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Abstract
In a search for genes that regulate circadian rhythms in mammals, the progeny of mice treated
with Nethyl-N-nitrosourea (ENU) were screened for circadian clock mutations. A semidominant
mutation, Clock, that lengthens circadian period and abolishes persistence of rhythmicity was
identified. Clock segregated as a single gene that mapped to the midportion of mouse chromosome
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5, a region syntenic to human chromosome 4. The power of ENU mutagenesis combined with the
ability to clone murine genes by map position provides a generally applicable approach to study
complex behavior in mammals.

Progress has been made at the physiological and cellular levels in our understanding of
circadian systems (1), yet the molecular mechanism of circadian clocks has not been fully
elucidated (2). The isolation of “clock mutants” and the widespread requirement for protein
synthesis in circadian clock systems imply that gene expression is an integral component of
the oscillator (2). Recent molecular work with the Drosophila period (per) and Neurospora
frequency (frq) genes suggests that a circadian cycle of per and frq transcription,
respectively, may lie at the heart of the oscillator mechanism in these species (3). However,
no information exists concerning the molecular elements of the clock system in mammals.
In the absence of specific mechanistic information, genetics has been a powerful approach to
uncover unknown elements. We report here the isolation of a mutation in the mouse that
changes two central properties of circadian rhythms: the intrinsic period length and the
persistence of rhythmicity. Taken together, our results define a gene, named Clock (for
circadian locomotor out-put cycles kaput) that is essential for normal circadian behavior.

Because the majority of clock mutants isolated in other organisms have been semidominant
(4), we screened heterozygotes directly in the mouse. With the mutagen ENU, average
forward mutation frequencies of 0.0015 per locus per gamete (1 in 700) can be achieved in
the mouse (5). Male mice of the inbred strain C57BL/6J (B6) were treated with a single
injection of ENU and after recovery of fertility were mated with untreated B6 females (6).
First generation (G1) offspring would be heterozygous for any induced mutations but
otherwise possess an isogenic B6 background (Fig. 1A). Normal B6 mice exhibit a robust
circadian rhythm of wheel-running activity; we used this behavioral assay to screen for
circadian mutants (Fig. 1B). Activity rhythms were monitored during exposure to a light-
dark cycle (LD) to assess synchronization or entrainment behavior and in constant darkness
(DD) to determine the circadian period of the locomotor activity rhythm (7). Laboratory
mice typically have circadian periods of less than 24 hours, with B6 mice having periods
that average between 23.3 and 23.8 hours (8).

We tested a total of 304 G1 offspring of ENU-treated males (9). The distribution of period
lengths of the activity rhythms from the G1 mice was normal, with a mean of 23.7 hours and
a standard deviation of 0.17 hours (Fig. 1C). One animal (G1-25) expressed a circadian
period that gradually lengthened over the first 30 days of DD, stabilizing at 24.8 hours, more
than six standard deviation units from the mean (Fig. 1D). The 303 other G1 mice all had
wild-type period values ranging between 23.2 and 24.1 hours. Animal G1-25, a male, was
mated with three normal B6 females, producing 23 backcross (N2) progeny among four
litters.

