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Abstract

Arginine vasopressin (AVP), a major neuropeptide in the suprachiasmatic 

nucleus (SCN), is postulated to mediate the output of the circadian oscillation. Mice 

carrying a reporter gene of AVP transcription (AVPELuc) were produced by knocking-in a 

cDNA of Emerald-luciferase (ELuc) in the translational initiation site. Homozygous

mice did not survive beyond postnatal day 7. Using the heterozygous (AVPELuc/+) mice, 

we developed a bioluminescence reporter system that enabled us to monitor AVP

transcription through AVP-ELuc measurement in real time for more than 10 cycles in 

the cultured brain slice. AVPELuc/+ mice showed circadian behavior rhythms and light 

responsiveness indistinguishable from those of the wild type. Robust circadian rhythms 

in AVP-ELuc were detected in the cultured SCN slice at a single cell as well as tissue 

levels. The circadian rhythm of the whole SCN slice was stable, with the peak at

mid-light phase of a light-dark cycle, while that of a single cell was more variable. By 

comparison, rhythmicity in the paraventricular nucleus and supraoptic nucleus in the 

hypothalamus was unstable and damped rapidly. Spatiotemporal profiles of AVP 

expression at pixel level revealed significant circadian rhythms in the entire area of AVP 

positive cells in the SCN, and at least two clusters which showed different circadian 

oscillations. Contour analysis of bioluminescence intensity in a cell-like region

demonstrated the radiation area was almost identical to the cell size. This newly 

developed reporter system for AVP gene expression is a useful tool for the study of

circadian rhythms.
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Introduction

Arginine vasopressin (AVP) is a major neuropeptide in the suprachiasmatic 

nucleus (SCN), location of the circadian pacemaker. Most SCN cells exhibit circadian 

rhythms in clock gene expression and electrical activity (Welsh et al., 1995; Yamaguchi

et al., 2003). The cellular circadian rhythms are rather variable but integrated by 

oscillatory couplings to build up a coherent circadian rhythm on tissue level (Inagaki et 

al., 2007). AVP neurons are distributed in the shell region, while neurons containing 

vasoactive intestinal peptide (VIP), another major neuropeptide in the SCN, distribute in 

the core region (Moore et al., 2002). AVP and VIP exhibit robust circadian rhythms in 

production, storage, and secretion (Shinohara et al., 1993; Ban et al., 1997; Francl et al., 

2010; Kalsbeek et al., 2010). However, we have observed that the circadian rhythms

become desynchronized in SCN slice culture (Shinohara et al., 1995), indicating that 

AVP and VIP neurons have independent circadian oscillators. There might be two 

classes of coupling: one synchronized among the AVP or VIP neurons and the other 

between the AVP and VIP circadian rhythms. Recently, the importance of AVP in

intra-SCN oscillatory coupling has been recognized (Mieda et al., 2015). Mice 

genetically deficient in AVP receptors re-entrained immediately to a phase-shift of the

light-dark (LD) cycle (Yamaguchi et al., 2013). 

AVP-positive SCN neurons extend their axons to structures outside the SCN

(Rood & De Vries, 2011). AVP was found in the cerebrospinal fluid and thought to

originate from the SCN (Schwartz & Reppert, 1985). This AVP could be a mediator of 

SCN circadian signals to the extra-SCN areas. AVP-containing cells are also localized in 

the paraventricular nucleus (PVN) and supraoptic nucleus (SON) (Rood & De Vries, 

2011). AVP in these nuclei are produced in the cell body and transported to the posterior 
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pituitary, where AVP is stored and released into the general circulation in response to 

various stimuli (Iovino et al., 2012). Circadian dynamics of AVP in the SCN and other 

nuclei are not well documented. And there are inconsistencies regarding circadian phase

in the literature (Noto et al., 1983; Yamase et al., 1991). One of the reasons for these 

ambiguities is the lack of analytical tools for monitoring the dynamics of AVP 

production and secretion with high temporal and spatial resolution. Recent advances in

gene engineering and photonic bioimaging techniques have made it possible to monitor 

transcription of a gene of interest using a specific bioluminescent reporter (Millar et al., 

1992). Ueta et al., (2005) reported AVP gene expression in transgenic rats producing an 

AVP-eGFP fusion protein. However, it was difficult to monitor the eGFP fluorescence 

continuously over several days, an operation that is mandatory for biological rhythm 

studies.

Here we report a newly generated knock-in mouse carrying a luciferase 

reporter of AVP expression that allows monitoring AVP transcription in cultured brain 

slices containing the SCN, PVN or SON. A novel technology revealed robust circadian 

rhythms in AVP expression for many cycles.

Materials and methods

Animal experiments were conducted in accordance with the Guidelines for the 

Care and Use of Laboratory Animals of Hokkaido University and Niigata University. 

The present experiments were approved by the Animal Research Committee of 

Hokkaido University and Niigata University (permission numbers 130064 for Hokkaido 

University and 178-8 for Niigata University). 



6

Generation of AVPELuc knock-in mouse

To generate the AVPELuc knock-in mouse, we designed a targeting vector in 

which the Emerald-luciferase gene (Nakajima et al., 2010) (TOYOBO, Osaka, Japan)

along with PEST, SV40, and polyA sequences (ELuc) were inserted into the 

translational initiation site of the mouse AVP gene in frame (Fig. 1A). The half-life of 

Eluc::PEST is 2.8 h (Yasunaga et al., 2015). The knock-in vector was constructed with 

11.67 kb C57BL/6 genomic fragment (5.3 kb upstream and 6.37 kb downstream from 

the translational initiation site), a neomycin resistance cassette, and a diphtheria toxin 

gene using BAC subcloning kit (Gene Bridges, Dresden, Germany). The linearized 

targeting vector was electroporated into the C57BL/6N embryonic stem cell line 

RENKA (Mishina & Sakimura, 2007). Correctly targeted clones were identified by 

Southern blotting using 5′, 3′, and neo probes (Fig. 1B). Chimeric mice were obtained as 

described previously (Fukaya et al., 2006). 

