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Electrical synapses coordinate activity in the

suprachiasmatic nucleus

There is abundant evidence that the suprachiasmatic nucleus (SCN)
of the anterior hypothalamus has a central role in the control of physi-
ological and behavioral circadian activity!2. Bilateral damage to the
SCN leads to arrhythmic behavior!?, and transplantation of SCN tis-
sue restores circadian rhythmicity>*. Environmental light entrains the
circadian activity of the SCN via direct inputs from photosensitive
ganglion cells of the retina®. Indirect efferent pathways link the SCN to
other brain regions implicated in arousal, such as the locus coeruleus®
and the pineal gland’. Diffusible factors released from the SCN also
have wide-ranging effects on peripheral tissues®°.

Neural activity in the SCN fluctuates diurnally. The metabolic rate
of the rodent SCN increases during the day'. Spiking frequencies
in vivo vary with a circadian period, even in surgically isolated islands of
hypothalamus'!, acutely prepared hypothalamic brain slices!>!3, long-
term slice cultures'* and dissociated cell cultures' of the SCN. These
studies suggest that individual SCN neurons can function as circadian
pacemakers in the absence of any external entrainment signals, but
that activity throughout the population of SCN neurons is coordinated
when the nucleus is intact.

How is neural activity synchronized among SCN neurons? The major-
ity of SCN neurons are GABAergic!®, and one possibility is that GABA-
mediated inhibitory!” and excitatory'® synaptic connections could syn-
chronize spiking. SCN neurons also release a variety of neuroactive pep-
tides'. Neither chemically mediated synaptic transmission?’ nor spiking
is necessary for the pacemaking activity of individual SCN cells'>*1?2, but
the synchronization of circadian rhythmicity across neurons within the
SCN does depend on action potentials?3.

Electrical synapses—neuron-to-neuron gap junctions—are a wide-
spread, potentially powerful mechanism for synchronizing neural activ-
ity in the mammalian central nervous system??. The intercellular spread

Michael A Long!>%, Michael J Jutras’»?#, Barry W Connors! & Rebecca D Burwell!»?

In the suprachiasmatic nucleus (SCN), the master circadian pacemaker, neurons show circadian variations in firing frequency.
There is also considerable synchrony of spiking across SCN neurons on a scale of milliseconds, but the mechanisms are poorly
understood. Using paired whole-cell recordings, we have found that many neurons in the rat SCN communicate via electrical
synapses. Spontaneous spiking was often synchronized in pairs of electrically coupled neurons, and the degree of this synchrony
could be predicted from the magnitude of coupling. In wild-type mice, as in rats, the SCN contained electrical synapses, but
electrical synapses were absent in connexin36-knockout mice. The knockout mice also showed dampened circadian activity
rhythms and a delayed onset of activity during transition to constant darkness. We suggest that electrical synapses in the SCN
help to synchronize its spiking activity, and that such synchrony is necessary for normal circadian behavior.

of dye suggests that at least some SCN neurons are coupled by gap
junctions?>2, In this study we demonstrated that electrical synapses
are a major feature of SCN circuitry, that they are strong enough to syn-
chronize spiking activity across SCN neurons, and that they contribute
to normal circadian behavior.

RESULTS

Recordings were made from acutely prepared hypothalamic slices
maintained in vitro. Using infrared—differential interference contrast
optics at low magnification, the SCN was clearly visible as a bilaterally
symmetric pair of relatively pale structures dorsal to the optic chiasm
and lateral to the third ventricle. Pairs of neighboring SCN neurons
(<20 pm intersomatic distance) were targeted for electrophysiological
recording. A total of 92 pairs were recorded and subjected to further
analysis (n = 47 for rat, n = 45 for mouse). Antagonists of ionotropic
glutamate receptors (APV and DNQX)) and of GABA , receptors (pic-
rotoxin) were present during all recordings to eliminate fast chemical
synaptic transmission.

