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In mammals, the precise circadian timing of many biological processes depends on the generation of oscillations in neural

activity of pacemaker cells in the suprachiasmatic nucleus (SCN). The ionic mechanisms that underlie these rhythms are largely

unknown. Using the mouse brain slice preparation, we show that the magnitude of fast delayed rectifier (FDR) potassium

currents has a diurnal rhythm that peaks during the day. Notably, this rhythm continues in constant darkness, providing the first

demonstration of the circadian regulation of an intrinsic voltage-gated current in mammalian cells. Blocking this current

prevented the daily rhythm in firing rate in SCN neurons. Kv3.1b and Kv3.2 potassium channels were widely distributed within

the SCN, with higher expression during the day. We conclude that the FDR is necessary for the circadian modulation of electrical

activity in SCN neurons and represents an important part of the ionic basis for the generation of rhythmic output.

Almost all organisms, including humans, show daily rhythms in their
behavior and physiology. In most cases, endogenous cellular networks
composed of multiple circadian oscillators generate these rhythms.
These oscillators provide temporal structure to an organism’s physio-
logical systems. Nearly all behavioral processes show significant daily
variations. This temporal variation is important in the body’s homeo-
static mechanisms and has a major impact on the function of the
nervous system. In mammals, the part of the nervous system that is
responsible for most circadian behavior can be localized to a bilaterally
paired structure in the hypothalamus known as the SCN1. Neurons in
the SCN are intrinsic oscillators that continue to generate near 24-h
rhythms in electrical activity, secretion and gene expression when
isolated from the rest of the organism2. A key component that is
responsible for the generation of these rhythms may be a molecular
feedback loop that occurs in individual SCN neurons3,4. There is also
evidence, however, that membrane excitability and/or synaptic trans-
mission may be required for generation of the molecular oscillations5,6.
Thus, clarifying the ionic mechanisms that interact with the molecular
feedback loop is critical to understanding the generation of circadian
oscillations at both cellular and molecular levels of organization7.

It is well accepted that voltage-dependent potassium (K+) currents
are primary regulators of membrane excitability8. Given their role in
other neuronal systems, K+ currents are likely candidates to couple
clock-related gene expression to membrane excitability and sponta-
neous firing rate in the SCN. K+ currents are a large and diverse family
of voltage regulators, and previous studies have characterized a number
of intrinsic voltage-gated K+ currents in SCN neurons that are likely to
be important in regulating the firing rate of SCN neurons9–12. The
possibility of diurnal or circadian modulation of these K+ currents has
not, however, been explored in any detail, nor do we understand how

selective currents regulate the daily rhythm in the frequency of action
potentials in SCN neurons. We became interested in examining the
possible circadian regulation of a subtype of K+ currents known as the
FDR for two reasons. First, in molluskan retinal neurons, tetraethyl-
ammonium (TEA)-sensitive K+ currents are thought to underlie the
daily rhythm in electrical activity of these circadian pacemaker cells13,
and the slow delayed rectifier (SDR) current undergoes a circadian
modulation14. Second, during the subjective day, SCN neurons show
sustained discharge for hours without spike adaptation, and the FDR
current may allow for this type of discharge in other neurons15,16. In the
present study, we find that the FDR currents are under circadian
regulation and that these currents are critical for controlling the rhythm
in firing rate that is characteristic of SCN neurons.

RESULTS

Characterization of SDR and FDR currents

We used the whole-cell voltage clamp technique to isolate and record
K+ currents from neurons in the mouse SCN. Each of these cells was
determined to be within the SCN by directly visualizing the cell’s
location with infrared–differential interference contrast videomicro-
scopy. In most cases, these images were sufficient to label a cell as being
in either ventral or dorsal subregions17. Although these currents are
present throughout the SCN, we focused on the dorsal subregion
(dSCN) because this region shows more-robust circadian rhythms in
the transcription of clock-related genes and electrical activity18,19.

