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The circadian pacemaker of the suprachiasmatic nuclei is a
complex multioscillator system, which controls circadian
and seasonal rhythmicity (Pittendrigh and Daan, 1976;
Meijer et al., 1989). A number of clock genes have been
identified that play a key role in the generation of circa-
dian rhythms. These clock genes are expressed in a circa-
dian manner as has been shown in mice, rats and hamsters.
The time at which their expression reaches peak values
differs among the several genes (Lowrey et al., 2000;
Daan et al., 2001; Reppert and Weaver, 2001). Expression
profiles for a specific gene may also differ among subdivi-
sions of the suprachiasmatic nuclei. It has been shown that
mPerl peaks slightly out of phase in the left and right
suprachiasmatic nuclei and that the rhythm in c-fos expres-
sion is significantly different between the dorsomedial and
ventrolateral regions (Yamazaki et al., 2000; Schwartz et
al., 2000). In the special case that the animal shows split-
ting of its locomotor activity pattern, mPerl in the left and
right suprachiasmatic nuclei appeared to oscillate in anti-
phase (de la Iglesia et al., 2000). Whether the molecular
organization within the suprachiasmatic nuclei plays a role
in seasonal rhythmicity, allowing animals to track day-
length and become reproductive at the proper phase of
the annual cycle, receives increasing interest (Daan et
al., 2001; Hastings, 2001). The differences in peak expres-
sion times that exist between different genes, and the spa-
tial differences in peak time for single genes, are suggestive
of a genetic mechanism underlying the multioscillator
structure. It is unknown, however, whether phase differen-
ces that are observed at the molecular level exist at the
level of electrical activity rhythms in the suprachiasmatic
nuclei in order to become potentially functional.

In this study we investigated the presence of phase dif-
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ferences in neuronal discharge rhythms in the suprachias-
matic nuclei of the rat. To this purpose we combined
simultaneous electrophysiological recordings of neuronal
populations in the left and right suprachiasmatic nuclei
with a detailed analysis of the phase relationship between
them. The results demonstrate that neuronal subpopula-
tions of the suprachiasmatic nuclei show phase differences
both in their peak and half-maximum times of up to 4 h.
We propose that these phase differences may play a role in
the plasticity of the circadian timing system. © 2001
IBRO. Published by FElsevier Science Ltd. All rights
reserved.

Multiunit activity rhythms were recorded in 24 slices.
In all slices, peak neuronal activity occurred during the
subjective day, and activity troughs during subjective
night. In 21 slices, multiunit activity was obtained simul-
taneously from the left and right suprachiasmatic nuclei
(SCN) for one circadian cycle. In the other three experi-
ments, activity was recorded in only one nucleus. In 16
slices, we were able to record a peak also on the second
recording day. The peaks occurred during mid-subjective
day at Zeitgeber time (ZT) 6.610.2 h (meant* S.E.M.;
n=37).

Analysis of multiunit discharge patterns revealed that
peak values of firing rate recorded from populations of
the two SCN nuclei were out of phase. These phase
differences were observable in the raw multiunit traces
(Fig. 1). The average phase difference was 0.65 h+0.09 h
(n=21) on day 1, and 0.52 h£0.11 h (»=16) on day 2
(Table 1). There was no significant difference in the mag-
nitudes of the phase differences between day 1 and 2. The
population that was relatively delayed on the first day
was also delayed on the second recording day in 11 out
of 16 of the cases (Fig. 2). In six out of 10 examined
cases, peak activity in the left nucleus preceded that of
the right one, while in the other four slices peaks
occurred in the opposite order. We have no indication
for phase differences in the order of 8 h, as has been
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Fig. 1. Multiunit activity (MUA) patterns obtained from the two
SCN of one animal. Each trace represents the data from one of
the two nuclei. Individual sampled points are plotted (dots). These
samples were taken every 10 s. The time of maximum firing rate,
which was determined using strongly smoothed data (1=10'), is
indicated by a dashed line. For better visualization of the two sep-
arate traces, the lower trace was scaled by a factor 0.6. ZT 12 cor-
responds to light off and ZT 24 to light on.

observed in horizontal slices in hamsters (Jagota et al.,
2000).

