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Circadian clocks drive daily rhythms in virtually all organisms. In mammals, the suprachiasmatic nucleus (SCN) is recognized as the
master clock that synchronizes central and peripheral oscillators to evoke circadian rhythms of diverse physiology and behavior. How the
timing information is transmitted from the SCN clock to generate overt circadian rhythms is essentially unknown. Prokineticin 2 (PK2),
aclock-controlled gene that encodes a secreted protein, has been indicated as a candidate SCN clock output signal that regulates circadian
locomotor rhythm. Here we report the generation and analysis of PK2-null mice. The reduction of locomotor rhythms in PK2-null mice
was apparentin both hybrid and inbred genetic backgrounds. PK2-null mice also displayed significantly reduced rhythmicity for a variety
of other physiological and behavioral parameters, including sleep-wake cycle, body temperature, circulating glucocorticoid and glucose
levels, as well as the expression of peripheral clock genes. In addition, PK2-null mice showed accelerated acquisition of food anticipatory
activity during a daytime food restriction. We conclude that PK2, acting as a SCN output factor, is important for the maintenance of robust

circadian rhythms.
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Introduction

In mammals, the pacemaker that drives circadian rhythms re-
sides in the suprachiasmatic nucleus (SCN) of the anterior hypo-
thalamus (Moore, 1997). Multiple interlocked transcriptional
and translational loops consisting of a number of clockwork
genes underlie the molecular mechanisms for the SCN clock
(Buijs and Kalsbeek, 2001; Reppert and Weaver, 2002; Hastings
and Herzog, 2004; Lowrey and Takahashi, 2004). Whereas di-
verse rhythms of physiology and behavior such as locomotor
activity, sleep and wakefulness, body temperature, and energy
metabolism are under the control of SCN, the primary neuronal
targets of the SCN clock are limited (Watts and Swanson, 1987;
Watts et al., 1987). Thus, to gain a better understanding of how
the SCN controls circadian functions, it is critical to identify the
signaling molecules that link SCN and these SCN primary effer-
ent nuclei.

To date, several diffusible molecules have been suggested as
candidate SCN output factors (Jin et al., 1999; Cheng et al., 2002;
Kraves and Weitz, 2006). Vasopressin (AVP), a neuropeptide
derived from a clock-controlled gene, may regulate circadian
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rhythm of endocrine activity (Kalsbeek et al., 1996; Jin et al.,
1999). Cardiotrophin-like cytokine (CLC) may be involved in the
regulation of circadian locomotor rhythm, because intracerebro-
ventricular delivery of CLC suppresses the locomotor activity in
rodents, and the mRNA level of CLC displays temporal oscilla-
tion in the SCN (Kraves and Weitz, 2006). In addition, the nu-
clear proteins albumin D-element binding protein (DBP) and
Per3 (Period 3) have also been implicated in SCN output (Lopez-
Molina et al., 1997; Bae et al., 2001), although how they are linked
to diffusible SCN molecules is still unclear.

We have shown previously that prokineticin 2 (PK2) is a can-
didate output molecule for the SCN clock (Cheng et al., 2002,
2005). PK2 belongs to a pair of unique cysteine-rich secreted
proteins that also regulate other biological processes (LeCouter et
al., 2001; Lietal., 2001; Ng et al., 2005). Multiple lines of evidence
support the candidate role of PK2 in the transmission of circadian
locomotor rhythm from the SCN clock. The mRNA expression of
PK2 in the SCN displays drastic clockwork-dependent circadian
oscillation under light/dark and constant dark conditions (Cheng
et al., 2002; Lambert et al., 2005) Correlative in vitro studies have
supported PK2 as a first-order clock-controlled gene, with its
expression controlled by Clock and Bmall (brain and muscle
Arnt-like protein 1) acting on the E-boxes in its promoter. More-
over, the receptor for PK2 is expressed in virtually all known
primary SCN targets (Cheng et al., 2002), a unique feature among
the putative output signals. Intracerebroventricular delivery of
recombinant PK2 suppresses the nocturnal wheel-running activ-
ity, when endogenous PK2 level is minimal (Cheng et al., 2002,
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2005). To gain insight into the physiological role of PK2 in the
circadian rhythm, we generated mutant mice (PK2~/") with the
PR2 gene disrupted by homologous recombination. A series of
circadian-related behavioral, physiological, and molecular exam-
inations on PK2™/~ mice revealed that PK2 plays an important
role in the maintenance of robust circadian rhythms.