To determine whether the long period was heritable, we measured the activity rhythms of
these B6 N mice (10). Period lengths fell into two classes: 13 mice, both male and female,
had periods in the normal range between 23.3 and 24.0 hours, whereas 10 mice, also of both
sexes, had periods between 24.5 and 24.8 hours, corresponding to the founder animal’s
period (Fig. 1, E and F). A 1:1 phenotypic ratio of normal to long periods would be expected
among the progeny for a fully penetrant autosomal dominant period mutation; the observed
ratio of 13:10 was not significantly different by a X2 test (see Table 1, cross 1), indicating
the long-period phenotype was heritable. Ultimately, seven different types of crosses (Table
1) produced 362 progeny which were phenotypically tested (11). The pedigree included
crosses with two other inbred strains, BALB/cJ (BALB) and C3H/HeJ (C3H) (12). All
observed phenotypic ratios for Clock were consistent with those predicted for a single-locus
semidominant autosomal mutation (see Table 1 for X2 analysis) (13).
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Intercrosses between Clock/+ heterozygotes produced animals of three phenotypic classes in
the F2 generation, indicating that the mutation was semidominant. In the F2 progeny of both
of these intercrosses (Table 1, crosses 3 and 6), the wild-type (Fig. 2, A and E) and Clock/+
(Fig. 2, B and F) phenotypes were observed. However, approximately one-quarter of the F2
offspring had extremely long periods of 26 to 29 hours on initial transfer to DD (Fig. 2, C,
D, G, and H). The long, 26- to 29-hour period was followed by a complete loss of circadian
rhythmicity after about 2 weeks in DD (Fig. 2C). Thus, steady-state period, as estimated by
a X2 periodogram (14), fell into three classes: short (mean ~23.3 hours) for wild types; long
(mean ~24.4 hours) for Clock/+; and very long (mean ~27.3 hours) for Clock/Clock. The
quantitative analyses of circadian phenotype of progeny segregating Clock from the two
interstrain (BALB × B6)F1 Clock/+ crosses (Table 1, crosses 6 and 7) are shown in Table 2.
Highly significant differences in period length were found between the wildtype and Clock/
+ offspring, as well as between the Clock/Clock animals and the other two classes in the
(BALB × B6)F2 mice (Table 2).

A second phenotypic characteristic of Clock was the lability of the period expressed by
Clock/+ mice in DD. Wild type mice exhibited either no change in period or a slight
shortening of period in DD (Table 2) (15). In contrast, Clock/+ mice from either interstrain
cross typically exhibited a lengthening of period (Table 2). In most Clock/+ mice, the period
lengthened gradually over a number of weeks (for an example, see Fig. 2B), whereas in
other cases the period changed abruptly (16). Finally, in a few Clock/+ mice there were
intervals in DD during which either multiple rhythms were expressed or transient
arrhythmicity occurred (17).

A third feature of Clock was seen in homozygous Clock/Clock mice: a failure to exhibit
sustained circadian rhythmicity in DD (Fig. 3). Although a long period was initially
expressed on transfer to DD for 5 to 15 cycles in most Clock/Clock mice, the amplitude and
precision of the rhythm were low. Fourier analyses (18) were performed on all (BALB ×
B6)F2 progeny for the first and second 10-day intervals in DD. In wild type and Clock/+
mice, a peak in the circadian range was clear, with no decline in the amplitude of the power
spectral density (PSD) between the two intervals (Table 2). In Clock/Clock mice, a circadian
peak with reduced amplitude was present in most animals during the first 10-day interval
(Table 2). The amplitude of the PSD in the circadian range then decreased during the second
10-day interval (Fig. 3, E to H, and Table 2). In 31 homozygous Clock mice, only one
animal expressed a circadian rhythm that persisted longer than 20 days in DD. The loss of
amplitude of the PSD in the circadian range was not due to a decrease in amount of activity.
No differences were detected in the total amount of activity per 24 hours among the three
phenotypic classes in the (BALB × B6)F2 progeny, either during exposure to LD or during
the first or second 10-day intervals in DD (Table 2). In Clock/Clock homozygotes, a single
6-hour light pulse, given after the loss of circadian rhythmicity in DD, could restore the long
periodicity temporarily (Fig. 2G and Fig. 3, A to D) (19). The mean logarithm of the PSD in
the circadian range was 1.55 + 0.133 before and 2.08 ± 0.127 after a 6-hour light pulse
(paired t test, P < 0.005, n = 14). Therefore, the loss of circadian rhythmicity in DD in Clock
homozygotes can be temporarily reversed by a single light pulse.

Although circadian periodicities were abolished in the majority of Clock/Clock animals, the
Fourier analyses indicated that a residual ultradian periodicity of about 6 to 9 hours
remained (Fig. 3, E to H) (20). This ultradian periodicity resembled the residuum found in
the locomotor records of rodents, including mice, bearing lesions of the master circadian
pacemaker in the suprachiasmatic nucleus (SCN) (21). In analyses performed on other
species of rodents (such as voles), ultradian locomotor rhythms do not appear to be
generated by the circadian system (22). Therefore, the Clock mutation presents an additional
situation in which circadian rhythmicity can be dissociated from ultradian periodicities in
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the locomotor behavior of rodents. In addition to SCN-lesioned mice (21), behavioral
arrhythmicity has been reported in anophthalmic ZRDCT-An mice in association with a
developmental loss of neurons in the SCN (23). We therefore examined the anatomy of the
SCN of five to six (BALB × B6)F2 mice of each genotype but found no detectable
differences among Clock genotypes (24). We concluded that the Clock phenotype cannot be
attributed to any gross developmental or anatomical defects in the SCN.