The question arises whether the observed differences in
phase are a consequence of artifactual variability or
whether they reflect true physiological differences in
phase of the recorded population of neurons. Noise in
the data causes random errors in the estimated positions
of the peaks. We used Monte Carlo simulations to esti-
mate the possible size of the errors (Fig. 3). The neuronal
firing pattern was simulated by a truncated sine, to which
low-frequency noise was added. The noise was scaled to
an amplitude equal to that of the measured residuals
after smoothing of the measured data. The amplitude
was computed as the mean difference between maximum
and minimum of the residuals in 24 slices.

We simulated 50000 experiments and computed the
difference between two peak positions. The phase differ-
ences were randomly divided into groups with a size
equal to the sample size of the measured differences.
The differences in each group were averaged, resulting
in more than 1000 averaged differences. This produced
a frequency distribution of errors (Fig. 3). The 99.9th
percentile of this distribution was 0.23 h (n=21) or
0.24 h (n=16). Our results (0.65 h on day 1 and 0.52 h
on day 2) lie far outside this area. We conclude that the
P values are below 0.001. The low-frequency noise was
obtained by smoothing of white noise. We found that the
width of the error distribution depends on the amount of
smoothing. To be conservative, we took the value at
which the widest distributions occurred.

The phase differences appeared significant when they
were tested against zero with a #-test (P <<0.0005).
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Table 1. Phase differences between populations of neurons
(conservative analysis)

Day 1 Day 2
Range (h) 0.09-1.74 0.02-1.44
Mean (h) 0.65 0.52
S.D. (h) 0.43 0.45
S.E.M. (h) 0.09 0.11
n 21 16
Significance P <0.001 P <0.001

Because the t-test probably underestimates the error dis-
tribution, the Monte Carlo simulations produce a more
reliable estimate of the significance of the phase differ-
ences (Fig. 3). We evaluated the effects of the smoothing,
by calculating the phase differences after minimal
smoothing of the data (1=10%), thereby allowing ultra-
dian and higher-frequency variations to affect the esti-
mated peak time. Minimal smoothing resulted in phase
differences of 1.15£0.19 h (range: 0.01-4.77 h; n=21)
on day 1, and 1.13£0.31 h (range: 0.04-5.12 h; n=16)
on day 2.

The results were also verified using another phase
marker, the time at which the multiunit activity reaches
half-maximum. This phase marker was calculated on
more strongly smoothed data (1=10'"), on the declining
slope of the curves. This procedure resulted in phase
differences of 0.99£0.23 h (range: 0.03-4.68 h; n=21)
on day 1, and 0.42£0.10 h (range: 0.03-1.41 h; n=16)
on day 2.

Our data reveal that in acutely prepared slices, neuro-
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Fig. 2. Multiunit activity (MUA) patterns in contralateral SCN.
Multiunit data were smoothed and normalized for each day. The
normalized multiunit data are also represented by color codes for
better visualization of the data. The bars above the figures indicate
(extrapolated) light:dark cycles to which the animals had been
entrained. ZT 12 corresponds to light off and ZT 24 to light on.
(a) In this example the normalized multiunit patterns recorded in
two sides of the SCN are plotted above each other. (b) Additional
examples are shown in which bilateral multiunit activity was
recorded successfully for 2 days. The upper four recordings show
multiunit rhythms in which the same population was advanced on
both day 1 and day 2. In the fifth recording, the populations were
in phase on both recording days.
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nal populations from the left and right SCN express
circadian rhythms that are out of phase. The phase dif-
ferences were observed when the peak in multiunit activ-
ity was determined after strong smoothing and after
minimal smoothing of the data. Moreover, phase differ-
ences were apparent when a different phase marker was
used, i.e. the time of half-maximum discharge rate.
Although the latter is mathematically appealing as it
provides a sharper transition point, the data indicate
that the variability in the declining phase of the oscilla-
tions was actually larger than the variability in the mea-
sured peak levels. We attribute this to the differences that
appeared to exist in the widths of the peaks. Neverthe-
less, we regard this analysis as support for our conclu-
sion that true phase differences exist between populations
of SCN neurons.

