
the signal. The significance of these estimates was 
tested against nonoverlapping 45-year-long slices of 
data derived from the control run, i.e., against the 
hypothesis that the heat-content changes in the 
anthropogenic runs could have occurred as a result of 
natural, internal variability in the absence of any 
anthropogenic forcing. Forty-five-year chunks of the 
control run data were processed just as the observa- 
tions and five anthropogenic realizations were pro- 
cessed, and then projected onto the signal. The re- 
sults show that the signal strengths of the five real- 
izations and observations are quantitatively similar 
and nonzero relative to the uncertainty of the natural 
variability of the model, i.e., the model and observed 

projections are statistically consistent and not ex- 
pected to occur as a result of internal model variabil- 
ity. The confidence associated with this statement 
exceeds 95%. With no variance weighting, i.e., non- 
optimal detection, the results were essentially iden- 
tical, if not a little stronger than in the optimal case. 
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Spectral analyses of an uninterrupted 5.5-million-year (My)-long chronology of 
late Oligocene-early Miocene climate and ocean carbon chemistry from two 
deep-sea cores recovered in the western equatorial Atlantic reveal variance 
concentrated at all Milankovitch frequencies. Exceptional spectral power in 
climate is recorded at the 406-thousand-year (ky) period eccentricity band over 
a 3.4-million-year period [20 to 23.4 My ago (Ma)] as well as in the 125- and 
95-ky bands over a 1.3-million-year period (21.7 to 23.0 Ma) of suspected low 
greenhouse gas levels. Moreover, a major transient glaciation at the epoch 
boundary (-23 Ma), Mi-1, corresponds with a rare orbital congruence involving 
obliquity and eccentricity. The anomaly, which consists of low-amplitude vari- 
ance in obliquity (a node) and a minimum in eccentricity, results in an extended 
period (-200 ky) of low seasonality orbits favorable to ice-sheet expansion on 
Antarctica. 

Orbital dynamics are thought to have driven 
Quaternary climate change, but their effects 
in earlier times when climate boundary con- 
ditions differed have been difficult to resolve. 
Here, we examine the late Oligocene and 
early Miocene (-20.0 to 25.5 Ma), a time 
when Antarctica was either ice-free or only 
partially glaciated, using a 5.5-My-long high- 
fidelity benthic foraminifera1 stable isotope 
record. This record is a composite construct- 
ed largely with newly collected data from 
Ocean Drilling Program (ODP) Site 926, 
Ceara Rise (3"43'N, 42"54'W), as well as 
data from Site 929. Sedimentation rates at 
Site 926, which is located at a depth of 
3598 m where carbonate dissolution is re- 
duced, are as much as 50% higher than at Site 
929 and other deeper sites (1). 

We use the age model of Shackleton and 
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colleagues (2) for our isotope records. They 
calibrated proxy records of Oligocene and 
Miocene lithologic cycles, including magnet- 
ic susceptibility (MS), in the Leg 154 cores 
(3) to an orbital curve (4) using modem 
values for tidal dissipation and dynamical 
ellipticity (5).They achieved an absolute cal- 
ibration by pattern matching the 400-ky cy- 
cles of eccentricity-modulated precession in 
MS with similar cycles in the target curve. 
They then used individual obliquity maxima 
to establish the fine-scale tuning and verified 
this by comparing the 1.2-My amplitude 
modulation of obliquity in the data. The as- 
tronomical age derived for the Oligocene- 
Miocene (OIM) boundary, as recognized by 
the presence of Sphenolithus delphix and a 
positive carbon isotope anomaly of 0.65%0, is 
roughly 700 ky younger than that established 
in the radiometric calibrated time scale ( 6 ) .  

