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Fast Delayed Rectifier Potassium Current: Critical for Input
and Output of the Circadian System

Takashi Kudo,* Dawn H. Loh,"* Dika Kuljis,' Cara Constance,> and Christopher S. Colwell'
Department of Psychiatry and Biobehavioral Sciences, University of California, Los Angeles, Los Angeles, California 90024, and ?Department of Biology,
Hiram College, Hiram, Ohio 44234

The ability to generate intrinsic circadian rhythms in electrical activity appears to be akey property of central pacemaker neurons and one
essential to the function of the circadian timing system. Previous work has demonstrated that suprachiasmatic nucleus (SCN) neurons
express the fast delayed rectifier (FDR) potassium current and raise questions about the function of this current. Here, we report that mice
lacking both Kcnel and Kcne2 genes [double knock-out (dKO)] fail to express the Kv3.1 and 3.2 channels in the SCN as well as exhibit a
greatly reduced FDR current. SCN neurons from these dKO mice exhibit reduced spontaneous activity during the day as well as reduced
NMDA-evoked excitatory responses during the night. Interestingly, the daily rhythm in PER2 expression in the SCN was not altered in the
dKO mice, although the photic induction of c-Fos was attenuated. Behaviorally, the dKO mice exhibited extremely disrupted daily
rhythms in wheel-running behavior. In a light/dark cycle, some of the dKO mice were arrhythmic, whereas others expressed a diurnal
rhythm with low amplitude and significant activity during the day. When placed in constant darkness, the dKO mice exhibited low-
amplitude, fragmented rhythms and attenuated light responses. Together, these data are consistent with the hypothesis that the FDR
current is critical for the generation of robust circadian rhythms in behavior as well as the synchronization of the circadian system to the

photic environment.

Introduction

Daily biological rhythms are endogenously generated, regulated,
and synchronized by networks of circadian oscillators communi-
cating throughout the brain and periphery. In mammals, the
suprachiasmatic nucleus (SCN) of the hypothalamus contains
the “master” oscillatory network necessary for coordinating these
rhythms. Neurons within the SCN also generate robust, synchro-
nized rhythms in the transcription, translation, and degradation
of key “clock genes” in an autoregulatory loop that has an endog-
enous periodicity of ~24 h (Maywood et al., 2007; Takahashi et
al., 2008). The SCN has been shown to generate neural activity
rhythms in isolation from the rest of the organism in both the
brain slice and dispersed cell culture preparations (Welsh et al.,
2010). These studies are consistent with the idea that many SCN
neurons are stable, self-sustained oscillators that have the intrin-
sic capacity to generate circadian rhythms in electrical activity.
These neural activity rhythms are found in a variety of species
(Block et al., 1996; Sheeba et al., 2008) and are likely to be central
to the function of the circadian timing system (Schwartz et al.,
1987; Yamaguchi et al., 2003).
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During the day, SCN neurons are spontaneously active,
whereas during the night, these cells are electrically silent. A set of
currents are certainly responsible for this daily rhythm (for re-
view, see Schaap et al., 2003; Kuhlman and McMahon, 2006; Ko
et al., 2009). Conceptually, it can be useful to divide the ionic
mechanisms to those currents responsible for the daily rhythm in
membrane potential from those responsible for allowing SCN
neurons to generate regular action potentials (APs) (Kuhlman
and McMahon, 2006). Among this latter group of currents in-
volved in modulation of firing frequency, the fast delayed rectifier
(FDR) potassium (K *) currents is of particular interest because
the magnitude of this current exhibits a circadian rhythm and the
pharmacological blockade of the FDR current reduces the mag-
nitude of the daily rhythm in firing in a brain slice preparation
(Itri et al., 2005). More work is required to clarify the functional
role of the FDR current in both modulation of firing rate in the
SCN and, more broadly, on circadian behavior.

Toward this goal, we first sought to determine whether the
expression of the Kv3.1 and Kv3.2 channels are lost in mice defi-
cient in Kenel and Kene2 genes [double knock-out (dKO)]. We
also examined the magnitude of the FDR current in SCN neurons
in the dKO mice. Next, we sought to determine whether dKO
mice exhibit reduced spontaneous firing during the day as well as
reduced NMDA-evoked firing during the night. We measured
the basic rhythm in PER2 expression as well as the ability of light
to evoke c-Fos expression in the SCN of these dKO mice. Finally,
we examined the daily rhythms and photic regulation of wheel-
running activity in the dKO mice. Together, these experiments
examine the impact of the loss of Kcne (Shaw-related subfamily)
genes on Kv3 expression and excitability in SCN neurons and
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provide a functional understanding of how the FDR current con-
tributes to the physiological properties of the circadian timing
system.

Materials and Methods

Animals. The experimental protocols used in this study were approved by
the University of California, Los Angeles (UCLA) Animal Research Com-
mittee and all recommendations for animal use and welfare, as dictated
by the UCLA Division of Laboratory Animals and the guidelines from the
National Institutes of Health, were followed. To obtain mice homozy-
gous for the Kenel and Kene2 gene mutations on the ICR background,
heterozygous male offspring of Kencl ™" mice (Ho et al., 1997) were
interbred with homozygote Kcnc2 ™/~ mice (Lau et al., 2000). Both lines
of mice were initially provided by Dr. Bernardo Rudy (New York Uni-
versity, New York, NY). The resulting offspring were genotyped, and
Kenel ™ ~; Kene2™'~ dKO mice were used. The genotype of the mice was
determined using genomic tail DNA and PCR. Because this breeding
does not produce true wild-type (WT) littermates, we used age-matched
Kenc2™/~ single knock-out (sKO) littermates as our controls throughout
this study. In some cases, we examined data from C57BL/6 (WT) mice for
comparison. The dKO mice backcrossed onto the C57BL/6 line showed
extremely low fecundity and were not used in this study.

