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Abstract
The central circadian pacemaker of the suprachiasmatic nuclei (SCN) is a bilaterally symmetrical structure. Little is known about
the physiological mechanisms underlying communication between the left and right SCN and yet the degree of synchronization
between SCN neurons can have a critical impact on the properties of the circadian system. In this study, we used electrophysiological tools and calcium (Ca2+) imaging to examine the mechanisms underlying bilateral signaling in mouse SCN. Electrical stimulation of one SCN produced responses in the contralateral SCN with a short delay (approximately 5 ms) and Ca2+-dependence
that are consistent with action potential-mediated chemical synaptic transmission. Patch-clamp recordings of stimulated cells
revealed excitatory postsynaptic inward-currents (EPSCs), which were sufficient in magnitude to elicit action potentials. Electrical
stimulation evoked tetrodotoxin-dependent Ca2+ transients in about 30% of all contralateral SCN neurons recorded. The responding neurons were widely distributed within the SCN with a highest density in the posterior SCN. EPSCs and Ca2+ responses were
significantly reduced after application of a glutamate receptor antagonist. Application of antagonists for receptors of other candidate transmitters inhibited the Ca2+ responses in some of the cells but overall the impact of these antagonists was variable. In a
functional assay, electrical stimulation of the SCN produced phase shifts in the circadian rhythm in the frequency of multiunit
activity rhythm in the contralateral SCN. These phase shifts were blocked by a glutamate receptor antagonist. Taken together,
these results implicate glutamate as a transmitter required for communication between the left and right SCN.

Introduction
Behavioral and physiological processes follow a strict daily program
that is coordinated by a master circadian clock. In mammals, this
clock is located in the suprachiasmatic nucleus (SCN) of the hypothalamus. Neurons in the SCN autonomously generate circadian
rhythms in electrical activity and neurohormone release that is
mechanistically based on molecular, cytosolic and membrane components (Hastings et al., 2008; Dibner et al., 2010; Colwell, 2011;
Mohawk & Takahashi, 2011). Weakening or lack of this central timing signal will cause misalignment of rhythms in peripheral clocks,
which has been associated with performance decline, sleep disturbances, mood disorders, metabolic disorders and even cancer (Bechtold et al., 2010; Menet & Rosbash, 2011; Yu & Weaver, 2011;
Kondratova & Kondratov, 2012).
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The SCN consists of two bilaterally paired nuclei, which contain
populations of functionally distinct cells grouped in regions previously described as core and shell of the SCN (e.g. Abrahamson &
Moore, 2001; Antle & Silver, 2005; Golombek & Rosenstein,
2010). The activity of these different cell types or regions has to be
synchronized with each other to generate a uniform and high-amplitude timing signal. However, gene expression studies suggest that
there are conditions in which the left and right SCN can function
independently. For example, the left and right SCN of hamsters with
desynchronized behavior exhibit antiphase rhythms in clock genes
expression, suggesting that each SCN can independently drive a
behavioral component (de la Iglesia et al., 2000). In addition, mice
exhibiting splitting behavior maintain a coherent rhythm of Per1
gene expression in neurons within one SCN, but left and right SCN
oscillated in antiphase about 12 h apart (Ohta et al., 2005). There is
very little information about the pathways or signals that could
mediate communication between the left and the right SCN nuclei.
Anatomically, several studies have found evidence for neuronal projections between the two SCN (Pickard, 1982; Leak et al., 1999).
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Furthermore, immunohistological studies revealed ﬁber tracks of
neurons expressing vasoactive intestinal peptide (VIP) and arginine
vasopressin (AVP) crossing the midline between left and right SCN
(Abrahamson & Moore, 2001).
In the present study, we investigated the physiological connections between the left and right SCN and searched for putative neurotransmitters involved in this pathway. First, we used
electrophysiological and calcium (Ca2+) imaging in a brain slice
preparation to determine if we could measure synaptic responses in
the contralateral SCN in response to electrical stimulation. Next, we
examined the role of putative neurotransmitters by examining the
impact of receptor antagonists on the evoked responses. Finally, we
determined if this unilateral electrical stimulation could alter the
phase of the neural activity rhythm recorded from the contralateral
SCN.

