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Summary

Background: Circadian rhythms in mammalian beha-
vior, physiology, and biochemistry are controlled by the
central clock of the suprachiasmatic nucleus (SCN).
The clock is synchronized to environmental light-dark
cycles via the retino-hypothalamic tract, which termi-
nates predominantly in the ventral SCN of the rat. In
order to understand synchronization of the clock to the
external light-dark cycle, we performed ex vivo record-
ings of spontaneous impulse activity in SCN slices of
the rat.
Results: We observed bimodal patterns of spontane-
ous impulse activity in the dorsal and ventral SCN after
a 6 hr delay of the light schedule. Bisection of the SCN
slice revealed a separate fast-resetting oscillator in the
ventral SCN and a distinct slow-resetting oscillator in
the dorsal SCN. Continuous application of the GABAA

antagonist bicuculline yielded similar results as cut
slices. Short application of bicuculline at different
phases of the circadian cycle increased the electrical
discharge rate in the ventral SCN but, unexpectedly,
decreased activity in the dorsal SCN.
Conclusions: GABA transmits phase information be-
tween the ventral and dorsal SCN oscillators. GABA
can act excitatory in the dorsal SCN and inhibits neu-
rons in the ventral SCN. We hypothesize that this differ-
ence results in asymmetrical interregional coupling
within the SCN, with a stronger phase-shifting effect of
the ventral on the dorsal SCN than vice versa. A model
is proposed that focuses on this asymmetry and on the
role of GABA in phase regulation.

Introduction

The suprachiasmatic nucleus (SCN) contains a circa-
dian pacemaker that is synchronized to the environ-
mental light-dark cycle [1]. Circadian rhythmicity is
generated by a molecular feedback loop that involves
several identified clock genes and their protein prod-
ucts [2]. The cell-autonomous nature of rhythm genera-
tion results in the presence within the SCN of multiple
*Correspondence: j.h.meijer@lumc.nl
neuronal oscillators that exhibit circadian rhythms in
clock-gene expression and electrical-impulse frequency
[3, 4]. The composite waveform of these independent
but coupled neuronal oscillators provides a reliable and
precise representation of the day-night cycle at the
SCN tissue level [5–7].

For circadian pacemakers to perform useful work,
they must be set to local time. This occurs through the
process of synchronization, or “entrainment,” which in-
volves specialized photoreceptors and pathways [8, 9].
Phase-shifting studies have been helpful in studying
the underlying pacemaker organization. For example,
the multioscillator composition of the Drosophila circa-
dian system was discovered during readjustments to
phase-advancing light pulses [10]. In mammals, phase-
shifting protocols have led to the observation of tran-
sient desynchronization among molecular rhythms [11]
and between molecular and electrical rhythms [12] and
of regional differences in the speed of resetting within
the SCN [13].

It is well established that the SCN is a heterogeneous
structure. An important distinction between ventral and
dorsal SCN compartments of the rat was originally
based on functional anatomical evidence [14, 15] and
was confirmed by differences in immediate early-gene
and clock-gene expression within the SCN [16–18]. The
ventrolateral (or core) SCN contains cells expressing
vasoactive intestinal peptide (VIP) or gastrin releasing
peptide (GRP). They receive direct excitatory retinal in-
put from melanopsin-containing ganglion cells that use
glutamate and pituitary adenylyl cyclase-activating
peptide (PACAP) as transmitter and neuromodulator
[19]. Ventral SCN neurons project to dorsomedial (also
called shell)-region cells that typically express vaso-
pressin (VP) and receive only sparse retinal innervation
[20]. Evidence for independent oscillators in these SCN
regions emerged from studies monitoring VIP- and VP-
release in cultured organotypic slices [21, 22] and long-
term measurements of Per1 with a luciferase reporter
[4]. Functional differences between the dorsal and ven-
tral SCN were recently demonstrated when molecular
oscillations were forced into desynchrony by exposing
rats to short light-dark cycles [23].

