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In mammals, circadian rhythms are driven by a pacemaker located in the suprachiasmatic
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nucleus (SCN), which is composed of multiple, single-cell oscillators. Isolated SCN tissue
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shows clear circadian oscillation in release of arginine vasopressin (AVP) in organotypic
slice cultures. Previously, we reported that the oscillators in the dorsal SCN have shorter
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periods than those in the ventral part. Here, we examined whether a correlation between

Circadian rhythm

the period and the rostral–caudal co-ordination could exist. The rostral, central and caudal

Vasopressin

SCN were cultured separately and the periods of circadian rhythms of AVP release were

Suprachiasmatic nucleus

measured. The rostral and caudal parts of the SCN showed shorter periods than the central

Synchronization

SCN. Together with previous findings, it is suggested that the shorter period region

Vasoactive intestinal polypeptide

originates from AVP containing areas, while the longer period region corresponds with
vasoactive intestinal polypeptide (VIP) containing cells. In our VIP-immunoreactive slices,
the application of VIP antagonists shortened the periods of the AVP-releasing rhythm. These
data indicate that the oscillators in AVP cells have short periods and are entrained by VIP
cells to form a single integrated rhythm.
© 2008 Elsevier B.V. All rights reserved.

1.

Introduction

Most of behavioral and physiological processes such as sleep,
food intake and hormone secretion show daily rhythms.
These temporal variations are generated by the biological
clock located in the suprachiasmatic nucleus (SCN) (Stephan
and Zucker, 1972; Meijer and Rietveld, 1989). Single neurons in
the SCN can work as oscillators that continue to generate
about 24 h rhythms in electrical activity in dispersed cell
cultures (Welsh et al., 1995; Liu et al., 1997; Honma et al., 1998).
The molecular mechanism underlying cell-autonomous
rhythm generation has been described as a negative transcription–translation-based feedback loop (Okamura et al.,
2002).

The SCN is anatomically divided into two regions; ventrolateral SCN or “core” and dorsomedial SCN or “shell”, which
is predominantly composed of neurons containing vasoactive
intestinal polypeptide (VIP) and arginine vasopressin (AVP),
respectively (Moore et al., 2002). The circadian oscillators in
these subdivision have different properties with respect to
light-responsiveness and temporal patterns of gene expression. The light-responsive cells are located in the core where
the fibers of retino-hypothalamic tract from retina terminate
(Moore et al., 2002). The core and the shell show different
temporal expression patterns of per1 and AVP mRNA in
hamster (Hamada et al., 2004) and a different response to a
shorter and longer photoperiod (Inagaki et al., 2007, Jagota et
al., 2000). There are differences in the circadian phases of
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mper1 expression in individual SCN cells in a slice culture
even when they are well synchronized (Yamaguchi et al., 2003,
Quintero et al., 2003). The mper1 expression in the shell
reaches its peak level earlier than in the core and they keep the
same phase angle under constant conditions. Although the
two subdivisions would synchronize each other to form a
single integrated oscillator, the coupling mechanisms remain
to be determined. Possible candidates of intercellular synchronization include gamma-aminobutyric acid (GABA), VIP,
gastrin-releasing peptide (GRP), nitric oxide and glial communications (Meijer and Schwartz, 2003).
The periods of single oscillatory neurons in the SCN are
broadly ranged from 20 h to 28 h (Welsh et al., 1995; Liu et al.,
1997; Honma et al., 1998). However, it has not been examined
to what extent period differences are related to the neuroanatomical characteristics of the cells or the location within the
SCN. We previously reported that the period of AVP-releasing
cell rhythm in the dorsal SCN is shorter than that in the
ventral SCN (Noguchi et al., 2004). In this study, we examined
the correlation between period length and the rostral–caudal
position in the SCN.

2.

Results

2.1.