Every SCN neuron had SDR currents (n ¼ 76). The SDR currents
were isolated by subtraction (I1 mM TEA – I20 mM TEA; Fig. 1a) using a
voltage step protocol20,21 with a prepulse potential of �90 mV and test
pulse potentials ranging from �80 to +50 mV (10-mV increments;
Fig. 1a). The control artificial cerebrospinal fluid (ACSF) perfusion
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solution contained bicuculline (25 mM) to block GABAA-mediated
currents, TTX (0.5 mM) to block fast voltage-activated sodium chan-
nels, TEA (1 mM) or 4-aminopyridine (4-AP, 0.5 mM) to block FDR
currents and cadmium (100 mM) to block calcium (Ca2+) channels.
The treatment ACSF solution was identical to the control solution but
had 20 mM TEA to block the SDR channels. The intracellular filling
solution contained BAPTA (1 mM) to buffer intracellular Ca2+ and
inhibit Ca2+-dependent K+ currents. The SDR currents in dSCN
neurons showed an activation curve with a midpoint potential of
7.7 7 0.4 mV and steep activation characteristics (slope factor,
k ¼ 10.6 7 0.5 mV (values are mean 7 s.e.m. throughout the
text); n ¼ 7; Fig. 1b) during the day. The activation kinetics were
similar during the night (midpoint, 6.8 7 0.6 mV; slope factor, k ¼ 9.9
7 0.3 mV; n ¼ 6; Fig. 1b). The 20–80% rise time was voltage
dependent in dSCN neurons (ranging from 57.1 ms at 10 mV to
4.6 ms at 50 mV, n ¼ 11; Fig. 1c) and was not significantly different
between day and night. The current showed no inactivation during the
200-ms test pulse when measured as a ratio of current amplitude at the
beginning (50 ms) and at the end of the pulse (20 mV, 1.07 7 0.03;
30 mV, 1.01 7 0.03; 40 mV, 0.99 7 0.03; 50 mV, 0.93 7 0.02; n ¼ 17).
Deactivation of SDR currents occurred with a time constant of
3.94 7 0.35 ms (n ¼ 10) and did not vary from day to night (day:
4.31 7 0.62 ms, n ¼ 5; night: 3.58 7 0.32 ms, n ¼ 5).

The FDR currents were also detected in every SCN neuron (n ¼ 74),
although the amplitude varied by phase. The FDR currents were
isolated by subtraction (IControl – I4-AP; Fig. 2a) using the pulse protocol
described above21,22. We found that 4-AP (0.5 mM) did not signifi-
cantly attenuate the transient A-type K+ current (8 7 2% reduction,
n ¼ 8). The FDR current in dSCN neurons showed an activation curve
with a midpoint potential of 6.8 7 0.4 mV and steep activation

characteristics (slope factor, k ¼ 8.9 7 0.4 mV; n ¼ 9; Fig. 2b) during
the day. The activation kinetics were similar during the night (mid-
point, 7.1 7 0.7 mV; slope factor, k ¼ 11.6 7 0.7 mV; n ¼ 7; Fig. 2b).
The 20–80% rise time was voltage dependent in dSCN neurons
(ranging from 18.4 ms at 0 mV to 1.6 ms at 50 mV, n ¼ 16; Fig. 2c)
and was not significantly different between day and night. The current
showed no inactivation during the 200-ms test pulse as characterized
by the ratio of current amplitude at the beginning (50 ms) and at the
end of the pulse (20 mV, 1.12 7 0.12; 30 mV, 0.98 7 0.03; 40 mV,
1.01 7 0.05; 50 mV, 1.01 7 0.04; n ¼ 23). Deactivation of FDR
currents occurred with a time constant of 2.47 7 0.14 ms (n ¼ 16) and
did not vary from day to night (day: 2.51 7 0.18 ms, n ¼ 7; night:
2.38 7 0.22 ms, n ¼ 9). TEA (1 mM) was also used to isolate and
measure FDR currents in the dSCN during the day and night. There
were no differences in the kinetics and magnitude of the currents
isolated with 4-AP (0.5 mM) or TEA (1 mM).