Electrical synapses in the rat SCN

To test for the presence of electrical coupling within an SCN pair,
hyperpolarizing current pulses (600 ms, 25-100 pA) were applied to
each recorded cell sequentially (Fig. 1a). Twelve of the rat cell pairs
(26%) were measurably coupled. The average coupling coefficient of
coupled pairs was 0.07 £ 0.05 (mean =* s.d.). Electrical postsynaptic
potentials (or spikelets) arising in response to evoked action potentials
were clearly visible in the majority of coupled pairs (9 of 12; Fig. 1b).
Spikelets ranged in amplitude from 0.22 to 1.16 mV (with a mean of
0.58 £ 0.31 mV). Spikelet amplitude correlated with coupling coeffi-
cient (r=0.77, P <0.02). Electrical coupling was bidirectional and sym-
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Figure 1 Electrical coupling in the SCN. (a)
In a well-coupled pair (coupling coefficient =

0.13), hyperpolarizing current steps resulted in
symmetric membrane-potential deflections in
the coupled cell. In the left panel, we injected
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current into cell 1 and recording voltage
responses in that cell and its pair. In the right
panel, current was injected into cell 2. Traces
are averaged from 50 trials. (b) Single action-
potential response in a coupled pair in the
presence of APV, DNQX and picrotoxin. Shown
A here is the mean postsynaptic response to
25 spontaneously occurring action potentials
A (dashed lines = s.e.m.). (¢) Scatterplot of the
coupling strength of SCN cell pairs as a function
A of the time of day recorded. Note the greater
incidence of coupling in the middle of the
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metrical, similar to the coupling between other types of mammalian
central neurons?’~2°, Recordings were made throughout the SCN, and
electrical coupling was observed in both the dorsomedial (5 of 17 pairs;
coupling coefficient of 0.07 £ 0.06) and ventrolateral (3 of 18 pairs;
coupling coefficient of 0.10 £ 0.07) regions of the nucleus. Neither the
incidence nor the strength of coupling differed between these areas.

The incidence of electrical coupling seemed to be diurnally regulated,
consistent with a previous dye-coupling study?®. There was a signifi-
cant relationship between the portion of the light phase in which the
experiment was conducted (as measured in zeitgeber time, ZT) and the
occurrence of coupled pairs of cells (}*(1) = 5.14, P < 0.02; Fig. 1c).
Specifically, 41% of pairs (9 of 22) were coupled during the middle por-
tion of the light phase (ZT 4-8). In contrast, only 12% of the cell pairs
(3 of 25) that were recorded during the latter part of the light phase
(ZT 8-12) were coupled. Only two pairs were recorded during the rela-
tive dark cycle; neither was coupled.
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Electrical synapses and spiking synchrony
l .I To gauge the effect of electrical synapses on the spike synchrony of

O]

rat SCN neurons, we first carried out whole-cell recordings from cou-
pled and uncoupled cell pairs (Fig. 2). Long (100- to 620-s) epochs
of spontaneous action potentials revealed that the spiking of elec-
trically coupled pairs was correlated (Fig. 2a). Further, spike cross-
correlation strength depended on the coupling coefficient (Fig. 2c).
The mean correlation coefficient for electrically coupled pairs was
0.09 £0.08. Correlation coefficients were greater than 0.02 in all but the
most weakly coupled pair (that is, in 13 of 14 cases).

Concerned that the whole-cell recording procedure could have
influenced either the spiking or the electrical synapses®®, we made
cell-attached recordings from a sample of neuron pairs. A tight seal
was established between the electrode tip and the cell membrane,
epochs of spontaneous extracellular spikes were recorded, the mem-
brane was ruptured to obtain a whole-cell configuration and cells
were then tested for electrical coupling. The amplitude of extra-
cellularly recorded spikes was 5.8 £ 1.4 mV (n = 36; Fig. 2b). The
spontaneous spiking rate observed during cell-attached recordings
(6.4 2.8 Hz) was slightly but significantly lower than that seen in
the same cells after converting to whole-cell mode (8.6 + 4.8 Hz,
n=25; P<0.001, paired t-test). As with intracellularly recorded spik-
ing activity, the degree of synchrony between extracellularly recorded
spikes was well correlated with the presence and magnitude of electri-
cal coupling (Fig. 2b,c).