Culture of the rostral and the caudal part of the SCN

Three consecutive 300 μm coronal sections aimed to the SCN
region were prepared from an animal and the slices were
cultured separately. A robust AVP-releasing rhythm was
observed in one of the slices as reported previously (Noguchi
et al., 2004), and a rostral or caudal adjacent slice also showed
detectable AVP-releasing rhythm in many cases. Usually, the
rhythm was observed in two of three consecutive slices,
namely, the SCN was divided into two, the large part of the
SCN (the central SCN) and either the rostral or the caudal part
of the SCN (Figs. 1A and B). The average amount of AVP release
was 62.9 ± 2.5 pg/d (mean ± SEM, n = 130) in central slices,
21.7 ± 1.9 pg/d (n = 39) and 21.9 ± 1.9 pg/d (n = 51) in rostral and
caudal slices, respectively (Fig. 1C). The amount of AVP release
indicates the approximate sizes of the SCN in the slices.
The phases of AVP rhythms in the rostral slices were
slightly advanced from that in the central slices (Figs. 2A and
B). The phase differences grew larger during several days in
culture. The differences in phases between caudal and central
slices were more remarkable (Figs. 2C and D). The results
indicated that the caudal and rostral slices have shorter
periods than the central slices. The mean period of central
slices was 23.7 ± 0.03 h (mean ± SEM, n = 130). The period of
caudal slices (22.9 ± 0.1 h; mean ± SEM, n = 51) was distinctly
shorter than that of central slices. The difference in mean
periods between rostral (23.4 ± 0.1 h; mean ± SEM, n = 39) and
central slices was small but statistically significant (Fig. 3A).
The correlation between the amount of AVP release and the
periods was examined. Both the shorter periodic slices
released less amount of AVP. Although the AVP release and
periods showed a positive correlation in each case, the
patterns of the scatter diagram were different among SCN
subdivisions. In the caudal slices, the periods became shorter
as the AVP release decreased (r = 0.62, Spearman's correlation

coefficient by rank test) (Fig. 3B). The correlation was less
evident in central and rostral slices but they were significant
(central, r = 0.56; rostral, r = 0.40; P < 0.05, Pearson's correlation
coefficient test). In previous study, we showed the dorsal SCN
had the shorter period than the ventral SCN. The ventral SCN
released less amount of AVP than the dorsal SCN, while they
had the longer period than the dorsal SCN. The amount of AVP
release was not correlated with the period in this case.
Together with the former findings, the following explanation
is rather likely; in the caudal or rostral slices, the amount of
AVP release is an index of the approximate size of the SCN in
the slice, and the low amount of AVP release means a large
distance from the center of the SCN. The data would indicate
that more rostral or more caudal slices have shorter periods.
To study further, we examined the distribution of AVP cells
and VIP cells in the SCN slice immunohistochemically.

2.2.

Immunohistochemical analysis of cultured SCN slices

A part of the slices were double-immunolabelled for arginine
vasopressin-associated neurophysin (NP-AVP) and VIP after
the measurement of the AVP-releasing rhythm for 2 or
3 weeks. NP-AVP- and VIP-immunoreactive (-ir) areas in the
SCN were quantitatively evaluated in three categorized slices,

Fig. 1 – (A and B) Three consecutive 300 μm coronal sections
aimed to the SCN region were prepared by a tissue chopper.
Usually, the SCN was divided into two parts. The slice
containing a large part of the SCN was categorized as a
central slice and another slice adjacent to the central slice,
containing a rostral or caudal tip of the SCN, was categorized
as a rostral (A) or caudal slice (B), respectively. Gray oval
objects indicate the SCN. Squares indicate cutting surface of
slices. (C) The mean amount of AVP release from three
categorized slices. Bars represent the mean ± SEM. *P < 0.01,
Mann–Whitney's U-test with Bonferroni correction after
Kruskal–Wallis H-test. n. s., no significant difference.
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Fig. 2 – Circadian rhythm of AVP release in rostral, central and caudal slices. The slices were cultured for 1 week and the
rhythm of AVP release was measured. AVP releases were plotted as a factor of the average value in an individual slice. The time
after start of sampling was shown in x-axis. The AVP rhythm obtained from two adjacent SCN slices were compared. The
results of central slices were shown by filled squares with dotted lines. The results of rostral (A and B) and caudal (C and D) slices
were shown by open circles with solid lines. The inserts show the results of chi-square periodogram of each slice. The data of
first half of the recording (left) or the combination of the first and the second half of the recording (right) was analyzed
separately. Oblique lines represent a significant level of P = 0.01.

