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A critical role of circadian oscillators in orchestrating insulin secretion and islet gene transcription has been dem-
onstrated recently. However, these studies focused on whole islets and did not explore the interplay between α-cell
and β-cell clocks. We performed a parallel analysis of the molecular properties of α-cell and β-cell oscillators using a
mouse model expressing three reporter genes: one labeling α cells, one specific for β cells, and a third monitoring
circadian gene expression. Thus, phase entrainment properties, gene expression, and functional outputs of the α-cell
and β-cell clockworks could be assessed in vivo and in vitro at the population and single-cell level. These experi-
ments showed that α-cellular and β-cellular clocks are oscillating with distinct phases in vivo and in vitro. Diurnal
transcriptome analysis in separated α and β cells revealed that a high number of genes with key roles in islet phys-
iology, including regulators of glucose sensing and hormone secretion, are differentially expressed in these cell types.
Moreover, temporal insulin and glucagon secretion exhibited distinct oscillatory profiles both in vivo and in vitro.
Altogether, our data indicate that differential entrainment characteristics of circadian α-cell and β-cell clocks are an
important feature in the temporal coordination of endocrine function and gene expression.
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The circadian timing system is amechanism developed in
virtually all organisms from bacteria to humans that al-
lows one to anticipate the changes of geophysical time
(Partch et al. 2014). Themammalian circadian clock is or-
ganized in a hierarchical structure, with a master pace-
maker residing in the suprachiasmatic nuclei (SCNs) of
the hypothalamus that establishes phase coherence in
the body by synchronizing every day the slave oscillators
residing in the periphery, encompassing billions of indi-
vidual cellular clocks (Partch et al. 2014). While light in-

put represents the dominant timing cue (Zeitgeber) for
the oscillators of SCN neurons, feeding cycles driven by
rest–activity rhythms have amajor impact on the entrain-
ment of peripheral clocks (Dibner and Schibler 2015a).
Metabolism and circadian rhythms are therefore tightly
linked through complex behavioral and molecular path-
ways (Perelis et al. 2015b). Moreover, cell-autonomous
self-sustained peripheral clocks operative in nearly every
cell in the body are connected to the metabolic state of
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the cell (Asher and Schibler 2011; Asher and Sassone-
Corsi 2015; Perrin et al. 2015).

Circadian oscillators in the endocrine pancreas have
been demonstrated recently to play an essential role in
driving transcription and function of the pancreatic islet
in mice and humans (Marcheva et al. 2010; Sadacca
et al. 2011; Pulimeno et al. 2013; Qian et al. 2013; Perelis
et al. 2015a; Saini et al. 2016).Moreover, ablation of the is-
let clock in mouse models, including islet clock perturba-
tion induced at an adult age, directly triggers the onset of
type 2 diabetes (T2D) (Marcheva et al. 2010; Sadacca et al.
2011; Perelis et al. 2015a). These findings provide a direct
functional link between the molecular clock operative in
pancreatic islets, its function under physiological condi-
tions, and the etiology of T2D.

Pancreatic islets represent an intricate model compris-
ing α and β cells as main endocrine cell types, secreting
the counterregulatory hormones glucagon and insulin, re-
spectively. Beyond the primordial role of β-cell dysfunc-
tion in T2D development, alterations in α-cell function
and resulting hyperglucagonemia are important compo-
nents of the metabolic aberrations associated with T2D
(Unger andOrci 1975). Therefore, studies of α-cell physiol-
ogy and regulation of glucagon secretion have caught
more attention, particularly with respect to potential
T2D treatment (Gromada et al. 2007; Thorel et al. 2010;
Zaret and White 2010).

In the pancreas, circadian regulation of its endocrine
functionhasbeenstudiedat the level ofwhole islets, there-
fore mostly unravelling clock regulations occurring in β
cells, representing >80% of the mouse islet cell content.
Consequently, the circadian physiology of α cells, repre-
senting∼10%–15%of islet cells inmice, stayed largelyun-
explored. We therefore focused on the physiological
importance of the α-cell clock and its impact on transcrip-
tion and glucagon secretion. Furthermore, we assessed α-
cell andβ-cell circadianproperties inparallel bydeveloping
experimental settings that allowed us to simultaneously
monitor the molecular makeup of the clock and the circa-
dian physiology of separated α and β cells. Diurnal tran-
scriptome analysis in separated populations of α and β
cells, assessed through next-generation RNA sequencing
(RNA-seq), revealed that a high number of key functional
genes in both islet cell types exhibited rhythmic expres-
sion patterns with either common or distinct properties.
Interestingly, the phase of key core clock components
was shifted between α-cell and β-cell clocks in vivo. Fur-
thermore, a similar effect was observed by in vitro popula-
tion analysis of separated α and β cells synchronized with
physiologically relevant cues and by high-resolution sin-
gle-cell bioluminescence–fluorescence time-lapsemicros-
copy (Pulimeno et al. 2013). The distinct coordination
between α-cellular and β-cellular clocks may account for
the regulation of insulin and glucagon secretion profiles,
exhibitingoscillatoryprofiles in vivo in thebloodand invi-
tro as recorded by cell perifusion (Saini et al. 2016). This
work is the first integrative analysis on themolecularprop-
erties of circadian clocks operative in α and β cells that
brings new insights into the complex regulation of islet
cell physiology at the transcriptional and functional level.

Results

RNA-seq analysis reveals distinct expression patterns in
α and β cells

To analyze the α-cell and β-cell transcriptome and func-
tion in parallel, we combined the proglucagon (Gcg)-Ve-
nus reporter mouse (Reimann et al. 2008) with the β-
cell-specific rat insulin2 promoter (RIP)-Cherry reporter
mouse for specific labeling of α cells (Zhu et al. 2015)
and with the Period2::Luciferase (Per2::Luc) knock-in
mouse (Yoo et al. 2004) for assessment of circadian clock
properties (Supplemental Fig. S1). To identify the tran-
scripts expressed in a rhythmic manner in α and β cells,
separated populations of these two cell typeswere isolated
from triple reporter islets at six time points over 24 h and
subjected to genome-wide transcriptome analysis by
RNA-seq (data available at Gene Expression Omnibus
[http://www.ncbi.nlm.nih.gov/geo] through accession
number GSE95156) (Materials and Methods; Supplemen-
tal Figs. S1, S2). A total of 12,452 transcripts expressed
with log2 reads per kilobase per million mapped reads
(RPKM) > 0 in at least one cell type were identified (Sup-
plemental Data Set 1). Two types of analyses were applied
to each identified transcript: (1) differential expression
level analysis between α and β cells and (2) assessment
of 24-h period rhythmicity of the transcript (Fig. 1A).
Based on the average expression of six time points, we con-
sidered genes exhibiting an expression difference of >16
(absolute log2 fold change >4, false discovery rate [FDR]-
adjusted P-value < 0.05) between the two cell types as dif-
ferentially expressed. Such differential expression analy-
sis, illustrated in Figure 1B, identified 284 transcripts
that were highly enriched in α or β cells and detected in ei-
ther both cell types (40 genes; group A) (Supplemental
Data Set 1) or one cell type only (244 genes; group B). An
additional group of 997 genes demonstrated a lower cell-
specific differential expression (absolute log2 fold change
<4; group D). These transcripts were expressed in one
cell type only at a globally lower level (maximum log2
RPKM< 4) (Supplemental Fig. S3A). Finally, the remain-
ing ∼90% of all identified transcripts were expressed in
both cell types with nondifferential (<16-fold difference)
absolute levels (11,171 genes; group C).