Materials and Methods

Generation of PK2-deficient mice. A targeting vector was constructed with
phosphoglycerate kinase (pGK)-neomycin (Neo) as the positive selec-
tion marker and pGK-TK as the negative selection marker to delete a 2.5
kb fragment including exon 1 and exon 2. A 2.8 kb SacI-Mlul fragment
and a 4.3 kb Xbal fragment were used as homologous fragments. A lucitf-
erase reading frame was inserted between the 5" homology region and the
Neo gene to result in the final construct shown in Figure 1 A. The target-
ing construct was linearized with NorI and introduced into 129/Ola em-
bryonic stem (ES) cells by electroporation. Genomic DNA was extracted
from G418-resistant ES clones, digested with EcoRI and BamHI, and
subjected to Southern blot hybridization. ES clones containing the dis-
rupted PK2 gene were injected into C57BL/6] blastocyst and transferred
into pseudopregnant female recipients. Chimeric males were bred to
C57BL6/] females. The heterozygous males and females (F1) were
crossed to produce mice homozygous for the targeted allele (PK2~/").
Genotyping of mice was done by both Southern blot hybridization and a
three-primer PCR. After verifying the reliability of PCR genotyping, all
routine screening was done by PCR. Mice used in the experiments were
on C57BL/6 X 129/0Ola hybrid background or a C57BL/6 inbred back-
ground (more than seven generations of backcrossing), 3-7 months of
age, and mixed males and females, except for the experiment of measur-
ing corticosterone and glucose levels, in which only males were used. All
procedures regarding the care and use of animals are in accordance with
institutional guidelines.

Measurement of the voluntary and spontaneous locomotor activities.
Mice were individually housed within cages equipped with running
wheels and were allowed to have access to food and water ad libitum.
Mice were entrained to an initial 12 h light/dark (LD) cycle. After 3 weeks
of activity recording in the LD cycle, the mice were placed in constant
darkness with dim red light (DD) for 4—8 weeks for the assessment of
endogenous period. The free-run period and fast Fourier transformation
(FFT) were analyzed using ClockLab software (Actimetrics, Evanston,
IL) in the Matlab (MathWorks, Natick, NA) environment (Bunger et al.,
2000). The free-run period was measured by a x ? periodogram from days
10 through 25 under DD. The daily revolution and FFT was determined by
analyzing days 5 through 20 under LD and days 10 through 25 under DD.

For measurement of spontaneous activity, animals were housed in
their home cages, which were placed in locomotor boxes equipped with
32 infrared emitters and receivers in two directions (Med Associates, St.
Albans, VT). Spontaneous activity was defined as the number of infrared
beam breaks per unit time.

Core body temperature monitoring. A radio transmitter device (G2 E-
mitter; Mini-Mitter, Sunriver, OR) used to measure body temperature
was implanted in the abdominal cavity by sterile technique under general
anesthesia (Nagashima et al., 2005). Body temperature was recorded by a
receiver board (ER-4000 energizer receiver) underneath the cage and
were stored in a personal computer every 5 min. The mice were allowed
to recover for at least 2 weeks before the experiments. The ambient tem-
perature was 21°C.

Recording and analysis of sleep—wake cycle. Electroencephalogram
(EEG) and electromyogram (EMG) signals were recorded from wild-
type (WT) and PK2~/~ mice using a lightweight implant and cabling
procedure as described previously (Naylor et al., 2000). After surgery,
mice were allowed to recover for at least 7 d and then allowed to adapt for
at least 7 d after the connection of a lightweight cable. EEG/EMG signals
were collected using a Grass Instruments (Quincy, MA) model 15A94
Quad alternating current amplifier and digitized at a sampling rate of 256
Hz. The signals were digitally filtered (EEG, 0.3-30 Hz; EMG, 2-100 Hz)
and semiautomatically scored in 4 s epochs as wake, nonrapid eye move-
ment (NREM), or rapid eye movement (REM) sleep using SleepSign
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sleep scoring software (Kissei Comtec America, Irvine, CA). The total
sleep is the sum of NREM and REM sleep. The preliminary scoring was
visually inspected and corrected when appropriate.

Determination of corticosterone and glucose levels. Male wild-type and
PK2~’~ mice were housed individually before collection of blood sam-
ples. Blood samples were collected by retro-orbital eye bleeding within
45 s of initial disturbance of the cages. Glucose levels were measured with
OneTouch UltraSmart glucose meters (Lifescan, Milpitas, CA) from
freshly collected blood samples. Plasma corticosterone levels were deter-
mined using radioimmunology assay kit (ICN Biomedicals, Costa Mesa,
CA) according to the instructions.

Analysis of gene expression. Mice were killed every 4 h under a dim red
light via cervical dislocation beginning at 49 h in constant darkness.
Brains and peripheral tissues were quickly dissected and stored at —80°C
until use. In situ hybridization was performed on coronal sections as
described previously (Cheng et al., 2002). For liver gene expression anal-
ysis, total liver RNA was isolated using RNeasy kit (Qiagen, Valencia,
CA). Three micrograms of total RNA was reversed transcribed using
Superscript IT reverse transcriptase (Invitrogen, Carlsbad, CA), and 20 ng
of total RNA equivalents were then analyzed by a TagMan technology in
an ABI PRISM 7000 detection system (PE Applied Biosystems, Foster
City, CA). The relative levels of Bmall and Dbp mRNAs were normalized
to the corresponding glyceraldehyde-3-phosphate dehydrogenase levels.
The primers and probes were designed as described previously (Bunger et
al., 2000).