rostral, caudal and central (Figs. 4A–I). The area of whole
SCN is estimated from the nuclei stained by 4′, 6′-diamidino2-phenylindole (DAPI). In central slices, the mean SCN area
was 4.2 ± 0.3 × 105 μm2 (mean ± SEM, n = 8) (Fig. 4J). The cell
density was 5.3 cells/1.0 × 103 μm2 in 20 μm SCN section
throughout the whole SCN. We could not find a regional
difference in the cell density. The cell bodies which are
strongly immunoreactive for NP-AVP were mainly found in
the dorosomedial aspect of the SCN. NP-AVP-ir fibers are
abundantly present in the ventral part of the SCN in many
cases. As a result, NP-AVP-ir areas almost covered a whole
SCN. Although AVP release into the medium was high at
subjective day, we could not detect a large day–night
difference in NP-AVP-ir areas (data not shown).
VIP-ir areas were present in about 40% of the whole SCN
and were restricted to the ventral part. These distributions of
neuropeptides in cultured SCN slices are consistent with
former findings (Moore et al., 2002). In rostral and caudal
slices, SCN areas were smaller than in central slices. In these
slices, not only the SCN area but also proportions of VIP-ir
areas to the whole SCN (VIP/SCN) were remarkably reduced
(Fig. 4K). Notably, VIP-ir areas in caudal slices could not be
found in some cases and the mean proportions to the whole
SCN (8%) was much smaller than that of central slices. These
results suggest that the VIP-ir cells are distributed to the
central and ventral SCN and form a core of the SCN, on the
other hand, NP-AVP-ir cells surround the core and form a shell
of the SCN as reported previously (Moore et al., 2002).

We analyzed the correlation between periods and VIP/SCN
over rostral, central and caudal slices. Interestingly, the periods become shorter as VIP/SCN ratios become lower (Fig. 5).
The positive correlation including rostral, central and caudal
slices was significant (r = 0.62, n = 20; Pearson's correlation
coefficient test). These results indicate that the slices that
contain smaller proportions of VIP-ir areas show shorter
periods. It is possible that the period of AVP cells might be
short and cells in VIP-rich region control the periods of the
whole SCN.

2.3.

Inhibition of VIP-mediated synchronization

To examine whether the core region controls the circadian
oscillation of AVP cells by VIP or the other neurotransmitters,
we tried to inhibit the intercellular VIP signaling using a VIP
antagonist. The VIP antagonist (1 μM) was administered in
central slices for 12 to 15 days continuously or with
discontinuation during the sampling. The amount of the
AVP release during the antagonist application was
41.1 ± 6.2 pg/day (mean ± SEM, n = 12), which is slightly lower
than that in control culture shown in Fig. 1C (P < 0.05, Mann–
Whitney U-test after Kruskal–Wallis H-test). The applications
of the VIP antagonist shortened the periods of AVP-releasing
rhythms (23.2 ± 0.1 h, mean ± SEM, n = 12, P < 0.01; Mann–
Whitney's U-test with Bonferroni correction after Kruskal–
Wallis H-test.) (Fig. 6A). The period was significantly shorter
in comparison with that of control cultures. When the VIP
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2004). Furthermore, even when the right and left SCN were
divided, their period did not change (data not shown). The
difference in period became clear when the rostral or caudal
slices were taken further from the center of the SCN. These
results suggest that the shorter periodic region is located in the

Fig. 3 – (A) Circadian period of AVP-releasing rhythm of
central, rostral and caudal slices. The mean periods of these
three SCN regions were significantly different each other.
Bars represent the mean ± SEM. *P < 0.01, Student–Newman–
Keuls test after Non-repeated Measures ANOVA. (B)
Correlation between the amount of daily AVP release and
periods. The results of central, rostral and caudal slices were
shown by gray squares ( ), filled circles (●) and open
triangles (Δ), respectively.

antagonist was removed during the measurements of the
rhythm, the effect of the antagonist disappeared (Fig. 6B).
Continuous application of the VIP antagonist was necessary
to shorten the periods of AVP rhythms. The effect of the VIP
antagonist on periods was dose-dependent (Fig. 6D). The
application of the VIP antagonist at 100 nM also shortened
the period significantly.

