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wing causes DJNK-mediated apoptosis (Fig. 4f, h). Because aberrant
Dpp signalling in either case is deleterious for normal wing
morphogenesis, ablation of cells by apoptosis may be an effective
mechanism to restore and maintain the normal process of wing
development. Downregulation of the DJNK pathway by Dpp
signalling is also essential for distal-tip cell survival in several
other appendages in addition to the wing. Loss of distal regions
owing to cell death in appendages other than the wing have also
been observed in Drosophila carrying some alleles of dpp or wg21,22.
These phenotypes were enhanced in ¯ies with a reduced dosage of
the puc gene (data not shown), similar to the phenotype we
observed in the wing. On the basis of these results, we propose
that the regulation of DJNK-dependent apoptosis by a signal
gradient providing proximodistal positional value is a general
mechanism in appendage development, and is not restricted to
the wing. We believe that the DJNK pathway is required for
restoration of proximodistal positional information only when
signalling levels are abnormal and that normal wing development
may not require DJNK signalling. Thus, the DJNK cascade is latent in
normal development, but is activated to provide a system to maintain
proper development when normal signalling is distorted.
M
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Methods

A mutant strain tkv427. tkv

427

was once reported to be a hyperactive allele based
on the result that its wing-vein phenotype was enhanced by an additional dpp+
transgene23. However, similar phenomena can be observed not only in tkv427 but
also in a wide variety of loss-of-function tkv alleles (data not shown). Recently,
it was also reported that Tkv represses the expression of Dpp required for vein
formation during the pupal stage24. Thus, hypomorphs of tkv produce
abundant amounts of Dpp and show the `thick veins' phenotype enhanced
by dpp+ transgene.
Construction of a transgenic ¯y hepCA(wing trap). MKK7, a mammalian
homologue of Hep, is activated by phosphorylation at Ser 271, Thr 275 and
Ser 277 (ref. 25). Hence, the corresponding amino-acid residues, Ser 346,
Thr 350 and Ser 352 in Hep were all replaced with Asp to generate HepCA.
Among 20 strains of UAS±hepCA transgenic ¯ies, one insertion in the third
chromosome manifested the wing-notch phenotype without GAL4 drivers
with a penetrance of less than 10% (Fig. 2c). Furthermore, because ectopic
puc±lacZ was expressed in the wing disc of this strain (Fig. 1b), the wing-notch
phenotype was presumed to be caused by the enhancer trap of the UAS±hepCA
transgene. This strain was named hepCA(wing trap) and used throughout this work.
Acridine-orange staining of the wing disc. Staining was carried out as
described26. Although apoptotic cell clusters were observed in various genetic
backgrounds, these were usually accompanied by somewhat elevated levels of
sporadic dying cells throughout the wing disc. It has been reported previously
that apoptosis induced in a restricted wing area is typically accompanied by
nonautonomous death in adjacent territories15.
Clonal analysis of TkvCA-induced cell death in the AyGAL4 system. The
AyGAL4 system is a transgene fusing the following DNA segments: Actin5C
promoter±FRT (yeast FLP recombinase target)-transcriptional termination
signal±yellow+ ±FRT±GAL4 (ref. 27). Discs were prepared from larvae carrying
both the AyGAL4 and hsFlp (yeast FLP recombinase gene driven by a heat shock
promoter) transgenes. GAL4-expressing clones were induced by heat treatment
at 37 8C for 30 min at 48±72 h after egg laying. Staining was carried out at 48 h
after heat treatment.
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Circadian rhythms are driven by endogenous biological clocks
that regulate many biochemical, physiological and behavioural
processes in a wide range of life forms1. In mammals, there is a
master circadian clock in the suprachiasmatic nucleus of the
anterior hypothalamus. Three putative mammalian homologues
(mPer1, mPer2 and mPer3) of the Drosophila circadian clock gene
period (per) have been identi®ed2±8. The mPer genes share a
conserved PAS domain (a dimerization domain found in Per,
Arnt and Sim) and show a circadian expression pattern in the
suprachiasmatic nucleus. To assess the in vivo function of mPer2,
we generated and characterized a deletion mutation in the PAS
domain of the mouse mPer2 gene. Here we show that mice
k Present address: Max Planck Institute for Experimental Endocrinology, Feodor-Lynen-Strasse 7, 30625
Hanover, Germany.
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homozygous for this mutation display a shorter circadian period
followed by a loss of circadian rhythmicity in constant darkness.
The mutation also diminishes the oscillating expression of both
mPer1 and mPer2 in the suprachiasmatic nucleus, indicating that
mPer2 may regulate mPer1 in vivo. These data provide evidence
that an mPer gene functions in the circadian clock, and de®ne
mPer2 as a component of the mammalian circadian oscillator.
The PAS domain is highly conserved in circadian clock genes
from a variety of species9±13. We designed a replacement vector to
delete two exons encoding the most conserved region of mPer2 in
comparison with Drosophila Per (Fig. 1a). This deletion removes
half of PAS B and the entire PAC subdomain14 and is expected to
disrupt the PAS domain. The targeted allele (mPer2Brdm1, abbreviated as m) was obtained in AB2.2 embryonic stem cells (derived
from an XY 129S7/SvEvBrd-Hprtb-m2 embryo, abbreviated as 129
below) (Fig. 1b) and used to generate germline chimaeric mice.
Intercrosses between heterozygous (C57BL=6 3 129) F1 offspring
produced homozygous mutants (Fig. 1c) at the expected Mendelian
ratio. Homozygous mutants (m/m) were morphologically indistinguishable from their wild-type littermates and both males and
females were fertile. Reverse transcription with polymerase chain
reaction (RT±PCR) and sequence analysis indicated the presence of
a mutant transcript that, if translated, would generate a protein with
a deletion of 87 amino acids (Fig. 1d).
To determine whether the mutation altered circadian behaviour,

