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Development of cell replacement therapies in diabetes
requires understanding of the molecular underpinnings of
b-cell maturation. The circadian clock regulates diverse
cellular functions important for regulationofb-cell function
and turnover. However, postnatal ontogenesis of the islet
circadian clock and its potential role inb-cellmaturation
remain unknown. To address this, we studied wild-type
Sprague-Dawley as well as Period1 luciferase transgenic
(Per1:LUC) rats to determine circadian clock function,
clock protein expression, and diurnal insulin secretion
during islet development and maturation process. We
additionally studied b-cell–specific Bmal1-deficient mice
to elucidate a potential role of this key circadian tran-
scription factor in b-cell functional and transcriptional
maturation. We report that emergence of the islet circa-
dian clock 1) occurs during the early postnatal period,
2) depends on the establishment of global behavioral circa-
dian rhythms, and 3) leads to the induction of diurnal insulin
secretion and gene expression. Islet cell maturation was
also characterized by induction in the expression of circadian
transcription factor BMAL1, deletion of which altered post-
nataldevelopmentofglucose-stimulated insulinsecretionand
the associated transcriptional network. Postnatal develop-
ment of the islet circadian clock contributes to early-life
b-cell maturation and should be considered for optimal
design of future b-cell replacement strategies in diabetes.

Cell replacement strategies using stem cell–derived b-cells
hold therapeutic potential for patients with diabetes.
Multiple groups have developed differentiation protocols
designed to produce glucose-responsive b-cell–like products

(1–3). Although significant progress has been made, the ul-
timate goal to recapitulate an adult b-cell functional and
transcriptional framework remains elusive (4). In order for
b-cell replacement therapy to be successful, it is imperative
to elucidate the physiological and molecular underpinnings of
early-life islet cell functional and transcriptional maturation.

The circadian clock is an intrinsic timekeeping system com-
prised of transcription-translation feedback loops designed
to optimize cellular function to changes in environment,
generated by behavioral circadian cycles (e.g., sleep/wake,
fast/feeding). A substantial portion of the mammalian
genome displays regulatory oversight by the circadian clock,
which drives temporal regulation of diverse cellular and
molecular functions (5). The core of the circadian clock
is comprised of transcriptional activators CLOCK and its
heterodimer BMAL1 and repressor genes that encode Period
(PER1/2) and Cryptochrome (CRY1/2) proteins (6). Second-
ary regulatory loops involving nuclear receptors Rev-Erba/b
and RORa/b provide additional molecular control by acting
as respective transcriptional repressors and activators of
Bmal1 (7). In b-cells, circadian clocks regulate varied cellular
processes such as glucose-stimulated insulin secretion, cell
turnover, response to oxidative stress, and mitochondrial
function (8–11). Circadian regulation of insulin secretion is
particularly critical for normal b-cell physiology in humans,
where the clock functions to restrain insulin secretion dur-
ing the inactive/sleep phase and optimize insulin secretion
during the active/feeding phase of the circadian cycle (10,12).
Thus, circadian regulation of glucose tolerance and insulin
secretion is a characteristic feature of glucose homeostatic
control, and disruption of normal circadian rhythms is
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associated with increased prevalence of glucose intoler-
ance, metabolic syndrome, and diabetes (8–10,13–15).

There is a paucity of data on the role of circadian clocks
in cell development, differentiation, and maturation (16).
However, studies suggest that circadian clock proteins are
expressed during the embryonic, neonatal, and early post-
natal periods in mammalian cell types and contribute to cell
differentiation and maturation processes (16–18). Most no-
tably, characteristic phenotypes of premature aging, glucose
intolerance, and shortened life span in mice with embryonic
germ line deletion ofBmal1 (key circadian clock transcription
factor) are strikingly attenuated in mice in which Bmal1 ex-
pression is conditionally preserved during embryogenesis (19).

To date, however, temporal emergence of the islet
circadian clock during the neonatal and postnatal period
remains largely unexplored. It is also unknown whether
circadian clocks play a contributory role to early-life islet
cell development as well as functional and transcriptional
maturation. The primary objectives of the current studywere
to 1) examine temporal ontogenesis of islet circadian clock
function, core clock protein expression, and diurnal
regulation of insulin secretion during early-life islet cell
development and maturation and to 2) test whether post-
natal ontogenesis of the islet circadian clock contributes
to morphological, functional, and transcriptional matu-
ration of b-cells.

