure 
water intake. Animals were placed in cages and allowed to habituate to the cages 
for 4−6 days. To obtain the average circadian profile of water intake, we obtained 
hourly averages from each subject between ZT6.5 and ZT6.5 on the following 
day. Data files were analysed using Metabolism (version 2.1.04; PanLab) and 
Microsoft Excel. Statistical analysis was performed in Sigmaplot (Version 12.3, 
Systat Software).
Physiological parameters. Since we cannot obtain serial measures of serum osmo-
lality in individual C57/B6 mice, we used a group approach whereby data were 
collected from multiple (3−18) subjects that were killed at each time point tested. 
To this end, mice were anaesthetized with isoflurane and rapidly decapitated to 
obtain blood samples, core body temperature using a digital thermometer, and 
haematocrit using a ZipCombo Centrifuge from LW Scientific. Blood samples 
were placed on ice and allowed to clot at 2−4  C for 60 min, after which they were 
centrifuged for 5 min, and serum osmolality was measured in duplicate using a 
micro-osmometer (Advanced Instruments).
Water restriction. The objective of this experiment (Fig. 1c, d), was to deny the 
surge in water intake, while preserving water intake levels during the AP equivalent 
to levels during the BP. Because water intake between ZT21.5 and ZT22.5 is equiv-
alent to water intake between ZT19.5 and ZT21.5 (BP), we allowed water intake to 
proceed until ZT22.5 before removing access to water. Water was removed from 
C57/B6 mouse cages at either ZT22.5 (no AP surge allowed) or ZT23.5 (AP surge 
allowed). Access to water overnight was denied to prevent compensatory drinking 
and allow a specific evaluation of the impact of the AP surge alone. Animals were 
then killed at ZT10 and blood samples were collected to measure serum osmolality 
and haematocrit as explained above.
OVLT firing rate. Horizontal hypothalamic slices containing the OVLT and 
SCN were prepared from 2−4-month-old male ArchT or ChETA mice. These 
animals were not subjected to any behavioural or optogenetic experiments before 
slice preparation. Mice anaesthetized with isoflurane were killed by decapitation 
at ZT18–18.5. The brain was rapidly removed and immersed in near-freezing 
(0–4 °C) oxygenated (95% O2, 5% CO2) artificial mouse cerebrospinal fluid 
(AMCSF) composed of the following (in mM): 128 NaCl, 3 KCl, 1.23 NaH2PO4, 
1.48 MgCl2, 2 CaCl2, 25.95 NaHCO3 and 10 d-glucose (all obtained from Sigma 
except for NaCl and CaCl2, which were purchased from Fisher Scientific). A 
trimmed block of brain was glued, cortex down with the rostral pole facing 
upwards, to a mounting block angled at 34° relative to the horizontal plane. A 
single 350-μm slice was then obtained (Extended Data Fig. 2) and transferred 
dorsal side up to a beaker containing warmed (32 °C) oxygenated AMCSF and 
allowed to incubate for 60 min. The slice was then transferred dorsal side up to 
a recording chamber where it was perfused with warmed (32 °C) oxygenated 
AMCSF at a rate of 2–3 ml min−1. Cells were observed on a black and white mon-
itor using an Olympus BX51WI upright microscope coupled to a video camera. 
Electrodes were visually guided to the cell using a motorized micromanipulator 
(s.d. Instruments) and cell-attached recordings were made using a MultiClamp 
700B amplifier (Molecular Devices). Membrane voltage was digitized via a 
Digidata 1440A interface coupled to a personal computer running Clampex 10.3 
software (Molecular Devices). A band-pass filter was applied during cell-attached  
recordings (800 Hz–1.8 kHz). Patch pipettes were back-filled with AMCSF 
and their resistance in the bath was 5.5−7.5 MΩ. Cell-attached recordings for 
firing rates of OVLT neurons during the BP were performed from ZT19.5 to 
ZT21.5 and during the AP from ZT21.5 to ZT23.5. Cell-attached recordings 
from OVLT neurons were obtained by making a loose seal. If cells did not fire 
during the recording, a brief zap of 25 μs was delivered at the end of the record-
ing to evoke firing in order to confirm they were indeed silent cells that were 
otherwise capable of firing detectable action potentials. The average firing rate 

was calculated by dividing the total number of spikes recorded by the duration 
of the recording period (60 s). One cell was excluded from this analysis because 
its firing rate was more than four times greater than the standard deviation of  
the group.
