










was a considerable overlap of genes identified as
direct BMAL1 binding targets in b cells and liver
(40%, 1063 genes out of 2660 total b cell target
genes) (Fig. 3A), BMAL1 binding at the regula-
tory regions of those shared gene sets localized to
distinct sites (Fig. 3A). Remarkably, in comparing
genome-wide binding patterns, we observed com-
mon locations of binding in only 4% of these
instances; thus, BMAL1 binding at all b cell–
defined sites is uncorrelated with BMAL1 bind-
ing at all liver-defined sites (Fig. 3A and fig. S5E)
(R2 = 0.01874 and 0.03286 for BMAL1 binding at
b cell and liver sites, respectively), whereas bind-
ing at canonical E-box sites inPer2,Cry1, andDbp
was similar between tissues (fig. S5F). Furthermore,

when we compared the shared set of BMAL1
target genes that were rhythmic in islets and also
reported to be rhythmic at themRNA level in liver,
BMAL1 likewise bound to unique sites (9) (Fig.
3B). These data suggest convergent regulation of
BMAL1 targets in b cell and liver sites through
divergent regulatory elements.
Because BMAL1 predominantly bound at distal

regulatory regions in islets that were divergent
from liver,wenext sought to examine the chromatin
regulatory context at all cycling genes in b cells.
Todo so,wedefined all regulatory regions at cycling
loci using dimethylated histone 3 Lys4 (H3K4Me2)
peaks within 2 kb of the TSS (promoter) and more
than 2 kb from the TSS (enhancer) (Fig. 3C). The

binding patterns of the histone marks H3K4Me2,
H2A.Z, and H3K27Ac (which represent promoter/
enhancer regulatory regions, chromatin accessibil-
ity, and enhancer activity, respectively), as well as
binding of the lineage-determining transcription
factor for b cells PDX1 (39) at promoters and
enhancer regions, are displayed in heat maps
in Fig. 3C. Hierarchical clustering revealed that
all epigenetic and PDX1 signals at promoter
and distal enhancer regions at cycling genesmore
frequently displayed correlated binding than did
H3K27Ac at these loci in liver, as indicated by the
clustering dendrogram (Fig. 3C). Accordingly, the
genomic coordinates in liver corresponding to
enhancers defined in b cells displayed markedly
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Fig. 4. Clock disruption in b cells during adulthood causes acute hypoinsu-
linemic diabetes in mice. (A) Blood glucose levels in ad libitum–fed
PdxCreER;Bmal1flx/flx mice and littermate controls before and after tamoxifen
administration (n = 6 to 12 mice per genotype). (B) Glucose tolerance and
insulin secretion at ZT2 after intraperitoneal glucose administration in
PdxCreER;Bmal1flx/flx mice and littermate controls before and after tamox-
ifen treatment (n = 4 to 11 mice per genotype). Inset represents area under
the curve for glucose (104 mg/dl per 120 min). (C) Model of intersecting
pathways driving insulin exocytosis. Nutrient, Gs, and Gq receptor signaling
that are used to stimulate insulin secretion in (D) to (F) are highlighted.

(D to F) Glucose- and nutrient-stimulated (D), cyclase pathway–stimulated (E),
and catecholamine-stimulated (F) insulin secretion in islets isolated from
tamoxifen-treated PdxCreER;Bmal1flx/flx and control mice (n = 3 to 8 mice per
genotype, three repeats per mouse). Inset of (F) shows ratiometric
determination of intracellular Ca2+ using Fura2-AM dye in Beta-TC6 cells in
response to insulin secretagogs (n = 3 replicates per condition). All values
represent mean T SEM. For (B), asterisks denote significance between
Bmal1flx/flx and PdxCreER;Bmal1flx/flx; plus symbols denote significance
between PdxCreER and PdxCreER;Bmal1flx/flx. */+P < 0.05, **/++P < 0.01,
+++P < 0.001.
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reduced H3K27Ac, indicating that these en-
hancers defined specific loci of b cell regulation
(Fig. 3C). Frequent binding of PDX1 at distal
enhancer loci suggested that tissue specificity
arose from early events in islet cell development
(Fig. 3C) (40). Consistent with tissue-specific
clock transcription factor regulation at b cell
regulatory regions, BMAL1 displayed a greater
degree of binding to promoter and enhancer
regions at cycling genes in b cells than in liver,
particularly at active enhancers containing both
H3K4Me2 and H3K27Ac (Fig. 3D). These results
indicate that clock transcription factors generate
unique patterns of rhythmic RNA expression
across tissues according to the pattern of cell-
specific enhancer repertoires and provide a molec-
ular basis for the distinct and opposing effects of
the clock in pancreas and liver, which primarily
affect postprandial and fasting glucose metabo-
lism, respectively (5, 6).