Time of day (ZT)

subjective day (ZT 4-8) as compared the end of

T T T T T
8 10 12 the subjective day (ZT 8-12).

The spike cross-correlations from cell pairs that lacked electrical
coupling was less than 0.02 in 36 of 37 cases (0.000 £ 0.009 for 25 intracel-
lular pairs; 0.004 £ 0.006 for 12 extracellular pairs).

Cx36-dependent electrical synapses between mouse SCN cells
Electrical synapses among several types of mammalian central neurons
strongly depend on the expression of the gap-junction protein connexin
36 (Cx36)?*. To test whether this is also true of electrical synapses in the
SCN, we made paired recordings from neurons of Cx36-knockout mice
and of wild-type controls?®>%31, Four of 17 pairs (24%) were coupled
in wild-type mice (Fig. 3a), a proportion nearly identical to that for
rat SCN neurons. No electrical coupling was observed among 28 pairs
of neurons recorded in Cx36-knockout mice (Fig. 3b; (1) = 7.23,
P <0.007). The significance of this difference held when Yate’s correc-
tion was applied (}2(1) = 4.62, P < 0.03)). The input resistance of SCN
neurons did not differ between the Cx36-knockout (1.26 £ 0.45 GQ,
n=56) and wild-type mice (1.28 £0.56 G€2, n = 24). Our results suggest
that electrical coupling between SCN neurons requires Cx36.

A role for electrical synapses in circadian behavior

Our electrophysiological results show that deletion of Cx36 disrupts
electrical coupling between SCN neurons. To test whether such cou-
pling has a role in circadian behavior, we compared entrained and
free-running activity rhythms in wild-type (n = 8) and Cx36-knockout
(n = 8) mice. Mice were entrained to a 12-h light/12-h dark cycle for
22 d (LD), followed by a 10-d period of continuous darkness (DD).
Half of each group was maintained in the DD condition for an addi-
tional 40 d. During the last 10 d of the LD condition, both wild-type
and knockout mice showed similar activity levels in both phases, with
substantially greater activity in the dark phase, as expected for noctur-
nal animals (Fig. 3c,d). This was confirmed by a main effect of phase
(Fy,14 = 105.90, P < 0.0001) together with a lack of a main effect of
genotype (P > 0.86) or of a genotype-by-phase interaction (P > 0.67).
Although the circadian amplitude (peak of the relative power spectral
density, rPSD) was numerically lower in the knockout mice in the LD
condition (Fig. 3e,f), the difference was not significant (P > 0.15). Both
wild-type and knockout mice showed a period very close to 24 h dur-
ing the LD condition, with phase angles slightly in advance of lights-off
(Table 1), indicating that both genotypes were well entrained. The differ-
ence in mean tau (circadian period) between groups, though very small
(0.03 h shorter in wild type), was nonetheless significant owing to the
small within-group variance (F; ;4 = 4.98, P < 0.04).
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In contrast to these modest differences in the LD condition, the
Cx36 mutation had clear effects in the DD condition. Knockout mice
had reduced coherence in their circadian rhythms, reflected in the
increased wheel-running activity during the subjective light phase.
This was confirmed by a significantly decreased circadian amplitude
during the first 10 d of the DD condition (F, ;, = 5.38, P < 0.03). The
onset of activity for knockout mice in the first DD cycle occurred
significantly later than for wild-type mice (F) 1, = 4.64, P < 0.049).
Whereas the phase angle of activity onset was similar in the LD condi-
tion, the onset of activity in the first DD cycle for the knockout group
was poorly predicted by the phase angle of entrainment in the LD
phase; the wild-type mice began running in advance of the predicted
activity onset, and the knockout mice began running after the predic-
tion (Table 1). The deviation from the predicted onset was significantly
different for the two groups (F ;, = 4.70, P < 0.048).