Although the circadian rhythms of homozygous Clock/Clock mice were severely disrupted
in DD, the locomotor behavior in LD was less affected. The phase angle of entrainment (25)
was normal in Clock/+ mice. However, in Clock/Clock mice the onset of activity was more
variable, and the distribution of activity in LD differed from that of wild-type or Clock/+
mice (Table 2 and Fig. 3, C and D). To verify that entrainment was occurring, we
determined the phase of the circadian rhythm of the animals in DD after transfer from LD12:
12. In 22 out of 28 Clock/Clock mice in which a clear free-running rhythm was expressed,
activity onset was in phase with the time of lights off, indicating that the phase of the rhythm
was entrained (26). Given that the period is dramatically altered in Clock mutants, the
modest differences found in LD are somewhat surprising. However, the limits of
entrainment have been reported to be large in mice relative to other rodents (27), so the
locomotor behavior measured in LD12:12 cycles may not be a sensitive indicator of possible
changes in entrainment pattern.

Because Clock segregates as a single gene, we mapped its chromosomal location by linkage
analysis. An intraspecific backcross [(BALB × B6)F1 × B6]N2 panel of 100 mice was used
as a mapping cross (Fig. 4A). Clear segregation of Clock occurred, making it possible to
assign the Clock genotype to all 100 animals (Fig. 4B). Simple sequence length
polymorphisms (SSLPs) were used as DNA markers for genetic mapping of Clock (28). A
preliminary linkage analysis was performed with a subset of the N2 animals (n = 20), with
47 polymorphic SSLPs distributed across the autosomes (29). Using the subset, we detected
significant linkage with Clock (the logarithm of odds, or lod score > 3.0) (30) with only one
marker, D5Mit24, indicating that Clock was linked to chromosome 5. Subsequent typing of
the full N2 backcross panel confirmed that Clock was linked to D5Mit24, with a pairwise
lod score of 19.1.

To position Clock on chromosome 5, we selected additional SSLP markers located both
proximally and distally to D5Mit24. The position of Clock relative to these markers could
then be inferred by haplotype analysis, placing Clock distal to D5Mit83 and proximal to
D5Mit24 (Fig. 4C) (31). The genetic linkage map derived from this analysis shows that
Clock lies on the midportion of chromosome 5, 6.0 + 2.4 centimorgans (cM) distal to
D5Mit83 and 7.0 + 2.6 cM proximal to D5Mit24 (Fig. 4D). Multipoint analysis with the
MAPMAKER/EXP 3.0 program shows that this map order has a logarithm-likelihood ratio
of greater than 6 over the next best map order (32). The linkage of Clock to D5Mit24 and
D5Mit83 was independently confirmed in a second mapping cross by genotyping 88 animals
from the (BALB × B6)F2 progeny. Strong linkage to chromosome 5 was again found with 8
recombinants out of 226 meioses for D5Mit83 (lod score = 53.0) and 25 recombinants out of
226 meioses for D5Mit24 (lod score = 33.9). Thus, in two different mapping crosses Clock
was positioned between D5Mit24 and D5Mit83 on the midportion of mouse chromosome 5.
This entire region of mouse chromosome 5 is syntenic with human chromosome 4,
suggesting that the human homolog of Clock, if it exists, is likely to map between 4pl6.3 and
4q22 (33).

In summary, Clock defines a mammalian gene that regulates two fundamental properties of
the circadian clock system. Both the intrinsic circadian period and the persistence of
circadian rhythmicity in DD are determined by the Clock genotype. Therefore, we propose
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that the Clock gene product is a candidate for a component of the circadian clock
mechanism. Because a wild type allele of Clock is necessary for sustained circadian
rhythmicity, Clock defines an essential gene for this behavior. No anatomical defects in the
SCN have been observed in association with the Clock mutation, and homozygous Clock
mutants appear fully viable on a hybrid genetic background (34). To the extent that we have
characterized it, Clock appears to be a behavioral mutation limited to circadian rhythmicity.

