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Abstract The robustness and limited plasticity of the master circadian clock in the 
suprachiasmatic nucleus (SCN) is attributed to strong intercellular communication among its 
constituent neurons. However, factors that specify this characteristic feature of the SCN are 
unknown. Here, we identified Lhx1 as a regulator of SCN coupling. A phase-shifting light pulse 
causes acute reduction in Lhx1 expression and of its target genes that participate in SCN coupling. 
Mice lacking Lhx1 in the SCN have intact circadian oscillators, but reduced levels of coupling 
factors. Consequently, the mice rapidly phase shift under a jet lag paradigm and their behavior 
rhythms gradually deteriorate under constant condition. Ex vivo recordings of the SCN from these 
mice showed rapid desynchronization of unit oscillators. Therefore, by regulating expression of 
genes mediating intercellular communication, Lhx1 imparts synchrony among SCN neurons and 
ensures consolidated rhythms of activity and rest that is resistant to photic noise.
DOI: 10.7554/eLife.03357.001

Introduction
Circadian clocks generate ∼24 hr rhythms in behavior and physiology which allow an organism to 
anticipate and adjust to environmental changes accompanying the earth's day/night cycle. These 
rhythms are generated in a cell-autonomous manner by transcription–translation based feedback 
loops which are composed of clock proteins, such as PERIOD (PER1, PER2, and PER3), CRYPTOCHROME 
(CRY1 and CRY2), CLOCK, BMAL1, REV-ERB (REV-ERBα and REV-ERBβ), and ROR (RORα, RORβ, and 
RORγ) in mammals (Mohawk et al., 2012). These oscillatory loops reside in almost all tissue types and 
regulate their downstream effectors to generate oscillations in the steady-state mRNA levels of thou-
sands of genes in a tissue-specific manner. Identification of tissue-specific circadian transcripts in 
peripheral organs has elucidated the mechanism by which circadian clocks dictate the temporal regu-
lation of organ function. The tissue level clocks are organized in a hierarchical manner. The hypotha-
lamic suprachiasmatic nucleus (SCN) composed of ∼20,000 densely packed neurons acts as the master 
clock by orchestrating molecular oscillations in peripheral tissues (Welsh et al., 2010). Tight intercel-
lular communication among SCN neurons (coupling) drives synchronous oscillations. This, in turn, 
imparts overt rhythms in activity-rest and dependent rhythms in physiology and metabolism of the 
whole organism. While coupling between the SCN neurons buffers against the noise in oscillations of 
the constituent neurons, it is plastic enough to allow adaptive resetting of the phase of the SCN oscil-
lator in response to changes in the environment.

Light is the principal cue for entraining the SCN circadian clock to environmental cycles. Light 
stimuli are perceived in the retina and transmitted to the SCN via melanopsin (OPN4)-expressing 
retinal ganglion cells (mRGCs) (Hatori and Panda, 2010). The time-of-the-day specific response (called 
‘gating’) of the SCN to light pulses properly adjusts the phase of the circadian clock. In mice held 
under constant darkness, light administered at subjective daytime, subjective evening, or subjective 
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late night causes no shift, phase delay or phase advance of the behavioral rhythm respectively. This 
phase-dependent light response is conserved across species (Pittendrigh, 1967; Zatz et al., 1988; 
Schwartz and Zimmerman, 1990). It is known that illumination at night triggers extensive chromatin 
remodeling in the mouse SCN (Crosio et al., 2000), which likely results in changes in the levels of a 
large number of transcripts. However, except for a few dozen transcripts including the clock genes 
Per1 and Per2 (Zhu et al., 2012; Jagannath et al., 2013), the extent of light-triggered transcriptional 
changes in the SCN is largely unknown. These acute transcriptional changes impinge on the molecular 
oscillator to adjust the phase of the mRNA rhythms in the SCN.