Restricted feeding. Mice were housed under LD with lights on at 6:00
A.M. and lights off at 6:00 P.M. The spontaneous activity of mice was
monitored by counting infrared beam breaks. Food and water were sup-
plied ad libitum for 6 d. During restricted feeding (RF), food pellets were
only available from Zeitgeber time 3 (ZT 3) to ZT 7 (9:00 A.M. to 1:00
P.M.), whereas water was supplied ad libitum. The food anticipatory
activity (FAA) was defined as the percentage of activity occurred 3 h
before the availability of food (6:00 A.M. to 9:00 A.M.) to the activity of
previous 24 h (Dudley et al., 2003; Pitts et al., 2003).

Statistical analyses. A repeated-measures ANOVA followed by un-
paired ¢ test was used to analyze the data for differences between geno-
types. All statistical analysis was performed using Prism 4.4 (GraphPad
Software, San Diego, CA).

Results

Generation of PK2™/~ mice

To elucidate the physiological function of PK2, we generated
PK2™/~ mice. A targeting vector with exon 1 and 2 of the PK2
gene replaced by a luciferase gene and a pGK—Neo cassette was
constructed (Fig. 1A). The construct was transfected into 129/
Ola embryonic stem cells and clones that underwent homologous
recombination were used to generate chimeric mice. Intercross-
ing of heterozygous mice produced ~1500 offspring with a dis-
torted Mendelian distribution (30.6% PK2"'", 60.0% PK2"/~,
and 9.4% PK2~/~, respectively; p < 0.01, x” test) when geno-
typed at 3 weeks after birth (Fig. 1B,C). The survival rate of
PK2™'~ mice in the C57BL/6 genetic background (more than
seven generations of backcrossing) was further reduced. Addi-
tional analysis indicated that the lethality of PK2~/~ mice oc-
curred postnatally, because the embryos from embryonic day
18.5 displayed the expected Mendelian ratio (data not shown).
After weaning, PK2~/~ mice did not exhibit additional apparent
morbidity. Deficiency of the PK2 gene in PK2™'~ mice was con-
firmed by in situ hybridization on brain sections. As shown in
Figure 1, D and E, no PK2 hybridization signal was detected in the
SCN of PK2~/~ mice collected over a 24 h period.

Reduced circadian rhythms of locomotor activity in

PK2™/" mice

Locomotor activity, a commonly used index for circadian rhyth-
micity, can be monitored by either running wheels (e.g., volun-
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Figure1. Targeted disruption of the PK2 gene in mice. 4, Physical map of the wild-type PK2

locus (top), the targeting vector (middle), and the disrupted PK2 locus (bottom). Exons are
indicated by vertical black bars. The 5" probe used for screening targeted ES clones and mouse
genotypes is represented by a gray box. PCR primers used for mouse genotyping are depicted as
black arrowheads (PO, P1, and P2, respectively). Lug, Luciferase; Neo, phosphoglycerate kinase
promoter-neomycin resistance gene; TK, phosphoglycerate kinase promoter-thymidine kinase
gene; B, BamHI; E, EcoRl. B, Identification of targeted mutants by Southern blot hybridization.
The 5.6 kb targeted and the 8.5 kb wild-type alleles resulting from EcoRl and BamHl digestion
are indicated. C, Identification of targeted allele by PCR using a three-primer strategy. The 300
bp wild-type allele and 390 bp targeted allele are marked. D, In situ hybridization signals of P2
mRNA in the SCN of wild-type and PK2~/~ mice sampled every 4 h beginning at 49 h under
constant darkness (n = 3 mice; mean == SEM). E, Representative in situ hybridizationimages of
Per2 and PK2 mRNAs in the SCN of wild-type and PK2 ™/~ mice at their respective peak time
points.

tary activity) or interruption of infrared beams (e.g., spontaneous
activity). We first assessed the circadian rhythm of voluntary lo-
comotor activity with running wheels. PK2~/~ mice and their
WT littermates were initially entrained to LD for 3 weeks, fol-
lowed by 4—8 weeks in DD. In the C57BL/6 X 129/Ola mixed
genetic background, all WT and the majority of PK2™/~ mice
were entrained to the LD and exhibited an identical free-running
period under constant darkness (Table 1). However, a small
number of PK2™/~ mice (4 of 34) did not display discernible
locomotor rhythm under both LD and DD. The amplitude of
locomotor rhythmicity of PK2™/~ mice, shown by the relative
power of FFT, was significantly reduced under both LD and DD
conditions (Table 1). Furthermore, the daily wheel-running
counts of PK2~/~ mice were significantly lower than that of WT
mice under both LD and DD (Table 1). The PK2™/~ mice in the
C57BL/6 inbred background consistently showed significantly
lower relative FFT power and wheel-running counts than WT
mice under both LD and DD (Table 1). One of five PK2~/~ mice
in inbred C57BL/6 background was arrhythmic under DD. Fur-
thermore,, PK2™/~ mice (C57BL/6) showed a longer free-

