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The suprachiasmatic nucleus (SCN) coordinates circadian rhythms
that adapt the individual to solar time. SCN pacemaking revolves
around feedback loops in which expression of Period (Per) and
Cryptochrome (Cry) genes is periodically suppressed by their pro-
tein products. Specifically, PER/CRY complexes act at E-box se-
quences in Per and Cry to inhibit their transactivation by CLOCK/
BMAL1 heterodimers. To function effectively, these closed intra-
cellular loops need to be synchronized between SCN cells and to
the light/dark cycle. For Per expression, this is mediated by neuro-
peptidergic and glutamatergic extracellular cues acting via cAMP/
calcium-responsive elements (CREs) in Per genes. Cry genes, how-
ever, carry no CREs, and how CRY-dependent SCN pacemaking
is synchronized remains unclear. Furthermore, whereas reporter
lines are available to explore Per circadian expression in real time,
no Cry equivalent exists. We therefore created a mouse, B6.Cg-
Tg(Cry1-luc)01Ld, carrying a transgene (mCry1-luc) consisting of
mCry1 elements containing an E-box and E’-box driving firefly lucif-
erase. mCry1-luc organotypic SCN slices exhibited stable circadian
bioluminescence rhythms with appropriate phase, period, profile, and
spatial organization. In SCN lacking vasoactive intestinal peptide
or its receptor, mCry1 expression was damped and desynchronized
between cells. Despite the absence of CREs, mCry1-luc expression
was nevertheless (indirectly) sensitive to manipulation of cAMP-
dependent signaling. In mPer1/2-null SCN, mCry1-luc bioluminescence
was arrhythmic and no longer suppressed by elevation of cAMP.
Finally, an SCN graft procedure showed that PER-independent as
well as PER-dependent mechanisms could sustain circadian expres-
sion of mCry1. The mCry1-luc mouse therefore reports circadian
mCry1 expression and its interactions with vasoactive intestinal
peptide, cAMP, and PER at the heart of the SCN pacemaker.
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he suprachiasmatic nucleus (SCN) of the hypothalamus is
the principal circadian pacemaker in mammals, coordinating
daily programs of gene expression across the body that ultimately
underpin adaptation to day and night (1). SCN pacemaking re-
volves around an autoregulatory feedback loop in which expression
of Period (Per) and Cryptochrome (Cry) genes is suppressed by their
protein products on a daily basis. Specifically, PER/CRY complexes
act at E-box regulatory sequences in Per and Cry to inhibit their
transactivation by CLOCK/BMALI1 heterodimers (2). Supple-
mentary feedback loops involving bZIP-family proteins [albumin
D-element binding protein (Dbp) and nuclear factor, interleukin 3
regulated (Nfil3) acting at D-boxes] and REV-ERB family nuclear
receptors (acting at RORE elements) confer additional robust-
ness and amplitude (3), but E-box-mediated transcription is the
principal determinant of SCN molecular pacemaking.
To generate a coherent circadian signal across the SCN, the
intracellular loops are synchronized between cells by neuro-
peptidergic cues that act via signaling cascades triggered by cAMP
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and intracellular Ca** ([Ca>*];) (4, 5). In addition, synchroniza-
tion to the cycle of light and darkness is mediated by specialized
glutamatergic retinal innervation of SCN neurons (6) that acts via
[Ca®*]; (7). These cAMP/[Ca?*]; pathways converge upon cCAMP/
calcium-responsive elements (CREs) in the Per genes (8) to ac-
tivate their expression (9). Thus, extracellular synchronizing
stimuli gain access to the PER-dependent components of the
feedback loops. Cry genes, however, carry no CREs as access
points for extracellular information, raising the question of how
CRY-dependent elements of the SCN pacemaker are synchro-
nized. Consistent with a model of indirect regulation, reentrain-
ment of daily Cry expression in the SCN of mice subjected to
phase-advanced lighting cycles lags behind Per rhythms (10). Cry
expression requires several days to resynchronize, but, impor-
tantly, the time course of mCry reentrainment parallels that of the
rest—activity cycle, highlighting the contribution of Cry expression
to the timing of behavior.