Methods
Animals and preparation of brain slices
Male black 6 (C57B) mice (Harlan, Horst, the Netherlands) and
VIP/PHI KO mice (Colwell et al., 2003) were kept after weaning
(21 days) in groups of four in standard cages placed in light- and
temperature-controlled cabinets with unrestricted access to water and
food ad libitum. All animals (n = 65) were synchronized (‘entrained’) to a 12/12-h light–dark cycle at least 1 week prior to the
experiment for the ‘day’ group (lights-on at 10:00 h) and at least
3 weeks for the ‘night’ group (lights-on at 22:00). The handling and
decapitation of the animals was performed during the light phase of
the animals to avoid preparation-induced variability in the phase of
circadian rhythms (vanderLeest et al., 2009). Brains were quickly
removed and submerged into modiﬁed ice-cold artiﬁcial cerebrospinal ﬂuid (ACSF) containing (in mM): NaCl 116.4, KCl 5.4,
NaH2PO4 1.0, MgSO4 0.8, CaCl2 1.0, MgCl2 4.0, NaHCO3 23.8,
glucose 15 and 5 mg/L gentamycine (Sigma Aldrich) saturated with
95% O2–5% CO2 (pH = 7.2–7.4, 290–310 mOsm). For whole-cell
patch recordings and Ca2+ imaging experiments, coronal slices
(350 lm thick) of the hypothalamus containing the SCN were cut
using a vibrating blade microtome (VT 1000S; Leica Microsystems,
Wetzlar, Germany) and maintained in regular ASCF (CaCl2
increased to 2 mM and MgCl2 decreased to 2 mM) for at least 1 h
before recordings. For multiunit activity (MUA) recordings from the
SCN, hypothalamic slices (500 lm) were cut using a tissue chopper
and transferred immediately to a laminar-ﬂow recording chamber
perfused continuously with warm (35 °C) ACSF. All experimental
protocols were approved by the Committee on Animal Health and
Care of the Dutch government (no. 06046) and conformed to international guidelines on the ethical use of animals in research.
MUA and electrical stimulation in brain slices
The recordings of MUA activity were performed as described (VanderLeest et al., 2007). Extracellular custom-built recording electrodes
(insulated 90% platinum and 10% iridium, Ø 75 lm) were placed in
the left and right SCN to obtain recordings from both nuclei. The
electrical activity was ampliﬁed (9100k) by a high-impedance ampliﬁer (Mod. 5113; Signal Recovery, Oak Ridge, TN, USA) and subjected to a band-pass ﬁlter (0.3–3 kHz). A hardware spike trigger
was set with the threshold above noise level. The action potentials
crossing this threshold were counted in 10-s bins with the aid of custom-made software. The electrodes and spike threshold settings were
left unaltered during the course of the experiment. Data were