RESEARCH DESIGN AND METHODS

Animals
A total of 167 rat pups (Sprague-Dawley and Wistar back-
ground, equal proportions male and female) and 60 mouse
pups (C57B6 background, equal proportions male and female)
aged 2–30 days were used in the current study. Specifically,
for longitudinal assessment of islet circadian clock bio-
luminescence, 30 pups of transgenic rats were used in which
mouse Period1 promoter was linked to a luciferase reporter
(Per1:LUC) (20). An additional 137 rat pups (Charles River
Laboratories, Wilmington, MA) were used for circadian gene
and protein expression, metabolic and circadian behavior
profiling, and islet perifusion studies. Furthermore, 60
b-cell–specific Bmal1 knockout (b-Bmal12/2) and respective
control (b-Bmal1+/+) mouse pupswere generated by breeding
mice with floxed Bmal1 gene (B6.129S4 [Cg]-Arntltm1Weit/J;
The Jackson Laboratory, Bar Harbor, ME) (21) crossed with
mice expressing a Cre-mediated recombination system
driven by the rat Insulin2 promoter (Tg [Ins2-cre] 1Dam/J;
The Jackson Laboratory) (22). All animals were housed
under either a standard 12-h light, 12-h dark (LD) cycle or
24-h constant light exposure (LL) (.100 Lux light intensity)
and provided with ad libitum chow diet (14% fat, 32% protein,
and 54% carbohydrates; Harlan Laboratories, Indianapolis,
IN). By convention, the time of lights on (0600 h) is denoted as
zeitgeber/circadian time (ZT/CT)0 and timeof lights off (1800h)
as ZT/CT 12. All experimental procedures involving animals
were approved by the Mayo Clinic and University of California,
Los Angeles, institutional animal care committees.

Assessment ofCircadianClockFunction in Islets Isolated
From Per1:LUC Rats
After euthanasia, pancreatic isletswere isolated fromPer1:LUC
rat pups at 2, 7, 15, 24, and30days postbirth using the standard
collagenase method (23). The validation of Per1:LUC trans-
genic rats for study of islet circadian clock function has
previously beendescribed (13,24). Batches of 50 isletsmatched
by size and diameter were placed on polytetrafluoroethylene
membranes (Millipore, Billerica, MA) in culture dishes
containing culture medium (serum-free, no sodium bicar-
bonate, no phenol red DMEM [D5030; Sigma-Aldrich, St.
Louis, MO]) supplemented with 10 mmol/L HEPES, pH 7.2;
2 mmol/L glutamine; 2% B27 serum-free supplement
(17504; Gibco, Carlsbad, CA); and 0.1 mmol/L D-luciferin
(L-8220; Biosynth, Itaska, IL). Culture dishes containing
islets were immediately placed into a LumiCycle luminometer
(Actimetrics, Wilmette, IL) inside a light-resistant 37°C
chamber with bioluminescence recorder photomultiplier tube
detector. The bioluminescence signal was counted in 1-min
bins every 10min for at least 5 days. Data were normalized by
subtraction of the 24-h running average from raw data and
then smoothed with a 2-h running average (LumiCycle Data
Analysis; Actimetrics).

Assessment of Circadian Activity
For behavioral activity monitoring, dams and pups were
housed in cages outfitted with an optical beam sensor system
(Respironics, Murrysville, PA) to monitor circadian behav-
ioral rhythms in activity in either LD or LL circadian cycle. To
quantitatively assess dominant circadian period in activ-
ity, we used x2 periodogram algorithm analysis (ClockLab;
Actimetrics, Evanston, IL).

Assessment of Circadian Metabolic Profiles
Diurnal plasma samples were collected on alternate days at
1000 h (ZT 4 [day]) and 2200 h (ZT 16 [night]) via lateral
saphenous venipuncture into chilled, EDTA-treated micro-
centrifuge tubes and immediately centrifuged at 4°C for
subsequent analysis. Blood glucose was measured with the
FreeStyle Lite blood glucose measuring system (Abbott
Laboratories, Abbott Park, IL). Plasma insulin was measured
using rat ELISA (Alpco Diagnostics, Salem, NH).

