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Mutagenesis and Mapping of a Mouse Gene, 
Clock, Essential for Circadian Behavior 

Martha Hotz Vitaterna, David P. King, Anne-Marie Chang , 
Jon M. Kornhauser, Phillip L. Lowrey, J. David McDonald,* 

William F. Dove, Lawrence H. Pinto, Fred W. Turek, 
Joseph S. Takahashi? 

In a search for genes that regulate circadian rhythms in mammals, the progeny of mice 
treated with N-ethyl-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 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 physiologi- 
cal and cellular levels in our understanding 
of circadian svstems (1 ). vet the molecular ~ , ,  , 
mechanism of circadian clocks has not been 
fullv elucidated (2). The isolation of "clock . . 
muiants" and the widespread requirement 
for protein synthesis in circadian clock sys- 
tems imply that gene expression is an inte- 
gral component of the oscillator (2). Re- 
cent 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 ab- 
sence 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 rhvthms: the intrinsic ~e r iod  
length and the persistence of rhythmicity. 
Taken together, our results define a gene, 
named Clock (for circadian locomotor out- 

M. H. Vitaterna, D. P. King, A,-M. Chang, J. M. 
Kornhauser, P. L. Lowrey, L. H. Pinto, F. W. Turek, J. S. 

put cycles kaput), that is essential for nor- 
mal circadian behavior. 

Because the majority of clock mutants 
isolated in other organisms have been semi- 
dominant (4, we screened heterozygotes 
directly in the mouse. With the mutagen 
ENU, average forward mutation frequen- 
cies of 0.0015 per locus per gamete (1 in 
700) can be achieved in the mouse (5). 
Male mice of the inbred strain C57BL16J 
(B6) were treated with a single injection of 
ENU and after recovery of fertility were 
mated with untreated B6 females (6). First- 
generation (GI) offspring would be hetero- 
zygous for any induced mutations but oth- 
erwise possess an isogenic B6 background 
(Fig. IA). 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 synchroni- 
zation or entrainment behavior and in con- 
stant darkness (DD) to determine the cir- 
cadian ~e r iod  of the locomotor activitv 
rhythm i7). Laboratory mice typically havk 
circadian periods of less than 24 hours. with 
B6 mice having periods that average be- 
tween 23.3 and 23.8 hours (8). 

Takahashi, National science Foundation Science and 
Technology Center for Biological Timing, Department 

We tested a total of 304 @ offspring of 

of Neurobiology and Physiology, Northwestern Univer- (9)- The distribution of 
sitv. Evanston. IL 60208. USA. ~er iod  lengths of the activitv rhvthms from , , 
J. D .  ~ c ~ o n a i d  and W. F: Dove, McArdle Laboratory ;he GI  was normal, with a mean of 
for Cancer Research and Laboratory of Genetics, 
University of Wisconsin, Madison, WI 53706, USA. 23-7 hours and a standard deviation of 

*Present address: Department of Biological Sciences, 
hours (Fig. IC). One animal (GI-25) ex- 

Wichita State Universitv. Wichita. KS 67260. USA. pressed a circadian period that gradually 
tTo whom correspond;?nce should be addressed. lengthened over the first 30 days of DD, 
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Fig. 1. ENU mutagenesis 
screen. A behavioral assay 
was used to test for the 
presence of circadian 
rhythm mutations in first- 
generation offspring of 
ENU-treated males. (A) 
The mutagenesis proce- 
dure. Young male B6 mice 
were injected intraperito- 
neally with ENU at 150 mg/ 
kg. On recovery of fertility, 
they were bred with B6 fe- 
males to produce G, off- 
spring heterozygous for 
any induced mutations. 
Dominant or semidominant 
mutat~ons could then be 
detected in G, offspring. 
(8) ~e~resentat ive activity 
record of a wild-type G, 
female from the screen. 
The record is double-plot- 
ted so that 48 hours are 
shown for each horizontal 
trace, and each day's 
record is presented both to 
the right and beneath that 

A ENU, 
C57BU6J 0. 