Behavioral analysis. Methods included were similar to those described
previously (Colwell et al., 2003, 2004). Male mice, at least 8 weeks of age,
were housed individually, and their wheel-running activity was recorded
as revolutions per 3 min interval. The running wheels and data acquisi-
tion system were obtained from Mini Mitter. The animals were exposed
to a 12 h light/dark cycle (LD) (light intensity, 300 lux) for 2 weeks. For
some mice, the LD cycle was shifted 6 h earlier or 6 h later, and the
number of cycle required for resynchronization was measured. Some
mice were place in “skeleton” photoperiods consisting of 1 h of light
followed by 23 h of dark, or 1 h of light followed by 11 h of dark. Then the
animals were placed into constant darkness (DD) to assess their free-
running activity pattern. Some mice in DD were exposed to a brief light
treatment (white light, 100 lux, 10 min) at circadian time (CT) 16, with
CT 12 defined by the locomotor activity onset. After each treatment, the
animals were allowed to free-run undisturbed in DD for 14 d. Phase shifts
in the activity rhythm were determined by measuring the phase differ-
ence between eye-fitted lines connecting the onset of activity for a period
of 10 d before and 10 d after an experimental manipulation. Measure-
ments were made by investigators “blind” to the experimental group.
Stimulus intensity (lux) was measured with a light meter (BK Precision).
All handling of animals was performed in either the light portion of the
LD cycle or DD with the aid of night-vision goggles (FJW Industries).

The locomotor activity rhythms of mice were analyzed by periodo-
gram analysis combined with x> test with p = 0.05 significance level (El
Temps) on the raw data. The periodogram shows the amplitude (=
power) of periodicities in the time series for all periods of interest (be-
tween 20 and 31 h in 3 min steps). The power values were normalized to
the percentage of variance derived from the Qp values of the periodo-
gram (Qp X 100/N, where N is the total number of data points) accord-
ing to the calculated p = 0.05 significance level. During DD, we found
that a power value of >30% indicated a strong and coherent activity
rhythm. Slopes of an eye-fitted line through the onsets were also used to
confirm period estimates made with the periodogram analysis. To esti-
mate the cycle-to-cycle variability in activity onset, a linear regression to
15 cycles of onset of activity was calculated. The onset of activity for each
cycle was defined as the phase at which the animal’s activity levels first
equaled the mean activity level for that cycle. The divergence between the
measured and predicted onsets by linear regression was then determined,
and the average difference was calculated for each animal. The duration
of each cycle devoted to wheel-running activity is designated «, whereas
the duration of non-wheel-running activity is designated p. To measure
these parameters, the average pattern of activity (i.e., the form estimate)
was determined at modulo-period for each animal in DD for 15 cycles.
Then for each waveform, o was calculated as the time during which the
motor activity was above the medium. Fragmentation was analyzed by
Clock Lab (Actimetrics). For this analysis, the max gap was set to 21 min
and threshold was set to three counts per minute.
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Brain slice preparation for electrophysiology. Methods included were
similar to those described previously (Colwell, 2000, 2001). Male mice, at
least 21 d of age, were used. Animals were killed between Zeitgeber time
(ZT) 2-3 in the LD cycle for recording during the day and ZT 14-15 for
recording during the night. When necessary, mice were killed in dark-
ness. In all cases, mice were killed 1 h before recording. Brain slices were
prepared using standard techniques from mice (C57BL/6, sKO, and
dKO) between 30-50 d of age. Mice were killed by isoflurane (Phoenix
Pharmaceutical) anesthesia and rapidly decapitated. To prepare SCN
cultures, the brain was quickly excised from the skull and placed in
chilled low-calcium artificial CSF (ACSF) [in mM: 26 NaHCO;, 1.25
NaH,PO,, 10 glucose, 125 NaCl, 3KCl, 5 MgCl,, and 1 CaCl,, pH 7.2-7.4
(290-310 mOsm)]. After chilling (5 min), the brain was trimmed to a
block containing the hypothalamus and optic nerves. The brain was
sliced in the coronal plane on a vibratome (Dosaka EM) at a thickness of
300 wm. The slices were kept in aerated (95% O,/ 5% CO,) ACSF [in mm:
26 NaHCO;, 1.25 NaH,PO,, 10 glucose, 125 NaCl, 3KCl, 2 MgCl,, 2
CaCl,, pH 7.2-7.4 (290310 mOsm)] at room temperature (30—60 min)
before being transferred to an electrophysiological recording chamber.

Whole-cell patch-clamp electrophysiology. Methods included were sim-
ilar to those described previously (Itri et al., 2005, 2010; Michel et al.,
2006). Slices were placed in a recording chamber (PH-1; Warner Instru-
ments) attached to the stage of a fixed-stage upright differential interfer-
ence contrast (DIC) microscope (Olympus). The slices were superfused
continuously (2 ml/min) with ACSF aerated with 95% O,/5% CO,. The
whole-cell patch-clamp recordings from the SCN were taken with re-
cording electrodes. These micropipettes (typically 4—7 MQ) were pulled
from glass capillaries (WPI) on a multistage puller (P-97; Sutter Instru-
ments) and filled with the standard solution. The standard solution con-
tained the following (in mm): 112.5 K-gluconate, 1 EGTA, 10 HEPES, 5
MgATP, 1 GTP, 0.1 leupeptin, 10 phosphocreatine, 4 NaCl, 17.5 KCl, 0.5
CaCl,, and 1 MgCl,. The pH was adjusted to 7.25-7.3, and the osmolality
was adjusted between 290 and 300 mOsm. Recordings were obtained
with AXOPATCH 200B amplifier (Molecular Devices) and monitored
online with pClamp (version 9.2; Molecular Devices). To minimize
changes in offset potentials with changing ionic conditions, the ground
path used a KCl agar bridge. Each of the cells was determined to be within
the SCN by directly visualizing the location of the cell with DIC micros-
copy. Cells were approached with slight positive pressure (2-3 cm H,0).
The pipette was lowered to the vicinity of the membrane while maintain-
ing positive pressure. After forming a high-resistance seal (2-10 G() by
applying negative pressure, a second pulse of negative pressure was used
to break the membrane.