To further assess the effect of constant darkness on the behavior of
the two genotypes, we used repeated-measures analysis of variance

ARTICLES

Figure 2 Electrical synapses synchronize spiking between SCN pairs. All
experiments were conducted in the presence of APV, DNQX and picrotoxin.
(a) Examples of intracellular recordings from a pair showing direct electrical
coupling (left) and a pair lacking such a connection (right). Below are

spike cross-correlograms describing long epochs (>200 s) of spiking data,
including the above traces. The time scale for the cross-correlograms is in
milliseconds. Correlogram values are normalized by the total spike count.
Baseline correlations are subtracted from these analyses. (b) Examples of
cell-attached recordings (top) from a coupled (left) and noncoupled (right)
pair, and the corresponding spike cross-correlograms (below). (¢) The
spiking correlation coefficient of electrically coupled pairs is directly related
to the strength of coupling. This scatterplot shows data from cell-attached
recordings (A) as well as intracellular recordings (A).

(rANOVA) to analyze six 10-d blocks of activity behavior for the
four wild-type and four knockout mice that were maintained in DD
conditions for an additional 40 d. The first block consisted of the last
10 d of the LD condition (LD:1). The subsequent five blocks con-
sisted of 50 d during DD conditions (DD:2-DD:6). Both wild-type
and knockout mice showed strong circadian activity rhythms during
the LD condition, but the circadian behavior of the two genotype
groups seemed to diverge with the onset of the DD condition. With
the transition to constant darkness, circadian amplitude remained
relatively stable for the wild-type mice but decreased for the knock-
out mice (Figs. 3¢,d and 4a). A rANOVA of circadian amplitude
revealed a marginally significant main effect of genotype (F, 4 = 4.47,
P < 0.078) and a marginally significant genotype-by-block interac-
tion (F; 30 = 2.23, P < 0.076). Overall, circadian period was similar
in knockout and wild-type mice except for a transient divergence
after the transition to the DD condition (Fig. 4b). A rANOVA of cir-
cadian period for all six blocks indicated no main effect of genotype
(P> 0.45) and no genotype-by-block interaction (P > 0.66). During
the LD condition, motor-activity levels were not significantly differ-
ent in wild-type and knockout mice, but in the DD condition they
did diverge over time (Fig. 4c), with wild-type mice maintaining
relatively stable levels of activity and knockout mice diminishing
their activity. This was confirmed by the observation of a significant
genotype-by-block interaction (F5 3o = 3.95, P < 0.007) along with a
lack of a main effect of genotype (P > 0.60) or of block (P > 0.14).

DISCUSSION

Electrical synapses in the SCN

The paired intracellular recordings that we describe here provide the first
direct evidence for electrical synapses between subsets of SCN neurons.
They are consistent with previous indirect evidence—dye coupling and
antidromically evoked spikelets—for gap junction—-mediated coupling
in the SCN?>26, Our paired-cell approach showed that the strength and
general properties of electrical coupling in the SCN are similar to those
measured in a variety of electrically coupled mammalian neuron types.
However, closely spaced, randomly chosen SCN neurons are less likely
to be electrically coupled (26%) than are some cell types that have been
characterized earlier, such as interneurons of the neocortex (~60%)32,
projection cells of the inferior olive (79%)2° or neurons of the thalamic
reticular nucleus (71%)33. Consistent with these electrophysiological
results, neurobiotin injections into SCN neurons result in the staining
of multiple neurons in 30% of all cases®>.

The low incidence of electrical coupling between SCN neurons may
reflect a general rarity of neuronal gap junctions across all SCN neurons.
A more likely explanation is that electrical synapses occur between neu-
rons of some specific subpopulations and not others. In the neocortex,
for example, electrical synapses selectively link subtypes of inhibitory
interneurons that are defined by the expression of specific molecular
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Figure 3 Electrophysiology and circadian
behavior in wild-type (WT) and Cx36-knockout
(KO) mice. (a,b) Electrical coupling was present
in WT mice (a) and absent in KO mice (b). Traces
are averages of 92 and 50 sweeps, respectively.
(c,d) Examples of double-plotted actograms of
activity for one representative WT (c) and one
KO (d) mouse over 22 d of the 12-h light/12-h
dark condition (LD) phase followed by 50 d of
constant darkness (DD). The dark phase of the
LD condition, and the DD condition, are both
depicted by a gray background in the actograms.
(e,f) Fourier analyses of circadian amplitude
(relative power spectral density, rPSD) applied
to the last 10 d of LD and the first 10 d of DD of
the same WT (e) and KO (f) mice.