Evans blue injection. Evans blue was used to evaluate the boundaries of 
the OVLT in mice as previously reported for rat28. Briefly, mice were anaes-
thetized with isoflurane and injected intravenously with 0.2 ml of 1% Evans 
blue dissolved in PBS. After 15 min, the animals were transcardially perfused 
with 20 ml PBS, and then the brain was extracted and fixed by immersion for 
at least 48 h in 4% paraformaldehyde (PFA) dissolved in PBS. Serial sections 
(50 μm thick) were cut and mounted onto slides, and Evans blue fluorescence  
was visualized using RS Image (version 1.9.2; Roper Scientific) using a  
10× objective (na = 0.4) attached to an Olympus BX51WI upright microscope 
and a CoolSnap HQ2 camera (Photometrics). Fluorescence was observed at 
700 nm and excited at 650 nm using an X-Cite XLED1 system (Lumen Dynamics, 
Excelitas Canada) and a BrightLine Pinkel filter set (DA/FI/TR/Cy5-4X-B-OMF;  
Semrock).
Retrograde fluorescent microspheres. C57/B6 mice (60 d) were anaesthetized 
with isoflurane and stereotaxically injected with FluoSpheres (0.04 μm, yellow- 
green fluorescent 488 nm, 5% solids, azide free; ThermoFisher Scientific) into the 
OVLT (100−200 nl; from Bregma with a 7° vertical angle, X: 1.2 mm, Y: 0 mm, 
Z: −4.6 or −4.7; Extended Data Fig. 3) with a Neuros syringe (0.5 μl, 32 gauge, 
Hamilton) over 5−10 min. The spheres were allowed to be retrogradely trans-
ported for 7 days, after which the animals were anaesthetized with isoflurane 
and perfused via the heart with 10 ml PBS followed by 300 ml PBS containing 
4% PFA. The brains were extracted and postfixed by immersion for 48 h in 4% 
PFA in PBS. A vibratome was used to obtain serial coronal tissue sections (50 μm 
thick). Sections were blocked with 10% normal goat serum (in PBS containing 
0.3% Triton-X100) and incubated overnight at 4 °C with primary antibodies. 
Following wash, sections were incubated for 1 h with fluorescently labelled sec-
ondary antibodies. Sections were then washed and mounted on coverslips using 
Prolong Gold Antifade reagent (Life Technologies). All images were acquired 
using a confocal microscope (FV1000, Olympus Canada). The following primary 
antibodies were used: PS41 anti-VP neurophysin mouse monoclonal antibody 
(1:50), and VA4 anti-VP neurophysin rabbit polyclonal antibody (1:1000) devel-
oped and contributed by H. Gainer (National Institutes of Health, Bethesda, MD). 
Secondary antibodies were fluorescently labelled Alexa Fluor-conjugated (568 nm 
and 647 nm; Life Technologies; 1:500).
c-Fos analysis. Brains were extracted from wild-type and V1aR−/− mice at ZT21.5–
22 (for BP analysis) and ZT23.5–24 (for AP analysis) and immersion fixed in 4% 
PFA. Tissue sections (50 μm thick) from wild-type and V1aR−/− mice were pro-
cessed using a rabbit polyclonal c-Fos antibody (EMD Millipore; 1:5,000) with a 
chicken anti-NeuN (Hexaribonucleotide Binding Protein-3a) polyclonal antibody 
(ABN91, 1:500; EMD Millipore; in OVLT), or with PS41 (as above) in the SCN. 
Secondary antibodies were fluorescently labelled Alexa Fluor-conjugated (488 nm, 
568 nm, and 647 nm; Life Technologies; 1:500). Cells were considered c-Fos-posi-
tive if they were >100% above background. For OVLT analysis, cells were counted 
in a 200 × 200 μm field centred over the nucleus. For SCN, density was assessed 
over the entire nucleus. Sample size (n) refers to the number of sections analysed, 
which were obtained from 2 animals in each group.
SCN firing rate. Coronal 300-μm slices were obtained from mouse brain as 
described above. These animals were not subjected to any behavioural or opto-
genetic experiments before slice preparation. Cell-attached recordings were 
obtained from visually identified fluorescent VP cells (see Extended Data Fig. 4). 