Genotypes were determined by PCR of mouse tail genomic DNA using the 

following primers: forward 5′-TCCTAGGGAACACCTGCAGACAT-3′, reverse for 

wild type (WT) 5′-CAGTATCCTTTATGCGGCTTCTCTAGCACC-3′, and for knock-in 

line 5′-AGATGTTCCTGTGGGTCTGC-3′. The PCR product sizes of the WT and 

knock-in mice were 410 bp and 712 bp, respectively (Fig. 1C). Heterozygous mice 

(AVPELuc/+) were used for further analysis. 

Plasma AVP level was determined in AVPELuc/+ and C57BL/6 mice in the middle 

of the light phase and there was no significant difference between them (AVPELuc/+; 

114.8 ± 28.7 pg/ml, n = 5; C57BL/6J, 127.1 ± 30.2 pg/ml, n = 5).
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Animal housing

Wild type and AVPELuc knock-in mice were bred and raised in the animal facility

at Hokkaido University under LD cycles with lights on at 06:00 h and off at 18:00 h. 

Light intensity during the light phase was approximately 100 lux. Room temperature 

was 22 ± 2°C and humidity was 60 ± 10%. The mice were fed commercial chow and tap 

water ad libitum. Experiments were performed under LD cycles unless otherwise 

specified. WT and AVPELuc/+ male mice were used in vivo experiments, and both sexes

were used in ex vivo experiments.

Measurements of body weight, water, and food intake

AVPELuc/+ and littermate WT mice were used for the experiments. Because 

homozygotes did not survive more than 7 days, we used heterozygotes. Body weight of 

AVPELuc/+ (n = 12) and littermate WT (n = 13) was measured weekly from ages 1 to 10 

weeks. Water and food intake were also measured together with body weight in 

AVPELuc/+ (n = 4) and WT (n = 5) mice from ages 6 to 12 weeks. 

Measurement of spontaneous locomotor activity and data analyses

AVPELuc/+ (n = 10) and their littermate WT (n = 5) mice of 4 months old were 

transferred into individual cages in light-tight boxes where light intensity was 

approximately 300 lux in the light phase. Spontaneous locomotor activity was measured 

by a thermal sensor as described elsewhere (Nishide et al., 2006). Mice were kept in LD 

for 22 days and released into constant dark (DD). A single light pulse of 30 min (300 

lux) was given at circadian time (CT) 14 on day 19 and at CT22 on day 40 in DD, 

where the onset of an activity band in the behavior rhythm (activity onset) was 
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designated as CT12. Activity was recorded every min with a PC system (Stanford 

Chronokit, Stanford Software Systems, CA, USA) and analyzed with Clock Lab 

(Actimetrics, IL, USA). The free-running period was determined from an eye-fitted line,

which was drawn through the onsets of the activity band in steady state free-run before 

application of the first light pulse. Magnitude of phase shifts by a light pulse was 

defined as a phase difference on the next day of a pulse between the activity onset of a 

pre-pulse free-running rhythm and the extrapolated regression line fitted to the activity 

onset in a post-pulse steady state free-run (steady-state phase shifts). 

In situ hybridization

AVPELuc/+ (n=10) and littermate WT (n=10) mice were used for in situ

hybridization. Brain samples were collected at Zeitgeber Time (ZT) 6 and 18, where the 

light onset of LD was designated as ZT 0. Coronal brain slices of 20 μm thick were 

subjected to the hybridization according to the protocol described previously (Baba et al, 

2008). Antisense oligonucleotide complimentary to mouse AVP-Neurophysin II

(457~504) (5’-GTAGACCCGGGGCTTGGCAGAATCCACGGACTCCCGTGTCCC

AGCCAG-3’) was labeled with 33P dATP using terminal deoxyribonucleotidyl

transferase (Gibco BRL). The brain slices were air dried and exposed to BioMax MR 

films (Eastman Kodak) for 2 days (from day 5 to day 7 after hybridization) with the 14C 

acrylic standard (American Radiolabeled Chemicals). Autoradiography was analyzed 

with the image analysis system (MCID Core, MCID Image Analysis Software Solutions 

for Life Sciences), and the optical density was converted to the relative radioactive 

value (kBq ∕ g) with the 14C acrylic standard. The amount of mRNA per unit area in 
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each mouse was expressed as the mean of three consecutive slices in the calibrated OD 

(kBq / g).