27,34 or by certain electrophysiological

markers
properties**®3; electrical synapses rarely link
neurons of different subtypes. Neurons of the
SCN are notably heterogeneous when charac-
terized by biochemical'?, electrophysiological
36and anatomicall” criteria. Thus, it is possible 5
that electrical synapses within the SCN form 0
distinct networks of coupled neurons.

Cx36 seems to be a critical constituent of
electrical synapses in a variety of mammalian
central structures, including the neocortex, hippocampus, inferior olive
and thalamic reticular nucleus®*. It also seems to be crucial in the SCN.
There is evidence for the expression of both Cx36 (ref. 37) and Cx32
(ref. 26) in the SCN. Freeze-fracture immunolabeling suggests that gap
junctions between SCN neurons contain Cx36 but not other connexin
types (J.E. Rash et al., Soc. Neurosci. Abstr. 749.11,2002). In our study,
electrical coupling was absent in Cx36-knockout but not in wild-type
mice, suggesting that electrical synapses in the SCN are primarily (if
not exclusively) composed of Cx36.

PSD (%)

1 B

The role of electrical synapses in the SCN
Individual SCN neurons generate spontaneous action potentials at a
rate that varies with a circadian periodicity!?, probably because neuro-
nal membrane potentials are diurnally regulated in the SCN38. Within
the intact nucleus, circadian patterns of neural activity seem to be syn-
chronized by mechanisms that require spikes?® but that are indepen-
dent of chemical synapses?®2!. This suggests
an important role for electrical synapses.

Frequency (cycles/d)

0l—
4 1 2 3

4 1 2 3 4
Frequency (cycles/d)

3 4 1 2

factor-a (ref. 42) and prokineticin-2 (ref. 43). Whether electrical synapses
are most important for synchronizing SCN activity over a rapid or a slow
time scale, it seems likely that disrupting synchrony could weaken the
control of the SCN over circadian behavior.

It is also possible that the gap junctions between SCN neurons are
important for distinctly non-electrical functions. Connexin channels
are permeable to many small organic molecules as well as to all the
common inorganic ions*4, so these channels could serve as a conduit for
chemical signaling between SCN cells. Cx36 channels can probably pass
second messengers such as cAMP*, for example, and such a mecha-
nism might have a role in the intercellular coordination of molecular
cascades critical to the circadian clocks in SCN neurons.

Electrical synapses and circadian rhythms
By contributing to intercellular synchronization, electrical synapses in
the SCN may have a role in the circadian organization of behavior.

Table 1 Statistical analysis of circadian patterns of wheel-running for LD and DD

There are several reasons why it may be

advantageous to synchronize the spiking of ~ Parameter

Wild type Cx36 knockout

SCN neurons on either fast or slow time scales.
A group of presynaptic neurons is most effec-
tive at driving a postsynaptic neuron when their
action potentials are closely synchronized (on

LD
DD

the scale of a few milliseconds) because of |p

temporal summation of their postsynaptic pp*

potentials. Gap junctions are common among  Circadian period (h)
the neurons of nuclei that release diffuse neu-  LD*
romodulators, such as the locus coeruleus®* and DD

substantia nigra®’, and among the cells of secre-

tory glands, such as beta cells in the pancreas*!.  LD:1 Phase angle of activity onset (min)
DD:2 Deviation from predicted onset (min)*
First DD cycle, activity onset (h)*

In addition to making synaptic connections to
its downstream targets, the SCN also communi-

Activity level (revolutions/d)

31,461 +5,446
29,527 + 4,859

29,690 + 3,436
31,417 £4736

Circadian amplitude (% rPSD)