A comprehensive understanding of the SCN circadian pace-
maker in toto requires, therefore, direct and dynamic analyses
of Cry gene expression, but whereas various mouse lines (11, 12)
have been powerful tools in examining Per expression, no re-
porter lines are available with which to characterize intra- and
intercellular mechanisms governing mCryl expression. We therefore
generated a transgenic (Tg) mouse line, B6.Cg-Tg(Cryl-luc)”",
carrying a mCryl-luciferase bioluminescent reporter, using pre-
viously characterized Cryl elements that contain an E-box and
E’-box (13) with an overlapping D-box (14). We show that these
sequences are sufficient to drive period- and phase-appropriate
circadian cycles of mCryl transcription consistent with E-box
regulation in organotypic SCN and peripheral tissue cultures.
Despite lacking CRE sequences, mCryl circadian transcription
in the SCN was nevertheless dependent upon signaling via vaso-
active intestinal peptide (VIP) and its VPAC2 receptor, a positive
regulator of adenylyl cyclase (AC). Moreover, direct pharmaco-
logical manipulation of cAMP levels, both positive and negative,
disrupted circadian mCryl expression. In the absence of mPER1
and mPER?2 proteins, however, mCryl-luc transcription in the
SCN was arrhythmic and no longer suppressed by elevated cAMP
levels, highlighting a role for mPER1 and mPER2 as trans-
ducers in the circadian regulation of mCryI. Finally, by using
an SCN slice grafting technique, we show that mPER1/mPER2-
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independent pathways could also sustain circadian expression of
mCryl. Thus, parallel PER-dependent and PER-independent
pathways direct circadian expression of mCRY1, the principal
negative feedback regulator in the SCN.

Results

Period and Phase of SCN Circadian mCry1-luc Expression. Following
injection of mouse oocyte (strain BOCBAF1/OlaHsd) with line-
arized plasmid carrying —1,504 to +107 of mCryl upstream of
luciferase coding sequence (Fig. S14), and subsequent embryo
transfer, six transgenic founder mice were identified and crossed
with nontransgenic mice to establish breeding lines. Of these,
three lines produced offspring with a bioluminescent signal de-
tectable in the SCN, and the line with the most intense SCN
signal was selected for further analysis. All subsequent crosses
(greater than six) were with mice on a C57BL/6 background to
create the B6.Cg-Tg(Cryl-luc)’™™ (mCryI-luc) line, which bred
true, and digital droplet PCR identified a single copy of the re-
porter construct at a single insertion.

When recorded by photomultiplier array, all SCN slices car-
rying the reporter (n = 28) on an otherwise WT background
exhibited stable bioluminescence rhythms (Fig. 14) with periods
within the circadian range (mean + SEM, 24.21 + 0.08 h) that
were not significantly different from those of the widely used
mPER?2::LUC fusion protein reporter (12) (24.40 + 0.04 h; n = 11;
t test, P = 0.16), although they were more variable between slices
than mPER2::LUC reports (range mCryl-luc, 22.89-24.99 h;
mPER2::LUC, 24.13-24.59 h; SD, 0.42 vs. 0.12). mCryI-driven
bioluminescence tended to be lower than that of mPER2:LUC
SCN (2,940 + 403 cps vs. 3,908 + 521 cps; 75.2%) but not sta-
tistically so (¢ test, P = 0.19). The amplitude of the oscillation was,
however, significantly smaller than that of mPER2::LUC (403 +
49 cps vs. 2,377 + 270 cps; ¢ test, P < 0.01), and the relative am-
plitude error (RAE) was significantly higher in mCry!I-luc slices
(0.050 = 0.004 vs. 0.033 + 0.002; P < 0.01), indicative of lower
cycle-to-cycle signal reproducibility. The relative decline of peak
height (which arises from use of luciferin substrate) was calcu-
lated in a subset of recordings and followed the same exponential
decay for both reporters (both 7* = 0.99; Fig. 1B). A one-phase
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Fig. 1. Circadian period and phase of mCry7-luc expression in SCN. (A)
Representative bioluminescence recordings from mCry7-luc and mPER2::LUC
SCN slices. (B) Relative decline in signal amplitude caused by substrate use
from mCry1-luc and mPER2::LUC SCN (n = 10 for both; data normalized to
initial value of 100%; mean + SD). (C) Representative bioluminescence
recordings from WT (gray), CK1e™Y (black), and FbxI3*™ (dark gray) mCry1-
luc SCN. (D) Representative recordings of baseline-corrected bioluminescence
from mCry1-luc and mPeri-luc SCN following washout of forskolin/IBMX.
Note later phase of mCry1-luc.
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exponential decay half-life showed no significant difference be-
tween reporters (mCryl-luc, 2.27 + 0.69 d; mPER2::LUC, 3.00 =
0.42 d; ¢ test, P = 0.44; n = 9 and n = 6, respectively).