We developed high-resolution (-3.7 
ky) carbon and oxygen isotope records for 
benthic foraminifera specimens collected 

926B ('I.Our records match 
those for Hole 929.4 ( 8 )  for each cycle 
down to the obliquity level over the interval 
of overlap (926B2 20.0 to 25.2 Ma; 929% 
20.5 to 25.4 Ma) (Fig. 1A). The only no- 

Foundation (grant ATM-9901110), and the Scripps 
Institution is gratefully acknowledged. R.S. was 
partially supported by the European Commission 
under contract ENV4-CT97-0501. We are particu- 
larly indebted to the PCM group, headed by W. 
Washington, for their assistance and generosity 
with their model data and to 5. Levitus and co- 
authors, whose earlier work gave rise to this study. 
Technical discussions with M. Allen, T. Delworth, 
and anonymous reviewers greatly improved the 
manuscript. 

14 December 2000; accepted 7 March 2001 

ticeable differences are the higher frequen- 
cy oscillations present in the 926 record 
(e.g., precession) that are not resolved at 
Site 929 because of lower sedimentation 
rates (26 mlMy for Hole 926B versus 19 
m1My for Hole 929A across the O'M 
boundary). The ranges of isotope values are 
similar despite the nearly 1 km difference 
in water depth between sites. This similar- 
ity implies that the deep water in this part 
of the Atlantic was chemically homoge- 
neous over much of this period and that a 
large portion of the variance in the isotopic 
record is signal. 

The most prominent feature of the records 
is a positive excursion in 6180 coupled with a 
positive shift in 6°C values at 23.0 Ma. the 
Mi-1 excursion. This event, which can be 
distinguished in other deep-sea S1'O records 
(9) , is characterized by a series of obliquity 
period cycles beginning at 23.3 Ma over 
which 6"0 increase. to a peak at -23.0 Ma. 
This peak is followed by a series of three 
declining cycles (deglaciations) over the next 
-150,000 years. Thereafter, the cycles ap- 
pear to be predominantly 100 ky. A second. 
but weaker, positive 6"O excursion occurs at 
21 Ma. The 6I3C values show low-frequency 
cycles that increase in amplitude and halue. 
eventually peaking from 23 0 to 21 6 Ma. 
after which they decline. 

To ascertain the nature of the high-fre- 
quency signals in the isotope records. we first 
built composite SI80 and Sl3C time series by 
splicing gaps in the Hole 926B records with 
grafts from the Hole 929A records [Web 
table 1 (lo)]. We then applied band-pass 
gaussian filters to each isotope record as well 
as the orbital calculations and MS to extract 
oscillations associated with 400-, loo-. and 
41-ky cycles [AnalySeries ( I l ) ](Fig. 1B). In 
the 400-ky band. both the 613C and 6180 
filters co-vary with the 400-ky filter of ec- 
centricity, in that they appear phase-locked 
between 20 to 24 Ma. Also. the 400-ky ec- 
centricity-related amplitude modulation of 
6I3C, and to a lesser extent 6 ' 9 ,  exhibits a 
pattern similar to that of the orbital modula- 
tion, including subtle peaks near -21.4 and 
23.0 Ma (Fig. IB). The amplitude of the 
400-ky filter of 6lXO increases only after 23.4 
Ma, just below the OIM boundary. This is the 
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opposite of the pattern in MS. The amplitude 
modulation of the 100-ky filter of 6l80 also 
matches that of the orbit, particularly from 
23.0 to 21.7 Ma when the mean amplitude 
exceeds that in previous and subsequent 
intervals. 

