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Circadian rhythms are modeled as reliable and self-sustained oscilla-
tions generated by single cells. The mammalian suprachiasmatic
nucleus (SCN) keeps near 24-h time in vivo and in vitro, but the
identity of the individual cellular pacemakers is unknown. We tested
the hypothesis that circadian cycling is intrinsic to a unique class of
SCN neurons by measuring firing rate or Period2 gene expression in
single neurons. We found that fully isolated SCN neurons can sustain
circadian cycling for at least 1 week. Plating SCN neurons at <100
cells/mm2 eliminated synaptic inputs and revealed circadian neurons
that contained arginine vasopressin (AVP) or vasoactive intestinal
polypeptide (VIP) or neither. Surprisingly, arrhythmic neurons (nearly
80% of recorded neurons) also expressed these neuropeptides. Fur-
thermore, neurons were observed to lose or gain circadian rhythmic-
ity in these dispersed cell cultures, both spontaneously and in re-
sponse to forskolin stimulation. In SCN explants treated with
tetrodotoxin to block spike-dependent signaling, neurons gained or
lost circadian cycling over many days. The rate of PERIOD2 protein
accumulation on the previous cycle reliably predicted the spontane-
ous onset of arrhythmicity. We conclude that individual SCN neurons
can generate circadian oscillations; however, there is no evidence for
a specialized or anatomically localized class of cell-autonomous pace-
makers. Instead, these results indicate that AVP, VIP, and other SCN
neurons are intrinsic but unstable circadian oscillators that rely on
network interactions to stabilize their otherwise noisy cycling.

luciferase � pacemaker � Period gene � suprachiasmatic nucleus �
vasoactive intestinal polypeptide

C ircadian pacemakers are schematized as intracellular transcrip-
tion–translation negative feedback loops (1). In mammals,

transcription factors including CLOCK and BMAL1 promote the
expression of clock genes, including Period 1 (Per1) and 2 (Per2).
The protein products of these genes return to the nucleus after a
delay of many hours to repress their own transcription. Genetic
deletion of these repressors abolishes circadian rhythms in behavior
and physiology (2). The strongest evidence for cell-autonomous,
circadian rhythm generation in mammals comes from transcrip-
tional rhythms measured from primary and immortalized fibro-
blasts (3, 4).

The mammalian suprachiasmatic nucleus (SCN) of the anterior
hypothalamus coordinates daily rhythms including sleep–wake and
hormone release (5). Multielectrode array (MEA) recordings of
neuronal firing and luciferase-based reporters of Per1 and Per2
expression showed dissociated SCN neurons in the same culture
with different circadian periods (6, 7). Furthermore, Na�-
dependent action potentials, vasoactive intestinal polypeptide
(VIP), and its receptor, VPAC2, are required for cellular synchrony
and maintaining daily oscillations across the SCN (8, 9). Taken
together, these results suggest that single SCN neurons are com-
petent circadian oscillators. However, which, if any, SCN neurons
are capable of autonomous rhythmicity in the absence of input from
other cells is unknown.

Several classes of neurons within the SCN have been proposed
to be intrinsically circadian (10). Two neuropeptides, arginine
vasopressin (AVP) and VIP, are strong candidates for labeling SCN
pacemaking neurons. Approximately 10% of the �10,000 neurons

in the unilateral SCN are VIP-ergic and found primarily in the
ventral SCN; AVP-ergic neurons make up a separate 20% of the
population found mostly in the dorsomedial SCN (11). Because
AVP and VIP release can have different circadian periods in the
same organotypic SCN slice, it was hypothesized that these 2 groups
of neurons are separate oscillators (12). Subsequent in vivo (13) and
in vitro (8, 14) results continue to support the idea that neurons
from the dorsal and ventral SCN maintain daily rhythms. We sought
to identify intrinsically circadian neurons within the SCN as AVP-
or VIP-ergic.