Importantly, the mCryI-luc transgene faithfully reported the
effects of two mutant alleles on SCN circadian period (Fig. 1C
and Fig. S1B). The Tau allele of casein kinase 1 (CKI™") allele
dose-dependently accelerated pacemaking by approximately 2.2
h per copy (15), whereas the Afterhours allele of Fbxi3 (Fhxi3*™)
slowed the SCN by approximately 2.1 h per copy (16). Deceler-
ation by the FbxI3"™ mutation was also accompanied by a pro-
longation of the nadir of bioluminescence [WT, 6.40 + 0.63 h;
heterozygote, 8.13 + 0.13 h; homozygote, 10.00 + 0.32 h (mean +
SEM); n = 4, n = 3, and n = 4, respectively]. This reflects an
extended phase of negative feedback on the E-boxes of the
transgene caused by Afh-stabilized CRY proteins. Despite these
differences in period, there was no difference in the quality of
the rhythms reported by mCryI-luc (RAE, WT, 0.050 + 0.004,
n = 28; Tau homozygote, 0.054 + 0.008, n = 6; Afh homozygote,
0.051 + 0.007, n = 5).

In the SCN in vivo, expression of mCryl mRNA peaks later
in the circadian day, at approximately circadian time 10 to 12,
whereas mPer] mRNA levels peak earlier, at approximately
circadian time 06 (17, 18). To determine the phase reported
by the transgene in vitro, SCN from mCryl-luc and mPerl-luc
mice were treated with forskolin and isobutyl-1-methylxanthine
(IBMX) for 8 d and then transferred to fresh, drug-free medium.
This treatment synchronizes previously unsynchronized SCN
slices to a single-phase (19). This was evident within the separate
groups of SCN carrying mCryl or mPerl reporters (Fig. S1C).
Comparison between the groups, however, revealed a phase
difference, such that the mCryl-reported rhythm was 5.3 + 0.6 h
delayed relative to the mPerI-luc cycle (P < 0.01, t test; n = 3 per
reporter; Fig. 1D). Assuming that the time for translation and
activation of luciferase is the same in the two reporters, the
mCryl-luc peak is exactly in the phase predicted by the respective
mRNA peaks (mCryl delayed relative to mPerl by 4-6 h).
Therefore, as in cell culture (13), the mCryl-luc construct was
sufficient to sustain the phase relationship observed in vivo.
Thus, the circadian activation of the mCryl-luc transgene within
the SCN slice of B6.Cg-Tg(Cryl-luc)""™" mice is of appropriate
period, profile, and phase to that observed in vivo, providing
a high-fidelity tool with which to analyze E-box-mediated circa-
dian control of mCryI within the SCN. Finally, consistent with the
earlier validation of the reporter in 3T3 cells (13), the majority of
peripheral tissue explants from mCryl-luc mice exhibited circa-
dian bioluminescence rhythms (Fig. S1D). As for SCN, the overall
level of bioluminescence and circadian period were not different
from corresponding mPER2::LUC explants, but amplitude and
coherence were significantly lower (Tables S1 and S2). Finally,
mCryl-luc MEFs exhibited clear circadian cycles of biolumines-
cence (Fig. SIE and Table S3) comparable to those of mPER2::
LUC but with higher amplitude that progressively damped and
were reactivated by medium change.

Spatiotemporal Control of SCN mCry1 Circadian Activation. Immu-
nofluorescent staining for luciferase and CCD imaging revealed
mCryl-luc activation across the SCN (Fig. 2 A and B), with ex-
pression in arginine vasopressin (AVP)- and VIP-positive neu-
rons (Fig. 2C), which are markers, respectively, of shell and core
SCN subdivisions. A distinctive feature of the circadian behavior
of mPer-based reporters is their spatiotemporal “wave” by which
bioluminescent or fluorescent activity progresses across the SCN
from the dorsomedial shell to the ventrolateral core (11, 12, 20).
It is not known whether this dynamic is a unique feature of mPer
expression, possibly reflecting CRE-mediated activation of Per by
interneuronal cues, or a conserved aspect of the complete molec-
ular cycle. If the latter, the wave would be common to all com-
ponents of the pacemaker, including mCryl. Analysis of regional
mCryl-luc bioluminescence highlighted a wave emanating from
a leading edge in the dorsomedial lip of the SCN (Fig. 2D, Fig.
S2, and Movie S1). The activity in this region was advanced by
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Fig. 2. Spatiotemporal control of mCry1 circadian activation across the SCN
circuit. (A) Confocal photomicrographs (magnification of 20x) reveal mCry1-
driven luciferase immunoreactivity (-ir) across the SCN, delineated by VIP
expression. (Scale bar: 100 pm.) (B) Organotypic SCN slice viewed in phase
(Left) or as mCry1-luc bioluminescence (Right). (C) High-power (magnifica-
tion of 63x) confocal images reveal expression of mCry7-driven luciferase in
both VIP- (Upper) and AVP-immunoreactive (Lower) SCN neurons. (Scale bar:
10 um.) (D) Serial frames from a representative slice demonstrate circadian
expression of mCry1 across SCN over 2 d. Arrow indicates phase-leading
dorsomedial lip. (E) Representative plots of circadian bioluminescence
recorded from individual SCN cells by CCD.