LE+- 
C57BU6J Q lLLlkt 
- - € 3 x *  

- 2 c 3 - 4 2 5  
Screen G, offspring 

Period (hours) 

of the preceding day. Period (hours) Time (hours) 
Wheel revolutions are re- 
corded as pen deflections 
so that the dark regions represent times of activity. The animal was kept in LD14:lO 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 GI off- 
spring tested for circadian phenotype. One animal, #25, exhibited a period that deviated from 
the mean by more than an hour. (D) Activity record of GI-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 activ~ty record of a heterozygous male B6 N, offspring. This animal had a period 
of 24.8 hours in DD. 

stabilizing at 24.8 hours, more than six 
standard deviation units from the mean 
(Fig. I D ) .  The 303 other GI mice al l  had 
wild-type period values ranging between 
23.2 and 24.1 hours. An ima l  GI-25, a 
male, was mated w i t h  three normal B6  
females, producing 23 backcross (N,) prog- 
eny among four litters. 

T o  determine whether the lone ueriod " L 

was heritable, we measured the activity 
rhythms o f  these B6  N, mice (10). Period 
lengths fell i n t o  two classes: 13 mice, b o t h  
male and female, had periods in the normal 
range between 23.3 and 24.0 hours, where- 
as 10 mice, also o f  bo th  sexes, had periods 
between 24.5 and 24.8 hours, correspond- 
ing to  the founder animal's period (Fig. 1, E 
and F) . A 1 : 1 ~ h e n o t v ~ i c  ratio o f  normal to  , . 
long periods would be expected among the 
progeny for a fully penetrant autosomal 
dominant period mutation; the observed 
ratio o f  13: 10 was no t  significantly different 
by a X2 test (see Table 1, cross I ) ,  indicat- 
ing the long-period phenotype was herita- 
ble. Ultimately, seven different types o f  
crosses (Table 1) produced 362 progeny 
which were phenotypically tested (1 I). The 
pedigree included crosses w i t h  two other 
inbred strains, BALBIcJ (BALB) and C 3 H /  
HeJ (C3H) (12). All observed phenotypic 
ratios for Clock were consistent w i t h  those 
predicted for a single-locus semidominant 
autosomal mutat ion (see Table 1 for x2 
analvsis) (1 3 ) .  , , ~ ,  

Intercrosses between Clock/+ heterozy- 
gotes produced animals o f  three phenotypic 
classes in the F, generation, indicating that 
the mutat ion was semidominant. In the F, 

Table 1. Inheritance of Clock. The segregation of phenotype among (+I+); the Clock/Clock homozygotes were distinguished by a very long 
seven different crosses is shown. The maternal genotype is listed first for periodicity and subsequent loss of significant periodicity in the circadian 
each of the crosses. In cases in which reciprocal crosses were per- range. These genotypic classifications have been confirmed by test cross 
formed, the two crosses are shown first separately, then combined. Clock (crosses 1, 4, and 5) or by the genotype of flanking SSLP markers 
phenotype was assayed by monitoring the circadian rhythm of locomotor (crosses 6 and 7) (13). Expected values (Exp) for each class were 
activity of offspring kept in DD. The ClocW+ heterozygotes were distin- calculated on the basis of an autosomal semidom~nant mode of inheri- 
guished by a longer and less stable free-running period than wild types tance. Obs, observed. 

Offspring genotype 

Cross Genotype* of parents +/+ Clock/+ Clock/Clock x2 P Total 
progeny 

EXP Obs Exp Obs EXP Obs 

1 B6 +I+ x B6 Clock/+ 23 11.5 13 11.5 10 0.391 >0.5 
2A B6 Clock/+ x B6 +I+ 4 2 2 2 2 0 >0.99 
28  B6 +I+ x B6 Clock/+ 42 2 1 2 1 21 2 1 0 >0.99 
2 Comb~ned 2A and 28  46 23 23 23 23 0 >0.99 
3 B6 Clock/+ x B6 Clock/+ 20 5 7 10 10 5 3 1.6 >0.3 
4 C3H +I+ x B6 Clock/+ 28 14 13 14 15 0.036 >0.7 
5 BALB +/+ x B6 Clock/+ 30 15 15 15 15 0 >0.99 
6 (BALB x B6)F, Clock/+ x 115 28.75 26 57.5 6 1 28.75 28 0.495 20.7 