Here we demonstrate circadian rhythms in gene expression and
firing rate from isolated SCN neurons and their subsequent iden-
tification by immunocytochemistry. We find intrinsically rhythmic
AVP and VIP neurons. However, not all AVP or VIP SCN neurons
are circadian. Furthermore, SCN neurons isolated from their
network either physically or by tetrodotoxin (TTX) can lose or gain
rhythmicity, suggesting that SCN neurons are a heterogeneous
population of intrinsic but unstable circadian oscillators.

Results
Circadian PER2 Expression Is Rare in Isolated SCN Neurons. We tested
the hypothesis that there is a class of specialized, intrinsically
circadian neurons within the SCN. Plating SCN neurons at 10,000
cells/mm2 yields a population containing nearly 80% circadian
neurons with a similar period (15), and plating at 3,000 cells/mm2

produces a population of SCN neurons in which �50% are circa-
dian with a broad range of periods in the same culture (6, 16, 17).
Because inhibitory synaptic currents were still present even in the
low-density cultures (6), we tested whether plating at 100 cells/mm2,
a density less than 3% of previous methods, would allow simulta-
neous recordings from cells in which intercellular communication
is eliminated. Culture conditions were optimized by growing cells in
glial-conditioned medium (Materials and Methods), so that record-
ings from viable neurons could begin after 3 days in vitro and
continue for at least 6 days (Fig. 1A). Using whole-cell patch, we
found that these neurons had normal sodium currents but showed
few or no postsynaptic currents compared with cultures plated at
10,000 cells/mm2, even in the presence of elevated potassium (Fig.
2). We found anatomic markers suggesting that some neurons
synapsed on themselves in very-low-density cultures but no evi-
dence for intercellular communication (supporting information
Fig. S1D). These data suggest that, in contrast to previous record-
ings of dispersed SCN neurons that exhibited synaptic currents (6),
these very-low-density cultures lack intercellular communication.

We recorded bioluminescence for at least 6 days from individual
SCN neurons cultured from PERIOD2::Luciferase (PER2::LUC)
homozygous knock-in mice (18). Surprisingly, we found that most
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cells luminesced for �72 h (73%, n � 1,027 of 1,413 neurons; Fig.
1B). This was highly reproducible between cultures, so that the
average culture had 71% � 4% cells (mean � SD, n � 14 cultures)
that expressed PER2 for �3 days. These cells were viable at the end
of the recording according to phase contrast imaging, neuropeptide
immunolabeling, and nuclear staining. In addition, 10 �M forsko-
lin, a cAMP analog, increased the percentage of PER2-expressing
neurons after 6 days of recording to the 70% observed on the first
day of recording (Fig. S1B).

Of PER2-expressing neurons, the majority were circadian (65%,
n � 252 of 386; Fig. 1 C and D). Rhythmic neurons had periods from
15 to 35 h with no correlation between neighbors (closest neurons
were more than 50 �m apart; Fig. S2) and randomly distributed
times of peak bioluminescence (Rayleigh test, r � 0.21 � 0.09,
mean � SD from 14 cultures, P � 0.1). Higher mean biolumines-
cence, however, did not necessarily equate with rhythmicity (Fig.
S3B). Thus, we found that, in contrast to the synchronous rhythms
seen in densely packed SCN neurons (15), plating SCN neurons at
very low density reveals that intrinsic PER2 expression is lower in
all cells and circadian in �18% of neurons (252 of 1,413; 16% � 2%,
mean � SD from 14 cultures).

We next physically isolated single, bioluminescent neurons by
removing all other cells in the dish. We attempted to isolate and
record for 5 days from 12 neurons. We selected for cycling neurons
and found that 3 of 5 remained circadian for as long as we recorded
(6 days; Fig. 3). An additional 2 neurons were circadian, but at least
1 other cell was discovered in the dish at the end of the recording.
The remaining 5 recorded neurons did not survive the isolation
procedure for at least 5 days. Thus, �60% of PER2-expressing cells
were circadian in low-density cultures and when isolated. This
suggests that rhythms recorded from SCN neurons plated at very

low densities are equivalent to recordings from physically isolated
neurons. Together, these results provide the best evidence to date
that circadian rhythm generation is intrinsic to only a fraction of
SCN neurons at a given time.