The temporal patterns of all analyzed transcripts were
divided into 18 models according to their rhythmic prop-
erties in one or both cell types and with respect to their
differential expression (Fig. 1A and legend). Importantly,
along with the high number of key functional transcripts
exhibiting a similar rhythmic pattern in both cell types
(models 4 and 13) (Fig. 1A), numerous transcripts har-
boured distinct temporal profiles in α and β cells.

Temporal patterns of functional genes differentially
expressed in α and β cells

Most of the classical α-cell- and β-cell-specific transcripts
were differentially expressed (group A and B) (Supplemen-
tal Data Set 1), confirming the accuracy of our cell separa-
tion approach. As expected, hormone transcripts Ins1 and
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Ins2 and β-cell-specific transcription factors (Mafa,Ucn3,
Nkx6-1, Mnx1, and Pdx1) were expressed in β cells
with highest significance, while Gcg and α-cell-specific
transcription factors (Mafb, Irx1, Irx2, and Arx) were sig-
nificantly differentially expressed in α cells, validating
the specificity of the cell populations in our experimental

conditions. Most of the above-mentioned cell-specific
transcription factors as well as genes encoding for insulin
and glucagon were nonrhythmic (Fig. 1C), except for
Mafa, which was oscillating (Fig. 1E). The low-level ex-
pression of classical α-cell- and β-cell-specific transcripts
in the opposite cell type might be attributed to the actual

Figure 1. Temporal pattern of transcripts
differentially expressed in α and β cells.
(A) Groups and models assigned to tran-
scripts with respect to their differential ex-
pression and rhythmic pattern. Transcripts
with expression levels of log2 RPKM> 0 in
at least one of the cell types were consid-
ered as expressed in this cell type and non-
expressed (NE) in the other cell type. Genes
with expression differences >16-fold (abso-
lute log2 fold change >4; FDR-adjusted P-
value < 0.05) between two cell types were
considered as differentially expressed
(groups A and B; solid-colored squares),
while thosewith expression level differenc-
es <16-fold were considered as nondifferen-
tially expressed (groups C and D; squares
with white dots). We therefore obtained
four independent groups of genes: group A
(differentially expressed α-cell- and β-cell-
specific transcripts detectable in both cell
types), group B (differentially expressed α-
cell- and β-cell-specific transcripts ex-
pressed in one single cell type), group C
(genes expressed in α and β cells with lower
fold change), and group D (genes in one sin-
gle cell type with lower fold change). Based
on harmonic regression with a period of 24
h, model selection to assess rhythmicity
was applied to these four groups. An arbi-
trary threshold of 0.4 was set on BICweight
(BICW). Genes were assigned to one of the
nine pairs of models: groups A and C: genes
defined as nonrhythmic (models 1 and 10),
genes defined as rhythmic in α cells (mod-
els 2 and 11), genes defined as rhythmic in
β cells (models 3 and 12), genes defined as
rhythmic in both cell typeswith similar pa-
rameters (models 4 and 13), and genes de-
fined as rhythmic in both cell types with
different parameters (models 5 and 14);
and groups B and D: genes expressed in β

cells only and defined as nonrhythmic
(models 6 and 15), genes expressed in α cells
only and defined as nonrhythmic (models 7
and 16), genes expressed in β cells only and
defined as rhythmic (models 8 and 17), and
genes expressed in α cells only and defined
as rhythmic (models 9 and 18). (NE) Gene

is not expressed. Genes with lower BICWswere considered as undefined (model 0) and are represented as a gray bar inD and F. (B) Volcano
plot presenting the transcripts differentially expressed in α cells (log2 fold change less than−4) or β cells (log2 fold change >4). Differentially
expressed genes are identified by colored dots corresponding to their respectivemodel. (C,E) Temporal expression profiles for selected non-
rhythmic (C ) and rhythmic (E) transcripts differentially expressed in β cells (left) and α cells (right). Only the profile on the higher-expres-
sion cell type is shown. Data represent the mean of two biological replicates per time point (each replicate is a mix of cells from six mice).
Error bars express the SD of two independent experiments. (D,F ) Rhythmic expression heat maps for transcripts of groups B and D. The
number of genes distributed by models (described in A) is depicted in the left panel. (Right panels) Corresponding heat maps showing rel-
ative expression indicated in green (low) and red (high). Phase distribution of rhythmic genes is presented in the adjacent polar histograms.
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expression in this cell type or minor cross-contamination
between two cell populations during the fluorescence-ac-
tivated cell sorting (FACS) procedure.

With respect to the assessment of rhythmic expression
patterns (groups A and B), 34 transcripts (seven in group A
and 27 in group B; models 3 and 8, respectively) were qual-
ified as rhythmic in β cells, and 51 (five in group A and 46
in group B; models 2 and 9, respectively) were qualified as
rhythmic in α cells (Fig. 1D,E; Supplemental Fig. S3B; Sup-
plemental Data Set 1). According to gene ontology (GO)
term analysis, the rhythmic β-cell-specific genes were
enriched in biological processes such as cell adhesion, pro-
tein and hormone transport and secretion, and neuroac-
tive ligand–receptor interaction. Rhythmic genes in α
cells were enriched in processes such as cell signalling, de-
velopment, and synaptic transmission and for pathways of
the complement and coagulation cascade (Supplemental
Data Sets 2, 3; Supplemental Table 1). Of note, the peak
phase for the expression of α-cell-specific transcripts was
mainly during the day, whereas the peak phase for β-cell
genes occurred mainly during the end of the night (Fig.
1D; Supplemental Fig. S3B; Supplemental Data Set 1).

Among the genes defined as group D (Fig. 1A), 245 tran-
scripts exhibited rhythmic expression in β cells (model
17), whereas 177 transcripts exhibited rhythmic expres-
sion in α cells (model 18) (Fig. 1F; Supplemental Data Set
1). The oscillatory profile of these transcripts showed
two principal peaks at Zeitgeber time 8 (ZT8) and ZT20
in both cell types (Fig. 1F). β-Cell-specific transcripts
from this group of genes were involved mainly in ion
transport, while α-cell-specific transcripts were associated
with intracellular component movement and morpholo-
gy, cell signalling, and developmental processes (Supple-
mental Data Set 5).

Temporal patterns of genes nondifferentially expressed
in α and β cells

Most transcripts with nondifferential levels of expression
in the two cell types, classified as group C, were distribu-
ted between fivemodels (models 10–14) according to their
temporal expression pattern (Figs. 1A, 2A). Genes com-
prising this groupwere involved in a high number of differ-
ent basal metabolic processes (Supplemental Data Set 4).
Interestingly, most of the genes involved in hormone
secretion were rhythmic, with similar circadian parame-
ters in both cell types (Supplemental Data Set 4, model
13). While no significant GO term enrichment could be
identified for this group due to the large number of genes
with a wide range of different functions (Supplemental
Data Set 1, 4), many key genes involved in intracellular
signalling, granule trafficking and exocytosis, mitochon-
drial ATP production, and ion channels were present in
this group (Fig. 2,model 13; SupplementalData Set 1; Sup-
plemental Table 1). Of note, a group of 751 genes exhibited
a rhythmic pattern in α cells only (model 11), comprising
Pcsk2,Vegfa, andCcnd3 (Fig. 2B). On the other hand, 1126
genes were rhythmic in β cells only (model 12), compris-
ing those involved in endoplasmic reticulum-associated
functions and glucose metabolism (Fig. 2A,B; Supplemen-

tal Data Set 1, 4; Supplemental Table 1). Finally, 352 genes
were rhythmic in both cell types, with distinct oscillatory
parameters in α and β cells (Fig. 2A,B, model 14; Supple-
mental Data Set 1, 4).