Minimal smoothing of the data resulted in phase dif-
ferences ranging from 0.01 to 4.77 h, whereas strong
smoothing resulted in phase differences of 0.09-1.74 h
(on the first day). It is difficult to assess which of these
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Fig. 3. Monte Carlo simulations for the determination of signifi-
cance of phase differences. (a) In the upper trace a multiunit activ-
ity (MUA) pattern is shown (dots) with its smoothed curve (line).
In the lower trace the residuals are plotted. (b) For the simula-
tions, the basic waveform of the multiunit rhythm was simulated
by a truncated sine. (c) Variation was introduced by adding noise
that was colored by filtering out high-frequency components. The
amount of noise was equal to the residuals obtained after smooth-
ing the multiunit recordings. (d) The colored noise was added to
the sine curve (straight line). These data were smoothed with the
same parameter that was used for the physiological data and
resulted in a curve indicated by the dashed line. (¢) The phase dif-
ference between peak times was calculated and the average over
21 simulations was computed. This procedure was repeated
(>1000 times) to obtain a frequency distribution of the averaged
phase differences. The 99th percentile of this distribution is 0.21 h.
Thus, our averaged phase difference of 0.65 h is highly significant.
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procedures offers the most reliable estimate of the phase
differences. For one reason, the circadian discharge pat-
tern of the SCN is characterized by additional ultradian
components (Meijer et al., 1997) and oversmoothing may
lead to underestimation of true differences. On the other
hand, minimal smoothing does not exclude the possibil-
ity that an artifactual change in discharge level contrib-
utes to a measured phase difference. We conclude that by
strong smoothing of the data we have obtained a con-
servative estimate of phase differences between the two
neuronal populations, but it is not necessarily a more
reliable measure.

The size of the neuronal populations can be estimated
on the basis of single-unit recordings in slices. These
have indicated discharge rates during peak activity of
about 5-8 Hz (Groos, 1982; Gillette et al., 1995; Schaap
et al., 1999). We assume therefore that we recorded from
about 100 neurons, which is about 1% of one SCN
nucleus. The large range in phase differences that were
measured in rats that had been kept on a 12-h light-dark
cycle indicates that small groups of neurons within the
SCN may show considerable phase differences. This sug-
gests that the SCN pacemaker does not oscillate as a
whole, but that regional differences may exist with
respect to its electrical activity.

Simultaneous recordings from dispersed SCN neurons
revealed differing circadian periods and oscillations that
were out of phase with one another (Welsh et al., 1995;
Liu et al., 1997; Herzog et al., 1998; Honma et al.,
1998). In organotypic cultures of the SCN, different
phase relationships were observed among neurons, with
most neurons oscillating in phase (Shinohara et al., 1995;
Herzog et al., 1998). Whether the observed phase rela-
tionships arose as a consequence of limited interneuronal
communication or as a consequence of the culturing con-
dition remained unclear (Welsh et al., 1995; Herzog et
al., 1997). In this respect, measurements in the acutely
prepared slice provide a more accurate description of the
physiological state of the SCN pacemaker. In two in vitro
studies, single-unit discharge patterns in the left and right
SCN have been compared but led to conflicting results.
As these two studies sampled neurons at different loca-
tions of the SCN, and from different animals, subtle
phase differences between populations in the SCN were
probably obscured (Zlomanczuk et al., 1991; Zhang and
Aguilar-Roblero, 1995).

In horizontal slices from hamsters, it has been demon-
strated that two electrophysiological components become
apparent (Jagota et al., 2000) that are not present in
coronal slices (Bouskila and Dudek, 1993; Meijer et
al., 1997; Gribkoff et al., 1998). These two components
were recorded by a single electrode. It is unknown
whether the two components reflect different groups of
neurons, or whether they are present at the level of the
single neuron. Our data contribute to the issue by show-
ing different peak times at different locations within the
SCN. This demonstrates that phase differences within the
SCN can be generated by separate groups of neurons. It
is unknown, however, whether the differences in phase
between neuronal oscillations that we describe relate to
the two components that emerge in a horizontal slice.
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The phase differences that we found are supported by
qualitative observations in vivo. Multiunit discharge pat-
terns from the left and right SCN revealed phase differ-
ences in a minority of cases (three out of 12 animals)
(Inouye and Kawamura, 1982). While a quantitative anal-
ysis would allow a more precise comparison with our
data, the phase differences were of a sufficiently large mag-
nitude to be noticeable by eye. The occurrence of phase
differences in vivo suggests that the differences that we
found in vitro may be present in the intact animal as well.

It has been proposed that the circadian pacemaker of
the SCN is composed of two functionally separate oscil-
lators, called the morning and evening components
(M and E respectively, see Pittendrigh and Daan,
1976). Evidence for this model is derived from several
behavioral characteristics such as: (i) the animal’s ability
to follow daylength (Pittendrigh and Daan, 1976),
(ii) differences in light-induced shifts in onset and offset
of behavioral activity and and the evening and morning
fall of pineal N-acetyltransferase (Illnerova and Vanecek,
1982; Elliott and Tamarkin, 1994; Meijer and De Vries,
1995), (iii) splitting (Pittendrigh and Daan, 1976) and
(iv) differences in phase shifting responses of split com-
ponents (Meijer et al., 1988, 1990).