b cell clock disruption during adulthood
impairs insulin secretion and
causes diabetes

To test the hypothesis that clock genes modu-
late genome-wide transcription on a daily basis
throughout adult life, we examined the impact
of acute clock inhibition on glucose metabolism
in PdxCreER;Bmal1flx/flx mice at 2 to 3 months
of age after administration of tamoxifen, which
abrogates BMAL1 expression exclusively with-
in the b cell (fig. S6) (41). Although these mice
displayed normalwheel-running rhythms, period
length, food intake, and body weight (fig. S7)
relative to littermate tamoxifen-treated PdxCreER
and Bmal1flx/flx animals, they developed signifi-
cant hyperglycemia, impaired glucose tolerance,
and hypoinsulinemia within 10 to 14 days after
tamoxifen administration during both the day
(ZT2) and night (ZT14) (Fig. 4, A and B, and fig.
S8), despite no differences in isletmass (fig. S9A).
These results establish that circadian disruption
in fully differentiated cells is sufficient to in-
duce metabolic disease, independent of effects
on early development.
We further found that islets isolated from

tamoxifen-treated PdxCreER;Bmal1flx/flxmice se-
creted significantly less insulin relative to littermate
controls when exposed to (i) 20 mM glucose; (ii)
10 mM leucine combined with 2 mM glutamine,
which bypasses glycolysis to trigger mitochon-
drial adenosine triphosphate (ATP) production;
or (iii) 30 mM KCl, which chemically closes the
KATP channel, thus inducing membrane de-
polarization distal to glucose metabolism and
an increase in cytosolic calcium (Fig. 4, C and D);
glucose-stimulated calcium influx was unchanged
between the two groups (fig. S9B). Remarkably,
these data are consistent with our observation
that circadian oscillation in insulin secretory
capacity is regulated downstream of KATP channel
closure. Consistent with impaired Gs-coupled GPCR
signaling, PdxCreER;Bmal1flx/flx islets also secreted
significantly less insulin than controls in response
to glucose together with the cyclase agonist
forskolin and the nonhydrolyzable cAMP analog
8-br-cAMP (Fig. 4, C and E).

Finally, we tested the response to Gq-type
GPCR signaling by stimulating islets with the
muscarinic agonist carbachol, the diacylglycerol
(DAG) mimetic phorbol 12-myristate 13-acetate
(PMA), and the Ca2+ ionophore ionomycin. Sur-
prisingly, carbachol and PMA restored insulin
secretion in PdxCreER;Bmal1flx/flx islets (Fig. 4,
C and F), whereas the response to ionomycin,
which raised intracellular Ca2+ in b cells (Fig.
4F), was significantly reduced in mutants, in-
dicating that the DAG arm of the Gq pathway
restored second messenger signaling. DAG regu-
lates exocytosis in b cells and other neurosecretory
cells by acting as a ligand for the vesicle priming
protein Munc13-1 (42) and protein kinase C
(PKC), which phosphorylates and activates SNAP25
and MUNC18-1 to initiate vesicle fusion (43).
We observed rhythmic RNA expression of the
PKC-activating Rho and Rap GTPases Rho, Rhoa,
Rhob, and Rap1a in wild-type islets, which raises
the intriguing possibility that elevated DAG con-
centrations in carbachol- or PMA-treated islets
pharmacologically bypass a deficiency in Rho-
and Rap-mediated signaling. Together, these
results demonstrate that pharmacologic Gq

agonism reverses the insulin secretory block-
ade induced by clock disruption, indicating
convergence of cholinergic and phosphoino-
sitol signaling within the b cell in temporal
homeostasis.