Circadian variation in FDR currents

The FDR current traces that were generated by subtraction (IControl–
I4-AP; Fig. 2a) were used to determine the current-voltage relation in
the dSCN during the day, the early night and the late night. The
magnitude of the FDR currents was significantly greater during the day
(n ¼ 15; P o 0.05) than during the early night (n ¼ 10; Fig. 3a) and the
late night (n ¼ 7; data not shown). The SDR current traces, which were
generated by subtraction (I1 mM TEA – I20 mM TEA; Fig. 1a), were used to
determine the current-voltage relation in the dSCN during day and
night. There was no significant difference in the magnitude of SDR
currents during the day (n ¼ 11) as compared with those during the
night (n ¼ 9, Fig. 3b). To determine whether the observed rhythm
in FDR currents between day and night was circadian, we carried
out similar experiments on dSCN neurons from animals housed in
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Figure 1 Characterization of SDR K+ currents in SCN neurons. (a) I1 mM TEA

current traces and I20 mM TEA current traces, which were generated after a

5-min treatment with 20 mM TEA. Bottom trace shows example of a SDR

current trace isolated by subtracting I20 mM TEA from I1 mM TEA. (b) Activation

curves generated in dSCN neurons during the day and night by applying a

hyperpolarizing prepulse (100 ms at �90 mV) followed by 900-ms voltage

pulses at progressively depolarized potentials (�80 to +40 mV, 10-mV

steps). (c) The curves show the 20–80% rise time measurements for SDR
currents recorded during the day and night.

Figure 2 Characterization of FDR K+ currents in SCN neurons. (a) IControl

current traces and I4-AP current traces, which were generated after a 5-min

treatment with 0.5 mM 4-AP. Bottom trace shows example of an FDR

current trace isolated by subtracting I4-AP from IControl. (b) Activation

curves generated in dSCN neurons during the day and night by applying

a hyperpolarizing prepulse (100 ms at �90 mV) followed by 900-ms

voltage pulses at progressively depolarized potentials (�80 to +40 mV,

10-mV steps). (c) 20–80% rise time measurements for FDR currents

recorded during the day and night.
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constant darkness (Fig. 3c). We found the same relationship in the
magnitude of FDR currents in the dSCN between subjective day (n ¼ 6;
P o 0.02) and subjective night (n ¼ 6), confirming that the rhythm is
sustained in constant darkness and is endogenously generated. In
contrast, there was no significant rhythm in SDR currents between
subjective day (n ¼ 6) and subjective night (n ¼ 6; Fig. 3d).

Kv3.1b and Kv3.2 are expressed throughout the SCN

The Kv3.1 and Kv3.2 channels are responsible for the FDR currents15.
To examine the pattern of expression of these channels in the SCN, we
used antibodies against Kv3.1b and Kv3.2 channels (anti-Kv3.1b and
anti-Kv3.2, respectively; Fig. 4). Mice were perfused during the day
(zeitgeber time 4–6) and at night (zeitgeber time 14–16). We grouped
tissue sections from each time point, and we ran immunohistochemical
procedures in parallel to avoid procedural artifacts and to ensure
consistency. Kv3.1b immunoreactivity was evident throughout the
SCN, and most cell bodies were labeled. Staining was robust in both
the dorsal and ventral regions of the SCN. This general pattern was seen
throughout the rostral to caudal extent of the SCN. The mean number
of immunopositive neurons per SCN section was significantly higher
during the day than during the night (day: 1,941 7 11 cells, n ¼ 5;
night: 59 7 24 cells, n ¼ 5; P o 0.001). Optical analyses of digital
images of these sections indicated that the immunopositive neurons
were significantly darker during the day than during the night (day,
0.427 0.01 OD (optical density; see Methods); night, 0.277 0.01 OD;
P o 0.001). Anti-Kv3.2 also labeled cell bodies throughout the
dorsal and ventral SCN. The staining was most robust in the rostral
and central SCN regions with relatively less staining present in the
caudal aspects of the nucleus. The mean number of immunopositive
neurons per SCN section was also significantly higher during the day
(day: 103 7 13 cells, n ¼ 6; night: 40 7 19 cells, n ¼ 5; P o 0.02).
Again, optical density measurements indicate that the immunopositive
neurons were significantly darker in the day (day, 0.37 7 0.01 OD;
night, 0.25 7 0.01 OD; P o 0.001). These differences between day