3.

Discussion

We have previously reported that the period of AVP-releasing
rhythm in the dorsal SCN is shorter than that in the ventral SCN
(Noguchi et al., 2004). In the present study, we showed that the
periods of the rostral and caudal SCN were shorter than that of
the central SCN. Actually, we compared the rhythm in a large
slice (which contains the central SCN and either the rostral or
caudal end) and a small slice (which contains another end of the
SCN). The difference in period might come from the tissue size
or the cell number of the SCN, but we believe this is not likely.
As we have previously reported, there is no difference in period
between the ventral half and the whole SCN (Noguchi et al.,

Fig. 4 – Immunohistochemical analysis of AVP-associated
neurophysin (NP-AVP)- and vasoactive intestinal
polypeptide (VIP)-immunoreactive (-ir) areas. The
representative images of rostral (A–C), central (D–F) and
caudal (G–I) slices were shown. NP-AVP-immunoreactivities
are shown purple and VIP-immunoreactivities green.
(A, D and G) NP-AVP-ir cells. NP-AVP-ir areas covered most of
the SCN. (B, E and H) VIP-ir cells. VIP-ir areas were found in
ventral SCN. Scale bar, 200 μm. (C, F and I) Merged images of
NP-AVP- and VIP-ir areas. (J) Quantities of NP-AVP- and VIP-ir
areas. NP-AVP- and VIP-ir areas were shown by purple and
green bars, respectively. (K) Proportions of VIP-ir areas to the
whole SCN (VIP/SCN) in central, rostral and caudal slices
were shown. Bars represent the mean ± SEM. *P < 0.01,
Mann–Whitney's U-test with Bonferroni correction after
Kruskal–Wallis H-test. n. s., no significant difference. 3V,
third ventricle.
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receives direct retinal input. The shell contains AVP, calretinin, GABA neurons and receives input from a core (Moore et
al., 2002). Neurons in the core are light-responsive and express
an immediate early-gene and clock genes, per1 and per2, after
a light pulse. The phase of per1 expression in the shell is
entrained by the core (Nagano et al., 2003, Nakamura et al.,
2005). In the SCN slice culture using neonate rats, the AVP and
VIP releasing rhythms can oscillate as if they are two
independent oscillators (Shinohara et al., 1995, Nakamura et
al., 2001). Combined measurement of AVP and VIP release
would lead to further understanding of the relationship
between the period and SCN subdivisions. However in our
experiments, the VIP released in medium for a 4 h interval was
Fig. 5 – Correlation between periods and proportions of
VIP-immunoreactive areas to the whole SCN (VIP/SCN). The
results of central, rostral and caudal slices were shown by
gray squares, filled circles and open triangles. The regression
line obtained from a total of 20 data was shown (P < 0.01,
simple regression analysis). The period was positively
correlated to VIP/SCN (r = 0.62, Pearson's correlation
coefficient test).

shell SCN and the region with longer periods of about 24 h is
located in the core. Based on these data, we hypothesized that
the shell SCN naturally has short periods and are entrained by
the clocks in the core SCN to keep a normal period.
The immunohistochemical analysis showed that VIP cells
are abundant in the centroventral SCN and the proportions of
the VIP relative to the whole SCN (VIP/SCN) in a cross-section
are smaller in rostral and caudal slices. Namely, VIP immunoreactivity is concentrated on the centroventral SCN and is
lower in the rostral and caudal aspect. This localization of VIP
is consistent with the observation in the adult rat SCN (Card et
al., 1981). Interestingly, VIP/SCN in a slice was linearly
correlated with the period of the slice. This result indicates
that AVP cells can continue to oscillate with a normal period
only when a sufficient number of pacemaker VIP cells are
present in the slices. The application of a VIP antagonist, [Lys1,
Pro2, 5, Arg3, 4, Tyr6]-VIP, shortened the periods of AVP
release. The activity of this antagonist is validated in the
sexual behavior of rats and in the single neuron activity in
hypothalamic paraventricular nucleus (Gozes et al., 1989,
Uchimura et al., 1996). This result further supports the
hypothesis that the periods of AVP cells are short, and
controlled by VIP cells. The application of a VIP antagonist
with discontinuation had little effect on AVP-releasing
rhythm. The results could be explained as follows: a VIP
antagonist does not affect circadian oscillator machineries but
inhibits the inter subdivisional communication between the
core and shell. The shell runs fast according to its own period
only in the presence of the antagonist. After removal of the
antagonist, its oscillation is immediately synchronized to that
of the core if the phase difference is small.