Green fluorescence in ArchT mice was detected using EN GFP 41017 filter cube 
(Chroma Technology) and red fluorescence in ChETA mice was detected using 
49004 (Chroma Technology). Firing rate was assessed as described above. One cell 
was excluded from this analysis because its firing rate was more than four times 
greater than the standard deviation of the group.
Rat hypothalamic slices. Horizontal hypothalamic slices were obtained from male 
rats as previously described29. Briefly, rats were killed by decapitation using a small 
rodent guillotine. The brain was rapidly removed and immersed in near-freezing 
(0–4 °C) oxygenated (95% O2, 5% CO2) artificial rat cerebrospinal fluid (ARCSF) 
composed of the following (in mM) 120 NaCl, 3 KCl, 1.23 NaH2PO4, 1.48 MgCl2, 
2 CaCl2, 25.95 NaHCO3 and 10 d-glucose. A trimmed block of brain was glued 
cortex-down with the rostral pole facing upwards to a mounting block angled at 
38° relative to the horizontal plane. The assembly was then placed in a vibratome 
and a first cut was made to discard the tissue lying anterior and ventral to the optic 
tracts and most of the optic chiasma. A single 400-μm slice was then obtained 
and transferred dorsal side up to a beaker containing warmed (32 °C) oxygenated 
ARCSF and allowed to rest for 60 min. Slices were then placed in a warmed (32 °C) 
recording chamber perfused at a rate of 2–3 ml min−1.
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VP detection with HEK293 biosensors in rat brain slices. HEK293 cells (gift 
from Sal Carbonetto; not tested for mycoplasma) were kept in DMEM (Wysent) at 
37 °C and 5% CO2. The co-transfection of pGP-CMV-avp 6m (AddGene) and the 
human V1aR (provided by M. Bouvier, University of Montreal, QC) (2.5 μg each)  
was done using Lipofectamine 3000 (Invitrogen). 24 to 48 h after transfection the 
cultures were treated with trypsin and cells were lifted and plated over recently 
cut rat horizontal brain slices resting in beakers as explained above. Preparations 
were allowed to rest for 2 h, allowing cells to attach to the slice before starting the 
experiment. Experiments were completed during the subjective BP (ZT19.5−21.5) 
when VP release was low. Slices were carefully placed in the recording chamber, 
and a bipolar electrical stimulating electrode (pair of 65 μm o.d. platinum wires) 
was placed in the SCN. Electrical pulses (20–80 μA, 0.1−0.5 ms; 10 Hz, 40 s) were 
delivered via an isolated stimulator (DS2, Digitimer) triggered via a programmable 
digital timer (D4030, Digitimer). Fluorescence of GCaMP6m in HEK293 cells was 
observed using the EN GFP 41017 filter cube. Images were collected using Imaging 
Workbench 6.0 (INDEC BioSystems) at a rate of 1 image every 5 s (exposure 0.2 s). 
In control conditions, only pGP-CMV-GCaMP6m was transfected and not V1aR. 
Dose–response analysis and specificity were assessed on HEK293 cells plated on 
glass coverslips (Extended Data Fig. 5). VP dissolved in water (0.1 mM) was kept 
frozen until required. All images were analysed using Fiji30. Fluorescence in regions 
of interests (HEK cells) was corrected for bleaching determined by fitting a single 
exponential. Background fluorescence was subtracted from all values. Values of 
fluorescence at various time points were expressed relative to baseline. Changes 
in fluorescence relative to baseline (average of 30 s before stimulation) were deter-
mined from the average of values observed during a 30-s period following the 
onset of the response.