These findings raise questions about the mecha-
nisms by which the ventral and dorsal SCN eventually
synchronize to function as a clock with a coherent tim-
ing signal. To address this issue, we performed real-
time electrical-activity recordings simultaneously in the
ventral and dorsal parts of coronal SCN slices after a
shift in the light-dark cycle. On the first and third day
after a delay, we observed bimodal patterns (i.e., two
components) of electrical activity in dorsal and ventral
SCN, with one shifted and one unshifted component.
These components resynchronized, resulting in a com-
pletely phase-shifted, unimodal rhythm in electrical ac-
tivity on day 6 after the shift of the light cycle. Surgical
isolation as well as application of the GABAA receptor
antagonist bicuculline prevented the interplay between
dorsal and ventral SCN and revealed local phase-reset-
ting behavior of the two areas. The results lead us to
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suggest that the ventral SCN is directly reset by light,
and the dorsal SCN is indirectly reset through excit-
atory GABAergic pathways. Importantly, the electrical
output of clock neurons reflects both intrinsic rhythmic-
ity and rhythmicity imposed from other SCN neurons.

Results

Intact Slices
Electrical-activity recordings were performed in acutely
prepared brain slices at the end of a 6 hr delayed light-
dark cycle or on day 3 or 6 in constant darkness after
the delay (see Figure S1A in the Supplemental Data
available with this article online). The recordings were
performed simultaneously in the ventral and dorsal
SCN by two stationary electrodes. Immediately after
the shift in the light schedule, two components in SCN
electrical activity appeared in 67% (10 of 15) of the re-
cordings in both the ventral and dorsal SCN (Figure 1B;
Figure S2). The bimodal patterns showed very similar
peak times in the two regions. As compared to un-
shifted control slices (mean peak at Zeitgeber time [ZT]
6.1 ± 0.7; Figure 1A; Figure S1A), the peak time of the
first component of the bimodal pattern was delayed
completely (�f = −6.2 ± 0.6 hr, n = 10, p < 0.001),
whereas the second component was not significantly
shifted (�f = −1.8 ± 0.6 hr, n = 10, p > 0.1). The peak
times of the two components were significantly dif-
ferent (p < 0.001). The occurrence of bimodal peaks in
the electrical-activity rhythms of the ventral and dorsal
SCN decreased to 42% (5 of 12 recordings) on day 3 in
constant darkness (�f = −7.9 ± 0.8 hr, n = 5, p < 0.001
and �f = −2.8 ± 0.8 hr, n = 5, p < 0.05; peak times were
also significantly different from one another, p < 0.01;
Figure 1C). When unimodal peaks were obtained on
days 1 and 3 after the delay in the light schedule, inter-
mediate phase shifts of −3.6 ± 0.7 hr (n = 5, p < 0.01)
and −3.5 ± 0.7 hr (n = 7, p < 0.01) were observed,
respectively. All recordings on day 6 in constant dark-
ness showed a unimodal rhythm that was fully shifted
(�f = −6.0 ± 0.7 hr, n = 12, p < 0.001; Figure 1D).

The widths of the neuronal-activity peaks were calcu-
lated with the half-maximum values of increasing and
decreasing slopes. On the first day after the shift, the
peak widths were not significantly different from the
peak widths before the delay of the light-dark cycle
(p > 0.05). The peak widths that were measured on day
3 or 6 in darkness were significantly smaller (p < 0.05).
Comparison of the peak widths with the activity time
(α) of rat behavioral activity rhythms revealed a strong
correlation (R = −0.99, p < 0.05), indicating functional
significance for both components in regulating behav-
ioral activity, consistent with de la Iglesia et al. [23]
(Supplemental Results; Figures S3 and S4).

Cut Slices
The SCN was cut horizontally, separating the slice into
dorsal and ventral sections, to investigate the contribu-
tion of different regions to the bimodal-activity pat-
terns. Recordings in the ventral part of the SCN re-
vealed the presence of a unimodal electrical-activity
component that was phase delayed by 4 hr (�f = −4.1 ±
0.6 hr, n = 11, p < 0.001; Figures 2A–2C). Recordings in
Figure 1. Recordings of SCN Electrical Activity In Vitro before and
after a 6 hr Phase Delay of the Light-Dark Regime