The phenotypic characteristics of Clock are reminiscent of the long period and arrhythmic
alleles of per in Drosophila and frq in Neurospora (4). The per0 and frq9 alleles are null
mutations that abolish or disrupt circadian rhythms in their respective organisms, whereas
the perLand frq7 alleles are point mutations that cause very long circadian periods of 28 to
30 hours. The perL and frq7 alleles are semidominant, and like Clock/+ mice, the periods of
perL/+ flies are about 1 to 1.5 hours longer than those of wild-types (35). The robustness or
strength of circadian rhythms in perL homozygous flies is also weaker, with lower amplitude
and more variable rhythms as seen in homozygous Clock mice (36). Furthermore, the
reduction in circadian amplitude is accompanied by the emergence of ultradian rhythms in
both perL and Clock mutants (36). Thus, there are a number of phenotypic similarities
between Clock and perL. It is tempting to speculate that Clock, like perL, could be a partial
loss of function (a hypomorph) rather than a null allele (2, 4, 37). Genuine per homologs
have not been successfully cloned in mammals; if they do exist, they may be poorly
conserved at the nucleotide level (4).

The phenotype of Clock is different from that of the golden hamster tau mutation, the only
other clock mutant in mammals (38). The tau mutation shortens the circadian period by
about 2 hours in heterozygotes and by about 4 hours in homozygotes. Unlike Clock,
however, tau does not lead to a loss of circadian rhythmicity under constant conditions.
However, tau is remarkably similar to the perS allele in Drosophila. Both mutations are
semidominant, shorten circadian period to the same extent, and increase the amplitude of the
phase-response curve to light (4, 38). For this reason, it is logically possible that Clock and
tau may define homologous genes in the mouse and the hamster, respectively.
Unfortunately, because of the paucity of genetic information in the golden hamster, little
progress has been made in understanding the molecular nature of tau.