Discussion

We have established the genome-wide basis of
coordinated cross-tissue circadian oscillation
through integrated studies of b cell physiology
and cistrome regulation.We focused on pancreatic
b cells as a paradigm of peripheral clock regulation
of metabolism because clock disruption in the islet
leads to severe hypoinsulinemic diabetes and
has direct application to understanding human
tissue rhythms and disease. Although the circa-
dian system functions as a hierarchy in the intact
animal, our results reveal organ-autonomous
cycles of nutrient-coupled insulin secretion in
isolated islets ex vivo that result in a high am-
plitude in maximal glucose responsiveness, sug-
gesting that the clock primes insulin secretion
within limitedwindows each day.We further find
that circadian-driven transcriptional oscillation
within pancreas drives daily waves of expres-
sion of genes involved in the biogenesis, trans-
port, and signal-induced activation of peptide
exocytosis, indicating that genomic rhythmicity
gives rise to tissue-specific function of the clock.
Our observations suggest that autonomous tran-
scription cycles enable islet cells to anticipate
diurnal changes in the demand for insulin.
Cistromic profiling within the b cell provides

further insight into the regulation of tissue-
specific genome oscillation. We found that CLOCK
and BMAL1 bind predominantly within distal
tissue-specific enhancers rather than the pro-
moters of cycling genes in proximity to H3K4Me2-,
H2A.Z-, and H3K27Ac-modified nucleosomes that
are co-occupied by PDX1. Consistent with tissue
specificity in enhancer selection across cell types,
BMAL1 binding in islet cells was highly divergent

from liver, even within shared cycling target
genes across the two tissues. These findings sug-
gest that the establishment of accessible chro-
matin domains during development is a critical
determinant of the available regulatory sites for
clock-mediated transcription across distinct cell
types. Further studies will be needed to define
the underlyingmechanisms through which diver-
gent tissue-specific regulation gives rise to con-
vergent oscillation of rhythmic genes.
Finally, our studies using chemically inducible

genetic clock inactivation demonstrate that in-
hibition of circadian signaling in differentiated
b cells acutely blocks peptide exocytosis and
leads to hypoinsulinemic diabetes, providing
evidence that clock function throughout adult
life is necessary for glucose constancy. An in-
triguing possibility is that cell-autonomous ge-
nomic rhythmsmay regulate peptidergic secretion
across diverse secretory and neuronal cell types,
coordinating the availability of signaling mol-
ecules with the sleep/wake cycle each day. Further-
more, given the association between circadian
and sleep disruption with human metabolic
disease in both clinical (44, 45) and genetic (46)
studies, the finding that circadian transcription
is conserved in human islets suggests that clock
dysregulation in b cells may contribute to the
pathogenesis of human diabetes. The demon-
stration of coordinated circadian genomic and
physiologic rhythms in pancreatic b cell insulin
exocytosis and its control by enhancers provides
a new window to understanding how geophysical
and physiologic time are transcriptionally coupled,
and how errors in this process may contribute
to diabetes and other metabolic disorders.

Materials and methods
Animals

Male wild-type C57BL/6J mice were purchased
from the Jackson Laboratory. Per2Luc (12) and
PdxCre;Bmal1flx/flx (6) mice were produced and
maintained on a C57BL/6J background at the
NorthwesternUniversity Center for Comparative
Medicine. Bmal1flx/flx mice (47) were crossed
with PdxCreER transgenicmice (kindly provided
by D. Melton, Harvard University) (48) to gen-
erate PdxCreER;Bmal1flx/flx mice, as well as
Bmal1flx/flx and PdxCreER littermate controls.
Unless otherwise stated, mice were maintained
on a 12:12 light:dark (LD) cycle with free access
to regular chow and water. All animal care and
use procedures were conducted in accordance
with regulations of the Institutional Animal Care
and Use Committee at Northwestern University.