and night were not seen in the number (day, 80 7 9 cells; night,
73 7 7 cells) or optical density (day, 0.46 7 0.02 OD; night,
0.43 7 0.01 OD) of immunoreactive cells in the piriform cortex region
of the same sections. Overall, the immunocytochemical analysis
indicates that Kv3.1b and Kv3.2 channels are expressed within broad
regions of the SCN and that expression of these channels is significantly
higher in the day.

Regulation of spontaneous firing rate by FDR currents

Finally, we determined the contribution of FDR currents to the
spontaneous firing rate (SFR) in SCN neurons with two sets of
experiments. Using the current clamp recording technique in the
perforated-patch configuration, we applied either 0.5 mM 4-AP or
1 mM TEA to dSCN neurons and found that blocking FDR currents
reduced the mean SFR by 417 4% (5.32 to 3.13 Hz; n¼ 14; Po 0.001;
Fig. 5a) during the day in the presence of bicuculline (25 mM) and
cadmium (100 mM). This treatment prolonged repolarization and
reduced the amplitude and duration of the after-hyperpolarization of
the action potential in nearly every cell treated (11 of 14; Fig. 5b). The
reduction in SFR was long lasting and was not relieved by up to 30 min
of washout (n ¼ 5). Three of fourteen dSCN neurons that were
recorded from during the day did not respond to treatment.

Application of 0.5 mM 4-AP or 1 mM TEA reduced the SFR of dSCN
neurons during the early night by 20 7 5% (2.80 to 2.08 Hz; n ¼ 13;
Fig. 5c). These treatments significantly lengthened repolarization and
reduced the amplitude and duration of the after-hyperpolarization in
most cells treated (7 of 11; Fig. 5d). Three of eleven dSCN neurons that
were recorded from during the early night did not respond to treatment
with either 4-AP or TEA. During the late night, treatment of dSCN
neurons with 0.5 mM 4-AP or 1 mM TEA reduced the SFR by 9 7 2%
(2.25 to 2.08 Hz; n ¼ 7; data not shown). Treatment resulted in changes
to the action potential waveform that were identical to those observed
during early night in nearly every cell treated (5 of 7; Fig. 5e,f). One of
seven dSCN neurons that were recorded from during the late night did
not respond to treatment. Overall, a comparison of all current clamp
recordings from dSCN showed a significantly higher SFR during the
day (5.32 Hz) than during the early night (2.80 Hz; P o 0.001) and
during the late night (2.25 Hz; P o 0.002; Fig. 6a). After application
of 0.5 mM 4-AP to eliminate the FDR current, the SFR was not
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Figure 3 Current-voltage relationship of delayed rectifier K+ currents in the

mouse dSCN. (a) The FDR currents recorded during the day were significantly

greater than those recorded during the night. (b) In contrast, the SDR

currents did not vary between day and night. (c) The FDR currents recorded

during the subjective day were significantly greater than those recorded

during the subjective night. (d) The SDR currents did not vary between

subjective day and night.
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significantly different between any time points (P 4 0.5; Fig. 6a),
indicating that the activation of the FDR was necessary for the daily
modulation of neuronal activity in dSCN. Blocking the FDR current
during the day resulted in a much greater reduction in SFR (41%) than
during the early night (23%) or the late night (9%; Fig. 6b).