Firing Rate Rhythms in Functionally Isolated SCN Neurons. Because we
cannot exclude the possibility that PER2 or other cellular processes
oscillate under conditions when PER2::LUC fails to report
rhythms, we investigated an additional, independent reporter of
activity in SCN neurons. Extracellular action potentials were re-
corded from neurons 1 week after plating at 300–700 cells/mm2 on
MEAs. We found that 33% of SCN neurons that discharged action
potentials for at least 4 days showed circadian rhythms in firing rate
(n � 6 of 18 neurons recorded from 5 cultures; Fig. 4), consistent
with the small percentage of SCN neurons that showed intrinsic
PER2 rhythms. Our findings that 18–33% of neurons grown in near
isolation remain circadian are consistent with the reported 23–45%
of circadian SCN neurons in explants and high-density dispersals
lacking VIP, VPAC2, or Gi signaling (15, 19). Although the chance
remains that circadian rhythms persisted in neurons with no or
arrhythmic PER2 or firing, the results indicate that the majority of
SCN neurons lose circadian cycling when removed from network
interactions. We conclude that single neurons are competent
circadian pacemakers that can drive rhythms in firing rate and that
intercellular communication dramatically augments the proportion
of rhythmic SCN cells.

Both Circadian and Noncircadian SCN Neurons Express AVP or VIP. To
determine the identity of intrinsically rhythmic neurons, we exam-
ined the expression of AVP and VIP after PER2::LUC profiling.
The percentages of AVP- or VIP-ergic neurons were similar in
very-low-density (100 cells/mm2) and control (3,000–5,000 cells/
mm2) SCN cultures (20% and 17% of neurons were AVP positive,
respectively; 8% and 8% were VIP positive, respectively; 2,608
neurons counted in 5 control cultures and 555 neurons counted in
5 very-low-density cultures). Because these are similar to the
proportions reported in the mouse SCN in vivo (11), we conclude
that these classes of neuropeptidergic neurons survive in SCN
cultures.

We found that 23% of circadian cells (n � 25 of 109 in 5 cultures
examined) expressed either AVP or VIP, whereas the majority (n �
84 of 109) expressed neither AVP nor VIP (Fig. 1D). Some of the
cells that did not express VIP or AVP in the low-density cultures
may not have been neurons. For example, astrocytes can express
circadian rhythms in PER2 (20) but were rare in these cultures
according to phase contrast imaging. Importantly, the proportion of
circadian cells was similar when comparing PER2::LUC and firing
rate data, suggesting that the data come from neurons.

The periods of rhythmic AVP and VIP neurons did not differ
(AVP: 28.2 � 0.9 h, mean � SD; VIP: 28.5 � 0.3 h; P � 0.05,
Student’s t test; P � 0.05, Brown-Forsythe’s and Levene’s tests; Fig.
S2A) and were similar to published results from dispersed SCN
cultures (7). In addition, rhythmic AVP and VIP neurons did not
differ in measures of their rhythm amplitude or expression levels
when compared with each other or with rhythmic neurons that were
not stained (one-way ANOVA, P � 0.05). Finally, we compared the
predicted and measured likelihoods that an isolated SCN neuron
was rhythmic and expressed AVP, VIP, or neither (Table S1). The
calculated joint probabilities were nearly identical to the observed
patterns of neuropeptide and circadian PER2 expression, suggest-
ing that circadian rhythmicity and expression of AVP or VIP are
independent in isolated SCN neurons. This demonstrates that single
AVP- or VIP-containing neurons exhibit intrinsic circadian
rhythms in clock gene expression. We conclude that intrinsic
circadian cycling is not restricted to a single class of neuropepti-
dergic neurons in the SCN.

