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Brief Communication

Suprachiasmatic Nuclei Grafts Restore the Circadian Rhythm
in the Paraventricular Nucleus of the Hypothalamus
Ehab Tousson and Hilmar Meissl
Max Planck Institute for Brain Research, 60528 Frankfurt am Main, Germany

The mammalian suprachiasmatic nucleus (SCN) controls the circadian rhythm of many physiological and behavioral events by an
orchestrated output of the electrical activity of SCN neurons. We examined the propagation of output signals from the SCN into the
hypothalamus, especially into the region of the paraventricular nucleus, through multimicroelectrode recordings using acute and organotypic brain slices. Circadian rhythms in spontaneous firing rate with a period close to 24 hr were demonstrated in the SCN, in directly
adjacent hypothalamic regions, and in the region of the paraventricular nucleus of the hypothalamus, an important center for the
integration of neuroendocrine, homeostatic, and autonomic functions. The activity rhythms recorded from structures outside of the SCN
were in phase with the rhythms in the SCN. Cyclic information in the hypothalamus was lost after ablation of the SCN but could be restored
by SCN grafts, indicating that a humoral factor is responsible for the restoration of circadian rhythmicity in the absence of neural
connections. Periodic application of arginine–vasopressin (AVP) provided evidence that AVP can induce rhythmicity in the hypothalamus. These data indicate that the SCN uses a dual (neuronal and humoral) mechanism for communication with its targets in the brain.
Key words: suprachiasmatic nucleus; paraventricular nucleus; hypothalamus; circadian rhythms; multimicroelectrode recordings;
vasopressin

Introduction
Over the past few years, a compelling picture of the suprachiasmatic nucleus (SCN) clockwork has been established (Reppert
and Weaver, 2001). The molecular clock mechanism involves
interacting positive and negative transcriptional feedback loops
that drive recurrent rhythms in the RNA and protein levels of key
clock components (Reppert and Weaver, 2002). Photic cues reflecting the environmental light/dark cycle are the most important entraining signals connecting the clockwork with the external time. Recent studies have provided evidence for the
involvement of classical (Aggelopoulos and Meissl, 2000; Lucas et
al., 2003) and nonrod, noncone retinal photoreceptors (Freedman et al., 1999; Berson et al., 2002) in circadian photoreception.
Although the progress in elucidating the molecular clockwork
mechanism and its regulation have been spectacular, the knowledge of how these molecular loops are interpreted by the numerous clock cells and how they lead to concerted output signals that
can synchronize endocrine and autonomic centers in the hypothalamus is very limited.
Because of the widespread and prominent neural projections
of the SCN to numerous neuroendocrine and autonomic structures in the brain, its neural output is regarded as the primary
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mechanism for transmitting cyclic information to the brain
(Reppert and Weaver, 2002). However, transplantation of SCN
grafts into SCN-lesioned animals can restore circadian locomotor activity rhythmicity (Ralph et al., 1990), possibly by a diffusible signal from the SCN graft (Silver et al., 1996). Although
circadian locomotor rhythms are restored by SCN transplants, it
appears that circadian neuroendocrine rhythms are not reestablished by the grafts (Meyer-Bernstein et al., 1999). Rather,
they appear to require intact neural projections from the SCN
that might be either inhibitory or stimulatory (Kalsbeek et al.,
2000; Perreau-Lenz et al., 2003).
The present study was initiated to dissociate neuronal and
humoral circadian output signals from the SCN that are used for
communication with the targets in the brain.