Immunofluorescence Analysis of Clock Protein
Expression, Islet Cell Mass and Turnover
Paraffin-embedded pancreatic sections were stained for
insulin (ab7842, 1:100; Abcam, Cambridge, MA), glucagon
(G2654, 1:500; Sigma-Aldrich), BMAL1 (ab3350, 1:500;
Abcam), and PER1 (AB2201, 1:100; Millipore). In addition,
adjacent deparaffinized sections were coimmunostained
for TUNEL (In Situ Cell Death Detection Kit, TMR Red,
12156792910; Roche Diagnostics, Nutley, NJ) and insulin
(as above) for quantification of b-cell apoptosis and for
insulin and Ki-67 (mouse anti Ki-67; BD Pharmingen, San
Jose, CA) for determination of b-cell replication. All slides
were viewed, imaged, and analyzed using a Zeiss AxioObserver
Z1 microscope (Carl Zeiss Microscopy, LLC, Thornwood, NY)
and ZenPro software (Carl Zeiss Microscopy, LLC). Human
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pancreas was procured from the Mayo Clinic autopsy archives
with approval from the Institutional Research Biosafety Board.

Islet Perifusion Analysis
Upon isolation, islets were recovered overnight in standard
RPMI 1640 medium containing 10% FBS. Insulin secretion
was assessed by an islet perifusion method (Biorep Tech-
nologies, Miami, FL) as previously described (14). In short,
groups of 20 isletswere perifused at basal glucose (4mmol/L)
and stimulated glucose (16 mmol/L), and effluent was col-
lected at 2-min intervals. Insulin concentration was measured
using insulin ELISA (Alpco Diagnostics).

Islet RNA Extraction, Quantitative Real-time PCR, and
Affymetrix GeneChip
Isolated islets were washed with PBS to remove RPMI
medium and immediately transferred to RNeasy Lysis Buffer
RLT (Qiagen, Valencia, CA) and stored at 280°C for sub-
sequent RNA isolation. Total RNA was extracted using an
RNeasy Mini Kit (Qiagen), quantified by NanoDrop ND-100
(BioTek, Winooski, VT), and assessed for overall integrity
using agarose gel electrophoresis. Microarray analysis was
conducted according to the manufacturer’s instructions for
the GeneChip WT Pico Reagent Kit (Affymetrix, Santa Clara,
CA). Briefly, the first round of cDNA was generated from
2 ng total RNA using primers that contain a T7 promoter
sequence and synthesized to single-stranded cDNA using
RNase H and DNA polymerase with the addition of a 39
adaptor. The products were in vitro transcribed to generate
complimentary RNA using T7 RNA polymerase and then
bead purified (Affymetrix). Complimentary RNA was then
reverse transcribed to single-stranded cDNA, and 5.5 mg
single-stranded cDNA was fragmented and hybridized onto
Affymetrix mouse transcriptome arrays at 45°C for 16 h.
Subsequent to hybridization, the arrays were washed and
stainedwith streptavidin-phycoerythrin and then scanned in
a GeneChip Scanner 3000 (Affymetrix). Control parameters
were confirmed to be within normal ranges before normal-
ization, and data reduction was initiated. For quantitative
real-time PCR (qRT-PCR), mRNA was converted into cDNA
using an iScript cDNA Synthesis Kit (Bio-Rad, Hercules,
CA). qRT-PCR was performed on the StepOnePlus machine
(Applied Biosystems, Carlsbad, CA). Data were analyzed
using the 22DDCT method with mRNA levels normalized to
Actin.

Statistical Analysis and Calculations
Parameters of Per1-driven luciferase rhythms emanating
from islets were calculated using the Lumicycle Analysis
software (Actimetrics) as previously described (24). b-Cell
function was estimated by using HOMA of b-cell function
(HOMA-b) (HOMA-b = [203 insulin]/[glucose2 3.5], with
insulin in milliunits per liter and glucose in millimoles
per liter) (25). Circadian qRT-PCR data were statistically
analyzed by two-way ANOVA with Sidak multiple compar-
isons test to assess effects of time and age (GraphPad Prism,
version 6.0). Gene-level normalization for whole transcrip-
tome analysis and signal summarization was done using the

Affymetrix Expression Consol. A fold regulation cutoff set
to 2 was used to identify upregulated or downregulated
transcripts. Differentially expressed genes were subjected to
GeneOntology (GO) enrichment analysis using DAVID (26).
GO terms with a false discovery rate,0.05 were considered
to be significantly enriched. Data in graphs are presented as
means 6 SEM and assumed to be statistically significant at
P , 0.05.