excluded from analysis if the ﬂuid levels in the slice chamber were
unstable or markers describing circadian phase could not unambiguously be determined. Electrical stimulation was performed at zeitgeber time (ZT) 14 and ZT 2 (ZT 0 deﬁned by time of lights-on) by
means of a bipolar metal electrode (Pt/Ir prong, Teﬂon coated, Ø
50 lm) placed in the dorsal/medial part of one SCN. A stimulator
(Grass S88; Astro-Med, West Warwick, RI, USA) was used to generate pulses (20 ls, 5 Hz, 30 min) and the current was monitored and
adjusted to 0.9 mA. For sham-stimulation experiments, the electrode
was placed in the slice, but no stimuli were applied. Direct contralateral MUA responses to single stimuli were recorded and digitized
using PCLAMP (Molecular Devices, Sunnyvale, CA, USA). Drug
applications were performed by an addition to the perfusion medium
without further alterations to the setup or ACSF.
Statistical analyses were performed in PRISM (GraphPad Software, La Jolla, CA, USA). All values are stated as average  SEM.
To test for differences between treatments, two-sided, unpaired
t-tests were performed, unless stated otherwise. The effects of treatments were considered to be signiﬁcantly different when the t-tests
resulted in P < 0.05.
Recording of evoked Ca2+ transients
Suprachiasmatic nuclei slices were loaded with the Ca2+ indicator
dye as described (Michel et al., 2006). Slices were incubated with
membrane permeable fura-2/AM (7 lM; Teﬂabs, Austin, TX, USA)
at 37 °C for 10 min and then placed in a recording chamber (RC26 G; Warner, Hamden, CT, USA) constantly perfused with oxygenated ACSF (2.5 mL/min). The chamber was mounted on the ﬁxedstage of an upright ﬂuorescence microscope (Axioskop 2-FS plus;
Carl Zeiss Microimaging, Oberkochen, Germany) placed on an x/ytable (MT-1000; Sutter Instruments, Novato, CA, USA). The indicator dye was excited alternatively at wavelengths of 340 and 380 nm
by means of a monochromator (Polychrome V; TILL Photonics,
Gr€afelﬁng, Germany) and the emitting light (505 nm) detected by a
cooled CCD camera (Sensicam; TILL Photonics) mounted on the
microscope. Images were acquired every 2 s and analysis was aided
by software TILLvision (TILL Photonics). The imaging controller
also triggered the electrical stimulation in the contralateral SCN consisting of a train of ﬁve pulses with 5 Hz for 1 s. Stimulus electrode
was the same as described above for the MUA recordings and was
placed in the dorsal/medial part of the SCN. Responses to stimulations were tested between ZT 13 and ZT 15.
To control for potential retrograde stimulation of ﬁbers of the
retino-hypothalamic tract (RHT), we recorded Ca2+ responses to unilateral pharmacological stimulation of SCN neurons. Using an eightchannel pressurized focal application system (VC3-8SP; ALA Scientiﬁc Instruments, Farmingdale, NY, USA) glutamate (100 lM, 10 s)
was applied to the SCN distal to the bath perfusion inlet to reduce
diffusional spread to the contralateral SCN (see Fig. 2C). Quick
removal of the agonist was achieved by ACSF application through
the same focal perfusion system. Addition of fast-green to the solution allowed for visual control of the focal stream.
Images were analysed deﬁning regions of interest including the
cells loaded with the dye. Ca2+ concentration was calculated according to Grynkiewicz et al. (1985) and plotted over time using IGOR
Pro (Wavemetrics, Portland, OR, USA). For pharmacological studies, peaks of Ca2+ transients correlated to the stimulation (within 2 s
after the stimulation) were measured and the average of three Ca2+
transients before application of the drug was compared with the
average of three Ca2+ transients after 5 min in the presence of the
drug. Responses smaller than  15% of baseline values were
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considered within baseline variation and classiﬁed as ‘unchanged’.
Lower values (< 85% of baseline) were judged as attentuation and
higher values (> 115% of baseline) as an enhancement.
Recordings of postsynaptic responses
For patch clamp recordings performed between ZT 13 and ZT 15,
slices were transferred to the recording chamber as described for
the imaging experiments. Pipettes (5–7 MO) were fabricated from
borosilicate glass (WPI B150F-4; Sarasota, FL, USA) using an
electrode puller (PC-10 Narishige; Tokyo, Japan). The solution in
the patch pipette contained (in mM) potassium gluconate 112.5,
EGTA 1, HEPES 10, MgATP 5, GTP 1, leupeptin 0.1, phosphocreatine 10, NaCl 4, KCl 17.5, CaCl2 0.5 and MgCl2 1 (SigmaAldrich). pH was adjusted to 7.25–7.3 and osmolality was adjusted
to 290–300 mOsm. Cells were visualized under infrared (IR) differential interference contrast using an upright microscope (Axioskop
2FS plus; Carl Zeiss Microimaging) ﬁtted with an IR camera.
Recordings were performed using a patch clamp ampliﬁer (EPC
10-2; HEKA, Lambrecht/Pfalz, Germany) performing capacitance
compensation and monitoring series resistance (R-series). Recordings with R-series higher than 40 MO or with holding currents larger than 100 pA (at Vhold = 70 mV) were excluded from further
analysis. Electrical stimulations were done as described above using
a stimulator (Grass S88; Astro-Med) and a bipolar metal electrode