Materials and Methods
Animals and experimental procedure. Care of animals and all experiments
were conducted in accordance with institutional guidelines and with
local ethical approval.
In the present study, we used planar multimicroelectrode arrays
(MEAs) to perform long-term recordings of the extracellular electrical
activity from acute (n ⫽ 21) or organotypic (n ⫽ 18) brain slices of the
mouse. In brief, hypothalamic tissue was prepared from CD1 mice (5– 6
weeks old for acute slices; 2– 4 d old for organotypic slices). The mice
were bred in the animal facility of the Max Planck Institute under controlled conditions (12 hr light/dark cycle; lights on at 6:00 A.M.). The
brain was removed after decapitation and placed in ice-cold artificial CSF
(124 mM NaCl, 5 mM KCl, 1.25 mM KH2PO4, 1.3 mM MgSO4, 26 mM
NaHCO3, 2.2 mM CaCl2, 10 mM glucose, 10 mM HEPES, 100 U/ml penicillin, 100 g/ml streptomycin, and 1 g/ml amphotericin B). Coronal
slices of 300 m thickness were made using a vibratome. Explants limited
to the relevant hypothalamic areas were dissected with a pair of scalpels
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using the optic chiasm and the third ventricle as landmarks. Selected
sections were trimmed dorsally at the level of the paraventricular thalamic nucleus and laterally just before the supraoptic nuclei. The selected
slice was then positioned over the poly-D-lysine-coated MEA and incubated at 37°C in 5% CO2–95% air with a small amount of culture medium for 1 hr before the electrode array was filled with medium. In acute
slice experiments, recordings started 3–5 hr after dissection; in organotypic slice experiments, the tissue was incubated for ⬎3 weeks before
recording.
Culture medium, which consisted of DMEM–Ham’s F12 (Invitrogen,
San Diego, CA) supplemented with 10% fetal calf serum, 10 mM HEPES,
100 U/ml penicillin, 100 g/ml streptomycin, and 100 g/ml ascorbic
acid, was exchanged every 2–3 d. The recording medium was similar to
the culture medium with the exception of the HEPES content, which was
increased to 20 mM, the NaHCO3 level was reduced to 0.56 gm/l, and 4
l/ml amphotericin B was added. During the recordings, medium was
exchanged continuously at a flow rate of 5 ml per hour using a modified
perfusion pump (Braun, Melsungen, Germany). Recordings of spontaneous discharges from different parts of the hypothalamus were performed at 36°C with a MEA-1060 recording system using MC_Rack
software (Multi Channel Systems, Reutlingen, Germany). Multimicroelectrode arrays consisted of 60 electrodes of 30 m diameter arranged in
an 8 ⫻ 8 pattern. The signals from the MEA electrodes were amplified
⫻1200 and sampled at 25 kHz per channel on 60 channels simultaneously. Spikes were counted using a spike detector and sampled in 6 min
intervals for up to 2 weeks. In acute and organotypic slice preparations of
the hypothalamus, we usually observed multiunit spike signals with a
signal-to-noise ratio that often did not allow the discrimination between
single units. The amplitude of the rhythm was usually larger in acute slice
preparations compared with organotypic slices, but the latter have the
advantage that they permit longer recording periods. To ascertain that we
were reliably recording spike potentials, we routinely blocked spike activity by bath application of 200 nM tetrodotoxin (TTX) during the experiments. Because sodium-dependent action potentials represent an
output signal of the endogenous oscillator but are not part of the timekeeping mechanism, the block of these potentials does not interrupt the
rhythm (Shibata and Moore, 1993; Welsh et al., 1995). The orientation of
the brain slice on the multimicroelectrode array was documented at the
beginning of the experiments with a digital camera. After electrophysiological recordings, the brain slices were fixed in 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4, and cut on a cryostat (20 m); sections
were then stained with cresyl violet or immunostained for neurochemicals characteristic of the SCN or the paraventricular nucleus of the hypothalamus (PVN) [GABA and vasoactive intestinal polypeptide;
Sigma, St. Louis, MO; arginine–vasopressin (AVP), kindly provided
by F. F. Nuernberger, Department of Anatomy, Frankfurt am Main]
to verify the electrode locations and also to verify the completeness of
SCN ablation in the graft experiments.
Analysis of circadian rhythms and statistics. Circadian periods and statistics were determined using Cosinor analyses (Time Series Analysis–
Seriel Cosinor; Expert Soft Technologie, Esvres, France). In the histograms (see Figs. 1– 4), data were smoothed by a moving average
algorithm (IDL software; Research Systems, Boulder, CO).

Results

Propagation of circadian signals in the hypothalamus
We describe here circadian neural rhythms in coronal hypothalamic brain slices prepared from CD1 mice. For this purpose, we
have developed a method to culture acute and organotypic brain
slices for long periods of up to 2 weeks on planar multimicroelectrode arrays; only experiments with successful recordings lasting
⬎5 d were included in this study. In this way it was possible to
probe many neurons simultaneously in a relatively intact hypothalamic network for long periods. Application of drugs in control experiments that block spike propagation (e.g., tetrodotoxin)
or drugs that phase shift the circadian clock (e.g., melatonin,
pituitary adenylate cyclase-activating polypeptide) indicated that
the substrate-embedded microelectrode arrays reliably recorded
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Figure 1. Representative circadian rhythms of multiunit activity recorded from the hypothalamus of an organotypic slice preparation. The diagram in the top left corner shows the
approximate extension of the slice with the SCN and the PVN in a frame. A, Recordings from the
SCN (E43, E54), the region of the PVN (E56, E57), and the lateral hypothalamus (E28). The dots
in the histograms represent the average multiunit activity sampled in 6 min intervals (spike
rate). The continuous line in E56 depicts a fit with a cosine function; in the other recordings, data
were smoothed (continuous line; see Materials and Methods). B, Control experiment with 1 hr
application of 200 nM tetrodotoxin (arrow).