RNA-seq reveals distinct rhythmic phases for the
expression profiles of core clock transcripts
in α and β cells

Surprisingly, the most enriched biological function in the
above-mentioned group of genes with distinct oscillatory
parameters (groupCmodel14)wastheGOterm“circadian
rhythm” (Fig. 3A,B; Supplemental Fig. S4; Supplemental
Data Set 4). Indeed, several core clock transcripts, includ-
ing Bmal1 (Arntl), Reverbα (Nr1d1), and Cry1, exhibited
distinct rhythmic patterns of expression in α and β cells,
with the β-cell core clock genes being phase-advanced ∼4
h comparedwith their α-cell counterparts (Fig. 3C; Supple-
mental Fig. S4). The phase coherence between the rhyth-
mic profiles of these transcripts expressed in α and β cells
was further confirmed by quantitative RT–PCR (qRT–
PCR) (Fig.3C).Collectively, thesedatasuggestthatα-cellu-
lar and β-cellular clocks exhibit comparable rhythmic am-
plitudes but distinct phases in vivo, with β-cell clocks
being phase-advanced compared with α-cell clocks.

α-Cellular and β-cellular clocks synchronized in vitro by
forskolin exhibit distinct circadian profiles at the
population and single-cell levels

Since different rhythmic phases observed for core clock
transcripts in vivo might be attributed to distinct entrain-
ment properties of α and β cells, analysis of circadian prop-
erties of α-cell and β-cell populations was further
undertaken in vitro. PER2::Luc profiles were recorded in
intact islets and for dispersed islet cells synchronized
with forskolin, which has been shown previously to be
an efficient synchronizer for intact mouse and human is-
lets (Perelis et al. 2015a; Saini et al. 2016). No difference
was observed between the circadian profiles of whole is-
lets and a mixed islet cell population (Supplemental Fig.
S5A). Next, we conducted population analysis of separat-
ed pure α and β cells synchronized with forskolin (Fig. 4A).
Forskolin induced high-amplitude oscillations in both cell
types compared with the respective controls stimulated
with medium change only (Supplemental Fig. S5B). Of
note, separated α cells exhibited significantly earlier circa-
dian phase in comparison with β cells, with no significant
change in the circadian period length (Fig. 4A; Supplemen-
tal Table 2).

To explore individual cellular rhythms, we performed
single-cell analysis of mouse α and β cells using a high-res-
olution combined bioluminescence–fluorescence time-
lapse microscopy approach (Pulimeno et al. 2013). Dis-
persed triple transgenic islet cells synchronized with for-
skolin were subjected to time-lapse microscopy (Fig. 4B,
C; Supplemental Movies S1, S2). The PER2::Luc biolumi-
nescence profiles of α cells (Venus-positive) and β cells
(Cherry-positive) were analyzed (Fig. 4D). Based on the
analysis of 49 α cells and 55 β cells in eight time-lapse
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microscopyexperiments, the circadianphaseof PER2::Luc
bioluminescence profile was significantly advanced in α
cells when compared with β cells (Fig. 4E), in agreement
with the population analysis (cf. Fig. 4A). Of note, we ob-
served an opposite tendency for the phase shift between
α-cellular and β-cellular clocks in vivo (Fig. 3B,C) com-
pared with in vitro following forskolin synchronization
(Fig. 4A,E).

Adrenaline, but not insulin, exerts differential
synchronizing effects on α-cellular and β-cellular
clocks in vitro

To decipher potential differences in the α-cellular and β-
cellular clock entrainment properties in vitro, the physio-
logically relevant synchronizers insulin and adrenaline
were applied to the islet cells. In vitro synchronization

Figure 2. Comparative analysis of tempo-
ral expression patterns of the transcripts ex-
pressed in α and β cells (group C in Fig. 1A).
A total of 11,171 transcripts expressed in
both α and β cells (log2 RPKM> 0) and ex-
hibiting the expression level differences ab-
solute log2 fold change <4 between the two
cell types were assigned to one of the five
models (models 10–14 in Fig. 1A). (A) The
number of genes assigned in models and
corresponding heat maps showing relative
expression indicated in green (low) and red
(high). The gray bar represents genes not
classified in anymodels. Phase distribution
of rhythmic genes is presented on the adja-
cent polar histograms for rhythmic genes in
(1) one cell type (models 11 and 12), (2) both
cell types with the same parameters (model
13), or (3) both cell types with different pa-
rameters (model 14). (B) Temporal profiles
for selected transcripts expressed in both
cell types delineated to one of the rhyth-
micity models. Data are expressed as mean
± SD of two independent experiments.
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with insulin and adrenaline pulses proved to be efficient
for intact pancreatic islets (Supplemental Fig. S5C).
When applied to isolated α and β cells, insulin induced
similar profiles of circadian bioluminescence in both
cell types (Fig. 5A; Supplemental Table 2). In contrast, sep-
arated α cells synchronized by adrenaline exhibited dis-
tinct oscillation properties when compared with β cells,
with α cells being phase-delayed behind their β-cell coun-
terparts (Fig. 5B; Supplemental Table 2). Thus, the phase
shift between α and β cells induced by adrenaline (Fig.
5B) was in the opposite direction when compared with
the one observed for forskolin synchronization in vitro

(Fig. 4A,E) and coherentwith the phases of core clock tran-
scripts expressed in α and β cells in vivo (Fig. 3C).

To gain mechanistic insights into the observed differ-
ences, we compared expression profiles of the adrenaline
hormone receptors in α and β cells. Importantly, while
Insr exhibited similar levels and temporal expression pro-
files in both cell types (Fig. 5A), adrenergic receptors were
differentially expressed in α and β cells (Adrb1 in α cells
andAdra2a in β cells) (Fig. 5B). Therefore, the observed dif-
ferences in the circadian properties of α-cellular and β-cel-
lular clocks might be attributed to the distinct repertoire
of these hormone receptors expressed on α and β cells and

Figure 3. Core clock transcripts expressed
in α and β cells exhibit distinct rhythmic
phases in vivo. (A) Mapping of identified
α-cell and β-cell molecular clock and
clock-controlled transcripts into modified
“circadian rhythm”KEGG (Kyoto Encyclo-
pedia of Genes and Genomes) pathways.
Transcripts exhibiting distinct rhythmic
phases in α and β cells are marked in red,
and those with similar phases are marked
in gray. (B) Rhythmic phases of core clock
and clock-controlled transcripts in α and β

cells. (C ) Temporal profiles of selected
core clock transcripts with distinct rhyth-
mic phases in α and β cells assessed by
RNA-seq data (top panels) and qRT–PCR
analysis (bottom panels). Data represent
the mean of two biological replicates per
time point (each replicate is a mix of cells
from six mice). Error bars express the SD
of two independent experiments.
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possibly due to their distinct temporal profiles, as demon-
strated by RNA-seq analysis (Fig. 5B; Supplemental Data
Set 1). To further explore this hypothesis, α2 adrenergic re-
ceptor (ADRA2) antagonist yohimbine was applied to β
cells prior to adrenaline synchronization, resulting in a
perturbed cellular circadian rhythm compared with
adrenaline synchronization alone (Fig. 5C, left panel; Sup-
plemental Table 3). Moreover, application of the selective
β1 adrenergic receptor antagonist atenolol to α cells prior
to adrenaline synchronization led to a significant attenu-
ation of the circadian profile (Fig. 5C right panel; Supple-
mental Table 3).