A

placed in the dorsal/medial part of the SCN contralateral to the
recording side. Stimulus current was monitored and adjusted to
between 0.2 and 0.9 nA to determine threshold for eliciting postsynaptic responses. Excitatory postsynaptic potentials and action
potentials were recorded in current clamp mode and excitatory
postsynaptic inward-currents (EPSCs) were recorded in voltage
clamp at a holding potential of 70 mV. Sequence of stimulations
and recordings were controlled by PATCHMASTER software
(HEKA). Data were analysed and plotted by FITMASTER and
IGOR (Wavemetrics).

Results
Synaptic transmission links left and right SCN
The nature of the functional connection between left and right SCN
was ﬁrst investigated using extracellular recording techniques
(Fig. 1A). Neuronal responses to contralateral electrical SCN stimulation were recorded in single or multiple unit recordings with a
short delay (2–4 ms) measured from the onset of the stimulus artifact. These responses were completely blocked by the presence of
tetrodotoxin (TTX, 0.5 lM; Tocris Bioscience) (n = 10) and signiﬁcantly attenuated in low extracellular Ca2+ concentration (control:
39  16 lV; low Ca2+: 20  8 lV; n = 6, paired t-test,
P = 0.0052).

C

B

Fig. 1. Electrical stimulation of the SCN evoked physiological responses in the contralateral SCN. (A) Extracellular recordings of neuronal SCN responses
after contralateral electrical stimulations. The evoked response marked with an asterisk in the grey line is blocked by application of TTX or in a low-Ca2+/highMg2+ solution. (B) Whole-cell patch clamp recordings in current clamp mode from single SCN neurons. The upper panel shows action potentials in response to
ten contralateral electrical stimulation pulses (traces superimposed). The time of the peak varies because of differences in initial membrane potential (not
shown). The delay between stimulus artifact and onset of the response is constant in all traces at 4 ms (see inset). Lower panel shows evoked EPSCs (ten traces
superimposed) measured in voltage clamp (Vhold = 70 mV) in response to contralateral electrical stimulation. All evoked EPSCs are blocked after application
of TTX (grey lines). (C) Ca2+ transients evoked in response to electrical stimulation of the contralateral SCN. Examples of four responding cells recorded in the
median part of the SCN. Transient increases in intracellular Ca2+ indicate a neural activation after contralateral stimulation (time of stimulation marked by
dashed vertical lines). Application of TTX abolished all Ca2+ responses. For better visualization of the responses the baseline of the Ca2+ signals was shifted
and presented in a stacked form.
© 2013 Federation of European Neuroscience Societies and Blackwell Publishing Ltd
European Journal of Neuroscience, 37, 964–971

Coupling mechanism between the suprachiasmatic nuclei 967
To measure single cell responses, whole-cell patch clamp experiments were performed (Fig. 1B). Using current clamp recordings,
about 38% (20 of 52 neurons) of the cells exhibited excitatory
responses after contralateral stimulation. Action potentials were elicited with a delay of 2–4 ms, consistent with synaptic transmission.
Switching to voltage clamp recording, we measured the EPSCs
evoked by the stimulation with a mean amplitude of 35.1  7.7 pA
(n = 20). All EPSCs were blocked by the application of TTX.
Measurements of intracellular Ca2+ concentration using ﬂuorescent probes allow us to monitor neuronal responses in multiple cells
simultaneously (Fig. 1C). Ca2+ transients in response to contralateral
SCN stimulation were observed in about 30% of the cells imaged
(220 of 762 cells). Signiﬁcantly more responding cells were found
in hypothalamic slices containing the more posterior part (110 of
315 cells, 35%) of the SCN compared with anterior slices (110
of 447 cells; 25%, two proportion z-test, P = 0.0028). Application
of TTX completely blocked Ca2+ transients.
Taken together, these data suggest that synaptic mechanisms
dependent upon voltage-gated sodium channels connect the left and
right SCN.
Glutamatergic signaling mediates the bilateral communication
Glutamate is the most common excitatory transmitter in the central
nervous system and almost all SCN neurons exhibit a physiological
response to application of glutamate agonists. The application of the
AMPA receptor blocker 6-cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX, 25 lM; Tocris Bioscience) prevented EPSCs evoked