Immunohistochemistry

The distribution of AVP neurons in the SCN of AVPELuc/+ mice was examined by 

semi-quantitative immunohistochemical analysis. The WT (n=4) and AVPELuc/+ mice (n

= 4) were anesthetized with ether and transcardially perfused with saline followed by 

4% paraformaldehyde (PFA). The brains were post-fixed with 4% PFA. The coronal 

slices of 20 μm thick including the SCN were prepared by a cryostat (Leica, Germany)

and mounted on PLATIMUM-PRO coated glass slides (Matsunami, Osaka, Japan). For 

this analysis, slices containing the middle potion of the SCN were used. The slices were 

washed with Tris-buffered saline (TBS) and then blocked by 10% normal goat serum 

(NGS) dissolved in TBS containing 0.4% Triton X-100 at room temperature. The slices 

were incubated in a mixture of mouse anti-AVP antibody (AVP-NP, PS41) (Romijn et 

al., 1997) and rabbit ant-VIP antiserum (Peptide Institute, Osaka, Japan) in TBS 

containing 2% NGS and 0.4% Triton X-100 (TTG) at 4C. After washing with TTG, the 

slices were incubated with secondary antibodies labeled with Alexa (anti-mouse IgG, 

A11008 and anti-rabbit IgG, A11005, Invitrogen) in TTG at 4C. The slices were 

washed with TBS and sealed with Prolong Gold with DAPI (Invitrogen). AVP and VIP

signals were examined by fluorescent microscopy (BZ9000, Keyence, Osaka, Japan). 

For cyto-architectural analyses of AVP neurons in the SCN, the SCN was 

sectionalized into 24 square grids (53 × 53 μm). Five regions were defined; the 

dorsomedial (DM, 5 grids), centromedial (CM, 4 grids), ventromedial (VM, 5 grids), 

middle (M, 7 grids) and lateral (L, 3 grids) region. The fluorescence intensity in each 
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grid was quantified by Aquacosmos (Hamamatsu Photonics) and expressed as 

difference from the mean intensity of 24 grids. The number of AVP-positive cells in the 

grids was also counted and compared between the two genotypes. 

To confirm the AVP containing cells in bioluminescence spots of the cultured

SCN slice, the slices were fixed with PFA after bioluminescence recording and 

subjected to immunohistochemical staining as mentioned above, except mounting on 

glass slide, which was done after free-floating staining.

Time-lapse Calcium Imaging

Circadian rhythms in intracellular calcium (Ca2+) level were measured in the 

cultured SCN on pixel level using time-lapse calcium imaging (Enoki et al., 2012). 

Aliquots of the adeno-associated virus (AAV, serotype 2/1) (1μl) harboring GCaMP6s, a 

genetically encoded calcium sensor, under the control of the human synapsin-1 

promoter (produced by the University of Pennsylvania Gene Therapy Program Vector 

Core) were inoculated onto the surface of the cultured SCN slice at 7 days after the 

preparation from neonatal mice (5 days old; WT, n = 4; AVPELuc/+, n = 5). Infected SCN 

slices were further cultured for 14 days before imaging. Fluorescence images (2560 × 

2160 pixels, 0.325-μm resolution) were captured at an exposure of 2 sec. Images of 

100-μm depth in the z axis were obtained at 2 μm z-steps. The imaging system is 

composed of Nipkow spinning disk confocal (X-Light; Crest Optics), sCMOS CCD 

camera (NEO; Andor Technology), inverted microscope (Ti-E; Nikon), dry objectives 

(20 X, 0.75 NA, Plan Apo VC; Nikon), box incubator (TIXHB; Tokai-hit), and 

MetaMorph software (Molecular Devices). GCaMP6s was excited at cyan color (475/28 

nm) with LED light source (Spectra X Light Engine; Lumencor Inc) and the 
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fluorescence was visualized with 495 nm dichronic mirror and 520/35 nm emission 

filters (Semlock).

Culture preparation for bioluminescence recording and data analyses

AVPELuc/+ mice of 5-11 months old were sacrificed under LD at ZT 4-8. The brain 

was harvested in ice-cold Hanks’ balanced salt solution.

For a tissue level analysis, four coronal slices of 300 µm thick were prepared from adult 

mice (n=10) with a microslicer (Dosaka EM, Kyoto, Japan) as described previously 

(Yoshikawa et al., 2013). The bilateral SCN, PVN, and unilateral SON were dissected 

from each slice and cultured separately on a membrane (Millicell-CM, Millipore) in 

DMEM containing 0.1 mM D-luciferin potassium salt and 5% culture supplements, the 

composition of which is described in Yoshikawa et al., (2013). Bioluminescence was 

recorded for 1 min every 10 min with a photomultiplier tube (PMT) (Lumicycle, 

Actimetrics; Kronos, Atto, Tokyo, Japan). Raw data of bioluminescence from day 2 to 

day 7 in culture was used for evaluation of circadian rhythmicity by Chi-square 

periodgram (Clock Lab) in the range from 18 to 36 h with a significance level of p 

< 0.01. For determination of the peak phase and amplitude on the tissue level 

analysis, detrended and smoothed data were used. Bioluminescent data were 

detrended by a 24-h moving average subtraction method and then smoothed by a

5-point (SCN) or 11-point (PVN and SON) moving average method. The circadian

period was calculated from the interval between successive 3-5 circadian peaks as 

described previously (Yoshikawa et al., 2013). Amplitude was defined as the difference 

between the highest and following lowest values of detrended data in a cycle. 

In addition, ectopic expression of AVP bioluminescence was examined in several 
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tissues of the AVPELuc/+ mice (n = 3). The olfactory bulb and median eminence were 

sliced into 300 μm thick by a microslicer. The anterior pituitary, liver, and lung 

were hand-sliced with a pair of surgical knives into thin section. The pineal gland 

was cut halfway through and flattened, and the testis was cut into a small piece.

They were subjected to the culture as described above.