The access resistance of these cells ranged from 15 to 35 M() in the
whole-cell voltage-clamp configuration, whereas the cell capacitance was
typically between 6 and 18 pF. Data were not collected if access resistance
was >40 M() or if the value changed significantly (>20%) during the
course of the experiment. In these studies, we used a 70% compensation
using positive feedback correction. The junction potentials between the
pipette and the extracellular solution were cancelled by the voltage offset
of the amplifier before establishing a seal and were not further corrected.
Series and input resistance were monitored repeatedly by checking the
response to small pulses in a passive potential range. The standard extra-
cellular solution used for all experiments was ACSF. Drug treatments
were performed by dissolving pharmacological agents in the ACSF used
to bathe the slices during recording. Solution exchanges within the slice
were achieved by a rapid gravity feed delivery system.

Currents traces were recorded with pClamp using the whole-cell
voltage-clamp recording configuration and then analyzed using Clamp-
fit (version 9.2; Molecular Devices). FDR K* currents were isolated
pharmacologically using a voltage-step protocol in the whole-cell
voltage-clamp configuration. The protocol consisted of a 100 ms pre-
pulse at —90 mV (to elicit maximal conductance), followed by 250 ms
steps at progressively depolarized potentials (—80 to 30 mV, 10 mV
steps). Leak subtraction was performed during acquisition using a p/4
protocol, which uses four subpulses with one of four of the test pulse
amplitude and reversed polarity given from a holding potential of —70
mV. Current traces from treatment were subtracted from control to
isolate FDR currents. 4-Aminopyridine (4-AP) (Sigma-Aldrich) was
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used to isolate FDR currents. Current mea- A
-

surements were performed in control solution
and after 5 min of drug treatment in each cell.
Spontaneous firing rate (SFR) were recorded
with pClamp for 3 min using current clamp in
the whole-cell patch configuration. No current
was injected during recording.

Cell-attached patch-clamp electrophysiology.
For the cell-attached recording, the patch elec-
trode was filled with the bath solution. The
spike counts always began only after stable re-
cordings were made. At least 1 min of sponta-
neous firing rate was counted before the
application of drugs.

Drug application for electrophysiology. The
ACSF perfusion solution contained bicuculline
(25 uMm) to block GABA ,-mediated currents,
tetrodotoxin (TTX) (0.5 uM; Sigma-Aldrich)
to block fast voltage-activated sodium chan-
nels, and cadmium (25 pm; Sigma-Aldrich) to
block voltage-activated calcium channels.
NMDA (25 unm; Sigma-Aldrich) was applied in
the bath for 3 min using bath application, and
changes in firing rate were measured. The spec-
ificity of the NMDA-evoked changes in firing
rate was assessed with the antagonist p(—)-2-
amino-5-phosphonopentanoic acid (AP-5) 2
(50 wmm; Sigma-Aldrich). We compared the N
magnitude of NMDA-evoked changes in firing o
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(Phoenix Pharmaceutical, Burlingame, CA)
and perfused with phosphate-buffered saline
(PBS, pH 7.4) with heparin (2 units/ml, Henry
Schein, Melville, NY) followed by 4% (w/v)
paraformaldehyde (Sigma-Aldrich) in PBS
(pH 7.4). Brains were dissected, post-fixed at
4°C overnight, and cryoprotected in 20% su-
crose in PBS (pH 7.4). Immunohistochemistry
(IHC) was performed on free-floating 20 um cryostat (Thermo Fisher
Scientific) coronal brain sections. Sections were washed for 5 min with
PBS (pH 7.4, three times) and then incubated in PBS (3% H,0,, 10%
methanol, 10 min). Sections were then washed again in PBS (three
times), dipped in 3% normal goat serum in PBS with 0.1% Triton X-100
for 1 h, and then incubated with a rabbit anti-Kv3.1 (1:200), anti-Kv3.2
(1:75; Alomone Labs), anti-c-Fos (1:30,000; Merck), or a rabbit anti-PER2
antiserum (1:1000; Alpha Diagnostics) in PBS (3% normal goat serum, 0.1%
Triton X-100) at 4°C overnight. Sections were washed in PBS (three times)
and then incubated with biotinylated goat anti-rabbit antibody at 1:200 for
2 h. Sections were washed again for 5 min in PBS (five times) and dipped in
avidin—biotin solution (Vector Laboratories) for 45 min, washed again
in PBS (three times), and then placed in filtered 0.05% 3,3'-
diaminobenzidine in Tris-buffered saline (TBS) containing a 1:800 dilution
of 1.3% H,O,. After sufficient color reaction (5-6 min), sections were
washed with TBS and mounted on slides immediately. Sections were then
dried overnight, dehydrated with ascending concentrations of ethanol, and
coverslipped. Images were captured with Axio Vision camera systems (Carl
Zeiss). Control experiments in which the primary antibody was not added
did not exhibit any positive staining.

In situ hybridization. Brains were collected from C57BL/6] mice at CT
6 and 14 on the first day in constant darkness, and 15 wm cryostat
sections were collected as a one-in-eight series through the hypothala-
mus. In situ hybridization (ISH) was performed as described (Shearman
et al., 1997). *S-labeled antisense and sense cRNA probes were gener-
ated with the following sequences: mouse Perl (nucleotides 340-761 of

Figure1.

Kv3.1and Kv3.2 channel proteins are not expressed in the SCN of mice deficientin both Kcnc7 and Kenc2. IHCwas used
to determine expression of Kv3.1 and Kv3.2 channel proteins in the mouse SCN. Panels show photomicrograms (400<) of
immunoreactivity seen with each of the three genotypes: (57BL/6 (WT, top), Kcnc2 null (sKO, middle), and Kenc7 and Kenc2 null
(dKO, bottom). The sKO and dKO mice shown in this and subsequent figures are littermates on an ICR background. Tissue was
collected at ZT 6. Scale bar, 100 m.

GenBank accession number AF022992), mouse Kcncl (nucleotides 161—
594 of GenBank accession number BC132439; this probe detects both
Kv3.1a and Kv3.1b), rat Kcnc2 (nucleotides 136—642 of GenBank acces-
sion number M34052; 93% identical to mouse Kv3.2 nucleotide se-
quence). SCN optical density (OD) values from film autoradiographs
were determined using NIH Image.