3.1.

Distinct functions of a core and shell

A core and shell SCN have important distinctions in various
aspects. The core contains VIP, GRP, GABA neurons and

Fig. 6 – Circadian oscillation of AVP release in the presence
of a VIP antagonist. To the cultures of the central slices, a
1 μM VIP antagonist was applied. AVP releases were plotted
as a factor of the average value in an individual slice. The
time after the start of sampling was shown in x-axis. The
gray shadings show the period that the VIP antagonist was
applied. The antagonist was continuously applied − 117 h
(117 h before sampling) to the end of sampling (A) or “−88 h to
0 h” and “40 h to 168 h” (with discontinuation during
sampling) (B) (open circles with solid lines). The results
without drug application were shown by filled square with
dotted lines (A and B). (C) The effects of the VIP antagonist
treatment on the periods. (D) Dose-dependency of the VIP
antagonist applied continuously. Bars represent the
mean ± SEM. **P < 0.01, *P < 0.05; Mann–Whitney's U-test with
Bonferroni correction after Kruskal–Wallis H-test. n. s., no
significant difference.
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below the minimum detection level of a commercially
available radio immunoassay kit. The present study suggested
that these two functionally and anatomically different subdivisions have a difference in period and the period of the shell
is entrained by the core.

3.2.

Coupling of core and shell

The coupling of core and shell is necessary for generating
synchronous rhythm within the SCN and the entrainment to
external time cues. VIP is one of major candidates which
mediates coupling between SCN neurons. The application of
VIP phase-shifts the circadian rhythms similar to light, both in
vivo and in vitro (Watanabe et al., 2000; Reed et al., 2001). The
electrical activity rhythm in SCN slices was abolished by
chronic treatment with a VIP antagonist, PG00-465 (Cutler et
al., 2003). VIP and VIP receptor VPAC2 deficient mice exhibit
pronounced abnormalities in their response to light and
synchronization among SCN neurons (Colwell et al., 2003;
Aton et al., 2005). The locomotor activities of two thirds of
these mutant mice were arrhythmic. However, one third of
these mutant mice show a shortened period of wheel-running
activity in constant darkness (Colwell et al., 2003; Aton et al.,
2005). These results suggest the existence of VIP-independent
short-period oscillators though they might be not dominant in
generating the SCN rhythmicity. This result is consistent with
our data that a VIP antagonist shortened the mean period of
AVP-releasing rhythm. The other plausible intercellular synchronizing agent is GABA. GABA acting through A-type
receptors, can affect the phase and synchrony of the clock
cells (Liu and Reppert, 2000; Albus et al., 2005). It is also
suggested that the GABAergic system is regulated by VIP
(Colwell et al., 2003). However, the function of GABA has been
controversial. Recent study showed that Gi/o, not GABA
activity, converges with VIP signaling to maintain and
coordinate rhythms among SCN neurons (Aton et al., 2006).

3.3.

Period determination in the SCN

Single-cell recordings have revealed the presence of neurons
with various periods, ranging from 20 to 28 h, and their mean
period is about 24 h (Welsh et al., 1995; Liu et al., 1997; Honma
et al., 1998; Herzog et al., 2004). The mean period of clock cells
in culture is short in tau mutant hamsters, which have short
behavioral periods and is long in heterozygous Clock mutant
mice, which have lengthened behavioral periods (Liu et al.,
1997; Herzog et al., 1998). Our recordings of single-cell firing
rhythm have also shown that the period ranges from 21.5 h to
25.6 h (23.7 ± 2.3 h, mean ± SD) (unpublished data). When cells
are dissociated and cultured at high density, however, they
show one integrated AVP rhythm, and the variance in period
among cultures is much smaller than that of a single-cell
period (23.7 ± 0.3 h) (Watanabe et al., 1995). The AVP rhythm of
slice culture and high-density cell culture would be the results
of the synchronization of individual cells. In the present and
previous study, we found regional difference in the SCN; a
shorter period in shell subdivision and a longer period in core
subdivision. There was no subdivision which showed very
short (<22.0 h) or very long (N24.5 h) periods The period of each
subdivision might be the mean of the period in individual cells