Electrophysiological analysis of rat-brain slices. Slices were obtained as 
mentioned above. Bicuculline was dissolved directly into the ARCSF at the 
required concentration (10 μM). Kynurenate was first dissolved into a small 
volume (<0.5 ml) of 1 N NaOH and subsequently diluted into a larger volume 
of ARCSF at the required concentration (3 mM). All whole-cell experiments were 
performed in the presence of kynurenate and bicuculline. All recordings were 
made during subjective night (ZT5−11). Whole-cell recordings from OVLT  
neurons were made using patch pipettes prepared from glass capillary tubes  
(1.2-mm outer diameter, A-M Systems) filled with the appropriate internal 
solution. Pipette resistance in the bath was 3.5−5.5 MΩ. Series resistance was 
10−30 MΩ. A bipolar stimulating electrode was placed in the SCN at the beginning 
of each recording session. Electrical pulses (20–80 μA, 0.1−0.5 ms; 10Hz, 30 s)  
were delivered as described above. For gap-free whole-cell current clamp record-
ings, pipettes were back-filled with a solution containing the following (in mM): 
140 K+-gluconate, 2 MgCl2, 10 HEPES, 2 ATP(Na2), 0.4 GTP(Na2) (pH adjusted 
to 7.25 with NaOH). Baseline average firing rates were calculated over a window  
of 60 s immediately preceding SCN stimulation, and the corresponding voltage 
was obtained from the peak of an all-points voltage histogram. SCN stimulation  
evoked firing rates were calculated over a window of 60 s during the maxi-
mal firing response within 2 min of the end of stimulation. Post-stimulation  
voltage was obtained during the corresponding period. Current clamp analysis  
(Fig. 3f) was restricted to cells maintained by current injection between −35 and 
−50 mV (values not corrected for liquid junction). Aliquots of SR49059 dissolved 
in DMSO (10 mM) were diluted into ARCSF to achieve a final concentration of 
10 μM. For whole-cell voltage clamp experiments, steady state current–voltage  
(I−V) relations were obtained from the current responses induced by slow  
voltage ramps (−110 to +10 mV; 2 s, Vh −50mV). Pipettes were backfilled with 
solutions corresponding to the experiment in question. K+ internal solutions 
were composed of the following (in mM): 140 K+-gluconate, 2 MgCl2, 10 HEPES, 
2 ATP(Na2), 0.4 GTP(Na2) and 5 QX314-Br (pH adjusted to 7.25 with NaOH). 
Cs+ internal solutions were composed of the following (in mM): 140 CsMeS, 
10 HEPES, 2 MgCl2, 2 ATP(Na2), 0.4 GTP(Na2) and 5 QX314-Br (pH adjusted 
to 7.25 with NaOH). Cl− internal solutions were composed of the following (in 
mM): 100 CsMeS, 40 CsCl, 10 HEPES, 2 MgCl2, 2 ATP(Na2), 0.4 GTP(Na2) 
and 5 QX314-Br (pH adjusted to 7.25 with NaOH). Currents induced in OVLT 
neurons induced by SCN stimulation were evaluated as the difference current 
obtained by subtracting the average of two I−V curves taken 1 min after SCN 
stimulation from the average of two I−V curves recorded preceding SCN stim-
ulation. When required, a lowpass filter was applied to the difference current 
trace (lowpass 80−200 Hz). SCN-induced changes in membrane conductance 
were quantified as the slope of the difference current I−V curve, measured 
over a range of 20 mV below the reversal potential. In the analysis of Fig. 3i, j,  
two cells were excluded because SCN-induced currents did not show a reversal 
potential.
VP detection using biosensors in mouse-brain slices. VP release caused by 
light-induced depolarization of SCN VP axons was performed using co-transfected 

HEK293 cells prepared as described above, in horizontal slices prepared from 
ChETA mice. Blue light (473 nm DPSS Laser system, Laserglow Technologies) was 
delivered over the OVLT (50 ms, 22 mW, 5 Hz) for 30 s through a fibre-optic probe 
(slim titanium magnetic receptacle, 200 μm fibre optic diameter/240 μm diameter 
with coating/5.5 mm length numerical aperture 0.22, Doric Lenses), connected to 
a mono fibre-optic patchcord (2 m) via a fibre-optic rotary joint.
Optogenetic manipulation of OVLT neuron firing. Horizontal slices were 
prepared from either ChETA or ArchT mice. Cell-attached recordings were per-
formed as previously described. Blue light was delivered over the OVLT as pre-
viously described (50 ms, 22 mW, 5 Hz) for 30−60 s in ChETA slices during the 
BP (ZT19.5−21.5). Additional light intensities were used to determine threshold 
sensitivity (Extended Data Fig. 9). Yellow light (589 nm, 13 mW, constant light, 
DPSS laser system, Laserglow Technologies) was delivered over the OVLT in ArchT 
slices during the AP (ZT21.5−23.5). SR49059 (10 μm) was bath-applied during 
experiments as noted. Firing rates were calculated by counting the number of 
spikes during 30−60 s. Firing rates were normalized to the average baseline firing 
of the time period in question.