Statistical measurements. The datasets were analyzed by tests for equal
variance and normal distribution to help select the appropriate test. Stu-
dent’s t test or Mann—Whitney rank sum test were used for the ISH data.
The remainder of the datasets was analyzed by one-way or two-way
ANOVA. If significant group differences were detected by the ANOVA,
then a post hoc analysis was applied. For all tests, values were considered
significantly different if p < 0.05. All tests were performed using SigmaS-
tat (version 3.5; Systat Software). Values were shown as mean = SEM.

Results

Kv3.1 and Kv3.2 message is expressed in the SCN

The Kv3 (Shaw-related) family of K™ channels is thought to be
primarily responsible for generation of the FDR current (Rudy
and McBain, 2001). To determine whether these genes are ex-
pressed in the SCN, we used ISH to measure Kcnel (Kv3.1) and
Kene2 (Kv3.2) message in the mouse SCN. Expression of tran-
scripts for Kv3.1 and Kv3.2 was observed throughout the SCN
(data not shown). The sense probe for Kencl did not exhibit
labeling in the SCN under identical hybridization conditions,
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were all made during the day (ZT 4-6).

whereas the sense probe for Kcne2 did exhibit some weak staining
in the SCN (data not shown). Both transcripts also showed strong
expression in the cortex and selected regions of the thalamus.
Analysis of the OD measurements of Kv3.1 but not Kv3.2,
expression (normalized to background) indicated that the levels
of expression were higher in the SCN in the night (CT 14) than in
the day (CT 6). For Kv3.1, the average OD measurements in the
day were 0.33 = 0.03 (n = 6) and 0.43 * 0.07 (n = 5) in the night
(t test; t = —3.47, p = 0.007). For Kv3.2, the average OD mea-
surements in the day were 0.36 * 0.05 (n = 6) and 0.32 = 0.02
(n=5) in the night (ttest; t = 1.52, p = 0.163). Adjacent sections
through the SCN were hybridized with a probe to detect Perl,
and these sections revealed the expected high-amplitude
rhythm of Per] gene expression. The mean OD of Per] was higher in
the day (CT 6, 0.61 = 0.05, n = 5) than in the night (CT 14, 0.20 =
0.01, n = 6; Mann—Whitney rank sum test, p << 0.004). These Perl
data have been reported previously (Kim et al., 2009) and are shown
here for reference only, to verify the presence of molecular rhythmic-
ity in the SCN of the specimens used to examine Kv3.1 and Kv3.2.

Expression of Kv3.1b and Kv3.2 channels in the SCN are lost
in mice deficient in Kcncl and Kcnc2 genes

We sought to determine whether the expression of the Kv3.1 and
Kv3.2 channels are lost in mice deficient in Kcnel and Kene2 genes
(dKO). To examine the pattern of expression of these channels in
the SCN, antibodies raised against Kv3.1b and Kv3.2 channels
were used (Fig. 1). Mice were perfused in the day (ZT 6), and
sections containing the SCN were examined using IHC. In WT
mice, the pattern of expression within the SCN was similar to that
described previously (Itri et al., 2005). The mice deficient in
Kene2 (sKO) lacked expression of the Kv3.2 channel, and, criti-
cally, the mice deficient in Kencl and Kene2 (dKO) lacked expres-

I === ] S

The magnitude of the FDR currents in SCN neurons is greatly reduced in dKO mice. Whole-cell patch-clamp recordings
were made from dorsal SCN neurons. The FDR currents were isolated by subtraction (control, 0.5 mm 4-AP) using a voltage step
protocol with a prepulse potential of —90 mV and test pulse potentials (see Materials and Methods). A, Examples of FDR current
tracesisolated by subtracting currents recorded in the presence of 4-AP from those recorded under control conditions. B, Current—
voltage relationship of FDR currents in the SCN neurons from mice of the three genotypes: WT, sKO, and dKO. Data are shown as
means == SEM. *p < 0.05 as measured by one-way ANOVA followed by Holm—-Sidak test for multiple comparisons. Recordings
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sion of both Kv3.1b and Kv3.2 channels.
These data confirm expression of both
channels within the SCN as well as vali-
dates the use of the transgenic mice to ex-
plore the function of these channels.

dKO

| 300 pA

50 ms
+30 mV

The magnitude of the FDR current is
greatly reduced or eliminated in the
dKO mice

We used the whole-cell voltage-clamp
technique to isolate and record FDR cur-
rents from neurons in the mouse SCN
(Fig. 2). The ACSF perfusion solution
contained bicuculline (25 um), TTX (0.5
uM), and cadmium (25 uM). The intracel-
lular solution contained BAPTA (1 mm).
Each of these cells was determined to be
within the dorsal region of the SCN by
directly visualizing the location of the cell
with infrared DIC video microscopy. The
FDR currents were isolated by subtraction
(control, 0.5 mMm 4-AP) using a voltage
step protocol (Martina et al., 1998; Wang
et al., 1998) with a prepulse potential of
—90 mV and test pulse potentials. We re-
corded this current from SCN neurons in
mice of three genotypes: WT (n = 10),
sKO (n = 20), and dKO (n = 14). One-
way ANOVA detected significant varia-
tion between genotypes (F,,,, = 37.00,
p < 0.01). Measured at the peak (+30
mV), the FDR currents in sKO were significantly lower than WT
(Holm-Sidak test, t = 4.510, p < 0.05) and dKO was significantly
lower than sKO (Holm-Sidak test, t = 5.133, p < 0.05) (Fig. 2).In
the dKO mice, there was no measureable FDR current until the
voltage was stepped to +10 mV. At these positive voltage steps
(+10, 20, 30 mV), there was a small remainder current detected
that was ~10% of the magnitude of the FDR current recorded in
the SCN of WT mice. Therefore, the magnitude of FDR current in
SCN neurons was dramatically reduced, but perhaps not elimi-
nated, in mice lacking both Kv3.1 and Kv3.2 channels.