Islet isolation, insulin secretion assays,
and in vitro islet synchronization

Mouse pancreatic islets were isolated via bile duct
collagenase digestion (Collagenase P, Sigma) and
Ficoll gradient separation and left to recover
overnight (16 hours) at 37°C in RPMI 1640 with
10% fetal bovine serum (FBS), 1% L-glutamine,
and 1% penicillin/streptomycin. For standard
insulin release assays, five islets were statically
incubated in Krebs-Ringer buffer (KRB) and stim-
ulated for 1 hour at 37°C with various glucose
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concentrations, 30 mM KCl, 2.5 mM forskolin,
1 mM 8-Br-cAMP, 10 mM L-leucine + 2 mM
L-glutamine, 1mMcarbachol, 10 mMPMA, or 10mM
ionomycin. Supernatant was collected and as-
sayed for insulin content by enzyme-linked im-
munosorbent assay (ELISA; Crystal Chem Inc.).
Islets were then sonicated in acid-ethanol solu-
tion and solubilized overnight at 4°C before as-
saying total insulin content by ELISA. For rhythmic
insulin release assays, islets were first synchron-
ized with 10 mM forskolin (Sigma) for 1 hour and
allowed to recover for 16 hours. Insulin secretion
assays were then performed as above in individ-
ual groups of five islets every 4 hours for 72 hours
(fig. S1A). Human islets (obtained from IIDP)were
cultured inRPMI 1640with 10%humanAB serum,
1% L-glutamine, and 1% penicillin/streptomycin
(see table in fig. S4A for details of sex, age, BMI,
and IIDP ID numbers of the three donors). For
the rhythmic analysis of RNAs in murine and
human islets, RNA was isolated (described be-
low) in groups of 200 islets every 4 hours for 48
or 24 hours, respectively, starting 40 hours after
forskolin synchronization (fig. S1A).

LumiCycle analysis

Approximately 2 hours before the start of the
dark period (i.e., lights off), ~100 to 150 pancreatic
islets were isolated from Per2Luc mice as de-
scribed above. Islets were cultured on tissue
culture membranes (Millipore) in Dulbecco’s
modified Eagle’smedium (DMEM; Gibco, 1.2ml)
containing sodium bicarbonate (352.5 mg/ml),
10 mM HEPES (Gibco), 2 mM L-glutamine, 2%
B-27 serum-free supplement (Invitrogen), penicillin
(25 U/ml), streptomycin (Gibco, 20 mg/ml), and
0.1 mM luciferin sodium salt (Biosynth AG).
Sealed cultures were placed at 37°C in a LumiCycle
luminometer (Actimetrics) and bioluminescence
from tissues was recorded continuously. After
several days in culture, islets were synchron-
ized by 10 mM forskolin (Sigma) treatment for
1 hour followed by incubation in fresh media.
Period was calculated via a modified best-fit sine
wave analysis using LumiCycle analysis software
(Actimetrics).

Measurement of islet
oxygen consumption

After bile duct collagenase digestion, 40 purified
pancreatic islets were plated in wells of a 96-well
respirometry plate (Seahorse Bioscience) and
cultured overnight in complete medium. The
next day, culture medium was replaced with
assay buffer containing 3 mM glucose, 0.8 mM
Mg2+, 1.8 mM Ca2+, 143 mM NaCl, 5.4 mM KCl,
0.91 mM NaH2PO4, and phenol red (Seahorse Bio-
science; 15 mg/ml) and allowed to equilibrate
at 37°C in a CO2-free incubator for 1 to 2 hours.
The plate was then loaded into a Seahorse XF96
instrument, and the oxygen consumption rate
(OCR) was measured for four sequential 3-min
intervals at basal conditions and after injection
of glucose (20 mM final concentration), oligo-
mycin (F1FO ATP synthase inhibitor) (5 mM final
concentration), and antimycin A (complex III in-
hibitor) (5 mM final concentration). OCR values

given represent the average of four sequential
measurements. Mitochondrial oxygen consump-
tion was calculated by subtracting OCR values
after antimycin A treatment (representing non-
mitochondrial oxygen consumption).