neural spike activity (data not shown). Clear circadian rhythms in
spontaneous firing rate with periods near 24 hr (acute slices,
24.03 ⫾ 0.27, n ⫽ 21; organotypic slices, 23.75 ⫾ 0.23, n ⫽ 18)
were observed not only in the region of the SCN and in directly
adjacent hypothalamic areas but also in the dorsal hypothalamus,
in the subparaventricular zone, in the PVN, and in regions in
which descending paraventricular pathways have been described.
Recordings from acute and organotypic brain slices from the
SCN and PVN gave essentially similar results concerning the distribution of circadian signals and the phase of the rhythms.
The present study focuses on the SCN and the zone of the
PVN; therefore, Figure 1 shows some representative examples of
recordings only from these hypothalamic areas of an organotypic
brain slice (suprachiasmatic area, electrodes E43 and E54; the
region of the PVN, electrodes E56 and E57; as a control, a nonrhythmic area in the lateral hypothalamus, E28). The histogram
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in E56 shows a cosine curve with a 24 hr period calculated by
Cosinor analysis; in the other histograms, data were smoothed by
a moving average algorithm. In all experiments, Cosinor analysis
was used to calculate circadian rhythm parameters, including
mesor, amplitude, and acrophase. It appears from these recordings that the subparaventricular zone and the area of the PVN
receive direct or indirect projections from the SCN, as suggested
previously using immunocytochemistry combined with tracing
techniques (Vrang et al., 1995). The spatial resolution of the multielectrode system did not allow discrimination between the different subnuclei in the PVN. Interestingly, in all of our experiments, the activity rhythms recorded from structures outside of
the SCN are in phase with the rhythms in the SCN. We never
observed in an in vitro preparation a clear phase difference or a
reversal of multiunit activity between the SCN and the area of the
paraventricular nucleus of the hypothalamus or the subparaventricular zone, as described in vivo in previous reports (Inouye and
Kawamura, 1979; Kubota et al., 1981).
SCN grafts can restore rhythmicity in the paraventricular
nucleus of the hypothalamus
In the next series of experiments, we surgically isolated the region
of the PVN with unilateral or bilateral knife-cuts that removed
one SCN or both nuclei from acute brain slices and positioned the
remaining hypothalamus with the region of the PVN on the
MEA. In brain slices with a unilateral removal of the SCN (data
not shown), circadian rhythmicity was still observed in the PVN
and other hypothalamic regions, but bilateral ablation of the SCN
completely abolished all rhythms in the PVN and in adjacent
hypothalamic areas (Fig. 2 A,B). These results suggest that the
circadian rhythmicity in the hypothalamus depends on the presence of an intact SCN. The question of why the circadian rhythmicity was not completely abolished on one side of the hypothalamus when the SCN was unilaterally removed was addressed in
another series of experiments. Hypothalamic slices with an ablation of the SCN were placed on multimicroelectrode arrays in the
same way as in previous experiments. The completeness of the
SCN ablation was verified after the experiments by histological
and immunocytochemical investigations of the sections. SCN tissue was cultured separately on filter membranes. Figure 2 depicts
one of these experiments, with the hypothalamic PVN on the
multielectrode array and an SCN graft on a filter membrane
(right), showing clearly the nuclei and the optic chiasm. The SCN
tissue, prepared in the morning of the day of the graft experiment,
was added at two different times to the recording chambers: directly in the beginning (Fig. 2 A) and after 2 or 3 d of recordings
from the PVN (Fig. 2 B). When we started cocultures of PVN and
SCN from the beginning of the experiment, there was a clear
circadian rhythmicity in the PVN and adjacent areas. The rhythmicity disappeared when the SCN tissue was removed from the
array (Fig. 2 A). In hypothalamic slices that received an SCN graft
2 or 3 d after the onset of the experiments, the previously irregular
firing rate of PVN neurons, which showed no signs of a 24 hr
rhythm, was synchronized and exhibited a clear circadian rhythmicity as long as the cocultures with SCN tissue persisted (Fig.
2 B). Peak activity was attained in both experiments ⬎7 hr after
addition of the graft. The observation that SCN transplants can
reinstate a neuronal rhythm in the PVN and other hypothalamic
targets of the SCN raises questions regarding the nature of the
signals by which the SCN expresses its clock function. In the
present experiment, we can exclude that the SCN grafts established neural synaptic connections with the hypothalamic slice
on the multielectrode arrays. Brain slices and grafts were