Evaluation of variance in the isotope time 
series in the frequency domain by spectral 
analyses (12) revealed spectral power con- 
centrated at all the primary Milankovitch fre- 
quency bands (Fig. 2A): obliquity (41 ky), 
eccentricity (95, 125, and 406 ky), as well as 
precession (19, 23 ky), which was not re- 
solved by the Site 929 spectra. Additional 
power can be seen in the 54-ky band for 613C. 
To evaluate the patterns of frequency change 
in the time domain, we constructed evolutive 
spectra for each variable, including MS (Fig. 
3). Variance is concentrated at the 41-ky 
period in both isotope series and MS. Modu- 
lation of the obliquity amplitude and frequen- 
cy at a 1.25 My period is prominent in MS 
but can be seen in the 613C data as well. 
Power at the eccentricity frequencies (95, 
125, and 406 ky), which is weak in MS, 
builds and declines on lower frequency cy- 
cles in the isotope records. For example, low- 
frequency power in the S13C series appears to 
alternate between the two eccentricity band 
frequencies (100 and 400 ky) roughly every 
2.3 My, whereas in the S180 series it is 
persistent.at both frequencies between 20 and 
23 Ma, but only in the 100-ky band between 
23.0 and 25.5 Ma. Also, as revealed by fil- 
tering, the concentration of power in the SL80 
data at the 125- and 95-ky frequency bands is 
greatest between 21 to 23 Ma and modulates 
in a similar manner to the orbital elements. 

Cross-spectral analysis shows that the 
4180 record is highly coherent with eccen- 
tricity in each frequency band. The minima in 
6180 lag maxima in eccentricity by 3 1 to 6 ky 
for the 400- and 125-ky periods, respectively 
(Fig. 2B and Table 1). The relations between 
-Sl3C and the orbits are similar, although 
the phase lags are larger: 56 and 16 ky, 
respectively. In view of the residence time 
(- lo5 years) of carbon in the ocean, these 
phase relations are consistent with the notion 
that orbital forcing of climate leads, and per- 
haps drives, changes in the ocean carbon 
budget. The phase relations in the obliquity 
band (not plotted) reveal high coherency for 
4180 at 41 ky with a lag of 3 ky (-25') and 
slightly weaker coherency at 54 ky with a 
similar phase relation (-30'). The phase an- 
gle of -613C values, on the other hand, is 
-16S0, or essentially 180' opposite that of 
6180. 

Complex demodulation of the detrended 
6180 record of eccentricity and the orbital 
calculation were performed using the method 
of Park and Maasch (13). This analysis re- 
veals a close correlation (r = 0.6) between 
the amplitude modulation of the 100-ky ec- 

centricity signal and that of the oxygen iso- eval oscillations in planktonic 6180 values 
topes [Web fig. 1 (lo)], and cross-spectral with half the amplitude observed in the 
analysis of the amplitude modulation shows a benthic 6180 suggests that roughly 50% of 
coherent phase structure, particularly from the signal is ice-volume related (8). We thus 
21.0 to 23.4 Ma. In addition to supporting the interpret higher benthic 6180 as reflecting a 
precision of the independent orbital tuning, combination of cooler temperatures and 
these findings indicate a persistent and strong greater Antarctic ice volume (1 7). 
link between eccentrici@forcing and climatic 
response. 

Several independent lines of evidence 
suggest that Antarctica was at least intermit- 
tently glaciated, though never fully ice-cov- 
ered, during the latest Oligocene and early 
Miocene (14-16). For the 400-ky period cy- 
cles including Mi-1, the observation of co- 

. , 

On the basis of coherency patterns and 
phase relations, we find that all early Mio- 
cene eccentricity minima coincide with epi- 
sodes of deep-sea cooling and increased ice 
volume, as indicated by the 6180 record. The 
same also appears to be the case for the 
obliquity cycles. This suggests that for ice to 
accumulate on Antarctica in the early Mio- 

A Age (Ma) - 
20 21 22 :?3. ', . . 24 , , , , 25 , . . , 26 

early Miocene 1 late Oligocene 

- 
'.I" '" ." .'. 