It is becoming increasingly clear that coupling among the SCN neurons buffers against phase 
shifts, and the transient weakening of such coupling facilitates large phase shifts. SCN neurons  
exhibit tight intercellular communication imposed by paracrine peptidergic signals such as VIP 
(Vasoactive intestinal polypeptide), AVP (Arginine vasopressin), and GRP (Gastrin-releasing pep-
tide) (Welsh et al., 2010; Hogenesch and Herzog, 2011). As the deficiency of Vip or its receptor 
Vpac2r causes desynchronization among SCN neurons (Aton et al., 2005), this peptide-mediated 
coupling mechanism is a unique and necessary feature of the SCN in order to generate robust syn-
chronous rhythms. Weaker coupling among the SCN neurons is suggested to facilitate rapid and 
large phase shifts of the overt rhythms (Herzog 2007; An et al., 2013). Therefore, transcription 
factors that regulate expression of the SCN coupling agents are central to the unique function of 
the SCN.

Here, using a combination of behavioral, genetic, and genomic tools, we vastly expand the under-
standing of the dynamic transcriptional landscape of the SCN. We conducted comprehensive analysis 
of the light-regulated, circadian, and tissue-enriched protein-coding transcriptome of the mouse SCN 
in order to understand the specificity of the master circadian clock. We found that the SCN-enriched 
transcription factor Lhx1 (LIM homeobox 1) is required for expression of a number of genes including 
Vip whose protein product participates in intercellular signaling. The SCN-specific loss of Lhx1 attenu-
ates cell to cell coupling of cell-autonomous oscillators in the SCN, abolishing circadian behavioral 
activity consolidation in vivo.

eLife digest As anyone who has experienced jet lag can testify, our sleeping pattern is normally 
synchronized with the local day–night cycle. Nevertheless, if a person is made to live in constant 
darkness as part of an experiment, they still continue to experience daily changes in their alertness 
levels. In most individuals, this internal ‘circadian rhythm’ repeats with a period of just over 24 hr, 
and exposure to light brings it into line with the 24-hr clock.

The internal circadian rhythm is generated by a structure deep within the brain called the 
suprachiasmatic nucleus (SCN), which is essentially the ‘master clock’ of the brain. However, each 
cell within the SCN also contains its own clock, and can generate rhythmic activity independently  
of its neighbors. Cross-talk between these cells results in the production of a single circadian 
rhythm.

Now, Hatori et al. have identified the master regulator that controls this cross-talk. When mice 
living in 24-hr darkness were exposed to an hour of light in the early evening, they showed changes 
in the levels of proteins associated with many SCN genes. But one gene in particular, known as 
Lhx1, stood out because it was strongly suppressed by light.

Mice with a complete absence of Lhx1 die in the womb. However, mice that lose Lhx1 during 
embryonic development survive, although they struggle to maintain circadian rhythms when kept in 
complete darkness. This is not because their SCN cells fail to generate circadian rhythms. Instead,  
it is because the loss of Lhx1—a transcription factor that controls the expression of many other 
genes—means that the SCN cells do not produce the proteins they need to synchronize their 
outputs.

As well as identifying a key gene involved in the generation and maintenance of circadian 
rhythms, Hatori et al. have underlined the importance of cell-to-cell communication in these 
processes. These insights may ultimately have therapeutic relevance for individuals with sleep 
disturbances caused by jet lag, shift work or certain sleep disorders.
DOI: 10.7554/eLife.03357.002
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Results
Light-regulated and circadian-controlled transcripts of the SCN
To comprehensively identify circadian-, light-regulated, and SCN-enriched protein-coding transcripts 
in the adult SCN, following 2 weeks of entrainment to 12 hr light:12 hr dark (LD) cycles male C57BL6/J 
mice were transferred to constant darkness (DD), and the SCN was collected every 2 hr over 48 hr. 
Light at subjective night, but not during subjective day is known to cause a behavioral phase shift. To 
assess the gene expression effect of a phase-shifting pulse of light, a subset of mice were exposed to 
a 1 hr white light pulse delivered at 30 hr, 40 hr, and 46 hr after the onset of DD (Figure 1A, Figure1—
figure supplement 1) representing subjective daytime (CT6), early evening (CT16), and late night 