For a single cell analysis, 4 coronal slices of 100 µm thick were prepared from 

adult mice (n = 7) with the microslicer. The slices were trimmed to include the SCN, 

and cultured on the membranes in DMEM containing 0.2 mM D-luciferin potassium 

salt at 37C. Bioluminescence images were obtained using one of the following three 

CCD cameras cooled to −80 °C: ImagEM (Hamamatsu Photonics, Hamamatsu, Japan), 

iXon3 (Andor, Belfast, UK), or −60 °C: ORCA II (Hamamatsu Photonics). The images 

were collected every 60 min (with 59-min exposure) immediately after the start of 

culture. 

Temporal changes in bioluminescence over 72 h were analyzed on the pixel level. 

A time series of raw bioluminescence data of each pixel was fitted to a cosine curve, as 

described previously (Enoki et al., 2012) with minor modifications. Briefly, the pixels 

in which bioluminescence was less than the background level were excluded from the 

further analyses. The background level was defined as the mean bioluminescence level 

of 9 pixels at the darkest corner of an image plus 3 SD of the mean. The best fitted

cosine curve was obtained by a least-squares method. The goodness of fit was 

statistically evaluated by percent rhythm accounted for the fitted cosine wave (Pearson 

product-moment correlation analysis) at a significance level of p<0.01 (Nelson et al., 

1979). The first acrophase (circadian peak), amplitude (a double value of mathematical 

amplitude) and period of the best fitted cosine curve were used as the parameters of 
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circadian rhythm, and illustrated in pseudocolor.

Contour lines of bioluminescence from isolated cells

The distribution and extent of light signals were evaluated from a single 

isolated ROI of cell-size surrounded by areas with bioluminescence of the background 

level. To standardize the bioluminescent image, the background light intensity in each 

image was subtracted. The background intensity was defined as the mean light 

intensities of four circles with a 30 µm diameter at the corners of an image plus 3SD of 

the mean. The circles covered the areas on the tissue outside the SCN. The brightest 

pixel in the ROI was designated as 100, and the light intensity of pixels around the 

brightest was expressed as a ratio in 20% bins. Contour analysis was done for the SCN 

(n = 4 cells from 2 slices) and PVN (n = 3 cells from 2 slices).

Statistical analyses

Differences in the circadian period of behavioral rhythm, in plasma AVP level, 

and in the intensity of immunohistochemical staining between the WT and transgenic

mice were evaluated by the Student's t test. Regional differences in parameters of 

bioluminescence rhythm were evaluated by one-way ANOVA with post-hoc 

Tukey-Kramer test. A two-way repeated measure or two-factor factorial ANOVA with 

post-hoc Tukey-Kramer test was used for evaluation of the changes in the circadian 

phase after a single light pulse, body weight, food/water intake, AVP mRNA expression 

level, and regional difference in AVP-immunoreactivity and parameters of Ca2+ rhythm 

of both groups of mice.
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Results

Body weight, water, and food intake

Body weight was not different between WT (n = 12) and AVPELuc/+ (n = 13) 

mice from 1 to 10 weeks of age (1 week: WT, 4.1 ± 0.3 g; AVPELuc/+, 4.1 ± 0.6 g. 10 

weeks: WT, 23.2 ± 0.9 g; AVPELuc/+, 23.3 ± 1.1 g; mean ± SD). Weekly food and water 

intake relative to body weight were also not different between WT (n = 5) and AVPELuc/+

(n = 4) mice from 6 to 12 weeks of age (food intake: at 6 weeks, WT, 1.2 ± 0.1 g/g.b.w.,

AVPELuc/+, 1.1 ± 0.1 g/g.b.w.; at 12 weeks, WT, 0.8 ± 0.02 g/g.b.w., AVPELuc/+, 0.8 ± 0.1 

g/g.b.w.. water intake: at 6 weeks, WT, 3.1 ± 0.2 g/g.b.w., AVPELuc/+, 3.1 ± 0.4 g/g.b.w.;

at 12 week, WT, 2.0 ± 0.3 g/g.b.w., AVPELuc/+, 2.1 ± 0.1 g/g.b.w.).

Formal properties of behavioral rhythm

Formal properties of behavioral rhythm were not significantly different 

between AVPELuc/+ and wild type littermate (Fig. S1). The free-running circadian period

in DD were 23.97 ± 0.02 h (mean ± SD) in WT mice (n = 5) and 23.99 ± 0.02 h in 

AVPELuc/+ mice (n = 10). A single light pulse given at CT14 and CT22 induced 

statistically indistinguishable phase-delay (WT, 1.88 ± 0.02 h; AVPELuc/+, 1.77 ± 0.38 h) 

and phase-advance shifts (WT, 0.54 ± 0.19 h; AVPELuc/+, 0.77 ± 0.40 h) (Fig.S1). The 

circadian period after the light pulse was 23.83 ± 0.15 h and 23.82 ± 0.10 h in the 

AVPELuc/+ and littermate WT, respectively. 

Spatiotemporal profiles AVP and VIP in the SCN of AVP ELuc/+ mice

AVP mRNA expression levels in the SCN, PVN and SON of AVPELuc/+ mice were 
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comparable with those of WT mice when analyzed by in situ hybridization at ZT6 and 

ZT18 (Fig. 2A, B). Expression level at ZT6 is significantly higher than ZT18 in the 

SCN of both genotypes (P< 0.01, two-factor factorial ANOVA with post-hoc 

Tukey-Kramer test). No ectopic AVP mRNA expression was found outside the SCN in 

the coronal brain slice. The distribution of AVP-immunoreactive cells in the SCN of 

AVPELuc/+ mice (n = 4) was indistinguishable from that of WT mice (n = 4; Fig. 2C, D).