RESULTS

We first used tracking of islet cell bioluminescence with Per1
luciferase fusion construct in Per1:LUC transgenic rats for
assessment of islet circadian clock function ex vivo (27),
which was examined at multiple time points during the
postnatal islet maturation period (e.g., postnatal days 2, 7,
15, 24, and 30) (Fig. 1A). Despite detection of a Per1-driven
bioluminescence signal from isolated rat islets of all ages, no
detectable circadian rhythmicity was observed in neonatal
islets at 2 and 7 days postbirth (Fig. 1B and C). Circadian
rhythmicity in Per1 bioluminescence gradually emerged
during postnatal day 15 and was fully established by post-
natal day 30, characterized by a robust oscillatory period
(22.1 6 0.5 h), amplitude, and phase angle of circadian
oscillations, consistent with previous studies in adult islets
(Fig. 1B and C) (24). Notably, the process of weaning per
se did not appear to significantly impact establishment of
amplitude, period, or phase of islet circadian oscillations in
Per1:LUC transgenic rats (Supplementary Fig. 1).

Development of the mammalian circadian clock is associ-
ated with induction of a core circadian clock transcription
factor Bmal1 (28). Indeed, absence of Bmal1 expression
corresponds with complete loss of circadian rhythms, a prop-
erty unique to Bmal1 among all canonical clock genes (29).
Consistent with data obtained in Per1:LUC rats, qRT-PCR
analysis performed at multiple time points throughout the
circadian cycle revealed a clear quantitative suppression and
lack of circadian rhythmicity in Bmal1 (and its core clock
gene target Per1) expression in immature (day 2) compared
with mature (day 30) rat islets (Fig. 2A) (P, 0.0001 for age
and time variables). Consistent with mRNA data, BMAL1
and PER1 protein expression was repressed in immature rat
islets but demonstrated robust expression in mature (day
30) pancreatic b- and a-cells (Fig. 2B). Furthermore, BMAL1
expression was also repressed in neonatal and fetal endo-
crine human pancreas, implying a common mechanism
mediating maturation of the islet circadian clock in rodents
and humans (Fig. 2C).

Next, we examined temporal development of circadian
variations of in vivo insulin secretion and BMAL1-targeted
mRNA expression in rat islets (Fig. 3). Diurnal glucose levels
were comparable between immature (day 10) and mature
(day 30) rats in vivo (Fig. 3A). However, immature (day 10)
rats failed to exhibit characteristic circadian differences in
plasma insulin concentrations as well as in the index ofb-cell
function derived from HOMA-b (P . 0.05 for ZT 4 vs. ZT
16 for both parameters) (Fig. 3A). In contrast, establishment
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of the islet circadian clock in mature 30-day-old rats was
associated with emergence of circadian variations in plasma
insulin (23.56 6 vs. 57.46 7 pmol/L for ZT 4 vs. ZT 16; P,
0.001) (Fig. 3A) and HOMA-b index (48.5 6 7 vs. 108.0 6
29 for ZT 4 vs. ZT 16; P , 0.05) (Fig. 3A). Consistent
with these observations, islets isolated from 30-day-old pups
displayed circadian expression patterns (P , 0.05 for ZT
4 vs. ZT 16) (Fig. 3B) of key BMAL1 target genes Glut2 and
Ins1 (10), which are known regulators of glucose-stimulated
insulin secretion. Consequently, immature rat islets also
lacked glucose-stimulated insulin secretion when assessed
in vitro by dynamic islet perifusion assay (Fig. 3C).

To gain insights into potential physiological mechanisms
responsible for postnatal emergence of the circadian clock in
pancreatic islets, we performed experiments to test whether

early-life establishment of global behavioral circadian rhythms
is required for maturation of the islet circadian clock. To
accomplish this,we exposed rat dams andpups after parturition
to either the normal light/dark (LD) cycle or constant light (LL),
a modality previously shown to disrupt development of
the suprachiasmatic nucleus of the hypothalamus molecular
clock and impair establishment of global behavioral circadian
rhythms (30,31). As expected, postnatal exposure to LL led to
complete disruption in circadian organization of behavioral
activity rhythms during the postnatal period in dams
(Fig. 4A–C). Importantly, islets isolated from mature (day
30) LL-exposed rats displayed immature circadian genotype
characterized by failed postnatal induction in circadian
expression patterns for Bmal1 and BMAL1 target genes Per1
and Glut2 (P , 0.001 for LL vs. LD) (Fig. 4D).