A

B

C

D

by contralateral stimulation (n = 6; Fig. 2A). Similarly, the evoked
Ca2+ transients were partially blocked after application of CNQX
(Fig. 2B). Control experiments using focal unilateral glutamate
application instead of electrical stimulation also evoked Ca2+
responses in 80 of 117 contralateral SCN neurons (Fig. 2C). The
amplitude of contralateral responses did not differ signiﬁcantly from
ipsilateral Ca2+ transients (ratio change: 0.25  0.16, n = 80;
0.27  0.19, n = 61, respectively; t-test, P = 0.525), which would
be expected if the glutamate would spill over to the contralateral
side. In most cells (42/54 in 12 slices from eight animals, Fig. 2D)
CNQX led to an attenuation of the contralateral induced response
amplitude to on average 58% (3.7%) of the baseline value. However, two cells showed an enhancement of the response and no
change was seen in 10 of 54 cells. Therefore, other pathways may
also be involved.
Most SCN neurons express GABA and use this neurotransmitter
as a signaling molecule (Decavel & Van den Pol, 1990; Moore &
Speh, 1993). Application of the GABAA receptor antagonist bicuculline had a mixed impact on the evoked Ca2+ transients (Fig. 2D).
About half of the cells recorded (51 of 97; in 14 slices of 12 animals) showed an attenuation of the Ca2+ transient amplitude to 56%
(3.5%) compared with the responses before drug application.
Other SCN cells showed either no change in response (23 of 97
cells) or an enhancement of the response (17 of 97 cells).
A variety of evidence suggests that the neuropeptide VIP can play
a critical role in synchronizing the SCN network (Aton et al., 2005;
Vosko et al., 2007), and therefore we investigated the effect of
inhibiting VIP signaling on bilateral SCN communication. Patch