I " ' ~ ~ ~ ' ' ' I ~ r ' ' I ' ~ ~ - I - ~ . ' 

20 21 22 23 24 25 26 

Fig. 1. (A) The Hole 9268 benthic foraminifer 813C and 6180 records (vPDB) plotted versus 
astronomical age. Also plotted (with axes offset by 0.5%0) are the equivalent records from Hole 
929A (8). The isotope values (vPDB) are based on analyses of benthic taxa Cibicidoides mundulus 
(7). Both 8180 axes are reversed (negative up). (B) Band-pass filters of the composite Oligocene- 
Miocene isotope time series designed to isolate oscillations with periods of 41,100, and 400 ky. The 
central frequencies and bandwidths of the filters are 0.025 ? 0.005,0.010 ? 0.003, and 0.0025 ? 
0.0005, respectively. The axes of the 6180 and 613C filters are reversed. For the isoto e composite, 
splices from the Hole 929A record are used to fill gaps in the Hole 9268 record ( I O f  Most of the 
splices were short, bridging gaps of less than 50 ky, primarily in the unrecovered coring gaps in Hole 
9268. The exceptions are an unsampled interval from 20.8 to 21.1 Ma and an unrecovered interval 
centered at 24.5 Ma. The composite series was then resampled (At = 1 ky, n = 5290) before 
filtering and other analyses. Filters with identical central frequencies and bandwidths are shown for 
the orbital eccentricity and obliquity curves (4) and for the composite magnetic susceptibility. 
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cene. the ideal situation is one in which the 
seasonal extremes (precession and obliquity) 
are reduced, or more importantly, the summer 
temperatures are consistently cool. We spec- 
ulate that for a polar continent, at least during 
the early Miocene, it is the lack of warm 
summers that permits ice sheets to expand; 
winter temperatures are less important. 

The long eccentricity period (400 ky) is 
present but weak in the climatic spectrum of 
the late Pliocene and Pleistocene (18, 19). In 
the latest Oligocene, power in the 6180 
record at the 400-ky period is also weak, but 
doubles between 23 to 24 Ma, even though 
the eccentricity signal remains relatively con- 
stant. Why would sensitivity to forcing at this 
frequency suddenly increase during the early 
Miocene? The answer may lie in the global 
carbon cycle and atmospheric pCO,, the cy- 
cling of which is partially reflected in the 
613C data. The increase in amplitude of 6180 
variation is preceded by an increase in the 
amplitude of the 613C 400-ky cycle, as well 
as by a rise in the long-term mean (8). Both 
changes hint at a change in one or several of 
the major fluxes in the global carbon cycle, 
most likely an increase in the rate of reduced 
carbon burial, and/or a decrease in the rate of 
mantle out-gassing of CO, (20). 

The initial rise in amplitude of the 400-ky 
613C cycles precedes that in 6180 by -1 My. 
This implies that the observed oscillations in 
613C and the carbon cycle are being paced or 
driven by climate cycles, but possibly feeding 
back into climate over both the short and long 
term. Similar 400-ky oscillations in 6I3C val- 
ues observed in other intervals of the early 
Cenozoic are thought to arise from variations 
in marine organic carbon burial as influenced 
by climate, and its attendant effects on atmo- 
spheric and ocean circulation and the carbon 
cycle (21-24). The constant phase relation 
between 613C and eccentricity supports the 
notion that there is a coupling between cli- 
mate and the carbon cvcle. The cause of the 
late Oligocene rise in cycle amplitude or 
sensitivity to this pacing is unknown. It might 
have been caused by a large-scale reorgani- 
zation of ocean circulation patterns (25, 26) 
or by tectonic changes. It is also possible that 
signal amplification originated in the low lat- 
itudes through eccentricity-modulated pre- 
cession (27, 28), although at present it is 
unclear what the nature of this coupling 
would be. In any case, our data show that a 
system sensitivity shift did occur, and that it 
was preceded by a major change in the oper- 
ation of the carbon cycle. 
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Fig. 2. (A) Log-power spectrum of the composite S13C and S180 time series determined by the 
multi-taper method (MTM) with robust red noise background for the significance calculation (36). 
The 10, 5, and 1% significance levels are indicated by dotted lines (confidence intervals of 90, 95, 
and 99%). The time series was detrended before analysis using a running mean filter, which 
provides better resolution of the low frequencies than a linear detrend. The Milankovitch frequen- 
cies are all represented and significant. Some of the suborbital s ectra are marginally significant. P (B) Log-variance cross spectrum, coherency, and phase of the S1 0 and S13C composites relative 
to the orbital spectrum obtained by cross-spectral analysis (Arand program). Following convention 
and to be consistent with the orientation of axes in Fig. IB, the analyses are carried out on the 
inverse of both S180 and S13C relative to the orbital spectrum. The number of lags was set to 800 
for analysis of eccentricity frequencies (bandwidth = 0.00166) and 500 for obliquity (results shown 
in Table 1) with a 95% confidence interval. The maximum frequency is set to 0.02 ky-' to highlight 
the relations at the eccentricity frequency bands. For coherency and phase, points are shown only 
where cross-spectral density exceeds 1% of the maximum. 