20.52£2.00 15.55+2.68
21.36 £4.07 10.79+2.05
23.96 £0.008 23.98 £0.007
23.42+0.17 23.70£0.216
3.02+5.70 4.95+6.98
-22.61+16.91 +47.10+27.36
11.57+£0.27 12.70+0.45

cates by secreting diffusible factors; candidates
include the neuropeptides transforming growth

Data presented are mean + s.e.m. Effects of genotype for the last 10 d of LD and the first 10 d of DD were analyzed by
ANOVA. Main effect of genotype; * P < 0.05.
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Figure 4 Means of circadian measures of locomotor activity across blocks of 10 d for the four wild-type (WT) and four Cx36-knockout (KO) mice that were
maintained in constant darkness (DD) for the full 50 d. (a) Mean circadian amplitude expressed as percent rPSD for six blocks of 10 d beginning with the
last 10 d in the 12-h light/12-h dark condition (LD) condition followed by five 10-d blocks of DD. (b) Mean circadian period as calculated using the %2
periodogram method across the same time period. (¢) Activity levels on running wheels expressed in total revolutions per day. Error bars, s.e.m.

Indeed, the activity patterns we observed in Cx36-knockout mice indi-
cated that they have deficits in circadian behavior, suggesting that Cx36-
dependent electrical synapses (presumably in the SCN) are involved in
the circadian organization of locomotor activity.

The interpretation of our results is complicated by the global
nature of the Cx36 deletion; it is difficult to attribute a behavioral
deficit to one nucleus when it is clear that Cx36-dependent electri-
cal coupling is absent in a variety of brain areas?*. It is possible that
our results are due to an effect on general motor control circuits
rather than on the mechanisms of circadian rhythmicity. However,
this would be inconsistent with the finding that there were no differ-
ences in the total amount of motor activity during the LD condition
or early in the DD condition. Moreover, Cx36-knockout and wild-
type mice perform similarly in a number of behavioral tests, includ-
ing several measuring motor activity*®. Another potential concern
is that, because Cx36-dependent electrical coupling has a role in the
transmission of rod-mediated visual signals in the retina?”48, deficits
in circadian behavior are secondary to impaired vision. It is unlikely,
however, that rod-mediated deficits had a role in our study because
all training was conducted under conditions of relatively bright light
or total darkness. Consistent with this, there are no differences in
retinal degenerate (Pde6b, also known as rd) mutant mice®.

During the LD condition, the circadian behavior of knockout
mice was nearly indistinguishable from that of the wild-type mice.
With the transition to the DD condition, the knockout mice showed
a delayed onset of activity in the first DD cycle and a sustained
reduction in circadian amplitude. The normal circadian pattern of
motor activity during LD conditions, together with the altered pat-
terns observed in Cx36-knockout mice in DD, suggests that light is
entraining and amplifying the relatively weak intrinsic rhythm in the
Cx36-knockout mouse.

The knockout mice still showed residual circadian rhythmicity of
motor activity during DD conditions, although the amplitude was
relatively low. It may be that other mechanisms of intercellular com-
munication, such as chemical synapses or diffusible signals, contribute
to the patterns of activity emerging from the SCN. It is also possible
that targets of the SCN, many of which have their own circadian pace-
makers, participate in the control of circadian organization of loco-

l, .I circadian period in DD between wild-type mice and rod-lacking

motor activity.

We showed here that many neurons in the rat and mouse SCN com-
municate by electrical synapses. Moreover, spontaneous firing was fre-
quently synchronized in coupled pairs of neurons. Behavioral results
showed that the endogenous control of circadian patterns of locomotor
activity was impaired in Cx36-knockout mice in which coupled neurons

in SCN were absent. Taken together, our findings suggest that electrical
synapses may contribute to the ability of the SCN to finely coordinate
behavioral, hormonal, and autonomic circadian rhythms.

METHODS

Slice preparation. Sprague-Dawley rats (Charles River) and wild-type and
Cx36-knockout mice’! were used in these experiments. Animals ranged in age
from 17 to 23 d postnatal (P17 to P23) and had been exposed to a 12-h light/
12-h dark cycle for at least 2 weeks. The slice-preparation procedure was similar
to that previously reported3!. After intracardiac perfusion with cold saline and
brain removal, a tissue block containing the hypothalamus was isolated and
fixed to a flat Teflon block. Slices of 200- or 250-um thickness were cut using a
VT1000 S vibratome (Leica Microsystems).