Figure 1 Generation of mPer2Brdm1 mutant mice. a, Genomic structure of a portion
of the mouse mPer2 gene, the targeting vector and the predicted structure of the
targeted allele. Exons are indicated by vertical black bars. WT, wild type; H, HindIII;
B, BamHI; Neo, neomycin resistance gene; HSV tk, Herpes simplex virus
thymidine kinase gene. b, Southern analysis to identify targeted embryonic stem
cell clones by digesting genomic DNA with BamHI. A 1.2-kb 59 external probe
detects a 12.0-kb wild-type (+) fragment and a 10.0-kb mutant (m) fragment. A 1.4kb 39 internal probe that detects an 11.2-kb HindIII wild-type fragment and a 5.7-kb
mutant fragment was used to con®rm correct targeting at the 39 homology
region (data not shown). c, Southern analysis of F2 littermates obtained from
intercrosses between (C57BL=6 3 129) F1 heterozygous mice using the same
restriction enzyme and probe as in b. A probe corresponding to the deleted
region was used in Southern analysis to con®rm the deletion in homozygous
mutants (data not shown). d, RT-PCR and sequence of the mutant transcripts.
Left: RT-PCR products separated on an agarose gel which were ampli®ed with
cDNA primers ¯anking the expected deletion. bp, base pair. Right: comparison of
the wild-type and mutant cDNA sequences with conceptual translation shown.
Amino-acid position is from GenBank accession number AF036893.
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F2 homozygous mutants and their wild-type and heterozygous
littermates were individually housed in circadian activity-monitoring
chambers. Wheel-running activity, which is an accurate measure of
circadian activity in rodents, was monitored for each animal. Mice
were initially maintained in a 12 h light/12 h dark (LD 12:12, or LD)
cycle for 10 days to establish entrainment, and were subsequently
maintained in constant darkness (DD) (Fig. 2). After 22 days in
darkness, the animals were exposed to a 6-h light pulse (arrows in
Fig. 2) and were subsequently maintained in darkness for an additional
11 days. F2 wild-type mice showed a precise entrainment to the LD
cycle and in constant darkness they established a circadian rhythm with
a period slightly less than 24 h (Fig. 2a). The 6-h light pulse reset the
clock of these animals when applied in the subjective night.
Homozygous mutants were also entrained in LD (see below).
However, they displayed two overt phenotypes in constant darkness.
The ®rst phenotype of homozygous mutants is a short circadian
period. At the beginning of DD (Fig. 2b) or after the light pulse
(Fig. 2c), homozygous mice typically displayed a short period for
several days. The period length was calculated by x2 periodogram
analyses on intervals when the circadian period appeared stable on
the activity record. Wild-type controls had an average period of
23:7 6 0:4 h (mean 6 s:d:, n  13). In contrast, m/m mice had an
average period of 22:1 6 0:4 h (n  17), which is 4 s.d. from the
mean of the wild-type controls. In some cases the precision of this
rhythm in m/m mice could be visualized by replotting the activity
record on a scale corresponding to the period (Fig. 2d). The stable
period for heterozygous mutants averaged 23:6 6 0:3 h (n  13),
which is not signi®cantly different from that of their wild-type
littermates. Thus the homozygous mutants displayed a signi®cantly
shorter period than that of their wild-type siblings (P , 0:001,
Student's t test).
The second phenotype of homozygous mutants is a loss of
persistent circadian rhythmicity in constant darkness. The short
period expressed by homozygous mutants was followed by a loss of
the circadian rhythm (Fig. 2b, c). The time that it took an individual
homozygous mutant to lose its circadian rhythm varied, mostly
ranging between 2 and 18 days as assessed by activity plots (n  17).
None of the wild-type littermates (n  13) became arrhythmic
during the corresponding period. Of the heterozygous animals