Figure 2. Recordings from acute hypothalamic brain slices with the region of the PVN positioned on the MEA but with SCN ablation. The SCN grafts, cultured separately on pieces of sterile
Millicell-CM membranes (Millipore, Bedford, MA), were added at two different times to the
recording chamber: directly at the beginning of an experiment ( A) and after 44 hr ( B). The
experimental procedure is shown in the small schematics. The black bar indicates the period of
cocultures of PVN and SCN. The clear circadian rhythmicity ( A) in the region of the PVN cocultured with SCN grafts (n ⫽ 7) disappears after removal of the SCN graft. When an SCN graft is
added after 44 hr to the recording chamber ( B), a 24 hr rhythm is induced in neurons of the
isolated PVN (n ⫽ 4). Both experiments show representative recordings from three electrodes
in the region of the PVN with rhythmicity and one electrode in the lateral hypothalamus without
induction of rhythm.

mounted on different substrates. The free-floating filter membrane with the SCN graft was usually located at the edge of the
culture chamber, whereas the brain slice was centered on the
MEAs with a distance of ⬎10 mm between both tissues. Induction of a circadian rhythm or activity loss started within a few
hours after addition or removal of the graft. Visual inspection of
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Figure 3. Recordings from two representative electrodes in the PVN region of the hypothalamus after ablation of the SCN. Repeated application of 200 nM AVP in 12 hr intervals (black
bars) followed by 12 hr AVP-free medium induced a rhythm of ⬃24 hr (n ⫽ 4). In some
electrodes, there is a small increase in activity when the superfusion starts but no peak 24 hr
later.

the slices under an inverted microscope never revealed connecting fibers between the explants or neural outgrowth from the
graft. Cresyl violet staining and immunocytochemical analysis of
the brain slice and the graft at the end of the experiments helped
to ascertain the electrode locations, the completeness of SCN
ablation, as well as the integrity of the SCN graft.
Arginine–vasopressin can mimic the effect of an SCN graft
The previous experiments indicated that a diffusible signal could
be responsible for the induction of circadian rhythmicity in the
hypothalamic PVN when it was cocultured with SCN grafts.
There is evidence that AVP in the rodent SCN is involved in
regulating timing programs of locomotor behavior (MeyerBernstein et al., 1999; Jansen et al., 2000). AVP release from the
SCN shows a robust circadian rhythm in vivo and in vitro (Earnest
and Sladek, 1986; Kalsbeek et al., 1995), and the secretion of
vasopressin seems to follow the general pattern of electrical activity of SCN neurons (Gillette and Reppert, 1987). We therefore
investigated in acute brain slices whether AVP could replace the
diffusible signal released from the graft (Fig. 3). Hypothalamic
slices containing the PVN were cultured after ablation of the SCN
on multimicroelectrode plates. AVP was added in a concentration (200 nM) that was shown previously to exert short-term
effects in the PVN (Inenaga and Yamashita, 1986; Hermes et al.,
2000) in periodic intervals (12 hr application followed by a 12 hr
pause) to the superfusion medium. Figure 3 shows two representative recordings from the PVN, where application of AVP could
induce, with a considerable time lag (peak activity was attained
after ⬎10 hr), rhythmicity in the PVN that clearly followed the

Figure 4. Recordings of multiunit activity from the PVN of the hypothalamus. A, Periodic
application of AVP (200 nM) induces rhythmicity in the PVN. The rhythm disappears when an
AVP receptor antagonist (arrow) is simultaneously applied (n ⫽ 3). B, The figure shows that a
rhythm in the isolated PVN that was restored by an SCN graft is completely blocked by 24 hr
application of a 1 M concentration of an AVP antagonist (arrows; n ⫽ 4). C, In an intact brain
slice, application of an AVP receptor antagonist (1 M) for 24 hr (arrow) has almost no effect on
the circadian rhythm recorded from the PVN (n ⫽ 6). In this experiment, the SCN was located
outside of the electrode array but had an intact neural connection with the PVN.