J. Neurosci., November 8, 2006 - 26(45):11615-11623 * 11617

running period than WT mice (Table 1). Because PK2™/~ mice
(C57BL/6) displayed very low running counts (supplemental Fig.
S1A, available at www.jneurosci.org as supplemental material),
for comparison of the activity pattern between WT and PK2~/~
mice under LD, hourly running counts were normalized to the
percentage of 24 h total activity. As shown in Figure 2C, the
percentage distribution of wheel-running activity showed signif-
icant difference in genotype X time interaction (F;, = 20.10; p <
0.0001). Especially, the peak activity of PK2~/~ mice occurred at
the late night compared with early night in the WT mice (Fig.
2C). It should also be noted that PK2~/~ mice showed apparently
reduced consolidation in the wheel-running activity (Fig. 2A, B).

We then investigated the spontaneous locomotor activity of
PK2~’~ and WT mice using infrared beam recording in their
home cages under LD conditions. Consistent with the results
from wheel-running behavior, the daily spontaneous activity of
PK2™/~ mice was significantly lower than WT controls (Table 1).
Moreover, the decreased spontaneous activity of PK2~/~ mice
occurred during the dark period, whereas both genotypes showed
similar activity during the light period (supplemental Fig. S1 B,
available at www.jneurosci.org as supplemental material). Con-
sequently, the ratio of spontaneous locomotor activity observed
in the dark compared with the light period was considerably
smaller in PK2™/~ mice. In addition, a surge of spontaneous
activities in PK2~/~ mice also occurred at the late night (Fig. 2 D).

To rule out the possibility that the reduction of the locomotor
activity might be the consequence of motor defects, we per-
formed rotarod, hanging-wire, and open-field tests on the
PK2~/~ mice and their littermate controls. As shown in supple-
mental Fig. S2 (available at www.jneurosci.org as supplemental
material), all of these parameters were indistinguishable between
WT and PK2™/~ mice, suggesting that motor function was not
impaired in PK2~/~ mice. Together, these results indicate that
PK2~’~ mice exhibit reduced rhythmicity in both voluntary and
spontaneous locomotor activities.

Attenuated circadian rhythms of body temperature and sleep
in PK2~/" mice

The body temperature in mammals also exhibits a circadian
rhythm, which is at least in part controlled by signals from the
SCN (Moore, 1997; Schibler and Sassone-Corsi, 2002; Na-
gashima et al., 2005). The core body temperature is higher in the
active phase than inactive phase even under constant darkness. It
has been proposed that behavioral or physiological rhythms such
as locomotor activity and/or food intake may account for body
temperature rhythms. However, the SCN is also able to modulate
thermoregulation that results in body temperature rhythm, be-
cause the circadian body temperature rhythm persists in com-
pletely bed-rested humans, fasting humans and rats, and hiber-
nating squirrels (Nagashima et al., 2005). We implanted body
temperature probes (Mini-Mitter) into the abdominal cavities of
PK2~’~ and WT mice (1 = 5 mice per group), and the core body
temperature was monitored continuously under LD conditions.
As shown in Figure 3A, both PK2™/~ and WT mice showed cir-
cadian rhythms in the body temperature. However, the oscilla-
tion amplitudes of PK2~/~ mice were significantly smaller than
WT mice (supplemental Fig. S3, available at www.jneurosci.org
as supplemental material). Specifically, the main difference in
body temperature occurred during the dark period, when
PK2~’~ mice could not reach high peaks as WT mice (Fig. 3A).
The oscillation amplitude of body temperature in PK2~/~ mice
was also reduced under the DD condition (supplemental Fig. S3 B, C,
available at www.jneurosci.org as supplemental material).
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Table 1. Summary of locomotor behaviors
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(57BL/6 X 129/0la (57BL/6
Wild-type PK2/ palue Wild-type PK2~ pvalue
Wheel running n=30 n=30 n=10 n=>5
FFT circadian amplitude (LD) 0.21 +0.02 0.13 £0.02 0.0008 0.22 = 0.01 0.04 = 0.01 1.08 X 1073
FFT circadian amplitude (DD) 0.15 +0.02 0.08 = 0.01 0.0003 0.16 £ 0.01 0.026 = 0.01 214X107°
Free-running period (h) 23.65 £ 0.06 23.65 £ 0.06 0.93 23.43 £ 0.07 2422 £ 0.07 0.0002
Total activity per 24 h (LD) 21,441 £ 2239 13,197 = 1739 0.005 23,250 = 2105 2359 + 307 0.00015
Total activity per 24 h (DD) 21,321 £ 2201 11,404 = 1729 0.006 18,577 = 1379 1181 = 191 5281078
Total spontaneous activity per 24 h (LD) 5561 = 800 2794 =+ 388 0.007 4417 £ 662 1397 + 286 0.02
(n=12) (n=12) (n=10) (n=75)

Data are presented as mean = SEM. p values represent the results analyzed by Student’s ¢ test.