tested (n  13), two displayed multiple rhythms or transient loss
of circadian rhythmicity, whereas the other heterozygous mutants
were not detectably different from the wild-type controls (data not
shown). To quantify circadian rhythmicity, we carried out Fourier
periodogram analysis15 on days 1±10 (the ®rst interval) and days 6±
15 (the second interval) in constant darkness for the three genotypes. The logarithm of the amplitude of the circadian peak for the
®rst and second interval averages 2:72 6 0:14 (mean 6 s:e:m:) and
2:80 6 0:17p , respectively, for +/+ mice (n  13), 2:85 6 0:08 and
2:88 6 0:07, respectively, for +/m mice (n  13), and 2:19 6 0:30
and 1:80 6 0:35p , respectively, for m/m mice (n  17) (p P , 0:05,
Student's t test). Fourier analysis on the activity data from homozygous mutants that have no apparent circadian rhythms con®rmed
the loss of the circadian peak but detected a periodicity of 4±8 h
(Fig. 3). Such activity rhythms with a period less than 24 h, known
as ultradian rhythms16, have been observed in rodents with ablated
suprachiasmatic nuclei (SCNs)17, the mouse Clock mutant18 and
Drosophila clock mutants devoid of circadian rhythms19. In contrast, the circadian peak predominated in the wild-type animals and
in the mutant animals when they displayed a clear circadian rhythm
(Fig. 3a, b and data not shown). Thus the mPer2Brdm1 mutation
provides another example where ultradian rhythmicity can be
dissociated from circadian rhythmicity.
The loss of circadian rhythmicity in m/m mice is not due to a
decrease in total activity. Total wheel-running activity was not
signi®cantly different among the three genotypes in constant darkness (for the ®rst and second interval in DD, wheel rotations per day
are 18;849 6 1;868 and 21;391 6 2;366, respectively, for +/+ mice,
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n  13; 19;833 6 2;283 and 21;108 6 2;669, respectively, for +/m
mice, n  13; and 20;899 6 2;402 and 21;708 6 2;275, respectively,
for m/m mice, n  17; numbers are mean 6 s:e:m:). The light pulse
temporarily restored a circadian rhythm in all m/m animals, which
then lasted for a variable period of time (Fig. 2b, c), indicating that
the loss of circadian rhythmicity is reversible. Histological analysis
of SCN sections showed no gross anatomical difference between +/+
and m/m F2 littermates (data not shown), indicating that the
circadian phenotype in the mutants is not due to a developmental
defect in the SCN. To determine whether genetic background
affects the expressivity of the circadian phenotype, we generated
mPer2Brdm1 mutants in the 129-inbred strain by crossing chimaeric
mice to strain 129 females. The same circadian phenotype was
observed in 129-homozygous mutants, that is, a short period
for a variable time followed by a loss of circadian rhythmicity
(circadian period: +/+, 23:6 6 0:3 h (mean 6 s:d:), n  10; m/m,
22:1 6 0:5 h, n  8) (for representative activity records, see Supplementary Information, Fig. A). The mPer2Brdm1 mutation has
disrupted two basic properties of the circadian clock, period
length and persistence of circadian rhythmicity, showing that
mPer2 functions in the mammalian circadian clock.
Although homozygous mPer2Brdm1 mutants entrained to the LD
cycle, they showed increased locomotor activity in a several-hour
period preceding the light-to-dark transition (pre-dusk activity)
(Fig. 2c). On average, for F2 homozygous mutants, 12 6 1:4%
(n  17, mean 6 s:e:m:) of the total activity was between ZT 9 and
ZT 12. (ZT, zeitgeber time. In an LD 12:12 cycle, light is turned on at
ZT 0 and off at ZT 12.) In contrast, wild-type littermates displayed just
2 6 1:0% (n  13) of their total activity during the same period. Such
elevated pre-dusk activity was also observed in 129-homozygous
mutants (Supplementary Information, Fig. A). Elevated pre-dusk
activity essentially re¯ects a phase advance in daily activity, which is
an expected feature associated with a short period20,21.