We also tested whether arrhythmic neurons constituted a unique
cell class. Neurons that failed to express PER2::LUC rhythmically

Fig. 1. Intrinsic circadian rhythmicity is rare and found in diverse classes of SCN
neurons. (A) A representative region of a recorded and subsequently immuno-
labeled very-low-density culture shows SCN neurons containing AVP (red), VIP
(green), or neither neuropeptide (blue). (B) Of the neurons recorded over 6 days,
73% (n � 1,027 of 1,413 from 14 cultures) expressed PER2-mediated biolumines-
cence for �3 days (black), 18% were circadian (orange), and 9% were arrhythmic
(pink). Most neurons with sustained PER2 expression (n � 252 of 386 in 14
cultures) were circadian (orange). (C) Representative bioluminescence traces
fromsingle identifiedSCNneuronsshowcircadianorarrhythmicPER2expression.
(D) Neurons that did not express (Top), or showed circadian (Middle) or arrhyth-
mic (Bottom) PER2 profiles were similar in their expression of AVP (red), VIP
(green),orneither (blue).Thus,multiplecell typeswere intrinsicallycircadian,and
neuropeptide expression did not distinguish between rhythmic and arrhythmic
neurons.
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were AVP- or VIP-ergic with similar percentages to circadian
neurons (Fig. 1D). Arrhythmic AVP and VIP neurons included
those that luminesced for �72 h (n � 92 of 382 neurons in 5
cultures) and those whose PER2 expression was noncircadian (n �
23 of 64 neurons). Because AVP and VIP neurons constitute only
a fraction of the circadian SCN cells, we asked whether their
presence is associated with a circadian phenotype. We found that
neither rhythmicity nor arrhythmicity in single SCN neurons is
predicted by AVP or VIP expression (P � 0.05, Fisher’s exact test).
We conclude that both circadian and noncircadian SCN neurons
form heterogeneous populations (Fig. S3).

SCN Neurons Can Switch Their Circadian Phenotype. When we tested
the viability of neurons in low-density dispersals (Fig. S1B), we
found that application of 10 �M forskolin initiated or ended
circadian behavior in 20% of SCN neurons (n � 48 of 241 neurons
in 2 cultures). Interestingly, most neurons that changed phenotype
became arrhythmic (n � 39). These results, combined with the lack
of evidence for a neuropeptide class of pacemaker neurons, led us
to hypothesize that a cell’s ability to oscillate intrinsically is not
deterministic and that circadian cycling becomes random in isolated
SCN neurons.

We recorded single-cell bioluminescence under conditions in
which cell–cell interactions could be reversibly and repeatedly
blocked. Because SCN neurons had been shown to drift out of
phase from one another in the presence of TTX and then re-
establish their phase relationships when TTX was removed (8), we
treated organotypic PER2::LUC SCN explants twice with TTX for
6 days at 6-day intervals. We postulated that if circadian pacemak-
ing is neither unique to, nor a determined property of, a class of
SCN neurons, repeated TTX treatments would always reveal
circadian cells but not always the same cells. Under baseline
conditions, the periods of bioluminescence rhythms in single SCN
neurons were tightly clustered (25.7 � 0.3 h, mean � SD) with
synchronized peak bioluminescence values (Rayleigh test, r � 0.95,
P � 0.001). Wash treatment restored rhythmicity to the majority of
recorded neurons (n � 162 of 190 neurons in 2 explants). The
restored synchrony was significant (Rayleigh test, r � 0.57, P �
0.001) but less than before TTX, suggesting that complete resyn-
chronization requires more than 6 days. We found that 50% of
neurons lost and 13% sustained circadian rhythmicity in both TTX
treatments (n � 94 arrhythmic and 24 rhythmic of 190 neurons; Fig.
5). In addition, nearly 38% of neurons (n � 72 of 190) gained or lost
rhythmicity in the second TTX treatment when compared with the
first treatment. Interestingly, the locations of neurons that main-
tained or increased rhythm amplitude in both TTX applications
were scattered throughout the SCN. The locations of arrhythmic
cells were also broadly distributed. We then treated a third SCN
slice with TTX for 8 days and found that �70% of neurons lost
rhythmicity (n � 71 of 98 neurons) and that some rhythmic neurons
skipped a circadian peak (n � 18 of 27 rhythmic neurons). When
we treated a control SCN explant with fresh medium every 6 days
over a 24-day recording, we found that the number of circadian
neurons was similar during the first (n � 76 of 100 neurons) and last
treatments (n � 62 of 100) and no evidence for switching between
rhythmic and arrhythmic states. These observations further support
the conclusion that neurons throughout the SCN are capable of
cell-autonomous circadian rhythm generation and suggest that
network interactions stabilize their intrinsically noisy oscillations.