It is well known that SCN plays an important role in circadian
regulation of sleep—wakefulness. In rats and mice, SCN lesions
affect sleep onset and timing but have no significant effect on
either the total amount of sleep or the amount of recovery sleep
after sleep deprivation (Mistlberger et al., 1983). In contrast, le-
sions in the SCN of squirrel monkeys result not only in the loss of
sleep circadian rhythm but there is also a 4 h increase in the
amount of sleep, leading to the hypothesis that the output from
the SCN enhances wakefulness in diurnal animals (Edgar et al.,
1993). The observed attenuation in the rhythmicity of locomotor
and the body temperature in PK2™/~ mice may reflect funda-
mental alterations in the rhythm of sleep—wake cycle (Dijk and
Czeisler, 1995; Naylor et al., 2000; Dudley et al., 2003; Shiromani
et al., 2004). We directly analyzed the sleep—wake rhythms of
PK2~’~ and WT mice by implanting EEG and EMG electrodes to
monitor the sleep and wake patterns during 2 d of LD, followed
by 2 d of DD. As shown in Figure 3B, the sleep patterns of PK2~/~
and WT mice were significantly different under both LD and DD.
Compared with WT mice, PK2~/~ mice slept ~85 min less dur-
ing each LD cycle (total sleep time: WT, 706.0 = 14.3 min vs
PK27/7,621.3 + 28.2 min; n = 11 mice per group; p < 0.01 by
unpaired ¢ test). Most of the sleep reduction occurred during the
light period (total sleep time at light period: WT, 488.0 = 8.0 min
vs PK27/7,423.2 + 16.0 min; # = 11 mice per group; p < 0.01 by
unpaired ¢ test) (Fig. 3C). There was no significant difference in
total sleep time between PK2~/~ and WT mice during the dark
period (WT, 218.0 = 12.4 min vs PK2~/~,198.1 * 16.1 min; n =
11 mice per group). Because of the reduction of sleep during the
light period, the amplitudes of sleep rhythm of PK2™/~ mice were
significantly smaller than WT controls under LD, as analyzed by
cosine simulation (supplemental Fig. S4 A, C, available at www.
jneurosci.org as supplemental material). Under DD, the ampli-
tudes of sleep oscillation were also significantly reduced in
PK2™’" mice (supplemental Fig. S4B,C, available at www.
jneurosci.org as supplemental material). Thus, PK2 contributes
significantly to the magnitude of circadian sleep—wake
rhythmicity.

Altered circadian rhythms of circulating corticosterone and
glucose levels in PK2~/~ mice

The circadian clock plays an essential role in controlling the daily
rhythm of circulating hormones (Moore and Eichler, 1972; Buijs
et al., 1993; Buijs and Kalsbeek, 2001; Dubocovich and
Markowska, 2005) and energy metabolites (La Fleur et al., 1999;
Rudic et al., 2004). In rodents, the plasma corticosterone and
glucose levels peak around the onset of the active period (Moore
and Eichler, 1972; Buijs et al., 1993; La Fleur et al., 1999). SCN
lesion results in the disruption of the glucocorticoid rhythms in
rats, specifically the morning glucocorticoid levels are elevated,
leading to the hypothesis that SCN output signals function as

suppressors for the glucocorticoid level (Moore and Eichler,
1972; Buijs et al., 1993). We investigated the role of PK2 in the
circadian regulation of glucocorticoid by measuring the levels of
plasma corticosterone in PK2~/~ and WT mice at ZT 1 and ZT
11, time points that approximately correspond to the reported
peak and trough times of circulating corticosterone. As shown in
Figure 4 A, WT mice showed a significantly higher corticosterone
level at ZT 11 than at ZT 1, whereas there was no significant
oscillation of corticosterone level in PK2~/~ mice (p = 0.11;n =
8-10 mice per time point). Particularly, the PK2~/~ mice had
significantly higher corticosterone levels than WT controls at ZT
1, indicating a possible negative regulation of corticosterone level
by PK2 signaling.

Maintaining glucose levels within a narrow range is essential
for daily function. Controlled by the SCN, a clear circadian
rhythm in blood glucose levels is present (La Fleur et al., 1999;
Rudic et al., 2004). Recently, two major clock genes, Clock and
Bmall, were shown to be critical for the glucose homeostasis
(Rudic et al., 2004). As a target gene of these two transcription
factors in the SCN, it is likely that a deficiency in PK2 will affect
glucose rhythms. We measured the blood glucose concentrations
of PK2~/~ and WT mice at approximately peak and trough times,
ZT 1and ZT 11. As shown in Figure 4 B, glucose level displayed an
obvious circadian oscillation in WT mice, with a higher level at
ZT 11 than at ZT 1. However, the oscillation rhythm of blood
glucose was abolished in PK2~/~ mice.