Likewise, a reduction in atmospheric 
pCO, levels may explain the period of 
heightened sensitivity to eccentricity forcing, 
which is reflected in the relative increase in 
amplitude of the 100-ky cycles between 2 1.7 
and 23.0 Ma. This is also the time when the 
coherence with eccentricity is at a maximum 
in terms of phase and amplitude. Because this 
coincides with the period of high 613C val- 
ues, it suggests that the system sensitivity 
(e.g., ice volume) to eccentricity-modulated 
precession is heightened when pCO, is low. 
The inference of a reduction in pCO, from 
the carbon isotopes is consistent with proxy 

Fig. 3. Evolutive spectra for eccentricity, obliq- 
uity (tilt), and precession (ETP) (4) magnetic 
susceptibility, and the 6180 and S13C compos- 
ites with periods plotted on the left axes. The 
analysis is based on the Thomson multitaper 
method with a time-bandwidth product of 4, 
eigenspectra of 6, a sliding window length of 
750 ky, and a step size of 50 ky. Because of the 
relative weakness of the higher frequency sig- 
nals in this analysis, the plots for S13C and Sr80 
time series are terminated above the obliquity 
frequency. The figure shows how the distribu- 
tion of signal power in the MS and isotope time 
series varies with time relative to the orbits. 
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records that show a mid-Cenozoic decline in 
pCO, across the O/M boundary (29, 30). A 
similar mechanism has also been called upon 
to explain the onset of the 100-ky cycles in 
the late Pleistocene (31). 

The Mi-1 event stands out as a rare cli- 
matic anomaly; it precisely coincides with a 
major epoch boundary marked by accelerated 
turnover of several groups of marine and 
terrestrial biota (32). The magnitude of the 
excursion suggests the brief appearance of a 
full-scale ice sheet on east Antarctica coupled 
with a few degrees of deep-sea cooling. The 
high 6180 values at the peak of the excursion 
(-2.2%) are consistent with a global ice 
volume equivalent to that of the late 
Miocene. 

Mi-1 coincides with a period of low ec- 
centricity associated with the 400-ky cycle, 
but one that is no more extreme than previous 
and subsequent eccentricity minima (Fig. 
4A). What is unusual about the orbits is an 
extended period of low-amplitude variability 
in obliquity at approximately the same time, 
during which obliquity varied between 0.398 
and 0.414 rad, or 22.80' to 23.72' (Fig. 4B). 
These nodes in obliquity are a regular feature 
of the low-frequency (period - 1.25 My) 
amplitude modulation of obliquity and have 
already been implicated for driving late Mio- 
cene glacial cycles (33). The obliquity node 

Fig. 4. Gray area bounds A 

at 23.0 Ma, however, is longer than previous 
or subsequent nodes over the period 20 to 26 
Ma by at least two obliquity cycles. The 
congruence of this node with an eccentricity 
minimum would have placed the planet in a 
position of sustained unusually low seasonal 
variability, with reduced extremes of warmth 
and coldness. We propose that during the 
early Miocene, a time when the Antarctic 
continent was only partially glaciated, accu- 
mulation of ice would have been limited by 
the "warm summer" orbital configurations 
(e.g., high obliquity). Beginning at 23.2 Ma, 
as eccentricity and the amplitude of obliquity 
declined, polar summers were consistently 
cooler and ice-sheets expanded until 23.0 Ma. 
After this time, as eccentricity rapidly in- 
creased, this process reversed, resulting in a 
rapid step-like reduction in ice-volume. Sub- 
sequent nodes in obliquity, which do not 
correspond with prolonged eccentricity min- 
ima, do not result in extreme glaciations. 