Q90 mv

Excitability of SCN neurons is reduced in the dKO mice

Using the current-clamp recording technique in the whole-cell
configuration (Fig. 3), we measured the SFR in dorsal SCN neu-
rons from three genotypes: WT (n = 27), sKO (n = 24), and dKO
(n = 20). Recordings (3 min) were made during the day (ZT 4—6)
and night (ZT 14-16), and the resulting data were analyzed by
two-way ANOVA. This analysis revealed a significant effect of
time of day (F, ;) = 50.90, p < 0.001) and genotype (F,,,, =
5.14, p = 0.008) as well as a significant interaction between time
of day and genotype (F, ;;, = 8.20, p < 0.001). As expected, the
SFR of WT mice was significantly [post hoc Fisher’s least signifi-
cant (LSD) test, p < 0.001] higher during the day (7.0 = 0.6 Hz,
n = 12) than during the night (2.2 = 0.5 Hz, n = 15). The SFR of
sKO was indistinguishable from the WT mice, with SFR during
the day (7.0 = 0.5 Hz, n = 12) being significantly higher ( post hoc
Fisher’s LSD test, p < 0.001) than the night (2.3 = 0.5 Hz, n =
12). In contrast, in the dKO mice, there were no significant dif-
ferences ( post hoc Fisher’s LSD test, p = 0.532) between SFR
during the day (3.2 = 0.8 Hz, n = 11) and night (2.7 = 0.5 Hz,
n = 15). The daytime SFR was significantly reduced in the dKO
mice compared with either the sKO or WT mice ( post hoc Fish-
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Figure 3.  The daily peak of spontaneous firing rate in SCN neurons is reduced in the dkO

mice. Using the current-clamp recording technique in the whole-cell configuration, we mea-
sured the SFR in dorsal SCN neurons during the day (ZT 4—6) and night (ZT 14 -16). A, Repre-
sentative examples of firing rate recorded during the day and night from each of the three
genotypes: WT, sKO, and dKO. B, Average firing rate during the day and night for each genotype.
Data are shown as means = SEM. *p << 0.07 indicates significance difference between day and
night SFR, analyzed by two-way ANOVA followed by Fisher's LSD post hoc comparison. # indi-
cates significance differences in daytime SFR by the same analysis. €, Representative examples
illustrating that the action potential width and time required for repolarization are increased in
dKO mice. Shape of the APs in the SCN of control sKO (gray line) and dKO (black line) mice. The
dKO mice showed significant ( p << 0.05) increases in spike width and decay time constants.

er’s LSD test, p < 0.001). In the early morning (ZT 0—4), there
was no difference in the SFR recorded between the genotypes
(WT, 2.8 = 0.4,n = 33; dKO, 2.7 £ 0.4, n = 24; p = 0.089). The
width of the action potentials (Fig. 3C) were also significantly
(p < 0.05) altered in the SCN of the dKO mice (C57BL/6, 2.0 =
0.2 ms; sKO, 2.1 = 0.2 ms; dKO, 3.0 = 0.3 ms). Thus, the lack of
Kenel and Kcne2 genes appeared to eliminate the day/night dif-
ference in spontaneous activity in the SCN by reducing the firing
rate during the mid-day peak.

Using the current-clamp recording technique in the cell-
attached configuration (Fig. 4), we measured the impact of bath
application of NMDA (25 uM, 3 min) on firing rate in ventral
SCN neurons from three genotypes: WT (n = 22), sKO (n = 18),
and dKO (n = 11). Recordings were made during the night (ZT
14-16) when NMDA can cause phase shifts of the circadian
rhythm of neural activity recorded from the SCN brain slice
(Ding et al., 1994). If untreated, the firing rate was stable over the
10 min required to complete these experiments (data not shown).
A comparison of NMDA-evoked responses in all three genotypes
by two-way ANOVA revealed a significant effect of NMDA treat-
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Figure 4.  The NMDA-evoked increase in firing rate in SCN neurons is reduced in the dKO
mice. Current-clamp recording were made in the cell-attached configuration to measure the
firing rate in ventral SCN neurons during the night (ZT 14-16). 4, Representative examples of
firing rate recorded before and after bath application of NMDA (25 wm) from each of the three
genotypes: WT (n = 22), sKO (n = 18), and dKO (n = 13). B, Average firing rate before and
after treatment for each genotype. Data are shown as means with SEM. *p << 0.001 indicates
significance difference between firing rates before and after NMDA treatment, analyzed by
two-way ANOVA followed by Tukey’s test for multiple comparisons. # indicates significant
differences in NMDA-evoked firing rate by the same analysis.

ment (F(, 5,y = 93.78, p < 0.001) and genotype (F, 5,, = 10.67,
p < 0.001) as well as a significant interaction between treatment
and genotype (F(, 5,y = 8.95, p < 0.001). In WT mice, the bath
application of NMDA increased the firing rate from a baseline of
2.5*0.2t07.0 = 0.5Hz ( post hoc Tukey’s test, p < 0.001). In the
presence of the competitive NMDA receptor antagonist AP-5
(50 uM, 120 s), there was no significant change (paired £ test,
t=0.33, p = 0.749) in the firing rate before (2.7 £ 0.7) or after
(2.6 = 0.7 Hz) NMDA treatment. In sKO mice, NMDA treat-
ment increased the firing rate from 2.4 = 0.3 t0 6.9 = 0.3 Hz
( post hoc Tukey’s test, p < 0.001). In contrast, in dKO mice,
there was no significant change ( post hoc Tukey’s test, p =
0.151) in the firing rate before (2.3 = 0.2) or after (3.4 = 0.3
Hz) NMDA treatment. So the lack of Kcncl and Kene2 genes
also reduced the ability of NMDA to increase firing rate of
SCN neurons during the night.