It is possible that blocking these K+ channels may have a different
impact on the acute firing rate of SCN neurons than it does on the
longer-term circadian rhythm of the electrical activity. Therefore, in
the final set of experiments, circadian rhythms of multiunit activity
were recorded from mouse brain slice preparations with stationary
electrodes. Data from control tissue (Fig. 7a,b) showed high activity
during the middle of the projected light phase (mid–subjective day)
and low activity during the projected dark phase (mid–subjective
night). In contrast, this rhythm was greatly reduced or eliminated in
slices treated with 0.5 mM 4-AP (Fig. 7c,d). To quantify this loss of
rhythmicity, the slopes of the activity rhythm measured between
zeitgeber time 23 and 4 were analyzed. The average slope of the control
recordings was 34 7 6 Hz h�1 (n ¼ 6), whereas the 4-AP–treated slices
had a slope of 1.5 7 3 Hz h�1 (n ¼ 6). The control slope, but not the

4-AP–treated slope, was significantly different from zero (P o 0.01).
Furthermore, no significant positive slope was detected in 4-AP–
treated slices during the whole recording as tested during six
intervals (3 h) between zeitgeber time 15.5 and 9.5. At the end of the
experiment, all slices showed a robust increase in firing in response to
NMDA (5 mM; data not shown), indicating viability of the slice at the
tissue level.

DISCUSSION

In the present study, we have used perforated and whole-cell patch
electrophysiological techniques to record outward K+ currents in SCN
neurons. We provide the first description of a circadian modulation of
an FDR K+ current in SCN neurons. Two different pharmacological
treatments (4-AP and TEA) were used to isolate SDR and FDR
currents21,22. As described in other neurons, these currents activate
only at depolarized membrane potentials and have rapid activation and
deactivation kinetics. In the SCN, the FDR current begins to activate at
�20 mV, and most neurons have half-activation voltages around 6 mV.
Once activated, the fast kinetics of this current allow neurons to
repolarize quickly after generation of action potentials without altering
the spike threshold or action potential height15. These currents are
found in cell populations with high firing rates in sensory20 and motor
circuits16. The presence of this current should allow SCN neurons to
discharge at higher rates during the day without adaptation. The FDR
current is sensitive to both 4-AP (0.5 mM) and TEA (1 mM), which
gives us pharmacological tools to investigate the contribution of this
current to the frequency of action potential generation in the SCN.
Using perforated-patch recording techniques to minimize cell dialysis
and obtain reliable SFR recordings23, we have found that acutely
blocking the FDR with 0.5 mM 4-AP or 1 mM TEA significantly
decreases the firing rate of SCN neurons during the day so that the
difference between day and night SFR was eliminated. This is an
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Figure 5 Blocking FDR currents significantly reduces the firing rate of SCN

neurons. (a,b) Day recordings. (c,d) Early night recordings. (e,f) Late night

recordings. Bath application of 0.5 mM 4-AP significantly reduced electrical

activity in dSCN neurons recorded during the day, a, the early night, c, and

the late night, e. Analysis of the average action potential waveform in b, d

and f shows that reduction of FDR currents prolongs repolarization and

reduces the magnitude of after-hyperpolarization.

Figure 6 Acutely blocking the FDR current causes significant reduction

in firing rate of SCN neurons during the day. (a) Effect of blocking FDR
channels with 0.5 mM 4-AP during the day, early night and late night in

the dSCN. Similar results were obtained with application of 1 mM TEA

(data not shown). (b) Blocking FDR channels during the day results in a

greater decrease in the SFR than does blocking channels during the early

and late night.
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unusual feature of the FDR, because blockage of most K+ currents
would be expected to increase firing rate. Finally, using extracellular
recordings of rhythms in multiunit activity, we found that longer-term
application of 4-AP (0.5 mM) prevented expression of diurnal rhythms
in electrical activity recorded from SCN tissue.