approximately 2.30 + 0.13 h relative to the remainder of the SCN
[assessed by fast Fourier transform (FFT)]. Similarly, bio-
luminescence rhythms of individual cells were clearly synchronous
but with a distribution of phases (Fig. 2E and Fig. S2), and, when
assigned into phase groups, cells in the dorsomedial lip were
advanced by between 1.16 + 0.28 h and 3.77 + 0.15 h relative to
laterally and ventrally placed cells, respectively. The mCryI-luc
reporter therefore demonstrates that the spatiotemporal wave
across the SCN circuitry is not exclusively a CRE-dependent
phenomenon. Rather, it is a feature of both components of the
negative feedback axis, mPer and mCry; and may arise from
temporally and spatially sequential activation of E-box-mediated
transcription.

Circadian Regulation of mCry1 by VIP/VPAC2 Signaling. The ncuro-
peptide VIP and its receptor, VPAC2, are necessary to maintain
the amplitude and synchrony of mPer-reported molecular pace-
making (21, 22). The VPAC2 receptor stimulates CAMP syn-
thesis, thereby maintaining the amplitude and synchrony of
Per expression via CREs in the mPer genes. The degree to which
the loss of VIP/VPAC2 signaling compromises other compo-
nents of the molecular pacemaker is unknown. If E-box—directed
circadian expression of mCryl is independent of cAMP/mPER
proteins, loss of VIP/VPAC?2 signaling would not affect mCryI-
luc rhythms. To test this directly, mCryl-luc mice were crossed
onto VIP- or VPAC2-null backgrounds (Fig. 34). Mean bio-
luminescence levels were comparable between WT and VPAC2-
null heterozygous slices (2,940 + 403 cps, n = 28; 2,759 + 463 cps,
n = 11). Bioluminescence tended to be lower in VPAC2-null
homozygous slices (2,010 + 399, n = 9; P > 0.05) and was sig-
nificantly lower in VIP-null slices (622 + 120, n = 7; P < 0.01).
FFT analysis was nevertheless able to define periodicity in the
recordings from VPAC2-null SCN (24.27 + 0.40 h) that was not
significantly different from WT (24.21 + 0.09 h) or VPAC2-null
heterozygotes (23.92 + 0.13 h). The period of VIP-null SCN was,
however, statistically longer than WT (25.18 = 0.61; P < 0.05).
More significantly, there was a rapid damping of the circadian
pattern in VIP- and VPAC2-null SCN, such that the oscillation

Maywood et al.

progressively lost definition, and errors of period and relative
amplitude were greater (Fig. 3B).

To determine the cause of these disorganized rhythms, mCryl-
luc emission was imaged with CCD cameras. In WT SCN, cel-
lular rhythms were highly synchronous, as revealed by the Ray-
leigh analysis (Fig. 3 C and D): the small spread in phases
reflecting the spatiotemporal wave. In contrast, cellular rhythms
in VPAC2- and VIP-null slices were poorly synchronized, with
Rayleigh plots having low or null statistical significance and re-
duced mean vectors. This loss of synchrony mirrors that shown
with mPer-based reporters. To test this further, VPAC2-null,
mCryl-luc SCN slices were treated with forskolin (20 pM), which
is known to transiently restore circadian organization to Per ex-
pression in VPAC2-null SCN (21). Forskolin triggered a transient
increase in bioluminescence levels, associated at the cellular level
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Fig. 3. Circadian regulation of mCry1 by interneuronal VIP/VPAC2 signal-
ing. (A) Representative bioluminescence recordings from WT, VPAC2-null, or
VIP-null mCry1-luc SCN. (B) Group data (mean + SEM) for period error (Left)
and RAE (Right) of mCry1-luc bioluminescence rhythms from WT and VPAC2-
or VIP-null SCN. (**P < 0.01 vs. WT by ANOVA and post-hoc Bonferroni
correction.) (C) Rayleigh plots (n = 25) of cellular bioluminescence rhythms
from representative WT and VPAC2- and VIP-null SCN. (D) Raster plots of
cellular mCry1-luc bioluminescence rhythms from representative WT and
VIP-null SCN recorded by CCD over 5 d.
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with resynchronized rhythmic expression (Fig. S34). Thus, mCry!
expression was perturbed by upstream deficiencies in VIP/
VPAC2 and compromised cAMP signals.