cultures grown at low density. (E) KCl elevation boosted IPSC frequency in
high-density but not low-density cultures. (F) Inward sodium currents evoked
by voltage steps from �80 mV to 0 mV in neurons grown at high and low
density. (G) Peak inward sodium current amplitude � SEM in neurons grown
at high density (n � 8) and low density (n � 12).

Fig. 2. SCN neurons grown at very low density are healthy and functionally
isolated. (A) Representative whole-cell recording of spontaneous IPSCs at 0
mV from a neuron 7 days after plating at �10,000 cells/mm2. Inset shows IPSCs
at higher temporal resolution. (B) IPSC amplitudes and frequencies were high
over 2 min in 8 neurons from 1 culture (data from each neuron in a different
color) grown at high density. Bar indicates the time of 10 mM KCl exposure in
A and B. Note the increase in evoked IPSCs. (C) Representative whole-cell
recording of spontaneous IPSCs at 0 mV from a neuron 7 days after plating at
�100 cells/mm2. Insets show small current events that may reflect rare, spon-
taneous IPSCs. (D) Plots of IPSC amplitude in 12 neurons combined from 2
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PER2 Accumulation Predicts Oscillatory Ability. We examined PER2
expression for patterns that predict the loss of circadian rhythmicity.
When the peak phase or amplitude at the time of TTX application
did not correlate with whether a cell remained rhythmic (Fig. S4),
we compared 48 h of bioluminescence from neurons that lost (n �
25) or sustained (n � 25) cycling during TTX treatment. We aligned
traces to 20% of peak expression in the first 24 h and then averaged
the bioluminescence from all neurons in each group in hourly bins
(Fig. S5). On the day before losing rhythmicity, neurons had lower
peak PER2 expression (Student’s t test, P � 0.0002) but similar
times to peak compared with rhythmic neurons (P � 0.05). Thus,
we found that the rate of PER2 accumulation in one cycle was a
better predictor than other measures that a neuron would oscillate
in the next cycle (Figs. S3–S5).

Discussion
SCN Neurons Are Weak, Inducible, and Probabilistic Oscillators. The
best examples to date of cell-autonomous circadian rhythm gener-
ation are unicellular cyanobacteria (21), dinoflagellates (22), and
molluscan retinal neurons (23). Here we have demonstrated that
when a single SCN neuron expresses PER2 for multiple days, it is
likely to be circadian and can contain AVP, VIP, or another
unidentified marker. However, the majority of SCN neurons were
arrhythmic and just as likely as rhythmic neurons to express AVP
or VIP. In addition, neurons lost or gained daily gene expression
rhythms during long recordings in which intercellular communica-
tion was blocked (i.e., very low density, isolation, and TTX). It is
possible that a small, unique class of self-sustained pacemaker cells
exists in the SCN (e.g., the 13% of neurons that remained circadian
during both week-long TTX treatments). Because these neurons
were not found in a reproducible location from explant to explant
and showed unstable circadian periods and amplitudes, we con-
clude that circadian rhythm generation is not localized to a spe-
cialized class of SCN neurons. Instead, it seems that each SCN

neuron has approximately a 1 in 4 chance of expressing PER2
rhythmically in the absence of intercellular communication.

The variable nature of daily rhythms in isolated SCN neurons has

Fig. 3. Circadianrhythms inafully isolatedSCNneuron.Asingle, representative
SCN neuron (white arrow) recorded before (A) and after (B) removal of all other
cells. (C) PER2-driven bioluminescence from this neuron had an average period of
�27.7hfor the last5daysafter isolation(blackarrow).ThisSCNneuronexpressed
neither AVP nor VIP.