The number of AVP-immunoreactive cells in the SCN was not significantly different 

between AVPELuc/+ (56 ± 3 cells/slice) and WT (52 ± 2 cells/slice) mice. The intensity of 

AVP-immunostaining was not significantly different between AVPELuc/+ and WT on grid

as well as whole tissue level (Fig. 2D). The regional difference in the intensity was 

detected in both WT and AVPELuc/+ mice between the DM and VM or M region, and 

between CM and M region (p<0.01, one-way ANOVA with post-hoc Tukey-Kramer 

test).

The intracellular calcium rhythm in the cultured SCN slice was robust in both 

AVPELuc/+ and WT mice (Fig.2E). Regional distributions of acrophase were not 

different between them (Fig. 2F, G). In WT mice the circadian peak in the ventral part

of the SCN were significantly phase-ahead to the dorsal and central parts (p<0.05, 

p<0.01), whereas in AVPELuc/+ mice the circadian peak in the ventral part was 

significantly phase-ahead only to the central part (p<0.05). The difference was mainly 

due to larger SDs in AVPELuc/+ mice.

Circadian rhythms in bioluminescence

Robust circadian rhythms in AVP-ELuc bioluminescence were detected for more 

than 10 cycles in the SCN slices (Fig.3A, 4A). The circadian rhythm was stable except 
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for the initial decline of amplitude. The damping rate in the first 3 cycles was 0.3 ±

0.1 (n=10) and the following cycles (3-10 cycle) was 0.8 ± 0.4 (n = 10). The circadian 

peak on the first day in culture was located in the middle of the light phase (ZT 4.9 ± 

0.5, mean ± SD) and the circadian period was 22.9 ± 0.4 h. AVP-ELuc

bioluminescence in the PVN and SON exhibited a large peak on the first day in culture

(day 1) and damped immediately. However, circadian rhythms with low amplitude 

persisted in the subsequent days (Fig. 3A). Chi-square periodogram analysis revealed 

significant circadian rhythms in 9 PVN of 10 examined, and in 8 SON of 10 examined. 

The circadian peak on the first day of culture was located at ZT 5.2 ± 1.9 (n = 9) for the 

PVN and ZT 3.0 ± 2.3 (n = 6) for the SON, respectively (Fig. 3B). The circadian period

was 23.0 ± 2.7 h for the PVN and 23.7 ± 2.7 h for the SON. The circadian rhythm in the 

SCN was more stable in terms of the peak-to-peak variability than those in the PVN and 

SON. The SD was significantly smaller in the SCN (0.6 ± 0.3, n = 10) than in the PVN 

(3.7 ± 2.0, n = 6) and SON (5.7 ± 1.7, n = 6) (p<0.01, one-way ANOVA with post-hoc 

Tukey-Kramer test).

Only low basal levels of bioluminescence were detected in the cultured olfactory 

bulb, median eminence, anterior pituitary, pineal gland, liver, lung, and testis of the

AVPELuc/+ mice (n = 3, Fig. S3).

Bioluminescence imaging with a CCD camera revealed that AVP-ELuc expressed 

cells were sporadically scattered in the shell region of the SCN (Fig. 4B, 5A). Circadian 

rhythms in sell-sized region of interest (ROI) were analyzed (Fig.4C, Fig.5B). The 

mean number of ROI in each slice was 36.4 ± 14.9 (n=7). The variability of the rhythm 

was assessed by comparing SD of the peak-to-peak intervals of each ROI with that of 

the whole SCN of the same slice. Three consecutive peak-to-peak intervals (day1-4 in 
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culture) were calculated and SD of the intervals was obtained in each SCN slice and 

ROIs contained in it. The variability was significantly larger in ROI than in the whole 

SCN in 5 out of 7 slices examined (P<0.01, t-test), suggesting that the circadian rhythm 

is more stable on tissue level than on cellular level.

A simple summation of circadian rhythms in ROIs reproduced only a fraction of 

the circadian amplitude on the whole SCN level (Fig. 4C), indicating that the circadian 

rhythms in other areas than identified ROIs greatly contributed to the shape of circadian 

rhythm on tissue level. To increase the resolution of circadian rhythm analysis, we used 

a cosine curve fitting method on pixel level (Enoki et al., 2012). The pixel level analysis 

revealed the distribution of circadian AVP rhythm in the SCN, showing regional 

specificities in the acrophase (circadian peak), amplitude and circadian period (Fig. 5D, 

S2A). The distribution of bioluminescence was in good agreement with 

immunohistochemically stained AVP areas (Fig. 5C, S2C). A ratio of the numbers of 

AVP-Eluc cells and AVP-immunopositive sells in the outermost focal plane of an SCN 

slice was 92.7 ± 9.3 % (n=3). The acrophases and amplitude of AVP circadian rhythms 

in the dorsomedial and ventromedial areas were markedly different from the 

centromedial area, whereas no regional difference was detected in the period and 

percent rhythm, an index of the curve fitting accuracy (Fig. S2B). These findings 

indicate the existence of at least two distinct regional clusters of AVP circadian rhythms.