Indirect Regulation of SCN mCry1 by cAMP Signaling. To test directly
the dependence of mCryl expression on cAMP, SCNs were
treated with MDL-12,330A (1 pM), which inhibits AC and re-
versibly suppresses cCAMP levels in the SCN, thereby curtailing
CRE activation and mPerl/mPer2 expression (19). Vehicle-
treated slices (n = 5) displayed the typical progressive decline in
bioluminescence levels, falling by 73.8 + 3.8% during the 5 d
(Fig. 44). The amplitude of the oscillation also decreased to 69 +
11%. With addition of MDL, however, there was a dramatic and
significant decrease in bioluminescence to 45.6 + 1.7% of pre-
treatment level (n = 7; P < 0.01, ¢ test) and amplitude to 22 + 3%
(¢ test, P < 0.01). The period of oscillation was not affected
(vehicle, 23.75 + 0.26 h; vs. MDL, 24.32 + 0.26 h), but the co-
herence was reduced by MDL (RAE before, 0.038 + 0.006; after,
0.096 + 0.014; P < 0.01, ¢ test) and not by vehicle (RAE before,
0.026 + 0.002; after, 0.028 + 0.002). After MDL washout, the
SCN reestablished circadian rhythms comparable to those seen
before treatment. Thus, inhibition of AC reversibly suppressed
the absolute level of mCryl activation, damped the amplitude,
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Fig. 4. Indirect regulation of mCry1 expression in the SCN by cAMP-medi-
ated signaling. (A) Representative bioluminescence plots from mCry1-luc
SCN treated with vehicle or AC inhibitor MDL-12,330A for 5 d and then
subjected to medium change. Plots normalized to 100% at time of treat-
ment. (B) Representative bioluminescence plots from mCry1-luc and mPER2::
LUC SCN treated with forskolin. (C) Effect of forskolin (closed) or vehicle
(open) on nadir of bioluminescence of mCry1-luc SCN (mean + SEM, n =7 for
both treatments). (D) Effect of forskolin (closed circles) or vehicle (open
circles) on relative peak height of bioluminescence of mPER2::LUC (gray) or
mCry1-luc (black) SCN (mean + SEM, n = 3 for all conditions). (**P < 0.01 vs.
vehicle-treated SCN, ANOVA and post-hoc Bonferroni correction.)
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and reduced coherence of the oscillation. Circadian mCry!-luc
expression therefore requires competent cCAMP/CRE signaling.

To explore further the role of cAMP/CRE signaling in mCryl
expression, SCNs from mPER2::LUC or mCryl-luc mice were
treated with forskolin (20 pM) to activate AC. In mPER2:LUC
slices, forskolin acutely induced PER2 protein (relative change
in bioluminescence over 24 h following treatment, mPER2::LUC
vehicle, 0.92 + 0.02; forskolin, 1.37 + 0.08; n = 6; P < 0.0.01,
t test; Fig. 4B). No such acute effect was apparent in mCryI-luc
slices (vehicle, 0.90 + 0.02; forskolin, 0.86 + 0.02; n = 7). Rather,
mCryl-luc activity was suppressed on the first nadir after addition
of forskolin (P < 0.01, vehicle vs. forskolin, paired ¢ test; n = 7,
Fig. 4C). This occurred subsequent to the surge in mPER2
protein levels in the parallel mPER2::LUC slices. The elevated
mPER2::LUC expression progressively damped with prolonged
treatment (Fig. 4 B and D). Comparable damping was seen in the
mCryl-luc oscillation, such that, after six cycles, the peak am-
plitude for both reporters was significantly suppressed relative to
vehicle-treated slices (ANOVA, P < 0.01; n = 3 per group; Fig.
4D). Circadian regulation of mCryl expression is therefore in-
directly dependent on cAMP-dependent signaling. Although
mCryl-luc did not share the acute CRE-mediated sensitivity of
mPER2::LUC to altered cAMP levels, the acute increase and
long-term damping of mPER expression arising from elevated
cAMP levels fed forward to dysregulate E-box—dependent mCryl-
luc rthythms.

Circadian Control of mCry1-luc Expression by mPER1/mPER2. To test
the presumed role of PER proteins in the indirect control of
mCryl by intercellular cues, the Cryl-luc reporter mouse was
crossed to an mPER1/mPER2-null background. These mice are
behaviorally arrhythmic (23) and, at the level of the SCN, mo-
lecular pacemaking was severely compromised (Fig. 54). In
some slices (n = 4), no significant thythm of mCryl-luc expres-
sion was detectable by FFT. In others (n = 6), a weak, short
period oscillation (20.36 + 1.81 h) persisted for four or five
cycles. The oscillation had low amplitude [35.39 + 17.63 vs. 403 +
49 (WT)] and was poorly organized (RAE, 0.361 + 0.175; vs.
WT, 0.050 + 0.004). Thus, E-box-mediated circadian mCryl
expression in the SCN is dependent on mPER1/2.

