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The circadian clock produces diverse behaviors with ~24-hour periodicity in numerous 

organisms, leading, for example, to sleep/wake cycles in animals [1] and leaf movement in plants 
[2]. In mammals, the postulated “master” clock is located in the suprachiasmatic nucleus (SCN) 
of the anterior hypothalamus [3]. This clock then directs putative “slave” clocks throughout the 
body in miscellaneous organs such as liver and kidney [3]. 

Manipulation of environment and observation of the resultant changes in wheel-running 
behavior in rodents led to the initial understanding of clock performance [4]. While these 
experiments continue to be useful, they have been supplemented by application of biochemical 
techniques to cells in the SCN, thereby uncovering many facets of the clock’s molecular 
operation. Specifically, the mammalian clock functions as an oscillator because the principal 
clock components (Per and Cry) negatively regulate their own production. Beyond Per and Cry, 
various elements feed into the clock as activators and repressors, adding subsidiary feedback 
loops to the circadian system and increasing its complexity [1,3]. This advancing understanding 
of the clock has led to the development of several mathematical models at the molecular level. 
To date, the most sophisticated of these are the deterministic model produced by Leloup and 
Goldbeter [5] and the deterministic and stochastic models produced by Forger and Peskin [6,7]. 

Though these representations produce oscillations of clock components with correct 
periodicity, they were constructed from a meld of cellular, tissular, and organismal data. It has 
been argued, however, that the correct phenotypes driven by intracellular (i.e. core) clock 
networks can be observed only when individual neurons are decoupled from one another [8]. 
Indeed, specific manifestations of level-specific clock behavior can be seen in both the broader 
spread of circadian period and the greater cycle-to-cycle variation in circadian period evident in 
decoupled neurons when compared to SCN explants [8]. Furthermore, a recent work shows that 
dispersed neurons with Per1 and Cry1 knockouts exhibit arrhythmic behavior, in contrast to the 
previously-reported results, developed from experiments involving interacting cells, which 
indicated merely altered rhythms [9]. 

Here, we take the phenotypes of the true, uncoupled oscillator and develop a mathematical 
model of the single-cell circadian clock. Two versions of the period gene (Per1 and Per2), both 
versions of the cryptochrome gene (Cry1 and Cry2), and also the Bmal1, Rev-ErbA, and RorC 
genes are included. These genes and their products are linked in a network of interactions with 
numerous positive- and negative-feedback loops. We show that the model correctly predicts a 
24-hour period and also maintains accurate phase relationships among the components (i.e. four-
hour leads of Rev-ErbA over Per1 and Per2, four-hour leads of Per1 and Per2 over Cry1, Cry2, 
and RorC, four-hour leads of Cry1, Cry2, and RorC over Bmal1, and a twelve-hour lead of 



Bmal1 over Rev-ErbA).  Furthermore, the model accurately predicts a lead of mRNAs over 
proteins of approximately four to six hours for model components. 
 

Project supported by the Institute for Collaborative Biotechnologies through Grant DAAD19-
03-D-0004 from the U. S. Army Research Office. 

 
 
References 
 
1. Dunlap JC (1999) Cell 96:271-290. 
2. McClung CR (2006) Plant Cell 18:792-803. 
3. Reppert SM, Weaver DR (2001) Annu Rev Physiol 63:647-676. 
4. Pittendrigh CS, Daan S (1976) J Comp Physiol 106:223-355. 
5. Leloup J-C, Goldbeter A (2003) Proc Natl Acad Sci USA 100:7051-7056. 
6. Forger DB, Peskin CS (2003) Proc Natl Acad Sci USA 100:14806-14811. 
7. Forger DB, Peskin CS (2005) Proc Natl Acad Sci USA 102:321-324. 
8. Herzog ED, Aton SJ, Numano R, Sakaki Y, Tei H (2004) J Biol Rhythms 19:35-46. 
9. Liu AC, Welsh DK, Ko CH, Tran HG, Zhang EE, Priest AA, Buhr ED, Singer O, Meeker K, 

Verma IM, et al. (2007) Cell 129:605-616. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