Fig. 2. AMPA receptors are critical for evoked physiological responses. (A) EPSCs evoked by contralateral stimulation are blocked by application of the
AMPA receptor antagonist CNQX (25 lM; thick lines represent mean response). (B) Ca2+ responses evoked by contralateral stimulation are blocked by application of the AMPA receptor antagonist CNQX (25 lM). (C) Control experiments using focal application of glutamate (100 lM) to one SCN. Sketch of experimental set-up superimposed on ﬂuorescence image of the slice with SCN indicated as white circles and application pipette directed to SCN (oc, optic chiasm;
3rd V, 3rd ventricle; glu, glutamate). Lower panel shows examples of evoked Ca2+ transients measured in neurons on the contralateral side of the SCN. (D)
Comparison between the impact of a number of receptor antagonists on the Ca2+ response measured in SCN cells. While CNQX blocked most evoked Ca2+
transients, the application of the GABAA receptor blocker bicuculline (25 lM), the VIP receptor antagonist GRF (0.1 lM) or the AVP receptor antagonist
(0.1 lM) attenuated a smaller percentage of responses.
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clamp recordings of the EPSC were not blocked by application of
the VIP receptor blocker [Ac-Tyr1,D-Phe2]GRF 1-29, amide (GRF;
Tocris Bioscience, 0.1 lM; n = 4). Application of GRF led to a
mixed impact on the evoked Ca2+ transients (Fig. 2C). The antagonist caused a reduction of the mean amplitude of the Ca2+ response
to 65% (2.1%) of baseline value in 60 of 143 cells (in 17 slices
from 13 animals). Other SCN cells showed either no change in
response (56 of 143 cells) or an enhancement of the response (27 of
143 cells).
Finally, we tested the role of AVP using the AVP receptor antagonist d(CH(2))(5)[Tyr(Me)(2)]AVP (Manning compound, 1 lM;
Tocris Bioscience). In 39 of 73 cells (in 13 slices from 12 animals),
a reduction in Ca2+ responses to 67% (2.3%) of baseline was
observed (Fig. 2C). Other SCN cells showed either no change in
response (28 of 73 cells) or an enhancement of the response (six of
73 cells).
Taken together, these data suggest that AMPA receptors largely
mediate the left/right communication between the SCN while
GABA, VIP and AVP also contribute.
Phase shifts of the rhythm in electrical activity
To determine whether the left/right synaptic communication may be
functionally important, we performed electrical recordings of MUA
rhythms in both SCN (Fig. 3). Unilateral electrical stimulation of
the SCN at ZT 14 for 30 min resulted in signiﬁcant phase advances
of the MUA rhythm in the contralateral SCN of about 2 h (peak at
ZT 3.9  0.37 h; n = 13), compared with sham stimulation (peak at
ZT 5.9  0.34 h; n = 8, t-test, P = 0.002). The phase of the SCN
rhythm on the stimulated side (peak at ZT 5.2  0.30 h; n = 16)
was not signiﬁcantly different from that of the sham controls (peak
at ZT 6.4  0.56 h; n = 5, t-test, P = 0.06). Electrical stimulation

at ZT 2 did not result in phase shifts (peak contralateral at ZT
5.9  0.01 h; n = 2; t-test vs. sham stimulation, P = 0.99). As
CNQX application led to the strongest reduction in left/right signaling, we investigated if blocking glutamatergic signaling prevents
phase-shifts induced by contralateral SCN stimulation at ZT 14.
Application of the AMPA antagonist CNQX (25 lM) during contralateral stimulation prevented phase advances in the SCN (peak at
ZT 6.7  0.5 h; n = 6, t-test vs. sham stimulation, P = 0.165;
Fig. 4). Application of CNQX at ZT 14 alone did not generate
phase shifts (peak at ZT 5.8  0.29 h; n = 5, t-test vs. sham stimulation, P = 0.84). These data indicate that the glutamatergic pathway
between left and right SCN can be used for phase adjustment and
coupling the two sides of the SCN.

Discussion
The SCN is a bilaterally symmetrical structure that normally functions together to generate a consistent output. Anatomical evidence
that neuronal projections connect the left/right nuclei has been known
for some time (Leak et al., 1999; Abrahamson & Moore, 2001). Our
present results provide the ﬁrst evidence for synaptically evoked
responses between neurons in left and right SCN. We combined electrical focal stimulation with electrophysiological recordings and imaging techniques to characterize responding neurons in the contralateral
SCN (Fig. 1). All of the recorded evoked responses were dependent
on generation of action potentials, suggesting a chemical neurotransmission. The suppression of evoked responses in low-Ca2+/high-Mg2+
solution supports this conclusion. Patch clamp recordings revealed
postsynaptic inward currents in response to contralateral stimulation,
suggesting an excitatory neurotransmitter links the two SCN.
In the central nervous system, glutamate is the most common
excitatory neurotransmitter and the AMPA receptor blocker CNQX