(A) The electrical-activity rhythm of control (Ctrl) slices from ani-
mals not exposed to a shift in light-dark cycle showed unimodal
peaks at old ZT 6.
(B and C) Bimodal peaks emerged on the first and third day after
the delay, both in the ventral and dorsal SCN, with one incompletely
shifted and one completely shifted (new ZT 6) component.
(D) On day 6 after the shift, exclusively unimodal peaks were ob-
served that were shifted completely.
The electrical-activity traces are individual examples of neuronal
ensemble recordings. Horizontal bars indicate the light-dark cycle
and old and new ZT is indicated on the x axis. For reference, ZT 6
is indicated by a vertical line. The electrical activity is counted per
10 s and is presented on a normalized scale. The histograms repre-
sent average (± the standard error) phase delays of the peak times
of the unshifted and shifted components for days 1 and 3, with
numbers of recordings indicated above the bars. The bars on the
left represent data from the first components, and the bars on the
right refer to the fully shifted component (asterisks: p < 0.01). On
day 6, unimodal peaks were obtained in 100% of the recordings.
The histogram indicates the average phase delay.
the dorsal part of the cut SCN revealed the presence of
a unimodal component that was unshifted (�f = −0.6 ±
0.7 hr, n = 7, p > 0.5). The peak times of the components
in the dorsal and ventral SCN were significantly dif-
ferent (p < 0.001), and also, the times of the troughs of
the electrical-activity rhythm and of the half-maximum
value differed significantly between dorsal and ventral
SCN (p < 0.01). The absolute discharge rate in the ven-
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Figure 2. Bisection and Continuous Bicucul-
line Application Reveal Local Phase-Reset-
ting Behavior of the Ventral and Dorsal SCN

(A and B) Two examples from recordings on
the first day after a 6 hr phase delay in the
dorsal (d) and ventral (v) parts of the SCN
when they are separated by a cut. The
results show unimodal electrical-activity
rhythms in the dorsal and ventral SCN, which
were out of phase. Discharge rate is plotted
per 10 s on a normalized scale. ZT of the
delayed light-dark regime is indicated on the
x axis.
(C) Mean (± the standard error) phase delays
of the unimodal peaks obtained in the dorsal
(d) and ventral (v) parts of a cut SCN. The
unimodal peak obtained in the ventral SCN
shows a large phase shift, whereas the
peaks recorded in the dorsal SCN are not
significantly shifted. The number of record-
ings is indicated above the bars (asterisk:
p < 0.001).
(D and E) Examples of simultaneous record-
ings within one slice on the first day after a
6 hr phase delay in the dorsal (d) and ventral
(v) intact SCN in the continuous presence of
20 �M bicuculline. Similar to a cut, the pres-
ence of a GABAA receptor blocker resulted
in unimodal peaks in the dorsal and ventral
SCN, which were out of phase. A black bar
at the top indicates the timing of the bicucul-
line application. Axes as in (A) and (B).

(F) Average (± the standard error) phase delays of the peak times obtained in the dorsal (d) and ventral (v) SCN (asterisk: p < 0.01). Above
each bar, the number of recordings contributing to the average is indicated. The peak of the dorsal SCN activity was only slightly phase
shifted, but the peak of the ventral SCN activity was completely delayed. The phase difference between the rhythms recorded from the dorsal
and ventral SCN indicates that signals from one part of the SCN are not directly measured by an electrode that is placed in the other part of
the SCN.
tral SCN was higher than in the dorsal SCN (ventral f
epeak: 235 ± 51 Hz; dorsal peak: 69 ± 11 Hz), but the

peak widths did not differ (p > 0.8). c
aIn a few cases, the slices were cut in such a way

that the dorsal part contained about two-thirds of the m
dorsal-ventral extension of the SCN. Recordings in the r
larger dorsal parts revealed bimodal peaks with a very w
small secondary component in 57% of the cases (4 of l
7), consistent with the notion that some rapidly shifting 2
neurons of the ventral SCN region were now included −
in the dorsal part of the preparation (Figure S5). e