Contour lines of bioluminescence from isolated cells

The distribution and extent of bioluminescence signals was examined in a 

single isolated ROI in the SCN and PVN (Fig. 6A). The area covered by pixels emitting

the luminescence was slightly larger in the peak phase (brightest) than in the trough 
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phase (dimmest) in the PVN, but was not much different in the SCN (Fig. 6B). The 

intensity of bioluminescence reduced linearly along with the distance from the brightest 

center (Fig. 6B). The level of bioluminescence in a single ROI was expressed by 

contours in 20 % bins, where the brightest pixel represented 100%. The size of area 

enclosed by each contour is plotted against bioluminescence brightness in a cumulative 

manner. The size correlated significantly with brightness (SCN, dim, y = 15.6x - 21.6, r 

= 0.992; bright, y = 20.3x - 34.6, r = 0.986; PVN, dim, y = 83.5x - 135.8, r = 0.999; 

bright, y = 82.4x - 107.0, r = 0.997). The regressions were all statistically significant 

(p<0.01). The area where a regression line reaches 0 % of brightness is assumed to the 

limit of bioluminescence radiation. The mean area of isolated ROI so far detected in the 

SCN (bright, 89 ± 13; dim 71 ± 10 m2, n = 4) and in the PVN (bright, 376 ± 28; 

dim 343 ± 38 m2, n = 3) were almost identical to the size of SCN (van den Pol, 

1991) and PVN neurons (Sofroniew, 1985).

Discussion

We successfully monitored circadian rhythms in AVP-ELuc bioluminescence not 

only from the SCN but also from the PVN and SON slices in culture, indicating that a 

bioluminescence reporter of newly developed AVPELuc knock-in mice is useful.

AVPELuc/+ mice exhibited circadian behavior rhythms indistinguishable from those of 

WT mice in free-running periods in DD and in phase responses to a single light pulse, 

indicating that gene manipulation did not disturb the circadian system (Fig. S1). In 

addition, the configurative profile of AVP neurons as well as the expression level of 

AVP in the SCN was not different between AVPELuc/+ and WT mice (Fig. 2A-D). The 
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same was essentially the case for the circadian rhythm in intracellular Ca2+

concentration on pixel level (Fig.2E-G). All these results indicated that a single allele of 

AVP gene produces AVP sufficient to keep physiological functions.

Circadian rhythms in bioluminescence were detected in the SCN slices, and the 

peak phase was located in the middle of the light phase of LD 12:12 (Fig. 3, 4A). The 

peak phase is similar to SCN culture of Period1-luciferase transgenic mouse (Inagaki et 

al., 2007) and approximately 6 h phase advance from that of Period2Luiferasec knock-in 

mouse (Yoo et al., 2004). Circadian peaks of AVP mRNA level in the SCN was reported 

to be in the late light phase in mice (Burbach et al., 1988; Cagampang et al., 1994; 

Dardente et al., 2004; Maruyama et al., 2010) and rats (Burbach et al., 1988; 

Cagampang et al., 1994; Maruyama et al., 2010). The circadian peak of AVP 

heteronuclear (hn) RNA expression preceded the peak of AVP mRNA, indicating a time 

lag between AVP transcription and the peak mRNA level (Maruyama et al., 2010). AVP 

peptide in the rat SCN peaked in the first half (Södersten et al., 1985; Tominaga et al., 

1992) or the second half of the light phase (Yamase et al., 1991) or in a bimodal pattern 

(Noto et al., 1983). Diurnal variation in the AVP level was reported in the PVN and 

SON (Noto et al., 1983), whereas no rhythmic expression of AVP mRNA was found in 

these nuclei (Burbach et al., 1988; Cagampang et al., 1994; Dzirbíková et al., 2011). 

Daily variation was reported in the length of the polyA tail of the AVP mRNA in SCN 

but not in the PVN and SON (Robinson et al., 1988), which may explain the difference 

in the AVP expression pattern of between the SCN and the PVN or the SON

(Garbarino-Pico & Green, 2007). Discrepancy among these previous studies may be due 

to the sampling intervals, which were mostly at 4 h. As for the SCN, the present results 

are consistent with the results of AVP hnRNA expression (Maruyama et al., 2010). 
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The stability of cellular AVP-ELuc rhythm in terms of the variability of peak phase 

or peak-to-peak intervals is less than that of SCN slice rhythm (Fig. 4D). Similar 

instability in cellular rhythms has been reported in electric activity (Welsh et al, 1995; 

Honma et al., 2004, Herzog et al., 2004) and clock gene expression (Yamaguchi et al., 

2003). In ex vivo conditions, the cellular coupling of circadian oscillation would 

decrease and the variability in phase or period of cellular rhythm would increase. On the 

other hand, the SCN slice rhythm may keep its stability, because it is the integrated or 

summated rhythm of cellular circadian rhythms. 

A simple summation of cellular rhythms in ROIs showed a similar profile of the 

circadian rhythm in the whole SCN slice but reproduced only a fraction of amplitude 

actually measured (Fig. 4C). The discrepancy is probably related to the fact that 

bioluminescence from an AVP-ELuc cell deep inside the SCN slice substantially decay 

when passing through the tissue (Yizhar et al., 2011). Whatever the reason might be, a

number of cellular circadian rhythms with low amplitude contribute to the SCN 

circadian rhythm in a slice. Therefore, a result based only on a small number of ROI 

rhythms should be carefully interpreted.  