To test the presumed role of PER proteins as transducers of
cAMP signals onto mCryl expression, mPER1/2-null SCNs were
treated with forskolin (20 uM). In contrast to the suppression of
mCryl-driven bioluminescence observed in WT slices, forskolin
caused a small (ca. 10%) increase in emission in mPER1/2-null
SCN over the subsequent 24 h (Fig. S3B). In the absence of PER
proteins, this brief activation of mCryl-luc was not accompanied
by the transient restoration of circadian oscillation noted earlier
with the PER-proficient VIP-null SCN. The weak response was
not a consequence of the mPER1/2-null background per se,
because, in mPER1/2-null SCN carrying a mPerl-luc reporter,
forskolin triggered a >50% increase in bioluminescence that
persisted for several days (Fig. S3B). Thus, cAMP-dependent
signals can be activated in mPER1/2-null SCN, so the absence
of cAMP-dependent suppression of mCryl was likely caused
by the absence of cAMP-inducible PER proteins to act upon
E/E’-boxes of the mCryl reporter.

Having demonstrated the contribution of PER proteins to
circadian/cAMP control of mCryl expression, we tested whether
mPER1/2 are the only transducers for mCryI. To address this, we
applied our SCN graft procedure (4), which previously high-
lighted VPAC2-dependent and -independent mechanisms for
synchronization of circadian mPER?2 expression. To confirm that
SCN grafts can restore circadian mCry!I-luc expression, VIP-null
slices were recorded by PMT for approximately 10 d, by which
time mCryl rhythms had damped. A WT SCN was then grafted
onto the mutant host. As seen previously with the mPER2::LUC
reporter, the graft restored more coherent and higher high-
amplitude mCryl-driven bioluminescence in the host SCN (Fig.
S3C), confirming the earlier conclusion that extracellular cues
are able, indirectly, to control mCry! circadian expression. We
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Fig. 5. Circadian control over mCry1 expression by
mPER1 and mPER2. (A) Representative biolumines-
cence plots from mPER1/2-null mCry1-luc SCN, one
immediately arrhythmic and the other with tran-
sient short period cycles. A reference plot from
a representative mPER1-null mPER2 WT slice is in-
cluded. (B) Representative bioluminescence plots
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then tested the effect of grafting onto mPER1/2-null SCN. As
noted earlier, these slices were arrhythmic before grafting. In
slices that did not receive a graft (n = 3), residual rhythms were
of very low amplitude (3.39 + 0.62) and poorly organized (RAE,
0.288 + 0.037; Fig. 5B). Forty-eight hours after grafting of a WT
SCN onto the host, clear circadian rhythmicity was restored
(period, 23.64 = 0.31 h; n = 6). Graft-driven rhythmicity was of
higher amplitude (39.06 + 5.29) and better organized (RAE,
0.109 + 0.043) than in nongrafted slices, and continued for the
duration of recording (>10 d; all P < 0.01). Thus, in the absence
of mPER1 and mPER?2, circadian expression of mCryl can be
restored by extracellular cues. Importantly, the resulting oscil-
lations were of lower amplitude than the spontaneous rhythms of
WT SCN noted earlier (403 + 49), and were less well defined
(WT RAE, 0.050 + 0.004). Nevertheless, our results reveal the
contribution of PER-independent as well as PER-dependent
mechanisms to circadian expression of mCryl.

Discussion

mCRY1 is the principal negative regulator within the feedback
loops that define circadian time (2, 17), so description of the
dynamics of its expression in the SCN is central to understanding
the timekeeping mechanism. This study therefore developed
a bioluminescent reporter mouse with which to monitor E-box—
dependent circadian regulation of mCryl to extend our view of
the molecular clockwork beyond the existing Per-based con-
structs. We then used the mouse to investigate the mechanisms
that direct circadian expression of mCryl, in particular to de-
termine how mCryl expression is synchronized within and be-
tween SCN neurons. The B6.Cg-Tg(Cryl-luc)’'™ line provided
a high-fidelity, real-time report of SCN mCryl expression, with
appropriate phase, period, and profile. CCD imaging showed
that a coordinated spatiotemporal wave of expression is a feature
of both components of the negative feedback axis: Cry as well as
Per. Despite lacking CRE sequences, mCryl expression was de-
pendent on VIP/VPAC2 interneuronal cues and intraneuronal
cAMP signaling, highlighting indirect circadian regulation.
Moreover, mPER1 and mPER?2 proteins were necessary trans-
ducers for circadian and cAMP-mediated regulation of mCryl. By
using an SCN graft procedure, we showed that PER-independent
as well as PER-dependent mechanisms sustain circadian ex-
pression of mCryl. The B6.Cg-Tg(Cryl-luc)’'™ mouse therefore
provides a unique view upon mCryl expression and its interaction
with PER at the heart of the circadian pacemaker.