Blood levels of the islet hormones are oscillating over 24 h

To unravel the impact of the islet cellular clocks on phys-
iology, the temporal pattern of islet hormones was as-
sessed around the clock. Blood levels of glucose, insulin,

and glucagon were measured in night-fed animals every
4 h during 24 h (Fig. 6A) following the same design devel-
oped for islet cell transcript analysis (Supplemental Fig.
S1). In agreement with previous publications, insulin lev-
els exhibited a rhythmic profile with a peak in the middle
ofnight (ZT16; Fig. 6A).On theotherhand, glucagon levels
were not considered circadian according to CosinorJ anal-
ysis, whereas a clear peak atZT20–ZT0 following the peak
of insulin was observed (Fig. 6A). Glucose levels did not
show a clear rhythmic pattern in the same serum samples.
To distinguish between the clock-driven and food-driv-

en origins of the observed rhythms, islet hormone blood
levels were assessed in fasted animals (Fig. 6B). The rhyth-
mic profiles of glucagon and insulin persisted in the ab-
sence of feeding, although the secretion peak for both
hormones was advanced ∼8 h in fasted animals as com-
pared with night-fed mice. Thus, the phase coherence be-
tween the peaks of insulin and glucagon levels was

Figure 4. α-Cell and β-cell clocks synchronized in vitro by forskolin exhibit distinct circadian phases at the population (A) and single-cell
(B–E) levels. (A) Average PER::Luc oscillation profiles of forskolin-synchronized FACS separated α-cell and β-cell populations (50,000 cells
perwell) in n = 4 and n = 5 experiments (with an average of five animals used per experiment), respectively. Data are presented as detrended
values (Pulimeno et al. 2013). Significant phase shift between the two cell types (see Supplemental Table 2) is presented schematically in
the polar diagram. (B) Representative full bioluminescence–fluorescence image (512 × 512 pixels) of proGcg-Venus/RIP-Cherry/PER2::
Luc-dissociatedmouse islet cells subjected to time-lapse bioluminescence–fluorescencemicroscopy (SupplementalMovies S1–2). αCells
areVenus-positive (green labeling), and β cells areCherry-positive (red labeling). Bioluminescence signal (blue in the image)was quantified
for each cell over the nucleuswithin the circled area. Representative trajectories are overplayed in white over the image. (Right panel) The
cropped image presents two traced cells. Bar, 40 µm. (C ) Time-lapse microscopy of circadian PER2::Luc bioluminescence of a represen-
tative β cell (top row) and α cell (bottom row). Images were taken every 2 h during 64 h. (D) Analyzed bioluminescence tracks (detrended)
for three representative α cells (green) and three β cells (red) with corresponding fitted cosine curves (gray) obtained using the circadian
gene expression (CGE) plug-in (Sage et al. 2010). (E) Average PER2::Luc bioluminescence expression profiles (detrended) of n = 49 Ve-
nus-positive α cells and n = 55 Cherry-positive β cells after forskolin shock recorded in n = 8 independent time-lapse movies. Note the sig-
nificant phase shift between two cell types (23.98 h ± 0.65 h in α cells and 26.71 h ± 0.58 h in β cells). P = 0.0023, two-tailed paired t-test.
Data are expressed as mean ± SEM.
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maintained in the night-fed and fastedmice (Fig. 6A,B). As
expected, the blood glucose levels were strongly dimin-
ished in fasted animals without any clear diurnal rhyth-
micity pattern (Fig. 6A,B, cf. right panels).

To assess the impact of a functional clock on insulin
and glucagon blood levels, the islet hormone measure-
mentswere performed in clock-deficientBmal1 knockout
mouse serum samples. During the light phase, both insu-
lin and glucagon secretion levelswere significantly dimin-
ished in Bmal1 knockout mice compared with the Bmal1
wild-type littermates (Fig. 6C). During the dark phase,
only insulin exhibited a tendency for dampened secretion
levels in Bmal1 knockout mice, which did not reach stat-
istical significance (P = 0.06, paired t-test), while glucagon
levels remained unchanged (Fig. 6C).

Rhythmic basal secretion of glucagon and insulin
by isolated α and β cells synchronized in vitro

Tounderstandwhether the oscillatory profiles of islet hor-
mones observed in the blood might be regulated to some

extent by cell-autonomous clocks, we used an in-house-
developed perifusion system connected to a LumiCycle
chamber (Saini et al. 2016). Basal insulin and glucagon
secretion was monitored around the clock under a cons-
tant flow of culture medium in a dispersed mixed islet
cell population (Fig. 6E) and FACS-sorted α and β cells
(Fig. 6G) synchronized in vitro by a forskolin pulse. In par-
allel, PER::Luc bioluminescence was recorded from the
same cells (Fig. 6D,F). These perifusion experiments sug-
gested that both basal insulin secretion by synchronized
β cells andbasal glucagon secretionby synchronized α cells
are circadian. Of note, the peak of glucagon secretion was
delayed comparedwith that of insulin secretion by∼2 h in
themixed cell population and∼4 h in FACS-sorted α and β
cells (Fig. 6E,G, cf. right panels).

Discussion

This study represents the first parallel molecular analysis
of α-cell and β-cell oscillators and their impact on the gene

Figure 5. α-Cell and β-cell clocks synchronized in vi-
tro by adrenaline, but not by insulin, exhibit distinct
circadian phases. (Left panels) Average detrended
PER2::Luc bioluminescence profiles for separated α-
cell and β-cell populations synchronized in vitro
with a 1-h pulse of 100 nM insulin (A) or 5 µM adren-
aline (B). Circadian phases of the PER2::Luc biolumi-
nescence profiles recorded from α-cell and β-cell
populations, presented in the polar diagrams, were
similar (A) or delayed for α-cell population (B). Mean
circadian parameters for these experiments are in
Supplemental Table 2. (Right panels) In vivo temporal
expression transcript profiles over 24 h obtained by
RNA-seq (Supplemental Data Set 1) for insulin recep-
tor (Insr) and adrenergic receptors (Adra2a andAdrb1)
in α and β cells. Data are expressed as mean ± SEM for
the left panels. (A) n = 5 experiments for α cells; n = 6
experiments for β cells. (B) n = 6 experiments for α

cells; n = 3 experiments for β cells. An average of
five mice was used per experiment. Mean ± SD for
the right panels. n = 2 independent experiments. (C )
Average detrended PER2::Luc bioluminescence pro-
files for separated α-cell and β-cell populations syn-
chronized with adrenaline alone or in the presence
of adrenergic receptor antagonists. n = 6 experiments
for α cells with adrenaline alone; n = 3 experiments
for β cells with adrenaline alone; n = 3 independent
experiments with antagonists for each cell type. An
average of five mice was used per experiment. Coin-
cubation of α and β cells with antagonists of β1 adren-
ergic receptor (100 µM atenolol) and α2 adrenergic
receptor (100 µM yohimbine), respectively, attenuat-
ed the synchronizing effect of adrenaline.Mean circa-
dian parameters for these experiments are in
Supplemental Table 3.
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expression and functional regulation of islet cells. We
demonstrate that α-cell and β-cell clocks harbor different
circadian properties in vivo and in vitro in response to
physiologically relevant stimuli such as adrenaline (Fig.
7). Parallel large-scale in vivo transcriptome analysis in

separated α and β cells showed oscillatory profiles for a
high number of key islet genes in either one or both cell
types (Figs. 1–3; Supplemental Data Set 1). Rhythmically
expressed transcripts with similar or distinct characteris-
tics in α and β cells comprised those encoding for glucose