Fig. 4. Compared with SCN neurons plated at high density, only a subset of
nearly-isolatedSCNneuronsmaintaincircadianfiringraterhythms. (A) Firingrate
traces over 4 days from representative neurons plated and recorded on multi-
electrode arrays at extremely low density show unstable circadian rhythms (top
2 traces, Left) compared with the more precise circadian patterns in high-density
cultures (top 3 traces, Right). Arrhythmic firing patterns were more common in
low-density cultures (bottom 2 traces, Left) than in high-density cultures (bottom
trace, Right). (B) The proportion of circadian (black) and arrhythmic (white) SCN
neurons from low-density cultures compared with high-density cultures. Note
that firing rate, like PER2, rhythms were intrinsic to a small fraction of neurons in
low-density cultures.

Fig. 5. RepeatedTTXtreatmentrevealedswitching incircadianbehaviorofSCN
neurons. (A) Long-termrecordingsofPER2::LUCexpressionfrom4representative
SCN cells in an explant before, during, and between 2 6-day TTX treatments (red
and green bars). All cells showed drastically reduced PER2::LUC expression, and
few cells were circadian in either the first or second TTX administration. (B)
Approximately13%(n�24of190recordedcells in2cultures) remainedrhythmic
during both treatments, whereas 38% became rhythmic or lost rhythmicity in the
second TTX treatment.
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been predicted by models of the transcription–translation circadian
feedback loop in which noise (sometimes associated with low
numbers of molecules) was added within a cell (7, 24, 25). Under
these conditions, small perturbations (extrinsic or intrinsic to the
cell) could push the molecular oscillator on or off a limit cycle.
Other modeling efforts have simulated the SCN as a network of
damped (26) or sustained, damped, and driven oscillators (27).
Bernard et al. (26) found that, compared with self-sustained
oscillators, damped oscillators more rapidly synchronized to each
other and to environmental cycles, a potential benefit of having cells
that change their rhythm amplitude. A third approach modeled the
SCN as intrinsic oscillators and nonrhythmic gate cells (28, 29).
These models showed that nonrhythmic neurons can contribute by
gating input to the SCN depending on feedback from rhythmic cells.
Our results support components of each of these models, by
revealing that SCN neurons are heterogeneous, intrinsically noisy
oscillators that, under some conditions, lose their circadian fluctu-
ations in gene expression and firing rate. We stress, however, that
we find no evidence for a specialized or anatomically localized class
of cell-autonomous oscillators (or nonoscillatory gate cells). In-
stead, our results suggest that a single SCN neuron has the potential
to move between these regimens and that the network may con-
tribute to overall rhythmicity.

Noisy Gene Expression May Lend Plasticity to the SCN. Randomness
in events like transcription has been implicated in generating
cell–cell variability and network plasticity (30). In addition to the
known differences in amplitude and period, we find that SCN
neurons also differ in their stability of circadian rhythmicity when
isolated from their neighbors. This changeable rhythmicity is rem-
iniscent of the circadian properties of Drosophila neurons, which
vary according to experience (31), and of Per1-, Per2-, or Cry1-
mutant SCN neurons, which show ‘‘stuttering’’ circadian rhythms
(7). The present results indicate that intercellular interactions acting
on noisy gene expression within SCN neurons stabilize cycling,
which may contribute to both the improved precision (32) and
adaptable coding of, for example, day length by a population of
heterogeneous oscillators (33, 34).

With each neuron having the ability to generate 24-h oscillations
or to be driven, the SCN is a multipotential system. In contrast,
fibroblasts have been reported to all oscillate independently without
damping in vitro (4). It is interesting to speculate that SCN neurons
rely on signals from other SCN cells for robust daily cycling while
allowing for flexibility with changes in environmental conditions.
This is consistent with electrophysiologic recordings and compu-
tational modeling in other neural networks, which have shown
neurons that transition between oscillatory regimens depending
upon a variety of cellular states (35). For example, homeostatic
changes in specific ionic conductances can switch neurons in the
lobster stomatogastric ganglion from bursting to tonic firing. This
kind of tuning provides multiple solutions for individual nodes
within a network to produce a system with the desired output.
Having a range of solutions lends plasticity, as well as stability, to
the system. Individual SCN neurons are variable oscillators when
uncoupled but when connected with each other generate a coherent
circadian output.