Genetics may be one of the few ways in which we can identify genes involved in the clock
mechanism in mammals. Because the two examples of cloned clock genes (Drosophila per
and Neurospora frq) have no known homologs and are expressed at low abundance, it is
unlikely that these genes could have been identified and their function studied by nongenetic
means. Given the substantial genetic and physical mapping resources available for the
mouse (33), it should be feasible to identify the molecular nature of Clock and other clock
genes by the method of positional cloning (39). The power of ENU mutagenesis combined
with the ability to clone genes by map position provides an approach to study complex
behavior in mammals.
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Fig. 1. ENU mutagenesis screen
A behavioral assay was used to test for the presence of circadian rhythm mutations in
firstgeneration offspring of ENU-treated males. (A) The mutagenesis procedure. Young
male B6 mice were injected intraperitoneally with ENU at 150 mg/kg. On recovery of
fertility, they were bred with B6 females to produce G1 offspring heterozygous for any
induced mutations. Dominant or semidominant mutations could then be detected in G1
offspring. (B) Representative activity record of a wild-type G1 female from the screen. The
record is double-plotted so that 48 hours are shown for each horizontal trace, and each day’s
record is presented both to the right and beneath that of the preceding day. Wheel
revolutions are recorded as pen deflections so that the dark regions represent times of
activity. The animal was kept in LD14:10 for the first 20 days (illustrated by the bar above
the record), then transferred to constant darkness (DD). Light pulses of 5 min were given on
the days indicated by arrows. On transfer to DD, this animal exhibited a period of 23.7
hours. (C) Distribution of period among 304 G1 offspring tested for circadian phenotype.
One animal, #25, exhibited a period that deviated from the mean by more than an hour. (D)
Activity record of G1-25, the founder animal. This animal exhibited a period of 24.8 hours
after 30 days in DD. (E) Distribution of period among 23 B6 N2 offspring from the founder
animal. Thirteen offspring exhibited periods within the normal range, whereas 10 had
periods longer than normal, comparable with that of the founder animal. (F) Representative
activity record of a heterozygous male B6 N2 offspring. This animal had a period of 24.8
hours in DD.
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Fig. 2. Circadian activity records of F2 generation mice
The activity LD records of six F2 offspring [B6 F DD A to D; (BALB × B6)F2, E to H] are
shown. All animals were kept on LD12:12 for the first 7 to 10 days illustrated, then
transferred to DD on the day indicated by a line in the right margin. (A) Activity record of a
wild-type B6 F2 mouse. This animal had a period of 23.6 hours in DD. (B) Activity record
of a heterozygous Clock/+ B6 F2 mouse. This animal had a period of 24.8 hours in DO. (C)
Activity record of a homozygous Clock/Clock B6 F2 mouse. This individual had a period of
27.1 hours for the first 10 days in DD. There is a loss of circadian rhythmicity thereafter and
only an ultradian rhythm is apparent. (D) The same activity record as illustrated in (C),
plotted on a 27-hour time base. The approximately 27-hour periodicity during the first part
of exposure to DD appears as vertically aligned activity bouts. (E) Activity record of a wild-
type (BALB × B6)F2 mouse. This individual had a steady-state period of 23.1 hours in DD.
A 6-hour light pulse was given on the day indicated by an arrow, resulting in a 1-hour phase
advance in the activity rhythm. (F) Activity record of a heterozygous Clock/+ (BALB ×
B6)F2 mouse. This individual had a steady-state period of 24.7 hours in DD. A 6-hour light
pulse was given on the day indicated by an arrow, resulting in a 3.3-hour phase advance in
the activity rhythm. (G) Activity record of a homozygous Clock/Clock (BALB × B6)F2
mouse. This animal had a long period during the initial interval in DD, which damped out
after about five cycles leaving an ultradian pattern. After a 6-hour light pulse indicated by
the arrow, a period of 28.2 hours was observed, which then persisted for at least 15 cycles.
(H) The same activity record as illustrated in (G) plotted on a 28.5-hour time base to show
the transient restoration of a long periodicity after the light pulse by vertically aligning
activity bouts.
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Fig. 3. Analysis of periodicity of homozygous Clock mutants
The activity records of four homozygous Clock/Clock (BALB × B6)F2 individuals are
shown (A to D). All animals shown were kept under LD12:12 for the first 12 days shown,
then transferred to DD as indicated by the line in the right margin. A 6-hour light pulse was
given on the day indicated by an arrow. Among the animals whose records are shown, no
circadian rhythmicity persisted for more than about 10 cycles after either the initial transfer
to DD or the light pulse. The corresponding Fourier analysis for each activity record is
shown to the right (E to H). Fourier analyses encompass a 10-day interval corresponding to
the 10 days preceding the light pulse (18). PSD, power spectral density. The frequency
corresponding to one cycle per day, or a 24-hour period, is indicated by an arrow. Peaks
corresponding to approximately 6- to 9-hour ultradian periods are seen for each animal.
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Fig. 4. Mapping of the Clock mutation
A panel of 100 [(BALB × B6)F1 × B6]N2 mice was used to map Clock by genetic linkage
and haplotype analysis. (A) The mating system used to produce the backcross panel. A
schematic illustration of a pair of chromosomes is shown for each animal: circles represent
centromeres, squares represent alleles at loci along the length of the chromosome, open
symbols represent BALB alleles, and filled symbols represent B6 alleles. Clock
heterozygous (+/m) B6 males were bred with wild-type (+/+) BALB females. The offspring
were behaviorally tested and the Clock heterozygous F1 individuals were backcrossed to
wild-type B6 to produce the N2 generation. One chromosome of each pair of autosomes in
the N2 offspring is of B6 provenance (from the B6 parent), whereas the other (from the F1
parent) may be of either parental type or recombinant. Because the Clock mutation descends
from a B6 animal, N2 offspring that are Clock/+ should carry B6 alleles at loci that flank the
Clock locus, while +/+ offspring should carry BALB alleles at these loci. (B) Distribution of
the period phenotype among the 100 animals. The steady-state period clearly distinguished
animals between the two genotypes: 58 individuals were wild type and 42 individuals were
heterozygous. See Table 1, cross 7, for analysis. (C) The assortment of haplotypes for
chromosome 5 observed among the 100 N2 generation mice. Thirty-six animals had
nonrecombinant haplotypes, 48 had singly recombinant haplotypes, and 16 exhibited doubly
recombinant haplotypes. (D) Map of chromosome 5 showing the position of Clock relative
to SSLP markers. Distances between loci are shown to the left in centimorgans ± standard
error (cM ± SE), calculated with the program Map Manager (31). The lod scores to the right
of each locus represent the logarithm of the odds for the pairwise test of linkage of the locus
to Clock.
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Table 2