Normal rhythm of clock genes expression in the SCN of
PK2™/" mice

The PK2™’~ mice showed identical free-run period as WT mice
suggests that PK2 may not be involved in the central clockwork
regulation. To further analyze the effect of PK2 deficiency on the
clockwork function, we examined the expression of core clock-
work genes in the SCN of PK2/~ and WT mice by using in situ
hybridization. As shown in Figure 5, the oscillation of all clock
genes examined were essentially normal in the SCN of PK2™/~
mice, indicating that loss of the PK2 gene had minimal influence
on the function of core clockwork in the SCN. It should also be
noted that temporal profiles of vasopressin in the SCN of WT and
PK2~/~ mice were indistinguishable (Fig. 5). These molecular
studies confirm that PK2 acts as an output factor downstream of
the core oscillator to regulate circadian rhythms.

Attenuated circadian oscillation in the liver of PK2~/~ mice

Circadian oscillations of clockwork and clock-controlled genes
also occur in a variety of peripheral organs. It has been established
that the SCN clock is critical in synchronizing these peripheral
clocks (Buijs and Kalsbeek, 2001; Reppert and Weaver, 2002; Yoo
etal,, 2004; Guo et al., 2005). To investigate whether a deficiency
in PK2 affects the synchronization of peripheral clocks, we exam-
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ined the molecular oscillation of the clockwork and clock-
controlled genes in the liver, a peripheral organ that does not
express detectable PK2 or PK receptor 2 (PKR2) mRNA (data not
shown). The mRNA levels of Bmall and Dbp in the liver were
measured by real-time PCR. Bmall and Dbp were chosen because
they peak at different phases and are regulated by different tran-
scription factors, Rora (RAR-related orphan receptor A) and
Bmall/Clock, respectively (Ripperger et al., 2000; Sato et al.,
2004). As shown in Figure 6, A and B, Bmall and Dbp displayed
circadian rhythms in both WT and PK2~’~ mice. However, the
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amplitudes of oscillation for Bmall and Dbp mRNAs were signif-
icantly smaller in PK2™/~ mice, reflected by a ~40% reduction in
the peak levels.

Accelerated adaptation of PK2~/~ mice to daytime

restricted feeding

Our observations indicate that the control of SCN over diverse
circadian processes is weakened in PK2~/~ mice. To further in-
vestigate the deficit in the SCN control of circadian rhythms, we
challenged PK2~/~ mice with a scheduled daytime RF, which can
entrain the circadian rhythms independent of the SCN (Damiola
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Figure 5. Normal oscillation of clock genes in the SCN of PK2~~ mice. The PK2 ™"~ mice
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constant darkness. In situ hybridizations on coronal brain sections were performed with corre-
sponding **S-labeled probes. No significant difference was detected except Cry2 (crytochrome
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Figure 6.  Analysis of clock genes oscillation in the liver of P2/~ mice. 4, The circadian

thythm of Bmal7 gene expression in the liver was reduced in P2/~ mice (Fsy=42p<
0.01, factor genotype X time). B, The circadian rhythm of Dbp gene expression in the liver was
reduced in PK2~/~ mice (Fs) = 8.03; p < 0.0001, factor genotype X time). *p < 0.05,
*¥p <0.01, genotype difference at time shown by post hoc Bonferroni's t test. WT, Filled circles;
PK2~/~, open circles. Each data represents mean = SEM of three mice.

et al., 2000; Stokkan et al., 2001). In response to a daytime RF,
rodents will feed at unusual period for the sake of survival and
gradually become active before the food is made available, a phe-
nomenon called FAA. FAA is an rhythmic event associated with
the food entrained oscillators (FEO). During RF, the FEO com-
petes with the light entrained oscillator (LEO) (i.e., SCN) for the
control of activity and physiological events. Thus, the higher FAA
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has been interpreted as a relatively stronger FEO control (Dudley
et al., 2003; Pitts et al., 2003). The FAAs of PK2™/~ and WT mice
were monitored when the food was available between ZT 3 to ZT
7 of LD cycles. As shown in Figure 7, A and B, PK2~/~ mice
displayed significantly higher FAA during days 3—6 of RF, con-
firming a weaker SCN control in PK2™/~ mice for the locomotor
activity.

Discussion

During the past decade, studies with mutant animals deficient in
clockwork or clock-controlled genes have dramatically advanced
our understanding of the circadian clocks. Particularly, these ge-
netic studies have established a molecular frame of interlocked
transcriptional and translational loops as the basic operational
unit of the SCN circadian clock (Reppert and Weaver, 2002;
Hastings and Herzog, 2004; Lowrey and Takahashi, 2004). Our
results demonstrated the important role of PK2 for the mainte-
nance of robust circadian rhythms as a SCN output signal.
Whereas the majority of PK2~/~ mice were still rhythmic, the
oscillation amplitudes in multiple circadian parameters were sig-
nificantly reduced in the absence of the PK2 gene. Parameters
that have been analyzed included locomotor activity, sleep—wake
cycle, body temperature, circulating glucocorticoid and glucose
levels, as well as the expression of peripheral clock genes. The fact
that PK2~/~ mice had essentially normal clockwork genes oscil-
lation in the SCN suggests that PK2, as an output molecule, has
no apparent effect on the core clockwork in the SCN.