Figure 6. Secretion of insulin and glucagon
in vivo and in vitro exhibits rhythmic profiles
altered in circadianmutantmice. In vivo insu-
lin, glucagon, and glucose levels were assessed
in the sera collected from night-fed animals
(A) or animals fasted for 12 h prior to the exper-
iment and during the entire period of serum
collection (B). Obtained profileswere analyzed
by CosinorJ and qualified as 24-h rhythmic for
χ2 < 0.5 within the period length range of 18–
30 h and nonrhythmic if χ2≥ 0.5 or outside
this period length range. (A) Mouse sera were
collected around the clock every 4 h (see Sup-
plemental Fig. S1 for the design). n = 6–15 ani-
mals for each time point. Average serum
insulin levels were χ2 = 0.0069 for period
22.05 h ± 2.2 h and phase 18.83 h ± 6.45 h
(rhythmic), χ2 = 3.39 (nonrhythmic) for gluca-
gon, and χ2 = 0.73 (nonrhythmic) for glucose.
(B) Mouse sera were collected as described in
A from n = 3–5 mice per time point. CosinorJ
analysis results for average serum insulin lev-
els were χ2 = 0.055 for period 20.1 h ± 6.04 h
(rhythmic), χ2 = 0.21 for glucagon for period
24.0 h ± 1.59 h (rhythmic), and χ2 = 0.16 for glu-
cose for period 10.5 h ± 2.17 h (nonrhythmic).
(C ) In vivo insulin and glucagon levelswere as-
sessed in mouse serum samples collected dur-
ing the light phase (ZT0–ZT12; white square)
and dark phase (ZT12–ZT24; black square) in
night-fed Bmal1 knockout animals and their
Bmal1 wild-type littermates. Light-phase in-
sulin was assessed in n = 27 paired samples
from Bmal1 knockout and Bmal1 wild-type
mice (total of 54 animals). Dark phase insulin
was assessed in 12 paired animal samples.
Light-phase glucagon was measured in the
blood samples from n = 16 pairs of animals
(n = 12 pairs for the dark phase). Data are ex-
pressed as mean ± SEM. (∗∗∗) P = 0.0006 for
light-phase insulin; (∗) P = 0.034 for light-phase
glucagon, two-tailed paired t-test. (D,E) Circa-
dian bioluminescence recording (D) with par-
allel assessment of hormone secretion (E) in

perifused mixed islet cell populations after forskolin synchronization. n = 4 independent experiments with an average of four mice
used per experiment. The perifusionmediumcontained 5.5mMglucose andwas collected every 4 h during 48 h. Hormone concentrations
in the outflowmediumwere normalized to the total hormone content in the cell lysate at the end of each experiment and are expressed as
the percentage of total content (mean ± SEM) (left and middle panels) or as superimposed detrended values (mean ± SEM) (right panel).
CosinorJ analysis results for insulin levels were χ2 = 0.22 for period 19.49 h ± 1.17 h and phase 5.13 h ± 0.37 h (rhythmic) and χ2 = 0.064
for glucagon level for period 25.79 h ± 2.19 h and phase 7.05 h ± 0.75 h (rhythmic). (F,G) Circadian bioluminescence recording (F ) with par-
allel assessment of insulin secretion in a separated β-cell population (G, left panel) and glucagon secretion in a separated α-cell population
(G,middle panel). n = 3 independent experiments for α and for β cells, with and average of five mice used per experiment. α-Cell and β-cell
populations were separated by FACS, plated, synchronized with forskolin pulse, and continuously perifused with culture medium con-
taining 5.5 mM glucose for 48 h following synchronization. The outflow medium was collected every 4 h. Hormone concentrations in
the outflow medium samples were normalized to the total hormone content in the cell lysate at the end of each experiment and are ex-
pressed as the percentage of total content (mean ± SEM) (left andmiddle panels) or as superimposed detrended values (mean ± SEM) (right
panel). CosinorJ analysis results were χ2 = 0.19 for insulin level for period 23.17 h ± 0.56 h and phase 4.94 h ± 0.88 h (rhythmic) and χ2 = 0.04
for glucagon level for period 23.03 ± 1.14 h and phase 8.4 h ± 0.93 h (rhythmic).
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transporters, glucose metabolism enzymes, and regula-
tors of granule trafficking and exocytosis (Fig. 7; Supple-
mental Data Set 1; Supplemental Table 1). We propose
that, along with feeding–fasting cycles, the described dis-
tinct properties of α-cellular and β-cellular clocks (Figs. 3–
5) might contribute to orchestrating temporal secretion
patterns of glucagon and insulin (Fig. 6), possibly due to
differential circadian expression of functional genes in α
and β cells (Figs. 1, 2, 7).

Pancreatic α-cellular and β-cellular clocks exhibit
distinct molecular properties in vivo and in vitro

Parallel RNA-seq analysis of the temporal pattern of tran-
scripts expressed in separated α and β cells suggested im-
portant phase differences between the two cell types
(Fig. 3). Opposite phase relationships were found in isolat-
ed α and β cells synchronized by forskolin in vitro (Fig. 4A;
Supplemental Table 2). These data were supported by sin-
gle-cell analysis of α and β cells in mixed populations (Fig.
4B–E), raising the question of which endocrine and para-
crine regulators might be relevant for islet cell clock syn-
chronization in vivo. Synchronization of islet cellular
clocks is a highly complex and dynamic process compris-
ing feeding–fasting cycles, neural regulation, and endo-
crine and paracrine stimuli (Dibner and Schibler 2015b;
Perelis et al. 2015a,b). Since insulin and catecholamines
are key regulators of islet physiology during feeding and
fasting, respectively, their synchronization properties on
islet cell clocks were assessed. Indeed, these hormones
had pronounced synchronizing capacity on α-cell and β-
cell clocks (Fig. 5; Supplemental Fig. S5C). Insulin, which
has been suggested to have aweak synchronizing effect on
cultured rat fibroblasts through the transcriptional induc-
tion of core clock genes Per1 and Per2 (Balsalobre et al.
2000), is acting via its specific receptors. Insulin receptor
exhibited similar expression levels and temporal patterns
in both cell types according to our data (Fig. 5; Supplemen-
tal Data Set 1) and previously published data sets (Benner
et al. 2014; Adriaenssens et al. 2016; DiGruccio et al.
2016). In response to a high dose of insulin, α-cellular
and β-cellular clocks exhibit a similar circadian phase
(Fig. 5; Supplemental Table 2).