Figure 1—Postnatal emergence of the islet circadian clock function elucidated through real-time bioluminescence monitoring of islets isolated
from Per1:LUC transgenic rats. A: Diagrammatic representation of study design indicating that pancreatic islets were isolated from Per1:LUC rat
pups at 2, 7, 15, 24, and 30 days postbirth to assessPer1-driven bioluminescence. This is indicative ofPer1 promoter activationmediated through
binding of core clock transcription factors CLOCK and BMAL1 to upstream regulatory sequences. B: Representative examples of circadian Per1-
driven bioluminescence rhythms in batches of 50 islets isolated from Per1:LUC male and female rat pups at postnatal days 2, 7, 15, 24, and 30.
Note the appearance of rhythms on day 15 and robust circadian rhythmicity by day 30. C: Bar graphs represent (from left to right) percentage of
pups exhibiting statistically significant circadian bioluminescence rhythms, mean amplitude, period, and phase angle of Per1 bioluminescence
rhythms at 2, 7, 15, 24, and 30 day postbirth. Values aremean6SEM (n = 4–10 per data point). The bioluminescence signal was counted in 1-min
bins every 10min for at least 5 days. Datawere normalized by subtraction of the 24-h running average from rawdata and then smoothedwith a 2-h
running average (Lumicycle Data Analysis; Actimetrics). d, days.
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Next, to determine whether postnatal induction of Bmal1
expression contributes to morphological, functional, and/or
transcriptional b-cell maturation, we generated b-cell–
specific Bmal1 knockout mice (b-Bmal12/2) by crossing
Bmal1fl/flmice with rat Insulin2 promoter Cre (RIP-Cre) mice.
As expected, BMAL1 expression was suppressed in mature

(25 days old)b-Bmal12/2 (Bmal1fl/fl;RIPCre/+)mice compared
with control b-Bmal1+/+ (Bmal1fl/fl) (Fig. 5A). Interestingly,
measures of b- and a-cell mass, b-cell proliferation, and
b-cell apoptosis were comparable between immature (5 days
old) and mature (25 days old) b-Bmal12/2 and b-Bmal1+/+

mice (P. 0.05 for all parameters) (Fig. 5B), suggesting that

Figure 2—Postnatal emergence of circadian expression patterns of BMAL1 and PER1 in rat and human pancreatic islets. A: Normalized Bmal1
and Per1 mRNA expression obtained from whole islet lysates of immature (2–5 days old) and mature (30 days old) rat pups collected during ZT
4 (1000 h), 8 (1400 h), 16 (2200 h), and 20 (0200 h). Values are mean6 SEM (n = 3–5) fold change with immature pups at ZT 4 set as 1. Statistical
significancewas determined by two-wayANOVAwithSidakmultiple comparisons test to assess effects of time and age (GraphPadPrism, version
6.0). **P, 0.01; ***P, 0.001; ****P, 0.0001.B: Representative examples of pancreatic islets stained by immunofluorescence for BMAL1 or PER1
(red), insulin (green), andglucagon (white) and counterstainedwith nuclearmarker DAPI (blue) imagedat363 (BMAL1 [scale bars, 10mm]) and343
(PER1 [scale bars, 20 mm]) magnification, respectively, in immature (2–5 days old) and mature (30 days old) rat pups collected during day (light
cycle) (ZT 4 and 8) and night (dark cycle) (ZT 16 and 20) (representative of n = 3 per time point). C: Representative examples of human pancreatic
islets stained by immunofluorescence for BMAL1 or PER1 (red), insulin (green), and glucagon (white) and counterstainedwith nuclearmarker DAPI
(blue) imaged at320magnification (scale bars, 50 mm) in fetal (31 weeks’ gestation), neonatal (1 day old), and adult (74 years old) islets (all without
diabetes).
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postnatal induction of BMAL1 does not contribute to early-
life expansion of islet cell mass. In contrast, whereas transition
of islets from the immature (5 days old) to mature (25 days
old) stage in control (b-Bmal1+/+) mice resulted in expected
maturation of glucose-stimulated insulin secretion (Fig. 6),
islets isolated from mature (25 days old) b-Bmal12/2 mice
phenocopied glucose-stimulated insulin response in imma-
ture (5 days old) islets (Fig. 6).