To determine whether the mutation also affects the expression of
genes that are believed to be components of the circadian system, we
examined the expression of mPer1, mPer2, mPer3 and Clock in the
SCNs of +/+ and m/m littermates, at four different times in the LD
cycle, by in situ hybridization. Expression of mPer2 in wild-type
controls peaks at around ZT 12 (Fig. 4a), as previously observed4. In
contrast, mPer2 transcript levels are much lower at ZT 12 in m/m
animals (about 20±40% of wild-type levels by silver grain counting). mPer2 expression at ZT 6, 18 and 24 is at background levels in
the mutants, similar to the wild-type controls. Examination of
mPer2 expression every two hours between ZT 6 and ZT 14 indicated
that an overall decrease in expression levels is accompanied by a
slight phase advance of transcript oscillation in the mutants (with
the new peak of expression at ZT 10; see Supplementary Information, Fig. B). The slight phase advance in mPer2 expression is
consistent with a slight phase advance in the daily rhythm. A similar
relationship between behavioural and molecular alterations has
been documented in Drosophila perS mutants20,22. The concordance
of the phase shift in circadian activity and transcript oscillation is an
expected feature for an oscillator component that describes the
progression of the clock23. The fact that mPer2 mutant transcripts
still oscillate in the mPer2Brdm1 mutant SCN in LD indicates that
mPer2 is not solely responsible for its own oscillating expression.
Expression of mPer1 in the SCN of wild-type littermates is strong
at ZT 6 and declines to background levels at ZT 12, 18 and 24, as
previously observed2. In contrast, mPer1 expression in the mutants
is signi®cantly reduced at ZT 6 (10±30% of wild-type control)
(Fig. 4a). At ZT 12, 18 and 24, mPer1 transcripts are at background
levels in the mutants, similar to the wild-type controls. In heterozygous mutants, the expression of mPer1 or mPer2 is not detectably
different from that in the wild-type controls (Supplementary
Information, Fig. C, and data not shown). The constitutive expression of mPer1 and mPer2 in the hippocampus and piriform cortex2,4