RNA isolation and qPCR
mRNA quantification

Islets were added to microfuge tubes containing
Tri Reagent (Molecular Research Center Inc.)
and frozen at –80°C. RNAwas isolated according
to the manufacturer’s protocol and purified
using RNeasy columns (Qiagen). cDNAs were
then synthesized using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems).
Real-time quantitative polymerase chain reac-
tion (qPCR) analysis was performed with SYBR
Green Master Mix (Applied Biosystems) and
analyzed using an Applied Biosystems 7900
Fast Real-Time PCR System. Relative expres-
sion levels were determined using the compar-
ative CT method to normalize target gene mRNA
to Gapdh. Exon-specific primer sequences for
qPCR were as follows: Bmal1 exons 5 to 7, for-
ward, 5′-ATCGCAAGAGGAAAGGCAGT-3′; reverse,
5′-ATCCTTCCTTGGTGTTCTGCAT-3′. Bmal1 exons
7 to 9, forward, 5′- AGGCCCACAGTCAGATTGAA-
3′; reverse, 5′-TGGTACCAAAGAAGCCAATTCAT-3′.
Bmal1 exon 8, forward, 5′-GGCGTCGGGACA-
AAATGAAC-3′; reverse, 5′-TCTAACTTCCTGG-
ACATTGCAT-3′. Bmal1 exons 8 and 9, forward,
5′-TGCAATGTCCAGGAAGTTAGAT-3′; reverse,
5′-TGGTGGCACCTCTCAAAGTT-3′. Bmal1 exons
10 to 12, forward, 5′-TAGGATGTGACCGAGGGAAG-
3′; reverse, 5′- AGCTCTGGCCAATAAGGTCA-3′.

RNA sequencing and analysis

After RNA isolation (described above), RNA
quality was assessed using a Bioanalyzer (Agi-
lent), and sequencing libraries were constructed
using an Illumina TruSeq StrandedmRNA sample
prep kit LT (Illumina, RS-122-2101) according to
the manufacturer’s instructions. Libraries were
quantified using both a Bioanalyzer (Agilent)
and qPCR-based quantification (Kapa Biosys-
tems) and sequenced on either an IlluminaHiSEq
2000 or NextSEq 500 instrument to a depth of
at least 30 million reads using 100–base pair
(bp) or 75-bp paired-end reads, respectively.
For differential expression comparison between

PdxCre;Bmal1flx/flx and Bmal1flx/flx islets, RNA raw
sequence reads were aligned to the reference
genome (mm10) using STAR version 2.3.1s_r366
(49). Differentially expressed RNAs were identified
using DESEq 2 version 1.6.3 (50) (FDR-adjusted
P < 0.05).
For cycling RNAs, raw sequence reads were

similarly aligned using STAR (mm10 index for
mouse and hg19 for human), and uniquely
mapped reads (tags) were normalized using the
algorithm used in DESEq 2 (50). The geometric
mean of the raw read counts was calculated for
each gene. A normalization factor was calculated
for each sample using themedian of the raw read
counts of each gene divided by the geometric
mean of the gene. The normalized read counts
were computed by dividing the raw read counts

by the normalization factor. The normalized tags
for the mouse and human time series were
separately concatenated and z-scored within
each gene (14). Rhythm detection of the z-scored
and normalized counts was performed with
empirical JTK_CYCLE with asymmetry search,
which increases sensitivity of detecting cycling
transcripts by extending comparisons to refer-
ence waveforms beyond cosines, including arbi-
trary asymmetric waveforms that better represent
expression patterns seen in biological data. Rhyth-
mic time serieswere examinedwith referencewave-
forms with a period of 24 hours; a phase of 0, 4,
8, 12, 16, or 20; and an asymmetry of 4, 12, or
20. Because of the small number of waveforms
compared, the Bonferroni correction was used
instead of the empirical P values. Genes with a
Bonferroni-adjusted P value below 0.05 were
considered to be rhythmic.
For KEGG ontology term enrichment (51, 52),

Ensembl gene IDswere supplied andanalyzedusing
Homer (version 4.7.2) command “findGO” (53).
Genes exhibiting rhythmic mRNA accumula-

tion in vivo in liver were derived from reported
“exon cycling” transcripts (9).

b cell culture

Beta-TC6 cells were purchased from ATCC (CRL-
11506) and cultured in DMEM supplemented
with 15%FBS, 1% L-glutamine, and 1%penicillin/
streptomycin. All cells used in experiments were
at fewer than 15 passages.

Mouse BMAL1 and CLOCK polyclonal
antibody generation

Guinea pig anti-mouse BMAL1 and CLOCK poly-
clonal antibodies were generated using a 37– and
39–amino acid peptide fragment of the mouse
BMAL1 and CLOCK proteins, respectively (RS
synthesis). Guineapigswere immunizedwithKLH-
conjugated peptides (Pocono Farms), and BMAL1-
andCLOCK-specific antibodieswereaffinity-purified
from whole serum using resin cross-linked with an-
tigen peptides (Pierce).