Phenotypic characteristics of Clock. Characteristics of the activity rhythm were subjected to quantitative
analysis. Period estimates were performed with 10 consecutive days of data by a χ2 periodogram analysis (14).
Steady-state periods were calculated with the 10-day interval during exposure to DD when an individual
period value was stable. Change in period was calculated as the difference in period between the first and
second 10-day intervals in DD. Amplitude is the logarithm of the PSD of the circadian (18 to 30 hour) peak
from a Fourier analysis (18). Total activity counts are the average per 24 hours of 5 days during exposure to
LD12:12 or 10 days during exposure to DD. Daytime activity is the percentage of the total activity that
occurred during the 12-hour light period of 5 days during exposure to LD. Values shown are the mean ±
standard error. The P values indicated are from a Student’s t test or a one-way analysis of variance (ANOVA)
using a Tukey’s studentized range test. The Clock genotype was assigned by the circadian behavioral
phenotype and by SSLP genotype. The genotypes of 100 of the [(BALB × B6)F1 × B6]N2 mice and 113 of the
(BALB × B6)F2 mice were tested by the genotype of SSLP markers flanking the Clock locus. SSLP-
nonrecombinant animals showed no recombination between flanking SSLP markers, whereas SSLP-
recombinant animals showed recombination between the flanking markers. Thirteen [(BALB × B6)F1 ×
B6]N2 mice and 29 (BALB × B6)F2 mice were recombinant between the flanking SSLPs, and 2 (BALB ×
B6)F2 mice were not typed by SSLPs, so that the presumed Clock genotype was assigned by phenotype (13)

Characteristic
Assigned genotype

+/+ Clock/+ Clock/Clock

[(BALB × B6)F1 × B6]N2 progeny

Total number of progeny 58 42

 SSLP-nonrecombinant 49 38

 SSLP-recombinant 9 4

Steady-state period (hours) 23.43 ± 0.026 24.63 ± 0.039*

 Range of periods (hours) 23.2–23.9 24.2–25.2

Change in period (hours) −0.102 ± 0.029 0.400 ± 0.083*

(BALB × B6)F2 progeny

Total number of progeny 26 61 28

 SSLP-nonrecombinant 20 44 20

 SSLP-recombinant 6 17 6

 Phenotype only 0 0 2

Steady-state period (hours) 23.33 ± 0.077** 24.42 ± 0.057** 27.26 ± 0.224**

 Range of periods (hours) 22.6–23.9 22.4–25.3 25.0–29.9

Change in period (hours) (n = 18) (n = 44)

−0.017 ± 0.097 0.377 ± 0.052* n.a.†

Amplitude (log PSD) (n = 18) (n = 43) (n = 20)

 DD day 1–10 2.37 ± 0.151 2.57 ± 0.099 1.73 ± 0.136**

 DD day 11–20 2.43 ± 0.188 2.66 ± 0.109 1.65 ± 0.110**

Total activity (counts/day) (n = 17) (n = 41) (n = 19)

 LD 12:12 12,290 ± 1,630 13,740 ± 1,070 13,660 ± 1,140

 DD day 1–10 15,470 ± 2,230 18,630 ± 1,440 18,000 ± 1,220

 DD day 11–20 16,790 ± 2,500 21,220 ± 1,550 19,320 ± 1,210
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Characteristic
Assigned genotype

+/+ Clock/+ Clock/Clock

Daytime activity (%) 9.44 ± 2.51 8.42 ± 1.24 18.9 ± 2.55*

*
P < 0.001

**
P < 0.05, all comparisons.

†
Not applicable.
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