application pattern of AVP; the spike rate then declined in the
presence of AVP. The induction of rhythmicity in the PVN by
AVP was completely blocked by simultaneous application of a
1 M concentration of the V1 and V2 vasopressin receptor
antagonist (1-mercaptocyclohexyl)acetyl-Tyr(O-Ethyl)-PheVal-Asn-Cys-Pro-Arg-NH2 (Sigma) (Fig. 4 A). Furthermore,
the restoration of a circadian rhythm in the PVN cocultured
with an SCN graft was also abolished by the AVP receptor
antagonist (Fig. 4 B). Surprisingly, in recordings from the PVN
in intact brain slices, circadian rhythms remained undisturbed
by a 24 hr treatment with the AVP receptor antagonist (Fig.
4C), showing that under normal conditions, the neural signal
seems to over-ride the humoral signal.
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Discussion
The present results demonstrate that the rhythmic activity in the
area of the PVN of the hypothalamus, a prime center for the
control of both the neuroendocrine and autonomic systems, is
controlled by inputs from the SCN. This input may be either
neural, by efferent projections from the SCN, or humoral, by a
diffusible factor released from the SCN into the CSF or extracellular space. In slice preparations of the hypothalamus with intact
neural connections, the neural efferent output from the SCN
seems to determine the output signal, but under experimental
conditions in which the efferent connections are interrupted,
a diffusible factor can clearly induce rhythmicity in the
hypothalamus.
We provide the first evidence that AVP might be a candidate
for this diffusible agent. AVP can mimic the action of the humoral factor on the PVN. This action could be blocked by a
vasopressin receptor antagonist, showing that the process is receptor mediated. Vasopressin receptors have been identified previously in the hypothalamic PVN and in the SCN (DuboisDauphin et al., 1996; Hurbin et al., 1998). It has been suggested
that AVP acts as a feedback regulator of electrical activity in the
SCN and has a role in amplifying rhythmicity in the nucleus, but
AVP also functions as an important output signal of the SCN
(Ingram et al., 1998). The SCN contains numerous AVPimmunoreactive neurons in the dorsomedial subdivision of the
nucleus that project to other hypothalamic areas, including the
ventral PVN and the dorsal parvicellular subdivision of the PVN
(Abrahamson and Moore, 2001). SCN lesions result in the disappearance of AVP-containing fibers in the region of the PVN
(Hoorneman and Buijs, 1982). Additionally, there is evidence
that vasopressin is released in a circadian pattern from the SCN as
a humoral signal. This circadian pattern is lost and vasopressin
levels in the CSF are strongly reduced in SCN-lesioned animals,
whereas neither lesion of the PVN nor knife-cuts interrupting
most neural efferents from the SCN had this effect (Schwartz and
Reppert, 1985). In the present study, we cannot exclude the possibility that the effect of the diffusible agent reflects a passive
process caused by a leakage from degenerating neurons of the
graft. AVP is believed to act through an increase in GABAergic
inhibition on PVN neurons (Hermes et al., 2000), whereas Inenaga and Yamashita (1986) have described excitatory AVP responses in the PVN. Gouzenes et al. (1998) demonstrated that
AVP exerted inhibitory or excitatory effects according to their
initial pattern of discharge. However, the long latency of the induction of rhythmicity argues against a simple role of AVP as
efferent neurotransmitter. Previous studies have shown that AVP
may have a functional role in the control of the sleep–wake
rhythm and the diurnal rhythms of corticosterone secretion. Infusion of AVP or AVP antagonists with an osmotic pump into the
third ventricle significantly altered the sleep–wake pattern in the
rat (Kruisbrink et al., 1987). It was also shown that the AVP levels
in the CSF affect the arousal state of the rat in the dark period
(Arnauld et al., 1989). Microinfusions of AVP into the PVN region showed a strong inhibitory effect on corticosterone release
of SCN-lesioned animals, indicating a role for AVP in the
hypothalamo-pituitary-adrenal axis, possibly by influencing
corticotropin-releasing hormone secretion of PVN neurons
(Kalsbeek et al., 1992). Transneuronal tracings combined with
physiological experiments have also provided evidence for a second polysynaptic pathway with a central role for the hypothalamic PVN, involving the retina, SCN, hypothalamus, sympathetic nervous system, and adrenal cortex. It was concluded that
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the SCN uses a dual mechanism for corticosterone secretion (and
possibly also for other endocrine functions): a direct control of
hypothalamic neuroendocrine neurons as well as of neurons of
the autonomic nervous system (Buijs and Kalsbeek, 2001).
The present study provides evidence for an additional pathway, a humoral factor that couples the circadian output signal of
the SCN to its target areas in the hypothalamus.
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