In two additional series of experiments, we recorded w
in cut slices from animals subjected to a 6 hr advance a
of the light-dark cycle or from control animals experi- (
encing no shift. After advances, we found a large phase o
shift in the ventral SCN and a small shift of the dorsal r
part. Slices from control animals showed no phase dif- d
ference between the dorsal and ventral peak times (see t
Supplemental Results and Figures S1B, S1C, and S6). c

s
0Bicuculline Experiments
cLong-Term Blockade of GABAergic Activity
oTo investigate the role of γ-aminobutyric acid (GABA) in
tcommunication between ventral and dorsal SCN, we
(applied the GABAA receptor blocker bicuculline to in-
Ttact slices. Brain slices were prepared at the end of the
i6 hr phase-delayed light-dark cycle at ZT 12. Bicucul-
Bline (20 �M) administration started several hours after

slice preparation (between ZT 14.6 and 15.4) and lasted p
or at least 20 hr to cover the period with elevated
lectrical activity. The application of bicuculline signifi-
antly reduced the occurrence of bimodal electrical-
ctivity patterns (chi-square test, p < 0.05). Instead, uni-
odal electrical-activity rhythms were obtained in most

ecordings (73%, 16 of 22). The unimodal rhythms that
ere recorded in the ventral SCN were completely de-

ayed (�f = −5.7 ± 0.8 hr, n = 7, p < 0.001; Figures 2D–
F). In the dorsal SCN, rhythms were delayed by
2.3 ± 0.7 hr (n = 9, p < 0.05). The peak times of the
lectrical-activity rhythms in the dorsal and ventral SCN
ere significantly different from each other (p < 0.01),
s well as the troughs and the half-maximum values
p < 0.05). The obtained peak times in the presence
f bicuculline did not significantly differ from the times
ecorded in the cut SCN after a 6 hr delay in the light-
ark cycle (independent t tests, p > 0.05). Moreover,
hey did not differ significantly from the first and second
omponents of the bimodal peaks obtained in intact
lices without bicuculline (independent t tests, p >
.05). Chronic application of bicuculline did not signifi-
antly change the peak width of the unimodal pattern
btained from the ventral or dorsal SCN in comparison
o data from the dorsal and ventral parts of cut slices
independent t tests, p > 0.05).
emporal and Spatial Differences

n GABA Responsiveness
icuculline pulses (20 �M, 30 min in duration) were ap-
lied to intact slices to investigate the effects of endog-
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enous GABA in the dorsal and ventral SCN. Pulses were
given at ZT 3, 9, 12, 15, 21, and 0. The average change
in electrical discharge of the dorsal SCN in response to
bicuculline pulses (n = 50) was significantly different
from that of the ventral SCN (n = 52, p < 0.001). The
ventral SCN exhibited predominantly excitatory re-
sponses to bicuculline, as expected from a GABAergic
receptor blocker (Figures 3A and 3B), with a mean in-
crease in electrical activity of 23% ± 2% (n = 45). The
dorsal SCN responded in an excitatory fashion during
early- and midday. During the end of the day and begin-
ning of the night, however, we predominantly observed
inhibitory responses to bicuculline in the dorsal SCN, with
an average decrease of electrical activity of 14% ± 2%
(n = 18). The maximum number of inhibitory responses
was observed at ZT 15 (86%, 6 of 7). This was signifi-
cantly different from the number of inhibitory responses
in the ventral SCN at that time (25%, 2 of 8, chi-square
test, p < 0.05).
GABA Responsiveness in Separated Ventral
and Dorsal SCN
Pulsed bicuculline experiments were repeated in cut
slices in order to narrow the site of action of bicuculline
to the respective SCN area (Figures 3C and 3D). We
observed a difference in the average response of dorsal
Figure 3. Pulsed Bicuculline Application

(A and C) Examples of responses recorded simultaneously in the dorsal and ventral SCN of intact (A) or cut (C) slices to 30 min bath
application of bicuculline. Note the predominantly excitatory effects of bicuculline in the ventral SCN, as opposed to the mainly inhibitory
effects in the dorsal SCN. ZT is indicated on the x axis, and frequency of multiunit activity in the ventral and dorsal SCN are indicated on the
left and right sides of the graphs, respectively. Gray bars indicate the times of bicuculline application.
(B and D) Distribution of response types in the ventral and dorsal SCN of intact (B) or cut (D) slices during bicuculline application. Bars
indicate the percentages of responses with a significant excitation (black), a significant inhibition (gray), or no change in neuronal activity
(white) at the different ZT time points.
(n = 61) and ventral SCN (n = 51, p < 0.001). In addition,
we found a clear difference in the sign of the responses
between dorsal and ventral SCN. The ventral SCN
showed mainly excitatory responses to bicuculline (Fig-
ure 3D), with an average increase in neural activity of
19% ± 2% (n = 44). The dorsal SCN showed almost no
excitatory responses to the GABAA blocker. Throughout
the cycle, a mean decrease in discharge rate of 14%
± 1% (n = 30) was obtained. These data indicate an
excitatory action of endogenous GABA in the dorsal
SCN.