A
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Fig. 3. Electrical stimulation can cause phase shifts in the contralateral SCN. (A) Schematic of stimulus and recording set-up. The stimulus electrode (marked
by a ﬂash) was placed in the dorsal/medial part of one SCN and recording electrodes (marked by arrows) were placed in the medial part of both SCN (ipsilateral to stimulation = il, contralateral = cl). (B) Example of MUA rhythm recorded in contralateral SCN after 30 min electrical stimulation with 5 Hz at ZT 14.
The peak of MUA rhythm is advanced by 2 h in comparison with the phase of MUA rhythm in sham-stimulated slices. (C) Example of MUA rhythms recorded
from the ipsilateral SCN that directly received the electrical stimulation. While the phase of the peak was more variable, the slices did not show a signiﬁcant
shift compared with sham-stimulated control. (D) Example of MUA rhythm recorded from sham-stimulated slice.
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Fig. 4. Evoked phase shifts are blocked by AMPA receptor antagonist. (A) Average MUA rhythm showing phase advance (1.95  0.54 h; n = 13) measured
in the contralateral SCN after electrical stimulation. (B) Example showing that application of CNQX alone did not cause a phase shift in the MUA rhythm.
(C) Example showing that application of CNQX prevented the phase shift evoked by electrical stimulation. (D) Grouped data demonstrating that CNQX blocked
the stimulation evoked phase shifts. Graph shows means  SEM from each group.

completely blocked the evoked inward currents (Fig. 2). We used
imaging techniques to examine the evoked Ca2+ response and found
that for the majority of cells (77%) CNQX attenuated the Ca2+
response. These data also clearly indicated Ca2+ transients could still
be generated in the presence of CNQX and that other transmitters
must be involved. Using receptor antagonists, we found evidence
that GABAA, VIP and AVP all contribute to the Ca2+ response. The
GABAA antagonist bicuculline reduced the magnitude of the Ca2+
transient in 52% of the cells while a similar attenuation of responses
was observed for VIP (41%) and AVP (53%) antagonists. There are
some caveats to be considered with the imaging technique as the
effects can be indirect and the observed changes more a reﬂection
of modulatory processes. However, taken at face value, the results
suggest that while GABA, VIP and AVP contribute, glutamatergic
processes mediate the lion’s share of the synaptic communication
between the two SCN. Functionally, we found that unilateral electrical stimulation of the SCN in a slice preparation can generate phase
shifts in the electrical rhythm of the contralateral nucleus. Consistent
with our physiological data, these phase shifts were prevented by
the presence of CNQX. Together, our data suggest that glutamatergic transmission between the two SCN is required, but is not necessarily sufﬁcient, for synchronization between the bilateral clocks.
In some ways, the suggestion that glutamate mediates inter-SCN
communication is a surprising result. In the SCN circuit, glutamate
is well known as the primary transmitter in retinal projections to the
SCN (de Vries et al., 1993; Ebling, 1996; Hannibal, 2002) but glutamate-expressing neurons within the SCN circuit have not been
identiﬁed (van den Pol, 1993). On the other hand, previous work
has shown that glutamate receptors are expressed in the majority of
SCN neurons (Gannon & Rea, 1993) and that most SCN neurons
show physiological response to glutamate (Michel et al., 2002). The
glutamatergic input predominantly targets VIP and GABAergic cells
in the SCN and to a lesser extent AVP-expressing neurons (Kiss