Previous studies have shown that when intercellular signaling is
blocked by one of a variety of mechanisms, the amplitude of PER2
expression diminishes (8, 9, 15, 19, 36). Here we reveal the exciting
possibility that network interactions act on the rate of PER2
accumulation in single cells (Fig. S5) to determine their ability to
generate and sustain daily rhythms. Slower accumulation of PER2
protein, not the amplitude or time of peak expression, is best
correlated with the loss of rhythmicity in SCN neurons, strongly
suggesting that the processes that modulate the accumulation of
PER2 or other clock proteins play a critical role in sustaining
circadian cycling. This is consistent, for example, with the obser-
vation that phosphorylation sites on the PER2 protein play a critical

role in both its accumulation and circadian rhythmicity (37–39).
Future studies will likely pursue how intercellular signals impact
timekeeping processes, including rates of translation and degrada-
tion of clock proteins. It remains to be seen how changes in
intracellular state, changes in connectivity within the SCN, or their
combined effects mediate some of the developmental or seasonal
adaptations in mammalian circadian rhythms (33, 40–43).

Materials and Methods
Cell Culture. SCN were obtained from 1–7-day-old homozygous PER2::LUC mice
(founders generously provided by J. Takahashi, Northwestern University) housed
undera12h/12hlight/darkschedule.Forslicecultures,bilateralSCNfrom300-�m
coronal sections of hypothalamus were cultured on Millicell-CM membranes
(Millipore)foraminimumof3days (methodsmodifiedfromref.19).SCNexplants
were then inverted onto polylysine/laminin-coated glass coverslips and main-
tained at 37 °C in 200 �L CO2-buffered medium supplemented with 10% new-
born calf serum (Invitrogen) for at least 2 days before recording. Dispersed
neuron cultures were generated as previously described (16). Viable cells were
plated onto polylysine/laminin-coated coverslips attached to 35-mm culture
dishes and maintained in 1 mL of CO2-buffered medium that had been condi-
tioned by primary cultures of cortical astrocytes (44) supplemented with 10%
newborn calf serum (Invitrogen) at 37 °C. All bioluminescence recordings from
dispersed single cells began on in vitro day 4 and continued for a minimum of
6 days.

Whole-Cell Patch Clamp Recording. We perfused cultures at 1 to 2 mL/min with
Tyrode’s solution containing 150 mM NaCl, 4 mM KCl, 2 mM CaCl2, 2 mM
MgCl2, 10 mM glucose, and 10 mM Hepes (pH adjusted to 7.4 with NaOH).
Whole-cell electrodes were filled with 140 mM cesium glucuronate, 5 mM
CsCl, 5 mM MgCl2, 10 mM EGTA, 5 mM ATP, 1 mM GTP, and 10 mM Hepes (pH
adjusted to 7.4 with CsOH). The reference electrode was in a well with internal
solution connected to the bath by an agar bridge equilibrated with 4 M KCl.
Once whole-cell recordings were established, we perfused with external
solution: 120 mM NaCl, 3 mM KCl, 1 mM NaH2PO4, 4 mM NaHCO3, 10 mM
glucose, and 5 mM Hepes (pH adjusted to 7.4 with NaOH). Spontaneous
inhibitory postsynaptic currents (IPSCs) were recorded at 0 mV (Axopatch 200A
amplifier; Molecular Devices; filtered at 1 kHz, 10 kHz sample rate). After
recording IPSCs for 30–60 s in control external solution the superfusion was
switched to external solution containing 10 mM KCl. IPSC frequency was
quantified using p-Clamp software (Molecular Devices).