Discussion

In the present experiments, bimodal patterns in electri-
cal-activity rhythms were found in SCN slices from rats
subjected to a 6 hr phase delay in the light-dark cycle.
These bimodal patterns were similar in the ventral and
dorsal SCN, with no differences in peak times observed
between the two recording sites. On the first day after
the delay of the light cycle, one component of the bi-
modal rhythms was not shifted, whereas the other was
completely delayed. Over several days in constant
darkness, the components resynchronized, resulting in
a unimodal, completely delayed rhythm.
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After surgical separation of the dorsal and ventral por-
tions of the SCN, unimodal electrical-activity rhythms
were observed in both areas of the SCN. The two rhythms
were out of phase, with peaks in the dorsal and ventral
regions corresponding with the two components in in-
tact slices. The data show that the ventral and dorsal
parts of the SCN contain oscillators that reset with dif-
ferent kinetics and that both oscillators drive a rhythm
in electrical-impulse frequency. For both delays and ad-
vances, the ventral SCN appears to shift rapidly,
whereas the dorsal SCN requires more days to shift.
Importantly, the absence of a secondary peak in cut
slices indicates that electrical activity is normally
transmitted from dorsal to ventral SCN and vice versa.
The transmission of electrical signals results in very
similar bimodal electrical-activity patterns in the dorsal
and ventral SCN in intact slices during resetting of the
clock. Under steady-state conditions, however, the two
SCN areas are synchronized, resulting in a unimodal
activity pattern. This is different from the bimodal pattern
that was observed in steady-state conditions in hori- F
zontal-slice preparations of the hamster SCN ([24], but (
see [25]). t

In situ hybridization studies have shown dissociation i
cbetween rhythms in clock-gene expression in the ven-
ttral and dorsal SCN in response to a delaying shift of
tthe light-dark cycle. Oscillations in rPer1, rPer2, rCry1,
iand rCRY1 in the ventrolateral SCN phase shifted more
t

quickly than in the dorsomedial SCN [13]. Our findings s
indicate that the temporal complexity observed in mo- w
lecular expression is also reflected in electrical-impulse i

ffrequency of SCN neurons, including an overshoot in
(phase shift in the ventral SCN. However, the spatial dis-
ftribution of the signal is substantially different. Whereas
t

molecular expression profiles show regional differences n
within the intact SCN, for electrical activity, these differ- s
ences became apparent only in cut slices. Taken to- o

tgether, the data indicate that in the ventral as well as
sdorsal SCN, one of the electrical-activity components
ais endogenously driven by the molecular clock,
cwhereas the other component is driven by neuronal
b

transmission of electrical-impulse activity from the c
other part of the SCN. As a consequence, the endoge- G
nous peak remains after a cut, whereas the imposed S

apeak in the same region disappears. Importantly, our
studies reveal that electrical activity integrates phase
information from endogenous oscillations within dif-

pferent regions of the SCN (Figure 4A).
rAlthough our analysis focused on phase differences
abetween regions of the SCN, there is also evidence that
cwithin a region, individual cells display phase differ-
bences [4–6]. Consequently, our recordings within a re-
igion represent the composite waveform of many oscil-
plators that are slightly out of phase. Several factors,
vsuch as Na+-dependent action potentials [4, 26], GAP
sjunctions [27–29], GABA [30, 31], or other transmitters
por factors have been proposed to possibly play a role
rin synchronization among SCN neurons (for review, see
e[32]). It is probable that electrical coupling is used for
mshort distances within one region of the SCN [23, 29]
iand that chemical transmitters, such as GABA, are

used for interregional coupling. We used the GABAA re-
Gceptor blocker bicuculline because of the prevalence

of GABA receptors in the SCN [33, 34] and its lack of b
A
igure 4. Regulation of Electrical Activity in Dorsal and Ventral SCN