Although overall bioluminescence levels were not different
between mCryl-luc and mPER2:LUC SCN, the amplitude of
oscillation was smaller in mCryI-luc tissue, as noted in vivo (17).
Furthermore, consistent with the previous validation of the
mCryl sequence for circadian reporting in fibroblasts (13), the
B6.Cg-Tg(Cryl-luc)”™ reporter was useful for the analysis of
circadian expression in peripheral tissues and MEFs, albeit less
well defined than the mPER2:LUC reporter. Importantly, the
principal circadian elements of the mCryl-luc reporter are
the E-box and E’-box (13), which provide a readout for activa-
tion within the central circadian feedback loop. In addition, the
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14 16 18 from mPER1/2-null mCry1-luc SCN that did or did

not receive a WT SCN graft.

E’-box incorporates two overlapping D-box motifs (14), which
may moderately tune its activity in terms of phase and amplitude.
The reporter does not, however, contain the intronic RORE
sequences, which have been shown in cell-based assays to be
capable of conferring a marked phase delay of approximately 4 h
to the oscillation (14). The E-boxes, on the contrary, were suf-
ficient to recapitulate in the SCN slice a phase of circadian
mCryl expression, relative to mPerl, that replicated their in vivo
expression. Thus, whereas the intronic ROREs are reported as
necessary to determine mCry! phase in cells (14) and peripheral
tissues (24; but see ref. 13), they were clearly not required for
appropriate phase control in the SCN. The effects of FbxI3™, in
which CRY protein degradation is impaired, further emphasized
the fidelity of the reporter as a readout of E-box—mediated gene
expression. mCryI-luc reported the molecular signature of the Afh
mutant mice: prolonged negative feedback onto the E/E’-boxes
arising from stabilized mCRY.

The reporter provided explicit insights into the role of in-
terneuronal communication in driving the core clockwork. Pre-
vious analyses have relied on Per-based reporters, but these carry
both E-boxes and CREs, so activity arising from acute inter-
neuronal signals (via CREs) would confound analysis of sus-
tained circadian cycles (via E-boxes). CCD recording revealed
that mCryl activation followed a spatiotemporal wave that was
initiated at the dorsomedial lip of the SCN and processed ven-
trally and laterally (11). Although this wave is initiated by lo-
calized cAMP-dependent signals (25), consistent with actions on
Per expression, the present study shows that the wave is shared
by other components of the feedback loop. Future studies with
the mCryI-luc mouse will seek to identify the dependence of the
wave on PER-dependent signals. Thus, different spatially spec-
ified neuronal populations of the SCN encode temporally spe-
cific oscillations, adding a further layer of circuit-level complexity
to the control of E-box—dependent SCN outputs. The role of
interneuronal cues in specifying this phase structure was evident
in the progressive damping of circadian mCryl expression and loss
of cellular synchrony in VIP- and VPAC2-null SCN. Previous in
situ hybridization assays of steady-state mCryl expression in the
VPAC2-null SCN showed little change in mean expression level
but a loss of rhythmicity (26). The reporter now shows that loss of
cellular synchrony of mCryl expression is the cause of this phe-
notype. It also shows that VPAC2-dependent signaling has access
into the core clockwork beyond the CREs of Per, as highlighted
by the restoration of mCryl rhythms in mPER1/2-null SCN by
grafts of WT SCN. Importantly, this restoration demonstrates
that the paracrine mechanisms that drive circadian-incompetent
SCN (4) really can address the entire oscillatory system, rather
than simply stimulating the Per-based reporters via their CREs
but having no downstream consequences.