Figure 2 Representative locomotor activity records of F2 wild-type and

6-h light pulse was applied between 6 pm and midnight (arrow). The slope of the

homozygous mPer2Brdm1 mutant mice. Activity records of a wild-type mouse (a)

line (in red) aligned with the points of the onset of activity on a 24-h scale plot

and two homozygous mutants (b, c) are shown. The bar over the records

re¯ects the period length. d, The same activity record as in (b) but plotted on a

indicates the LD cycle. The line over DD indicates the transition from LD to DD. A

scale corresponding to the period length of this mutant animal.
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was not detectably different between +/+ and m/m littermates
(Supplementary Information, Fig. D), indicating that the alteration
of mPer1 and mPer2 expression in the mutant SCN is speci®c to the
rhythmic control of the two genes. In peripheral tissues such as liver
and kidney, where mPer transcript levels also oscillate strongly7,24,
there was a similar substantial reduction in the amplitude of mPer1
and mPer2 transcript oscillation in homozygous mPer2Brdm1
mutants (Fig. 4b and data not shown). Examination of mPer1 and
mPer2 expression in the SCN in constant darkness (as assayed every
three hours for a 24 h period in the second day in DD) showed a
similar reduction of the oscillating expression of the two genes in the
mutant as in LD (data not shown).
The mPer2Brdm1 mutation greatly reduces the rhythmic expression
of mPer1 and mPer2, indicating that mPer2 regulates mPer1 in vivo.
This implies that mPer2 is upstream of mPer1. It is equally possible
that the two genes auto- and cross-regulate in a single molecular
cycle for circadian regulation. The reduced expression of mPer1 and
mPer2 in the mutants, rather than elevated expression, is unexpected given the proposed role of the mPers as negative elements in
a putative molecular autoregulatory loop25. Instead, our data
indicate that mPer2 has positive regulatory functions in the clock,
reminiscent of a recent study where Drosophila (d)Per was implicated in positive regulation of dClock26. In contrast to the altered
mPer1 and mPer2 expression, the expression of both mPer3 and
Clock was indistinguishable in the mutant SCN from that of the
wild-type controls, and did not appear to oscillate at the four time
points sampled in both genotypes (Fig. 4a). Therefore, the alteration of mPer1 or mPer2 expression by the mPer2Brdm1 mutation does
not appear to work through a change in either Clock or mPer3
expression.
The phenotype of our deletion mutation underscores the func-

tional importance of the PAS domain of mPer2. Given the signi®cant down-regulation of mPer1 in the SCN of homozygous mutants,
the apparently normal mPer1 expression in the SCN of heterozygous
mutants together with a recessive circadian phenotype is consistent
with mPer2Brdm1 being a loss-of-function mutation. However, it is
possible that the mPer2Brdm1 allele has some residual function.
In conclusion, our data show that mPer2 encodes a dedicated
component of the mammalian circadian clock. Given its cyclic
expression in the SCN4±6, our data implicate mPer2 as an oscillator
component of the clock. mPer2 is probably a central clock component, as mutation in mPer2 leads to a change in the expression of
other genes believed to be associated with the clock (mPer1). The
circadian rhythm in mPer2Brdm1 mutants is not lost instantly upon
release into constant darkness. Rather, the clock continues to
operate for a variable period of time and then collapses. A similar
feature has been observed in the mouse Clock mutant18. This
characteristic may imply some partial redundancy in the maintenance

Figure 4 Expression analysis of F2 wild-type and homozygous mPer2Brdm1 mutant
mice in LD 12:12. a, In situ hybridization results on SCN of wild-type (+/+) and
homozygous mutant (m/m) mice at four different time points. The probes are
Figure 3 Fourier analysis of periodicity of F2 wild-type and homozygous

indicated on the right. Yellow, mPer1; red, mPer2; white, mPer3 or Clock. Scale bar,

mPer2Brdm1 mutants. Activity records of one wild-type (a) and two m/m mice (c,

500 mm. b, Northern blot analyses of mPer1 and mPer2 in liver tissues in +/+ and

e) for a 10-day interval in DD, the latter two with no apparent circadian rhythmicity.

m/m mice. Duplicate blots were hybridized with a full-length mPer1 cDNA and a

b, d, f, Fourier periodogram analyses on the activity data plotted in a, c and e,

full-length mPer2 cDNA probe respectively. Re-probing of the same blot with a

respectively. The amplitude of any rhythm (y-axis) is plotted against the number of

GAPDH probe or ethidium bromide staining of 18S ribosomal RNA was used to

cycles per day (x-axis) with long periods (fewer cycles per day) to the left and

control for loading and RNA integrity. Representative results are shown from one

short periods (more cycles per day) to the right. A peak at around 1 cycle per day

out of three independent experiments with similar results, each performed on a

indicates the presence of a circadian rhythm (as in b).

different set of animals.
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of the circadian cycle in mammals. Mutational analyses of other
putative clock genes will be essential for unravelling the molecular
mechanisms underlying the mammalian circadian clock. These
mutants will also provide useful animal models for elucidating
the aetiology of and developing treatments for disorders in humans
related to the sleep±wake cycle.
M
.........................................................................................................................