A) Transmission of electrical activity from one side of the SCN to
he other. In both dorsal and ventral intact SCN, bimodal patterns
n electrical activity were observed after a delay in the light-dark
ycle with a shifted (black) and unshifted (gray) component. When
he ventral and dorsal parts were separated by a cut, we observed
hat the shifted component remained in the ventral SCN, whereas
n the dorsal part, the unshifted component remained. We conclude
hat the secondary electrical-activity peaks, which could be ob-
erved in intact slices only, were imposed by electrical activity that
as transmitted from the other side of the SCN (arrows). The data

ndicate that the SCN integrates electrical information from dif-
erent SCN regions.
B) Light entrainment of the SCN. Light information is transduced
rom the retina to the retinorecipient ventral part of the SCN via
he retinohypothalamic tract (RHT) and depends on glutamatergic
eurotransmission. Our results indicate that the ventral SCN re-
ponds rapidly to a shift in the light cycle, whereas the dorsal part
f the SCN requires several days to resynchronize. We propose
hat the ventral SCN has a strong phase-shifting effect on the dor-
al part (thick arrow). The dorsal SCN, in contrast, seems to have
weak phase-shifting effect on the ventral part (thin arrow). Be-

ause we observed complete uncoupling of the two parts under
icuculline, our data indicate an important role for GABA in syn-
hronization of the ventral and dorsal SCN. The excitatory effect of
ABA on the dorsal SCN (+) and the inhibitory effect on the ventral
CN (−) may account for the asymmetry in coupling between dorsal
nd ventral SCN.
hase-shifting effects [35–38]. We hypothesized that a
ole for GABA in coupling would become evident by an
ttenuation of the secondary activity peak under bicu-
ulline conditions. Application of low concentrations of
icuculline (20 �M) resulted in a strong reduction in the

ncidence of bimodal peaks. Instead, unimodal out-of-
hase electrical-activity peaks were observed in the
entral and dorsal SCN. In fact, the results were very
imilar to those obtained in cut slices. Although our
resent results suggest an important role for GABAA

eceptors in coupling regional oscillators, we cannot
xclude the possibility that other receptors, neurotrans-
itters, and peptidergic signals may contribute to this

nterplay.
In an attempt to understand the mechanism by which
ABA couples dorsal and ventral regions, we applied
icuculline pulses to the slice preparation. The results
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revealed large differences in the acute responses to bi-
cuculline of the dorsal and ventral SCN, suggesting that
endogenous GABA has inhibitory effects in the ventral
SCN but elicits excitatory responses in the dorsal SCN.
Other studies have shown potential excitatory actions
of GABA in the SCN, but there is no agreement on the
presence or timing of the excitatory effects [30, 31, 39–
44]. These inconsistencies may be explainable by dif-
ferent recording locations within the SCN. Exogenous
application of GABA did not reveal spatial or tempo-
ral differences [45, 46], but these studies did not test
endogeneous GABAergic activity. Measurement of post-
synaptic currents in the dorsal SCN revealed a circadian
rhythm in the frequency of spontaneous GABAA-medi-
ated synaptic events [47]. The use of whole-cell patch-
clamp recordings, however, did not allow distinguishing
between inhibitory and excitatory action of GABA be-
cause the chloride equilibrium potential was clamped.
We consider that our results are indicative of intrinsic
differences in responsiveness of dorsal and ventral
SCN neurons to endogenous GABA. In vivo, afferent
pathways such as those from the intergeniculate leaflet
(IGL) or raphe nuclei are likely to contribute to the mag-
nitude of the bicuculline response.

The induction of a secondary electrical-activity com-
ponent in the dorsal part of the intact SCN is consistent
with our finding that GABA excites dorsal SCN neurons.
It is also consistent with the presence of a direct and
dense connection from ventral to dorsal SCN, as shown
in pseudorabies virus (PRV) or horseradish-peroxidase
(HRP)-tracing studies and confocal fluorescence mi-
croscopy [48, 49]. Via this pathway, the ventral SCN can
shift the dorsal SCN and cause it to resynchronize to
the new phase. In turn, the dorsal SCN may have a
weak phase-shifting effect because the initial over-
shoot in phase of the ventral SCN was compensated
during the resynchronization period. The precise mech-
anism and pathway by which the dorsal SCN affects
the ventral SCN remains to be clarified.