Figure 1. Light-regulated transcripts of the SCN. (A) Heatmap rendering of light-regulated SCN transcripts. For 
each time point, fold change between respective light treated and dark control was plotted. (B) Circadian gating  
of light-modulated transcripts. Cutoffs of two fold were set for up-regulation (blue) or suppression (red) after light 
pulse, and the number of probesets that satisfy each cutoff was plotted for each point. Quantitative RT-PCR 
(qRT-PCR) expression confirmation of genes detected as light-regulated by microarray. Examples of genes (C) 
induced or (D) repressed by light pulses at three different time points. (Mean +s.e.m., n = 4).
DOI: 10.7554/eLife.03357.003
The following figure supplements are available for figure 1:

Figure supplement 1. Transcriptional profiling of the mouse SCN. 
DOI: 10.7554/eLife.03357.004

Figure supplement 2. Light-induced changes in SCN gene expression correlate with the known effect of light on 
phase shift in different genetic models of light signaling. 
DOI: 10.7554/eLife.03357.005

Figure supplement 3. SCN enriched (not SCN-exclusive) transcripts. 
DOI: 10.7554/eLife.03357.006
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(CT22). We discovered 1412 genes (Figure 1—figure supplement 1; Supplementary file 1) that show 
circadian oscillation in transcript abundance (pMMCβ <0.05, pFGT <0.05, and median temporal expres-
sion >100). Gene expression measured at 1 hr, 2 hr, and 4 hr after the beginning of the 1 hr light pulse 
revealed 508 probesets whose levels changed (up- or down-regulated) in response to at least one of 
the three light pulses (Figure 1A,B, Figure 1—figure supplement 1; Supplementary file 2A). 
However, only 84 (17%) were also rhythmic (Figure 1—figure supplement 1; Supplementary file 2B).

We tested whether the number of light-modulated transcripts parallels the phase shifting effect of 
light. Light pulse delivered during subjective day (CT6) triggered changes in a small number of tran-
scripts, while the same pulse at CT16 causes a large phase shift accompanied by a large number of 
transcripts changing >2 fold (Figure 1B, Figure 1—figure supplement 1; Supplementary file 2C). 
The magnitude of light modulation of transcripts also paralleled the known phase shifting effect of 
light in genetic models of light input perturbation. Compared to wild type (WT) C57BL6/J, the light 
response was unchanged in mice lacking rod/cone photoreceptors, attenuated in melanopsin (Opn4)-
deficient mice and completely abolished in mice lacking all three photopigments or those with specific 
ablation of melanopsin expressing retinal ganglion cells (Opn4Cre/+;R26iDTR/+ + diphtheria toxin [DT]) 
(Figure 1—figure supplement 2). Overall, the light-induced transcriptional responses in the SCN 
closely correlate with the extent of light-induced behavioral phase shift (Hatori and Panda, 2010) and 
hence are informative of the mechanism and consequences of the phase shift.

The light-induced genes include the circadian clock components e.g., Per1, Per2, and Bhlhe40 
(Dec1) and genes involved in the CREB and MAPK signaling pathways (Zhu et al., 2012; Jagannath 
et al., 2013), which are implicated in intracellular signaling leading to resetting the phase of cell 
autonomous oscillators (Figure 1C). The novel group of light repressed transcripts was enriched for 
those involved in inter-cellular communication including Vip, Avpr1a, Rasd1, and Npy6r (Figure 1D, 
Supplementary file 2C), suggesting that an effective phase shift of the SCN clock rests both on reset-
ting the phase of cell autonomous clock and on light-induced relaxation of the intercellular coupling.

The data for circadian and light-dependent gene expression are also being made available in a user 
friendly searchable web interface at http://scn.salk.edu. The database can be queried using a gene 
symbol or a probeset identifier as the keyword.