Optogenetic manipulation of SCN neuron firing. Coronal slices were prepared 
from ChETA or ArchT male or female mouse brains. Cell-attached recordings 
were performed on identified VP neurons as previously described. Once sufficient 
baseline was recorded (2–3 min), blue light (for ChETA) or yellow light (for ArchT) 
was delivered to the slice. Analysis of light-induced changes in firing rate was 
performed by comparing firing rates averaged during 30−60 s periods recorded 
before and during light stimulation.
In vivo optogenetics. ChETA and ArchT male mice (60–90 d) were stereotaxically 
implanted with a slim magnetic receptacle fibre-optic cannulas (5.5 mm, Doric 
Lenses) above the OVLT (from bregma with a 7° vertical angle, X: 1.18 mm, Y: 
0 mm, Z: –4.5; ref. 31). Cannulas were initially glued to the brain using Metabond 
(C&B Metabond, Parkell), allowed to dry, then covered with a generous coat of 
dental cement (Stoelting). Animals recovered for 7 days, after which they were 
handled for one week to allow habituation to handling and to the fibre-optic 
patchcord. For testing, animals were placed in metabolic cages on Thursday 
afternoons. On Mondays, the animals were trained by being connected to the 
patchcord during the appropriate test period (2.5 h), 1 h post-handling rest, 1 h 
baseline, 30 min test. Testing started on the following Tuesday. ChETA mice 
were tested from ZT18.5 to ZT21, and ArchT mice were tested from ZT20.5 to 
ZT23. During the test period they received either blue light (22 mW continuous 
or 50 ms, 22 mW, 5 Hz), or yellow light (13 mW continuous) on separate days. 
Water intake analysis was performed as described above. Following the last day 
of testing, animals were anaesthetized and decapitated. Optical implants were 
removed and brains were fixed by immersion for at least 48 h in 4% PFA dissolved 
in PBS. Serial coronal sections (50 μm thick) were cut to determine the position 
of the tip of the fibre-optic cannula. Experiments were rejected if the fibre-optic 
tip terminated rostral or caudal to the OVLT, or more than 200 μm dorsal from 
the dorsal surface of the OVLT.
Characterization of transgene expression in VP neurons. Serial coronal sec-
tions (50 μm thick) were cut from an ArchT mouse brain to analyse the expres-
sion of GFP in VP neurons. Sections were processed for immunohistochemistry 
as described above. A chicken anti-GFP primary antibody (1:1,000, AB13970, 
Abcam) was used to enhance detection of the fluorescence reporter and the PS41 
mouse monoclonal anti-VP neurophysin antibody (1:50; H. Gainer, NIH32,33) was 
used to detect VP. Secondary antibodies were fluorescently labelled Alexa Fluor-
conjugated (568 nm, and 647 nm; Life Technologies; 1:500). Images were analysed 
using ImageJ 1.50a (NIH) to count the number of VP-labelled SCN neurons and 
anti-GFP-labelled SCN neurons.
Single cell RT–PCR. As previously described34, single OVLT neurons were 
aspirated from the slice using large autoclaved micropipettes (1−2 MΩ), which 
were backfilled with 1.5 μl of a solution containing RNaseIN (10 U μl−1; Life 
Technologies). Upon contact and gigaseal formation, cells that fired action 
potentials (neurons) were sucked by negative pressure to collect cytoplasm, 
then lifted and completely suctioned into the electrode. The contents were 
then expelled by positive pressure into a 250-μl microcentrifuge tube con-
taining 0.5 μl DNase I (1 U μl−1; Fisher Scientific) and 1 × MgCl2 buffer and 
stored over dry ice. Tubes were incubated at 37 °C for 30 min, and the reaction 
was stopped by adding 1 μl EDTA (25 mM) and incubated at 65 °C for 10 min. 
The RT reaction was then performed by adding 1 μl 50 μM Random Hexamer 
primers (Life Technologies), 0.25 μl RNaseIN (10 U μl−1), 1 μl 0.1M DTT, 1 μl 
50 mM MgCl2, 1 μl 10 mM (each) dNTPs mix (QIAGEN), 2 μl 5 × First Strand 
Buffer, and 0.25 μl SuperscriptIII (200 U μl−1; ThermoFisher). The mix was 
incubated at 50 °C for 2 h and then the cDNA was stored at −20 °C. Nested 
PCR and nested multiplex single-cell PCR were performed using the follow-
ing primers: Avpr1a ForOUT3 5′ATCCCATCCAAAACCACTCTGAGCG3′; 
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Avpr1a RevOUT3 5′GGTAACACTTGGAAGAAGGCGACCG3′; Avpr1a  
ForIN3 5′GAAGAGAGCGAGGTAAGGAAGGACGG3′; Avpr1a RevIN3  
5′TGCGGGATGTCTTGCGTGGC3′; V1v ForOUT 5′ATGTGGTAGACAT 
GAGGGAGCTAGAGGC3′; V1v RevOUT 5′AATCTTCCCACTGCTGGC 
AGCC3′; V1v ForIN 5′TCCAGGGACTAGCCTCATTGGTGGG3′; V1v RevIN 
5′TGAGTTCTTCTAGCTTCAGTGTGGGGTG3′.