Consistent with these observations, transition of islets
from the immature (5 days old) tomature (25 days old) stage
was associated with enrichment in transcriptional pathways
shown to be critical for regulation of b-cell function (e.g.,
GO:0055114 [oxidation-reduction process], GO:010043
[response to zinc ion], GO:0010907 [regulation of glucose
metabolic process], etc.) (Fig. 7), which was observed only in
control b-Bmal1+/+, but not in Bmal1-deficient, islets (Fig. 7).
In contrast, in both b-Bmal1+/+ and b-Bmal12/2, transition
of islets from the immature (5 days old) to mature (25 days
old) stage was associated with downregulation of genes
enriched for pathways regulating cell proliferation and cell
cycle (e.g., GO:0006260 [DNA replication]), an observation
consistent with previous findings (32). Also, Bmal1 dele-
tion in b-cells did not affect transcriptional expression of
major islet hormones (e.g., Iapp), key b-cell development

transcription factors (e.g., Mafa, Ucn3, Pdx1), or disallowed
genes (e.g., Ldha, Slc16a1) (Supplementary Fig. 2).

DISCUSSION

Cell replacement therapy is a promising therapeutic option
to restore b-cell functional mass in diabetes (33). How-
ever, the ultimate success of cell replacement therapy in
diabetes relies on the ability to fully recapitulate adult
b-cell phenotype and transcriptional networks in stem cell–
generated b-cells (4). Pancreatic islets undergo a complex
functionalmaturation process throughout the early neonatal
and postnatal period during which they acquire phenotypical
characteristics of adult endocrine cells, the most important
of which is glucose-stimulated insulin secretion (34–37). The
current study demonstrates that development of the islet
circadian oscillator also occurs during the early postnatal
period and is associated with the establishment of circadian
control of insulin secretion and gene expression. Further-
more, our data also indicate that postnatal islet cell
maturation is characterized by induction in the expression
of a core circadian clock transcription factor, BMAL1, an
observation shown to be consistent between rodent and
human islets.

Figure 3—Postnatal development of circadian variations of in vivo insulin secretion and clock-dependentmRNAexpression in rat islets (A). Graphs
showing diurnal differences in blood glucose, plasma insulin, and HOMA-b assessed in immature (10 days old) andmature (30 days old) rat pups.
Each data point representsmean6SEM (n = 6–10) (assumed to be statically significant at *P, 0.05). Day represents light phase 1000 h (ZT4) and
night 2200 h (ZT 16). B: Graphs showing Glut2 and Ins1mRNA expression levels from whole islet lysates of immature (2–5 days old) and mature
(30 days old) rat pups collected during the day (ZT 4–8) and at night (ZT 16–20). mRNA values from immature pups at daytime set as 1. Each data
point representsmean6SEM (n=3–5) (assumed tobe statically significant atP,0.05).C: Graph showingdata from in vitro islet perifusion in islets
isolated from immature (2 days old) and mature (30 days old) rat pups expressed as mean 6 SEM (n = 4–5 per group) insulin fold change over
baseline profiles sampled at basal (4 mmol/L, 0–40 min) and stimulated (16 mmol/L, 40–80 min) glucose.
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Molecular and physiological mechanisms underlying
embryonic development and postnatal maturation of the
circadian oscillator are incompletely understood (16). In
general, studies suggest that circadian clocks develop gradually
during the embryonic and neonatal period beginning with 1)
emergence of clock gene expression, 2) start of low-amplitude
transcriptional and translational oscillations, and 3) eventual
development of high-amplitude circadian oscillations attrib-
uted to the induction of core transcriptional activators (e.g.,
BMAL1) (16). Ontogeny of circadian rhythms in various
tissues is complex but is dictated in part by anticipation
of diurnal changes influencing particular cellular function

(e.g., light/dark, fast/feeding cycles). For example, circadian
pacemaker neurons of the suprachiasmatic nucleus of the
hypothalamus start to express clock genes as early as em-
bryonic day 19 but do not fully mature until postnatal days
3–10 (P3–P10), which coincides with the time an animal
begins to respond to changes in the photoperiod (38). On the
other hand, hepatic clocks do not exhibit complete circadian
oscillations until P20–P30, coincident with ontogenesis of
circadian rhythms in feeding (39).