Chromatin immunoprecipitation (ChIP)

Beta-TC6 cells (~40 to 160 million) were fixed
for 30 min in 2 mM disuccinimidyl glutarate
and for 10 min in 1% formaldehyde and then
either frozen at –80°C or processed immedi-
ately. Nuclei were isolated in buffer contain-
ing 1% SDS, 10 mM EDTA, 50 mM Tris-HCl
(pH 8.0), and protease inhibitors and sonicated
using a Diagenode Bioruptor to shear chromatin
into 200- to 1000-bp fragments. Protein-DNA
complexes were incubated with antibodies against
BMAL1 and CLOCK (affinity-purified guinea
pig IgGs as described above), H3K4Me2 (Abcam),
H3K27Ac (Active Motif), H2AZ (Active Motif),
or PDX1 (Novus Biologicals) and immunoprecip-
itated with IgG paramagnetic beads (Invitro-
gen). Eluted chromatin was isolated using
MinElute PCR purification columns (Qiagen).

ChIP sequencing and analysis

Sequencing libraries were generated using KAPA
DNA Library Preparation kits (Kapa Biosystems,
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KK8504) according tomanufacturer’s instructions.
Library concentrations were assessed by both a
Bioanalyzer (Agilent) andqPCR-basedquantification
(Kapa Biosystems). Libraries were sequenced using
75-bp single-end reads onan IlluminaNext-SEq 500
instrument to a depth of >10millionmapped reads.
Raw sequence readswere aligned to themm10

reference genome and displayed using UCSC
annotated genes using bowtie version 1.1.1 (54)
with parameters “-best” and “-m 1” to ensure
reporting of uniquely mapped reads (tags). ChIP-
seq peaks were designated as regions with a
factor of 4 enrichment over both the input sample
and the local background andwere normalized to
10 million reads using default parameters for the
Homer “findPeaks” command (53) and specifying
“-style factor” for BMAL1, CLOCK, and PDX1 and
“-style histone” for H2A.Z, H3K4Me2, and
H3K27Ac. For BMAL1 and CLOCK peaks, pro-
moter binding was defined as peaks occurring
within 2 kb of the nearest gene TSS, and distal
binding was defined as those occurring greater
than 2 kb from a nearest TSS.
To identify consensus motifs for BMAL1 and

CLOCK, we scanned 50-bp windows surrounding
transcription factor peaks using “findMotifs-
Genome.pl”with standard background (random
genomic sequences sampled according to GC
content of peak sequences). We determined the
occurrence of tandemE-boxes with variable-length
spacing by generating synthetic canonical E-box
motifs separated by the indicated number of
random spacers (i.e., CACGTGNNNCACGTG = 3
spacers) using “seq2profile.pl” allowing for two
mismatches and testing for their occurrence at
BMAL1 andCLOCKpeaks using “annotatePeaks.pl”.
Fastq files for all BMAL1 and H3K27Ac ChIP-

seq were downloaded from the ENA server
(study accession number SRP014752) and raw
sequence reads for 12 sequential time points
were concatenated into a single file. Alignments
and peak calling were performed using bowtie
and Homer as described above. Shared BMAL1
binding sites were identified by comparing
binding locations between b cells and liver using
the Homer command “mergePeaks” and specify-
ing “-d 200,” which identified peaks occurring
within 200 bp as shared across tissues.

Tamoxifen treatment

For in vivo delivery of tamoxifen (Sigma, dissolved
in corn oil), mice received three intraperitoneal
(i.p.) injections of 200 mg tamoxifen/g bodyweight,
administered every other day. Subsequent experi-
mentswere conducted 10 to 14days after tamoxifen
treatment. For in vitro administration of tamoxifen,
isolated islets were incubated for 24 hours with
1 mM tamoxifen (dissolved in ethanol) prior to
transfer to completemedia for 24 hours to recover.
Islets were then synchronized with forskolin prior
to insulin secretion assays as described above.