In contrast, the adrenaline pulse generates a significant
phase shift between α and β cells, similar to the phase shift
observed in vivo (cf. Figs. 5B and 3C). Responses of the α-
cell and β-cell clocks to adrenaline synchronization are
likely to bemediated through adrenergic receptors, which
are expressed differentially in α and β cells according to
our RNA-seq data set (Fig. 5B, right panels). Importantly,
inhibition of the β-cell-specific ADRA2A receptor with
the α2 adrenergic antagonist yohimbine or of the α-cell-en-
riched ADRB1 receptor with the selective β1 adrenergic
antagonist atenolol altered the synchronizing effect of
adrenaline in these cells, respectively (Fig. 5C), further
supporting a receptor-specific effect of adrenaline on islet
cells. The intracellular effect of ADRB1 is mediated via
activation of adenylyl cyclase (Vieira et al. 2004), while
ADRA2A inhibits this enzyme (Rosengren et al. 2010).
According to our RNA-seq analysis, different isoforms of

adenylyl cyclase (Adcy3,Adcy1, andAdcy9) are rhythmic
only in α cells and are either nonrhythmic or nonex-
pressed in β cells (Supplemental Data Set 1). Additionally,
distinct isoforms of protein kinase C (Prkcb and Prkce)
and phospholipase C (Plcb1, Plcb4, and Plcg1), second
messengers of the GNAQ-activated pathway downstream
from ADRA2A, exhibited differential expression levels
and temporal patterns in α and β cells (Supplemental
Data Set 1). Collectively, the data presented in Figure 5C
together with the RNA-seq analysis imply that the dis-
tinct circadian response of α-cell and β-cell clocks to
adrenaline might be mediated by the cell-specific expres-
sion of adrenergic receptors and their second messengers
in these cells. This islet cell-specific synchronizing effect
of adrenaline observed in vitro may also account for the
phase difference of α-cellular and β-cellular clocks demon-
strated in vivo (Fig. 3) due to the essential role of the sym-
pathetic innervation for islet function (Thorens 2014).

Additionally, oscillatory patterns of blood insulin (Fig.
6A) and adrenaline (De Boer and Van der Gugten 1987)
may feed back on islet clocks by influencing their circadi-
an phase. Transient changes of these hormones levels—
for instance, increase of adrenaline concentration upon
stress or increase of insulin after food ingestion—may con-
tribute to the regulation of islet cell oscillators. In sum-
mary, our experiments suggest that adrenaline and
insulin may coordinate the cell-specific resetting of α-cel-
lular and β-cellular clocks, resulting in their phase differ-
ence in vivo (Figs. 3, 5, 7).

Of note, Per2 expression exhibited a similar rhythmic
expression profile in α and β cells in vivo but not in vitro,
as reflected by the circadian PER2::Luc reporter (see Figs.
3B, 4, 5B). It has been demonstrated that, unlike other core
clock genes, Per2 expressionmight be uncoupled from the
core clock and driven by systemic cues independently of
the local oscillator (Kornmann et al. 2007). Therefore,
the observed discrepancy might be explained by the dom-
inant effect of food entrainment onPer2, overriding the in-
put of local oscillators in vivo and its absence in vitro
under constant medium conditions.

Differential rhythmic expression pattern of the α-cell and
β-cell transcriptome

Computational analysis of large-scale temporal gene ex-
pression profiles with high resolution in separated α-cell
and β-cell populations resulted in establishing a unique
database (Supplemental Data Set 1) comprising α-cell-
and β-cell-specific genes and those expressed in both cell
types and the assessment of their rhythmicity. In total,
∼60% of all detected transcripts exhibited rhythmicity
in one or both cell types (Figs. 1D,F, 2A; Supplemental
Fig. S3), which is higher in comparison with the recently
reported fraction in whole islets (Perelis et al. 2015a).
This difference might be explained by transcripts exhibit-
ing distinct phases in two cell types (models 5 and 14),
which may not be detectable as rhythmic in the whole is-
lets. Previous studies suggested that the ratio of cycling
and noncycling genes is tissue-specific, with metabolical-
ly active tissues exhibiting a greater number of rhythmic
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transcripts (Zhang et al. 2014). Playing a key role in glu-
cose metabolism, α and β cells represent populations
with high metabolic activities closely associated with
feeding behavior. Most of the observed rhythmic tran-
scripts exhibited peak expression levels in the middle
of the light or dark phase (Figs. 1, 2), which might be at-
tributed to the strong synchronizing effect exerted by
rhythmic feeding on α-cell and β-cell clocks, as was dem-
onstrated for other metabolically active tissues (Damiola
et al. 2000; Atger et al. 2015). Among the rhythmically ex-
pressed transcripts, we found genes required for granule
biogenesis, trafficking, and exocytosis (Fig. 7; Supplemen-
tal Data Set 1; Supplemental Table 1).

Rhythmic transcriptional regulation of islet hormone
biogenesis

Biogenesis of insulin and glucagon shares similarities at
principal steps, including hormone production, matura-

tion, and secretory granule formation, trafficking, and
exocytosis. The expression levels of insulin and glucagon
were constant throughout the day (Fig. 1C), in line with
previous reports on mouse and human insulin gene ex-
pression (Marcheva et al. 2010; Pulimeno et al. 2013).
While the profile of the β-cell-specific proprotein conver-
tase Pcsk1 (determining the first step of insulin matura-
tion) (Orci et al. 1987) was nonrhythmic, expression of
Pcsk2 (which regulates proinsulin processing in β cells)
and the first steps of Gcg maturation in α cells (Furuta
et al. 2001) were rhythmic only in α cells. Its expression
was in opposite phase to the maximum of glucagon secre-
tion, possibly to allow refilling of glucagon stores (Fig. 2B).
Genes encoding for COPII proteins as well as members of
common vesicle trafficking pathways and SNARE pro-
teins—regulating immediate and delayed granule exocy-
tosis (Regazzi et al. 1995) and their accessory factors—
were rhythmically expressed, peaking in the middle of
the night (Fig. 7; Supplemental Table 1; Supplemental

Figure 7. Inputs and outputs of α-cellular and β-cellular clocks. α-Cellular and β-cellular oscillators exhibit different circadian phases in
vivo and in vitro in response to physiologically relevant stimuli, such as adrenaline, possibly due to a distinct repertoire of surface recep-
tors and signal transduction molecules specific for each cell type. Key functional genes exhibit similar or distinct temporal patterns in α

and β cells, comprising those encoding for glucose transporters, enzymes catalyzing glucose metabolism reactions (glycolysis, pyruvate
metabolism, and Krebs cycle), KATP channels, voltage-dependent calcium channels (VDCCs), genes involved in glucagonmaturation (but
not insulinmaturation), and genes responsible for granule trafficking and exocytosis. Clusters of rhythmic genes in β cells are highlighted
in red, and those rhythmic in α cells are highlighted in green.We hypothesize that the distinct properties of α-cellular and β-cellular clocks,
along with feeding–fasting cycles, might contribute to orchestrating different oscillating secretory patterns of glucagon and insulin stem-
ming from the differential temporal orchestration of the functional gene transcription in α and β cells.
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Data Set 1). In linewith our data, previous studies suggest-
ed circadian profiles for granule assembly and exocytosis
regulators in in vitro synchronized islets, which were af-
fected by clock disruption in transgenic mice (Perelis
et al. 2015a) and human islet cells (Saini et al. 2016).