A cosine curve fitting method on a pixel level proved the above possibility by

showing a large AVP oscillation area essentially identical to the immunoreactive AVP 

area in the SCN (Fig. 5C). In addition, the method revealed the spatial distribution of 

AVP cellular circadian rhythms with different phases, amplitudes and periods. The 

acrophase map indicated that the mean acrophase in the dorsomedial and ventromedial 

areas were similar to each other but significantly different from that in the centromedial 

area (Fig.5D, S2B). These findings are consistent with previous reports on regional 

differences in the circadian phases of clock gene expression (Nagano et al., 2003; 
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Yamaguchi et al., 2003; Evans et al., 2011), AVP gene expression (Hamada et al., 

2004) and Ca2+ concentration (Enoki et al., 2012),  indicating phase-advance in the 

dorsomedial area relative to the ventromedial area. The present study indicates that 

there are at least two regionally specific clusters of AVP circadian oscillation in the 

SCN. However, mechanism and functions of the different AVP clusters wait 

elucidation.

The large peak in the first cycle of culture in the PVN and SON was not an artifact

but seemed to be a true circadian peak, because the peak phase was not statistically 

different from the extrapolated peak phase from a regression line fitted to the circadian 

peaks in the later cycles. It remains to be shown the reason for the initial damping of 

amplitude.

It is a matter of debate how exactly the intensity of bioluminescence reflects 

transcription activity of a gene (Foley et al., 2011). We tried to answer this question 

using an isolated ROI on the pixel level. The two-dimensional distribution of light 

intensity around the brightest pixel revealed the area corresponded to an average size of

a single cell in both the SCN and PVN (Fig. 6). The finding was based on the analysis 

of smallest ROI, which might exclude overlapping of cells. Actually, an area of a larger

ROI was double or triple in size of a smallest one, suggesting overlapping of more than 

one cell. The size of the luminescent area was essentially the same in the peak 

(brightest) and trough (dimmest) phase, indicating that a bioluminescence profile 

reflects the distribution of emitting cells. 

We conclude that AVP gene expression in cultured mouse SCN shows robust 

circadian rhythms, peaking in the middle of the subjective day. The area where circadian 

rhythms in AVP expression were recognized in the SCN on pixel level was essentially 
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identical to the area determined immunohistochemically. AVP expression in the PVN 

and SON also exhibited circadian rhythms which were not as stable as in the SCN, 

suggesting a strong influence of the SCN circadian pacemaker on these nuclei. The 

formal property of behavior rhythm as well as the SCN cytoarchitecture of the AVPELuc

knock-in mice was indistinguishable from those of WT. The AVPELuc mice will be useful 

not only for circadian but also for neuroendocrinological studies. 
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Figure legend

Figure 1. Generation of AVPELuc knock-in mice

A. Gene construct of emerald-luciferase (ELuc) along with PEST, SV40, and poly A 

sequences. The ELuc-Neo construct was knocked-in into the mouse AVP locus. Gray 

boxes indicate AVP coding region spanning exons 1-3. The open box just upstream of 

the coding region indicates the 5′ untranslated region. The pgk-gb2 neomycin resistance 

sequence (Neo) was flanked by Flp recombination target sites. Wave lines indicate 

probes used for Southern blotting. Abbreviations: Met, initial methionine; DT, 

diphtheria toxin A-chain cassette; B, BamH I; K, Kpn I. B. Southern blotting of 

genomic DNA from wild-type (WT) and the knock-in (KI) ES clone used for the 

generation of chimeric mice. Homologous recombinants were identified under the 

following conditions: Kpn I-digested genomic DNA hybridized with a 5′ probe, 7.9 kb 

for WT and 11.4 kb for the targeted allele; Kpn I digestion and neo probe; 11.4 kb for 

targeted allele; BamH I digestion and 3′ probe, 10.9 kb for WT and 14.6 kb for the 

targeted allele. C. Result of PCR genotyping. N, no template control; Het, AVPELuc/+; 

Homo, AVPELuc/Eluc; M, DNA molecular weight marker.

Figure 2. A. Representative autoradiograms of AVP mRNA expression in the SCN, 

PVN and SON in the frontal plane. Autoradiographic images are overlaid with crystal 

violet staining images in pale grey to orientate the brain areas. Scale bar indicates 2 mm. 

B. AVP mRNA expression levels in the SCN, PVN and SON at ZT6 (WT, n = 5; 

AVPELuc/+, n = 6) and ZT18 (WT, n = 5; AVPELuc/+, n = 4). Open and closed bars indicate 

the results from WT and AVPELuc/+ mice, respectively. Values are expressed as mean ± 
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SD. Asterisks (*) indicate statistically significant differences (P < 0.01, two-factor 

factorial ANOVA with post-hoc Tukey–Kramer test). C. Representative 

immunofluoromicrographs of AVP (red) and VIP (green) in the SCN from WT and 

AVPELuc/+ mice. Scale bar indicates 100 μm. III indicates the third ventricle and OC the 

optic chiasm. D. The mean (upper) and SD (lower) of AVP immunofluorescence 

intensities (n = 4) in arbitrary unit (a.u) standardized as a difference from the slice mean 

are demonstrated with pseudocolors in 24 grids. The SCN slice was sectionized into 5

regions demarcated by broken lines of different colors (red, DM; green, CM; blue, VM; 

orange, M; purple, L; shown in left lower panel). No significant difference is detected 

between WT and AVPELuc/+ for corresponding grids in two dimensional coordinates. E. 

Representative circadian rhythms of intracellular Ca2+ level in the cultured SCN slice 

from WT and AVPELuc/+ mice. Circadian rhythms in the dorsal (D), central (C) and 

ventral (V) regions of the SCN are expressed in different color. F. Representative 

acrophase maps on pixel level of the circadian Ca2+ rhythm in the cultured SCN slices 

from WT and AVPELuc/+ mice. A scale of pseudocolor indicates relative time to the slice 

mean defined as 12 h. G. The mean acrophases of circadian Ca2+ rhythm from three 

different regions of the SCN (enclosed by white lines in Fig. 2F). Open and closed color 

circles indicate the results of WT (n = 4) and AVPELuc/+ (n = 5) mice, respectively. No 

significant difference is detected between WT and AVPELuc/+, while regional differences 

are detected (*, P < 0.05; **, P < 0.01, V vs. D or C, two-way repeated measure 

ANOVA with post-hoc Tukey–Kramer test).