Electrophysiological recording. Recording procedures closely resembled those
previously reported®’. In some neurons, however, once a GQ seal was established,
extracellular spike activity was recorded in the cell-attached mode and high-pass
filtered offline at 100 Hz. A pulse of negative pressure was given to neurons in
cell-attached mode to establish the whole-cell (intracellular) recording mode.

Data were collected and analyzed using a LabView interface (National
Instruments Corp.) and programs written by J.R. Gibson (University of Texas
Southwestern Medical Center). For spikelet analysis, spikes were evoked in each
cell of the pair, and 5-30 postsynaptic responses were averaged. Action-potential
cross-correlations were performed on 100-620 s of spontaneous spiking activity
(bin size = 20 ms) and normalized to the total spike count of the cells recorded.

Fast chemical synaptic transmission was blocked in all recordings using the
GABA ,-receptor antagonist picrotoxin (20 uM; Sigma), the NMDA receptor
antagonist APV (50 uM; Sigma) and the AMPA receptor antagonist DNQX
(20 uM; Sigma).

To assess the relationship between genotype and the prevalence of coupled cells,
a? test of statistical significance was applied with a significance level of P < 0.05.
For samples sizes less than 5, we also applied Yate’s correction (continuity correc-
tion). All analyses were conducted with SAS version 8.0 (SAS Institute).

Assessment of circadian behavior. Subjects were eight male wild-type and eight
male Cx36-knockout age-matched adult mice (136—175 days of age at the start
of testing). Testing was conducted in two cohorts consisting of four wild-type
and four knockout mice each. For activity monitoring, mice were housed in
eight separate cages (30 X 25 X 28 cm), each contained in a separate, ventilated,
sound-attenuating box in a light-controlled test room, and were given access
to food and water ad lib. Each cage contained a house light (170 mA) and a
running wheel (MED Associates, Inc.). The duration of the study was 72 d. For
days 1-22, mice were exposed to a 12-h light/12-h dark (LD) lighting schedule.
For the following 50 d, mice were exposed to constant darkness (DD). Data for
the last 40 d in DD for the second cohort were eliminated owing to inadvertent
exposure to light.

Data collection and lighting schedule were managed by a computer running
MED-PCIV custom software (MED Associates, Inc.). Running-wheel activity was
recorded with 1-min resolution and analyzed using the Clocklab software pack-
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age (Actimetrics). Circadian periods were measured using the ? periodogram
method® to detect periodicities in the circadian range (18- to 30-h period). The
measure of circadian amplitude, or rhythmicity, was the relative magnitude of
the peak circadian period in a fast Fourier transform (FFT) analysis of the activ-
ity data. The power spectral densities for frequencies ranging from 0 to 1 cycle/h
were determined and normalized to a total power (area under the curve) of 1.0
to determine the rPSD. We then measured the amplitude of the peak periodicity
in the circadian range for each animal. Phase angle of entrainment during the
LD condition was calculated as the difference between the mean time of activ-
ity onset and lights-off. Onsets deviating more than 1 h from the adjacent days’
onsets were disregarded. Phase angle was used to predict activity onset for the
first DD cycle, and a deviation score was calculated as the difference between the
predicted activity onset and the actual activity onset in minutes, where positive
numbers represent an activity onset in advance of the prediction.

Repeated-measures and two-way analysis of variance (ANOVA) were first
used to examine group differences in circadian period, circadian amplitude,
activity levels, and phase angle of activity onset during the last 10 d of the LD
condition and the first 10 d of the DD condition. For the eight subjects that
were maintained in DD for 50 d, rANOVA was used to analyze six blocks of
behavior consisting of the last 10 d of the LD condition (LD:1) and five 10-d
periods of the DD condition (DD:2-DD:6). Behavioral analyses were con-
ducted using SAS version 8 with a significance level of 0.05.
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