Immunohistochemical analysis

Mice were anesthetized with i.p. injection of
phenobarbital (Nembutal, 50 mg/ml) and per-
fused with heparinized saline, followed by 4%
paraformaldehyde (PFA) (Sigma) in PBS. Brain

and pancreas were removed and post-fixed with
4% PFA overnight at 4°C. Brain tissues were
then cryoprotected in 30% sucrose (Sigma), fro-
zen in O.T.C. (Tissue Tek), and 30-mm brain
sections collected for antibody staining. Pan-
creata were embedded in paraffin, and blocks of
6-mm sections were mounted on slides. The
following primary antibodies were used for stain-
ing: guinea pig anti-insulin (1:500, DAKO), mouse
anti-glucagon (1:500, Sigma), and rabbit anti-
BMAL1 (1:500, Novus Biological). Triple staining
was visualized with the following secondary anti-
bodies: AMCA goat anti–guinea pig (1:400, Jackson
ImmunoResearch), Alexa Fluor 488–conjugated
goat anti-mouse (1:400, Invitrogen), and Alexa
Fluor 546–conjugated goat anti-rabbit (1:400,
Life Technologies). Nuclei were counterstained
with 4′,6-diamidino-2-phenylindole (DAPI) as indi-
cated. Images were acquired with PictureFrame 1.0
using a Zeiss Axioskop 50. b cell mass was assessed
bymorphometric analysis of insulin immunostained
pancreatic sections (DAKO; Histomouse Plus kit,
Life Technologies). Four pancreatic sections, spaced
50 mm apart, were stained for each animal, and
endocrine versus total pancreas area was calcu-
lated using Image-Pro Premier software (Media
Cybernetics) using the smart segmentation feature.

Glucose and insulin measurements and
glucose tolerance tests

Blood glucose and plasma insulin levels in ad
libitum–fed mice were assessed at ZT2 and ZT14
from tail vein bleeds. Glucose tolerance tests were
performed in mice after a 14-hour fast, and blood
glucose and plasma insulin levels were measured
at the indicated times after i.p. glucose injection of
either 2 or 3 g/kg bodyweight, respectively. Plasma
insulin levels were measured by ELISA.

Behavioral analysis

Locomotor activity was analyzed in 2- to 4-month-
old pancreas-specific Bmal1 knockout mice and
their respective littermate controls after tamoxifen
treatment. All animals were individually housed
in standard mouse cages equipped with running
wheels and allowed free access to food and water.
Mice were placed in a 12:12 LD cycle for 14 days,
followed by 14 days in constant darkness (DD).
Total activity data was recorded and analyzed in
6-min bouts using ClockLab software (Actimetrics).
The free-running period was determined as the
duration of time between the major activity peri-
ods on consecutive days in DD. Period was cal-
culated using a c2 periodogram for days 7 to 14 in
DD. Food consumption was analyzed in pancreas-
specific Bmal1 knockout mice and their littermate
controls before and after tamoxifen treatment. All
animals were individually housed with free access
to water and regular chow. Daytime and nighttime
food consumption was determined by manual
measurement of food at both ZT0 and ZT12 for
three consecutive days.

Intracellular calcium determination

BetaTC-6 cells were plated at a density of 100,000
cells per well in black 96-well plates with clear
bottoms and cultured overnight at 37°C and

5% CO2. Islets were dispersed to single cells by
incubating in 0.05% Trypsin-EDTA at 37°C for
3 min and plated at a density of 100 islets per
well in laminin-treated black 96-well plates with
clear bottoms and cultured in complete media
for 48 hours at 37°C and 5% CO2. Cells were then
washed with BSA-free KRB buffer with no
glucose and loaded with 5 mM Fura-2 (Invitro-
gen) and 0.04% Pluronic F-127 (Invitrogen) for
30 min at 37°C. Following a wash with BSA-free
KRB, Fura-2 intensity was measured after in-
jection of either glucose or ionomycin (Sigma) to
final concentrations of 20 mM or 10 mM, respec-
tively. Cells were alternately excited with 340-
and 380-nm light, and the emitted light was
detected at 510 nm using a Cytation 3 Cell
Imaging Multi-Mode Reader (Bio Tek) at sequen-
tial 30-s intervals. Raw fluorescence data were
exported to Microsoft Excel and expressed as the
340/380 ratio for each well.
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