Figure 3. Circadian AVP-ELuc rhythms in cultured brain slices on tissue level 

A. Representative circadian AVP-ELuc rhythms in the cultured SCN (top), PVN
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(middle) and SON (bottom) slices of AVPELuc/+ mice. Grey line indicates raw data. 

Black line indicates detrended data. Chi-square periodogram (right) indicates significant 

circadian rhythms from day 2 to 7 in culture. An oblique broken line in the periodogram 

indicates a significance level (P<0.01). B. Mean peak phases of circadian AVP-ELuc 

rhythm on the first cycle in the cultured SCN (n = 9), PVN (n = 9) and SON (n = 6) 

slices. The values were expressed in the mean ± SD. The abscissa indicates the time of 

day in ZT, immediately before culturing.

Figure 4. Circadian AVP-ELuc rhythm in the cultured SCN of AVPELuc/+ mice

A. Circadian AVP-ELuc rhythms in the SCN slices of AVPELuc/+ mice (n = 5). Each line 

indicates the circadian rhythm from a different SCN slice. B. Bright field image at the 

beginning of bioluminescence recording by a CCD camera. Colored dots indicate the 

position of ROIs, the circadian AVP-ELuc rhythms of which are shown in a panel C. 

Yellow dashed lines indicate the margin of the SCN identified by DAPI staining. III

indicates the third ventricle, and OC the optic chiasm. Scale bar indicates 200 µm. C.

Circadian AVP-ELuc rhythm in an SCN slice. Each line represents circadian AVP-ELuc 

rhythm in a ROI (n = 34) corresponding to the colored dot in B. Blue thick line in the 

panel indicates the sum of bioluminescence in the ROIs examined and red thick line 

indicates the sum of bioluminescence of the whole SCN slice. A white and black 

horizontal bar at the bottom of each panel indicates a light and dark cycle on the day of 

brain preparation. D. Variability in the period of circadian AVP-ELuc rhythm in terms of 

the peak-to-peak intervals on SCN tissue and cell levels. SDs of the intervals in 7 SCN 

slices are indicated in the left and the mean intervals of ROIs in each SCN slice were 

indicated by circles with vertical lines (SD). The same color indicates the results from 
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the same slice. The mean SD on ROI level was significantly larger than SD on tissue 

level in 5 out of 7 SCN slices. Asterisk (*) indicate a statistically significant difference 

(P<0.01, t-test).

Figure 5. Bioluminescence images and a pixel-level analysis of circadian AVP-ELuc 

rhythm in the cultured SCN 

A. Bioluminescence images are illustrated in pseudocolor at every 4 h interval on day 8 

in culture. Numbers at the right corner indicate local time when the image was acquired. 

Unilateral right SCN is shown, and a yellow dashed line indicates the margin of the 

SCN identified by DAPI staining. Letters in the lower right panel indicate ROIs, 

circadian bioluminescence rhythms of which are illustrated in the panel C. Scale bar 

indicates 100 µm. OC, optic chiasm; III, the third ventricle. B. Circadian AVP-ELuc 

rhythms of 7 representative cells in an SCN slice are illustrated for 3.5 cycles with 

different colors (a-g in A). Culture medium was exchanged at times indicated by an 

arrow. C. Immunohistochemical staining after bioluminescence recording of the same 

SCN slice as A (scale bar, 100 μm). Immunopositive signals with anti-AVP and anti-VIP 

are shown in red and green, respectively. Arrows with alphabets indicate the same ROIs 

as in A (a-g). The margin of the SCN is indicated by a yellow dashed line. Cells 

designated as a, c, d and g are shown on the right panels with a higher magnification 

(scale bar, 25 μm). D. Pixel-level demonstration of circadian parameters of 

bioluminescence rhythm illustrated in A; acrophase, amplitude, period and percent 

rhythm (PR) in pseudocolors. Color scale of acrophase indicates relative time to the 

slice mean defined as 12 h. Goodness of curve fitting is indicated by PR: highest with 1

and lowest with 0. The limit of significance for fitting is shown at the scale bar by a 
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triangle. Pixels with bioluminescence intensity less than the background level are 

indicated with white color and aperiodic pixels are indicated with black color. The 

margin of the SCN is indicated by yellow dashed line and ROIs examined (a-g, same as 

in A) are indicated by letters. III, third ventricle; OC, optic chiasm. Scale bars indicate

100 µm.

Figure 6. Contour analysis of an isolated ROI in the SCN and PVN

A. Representative contour lines of bioluminescence from an isolated cell-sized ROI in 

the SCN (upper) and PVN (lower) at the dim (left) and bright (right) phases of circadian 

rhythm. Different levels of contour are expressed relative to the highest level by 

different colors in 20 % bins. Scale bars indicate 3.7 µm. B. The size of area enclosed 

by each contour is plotted against the ratio of brightest bioluminescence (%) in a 

cumulative manner. The values are expressed with the mean and SD (SCN, n = 4: PVN, 

n = 3). The area where a vertical liner line on 0 % (dashed line) hits is assumed to the 

limit of bioluminescence radiation. 
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