The interpretation of a multioscillator structure has
recently been supported by a number of molecular bio-
logical investigations (Takumi et al., 1998; de la Iglesia
et al., 2000; Yamazaki et al., 2000; Daan et al., 2001;
Hastings, 2001). We have now demonstrated that phase
differences are also present in the rhythm of spontaneous
action potentials between different neuronal subpopula-
tions. These phase differences render sets of neurons that
are potentially able to carry information on daylength on
the basis of their mutual phase relationships. Future
experiments will have to evaluate this possibility by
exploring the observed phase differences as a function
of photoperiod.

EXPERIMENTAL PROCEDURES

The multiunit activity rhythms of SCN neurons were mea-
sured as described previously (Meijer et al., 1997). Wistar rats
were entrained to a 12-h light-dark cycle. All efforts were made
to minimize both the suffering and the number of animals used,
and all experiments were carried out in accordance to the Euro-
pean Communities Council Directive of 24 November 1986 (86/
609/EEC). Coronal slices were prepared at the beginning of the
subjective day and maintained in an interface chamber. The
slices contained at least 50% of the rostrocaudal extent of the
SCN, and all of the ventrodorsal extent. To ensure that the size
of the two nuclei in the slice was comparable, slices were care-
fully cut perpendicular to the rostrocaudal axis. Extracellular
electrical activity of populations of SCN neurons was measured
by platinum/iridium electrodes (75 um diameter) and subse-
quently amplified and bandwidth-filtered. Spike triggers were
used to select action potentials with amplitudes above a certain
level. Spikes were counted electronically every 10 s and stored
for off-line analysis.
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The technique of multiunit recording makes it possible to
record the activity rhythm of a population of neurons for
more than one circadian cycle (Bouskila and Dudek, 1993;
Gribkoff et al., 1998). Multiunit recordings are technically diffi-
cult to perform, and very low levels of electronic noise as well as
high mechanical stability are required for stable long-term mea-
surements. By using stable manipulators, slice support and fix-
ation of the slice in the interface chamber, we were able to
achieve a stable signal for long recording times. Two neuronal
populations, one from the left and one from the right nucleus of
the SCN, were measured simultaneously with multiunit elec-
trodes.

From these recordings, the time of maximal activity in the
individual circadian discharge rhythms was determined and
used as a phase marker. In addition we used the half-maximum
discharge rate as a second phase marker. Apart from a circadian
component, multiunit discharge patterns consist of ultradian
components and noise which is either physiological or artifac-
tual (Meijer et al., 1997; Yamazaki et al., 1998; Jagota et al.,
2000). Ultradian components and noise can interfere with the
determination of the peak times. The human eye can easily
smooth the data and indicate probable positions of peak activity
(Fig. 1). Simply seeking the highest value in the series of num-
bers will not work, because of the noise and ultradian variation.

To minimize the noise and ultradian components the data
were smoothed with penalized least squares. Let a series of
multiunit data be indicated by y;, i=1..m, and let z; be a cor-
responding smooth series. We minimize the following function:

0= i +2 Y (4%
i=1 i=3

where A%z, = z;—2z;_+z;_, indicates second differences. The first
term of Q is a measure of fit of z to the data y, the second a
penalty on the roughness of z. By increasing A, a smoother z will
be obtained. This smoother has a long history and goes back at
least to Whittaker (1923) (see Eilers, 1994; Eilers and Marx,
1996, for details and other applications). The smoothing spline
is very similar to this approach, but unnecessarily complicated,
while regression smoothers (like B-splines) pose the difficult
problem of knot optimization. For our application it is also
important that this smoother does not introduce phase shifts
and has no unpleasant boundary effects (like kernel smoothers
or Fourier filters). We chose A=10"" on the basis of visual
inspection. With this amount of smoothing we effectively have
a zero-phase low-pass filter with a 12-dB/octave slope and a
corner frequency of approximately 1 cycle per 10 h.