Conclusions
The present study shows that, within the rat SCN,
GABAergic transmission is critically involved in com-
munication between two groups of oscillators that dif-
fer with respect to their localization and their phase-
resetting properties. What we presently know about the
interregional entrainment pathways can be summarized
as follows: (1) The ventral SCN receives dense retinal
input [8]; (2) the ventral SCN shows light-induced gene
expression [16–18]; (3) the ventral SCN resets more
quickly in response to a shifted light schedule than the
dorsal SCN, in both gene expression and electrical ac-
tivity (see [13]; this study); (4) the ventral SCN has a
strong phase-shifting effect on the dorsal SCN (see
[13]; this study); (5) bicuculline application prevents
transmission of phase information between dorsal and
ventral SCN, indicating a critical role for GABAA in syn-
chronizing regional oscillators (see this study); and (6)
GABA can act excitatory to the dorsal SCN, and it in-
hibits the ventral SCN (see this study).

Collectively, these observations lead us to propose
the following model (Figure 4B): For synchronization by
light, only the oscillators of the ventral SCN are shifted
directly by environmental cycles. Other regions of the
SCN rely on interoscillator coupling for entrainment.
Two forms of excitatory input are involved in synchro-
nizing the SCN. First, the ventral SCN is shifted by light
through the excitatory action of glutamate. Once
shifted, the ventral SCN acts to shift the dorsal SCN via
the excitatory action of GABA. The coupling between
dorsal and ventral SCN is asymmetrical in that the ven-
tral region exerts a greater effect on the final phase of
the SCN than does the dorsal region. The asymmetry
may be due to the different action of GABA in the dorsal
and ventral regions. This is a novel and testable hy-
pothesis, in which GABA regulates oscillator phase
through excitatory rather than inhibitory action.

Experimental Procedures

Animals and Behavioral Activity
Male wild-type Wistar rats (Harlan, Horst, the Netherlands) were
entrained to a 12:12 light-dark cycle. The animals were kept in
cages that were equipped with a running wheel. Wheel running ac-
tivity was measured every minute. Food and water were available
ad libitum. After entrainment, the light-dark regime was delayed 6
hr by delaying the time of lights-off [50], which was followed by one
shifted light-dark cycle (see Figure S1A). Subsequently, the animals
were placed in constant darkness. All experiments were carried out
under the approval of the Animal Experiments Committee of the
Leiden University Medical Center.

Analysis of Behavioral-Activity Rhythms
Onsets and offsets of drinking behavior of 14 rats were scored by
eye on the last day before the shift of the light-dark cycle and for
7 days in constant darkness after the shift. Wheel running-activity
rhythms were measured in a separate group of animals and
showed similar phase-shifting results (M.J.V. and J.H.M., unpub-
lished data). The duration of drinking activity (α) was defined as the
time between the activity onset and offset and was determined per
day. The phase shifts in activity onset and offset and changes
in α were investigated with ANOVA with post-hoc Dunnetts tests
(p < 0.05).

In Vitro Electrophysiology
Brains were prepared: (1) at lights off (ZT 12), before the delay of
the light-dark cycle; (2) immediately after the delay of the light-dark
cycle, at the onset of constant darkness; (3) after 2 days in constant
darkness; and (4) after 5 days in constant darkness (see Figure
S1A). Preparation at these time points resulted in data for unshifted
control slices [12] (average peak time at ZT 6.1 ± 0.7, n = 12 record-
ings of 6 animals) and for days 1, 3, and 6 after the delay. Additional
control experiments indicated that preparation of SCN slices at the
time that light induces maximum phase delays does not induce
bimodal peaks or phase delays (average peak time ZT 5.3 ± 0.5,
n = 6).