Sensitivity to manipulations of AC/cAMP revealed an indirect
pathway whereby VIP/VPAC2 and other interneuronal signals
can direct mCryl rhythms. The serial responses of mPER2:LUC
and mCryl to forskolin provided correlative evidence that PER
proteins act as transducers in such a pathway, their elevation
subsequently suppressing E-box activation of mCry!. Evidence of
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a necessary role was seen in mPER1/2-null SCN: mCryl ex-
pression damped rapidly and activation of cAMP signaling no
longer suppressed mCryl. It should be noted, however, that the
mPER1 and mPER?2 proteins are not the sole means of extra-
cellular control over circadian mCryl expression because a WT
graft restored circadian expression of mCryl in mPER1/2-null
SCN. Although we did not specifically address any contribution
from PERS3, this is an unlikely mediator of this effect because it is
neither necessary nor sufficient for circadian function; it does not
carry CREs and is not acutely regulated by extracellular cues (23).
If PER-independent regulation of mCryl is mediated by other
components of the feedback loop, DBP, acting via the D-boxes
(14), is a candidate, although, as with mPer3, it does not carry
CREs. In contrast, DEC-1, a factor that suppresses CLOCK/
BMALL activity at E-boxes, does carry CREs (27). Alternatively,
metabolic, redox-dependent cues may play a role. It is now well
established that the transcriptional loops are intermeshed with
cycles of cellular metabolism (28), and the SCN slice in culture
expresses a marked circadian cycle of superoxidation of peroxir-
edoxin proteins (29). Whether such metabolic cues are capable of
driving the core loop in the absence of PER proteins remains to
be determined, but there is growing evidence that cytosolic pro-
cesses can cycle independently of, and influence the behavior of,
the transcriptional feedback loops (30). Transient circadian cycles
were evident in mPER1/2-null SCN in the present study, and have
also been reported in BMALI- (31) and CRY1/2-null SCN (4),
indicative of ongoing cytosolic oscillations. Circadian control of
mCryl by the SCN graft in the mPER1/2-null SCN may involve
such “cytoscillators” (30). In conclusion, thereforei the creation
and subsequent analysis of the B6.Cg-Tg(Cry1-luc)”'! mouse has
provided a unique perspective on inter- and intracellular path-
ways (Fig. S4) that act on the fulcrum of the core circadian
pacemaker: E-box-mediated expression of the principal negative
regulator, mCRY1 (2).

Materials and Methods

All animal work was licensed under the UK Animals (Scientific Procedures) Act
of 1986 with local ethical approval. To create transgenic mice we used a mCry1
sequence (—1,504 to +107; Fig. S1A) equivalent to ovine sequence previously
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shown to sustain circadian bioluminescence when transfected as a plasmid
into fibroblasts (13). The transgenic fragment was excised by using EcoR1 and
Sal1 and injected into the pronuclei of fertilized eggs (B6CBAF1/OlaHsd
strain). Six potential founder mice were identified by PCR analysis, whereby
a 250-bp band from the luciferase transgene was amplified with primers 5’
CTT CAG AAA CGT GAG GTG CCG 3’ and 5" AGC GTA AGT GAT GTCCACCTCG
3. One line was selected for further use and crossed with WT and circadian
mutant lines from our in-house colonies all with a C57BI6 background C57BI6
(more than six back-crosses to C57BI6). Copy number was determined by
QX100 Droplet Digital PCR (Bio-Rad). SCN organotypic slices were routinely
made from 5- to 12-d-old pups, and bioluminescence recorded after at least
7 d in culture by using photomultiplier arrays or CCD camera as described
previously (21). Luciferin-EF (Promega) was added at an initial concentration
of 0.1 pM. Peripheral tissue explants were recorded immediately under PMTs,
and primary fibroblasts were prepared from mCry1-luc and mPER2:LUC
embryos (embryonic day 13-14) and maintained in DMEM supplemented
with 10% (vol/vol) FBS before plating in 35-mm dishes at ~1 x 10° cells per dish
in Hepes-buffered medium (20). Data were analyzed by using IPLab and Oriana
software (4) and the FFT-nonlinear least squares algorithm, accessed through
the BioDare database (www.biodare.ed.ac.uk). The first 24 h of data were
discarded to avoid experimental artifacts. For single-cell analysis, CCD images
were converted to 8-bit image stacks by using ImageJ (National Institutes of
Health) and analyzed by using Semiautomated Routines for Functional Image
Analysis plug-in component within Igor-Pro (Wavemetrics) data analysis
software. Single cells were identified by the automated region of interest
(ROI) selection tool. Bioluminescence intensity in grayscale values was
extracted from all ROIs above 0.4 threshold and 6 pm diameter, to select for
“cell-like” ROIs. Bioluminescence intensity units were generated for each ROI
through the image stack and visualized in a raster plot. Inmunofluorescent
staining with goat anti-luciferase (1:1,000; Promega), rabbit anti-[Arg8]-va-
sopressin, and guinea pig anti-VIP (1:1,000; Bachem) and graft cocultures
were conducted as described previously (4, 20). Drugs (forskolin, IBMX, and
MDL-12,330A) were obtained from Sigma-Aldrich.
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