Differences between peak times of the two populations were
analyzed for statistical significance. We are not aware of a
model that adequately predicts the effect of noise or high-fre-
quency variability on peak times. Therefore, Monte Carlo sim-
ulations were performed to determine significance levels. In
these simulations, the basic multiunit pattern was represented
by a truncated sine, as an adequate description of multiunit
waveform peaks. Variability was introduced by adding noise
of the same magnitude as the residuals in our experimental
data (see above). We analyzed the sum of sine and noise in
the same way as the measured data. The cumulative distribution
of the results was used to obtain the significance levels. The
results were considered statistically significant when the proba-
bility level was less than 0.01.

Acknowledgements—This study was supported by Foundation
Life Sciences Grant 33.261 and OTKA-NWO Grant 28786.
We thank X. Bonnefont and W.J. Schwartz for their valuable
suggestions for the manuscript, and J. Janse and H. Duindam
for technical assistance.

Magenta Zwart



Phase differences in the rat suprachiasmatic nuclei 363

REFERENCES

Bouskila, Y., Dudek, F.E., 1993. Neuronal synchronization without calcium-dependent synaptic transmission in the hypothalamus. Proc. Natl.
Acad. Sci. USA 90, 3207-3210.

Daan, S., Albrecht, U., van der Horst, G.T., Illnerova, H., Roenneberg, T., Wehr, T.A., Schwartz, W.J., 2001. Assembling a clock for all seasons:
are there M and E oscillators in the genes? J. Biol. Rhythms 16, 105-116.

de la Iglesia, H.O., Meyer, J., Carpino, A., Jr., Schwartz, W.J., 2000. Antiphase oscillation of the left and right suprachiasmatic nuclei. Science
290, 799-801.

Eilers, P., 1994. Smoothing and interpolation with finite differences. In: Graphic Gems IV. Academic, New York, pp. 241-250.

Eilers, P.H.C., Marx, B., 1996. Flexible smoothing with B-splines and penalties. Stat. Sci. 11, 89-121.

Elliott, J.A., Tamarkin, L., 1994. Complex circadian regulation of pineal melatonin and wheel-running in Syrian hamsters. J. Comp. Physiol. [A]
174, 469-484.

Gillette, M.U., Medanic, M., McArthur, A.J., Liu, C., Ding, J.M., Faiman, L.E., Weber, E.T., Tcheng, T.K., Gallman, E.A., 1995. Intrinsic
neuronal rhythms in the suprachiasmatic nuclei and their adjustment. Ciba Found. Symp. 183, 134-153.

Gribkoff, V.K., Pieschl, R.L., Wisialowski, T.A., van den Pol, A.N., Yocca, F.D., 1998. Phase shifting of circadian rhythms and depression of
neuronal activity in the rat suprachiasmatic nucleus by neuropeptide Y: mediation by different receptor subtypes. J. Neurosci. 18, 3014-3022.

Groos, G., 1982. The comparative physiology of extraocular photoreception. Experientia 38, 989-991.

Hastings, M., 2001. Modeling the molecular calendar (discussion p. 124). J. Biol. Rhythms 16, 117-123.

Herzog, E.D., Geusz, M.E., Khalsa, S.B., Straume, M., Block, G.D., 1997. Circadian rhythms in mouse suprachiasmatic nucleus explants on
multimicroelectrode plates. Brain Res. 757, 285-290.

Herzog, E.D., Takahashi, J.S., Block, G.D., 1998. Clock controls circadian period in isolated suprachiasmatic nucleus neurons. Nature Neurosci.
1, 708-713.

Honma, S., Shirakawa, T., Katsuno, Y., Namihira, M., Honma, K., 1998. Circadian periods of single suprachiasmatic neurons in rats. Neurosci.
Lett. 250, 157-160.

Illnerova, H., Vanecek, J., 1982. Two-oscillators structure of the pacemaker controlling the circadian rhythm of N-acetyltransferase in the rat
pineal gland. J. Comp. Physiol. [A] 145, 539-548.

Inouye, S.T., Kawamura, H., 1982. Characteristics of a circadian pacemaker in the suprachiasmatic nucleus. J. Comp. Physiol. [A] 146, 153-160.

Jagota, A., de la Iglesia, H.O., Schwartz, W.J., 2000. Morning and evening circadian oscillations in the suprachiasmatic nucleus in vitro. Nature
Neurosci. 3, 372-376.

Liu, C., Weaver, D.R., Strogatz, S.H., Reppert, S.M., 1997. Cellular construction of a circadian clock: period determination in the supra-
chiasmatic nuclei. Cell 91, 855-860.