et al., 2008). Other physiological studies have accumulated evidence
for a role of glutamate in the output of SCN neurons (Hermes et al.,
1996; Cui et al., 2001; Perreau-Lenz et al., 2004). It has been
recently concluded in a modeling study that coupling mechanisms
underlying stable phase splitting should be distinct from other coupling mechanisms within the unilateral SCN population (Indic et al.,
2008). Our ﬁndings implicating glutamate in coupling the two SCN
are in agreement with this theoretical prediction.
In the interpretation of our experiments, we had to consider the
possibility that the SCN stimulation in some way spread to the RHT
terminals to release glutamate and cause phase shifts through this
mechanism. We rejected this possibility because control stimulations
using unilateral focal glutamate application, which will not stimulate
RHT ﬁbers, also generated Ca2+ responses in the contralateral SCN
neurons. Furthermore, contralateral electrical stimulation during the
early night resulted in phase advances, while RHT stimulation or
photic input during this phase leads to phase delays (Golombek &
Rosenstein, 2010). This discrepancy suggests that the mechanism
employed by bilateral communication is distinct from the glutamatergic pathway used by the photic input.
Coupling between circadian oscillators in non-mammalian
species
Early work in the cockroach (Page, 1981), cricket (Tomioka, 1993)
and the mollusc Bulla gouldiana (Roberts & Block, 1983; Page &
Nalovic, 1992) indicate that bilaterally repeated pacemakers are
mutually coupled. In the insect systems, there is evidence that neurons containing the neuropeptide pigment-dispersing hormone play a
role in coupling the bilateral pacemakers (e.g. Helfrich-Forster,
2004; Reischig et al., 2004). Interestingly in Bulla, basal retinal
pacemaker neurons can project to the contralateral side (Lacroix
et al., 1991) and appear to use glutamate as the coupling transmitter
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(Michel et al., 2000; Ehnert et al., 2012). With both the insect and
the molluscian models, the function of the bilateral coupling is
assumed to lie in the maintenance of the synchronization between
the multiple oscillators in constant conditions. There is evidence that
the coupling is stronger in nocturnal species (cockroach vs. cricket;
Bulla vs. Aplysia), which supports the argument that the purpose of
the coupling is to avoid pacemaker desynchrony (Roberts & Block,
1985). Work with these non-mammalian species suggests that coupling between bilaterally repeated oscillators inﬂuences the free-running period of locomotor rhythms and can contribute to photic
entrainment. This work raises questions about the functional signiﬁcance of the bilateral coupling within the SCN circuit.
Functional significance of inter-SCN coupling
Each SCN nucleus is capable of generating a rhythm in behavioral
activity (Pickard & Turek, 1982; Davis & Gorski, 1984) and knife
cuts severing the ﬁbers between the two SCN do not disturb the
expression of the behavioral rhythms (Yanovski et al., 1990; Zlomanczuk et al., 1991). Yet the two SCN are certainly synchronized
as neural connections stretch between the two nuclei (Leak et al.,
1999; Abrahamson & Moore, 2001) and robust rhythms in electrical
activity have been observed on both sides, with similar periods and
phase (Inouye & Kawamura, 1982; Nakamura et al., 2001; Schaap
et al., 2001). Unilateral SCN lesions result in a change in the freerunning period, indicating that the two nuclei are coupled (Pickard
& Turek, 1982). Therefore, like the non-mammalian models, bilateral coupling can be assumed to function to maintain synchronization between the two SCN in constant conditions. There are
conditions in which this synchrony between the two nuclei appears
to be altered. In one of the more dramatic examples, when animals
are held under constant light and unusual photoperiods, the behavior
of the organism can ‘split’ into two distinct bouts of activity. While
the mechanisms underlying this behavior are not fully known, antiphase oscillations of clock gene and c-Fos expression have been
observed between the left and right SCN nuclei of animals with split
activity rhythms, suggesting that the two behavioral components
represent left and right SCN oscillators (de la Iglesia et al., 2000,
2003; Ohta et al., 2005). Electrical activity recordings in the SCN
of split hamsters revealed bimodal patterns in the left and right
nucleus (Zlomanczuk et al., 1991), indicating that the antiphase
molecular expression rhythms may be reﬂected in the neural activity
rhythms. Interestingly target brain areas of the SCN exhibit 12-h
rhythms in split hamsters, suggesting functional signiﬁcance of both
components (Butler et al., 2012).
Finally, recent work suggests that aging and diseases of the nervous system can impact the neural activity rhythms recorded within
the SCN (Kudo et al., 2011; Nakamura et al., 2011). The desynchronized circadian output at the level of the SCN would be
expected to have negative health consequences throughout the body
(e.g. Scheer et al., 2009; Kyriacou & Hastings, 2010; Marcheva
et al., 2010; Gale et al., 2011; Karatsoreos et al., 2011). While we
do not know if inter-SCN coupling is compromised in any of the
disease models, this prior work does emphasize the potential importance of understanding the mechanisms underlying coupling in the
SCN circuit.
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