Based on our observations, we believe that the FDR K+ current is
necessary for the expression of the circadian rhythm in the frequency of
action potentials. We have found that the rhythm in the magnitude of
this current is correlated with the rhythm in electrical discharge: both
peak during the day and are low during the night. This rhythm in
amplitude continues in constant darkness and seems to be a circadian
rhythm that is expressed at the level of individual SCN neurons. Other
properties of the current such as voltage dependence and activation and
deactivation kinetics do not change with the daily cycle. The SDR
current does not show a diurnal or circadian rhythm in amplitude or
kinetic parameters in the dSCN. In addition, when the FDR is acutely
blocked with 4-AP, the frequency of firing in the SCN is significantly
reduced, with the largest effects occurring in dSCN neurons recorded
during the day. Longer treatments of 4-AP prevented the daily rhythm
of firing in the SCN. Although the evidence presented points to a
crucial role of the FDR in diurnal and circadian SFR modulation, this
current cannot be responsible for the initial membrane depolarization
at dawn. The FDR acts only across a range of voltages that are
depolarized relative to the resting membrane potential of SCN neurons.
Another class of current must be responsible for driving action
potential generation to activate FDR channels.

SCN neurons have a slowly inactivating sodium current, which
activates around �65 mV24,25. Although it is not known if this current
shows a circadian rhythm, blocking this sodium current inhibits
spontaneous firing25. In addition, previous work has found evidence
for a daily rhythm in an L-type calcium current26. These sodium
and calcium currents are probably critical for moving the SCN neuron
into a voltage range in which the FDR would be activated. Finally,
electrophysiological measurements from SCN neurons indicate that
input resistance also peaks during the day23,27,28. These observations

indicate that when SCN neurons are at their resting membrane
potential, the net current flow through ion channels is lower during
the day. Because the membrane is also depolarized during the day23, the
closed channels are likely to be K+ channels. Important support for this
model comes from the observation that a TEA-sensitive K+ current is
critical for the daily change in input resistance28. The identity of these
channels is not yet known, and these studies raise the possibility that a
whole set of currents change rhythmically in the SCN as the cell moves
from an ‘inactive/down’ state during the night to an ‘active/up’ state
during the day. Not all currents within the SCN are rhythmically
regulated, however, and the SDR current (this study), a barium-
sensitive K+ current10 and H-currents29 all seem to be constant from
day to night.

The mechanisms that underlie the daily rhythm in FDR currents is
not known. Our immunocytochemical evidence clearly indicates the
presence of the Kv3.1b and Kv3.2 channels in the SCN and indicates
that expression of these channel proteins may be rhythmically regu-
lated. It is possible that the genes Kcnc1 (also known as Kv3.1) and
Kcnc2 (also known as Kv3.2) are rhythmically regulated, as many genes
in this region show transcriptional rhythms30 and the promoter
region of the Kcnc1 contains both CRE and AP-1 sites31. Cells in the
SCN exhibit a prominent circadian oscillation in CRE-mediated
gene expression32, and we expect to see a rhythm in the expression
of the genes coding for the fDR. In Drosophila melanogaster, circadian
rhythms in levels of mRNA coding for a regulatory protein asso-
ciated with Ca2+-sensitive K+ channels have been described33,34.
Furthermore, in mammalian cardiac tissue, diurnal variation occurs
in the expression of genes that encode two K+ channels (Kv1.5 and
Kv4.2)35. The regulation need not be transcriptional, however, and
post-translational modifications could also be responsible for the daily
rhythms. Outside of the SCN, kinase and/or phosphatase activity is
important for mediating short-term changes in channel function that
alter electrical excitability8. In chick photoreceptors, circadian oscilla-
tions in cone cGMP-gated channels have been well described36. Within
the SCN, circadian patterns of phosphorylation seem to be critical for
the basic molecular feedback loop that drives circadian rhythms, with
the involvement of casein kinases being particularly important37.
Regardless of the underlying mechanism, the work described in the
present study identifies a specific K+ current that is under the
regulatory control of the molecular circadian feedback loop and
demonstrates that this current is necessary for the daily rhythm in
frequency of action potential generation that lies at the heart of the
SCN oscillator.