(BALB x B6)F, Clock/+ 
7A (BALB x B6)F, Clock/+ x 48 24 29 24 19 2.083 >O,l 

B6 +I+ 
78 B6 +I+ x (BALB x B6)F, 52 26 29 26 23 0.692 >0.3 

Clock/+ 
7 Comb~ned 7A and 78  100 50 58 50 42 2.56 20.1 

'56. C57BU6J. C3H. C3HlHeJ BALE BALBIcJ. 
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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, ap- 
proximately one-quarter of the F, 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 XZ 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 quanti- 
tative analyses of circadian phenotype of 
progeny segregating Clock from the two 
interstrain (BALB x B6)F, Clock/+ crosses 
(Table 1, crosses 6 and 7) are shown in 
Table 2. Highly significant differences in 
period length were found between the wild- 
type and Clock/+ offspring, as well as be- 
tween the Clock/Clock animals and the 
other two classes in the (BALB x B6)F2 
mice (Table 2). 

A second phenotypic characteristic of 
Clock was the lability of the period ex- 
pressed 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 exhib- 
ited a lengthening of period (Table 2). In 
most Clock/+ mice, the period lengthened 
gradually over a number of weeks (for an 
example, see Fig. ZB), whereas in other 
cases the period changed abruptly (1 6). 
Finally, in a few Clock/+ mice there were 
intervals in DD during which either multi- 
ple rhythms were expressed or transient 
arrhythmicity occurred (1 7). 

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 x B6)F, 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 

Fig. 2. Circadian activity records A - 
of F, generation mice. The activity LD 
records of six F, offspring [B6 F,, ED 
A to D; (BALB x B6)F2. E to H] are 1 I + 
shown. All animals were kept on 
LD12:12forthefirst7tolOdays 6--...- . . -, .- , . -- . .7 

illustrated, then transferred to DD 24 '48 24 48 
on the day indicated by a line in B 
the right margin (A) Activity a 
record of a wild-type B6 F, $ 
mouse. This animal had a period 0 

of 23.6 hours in DD. (8) Activ- 50 
ity record of a heterozygous 
Clock/+ 86 F, mouse. This ani- c O 
ma1 had a period of 24.8 hours in 0. LD 
DD. (C) Activity record of a ho- a - DD 
mbzygous Clock/Clock B6 F, g 
mouse. This individual had a pe- + 
riod of 27.1 hours for the first 10 50 . -- -. r-. . - , - days in DD. There is a loss of 0 24 48 24 ' - 28 
circadian rhythmicity thereafter D H ,  
and only an ultradian rhythm is , , , O : ~ ! g ~ ~ e - w + L D  80i LO 

apparent (D) The same activity 
2 g. ;TpkG@~~ 2 - DD 

record as illustrated in (C). plotted , . u + 
on a 27-hour time base. The ap- 40 * .. -.., 40; 
proximately 27-hour periodicity 0 27 a 54 0 28.5 ' 67 
during the first part of exposure to Time (hours) Time (hours) 
DD appears as vertically aligned 
activity bouts. (E) Activity record of a wild-type (BALB x B6)F, 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 x B6)F, 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. (0) Activity record of a homozygous Clock/Clock (BALB x 
B6)F, 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. 

most animals during the first 10-day inter- 
val (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 de- 
crease in amount of activity. No differences 
were detected in the total amount of activ- 
ity per 24 hours among the three phenotyp- 
ic classes in the (BALB x B6)F2 progeny, 
either during exposure to LD or during the 
first or second 10-day intervals in DD (Ta- 
ble 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 2 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 ho- 
mozygotes can be temporarily reversed by a 
single light pulse. 

Although circadian periodicities were 
abolished in the majority of Clock/Clock 
animals, the Fourier analvses 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 su- 
prachiasmatic nucleus (SCN) (2 1 ) . In anal- 
yses 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 situ- 
ation in which circadian rhythmicity can be 
dissociated from ultradian periodicities in 
the locomotor behavior of rodents. In ad- 
dition to SCN-lesioned mice (2 I), behav- 
ioral arrhythmicity has been reported in 
anophthalmic ZRDCT-An mice in associa- 
tion with a developmental loss of neurons 
in the SCN (23). We therefore examined 
the anatomy of the SCN of five to six 
(BALB x 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 ho- 
mozygous 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 
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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 LD 12 : 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 mu- 
tants, the modest differences found in LD 
are somewhat surprising. However, the lim- 
its 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 entrain- 
ment pattern. 

