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Figure 1.2. (Left) Venn diagram representation of cell distributions of the SCN.
(Right) AVP, NMS, and Drd1a cells are strongly implicated in pacesetting. Adapted
and modified from [Smyllie et al., 2016a]

Targeted disruption of clock activity in the periphery affects the temporal expression

of some but not all core genes [Kornmann et al., 2007a], indicating integration of local

control along with systemic cues from the master pacemaker to generate tissue-specific,

rhythmic output. The SCN relays temporal information to peripheral oscillators via (i)

autonomic innervation, (ii) humoral signals, and (iii) feeding-related cues. One of the

well investigated humoral signals are rhythmic glucocorticoids via autonomic inputs.

Dexamethasone (a glucocorticoid analog) shifts the phase of clock gene expression

in liver, kidney, heart, and cultured fibroblasts [Balsalobre et al., 2000]. Core clock

genes (Bmal1, Cry1, Per1, Per2 ) contain glucocorticoid-response elements (GREs) in

their regulatory regions [Yamamoto et al., 2005, Reddy et al., 2007, So et al., 2009].

Peripheral oscillators in fibroblasts, liver, kidney, and lung are sensitive to temperature

changes and can be entrained by temperature pulses [Brown et al., 2002,Kornmann

et al., 2007b, Abraham et al., 2010, Buhr et al., 2010]. While the SCN is resistant

to temperature cycles, temperature cycles driven by SCN can be used as entraining
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signal for peripheral oscillators. Rhythms in feeding behavior can also affect peripheral

clocks. The clock in the liver is especially sensitive to feeding rhythms. Scheduled

meal timing leads to a shifted phase in rhythms of clock gene and protein expression in

liver [Damiola et al., 2000,Stokkan et al., 2001]. Also, livers of arrythmic Cry1/Cry2

null mice display rhythms in transcripts when fed in regular 24 hr intervals [Vollmers

et al., 2009]. A recent study found daily molecular oscillations in skin fibroblasts

and liver slices from animals lacking Bmal1 that persisted in the absence of light or

temperature cycles [Ray et al., 2020].

1.5 Circadian Mutations

Much of our understanding of the molecular clock comes from investigations of

circadian mutants. The first of these was tau, a spontaneous mutation in hamsters

that exhibits an endogenous free-running period of 22 hr in heterozygotes [Ralph

and Menaker, 1988]. The heritability of this trait was demonstrated when the cross

between the mutant hamster with wild type hamster resulted in 50% of offspring with

22 hr free-running period and 50% with 24 hr free-running period. Intercrosses of

the F1 progeny produced F2 generation with a 1:2:1 Mendelian ratio of 20 hr: 22hr:

24 hr periods. Thus, the spontaneous tau mutation segregates in a semi dominant

manner [Ralph and Menaker, 1988]. The definitive demonstration of the SCN as

the master circadian pacemaker was obtained from transplantation experiments with

the tau model [Ralph et al., 1990]. Rhythms in firing rates measured in individual

SCN neurons on fixed microelectrode plates revealed that the whole animal circadian

period can be determined by averaging periods of individual SCN cells. These findings

demonstrated that the tau mutation affects circadian function in a cell autonomous

manner [Liu et al., 1997]. Investigation of the tau mutation identified it as a single

nucleotide change in the gene encoding CK1ε [Lowrey and Takahashi, 2000] that
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increases the phosphorylation rate of PER2, resulting in a shorter period [Dey et al.,

2005,Gallego et al., 2006,Meng et al., 2008].

1.5.1 The Duper Mutation

A second hamster circadian mutant was discovered in the Bittman lab on the

homozygous “super short” background. These hamsters displayed a shorter free-

running period in constant dark of ∼18 hrs, which was shorter than the ∼20 hrs period

of homozygous “super short” animals, and so were called “super duper”. The mutation

was called “duper” after isolation through backcrosses onto a wild type background.

The duper single mutants displayed a free-running period of ∼23 hrs [Monecke et al.,

2011]. Mutant duper hamsters are also unique in that they show a striking exaggeration

of phase shifts (type 0 Phase Response Curve (PRC)): their clock can be shifted 6-12

hours in response to a 15 minute light pulse 3 or 6 circadian hours after onset of

activity (early and mid-subjective night, respectively; [Krug et al., 2011]). Mutant

duper hamsters that were born and raised in DD also display type 0 PRC [Krug et al.,

2011]. indicating that high amplitude PRC is not an aftereffect of entrainment to a

T cycle that deviates greatly from endogenous free-running period (τ). Unlike tau

hamsters, duper mutants entrain to a 14:10LD cycle and show greatly expanded range

of the limits of entrainment (down to 14.5 hr) consistent with the high amplitude

phase response curve (PRC) [Krug et al., 2011, Manoogian et al., 2015]. A striking

feature of the duper mutant phenotype is the amplification of the response to light.

The duper mutant phenotype is not attributable to a change in retinal sensitivity,

as the intensity threshold for light-induced phase shifts is similar to the wild type,

suggesting the mutation is not acting on the input to the pacemaker [Bittman, 2014].

Two different models have characterized the effect of light on the circadian clock.

A parametric model, in which light speeds up or slows down the clock depending

on the phase, and a non-parametric model, in which light causes an instantaneous
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