METHODS
In all studies, recommendations for animal use and welfare dictated by the

University of California Los Angeles Division of Laboratory Animals and guide-

lines from the U.S. National Institutes of Health or the Animal Experiments

Ethical Committee of the Leiden University Medical Center were followed.

Behavioral measurements. Male mice of at least 21 d of age were housed

individually, and their wheel-running activity was recorded (Mini Mitter).

Zeitgeber time is used to describe the projected time based on the previous light

cycle, with lights on defined as zeitgeber time 0. Circadian time was used when

mice were in constant darkness and the onset of activity was defined as

circadian time 12. When necessary, mice were killed in darkness while using an

infrared viewer. In all cases, mice were killed 1 h before recording.

Whole-cell patch clamp electrophysiology. Brain slices were prepared using

standard techniques from mice (C57Bl/6) of 30–50 d old. Methods, including

solutions, were identical to those described previously17. For perforated-patch

recordings, a standard internal solution was used to fill the tip of the patch

pipette. Amphotericin was dissolved in DMSO and was mixed with standard
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Figure 7 The daily rhythm in the SFR is lost when the FDR current is

blocked. Rhythms in multiunit activity (MUA) were recorded in mouse SCN.

(a) Control slices (n ¼ 6) had an average circadian rhythm in spontaneous

electrical activity with peak activity during the middle of the projected light

phase (mid–subjective day) and low activity during the projected dark phase

(mid–subjective night). (b) Representative examples of electrical activity

recorded from three control SCN slices. (c) In contrast, this rhythm was

greatly reduced or eliminated in those slices treated with 4-AP (0.5 mM;

n ¼ 6). (d) Representative examples of electrical activity recorded from

three SCN slices treated with 4-AP. ZT, zeitgeber time.
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internal solution at 0.2 mM for backfilling the patch pipette. Recordings were

obtained with an Axon Instruments 200B amplifier and were monitored on-

line with pCLAMP (Axon Instruments). To minimize changes in offset

potentials with changing ionic conditions, the ground path used a KCl agar

bridge. Whole-cell capacitance and electrode resistance were neutralized and

compensated (50–80%). Series and input resistances were monitored repeatedly

by checking the response to small pulses in a passive potential range. Series

resistance was not compensated, and the maximal voltage error that was due to

this resistance was calculated to be 6 mV. The access resistance of these cells was

15–35 MO in the whole-cell voltage clamp configuration, whereas the cell

capacitance was typically 6–18 pF.

Current traces were recorded with pClamp using the whole-cell voltage

clamp recording configuration and then were analyzed using ClampFit.

Delayed rectifier K+ currents were isolated pharmacologically using a voltage

step protocol in the whole-cell voltage clamp configuration. The protocol

consisted of a 100-ms prepulse at �90 mV followed by a 250-ms step at

progressively depolarized potentials. Leak subtraction was carried out during

acquisition using a p/4 protocol, which uses four subpulses with one-quarter of

the test pulse amplitude and reversed polarity given from a holding potential of

�70 mV. Current traces from treatments were subtracted from controls to

isolate delayed rectifier currents. Both 4-AP (0.5 mM) and TEA (1 mM) were

used to isolate FDR currents, whereas high-concentration TEA (20 mM) was

used to isolate SDR currents. Current measurements were done in the control

solution and after 5–7 min of drug treatment in each cell. Activation curves

were generated using data collected from the voltage step protocol outlined

above and were fit with a Boltzmann function f(Vm) ¼ 1/(1 + exp[�(Vm �
Vhalf)/k]), where Vm is the membrane potential, Vhalf is the membrane potential

at which the value of the Boltzmann function equals 0.5 and k is the slope

factor. Inactivation curves were generated by using the following protocol in the

whole-cell voltage clamp configuration: 100-ms prepulses of varying potentials

(�100 mV to �30 mV, 5-mV steps) followed by a 900-ms step at +50 mV to

elicit maximal current. Data were fit with the Boltzmann function described for

activation curves, and 20–80% rise time measurements were made on current

traces. The SFR and action potential waveforms were recorded with pClamp

using current clamp in the whole-cell perforated-patch configuration. No

current was injected during recording. After a baseline SFR was established,

drug treatment began within 5 min of obtaining the perforated-patch config-

uration (access resistance o100 MO).