Because Clock segregates as a single 
gene, we mapped its chromosomal location 
by linkage analysis. An  intraspecific back- 
cross [(BALB x B6)F, x 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 gen- 
otype to all 100 animals (Fig. 4B). Simple 
sequence length polymorphisms (SSLPs) 
were used as DNA markers for genetic 
mapping of Clock (28). A preliminary link- 
age analysis was performed with a subset of 
the N, animals (n = 20), with 47 polymor- 
phic SSLPs distributed across the autosomes 
(29). Using the subset, we detected signif- 
icant 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. Subse- 
quent typing of the full N, 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 mid- 
portion of chromosome 5, 6.0 * 2.4 cen- 
timorgans (cM) distal to D5Mit83 and 7.0 
2 2.6 cM proximal to D5Mit24 (Fig. 4D). 
Multipoint analysis with the MAPMAKEN 
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 x 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 posi- 

tioned between D5Mit24 and D5Mit83 on 
the midportion of mouse chromosome 5. 
This entire region of mouse chromosome 5 
is svntenic with human chromosome 4. -, 
suggesting that the human homolog of 
Clock, if it exists, is likely to map between 
4p16.3 and 4q22 (33). 

In summary, Clock defines a mammalian 
gene that regulates two fundamental prop- 
erties of the circadian clock system. Both 
the intrinsic circadian period and the per- 
sistence of circadian rhythmicity in DD are 
determined by the Clock genotype. There- 
fore, we propose that the Clock gene prod- 
uct is a candidate for a comDonent of the 
circadian clock mechanism. Because a wild- 
type allele of Clock is necessary for sustained 
circadian rhythmicity, Clock defines an es- 
sential gene for this behavior. No anatom- 
ical defects in the SCN have been observed 
in association with the Clock mutation, and 
homozygous Clock mutants appear fully vi- 

able 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 respec- 
tive organisms, whereas the perL and fq7 
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 robust- 
ness or strength of circadian rhythms in 
perL homozygous flies is also weaker, with 
lower am~litude and more variable 
rhythms as seen in homozygous Clock mice 
(36). Furthermore, the reduction in circa- 

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 x2 
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 cifcadian (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 Pvalues 
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 x B6)F, x B6]N2 mice and 1 13 of the 
(BALB x 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 
x B6)F, x B6]N2 mice and 29 (BALB x B6)F2 mice were recombinant between the flanking SSLPs, 
and 2 (BALB x B6)F2 mice were not typed by SSLPs, so that the presumed Clock genotype was 
assigned by phenotype (13). 

Assigned genotype 
Characteristic 

+I+ Clock/+ Clock/Clock 

[(BALB x B6)F, x B6]N2 progeny 
Total number of progeny 58 42 

SSLP-nonrecombinant 49 38 
SSLP-recombinant 9 4 

Steady-state period (hours) 23.43 k 0.026 24.63 k 0.039* 
Range of periods (hours) 23.2-23.9 24.2-25.2 

Change in period (hours) -0.102 2 0.029 0.400 + 0.083* 
(BALB x B6)F2 progeny 

Total number of progeny 26 61 
SSLP-nonrecombinant 20 44 
SSLP-recombinant 6 17 
Phenotype only 0 0 

Steady-state period (hours) 23.33 k 0.077** 24.42 -c 0.057** 
Range of periods (hours) 22.6-23.9 22.4-25.3 

Change in period (hours) (n = 18) (n = 44) 
-0.01 7 2 0.097 0.377 2 0.052* 

Amplitude (log PSD) (n = 18) (n = 43) 
DD day 1-10 2.37 k 0.151 2.57 k 0.099 
DD day 1 1-20 2.43 + 0.188 2.66 k 0.109 

Total activity (countslday) (n = 17) (n = 41) 
LD 12:12 12,290 k 1,630 13,740 2 1,070 
DD day 1-1 0 15,470 k 2,230 18,630 k 1,440 
DD day 1 1-20 16,790 2 2,500 21,220 2 1,550 

Daytime activity (%) 9.44 k 2.51 8.42 k 1.24 

* P  < 0.001 **P < 0.05, all comparisons, ?Not applicable. 
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dian amplitude i s  accompanied by the partial loss o f  function (a hypomorph) 
emergence of ultradian rhythms in both  rather than a nu l l  allele (2, 4, 37). Gen- 
perL and Clock mutants (36). Thus, there uine per homologs have not  been success- 
are a number o f  phenotypic similarities fully cloned in mammals; i f  they do exist, 
between Clock and perL. I t  i s  tempting to they may be poorly conserved at the nu- 
speculate that Clock, like perL, could be a cleotide level (4). 