In our study, we purposefully chose to assess the
emergence of the islet circadian clock function during
distinct phases: 1) when rat pups are fully reliant on the

Figure 4—Postnatal establishment of global behavioral circadian rhythms is required formaturation of circadian clock function in pancreatic islets.
Representative behavioral profiles (actograms) of circadian activity (A) andmean circadian activity (expressed as counts/60min) (B) shown across
the 24-h day in rat pups monitored for 10 days under either LD cycle or LL exposure during early postnatal period (days 2–12). Shaded areas
represent periods of dark. C: Representative x2 periodograms of activity recordings in LD-exposed (left) vs. LL-exposed (right) pups. Horizontal
lines represent statistical significant threshold in determination of dominant circadian period. Note the absence of circadian period in LL pups. D:
Normalized Bmal1, Per1, and Glut2mRNA expression obtained from whole islet lysates of immature (2–5 days old) and mature (30 days old) rat
pups exposed to either LD or disrupted LL circadian cycle during the postnatal period (days 0–30) and collected during ZT 4 (1000 h), 8 (1400 h),
16 (2200 h), and 20 (0200 h). Values are mean 6 SEM (n = 3–5) fold change with immature pups at ZT 4 set as 1. Statistical significance was
determined by two-way ANOVA with Sidak multiple comparisons test to assess effects of time and age (GraphPad, version 6.0). ***P , 0.001;
****P , 0.0001. Data for “Immature” and “Mature (LD)” islets are replotted from Fig. 2A.

diabetes.diabetesjournals.org Rakshit and Associates 917



dam for nutrients and thus display 24-h suckling behaviors
(e.g., P2–P10) (40), 2) start of the transition to indepen-
dent chow feeding behavior coinciding with development
of gastrointestinal adaptions for carbohydrates (e.g., P15)
(40), and 3) weaned pups exhibiting independent circadian
feeding patterns (e.g., P24–30) (40). Our results show grad-
ual emergence of circadian oscillations in islets starting at
postnatal day 15, which coincides with the development of
gastrointestinal adaptions for independent feeding activ-
ity cycles (40). Notably, establishment of circadian feeding
cycles has been demonstrated to entrain the phase of pe-
ripheral circadian clocks (e.g., liver) (41,42), an observation
recently extended to pancreatic islets (43). Consistent with
these observations, our studies show that postnatal estab-
lishment of global behavioral circadian rhythms in activity
and feeding cycles is required for the emergence of circadian
clock function in pancreatic islets. Furthermore, the process
of weaning and specifically transition from lipid-rich ma-
ternal milk to carbohydrate-rich chow has also recently
been reported to trigger functional b-cell maturation and
enhanced mitogenic potential in rodents (36). However, our

data show that failure to wean pups from a lipid-rich milk
diet does not appear to impact establishment of amplitude,
period, or phase of the islet circadian clock, suggesting
that weaning per se is not the main mediator of islet clock
maturation process.

Recent in vitro studies shed some light on molecular
mechanisms underlying induction of circadian clock function
during ES cell differentiation and maturation (28,44). Using
mouse embryonic stem cells, investigators demonstrated
that the circadian clock is absent in the population of
pluripotent stem cells and develops during cellular terminal
differentiation via an intrinsic cellular program (28,44).
Importantly, when the same differentiated cells are repro-
grammed back to pluripotency by forced expression of
reprogramming factors (e.g., c-Myc), the circadian clock
appears to be repressed (28,44). Interestingly, c-Myc–
mediated repression of Bmal1 has recently been shown to
characterize cancer cell phenotype and hypothesized to
underlie the recapitulation of cell pluripotency and enhanced
proliferative potential (45,46). This observation is particu-
larly relevant for endocrine cell development in the pancreas,

Figure 5—Embryonic deletion of Bmal1 in pancreatic b-cells does not alter postnatal development of islet morphology, postnatal islet cell
expansion, or b-cell turnover. A: Representative examples of pancreatic islets stained by immunofluorescence for BMAL1 or glucagon (red) and
insulin (green) and counterstained with nuclear marker DAPI (blue) imaged at 363 (BMAL1 [scale bars, 10 mm]) and 320 (glucagon [scale bars,
50mm])magnification in immature (5 days old) andmature (25 days old)b-Bmal12/2 and controlb-Bmal1+/+mice.B: Graphs showingb-cell mass,
a-cell mass, proliferation, and apoptosis in immature (5 days old) and mature (25 days old) b-Bmal1+/+ and b-Bmal12/2 mouse pups. Data are
expressed as mean 6 SEM (n = 3–7 per group).