contained in the subdivision. However, there was no region
with a longer period than that of whole SCN, which is close to
that of behavioral rhythm. Thus, the period of the whole SCN
was not the mean of the periods in each subdivision, but was
equal to the longest period. In the cardiac pacemaker, the
fastest pacemaker the sinoatrial node is responsible for the
rhythm of whole heart's beat. All the other cells follow it in
synchrony. However, a recent report on Drosophila circadian
pacemakers showed an example which is against a “faster
takes all” rule (Stoleru et al., 2005). It would be possible that
there is a hierarchy among the individual oscillators and one
oscillator is followed by the other oscillators regardless of their
period.
Our present results suggest that neurons with different
periods are organized in a core and shell. The period of AVP
cells in a shell might be entrained by means of VIP. Defining
the interaction of heterogeneous SCN cells is necessary to
understand the circadian system as well as a regulatory
system of clock genes.

4.

Experimental procedures

4.1.

SCN slice culture

The experiments were conducted using the Guidelines for the
Care and Use of Laboratory Animals, Dokkyo University School
of Medicine. We used 4–7 day-old rats (Sprague–Dawley)
which were maintained on a 14:10-h light/dark cycle (light:
05:00–19:00). Slices were prepared as described previously
(Noguchi and Watanabe, 2005). Briefly, the coronal sections
(300 μm thick) of the brain were obtained using a tissue
chopper (McIlwain, Surrey, England). Bilateral SCNs were
trimmed to approximately 2 × 2 mm square. The slices were
put on a 3 μm filter cup (Chemotaxicell, Kurabo, Osaka, Japan)
and were placed in a 24-well culture dish. The slices on the
filters were cultured with 400 μl Dulbecco's modified Eagle's
medium supplemented with 10 mM HEPES (pH 7.4), 1.25 mg/
ml NaHCO3, 100 μg/ml human transferrin (Sigma, St. Louis,
MO, USA), 5 μg/ml insulin (Sigma), 100 μM putrescine (Sigma),
20 nM progesterone (Sigma), and 30 nM selenous acid. The
cultures were maintained at 37 °C in a humidified air: CO2
incubator (95%:5%).
To block the effect of intercellular communication by
intrinsic VIP, a VIP antagonist ([Lys1, Pro2, 5, Arg3, 4, Tyr6]vasoactive intestinal peptide human, porcine, rat) (Sigma) was
applied to the culture. For continuous application, the
antagonist was added to the medium at every medium change
including the sampling. In some cultures, we omitted the
application during the sampling (discontinuous application).

4.2.

Analysis of circadian rhythm

To examine the presence of circadian rhythmicity, the
medium was changed at 4 h intervals. The amount of AVP in
the conditioned medium was measured by radioimmunoassay using 125I-AVP (PerkinElmer, Boston, MA, USA) and specific
antiserum (Watanabe et al., 1998). We measured AVP release
for 7 to 10 days including a few days of discontinuation. The
period of the rhythm was determined using a least square
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spectrum method (Watanabe et al., 1995, Noguchi et al., 2004).
Briefly, for a given period “τ”, we obtained the best fitted cosine
curve.
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respectively. The NP-AVP- and VIP-immunoreactive areas
were surrounded by lines and quantified by Scion image
(Scion Corporation, Frederick, MD, USA).

yðtÞ ¼ M þ Acosð2pt=s þ uÞ
and calculated “p” value according to the following equation,
X
ðn3Þ=2
 X
ðyðti Þ  ŷÞ
p¼
yi  yðti Þ2 =
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