PCR amplicons were analysed on 2.5% agarose.
Statistical analysis. All group data are reported or displayed as means ± s.e.m. 
and the exact sample size is provided for each experimental group or condition 
either in the text or as indicated within or below bar graphs. Information about 
sample collection is also provided where relevant (for example, number of trials 
per animals, or sections per brain). Differences between groups (two-sided) were 
compared using Sigmaplot 12.0 (Systat Software). The software first assessed nor-
mality of the data distribution. In all cases where the normality test failed, a suitable 
non-parametric test was performed. All tests used for comparisons are specified 
in the text. No statistical methods were used to predetermine sample size. The 
experiments were not randomized. The investigators were not blinded to allocation 
during experiments and outcome assessment.
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Extended Data Figure 1 | Anatomical outline of the mouse OVLT 
determined with Evans blue. a, Micrograph shows fluorescence 
(excitation 650 nm, emission 700 nm) in a 50-μm-thick coronal 
section taken through the anterior hypothalamus of a mouse injected 
intravenously with 1% Evans blue. The section corresponds to a plane 
lying 0.55 mm rostral to the bregma as defined elsewhere31. b, Schematic 
illustrating the outline of the OVLT and surrounding structures including 

the anterior commissure (AC), ventral diagonal band of Broca (vDBB), 
and horizontal diagonal band of Broca (hDBB). Scale bar applies to a and  
b. c, Panels show brightfield images (left), Evans blue fluorescence 
(middle), and schematics (right) in consecutive coronal sections spanning 
the entire rostro-caudal extent of the OVLT. Position relative to bregma is 
indicated on brightfield panels.
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Extended Data Figure 2 | Preparation of angled slices of mouse 
hypothalamus that retain the OVLT and SCN. a, Schematic diagram 
showing the relative positions of the OVLT, SCN and other structures in 
the sagittal plane as defined elsewhere31. Median eminence (ME), median 
preoptic nucleus (MnPO), medial septum (MS), optic chiasma (OC), 
posterior pituitary (PP), third ventricle (3V). The brain slice was obtained 

at an angle of 34° relative to the horizontal plane. b, Brightfield image of 
a horizontal slice (plane as shown in a) obtained from a mouse injected 
intravenously with 1% Evan’s blue. c, Evans blue fluorescence observed in 
the same slice in the small rectangular region identified in b. d, Schematic 
diagram illustrating various structures retained in the slice preparation 
(area shown by large rectangle in b).
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Extended Data Figure 3 | Identification of SCN VP neurons projecting 
to the OVLT. a, Top, consecutive coronal bright-field micrographs 
showing the site of microsphere injection in one of three mice tested. 
Note the presence of material (orange) in three of the sections. Bottom, 
schematics illustrating the location of the microspheres (orange) within 
the area encompassing the OVLT. b, Representative sections from four 
brain areas containing VP-immunoreactive neurons (red) obtained from 
the brain shown in a: SCN, supraoptic nucleus (SON), bed nucleus of the 
stria terminalis (BNST) and the hypothalamic paraventricular nucleus 

(PVN). Note that only the SCN contains retrogradely labelled VP neurons 
(open arrows), whereas neurons containing retrogradely transported 
beads in BNST and PVN are VP-negative (arrows). c, Schematic diagram 
illustrating the positions of all 46 VP-positive neurons projecting to 
the OVLT for the brain shown in a. d, Table listing other brain areas 
containing neurons projecting to the OVLT for the brain shown in a. 
Only coronal sections positioned between +0.14 and −0.7 mm relative to 
Bregma were analysed (sites identified according to ref. 31).