PER2 expression is not altered in the SCN of dKO mice

To determine whether the molecular machinery necessary to
generate circadian oscillations was impacted by the loss of the
Kene genes, we used IHC to examine PER2 protein expression
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Figure 5.  PER2 expression is not altered in the SCN of dKO mice. Mice were held in DD, and wheel-running activity was

measured to determine circadian phase. IHC was used to measure PER2 expression in the SCN. 4, Photomicrographs (400 %) of
PER2 immunoreactivity in tissue sections taken from mice killed during 4 phases of the daily cycle (CT 2, 8, 14, 20). Scale bar, 100
m. B, Numbers of PER2 immunopositive cells in the SCN varied as a function of time of day with highest countin early night. Data
are shown at means == SEM. The data were analyzed by two-way ANOVA, and no differences were found between the genotypes.
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Figure 6. Light-induced increase in c-Fos expression in the SCN is reduced in dKO mice. Mice were held in DD, and wheel-
running activity was measured to determine circadian phase. Experimental mice were exposed to light (100 lux, 10 min) at T 16,
whereas controls were handled but not exposed to light. IHC was used to measure c-Fos expression in the SCN from tissue collected
at (T 17. A, Photomicrographs (400 X) of c-Fos immunoreactivity in tissue sections taken from mice of each genotype. Scale bar,
100 wm. B, Numbers of c-Fos immunopositive cells in the SCN increased as a result of light exposure. Data are shown at means =
SEM. *p < 0.01 indicates significance difference in the number of c-Fos immunoreactive cells in the handled and light-treated
groups, analyzed by two-way ANOVA followed by the Holm—Sidak test for multiple comparisons. # indicates significance differ-
ences in light-treated groups by the same analysis.
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within the SCN. The wheel-running activ-
ity of sKO and dKO male mice in LD were
monitored, and the mice were placed in
DD for 3 d. Mice (n = 3—6 per time point)
from three genotypes (WT, sKO, dKO)
were sampled at four different points in
the daily cycle (CT 2, 8, 14, 20). PER2 was
strongly expressed in the SCN of both sKO
and dKO mice (Fig. 5A), with immunoreac-
tivity seen throughout the SCN. The mean
number of immunopositive neurons per
SCN section varied with time of day (Fig.
5B), with peak counts found at early subjec-
tive night (CT 14) and low counts measured
in the early subjective day (CT 2). A com-
parison of PER2 immunoreactivity at the
peak and trough in all three genotypes by
two-way ANOVA revealed a significant ef-
fect of time of day (F, ;o) = 291.07, p <
0.001) but no effect of genotype (F(, o, =
0.70, p < 0.507) nor any significant interac-
tion between time of day and genotype
(Fa10y = 0.99, p = 0.387). Thus, as mea-
sured by the PER2 rhythm, we do not
see any evidence that the molecular
clockwork is disrupted in the mutant
mice.

Light-induced gene expression in the
SCN neurons is reduced in the

dKO mice

The light induction of c-Fos in the SCN
is one of the most robust and well-
characterized markers of photic regulation
gene expression in the SCN (Korn-
hauser et al., 1990). Therefore, to deter-
mine whether light-induced translational
response within the SCN is impaired in
dKO mice, we used IHC to measure the
number of c-Fos immunopositive cells
within the SCN (Fig. 6). Again, we mon-
itored wheel-running activity, and mice
were placed in DD for 3 d. Experimental
mice (WT, n = 6; sKO, n = 6; dKO, n =
4) were then exposed to light (white
light, 100 lux; 10 min duration) at pro-
jected CT 16, and tissue was collected 60
min after the beginning of the light
treatment. Tissue from time-matched
control mice (WT, n = 4; sKO, n = 7;
dKO, n = 7) was also collected for com-
parison. Control experiments in which
the primary antibody was not added, or
the primary antibody was preabsorbed
with a peptide control, did not exhibit
any positive staining (data not shown).
A comparison of c-Fos immunoreactiv-
ity in all three genotypes by two-way
ANOVA revealed a significant effect of
light treatment (F(, ,5) = 229.19, p <
0.001) and genotype (F,,5) = 123.55,
p < 0.001) as well as a significant inter-
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Figure 7.  Diurnal and circadian rhythms of wheel-running behavior are severely disrupted in dKO mice. Mice were placed individually in cages with wheel-running and locomotor activity

recorded under different lighting conditions. Each horizontal row represents an activity record for a 24-h day. Successive days are plotted from top to bottom. Shaded panels represent the dark
portion of the LD cycle. A, Examples of the wheel-running activity recorded from sKO (left) and dKO (right) mice in LD (12/12 h) conditions and after 6 h phase shifts in the LD cycle. B, Examples of
wheel-running activity when mice are held in LD (12/12 h) and then released into DD.

action between treatment and genotype (F, ,4) = 63.48, p <
0.001). All genotypes displayed significant increases in the
number of c-Fos-positive cells in the SCN after exposure to
light at CT 16 when compared with untreated controls ( post
hoc Holm-Sidak test; WT, t = 17.17, p < 0.001; sKO, t = 5.91,
p <0.001; dKO, t = 2.62, p = 0.014) (Fig. 6). The magnitude
of this light induction was significantly reduced in dKO mice
when compared with sKO (Holm-Sidak test, t = 2.57, p =
0.016) or WT (Holm-Sidak test, t = 17.31, p < 0.001) mice.
Therefore, the photic regulation of gene expression within the

SCN is disrupted in the dKO mice.

Diurnal and circadian rhythms of wheel-running behavior
are severely disrupted in the dKO mice

We used wheel-running activity to determine the impact of the
loss of the Kcnc genes on diurnal and circadian rhythms of behav-
ior (Fig. 7). In these studies, we compared locomotor activity
rhythms in WT (C57BL/6, n = 15) mice with locomotor activity
measured in littermate sKO (n = 15) and dKO (n = 15) lines.
Under LD conditions, the majority of Kv3 dKO mice (14 of 15
examined) continued to demonstrate weakly rhythmic wheel-
running behavior (Fig. 7). The overall levels of activity and the

amplitude of the daily rhythm were significantly reduced (Table
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Table 1. Detailed analysis of activity data