Single-Cell Bioluminescence Recording. We imaged (Versarray 1024 cooled-CCD
camera; Princeton Instruments) low-density dispersals in 1 mL of air-buffered
medium supplemented with 0.1 mM beetle luciferin (Xenogen) and SCN slices in
500 �Lat37 °C in sealedPetridishes.Photoncountswere integratedover1hwith
4 � 4 binning using WinView and quantified using ImageJ software (National
Institutes of Health). To confirm cell health at the end of recording, we added
forskolin (10 �M; Sigma) to the medium and recorded for at least 3 more days. In
some SCN slice recordings, we replaced 500 �L of the recording medium with
medium containing 0.5 �M TTX (Sigma) and 0.1 mM beetle luciferin. After 6 days,
TTX-containing medium was removed and washed with 1 to 2 full exchanges of
recording medium.

MEA Recording. Long-term firing rate patterns were recorded from cells dis-
persed from the SCN of C57BL/6 mice (Harlan). The SCN from pups (postnatal age
3–5 days) were pooled, dispersed, and plated at �300–700 cells/mm2 or 10,000
cells/mm2 onto multielectrode arrays (Multichannel Systems) according to pub-
lished methods (15, 16). Every 10 min, the number of spikes with identical
amplitude and duration was totaled and stored. Using off-line analysis similar to
published methods (45), we counted action potentials of similar amplitude and
duration from individual neurons. The shape of the spike and presence of a clear
refractory period were used as criteria for single-unit activity.

Isolation of Single Cells. Individual neurons in very-low-density cultures were
identified for isolation after 2 to 3 days of initial bioluminescence recording. All
other cells were removed by scraping them from the surface of the culture using
aglassmicropipetteandmicromanipulator.Cellulardebriswas rinsedawayusing
medium in the culture.

Immunocytochemistry. After 6 days of bioluminescence recording, we treated
low-density dispersals with colchicine (50 �g/mL; Sigma) for 8–12 h to maximize
neuropeptide content. Cultures were then fixed overnight in 4% paraformalde-
hyde and double-labeled for AVP and VIP using published methods (15). We
stained cultures with anti-AVP (mouse monoclonal, 1:50; gift from Dr. H.
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Gainer) and anti-VIP (rabbit, 1:2,000; Immunostar) followed by donkey anti-
mouse IgG conjugated to Texas Red (1:100; Jackson ImmunoResearch) and
donkey antirabbit IgG conjugated to Cy2 (1:50; Jackson ImmunoResearch).
Nuclei were visualized using DAPI staining. Immunopositive cells were
counted by 2 independent observers. An observer blind to the PER2 expression
in each cell scored its neuropeptide content from superimposed immunoflu-
orescence and bioluminescence images.

Very-low-density and control SCN cultures were stained with anatomic mark-
ers of neuronal processes and synaptic densities, respectively, anti-�-3-tubulin
(rabbit, 1:500; Covance) and anti-SV2 (mouse monoclonal, 1:50; gift from Dr. K.
Buckley) followed by donkey antimouse IgG conjugated to Texas Red (1:100;
Jackson ImmunoResearch) and donkey antirabbit conjugated to Cy2 (1:50; Jack-
son ImmunoResearch). For all antibodies tested, fluorescence was imaged across
cultures with identical exposure time and gain.

Analysis of Rhythmicity. We measured the period of single-neuron PER2::LUC
expression and firing rate by FFT-NLLS (46) and �2 periodogram (47). Cells with a
statistically significant period between 14 and 36 h by both methods were scored

as circadian. Confidence intervals were set to 95% and 99% for FFT-NLLS and �2

periodogram, respectively.

Receiver Operating Characteristic Curve Analysis. We used signal detection
theory to determine the probability that an ideal observer could predict the
cycling behavior of a neuron according to the slope of PER2 accumulation in the
previous cycle. For a given slope criterion, we plotted the proportion of circadian
and arrhythmic neurons with greater slopes, generating a receiver operating
characteristic (ROC) curve. The area under the ROC curve is equivalent to the odds
of correct detection by an ideal observer (48).
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