918 Circadian Clock Ontogenesis in Pancreatic Islets Diabetes Volume 67, May 2018



given that early-life differentiation and proliferation of
pancreatic progenitors is critical for the establishment of
proper postnatal b-cell mass (47). Thus, our studies suggest
that the repression of the circadian clock during the early
neonatal period may promote postnatal b-cell proliferation.
Interestingly, recent studies suggest that transient accumulation
of reactive oxygen species (ROS) serves as a mediator of early
postnatalb-cell proliferation and b-cell mass expansion (32).
Intriguingly, since BMAL1 provides transcriptional control
over intracellular ROS scavenging network, BMAL1-deficient
b-cells are characterized by enhanced ROS accumulation (8).

Our study also shows that postnatal induction of BMAL1
in b-cells is a contributory factor to b-cell functional and

transcriptional maturation and, particularly, establishment
of circadian control of glucose-stimulated insulin secretion.
However, it is important to note that early-life Bmal1 deletion
in b-cells did not significantly impact postnatal expression of
established developmental maturation markers (e.g., Ucn3,
Pdx1, and Mafa) or key b-cell disallowed genes (e.g., Ldha).
Complex molecular mechanisms define maturation of glucose-
stimulated insulin secretion. This process has been shown to be
driven by cellular transition from predominantly glycolytic to
mitochondrial metabolism (36,37), induction of key b-cell–
specific transcription factors (34,37,48,49) (e.g., Ucn3,
Mafa, Pdx1, ERRϒ), methylation-dependent repression of
transcripts involved in anaerobic metabolism (35), and

Figure 6—Embryonic deletion of Bmal1 in pancreatic b-cells compromises postnatal functional maturation. Insulin concentration profiles during
islet perifusion expressed as mean6 SEM (A) and corresponding mean fold change over baseline (B) sampled at 4 mmol/L glucose (0–32 min),
16 mmol/L glucose (32–64 min), and 4 mmol/L glucose (64–96 min) in isolated islets from immature (5 days old [n = 3]) and mature (25 days old
[n = 5]) b-Bmal12/2 and control b-Bmal1+/+ mouse pups. *P , 0.05.
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alterations in islet microRNA environment (50). This implies
that interaction among diverse physiological and molec-
ular mechanisms is required to achieve full functional
maturity of b-cells. In this regard, our studies suggest that
postnatal induction of BMAL1 and circadian clock mecha-
nism should be considered another potential contributory
factor to the b-cell maturation process. Indeed, recently elu-
cidated BMAL1 transcriptional targets in b-cells encompass

diverse cellular pathways critical for regulation of glucose-
stimulated insulin secretion (e.g., glucose transport, SNARE
interactions, mitochondrial function, protein transport,
etc.) (10).

It is important to acknowledge some limitations and ad-
ditional questions raised by our study. It remains unknown
whether b-cell maturation per se, and specifically postna-
tal induction in key development transcription factors

Figure 7—Embryonic deletion of Bmal1 in pancreatic b-cells modulates postnatal transcriptional maturation. Scatterplots showing biweight log2
average expression values of all genes in mature (day 25) vs. immature (day 5) pancreatic islets of b-Bmal1+/+ (A) and b-Bmal12/2 (B) mice. Gray
dots indicate unchanged expression, while black dots represent up- and downregulated geneswith fold regulation cutoff set at 2. Tables showing
significantly up- and downregulated GO biological processes with a false discovery rate (FDR),0.05 in islets from 25-day-old mature compared
with 5-day-old immature b-Bmal1+/+ (C) and b-Bmal12/2 (D) mouse pups. Differentially expressed genes were subjected to GO enrichment
analysis using DAVID (26).
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(e.g., Mafa, Ucn3, Pdx1, etc.), also contributes to early-life
development of the b-cell circadian oscillator. Since PDX1
expression has been shown to colocalize with BMAL1/
CLOCK within active b-cell enhancers (10), postnatal PDX-1
expression appears to be important for full maturation of
the circadian clock function in islets. In addition, recent
studies suggest that BMAL1 may exhibit clock-independent
functions, particularly during embryonic development and
the neonatal period in mice (19). In support of this premise,
many pathologies typically associated with whole-body
embryonic Bmal1 knockout mice are absent in mice in which
deletion of Bmal1 was restricted to adult life (e.g., 3 months)
(19). Additional studies will be required to address whether
nonoscillatory or clock-independent function of Bmal1
contributes to regulation of b-cell function.

In conclusion, circadian clocks regulate many cellular
and molecular functions required for proper islet function
and turnover. The current study suggests that early-life
development of the islet circadian clock plays a contributory
role in the development of mature b-cell phenotype that
should be taken into consideration in the optimal design of
future b-cell replacement strategies in diabetes.
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