(57BL/6 WT Kv3.2 sKO Kv3.1/3.2 dKO
LD12/12h (n=15) (n=15) (n=15)
Tau (h) 24.0 = 0.01 24.0 £ 0.01 24.0 = 0.02
Power (% variation) 5869 £ 172 46.70 =3.17 20.65 £ 1.70%**
Activity (rev/h) 407.59 =27.9 353.29 = 61.04 79.28 =+ 12.94%**
Activity in light (%A) 1.89 = 0.39 5122119 35.69 & 5.27%**
Phase angle (min) 0.12 £ 0.66 6.67 = 1.55 330.36 == 90.51***
Precision 0.11 = 0.02 1.08 =+ 0.65 2.99 =+ 0.55%**
Fragmentation 3.62 £0.19 6.24 + 0.43* 10.95 == 0.60%**
Arrhythmic (%) 0% 0% 7%***
Bimodal (%) 0% 0% 27%%**
Active in day (%) 0% 0% 6497 ***
Entrainment to 6 h adv (d) 53+04 39+08 5607
Entrainment to 6 h delay (d) 2303 1.5+06 3.7 = 0.5%*
LD1/11/1/11h (n=19) (n=23) (n=11)
Tau (h) 240 £ 0.7 240+08 241+ 45
Power (% variation) 5355286 3257 +3.62 16.02 = 1.22*
Arhythmic (%) 0% 0% 36%***
Bimodal (%) 0% 0% 45.50%***
LD1/23h (n=14) (n=10) (n=11)
Tau (h) 24.0 =0.03 23.9 £0.07 24.0 = 0.02
Power (% variation) 49.10 = 421  27.86 * 2.86* 2244 + 3.28*
Phase angle (min) 2312 =165 1251 £892 —263.45*+71.42
Arrhythmic (%) 0% 0% 8%***
Bimodal (%) 0% 0% 189%%**
DD (n=14) (n=14) (n=14)
Tau (h) 23.6 = 0.04 23.5 £ 0.06 236 = 0.1
Power (% variation) 50.45 £ 246  29.89 = 2.79% 14.25 & 0.44%**
DD activity (rev/h) 394.75 +37.27  329.7 = 70.0 71.4 & 13.2%%*
Precision 0.25 = 0.06 0.63 £0.12 2.79 £ 0.57%**
Fragmentation 3932026 8.95 * 0.67* 10.7 = 1.06*
Arrhythmic (%) 0% 0% 149p%**
Bimodal (%) 0% 0% 29%%***
(T16 phase delay (min) 107.9 £ 5.5 72*+69 30 = 4.9*

“n = 14 (1 mouse arrhythmic).
rev, Revolutions. *p << 0.05 versus C57BL/6 WT; **p << 0.05 versus Kv3.2 sKO.

1). The dKO mice also showed strikingly more daytime activity
than their sKO littermates and entrained with a positive phase
angle (Table 1). We also examined the ability of the mice to
resynchronize to shifts in the LD cycle. The Kv3 dKO mice took
longer to resynchronize to a 6 h phase delay of the LD cycle than
their Kv3 sKO littermates (Table 1). A significant subset of dKO
mice (4 of 15) demonstrated a bimodal pattern of diurnal activity,
which was not seen in any of the Kv3.2 sKO or C57BL/6 WT mice
examined. To further explore this bimodal activity, mice were
held under a skeleton photoperiod (1/11/1/11 h LD). Under these
conditions, 46% of the dKO mice, but none of the sKO litter-
mates, displayed a bimodal distribution of activity (data not
shown). Under a skeleton photoperiod of 1/23 h LD, 9 of 11
examined Kv3 dKO mice showed an extremely positive phase
angle of entrainment in which daily activity started well in ad-
vance of the daily hour of light (data not shown).

Under DD, most of the dKO mice (12 of 15) continued to
express a circadian rhythm in wheel-running activity as mea-
sured by periodogram analysis (Fig. 7). There were no significant
differences in the free-running period between the three geno-
types examined (Table 1). As seen under LD conditions, the
rhythms were low amplitude and fragmented (Table 1). To test
the light input pathway, we subjected individual mice to light
(white light, 100 lux; 10 min duration) at CT 16 and measured the
resulting phase delay. The dKO exhibited a significantly reduced
magnitude of light-induced phase shifts (Table 1). Together, our
behavioral analysis suggests that the lack of Kenel and Kene2
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genes greatly impacts the ability of the circadian system to gener-
ate daily rhythms in wheel-running activity as well as the ability of
light to regulate these rhythms.