Our studies established that one SCN output signal can regu-
late diverse circadian rhythms, although the abnormal olfactory
bulb in PK2™/~ mice may somehow contribute to some of the
observed circadian phenotypes (Burge and Edwards, 1976; Pos-
sidente et al., 1996; Perret et al., 2003). PK2, as an SCN output
signal, may affect various circadian rhythms such as locomotor,
sleep—wake, and body temperature via direct or indirect mecha-
nisms. The paraventricular nucleus of the hypothalamus (PVN)
is a primary SCN efferent nuclei involved in the direct regulation
of endocrine rhythms. Because PKR2 is expressed in the PVN,
PK2 may regulate corticosterone level through this pathway. The
neurophysiological effect of SCN-derived PK2 on the PVN, one
critical SCN target, has been investigated. It has been demon-
strated that PK2 was able to excite parvocellular and magnocel-
lular neurons of the PVN (E. A. Yuill, C. C. Ferri, Q. Y. Zhou, and
A.V.Ferguson, unpublished data). Importantly, a peptide-based
PK2 receptor antagonist was able to decrease the basal activity of
parvocellular neurons in the hypothalamus slice (including SCN
and PVN) only during light phase, when PK2 is highly expressed
in the SCN (Yuill, Ferri, Zhou, and Ferguson, unpublished data).
These observations suggest that SCN-derived PK2 may physio-
logically act as an excitatory signal that increases the firing rate of
target neurons.

Although the role of PK2 in synchronizing peripheral oscilla-
tors has not been elucidated, the regulatory effect of PK2 is likely
to be relayed through secondary or tertiary output signals. Body
temperature or circulating factors, such as humoral signals (e.g.,
glucocorticoid or corticosterone in mice) and metabolites (e.g.,
glucose), are likely to be synchronizing signals for the oscillators
in the peripheral tissues (Buijs and Kalsbeek, 2001; Reppert and
Weaver, 2002; Schibler and Sassone-Corsi, 2002). Indeed,
PK2~’" mice displayed significantly attenuated oscillation in the
core body temperature as well as the levels of circulating cortico-
sterone and glucose, which may account for the reduced oscilla-
tion of Bmall and Dbp mRNAs in the liver. The receptor for PK2
is not detectable in the liver, further suggesting that the reduced
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Figure8. Diagram depicting temporal profiles of PK2, AVP, and CLCmRNAs in the SCN. PK2,
AVP, and CLCare clock-controlled genes that encode putative secreted SCN output signals. The
temporal profiles, including the approximate fold of oscillation, are adopted from Jin et al.
(1999), Cheng et al. (2002), and Kraves and Weitz (2006), as well as Figure 5. The temporal
oscillation of PK2, AVP, and CLC mRNAs in the SCN shows partial overlapping pattern, with their
mRNA levels peaking at different CT of day period: PK2 at approximately CT 3, AVP at approxi-
mately (T 6, and CLC at approximately (T 9. Thus, the dawn time (shaded area) represents a
specific time zone for the PK2 signal. The gray and black bars indicate the subjective day and
night periods, respectively.

liver gene oscillation in PK2™/~ mice is indirectly regulated
through other synchronizing signals. Nevertheless, we cannot to-
tally exclude the possibility that PK2 in peripheral organs, such as
gastrointestinal tract, affects the temporal gene expression of the
liver.

With regards the sleep-wakefulness (rest—activity) cycle, the
regulatory effect of PK2 signal is likely to be indirect; the neuronal
activity of the ventrolateral preoptic nucleus and locus ceruleus
are regulated by primary SCN efferent nuclei such as dorsomedial
hypothalamic nucleus (Aston-Jones et al., 2001; Lu et al., 2002;
Chou et al., 2003; Saper et al., 2005), in which PKR?2 is highly
expressed (Cheng et al., 2002). The timing, duration, and quality
of both sleep and wakefulness are regulated by the interaction of
two processes, a homeostatic and a circadian timing process
(Borbely, 1982; Dijk and Czeisler, 1995). The reduction of sleep
time in PK2~/~ mice and Clock mutant mice appears to support
the concept of a direct molecular link between the homeostatic
and circadian regulation of sleep (Naylor et al., 2000; Mignot et
al., 2002), as deduced from the sleep studies on the SCN-lesioned
squirrel monkeys (Edgar et al., 1993).