Extracellular recording. The multiunit activity rhythms of SCN neurons were

measured as described38. Coronal slices (500 mm) were prepared from male

C57Bl/6 mice at the beginning of the subjective day. The slices were kept

submerged with a thin fork in a laminar flow chamber (35.5 1C). Slices

contained at least 50% of the rostrocaudal extent of the SCN and all of the

ventrodorsal extent. Extracellular electrical activity of SCN neurons was

measured by platinum/iridium electrodes and was subsequently amplified

and bandwidth filtered39. Action potentials with a signal-to-noise ratio of 2:1

(noise o5 mV from baseline) were selected by spike triggers and were counted

electronically every 10 s for about one circadian cycle. The positions of the

electrodes and spike trigger settings were not changed during the experiment.

Linear fits were done on the multiunit activity data between zeitgeber time 23

and 4, and the slopes of the resulting lines were determined. A significant

positive slope at this circadian time is indicative of a typical rhythm in electrical

activity. The obtained slopes from control and experimental slices were tested

against zero using a one-sided t-test (P o 0.05). The individual examples in the

figures were smoothed with a box filter for clearer presentation of the data.

Immunocytochemistry. The methods were similar to those previously

described40. Polyclonal anti-Kv3.1b and anti-Kv3.2, raised in rabbit, were used

(Alomone Labs). A dilution series was done for both antibodies, with optimal

dilution found to be 1:150 for anti-Kv3.2 and 1:400 for anti-Kv3.1b. Anti-Kv3.1b

was raised to amino acids 567–585, which is a sequence that is unique to the

Kv3.1b splice variant, whereas anti-Kv3.2 recognizes a sequence that is common

to all known splice variants of Kv3.2, amino acids 184–204. Tissue sections from

each time point were grouped and processed in parallel to avoid procedural

artifacts and to ensure consistency. Immunocytochemical controls included the

omission of primary and secondary antisera and preabsorption of antibodies

with appropriate peptide epitopes. We found that that the omission of primary

antibodies and preabsorption with appropriate epitopes blocked all staining.

For each mouse, images were taken from one section from each of three

regions (rostral, middle and caudal) using a SPOT camera system (Diagnostic

Instruments). All immunopositive cells within the SCN of these three sections

were counted manually at 400� with the aid of a grid. All immunopositive

cells within the grid were counted without regard to the intensity of the

staining. Counts were done by two observers who were blind to the treat-

ment protocol, and the results were averaged. To have some measure of the

intensity of staining, optical density measurements were also undertaken using

SigmaScan Pro software (SPSS). For this analysis, digital images were converted

to an 8-bit gray scale in which each pixel would register a gray level value

between 0 (dark) and 255 (white). SCN neurons were manually outlined so

that the program could determine the average gray level per neuron. The

optical density was then calculated as OD ¼ �log(gray level of the neuron/

maximum gray level). The microscope, lighting and software parameters were

held constant to allow comparisons to be made in the optical density

measurements between tissue sections. Cell counts and optical density mea-

surements were also made in the piriform cortical region of the same sections

that contained the SCN.

Statistical analyses. Between-group differences were first evaluated using an

analysis of variance to determine whether there were any significant differences

among means of all groups. Post hoc pairwise comparisons were then done

using t-tests or Mann-Whitney rank sum tests when appropriate. Values were

considered significant if P o 0.05. All tests were carried out using SigmaStat

(SPSS). In the text, values are shown as mean 7 s.e.m.
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