Lowrey, P.L., Shimomura, K., Antoch, M.P., Yamazaki, S., Zemenides, P.D., Ralph, M.R., Menaker, M., Takahashi, J.S., 2000. Positional
syntenic cloning and functional characterization of the mammalian circadian mutation tau. Science 288, 483-492.

Meijer, J.H., Daan, S., Overkamp, G.J., Hermann, P.M., 1990. The two-oscillator circadian system of tree shrews (Tupaia belangeri) and its
response to light and dark pulses. J. Biol. Rhythms 5, 1-16.

Meijer, J.H., De Vries, M.J., 1995. Light-induced phase shifts in onset and offset of running-wheel activity in the Syrian hamster. J. Biol. Rhythms
10, 4-16.

Meijer, J.H., Rusak, B., Harrington, M.E., 1989. Photically responsive neurons in the hypothalamus of a diurnal ground squirrel. Brain Res. 501,
315-323.

Meijer, J.H., Schaap, J., Watanabe, K., Albus, H., 1997. Multiunit activity recordings in the suprachiasmatic nuclei: in vivo versus in vitro models.
Brain Res. 753, 322-327.

Meijer, J.H., van der Zee, E., Dietz, M., 1988. The effects of intraventricular carbachol injections on the free-running activity rhythm of the
hamster. J. Biol. Rhythms 3, 333-348.

Pittendrigh, C.S., Daan, S., 1976. A functional analysis of circadian pacemaker in nocturnal rodents. I. Stability and lability of spontaneous
frequency. J. Comp. Physiol. [A] 106, 223-252.

Reppert, S.M., Weaver, D.R., 2001. Molecular analysis of mammalian circadian rhythms. Annu. Rev. Physiol. 63, 647-676.

Schaap, J., Bos, N.P., deJeu, M.T., Geurtsen, A.M., Meijer, J.H., Pennartz, C.M., 1999. Neurons of the rat suprachiasmatic nucleus show a
circadian rhythm in membrane properties that is lost during prolonged whole-cell recording. Brain Res. 815, 154-166.

Schwartz, W.J., Carpino, A., Jr., de la Iglesia, H.O., Baler, R., Klein, D.C., Nakabeppu, Y., Aronin, N., 2000. Differential regulation of fos family
genes in the ventrolateral and dorsomedial subdivisions of the rat suprachiasmatic nucleus. Neuroscience 98, 535-547.

Shinohara, K., Honma, S., Katsuno, Y., Abe, H., Honma, K., 1995. Two distinct oscillators in the rat suprachiasmatic nucleus in vitro. Proc. Natl.
Acad. Sci. USA 92, 7396-7400.

Takumi, T., Taguchi, K., Miyake, S., Sakakida, Y., Takashima, N., Matsubara, C., Maebayashi, Y., Okumura, K., Takekida, S., Yamamoto, S.,
Yagita, K., Yan, L., Young, M.W., Okamura, H., 1998. A light-independent oscillatory gene mPer3 in mouse SCN and OVLT. EMBO J. 17,
4753-4759.

Welsh, D.K., Logothetis, D.E., Meister, M., Reppert, S.M., 1995. Individual neurons dissociated from rat suprachiasmatic nucleus express
independently phased circadian firing rhythms. Neuron 14, 697-706.

Whittaker, E.T., 1923. On a new method of graduation. P. Edinburgh Math. Soc. 41, 63-75.

Yamazaki, S., Kerbeshian, M.C., Hocker, C.G., Block, G.D., Menaker, M., 1998. Rhythmic properties of the hamster suprachiasmatic nucleus in
vivo. J. Neurosci. 18, 10709-10723.

Yamazaki, S., Shimomura, K., Goto, M., Sakaki, Y., Tei, H., Takahashi, J.S., Block, G.D., Menaker, M., 2000. Coupling between the right and
left SCN (abstract). In: US-Japan Symposium on Molecular Mechanisms for Circadian Clocks: Function to Clock Genes, HeianKaikan,
Kyoto, p. 44.

Zhang, L., Aguilar-Roblero, R., 1995. Asymmetrical electrical activity between the suprachiasmatic nuclei in vitro. NeuroReport 6, 537-540.

Zlomanczuk, P., Margraf, R.R., Lynch, G.R., 1991. In vitro electrical activity in the suprachiasmatic nucleus following splitting and masking of
wheel-running behavior. Brain Res. 559, 94-99.

(Accepted 4 October 2001)

NSC 5368 20-12-01 Cyaan Magenta Zwart