Rhythmic regulation of stimulus–secretion-coupling
pathways in α and β cells

Furthermore, differential rhythmic control was exerted
over transcripts encoding for proteins involved in basal
and stimulated insulin and glucagon secretion (Fig. 7). In-
deed, high glucose uptake in β cells is mediated by the
nonrhythmic expression of the Glut2 transporter (Slc2a2
transcript) (Orci et al. 1989), while, in α cells, the principal
glucose transporters Glut1 and Glut5 (Slc2a1 and Slc2a5
transcripts) were rhythmic. Glucokinase (Gck transcript)
exhibited a rhythmic expression pattern in both cell types,
simultaneously peaking at night. Genes responsible for
the initial steps in glucose metabolism (pyruvate metabo-
lism [Pdha1 and Pcx] and Krebs cycle [Aco2]) were rhyth-
mic in α cells but not β cells. In contrast, the expression of
respiratory chain components (complex V transcripts) was
similarly rhythmic in both cell types, peaking at daytime
(Supplemental Data Set 1; Supplemental Table 1). These
data suggest a rhythmic transcriptional regulation of ener-
gy metabolism processes in mouse islet cells (in line with
previous findings in clock-disruptedmice) (Lee et al. 2011)
and human islet cells (Saini et al. 2016). In the liver, most
of these rate-limiting mitochondrial enzymes are oscillat-
ing at the protein level (Neufeld-Cohen et al. 2016). Mito-
chondrial glucose metabolism differentially raises the
ATP/ADP ratio in α and β cells, regulating the function
of ion channels responsible for triggering insulin secretion
and inhibiting glucagon release (Gromada et al. 2007). El-
evated levels of ATP lead to the closure of ATP-sensitive
K+ (KATP) channels (complex of KCNJ11 and sulfonylurea
receptor SUR-1 encoded by Abcc8), resulting in cell depo-
larization and opposite regulation of glucose-induced in-
sulin and glucagon secretion (Gromada et al. 2004).
Here, we report that the rhythmic expression peaks for
Kcnj11 and Abcc8 in α and β cells are temporally separat-
ed: ZT6 for Kcnj11 and ZT20 for Abcc8. Interestingly, in
human islet cells, theKCNJ11 transcriptwas up-regulated
upon siRNA-mediated CLOCK disruption (Saini et al.
2016), suggesting an inhibitory effect of the BMAL1/
CLOCK complex on KCNJ11 expression. Activation of
KATP upon high glucose concentration opens voltage-de-
pendent calcium channels (VDCCs) in β cells, resulting
in calcium influx, SNARE-mediated insulin granule re-
lease, and closure of these channels in α cells, inhibiting
glucagon secretion (Gromada et al. 2004; Gustavsson
et al. 2009). Low glucose concentrations result in low
ATP levels in α cells and moderately activate KATP chan-
nels, allowing the opening of VDCCs (Fig. 7, dotted ar-
row), leading to Ca2+ influx in α cells and SNARE-
mediated release of glucagon granules. Interestingly, mul-
tiple genes encoding for VDCC members (Supplemental
Table 1) exhibited rhythmic expression, in line with the
previously reported circadian regulation of VDCC expres-

sion in the SCNs (Nahm et al. 2005). Hence, the fact that
the activity of VDCCs in islet cells is regulated by glucose
makes them good candidates for coupling feeding regimen
to intracellular molecular clocks.

Rhythmic profiles of insulin and glucagon are not aligned
in vivo and in vitro

Turning to the functional output of α and β cells, plasma
insulin levels exhibited significant circadian oscillation,
peaking in the middle of the dark phase in night-fed
mice (Fig. 6A), in agreement with previous studies report-
ing higher plasma insulin levels during the activity (night)
phase (Marcheva et al. 2010; Perelis et al. 2015a). Parallel
assessment of plasma glucagon content in the same sam-
ples suggested the oscillatory fluctuation over 24 h with
the peak of secretion in the morning hours (ZT0), lagging
∼8 h after the insulin peak (Figs. 6A, 7). These data are
consistent with previous work detecting weak daily
rhythms in plasma glucagon levels, peaking at the end
of the night in ad libitum fed rats (Ruiter et al. 2003). It
is noteworthy that rhythmic profiles of both insulin and
glucagon secretion were preserved in fasted animals,
with peaks strongly and similarly advanced for both hor-
mones as compared with night-fed animals (Fig. 6A,B),
suggesting that the circadian clock impacts on islet hor-
mone secretion also in the absence of rhythmic feeding.
In linewith a previous report (Ruiter et al. 2003), introduc-
ing a fasting period prior to the blood collection influenced
the daily glucagon secretion pattern by significantly en-
hancing its amplitude and advancing the phase (Fig. 6A,
B, cf. left panels). Interestingly, the opposite tendency
has been observed for the circadian amplitude of insulin
secretion, which was lower in fasted animals compared
with their night-fed counterparts (Fig. 6A,B, cf. middle
panels). This finding is in line with human data indicating
that the circadian amplitude of blood insulin is positively
correlated with blood glucose levels (Boden et al. 1996). Of
note, previous experiments with SCN lesioned animals
(Yamamoto et al. 1987) demonstrated a role of the central
clock in generating daily rhythms of glucagon secretion.
Moreover, the studies by Bass and colleagues (Marcheva
et al. 2010; Perelis et al. 2015a) provided compelling evi-
dence that insulin secretion is strongly compromised in
clock-deficient mice and that this effect is cell-autono-
mous. Similarly, in human islets, clock disruption re-
duced the amount of insulin at both basal and high-
glucose conditions (Saini et al. 2016). In strong agreement
with these studies, our data imply that the presence of a
functional clock is essential for proper islet hormone
secretion, as clock-disrupted Bmal1 knockout mice had
significantly altered blood levels of both insulin and gluca-
gon (Fig. 6C), further strengthening the importance of a
functional clock in regulating glucose homeostasis.

In line with in vivo data, our perifusion experiments
demonstrate that mixed islet cells and pure α cells syn-
chronized in vitro by forskolin secrete basal glucagon in
a circadian manner (Fig. 6E,G, middle panels). The sug-
gested role of the α-cell clock in regulating glucagon secre-
tion is supported by a previous study demonstrating an
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inhibitory effect of the core clock component Reverba on
glucagon secretion in αTC1–9 cells (Vieira et al. 2013).
A rhythmic pattern of basal insulin secretion was ob-

tained frommixed cells and pure β cells exhibiting similar
circadian phases in this case (Fig. 6E,G), consistent with
earlier in vitro studies in rodent and human islet cells,
suggesting a circadian profile of insulin secretion by iso-
lated islets or islet cells in rodents and humans (Peschke
and Peschke 1998; Perelis et al. 2015a; Saini et al. 2016).
Remarkably, this temporal separation of glucagon and in-
sulin secretion observed in vivo persists also in vitro, with
the glucagon profile being phase-delayed compared with
insulin (Fig. 6E,G, right panels). This phase shift was
particularly pronounced in separated α-cell and β-cell pop-
ulations, suggesting differential autonomous circadian
regulation of hormone secretion in α and β cells (Fig. 7).
While the dietary glucose intake has an acute effect on

regulating insulin and glucagon secretion, cell-autono-
mous islet cellular clocks are likely to modulate this pro-
cess in a temporal manner through the diurnal regulation
of genes involved in secretion (Dibner and Schibler
2015b). Similar to rodents, endocrine body rhythms in hu-
mans, including those of insulin, are tightly regulated by
the circadian system (Philippe and Dibner 2014). Such os-
cillatory profiles of metabolically active hormones may
represent an important anticipatorymechanism, allowing
for the optimal metabolic orchestration at the organism
level.
The incidence of metabolic diseases, including T2D, is

growing exponentially in modern societies (Krug 2016).
This tendency might be attributed to sleep perturbations
related to the increasing rate of acute and social jet lag
and the rise of shifted work schedules (Maury et al.
2014; Saini et al. 2015). Accumulating data suggest a key
role of α-cell dysfunction in the development of T2D
(D’Alessio 2011; Lee et al. 2016). Our data will help to dis-
sect the contribution of the circadian clock in α-cell and β-
cell physiology and pave theway for future studies aiming
at deciphering α-cell and β-cell dysfunction in the etiology
of metabolic diseases.