Methods

Generation of mPer2Brdm1 mutant mice. We isolated a genomic clone from a

mouse 129S5/SvEvBrd genomic library using a mouse mPer2 complementary
DNA probe. A targeting vector was constructed with PGK-Neo as the positive
selection marker and HSVtk as the negative selection marker to delete a 2.1kilobase (kb) fragment. We used a 6.7-kb BglII fragment as the 59 homology
region and a 4.0-kb KpnI fragment as the 39 homology region. The HSVtk,
PGK-Neo and vector backbone were from pKO SelectTK, pKO SelectNeo V800
and pKO Scrambler V924 (Lexicon Genetics). Tissue culture, electroporation,
mini-Southern blot analysis on embryonic stem cell colonies, generation of
chimaeric and germline mice and tail DNA genotyping were done as
described27,28.
Locomotor activity monitoring and circadian phenotype analysis. Mice
were housed in individual cages equipped with a running wheel in ventilated,
light-tight chambers with controlled lighting. Wheel-running activity was
monitored by an on-line PC using the Chronobiology Kit (Stanford Software
Systems). In the LD cycle, the light was turned on at 7:00 (ZT 0) and off at 19:00
(ZT 12). The switch into constant darkness (DD) was effected by not turning
on the light at the usual time. The activity records are double plotted so that
each day/cycle's activity is shown both to the right and below that of the
previous day/cycle. Activity is plotted in density percentile distribution (Fig. 2)
or threshold (Fig. 3) format. For activity counting we used the ACTCNT
program of the Chronobiology Kit. To determine the period length, an interval
with a 10-day minimum during which the circadian period appeared to be
stable on the activity record was analysed with a x2 periodogram29 using the
Stanford Chronobiology Kit. We used Fourier periodogram analysis15 in the
Chronobiology Kit to assess the strength of circadian and/or ultradian
rhythmicity.
In situ hybridization. Mice were killed by cervical dislocation under ambient
light conditions at ZT 6 and ZT 12 and under a 15 W safety red light at ZT 18
and ZT 0/24. Specimen preparation and in situ hybridization with an mPer1
and an mPer2 probe were carried out as described4,30. The mPer2 probe is
outside the region deleted in the mutant. The mPer3 probe was made from an
RT±PCR product corresponding to nucleotides 480±824 (AF050182). The
Clock probe was made from an RT±PCR product corresponding to nucleotides
1352±2080 (AF000998). Tissue was visualized by ¯uorescence of Hoechst dyestained nuclei (blue in Fig. 4).
Northern blot and RT-PCR analysis. Tissues were collected and frozen in
liquid nitrogen and stored at -80 8C. RNA was prepared with the RNAzolTM B
RNA isolation kit (TEL-TEST). We performed northern blot analysis on total
tissue RNA using denaturing formaldehyde gel. For RT±PCR analysis, ®rst
strand cDNA was generated using Moloney reverse transcriptase (BRLGIBCO) and oligo dT-priming from total liver RNA. An aliquot of the ®rst
strand cDNA was then ampli®ed by PCR across the deletion region with the 59
primer CTA CCT GGT CAA GGT GCA AGA G and the 39 primer GGT TTG
AAT CTT GCC ACT GG. The RT±PCR products were then sequenced with an
internal primer AGG GTA CAC TCG GGC TAT GA.
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Amyloid-b peptide (Ab) seems to have a central role in the
neuropathology of Alzheimer's disease (AD)1. Familial forms of
the disease have been linked to mutations in the amyloid precursor protein (APP) and the presenilin genes2,3. Disease-linked
mutations in these genes result in increased production of the
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