The Mi- 1 event also marks a fundamental 
shift in the climate system as evident in the 
-0.4% jump in the baseline 6180 values of 
benthic foraminifers from the late Oligocene 
to early Miocene and in the rise in the am- 
plitude of the 406-ky cycles (Fig. 1). This, 
and a gradual rise in mean ocean carbon 
isotope values preceding Mi-1, suggests that 
at 23.0 Ma the ocean or atmosphere system 

the Mi-I  event as ex- 
pressed in the 6180 time- 
series relative to  (A) the 
orbital eccentricity and 
obliquity (in rad) curves 
(4) over the period 20 to 
26 Ma and (B) over the 
period 22 to  24 Ma. Mi-I 
coincides with an interval 
of low eccentricity and 
an "extended" low-ampli- 
tude node in obliquity. B I " I ~ I ~ ~ ~ I I  

Table 1. Cross-spectral data (20 to 26 Ma). 

Frequency (ky-') Period (ky) Coherency Phase angle (") Phase (ky) 

Eccentricity versus -6780 
406 0.80 27.8 ? 19.0 
125 0.71 18.5 ? 25.0 
95 0.65 59.1 + 28.0 

Eccentricity versus -673C 
406 0.88 50.4 + 14.4 
125 0.55 47.8 ? 35.0 
95 0.60 46.7 ? 32.9 

crossed a climatic threshold, switching to a 
new mode. This system reorganization may 
have triggered positive feedbacks from the 
carbon cycle, thereby creating a brief over- 
shoot of equilibrium (34). The pronounced 
carbon isotope enrichment approaching the 
boundary supports this hypothesis because it 
is consistent with a major shift in the nature 
or rate of carbon cycling. The exact cause of 
the carbon cycle perturbation is unknown. 
Nonetheless, the climatic response to the or- 
bital anomaly would have been further en- 
hanced by this feedback. 

Other Neogene glacial episodes, including 
the onset of Northern Hemisphere glaciation 
in the early Pleistocene, have been attributed 
to low-frequency secular changes in the am- 
plitude of obliquity (33, 35). The data pre- 
sented here, however, indicate that eccentric- 
ity-modulated variations in precession must 
contribute as well, at least during the early 
Miocene. In examining the orbital curves, we 
have identified at least two other intervals 
when low-amplitude nodes align with low 
eccentricity at 18.2 and 27.0 Ma. Although 
those nodes are not as long as at 23.0 Ma, 
characterization of climatic anomalies at 
these two times would substantiate the orbital 
anomaly hypothesis, while also serving to 
confirm the orbital solutions. 
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In mammals, the central circadian pacemaker resides in  the hypothalamic 
suprachiasmatic nucleus (SCN), but circadian oscillators also exist in  peripheral 
tissues. Here, using wild-type and cryptochrome (mCry)-deficient cell lines 
derived from mCry mutant mice, we show that the peripheral oscillator in  
cultured fibroblasts is identical t o  the oscillator i n  the SCN in (i) temporal 
expression profiles o f  all known clock genes, (ii) the phase of the various mRNA 
rhythms (i.e., antiphase oscillation of Bmal l  and mPer genes), (iii) the delay 
between maximum mRNA levels and appearance of nuclear mPER1 and mPER2 
protein, (iv) the inability t o  produce oscillations in  the absence of functional 
mCry genes, and (v) the control of period length by mCRY proteins. 