Materials and methods

Animal care and reporter mouse strain

Animal studies were performed according to the regulations of
the veterinary office of the State of Geneva. The triple reporter
mouse strain was established by crossing Gcg-Venus reporter
(Reimann et al. 2008), RIP-Cherry (Zhu et al. 2015), and Per2::
Luc (Yoo et al. 2004) mice (Supplemental Fig. S1). ProGcg-Venus
and RIP-Cherry reporters exhibited very high specificity and ex-
pression levels in α and β cells, respectively (Supplemental Fig.
S1; Zhu et al. 2015; Dusaulcy et al. 2016). Bmal1 knockout
mice have been described previously by Jouffe et al. (2013). All ex-
periments were done in mice between 7 and 16 wk of age under
standard animal housing conditions with free access to food and
water and in 12-h light/12-h dark cycles (LD). For the in vivo sam-
ple collection, animals were subjected to night-restricted feeding
(Supplemental Fig. S1) 2 wk prior to the experiments and during
the entire period of sample collection, allowing us to reduce the
effect of individual feeding rhythms (Atger et al. 2015). For sample

collection covering the 24-h period, half of the animals were en-
trained by inverted LD and feeding cycles during the 3 wk preced-
ing the experiments. Fasted blood collection around the clock
was performed in the absence of feeding and following 12 h of fast-
ing prior to the first time point. For Bmal1 knockout mice and
their control littermates, serum samples were collected during
the light phase (ZT0–ZT12) and dark phase (ZT12–ZT24).

Pancreatic islet isolation and separation of α and β cells

Islets of Langerhanswere isolated by standard procedure based on
collagenase (type XI; Sigma) digestion of the pancreas followed by
Ficoll purification (Wojtusciszyn et al. 2009). Islet cells were gent-
ly dissociated by trypsin (GIBCO) resuspended in KRB solution
(pH 7.4) supplementedwith 0.3% free fatty acid bovine serum al-
bumin (BSA) (Sigma), 1.4mMglucose, and 0.5mMEDTA). α-Cell
and β-cell populations were separated by flow cytometry FACS
(Astrios sorter, Beckman Coulter) based on fluorescence wave-
length and intensity and cell singlet nature, size, and viability
(Supplemental Fig. S2).

In vitro islets/islet cell culture, synchronization, and

bioluminescence monitoring

For in vitro culture, the intact islets or dissociated or sorted cells
were recovered in RPMI 1640 complete medium (11.2 mM glu-
cose, 110 µg/mL sodium pyruvate) supplemented with 10% fetal
calf serum, 110U/mLpenicillin, 110 µg/mL streptomycin, and 50
µg/mL gentamycin and attached to 35-mm dishes or multiwell
plates precoated with a laminin-5-rich extracellular matrix
(Parnaud et al. 2008). Adherent islets/cells were synchronized
by a 1-h pulse of 10 µM forskolin (Sigma), 100 nM insulin
(NovoRapid), or 5 µM adrenaline (Geneva Hospital Pharmacy)
prior to continuous bioluminescence recording in RPMI supple-
mented with 100 µM luciferin (NanoLight Technology) (Saini
et al. 2016). For detrended time series, raw luminescence signals
were processed by a moving average with a window of 24 h (Saini
et al. 2016). β1 adrenergic receptor antagonist atenolol (100 µM),
and 100 µM α2 adrenergic receptor antagonist yohimbine were
applied to α and β cells, respectively, 15min prior to adding adren-
aline for the synchronization, and cells were kept in the medium
during a 1-h synchronization period.

Combined bioluminescence–fluorescence time-lapse

microscopy and data analysis

Dispersed islet cells attached to glass-bottomed dishes (WillCo
Wells BV) were synchronized by forskolin and subjected to com-
bined bioluminescence–fluorescence imaging (Pulimeno et al.
2013). An Olympus LV200 workstation equipped with a 63×
UPLSAPO objective and EM CCD camera (Image EM C9100-
13, Hamamatsu) was used. The recorded time-lapsed images
were analyzed on ImageJ 1.50 (Schneider et al. 2012), with indi-
vidual cells tracked in the bioluminescence and fluorescence
channels using a modified version of ImageJ plug-in CGE (Sage
et al. 2010). Measuring of expression levels was performed on
the labeled and tracked cells in the bioluminescence images
over time. To assess the circadian characteristics of single-cell
profiles, a Cosine fitting method (CosinorJ) was applied (Mannic
et al. 2013).

RNA-seq

Total RNAwas prepared fromFACS-sorted α and β cells collected
every 4 h around the clock in duplicates (total of 24 samples
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representing an RNA pool of six to 12 mice each) using RNeasy
PlusMicro Kit (Qiagen). RNA-seq was performed on the Institute
of Genetics andGenomics inGeneva genomics platform (Univer-
sity of Geneva, Switzerland). The TruSeq stranded total RNA
with Ribo-Zero Gold kit (Illumina) was used for library prepara-
tionwith 100 ng of total RNA as input. Librarymolarity and qual-
ity were assessed with Qubit (Life Technologies) and Tapestation
using a DNA high-sensitivity chip (Agilent Technologies).
Paired-end reads of 50 bases were generated using TruSeq SBS
HS version 3 chemistry on an Illumina HiSeq 2500 sequencer.
RNA-seq mapping and quantification and model selection and
rhythmicity assessment are described in the Supplemental
Material.

Measurements of insulin, glucagon, and glucose levels in the

blood serum

Mice were sacrificed by decapitation at ZT0, ZT4, ZT8, ZT12,
ZT16, and ZT20 with subsequent blood collection and serum
preparation by immediate centrifugation at 3000 rpm for 15
min at 4°C (Supplemental Fig. S1) and storage at −80°C. Protease
inhibitors PMSF (Axon), aprotinin (Sigma), and DPP4 (Millipore)
were added to the samples to preserve the hormones from degra-
dation. Insulin and glucagon concentrations were assessed by ul-
trasensitive mouse insulin and glucagon ELISA kits (Mercodia),
and serum glucose was assessed by Accu-Chek glucometer
(Roche).

Islet cell continuous perifusion

Dispersed islet cells or FACS-separated α and β cells were at-
tached and forskolin-synchronized as described above, placed
into an in-house-developed two-well horizontal perifusion cham-
ber connected to a LumiCycle, and continuously perifused with
RPMI (without sodium pyruvate) containing 5.5 mM glucose
and 100 µM luciferin as described (Saini et al. 2016). Biolumines-
cence recordingswere performed in parallel to the 4-h interval au-
tomated collection of the outflow medium. Basal insulin and
glucagon levels were quantified in the outflowmediumbymouse
insulin and glucagon ELISAkits (Mercodia) and normalized to the
total cellular content with subsequent moving average transfor-
mation. Circadian parameters of the secreted profiles were evalu-
ated by the CosinorJ algorithm (Mannic et al. 2013).
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