Lhx1 is an SCN-enriched and light-modulated gene
Since the tight intercellular coupling of circadian oscillators is largely an SCN specific phenomenon 
(Herzog 2007), we reasoned that light likely suppresses the expression of an SCN-enriched factor that 
coordinates intercellular communication. We employed three-step enrichment criteria comparing the 
transcriptome of the SCN with that of 82 other mouse tissues including 14 different neural tissues 
(Su et al., 2004) (Figure 1—figure supplement 3). This analysis identified 213 SCN-enriched (not 
SCN-exclusive) genes (Figure 1—figure supplement 3, Supplementary file 3), including Rorα, Rorβ, 
Vip, Grp, Rgs16, and Prokr2 which are known to play important roles in SCN function (Welsh et al., 
2010; Doi et al., 2011; Kasukawa et al., 2011; VanDunk et al., 2011).

Among the 13 SCN-enriched transcription factors discovered (Figure 1—figure supplement 3), 
Lhx1 mRNA was suppressed by light (Figure 1D), raising the possibility that it regulates the expression 
of SCN synchronizing agents and that the lack of Lhx1 might render the SCN prone to desynchrony. 
However, Lhx1 is a necessary factor for differentiation of several tissue types as Lhx1−/− embryos 
die ∼ E10 (Shawlot and Behringer, 1995). In the hypothalamus, Lhx1 expression begins at E11 and 
parallels that of Six6 (VanDunk et al., 2011), whose function is necessary for normal SCN development 
(Clark et al., 2013). Since Rorα expression is also SCN enriched (Figure 1—figure supplement 3) and 
its developmental expression follows Lhx1 expression in the SCN region, we generated RorαCre;Lhx1loxP 
mice for testing the role of Lhx1 in SCN function.

Loss of Lhx1 in the SCN affects circadian consolidation and light 
induced phase shifts of behavioral rhythms
The overlap between Rorα and Lhx1 expression in the adult brain is largely restricted to the SCN 
(Figure 1—figure supplement 3) and the dLGN (Chou et al., 2013). The Rorα/Lhx1 double positive 
dLGN neurons constitute the thalamocortical pathway for conveying visual information to the brain 
(Chou et al., 2013). Since this circuit is not implicated in circadian photoentrainment (Mure and 
Panda, 2012), we reasoned the RorαCre;Lhx1loxP mice will be appropriate for testing the role of Lhx1 
in SCN.

http://dx.doi.org/10.7554/eLife.03357
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Rorα is an essential component of the cell autonomous circadian oscillator (Sato et al., 2004). Its 
mRNA becomes detectable from E15 onward (VanDunk et al., 2011). Therefore, in the early develop-
mental stage between E11 and E15, Lhx1 is expected to be expressed in the RorαCre;Lhx1loxP double 
mutant mice, which would allow normal Lhx1 function (if any) during early SCN differentiation, while 
uncovering the post-developmental role of Lhx1 in SCN function.

The RorαCre mouse has an IRES;Cre cassette knocked-in downstream of the Rorα locus (Chou  
et al., 2013) which permits normal expression of Rorα and co-expression of Cre. RorαCre;R26R mice 
(Figure 2A and Figure 2—figure supplement 1) or RorαCre;Z/AP mice (Figure 2B and Figure 2—figure 
supplement 1) showed robust Cre-dependent LacZ or ALPP (alkaline phosphatase) expression in the 
SCN region of the hypothalamus. ALPP staining of RorαCre;Z/AP mice revealed uniform staining of SCN 
neurons along dorso-ventral and rostro-caudal axes (Figure 2—figure supplement 1). As opposed to 
the developmental and circadian dysfunction in Rorα mutant (Sato et al., 2004), the RorαCre allele 
did not compromise Rorα function as the RorαCre mice exhibited normal development and circadian 
activity rhythm in light–dark cycles and in constant darkness that are indistinguishable from those of 
wild-type mice (see below).