Multiunit electrical activity from the SCN was recorded as de-
scribed previously [51]. Coronal hypothalamic slices (500 �m thick,
3.5 × 4 mm) that contained the SCN were sectioned and transferred
to an interface chamber. Slices were oxygenated with humidified
95% O2/5% CO2 and perfused with artificial cerebrospinal fluid
(ACSF) at 35°C. We used one slice per animal and attempted simul-
taneous recordings of multiunit neuronal activity from the dorsal
and the ventral SCN with two stationary electrodes. No correlation
existed between the distance from the electrode to the midline of
the SCN and the incidence of bimodal peaks (R = 0.53, p > 0.4),
indicating that electrical signals are only measured from neurons in
close vicinity to the electrode tip.

In a second series of experiments, brain slices were prepared
immediately after the delay of the light-dark cycle, and a cut was
made between the dorsal and ventral SCN with a custom-made
knife to completely separate these two regions bilaterally. We
aimed to record multiunit activity from the separated dorsal and
ventral SCN simultaneously. We measured the fraction of the dorsal
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and ventral SCN as a percentage of the maximum height of the g
CSCN. These experiments were also performed (1) immediately after

a 6 hr phase advance of the light-dark cycle and (2) in slices taken
from animals that did not experience a phase shift. In all cases,

Rslices were prepared immediately after lights-off (see Figures S1B
Rand S1C).
AIn a third series of experiments, intact slices were recorded on
Pday 1 after the delay. During recording, the GABAA receptor antag-

onist (-)-bicuculline methochloride (Tocris Cookson, Avonmouth,
RBristol, UK) was added to the perfusion medium in a concentration

of 20 �M, starting several hours after slice preparation and lasting
for at least 20 hr. The concentration of bicuculline was based on
dosages previously used in SCN slices [31, 39, 40, 42, 44] to block
GABAA-mediated synaptic activity.

The final set of experiments tested the response to short applica-
tions (30 min) of bicuculline (20 �M) to intact or cut slices. Slices
were prepared at lights-on (ZT 0) from animals in an unshifted light-
dark regime, and the blocker was applied during the first day at ZT
3, 9, 12, 15, 21, and 0 and at ZT 3 on the second day.

Analysis of In Vitro Electrophysiology
The times of the peaks, troughs, and half-maximum values of neu-
ronal activity were determined after the data were smoothed [52].
Because our analysis was aimed at investigating differences be-
tween the dorsal and ventral SCN, the two recordings from one
slice were analyzed separately. For estimation of peak times in the
first series of experiments, data from dorsal and ventral SCN were
pooled.

Differences between the experimental groups (recorded on days
1, 3, and 6 after the delay) and the control group (recorded on day
−1 before the delay) were tested for statistical significance via
ANOVAs with post-hoc Dunnetts tests (p < 0.05). Each group con-
tains data of at least six slices. The difference between the peak
times of the two components of bimodal peaks, as well as differ-
ences between the peak widths, phases of peaks, troughs, and the
half-maximum values of the rising and declining slopes obtained in
the ventral and dorsal parts of the intact and cut SCN, was tested
for statistical significance with independent t tests (p < 0.05). Peak
width of the electrical-activity rhythm was determined by using the
half-maximum values of the first rising slope and the last falling 1
slope within one cycle. For bimodal patterns, this included both
components. To determine the correlation of peak width with the
duration of the behavioral activity, we pooled the data of unimodal 1
and bimodal peaks. Data were normalized for the figures to allow
visual comparison between experiments. To normalize the data, we
used the maximum of the smoothed dataset and equaled this value
to one. 1

For the analysis of the effect of short applications of bicuculline,
the trend in the data was removed by linear regression. For each
treatment, up to 60 min of baseline preceding the pulse was used
for the regression, and the resulting line was subtracted from a 2.5 1
hr data segment including the pulse. Subsequently, the data were
smoothed (low-pass box filter), and the maximum response during
the bicuculline application was determined. A response was con-
sidered significant if it was larger than 2× the standard deviation of 1
the baseline before smoothing. The amplitude of the responses
was normalized with the average multiunit activity of the whole re-
cording period. The differences in the magnitudes of the responses 1
between the dorsal and ventral SCN were analyzed with indepen-
dent t tests. 1

Supplemental Data
1Supplemental Results and several supplemental figures are avail-

able at http://www.current-biology.com/cgi/content/full/15/10/886/
DC1/.
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