Fig. 3. Analysis of periodici- 
ty of homozygous Clock mu- 
tants. The activity records of 
four homozygous Clock/ 
Clock (BALB x B6)F, indi- 
viduals are shown (A to D). 
All animals shown were kept 
under LD12:12 for the first 
12 days shown, then trans- 
ferred 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 corre- 
sponding Fourier analysis 
for each activity record is 
shown to the right (E to H). 
Fourier analyses encom- 
pass a 10-day interval cor- 
responding to the 10 days 
preceding the light pulse 
(18). PSD, power spectral 
density. ~ h e ' f r e ~ u e n c ~  cor- 
responding to one cycle per 
day, or a 24-hour period, is 
indicated by an arrow. 
Peaks corresponding to ap- 
proximately 6- to 9-hour ul- 
tradian periods are seen for 

F 
Cycles per day 

Cycles per day 
278 7 1  

each animal. ~ i m e  (hour) Cycles per day 

Fig. 4. Mapping of the Clock mutation. A panel of 100 [(BALB x B6)F, x B6]N, 
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 (+I+) BALB females. 
The offspring were behaviorally tested and the Clock heterozygous F, individ- 
uals were backcrossed to wild-type B6 to produce the N, generation. One 
chromosome of each pair of autosomes in the N, offspring is of B6 provenance 
(from the B6 parent), whereas the other (from the F, parent) may be of either 
parental type or recombinant. Because the Clockmutat~on descends from a B6 
animal, N, offspring that are ClocW+ should carry B6 alleles at loci that flank the 
Clock locus, while +/+ offspring should carry BALB alleles at these loci. (8) 
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 N, 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 2 
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. 

The phenotype o f  Clock i s  different 
from that o f  the golden hamster tau muta- 
tion, 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. Unl ike Clock, however, tau 
does not  lead to a loss o f  circadian rhvth- 
micity under constant conditions. Howev- 
er, tau i s  remarkably similar to the pers 
allele in Drosophila. Both  mutations are 
semidominant, shorten circadian period to 
the same extent, and increase the ampli- 
tude of the phase-response curve to l ight 
(4, 38). For this reason, i t  i s  logically 
possible that Clock and tau may define 
homoloeous genes in the mouse and the " " 

hamster, respectively. Unfortunately, be- 
cause of the paucity o f  genetic information 
in the golden hamster, l i t t le  progress has 
been made in understanding the molecular 
nature of tau. 

Genetics may be one o f  the few ways in 
which we can identifv eenes involved in , "  
the clock mechanism in mammals. Be- 
cause the two examples o f  cloned clock 
genes (Drosophila per and Neurospora frq) 
have no known homologs and are ex- 
pressed at low abundance, i t  i s  unlikely 
that these genes could have been identi- 
fied and their function studied bv nonee- 

u 

netic means. Given the substantial genet- 
i c  and physical mapping resources avail- 
able for the mouse (33), i t  should be 
feasible to identify the molecular nature of 
Clock and other clock genes by the method 
o f  positional cloning (39). The power of 
ENU mutagenesis combined wi th  the abil- 
i t y  to clone genes by map position pro- 
vides an approach to study complex be- 
havior in mammals. 

Locus Haplotypes 

Period (hours) 

D Chromosome 5 
bd . s a a  

'" "' f D5Mit48 1.6 

1 6 R + R 7  

D5MM1 7.0 + 2.6 
D5Mif24 19.1 

D 5 M M  
Clock 

D5Mif30 6.7 

DSMiflOl 

Number: 1 6 2 0 3 4 2 3 2 4 2 2 3 3 7 5 8 1 1 3 3 1 1 1 2 1 1 1  
DSMitlOl 0.3 
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