In the mouse, the core oscillator of the master 
circadian clock in the SCN is composed of 
interacting positive and negative transcrip- 
tion-translation feedback loops (1-3), which 
involve three homologs of the Drosophila 
gene period (mPerl, mPer2, and mPer3), two 
cryptochrome genes (mCryl and mCry2), and 
the transcriptional activator genes Clock and 
Bmall (I, 2, 4). A key step in this feedback 
loop is the shutdown of CLOCK- and 
BMAL 1 -driven transcription by mCRY pro- 
teins (4). To keep pace with the solar day- 
night cycle, the master clock can be entrained 
by light received through photoreceptors in 
the retina (5 ) .Molecular oscillators also exist 
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in penpheral tissues, where they cycle with a 
6- to 8-hour delay with respect to the central 
pacemaker (6-8) In contrast to Drosophzla 
and zebrafish, mammalian penpheral clocks 
do not directly respond to light but are syn- 
chronized by the SCN by neuronal andlor 
humoral signals (9) In vitro, bnef treatment 
of cultured cells with various compounds [se- 
rum, forskolin, 12-0-tetradecanoylphorbol 
13-acetate (TPA), adenosine 3',5'-mono-
phosphate (CAMP), or dexamethasone] in- 
duces rhythmic expression of the clock genes 
Perl ,  Per2, and Cry1 and the circadian tran- 
scription factor gene dbp for two to three 
cycles (6, 10-12) 

To investigate whether the molecular 
makeup of the peripheral oscillator in cul- 
tured fibroblasts resembles that of the core 
oscillator In the SCN, we determined the 
expression profiles of all known clock genes 
in cultured rat-1 fibroblasts over a period of 3 
days (13) To trigger the oscillations, we used 
the vasocontracting peptide endothelin- 1 
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(ET-1) (14) which activates the protein ki- 
nase C-mitogen-activated protein kinase cas- 
cade and CAMP response element-binding 
protein (CREE) phosphorylation (15). This 
treatment induces a rapid, robust increase in 
Per l  and Per2 gene expression, followed by 
a sharp reduction in corresponding mRNA 
levels and subsequent synchronous cycling of 
Per l ,  Per2, Per3, and dbp mRNAs (Fig. 1) 
(16, 17).  Also, robust cycling of Bnlull 
mRNA was observed, with mRNA levels 
accumulating antiphase to Per and dbp 
mRNA cycles. Clock mRNA levels were 
constant at all time points examined. In ad- 
dition, Cry1 expression showed rhythmicity, 
peaking 4 to 8 hours after Per mRNAs (16). 
These data demonstrate that ET-I can induce 
circadian gene expression in cultured rat-1 
cells and that the temporal expression pat- 
terns of Per, Bmall. Cry], and dbp genes (all 
rhythmically expressed) as well as the Clock 
gene (constitutively expressed) match those 
in the SCN (1, 18). Casein kinase IE (CHE) 
and Cry2 genes did not show apparent rhyth- 
mic expression in rat-1 cells. a finding con- 
sistent with the observation that in the SCN 
CKIE is constitutively expressed (19) and cy- 
cling of mouse Cry2 is weak (18) or not 
detectable (20). 

Next, we analyzed by immunocytochem- 
istry the PER1 and PER2 protein expression 
profiles in these cells. Nuclear staining oc- 
curred 26 to 28 hours after treatment. indi-
cating that mPERl and mPER2 protein cy- 
cles follow the rhythm of Per l  and Per2 
mRNA expression with a 4- to 8-hour delay 
(Fig. 2), as in the SCN (21). In addition, 
pronounced PER1 and PER2 nuclear staining 
was found 1.5 hours after ET-1 treatment 
(Fig. 2) (221, suggesting that ET-I causes 
rapid synthesis of PER1 and PER2 and trans- 
location of these proteins into the nucleus. 
This nuclear PER2 may up-regulate Bmall 
expression and down-regulate Prv gene ex- 
pression 4 hours after ET-1 treatment (Fig. 1 ) 
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