Discussion
The Kv3 family of K * channels is thought to be primarily respon-
sible for generation of the FDR current (Rudy and McBain,
2001). There are four genes that make up this family, including
Kenel, Kene2, Kene3, and Kened (Weiser et al., 1994). In expres-
sion systems, the channels produced by the expression of Kcncl
and Kcne2 produce delayed rectifier K* currents, whereas the
expression of Kcne3 and Kcned produce inactivating A-type K™
currents (Rudy et al., 1999). The FDR current expressed in SCN
neurons showed little inactivation (Itri et al., 2005), so we focused
our attention on channels produced by Kencl and Kenc2. Data
from the Allen Brain Bank shows strong expression of the tran-
script for Kene2 in the SCN with weak expression of Kcncl and
Kcne4 and no expression of Kene3 in this region (Lein et al., 2007).
Previous work using DNA arrays indicated that Kcncl is ex-
pressed nonrhythmically in SCN tissue (Panda etal., 2002). In the
present study, we used ISH to determine that both Kcncl and
Kcne2 are widely expressed within the SCN (data not shown).
Importantly, we used IHC to demonstrate that mice deficient in
Kene2 (sKO) lacked expression of the Kv3.2 channel and that
mice deficient in both Kcncl and Kene2 (dKO) lacked expression
of both the Kv3.1b and Kv3.2 channels (Fig. 1). We recorded the
FDR current from SCN neurons and found that the loss of Kcne2
modestly reduced the magnitude of the FDR current, whereas the
loss of both Kcnel and Kene2 resulted in a dramatically reduced
current (Fig. 2). As far as we are aware, this is the first time that the
actual FDR current has been measured in neurons from these
sKO and dKO mice. Our data does not exclude a role for Kv3.4 in
the SCN because we did not directly examine the expression of
these channels. It is possible that the small remainder current
observed in the dKO (Fig. 2) is carried by this channel or that this
channel shapes the properties of the FDR current (Baranauskas et
al., 2003). Together, the present data provide compelling evi-
dence that most of the FDR current in SCN neurons is carried by
Kv3.1 and Kv3.2 channels and allow us to use the dKO mutants to
explore the function of the FDR current in the circadian system.
The FDR current is known to exhibit a set of unique physio-
logical properties, including high thresholds of activation, rapid
activation, and large conductance in the SCN (Itri et al., 2005) as
well as in many other brain regions (for review, see Rudy and
McBain, 2001; Baranauskas, 2007; Joho and Hurlock, 2009).
These properties enable neurons with this current to rapidly re-
polarize their membrane potential after generating an AP. Given
this biophysical function, it is not surprising that Kv3 channels
are preferentially found in neurons that generate sustained trains
of APs at high frequencies (Rudy and McBain, 2001; Joho and
Hurlock, 2009). However, it is worth pointing out that the Kcne
genes are widely expressed in the nervous system and it may be
that FDR currents can serve other functions. For example, in the
retina, Kv3.1 and Kv3.2 channels are expressed in starburst ama-
crine cells that are not fast spiking neurons and may serve to
provide a voltage-dependent shunt that limits depolarization of
the soma (Ozaita et al., 2004). SCN neurons are spontaneously
active but are not fast spiking neurons. These cells generate AP
with a peak frequency of ~10-12 Hz during the day (for review,
see Schaap et al., 2003; Kuhlman and McMahon, 2006; Ko et al.,
2009). During the night, SCN neurons are normally silent but do
respond to photic stimulation transduced by melanopsin-
containing retinal ganglion cells that generate APs up to 20 Hz
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(Meijer et al., 1998; Berson et al., 2002; Warren et al., 2003; Tu et
al., 2005; Irwin and Allen, 2007). In the present study, we exam-
ined the impact of the loss of the FDR current on the level of
spontaneous activity during the daytime (Fig. 3) and the NMDA-
evoked responses during the night (Fig. 4). Under both condi-
tions, we found that the excitability of SCN neurons was
significantly reduced in the dKO mice. The width of the APs (Fig.
3C) as well as the time required for repolarization after an AP
were increased in the dKO mice (data not shown) and are results
that highlight the importance of the FDR current in the SCN even
in the absence of a high firing rate. These physiological results
provide important support for the hypothesis that the FDR cur-
rent plays a critical role in generation of the daily rhythms in
firing rate that are a hallmark feature of SCN neurons. These
results also suggest that this current may be important for the
ability of SCN neurons to respond to sensory stimulation.

We used wheel-running activity to determine the impact of
the loss of the Kcne genes on diurnal and circadian rhythm be-
havior (Fig. 7). Although we have a good understanding of some
aspects of the circuit that is responsible for circadian rhythms, an
important caveat to our behavioral analysis is that we cannot be
confident of the anatomical site of action of the loss of these
genes. Our data are consistent with the Kcne genes having a key
role in the light response of the circadian system. The dKO mice
showed increased daytime activity and extremely positive phase
angle of entrainment in an LD cycle as well as a bimodal distri-
bution of activity in a skeleton LD cycle (Fig. 7, Table 1). When
exposed to light at CT 16, the dKO exhibited a significantly
reduced magnitude of light-induced phase shifts. The light in-
duction of c-Fos in the SCN is one of the most robust and well-
characterized markers of photic regulation gene expression in the
SCN (Kornhauser et al., 1990; Rieux et al., 2002). By this measure
as well, the magnitude of the light induction was significantly
reduced in dKO mice when compared with sKO or WT mice (Fig.
6). Finally, as described above, our physiological data demon-
strate a reduction in the NMDA-evoked increase firing within the
SCN of the mutant mice. Together, we feel that these data provide
compelling evidence that the FDR current is essential for the
ability of light to regulate the circadian system.

Our data also demonstrate that the output of the circadian
system as measured by wheel-running behavior was dramatically
compromised by the loss of the Kcne genes. Under DD, the im-
pact of light on the circadian system is minimal and the rhythms
expressed are driven by the central clock and its output pathways.
Under these conditions, the behavioral rhythms of all of the dKO
mice were of low amplitude and lacked precision and coherence
(Table 1). The power of the circadian oscillation as measured by
periodogram as well as the overall levels of activity was signifi-
cantly reduced in the dKO mice. The sKO mice did show a sig-
nificant increase in the fragmentation of the activity cycle, so the
loss of Kene2 did have some impact on the behavioral rhythm, but
most of our behavioral observations of the sKO mice are consis-
tent with previous work that failed to find an obvious behavioral
phenotype associated with the loss of Kv3.2 alone (Lau et al.,
2000; Vyazovskiy etal., 2002; Joho et al., 2006). The sKO did show
asignificant reduction in the FDR current in the SCN, but neither
the firing rate nor the action potential width were significantly
altered by the loss of just the Kv3.2 channel. The simplest expla-
nation for our behavioral data is that the FDR current is essential
for robust, coherent rhythms that are normally part of the circa-
dian output. Behaviorally, the dKO mice show a circadian phe-
notype that shares a number of similarities to the vasoactive
intestinal peptide (VIP)-deficient mice (Vosko et al., 2007), a
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finding that may give us a mechanistic handle on how VIP regu-
lates the membrane properties of SCN neurons.

Our data do not provide clear evidence that the central clock
was strongly impacted by the loss of the Kcnc genes. The circadian
period length is the measurable parameter that is most indicative
of the underlying circadian pacemaker system (Takahashi et al.,
2008). In DD, the circadian period length (Tau) of the three
genotypes was virtually identical (Table 1). Furthermore, the mo-
lecular clockwork as measured by the rhythm in PER2 protein
expression was unaltered in the dKO (Fig. 5). Together, this ex-
perimental evidence raises the possibility that the molecular
clockwork is operating normally in the absence of the FDR cur-
rent. Previous work has suggested that the basic rhythms in clock
gene expression that generate circadian oscillations are depen-
dent on the generation of APs (Nitabach et al., 2002; Yamaguchi
etal., 2003; Lundkvist et al., 2005). The dKO mice may provide an
interesting case study to explore the relationship between electri-
cal activity rhythms, which were disrupted, and clock gene ex-
pression, which appears to be intact in the mutant mice.
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