A single copy of Cre in RorαCre/+:Lhx1loxP/loxP mice reduced Lhx1 mRNA levels by nearly 40%, while in 
RorαCre/Cre:Lhx1loxP/loxP (Lhx1SCN-KO) mice Lhx1 expression in the SCN is severely reduced (Figure 2D). The 
gross morphology of the SCN in these mice remains intact (Figure 2—figure supplement 1) suggest-
ing that the conditional loss of Lhx1 post early development in the SCN does not severely affect its 
differentiation unlike the loss of Six3, Six6, or Math5 (Wee et al., 2002; VanDunk et al., 2011; Clark 
et al., 2013). The activity pattern of these mice entrains normally to an imposed LD cycle (Figure 2—
figure supplement 2) implying functional innervation of the SCN by the mRGCs, which is known to 
occur postnatally (McNeill et al., 2011). Accordingly, anterograde labeling using a Cholera Toxin B 
conjugated fluorescent marker indicated normal innervation of the SCN by RGCs (Figure 2E,F and 
Figure 2—figure supplement 1).

Light-induced upregulation of immediate early genes and clock components including c-Fos, JunB, 
Per1, and Per2 in the SCN of Lhx1SCN-KO mice was comparable to that in WT mice (Figure 2G). However, 
light suppressed transcripts involved in intercellular communication such as Vip and Avpr1a showed 
reduced basal expression under DD (Figure 2H). This acute induction of the phase-resetting branch of 
light input along with potentially weak intercellular coupling suggested that the Lhx1SCN-KO mice may 
be more susceptible to light-induced phase shifts. Accordingly, in response to an 8 hr phase advance 
or delay of the LD cycle, the activity onset of RorαCre/+;Lhx1loxP/loxP and RorαCre/Cre;Lhx1loxP/loxP mice read-
justed much faster than the WT mice to the new LD regime irrespective of the direction of the shift 
(Figure 2I–L).

Next, we tested the consequence of the potentially weak intercellular communication in the absence 
of light. Under constant darkness (DD), the circadian locomotor activity rhythms of the Rorα+/+; Lhx1+/+, 
Rorα+/+;Lhx1loxP/loxP, RorαCre/+;Lhx1+/+, or RorαCre/Cre;Lhx1+/+ mice were comparable (Figure 3A–D, Table 1). 
The RorαCre/+;Lhx1loxP/loxP mice showed normal activity rhythm for up to 3 weeks under DD, after which the 
activity consolidation deteriorated with no apparent ∼24 hr rhythm (Figure 3E). The RorαCre/Cre;Lhx1loxP/loxP 
mice showed circadian activity rhythm for up to 4 days under constant darkness, after which they 
became arrhythmic (Figure 3F, Figure 3—figure supplement 1). The lack of circadian locomotor activity 
rhythm in Lhx1SCN-KO mice under DD does not result from the disruption of the cell autonomous circa-
dian oscillator, since the median expression of core clock components Per1 and clock output gene 
Dbp largely remained equivalent in the SCN of Lhx1SCN-KO and wild-type cohorts (Figure 3G,H). Both 
transcripts showed a significantly dampened rhythm with reduced peak levels and increased expres-
sion at the trough, suggestive of oscillator desynchrony. On the other hand, transcripts participating in 
intercellular communication including Vip, Avpr1a, Rasd1, Pde7b, Creb3l1, and a cell matrix associ-
ated cell–cell interaction mediator Nov were significantly reduced in the Lhx1SCN-KO mice (Figure 3I).

Lhx1 regulates expression of Vip
Among the downregulated genes, the mRNA levels of Vip were undetectable in the Lhx1SCN−KO mice 
(Figure 3J), and VIP protein level was also reduced in the SCN (Figure 3K). Hence, we tested whether 
LHX1 regulates Vip expression. Transcription from a 1 kb promoter region of mouse Vip driving a luciferase 
reporter was activated by wild-type mouse and human Lhx1 in a dose-dependent manner (Figure 3L 
and Figure 3—figure supplement 2). Such transcriptional regulation was dependent on the DNA 
binding function of LHX1 because the LHX1N230S mutant failed to activate transcription from Vip:luc 
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