Intracerebroventricular infusion of PK2 suppresses the loco-
motor activity of rats at subjective night (Cheng et al., 2002).
However, the general locomotor activity of PK2~/~ mice was
reduced. Although the definite underlying mechanism for this
apparent discrepancy is unclear, it should be noted that the loco-
motor activity in PK2™/~ mice was relatively elevated during late
night, a specific temporal window for PK2 (Figs. 2 B-D, 8). Con-
versely, it is possible that infusion of PK2 may have limited dis-
persion such that only nuclei in proximity to the ventricle may
have access to PK2, whereas the gene disruption is global. How-
ever, we cannot rule out the possible compensatory mechanisms
in the global absence of PK2 from a development standpoint.
Given the fact that reduced locomotor activity is commonly ob-
served in animals lacking other clock or clock-controlled genes,
such as DBP™/~, VPAC2™/~, and Bmall~/~ mutant mice and
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vasopressin-deficient rats (Murphy et al., 1996; Lopez-Molina et
al., 1997; Bunger et al., 2000; Harmar et al., 2002), reduced activ-
ity might be an exhibition of disturbed circadian rhythms.

The residual circadian rhythms in PK2~/~ mice suggest that
vasopressin (Jin et al., 1999), CLC (Kraves and Weitz, 2006),
and/or other unidentified secreted factors serve as additional
SCN output signals. Nevertheless, our results showed that these
signals are not sufficient to fully compensate for the loss of PK2
signal. Interestingly, the temporal mRNA profiles of PK2, vaso-
pressin, and CLC in the SCN only partially overlap (Fig. 8). PK2
mRNA peaks at approximately circadian time 3 (CT 3) (Cheng et
al., 2002), vasopressin mRNA peaks at approximately CT 6 (Jin et
al., 1999), and CLC mRNA peaks at approximately CT 9 (Kraves
and Weitz, 2006). Thus, the dawn time represents a unique zone
in which the expression of PK2 mRNA does not overlap with
vasopressin and CLC. This may explain the increased locomotor
activity, wakefulness, body temperature, as well as corticosterone
levels in PK2~/~ mice during this early morning period (Fig. 2B,C,
3A, 4A) (supplemental Fig. S4A, available at www.jneurosci.org
as supplemental material) (our unpublished observation).
Therefore, SCN-derived PK2 may serve as a suppressive factor for
these behavioral and physiological parameters in rodents. Con-
sistent with the expression profiles presented in Figure 8, Kraves
and Weitz have shown that blocking CLC signaling by infusion of
anti-gp130 caused an increase in locomotor activity specifically
during CT 9-CT 12, the peak hours of CLC expression (Kraves
and Weitz, 2006).

Among these three putative clock-controlled output mole-
cules, only PK2 and CLC have been shown to modulate the loco-
motor activity in rodents (Cheng et al., 2002; Kraves and Weitz,
2006). In addition to the ~6 h difference in the expression peaks,
the functional pathways of PK2 and CLC may also be distinct,
because their receptors are expressed in different SCN targets.
PK2 receptor is expressed in most of the SCN targets but subpara-
ventricular zone, in which receptor for CLC is predominately
expressed (Cheng et al., 2002; Kraves and Weitz, 2006). Thus, we
propose that, in mammals, PK2 and CLC may gate the locomotor
activity in the morning and evening, respectively. This phenom-
enon coincides evolutionarily with that the morning and evening
surges of locomotor activity in the Drosophila melanogaster are
driven by distinguished circadian neurons (Stoleru et al., 2004).

Vasopressin has been shown previously as a SCN output sig-
nal that suppresses the corticosterone level in rodents (Kalsbeek
et al., 1992). Our data indicated that PK2 was also an inhibitory
signal for the corticosterone level (Fig. 4A). Recently, PK2 and
vasopressin are reported to colocalize partially (~50%) in the
dorsomedial SCN (Masumoto et al., 2006). Thus, it is likely that
PK2 and vasopressin are released to the same SCN targets such as
PVN in controlling the corticosterone oscillation, although dur-
ing different temporal zones. In addition, the signaling pathways
of PK2 and vasopressin after binding to their respective receptors
(PKR2 and V1aR) also share similarities, including G, coupling
and the activation of extracellular signal-regulated kinase 1/2
pathway (Birnbaumer, 2000; Lin et al., 2002). CLC is also colo-
calized with vasopressin in the SCN (Kraves and Weitz, 2006);
however, the SCN-derived CLC is unlikely involved in the sup-
pression of corticosterone level, because CLC peaks when corti-
costerone level is high (Kraves and Weitz, 2006).

The fact that the animals deficient in a given output molecule
(vasopressin-deficient rats, DBP~/~ mice, and PK2~/~ mice) dis-
play some similar phenotypes, such as attenuated amplitudes of
circadian oscillation and reduced locomotor activity (Murphy et
al., 1996; Lopez-Molina et al., 1997) indicates a functional redun-
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dancy among these output factors. The phenomenon that the
SCN circadian clock uses multiple output signals, in parallel with
the multiple input pathways, reflects the complexity and plastic-
ity of the mammalian circadian clock. It will be intriguing to
decipher how these output signals interact in transmitting the
SCN timing information to generate overt circadian rhythms.
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