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Extended Data Figure 4 | Transgenic mice expressing optogenetic 
probes and fluorescent reporters in VP neurons. a, Schematic 
illustrating the strategies used to produce mice in which VP neurons 
selectively express ChETA and tdTomato or ArchT and eGFP. b, Panels 
show the presence of VP (red, upper) and eGFP (green, lower) in an 
immunolabelled section through the SCN. Note that neurons containing 
eGFP are VP-positive (arrows), but that not all VP neurons contain 
eGFP. An analysis of five sections indicated that 41% of the VP SCN 
neurons (93/225 cells) expressed the fluorescent reporter. c, Left, live VP 

neurons identified by the presence of eGFP in the SCN of a hypothalamic 
slice prepared from an ArchT mouse. One cell is being targeted with a 
patch clamp micropipette. Middle, bright field; right, merge. d, Patch 
clamping of SCN VP neurons identified by the expression of tdTomato 
in ChETA mice (layout as in c). e, VP containing fibres are visible by 
immunolabelling in the wild-type OVLT (upper panel; VP in green, NeuN 
in blue), and by eGFP expression in the OVLT of ArchT mice (lower) or 
tdTomato expression in ChETA mice (not shown).
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Extended Data Figure 5 | Specificity and calibration of VP sensor cells. 
a, Effects of bath-applied VP (concentrations shown below) on GCaMP6m 
fluorescence in HEK293 cells transfected with GCaMP6m alone, or  
co-transfected with GCaMP6m and the human V1aR. Note that VP has 
no effect in the absence of V1aR, but that dose-dependent increases were 
observed in the VP sensors co-transfected with GCaMP6m and V1aR.  
b, Bar graphs show mean ± s.e.m. values of fluorescence changes (relative 
to baseline) caused by 1 μM VP in both types of cells (****P < 0.0001; 
NS, not significant; paired t-test; n shown in brackets). c, Bar graphs 
show mean ± s.e.m. values of fluorescence (relative to baseline) induced 

by different concentrations of VP in HEK293 cells transfected with 
GCaMP6m and V1aR (n shown in brackets). d, Examples of GCaMP6m 
fluorescence in VP sensor cells treated with 10 nM VP in the absence 
(control) or presence of 10 μM SR49059. e, Bar graphs show mean ± s.e.m. 
values of GCaMP6m fluorescence (relative to baseline) induced by 10 nM 
VP cells in the absence and presence of 10 μM SR49059. Cells were first 
tested in the presence of SR49059, then SR49059 was washed out and 
cells were retested in the absence of SR49059 (**P < 0.01; two-way RM 
ANOVA and Holm-Sidak post-hoc test).
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Extended Data Figure 6 | Detection of VP release in slices of mouse 
and rat hypothalamus. a, Schematic diagram illustrates the configuration 
of the experiment. HEK293 cells transfected with GCaMP6m and V1aR 
(VP sensors) were plated over the slice and GCaMP6m fluorescence was 
imaged over various regions (OVLT illustrated here). b, Upper panels 
show GCaMP6m fluorescence in VP sensors overlying the OVLT before 
(baseline) and after electrical stimulation of the SCN (SCN STIM; 10 Hz, 
30 s) in a slice of mouse hypothalamus. The lower graph plots the time 
course of changes in fluorescence (ΔF; expressed as per cent of basal 
fluorescence, % Change) induced by SCN stimulation (bar) in a number 
of cells. c, Bar graphs show mean ± s.e.m. values of fluorescence changes 

induced by SCN stimulation in slices of mouse hypothalamus relative to 
baseline (***P < 0.001; n shown in brackets, paired t-test). d, Photo of a 
horizontal rat hypothalamic slice depicting four regions where VP sensor 
fluorescence was measured after SCN stimulation: OVLT (blue), insular 
cortex (black), nucleus accumbens (grey) and SCN (magenta). e, Bar 
graphs show mean ± s.e.m. GCaMP6m fluorescence before and after SCN 
stimulation in five representative sensor cells lying over the OVLT, and all 
cells imaged over the other areas sampled. Note significant release in SCN 
and OVLT, but not in the other regions (paired t-test used for analysis of 
OVLT and SCN, and Wilcoxon test used for other regions; *P < 0.05; NS, 
not significant).
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Extended Data Figure 7 | V1aRs are necessary for c-Fos activation 
during the AP in OVLT neurons. a, Single-cell RT–PCR bands reveal 
the presence or absence of mRNA encoding VP V1aRs (upper panels) in 
seven (of 18) individual osmosensory OVLT neurons aspirated via patch 
pipette in a horizontal slice of rat hypothalamus. The positions of all 
sampled neurons were measured relative to the rostral part of the preoptic 
recess (POR) of the third ventricle, and mapped according to ref. 28. 
Most neurons were sampled in the core of the OVLT. b, OVLT neurons 

were identified as osmosensory neurons by the presence of PCR products 
reflecting expression of the channel gene Trpv1dn (lower panels)34. In 
total, 13 of 18 Trpv1dn-positive OVLT neurons (72%) were found to 
express V1aRs. c, Micrographs show expression of immunolabelled c-Fos 
in the OVLT of wild-type and V1aR−/− mice during the BP and AP. Note 
that the increase in c-Fos density observed in wild-type mice during the 
AP is absent in V1aR−/− mice.
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Extended Data Figure 8 | Optogenetic control of SCN VP neurons in 
ChETA and ArchT mice. a, Cell-attached recordings of spontaneous 
action potential firing in identified SCN VP neurons in slices prepared 
from ChETA and ArchT mice. Note how application of blue light (473 nm, 
blue bar) causes excitation of the ChETA neuron whereas application 
of yellow light (589 nm, yellow bar) inhibits the ArchT neuron. b, Bar 
graphs show mean ± s.e.m. values of firing rate (FR) measured in SCN 
VP neurons from both genotypes in the absence (white) and presence of 
light (blue for ChETA; yellow for ArchT; n shown in brackets; *P < 0.05; 
ChETA, paired t-test; ArchT, Wilcoxon test). c, Upper trace is a rate metre 

record (5-s bins) showing the effects of prolonged application of yellow 
light (bar) on firing rate of an SCN VP neuron from an ArchT mouse. 
Traces below show samples of neuronal activity recorded at the times 
indicated by the numbers. Note that the inhibitory effect of light on firing 
rate is sustained for >20 min but diminishes thereafter. d, Upper trace is a 
rate metre record (5-s bins) showing the effects of prolonged application of 
blue light (bar) on firing rate of an SCN VP neuron from a ChETA mouse. 
Traces below show samples of neuronal activity recorded at the times 
indicated by the numbers. Note that the excitatory effect of light on firing 
rate is sustained for >10 min but declines before the end of the stimulus.
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Extended Data Figure 9 | Optogenetic control of OVLT neurons in 
mice. a, Schematic diagram illustrating midline structures surrounding 
the mouse OVLT in the sagittal plane. Positions illustrated as described 
elsewhere31. Fibre-optic cannula attached to a slim titanium magnetic 
receptacle was implanted by insertion at an angle of 7° relative to the 
vertical plane. b, Photograph shows the slim titanium magnetic receptacle 
and fibre-optic cannula superimposed on a coronal brain slice at the level 
of the OVLT. c, Coronal section from the paraformaldehyde-fixed brain 
of a mouse that was implanted with a fibre-optic cannula. Inspection 
of the section revealed that the tip of the cannula had reached the most 
dorsal part (arrow) of the OVLT (dashed line). d, Plot shows the effect of 
blue light delivered for 1–2 min at different intensities on the firing rate 
of OVLT neurons in slices from a ChETA mouse in vitro. Each dot is a 

different cell. Note that threshold intensity is ~12.5 mW. e, Plot shows 
theoretical decay of light intensity through brain tissue as a function of 
distance using our specific parameters and the calculator module provided 
at http://optogenetic.org. Note that with a light output set at 22 mW (used 
in our in vivo experiments with ChETA mice), light intensity drops below 
threshold at a distance of ~125 μm from the tip of the fibre-optic probe.  
f, Coronal schematics illustrate implantation sites for all in vivo 
optogenetic experiments determined by post-hoc histological inspection 
(as in c). This image has been adapted from ref. 31. Distance from bregma 
in the rostro-caudal axis is shown below each panel. Note that experiments 
were only successful when the tip of the fibre-optic probe was placed 
directly into or above the OVLT.
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Extended Data Figure 10 | Transgenic ChETA and ArchT mice implanted with fibre-optic cannulae displayed increases in water intake during 
the AP. Bar graphs show mean ± s.e.m. values of water intake during the BP (ZT19.5–21.5) and AP (ZT21.5–23.5) in groups of ChETA and ArchT mice 
(paired t-test, **P < 0.01; n shown in brackets).
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